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Abstract

Objective: The Dixon sequence is acquired for attenuation correction (AC) of positron emission tomog-
raphy (PET) data in integrated PET/magnetic resonance (MR). However it sometimes misclassifies soft tis-
sue and fat in y-map. In the present study, we investigated factors related to this misclassification and
their clinical impacts. Subject and methods: Forty-eight oncological patients (19 males and 29 females,
mean age: 59+11 years old) underwent a single fluorine-18 fluorodeoxyglucose (**F-FDG) injection/dual-
imaging protocol on PET/computed tomography (CT) and subsequently PET/MR. Patients were assigned
to either of two groups; group A with a misclassification in at least one bed position or group B with a cor-
rectly classified p-map. We compared body mass index (BMI), lean body mass, fasting duration, volume
of hydration and age between group A and group B. In addition, we analyzed the impact of PET quantifi-
cation using standard uptake ratio (SUR) defined as uptake in volume of interest/uptake in thigh muscle.
The Dixon-AC SUR was compared with CT-AC SUR in misclassified bed positions and correctly classified
bed positions. All patients were scanned in four bed positions by PET/MR. Ten patients were assigned to
group A; six showed misclassification in a bed position (5 in head and 1 in abdomen), three patients in 3
bed positions (head-thorax-abdomen), and one patient in partial bed position in neck. Results: Misclas-
sification was observed in 21% of 48 patients. Group A and group B showed no statistically significant dif-
ferences in BMI, lean body mass, fasting duration or age, however the volume of hydration in group A
(245mL) was smaller than in group B (452.6mL) (P=0.027). In group A, we analyzed Dixon-AC SUR/CT-AC
SUR ratios in 16 misclassified and 24 correctly classified regions, and ratios in these regions were significant
different 0.80 and 0.93, respectively (P=0.046). Conclusion: Because no corrective method has been de-
vised after a scan, we recommend that Dixon images with p-maps should be checked before interpreting
PET/MR images and emphasize the importance of hydration, pre-examination. Misclassification errors do
not change the presence of '®F-FDG uptake but can have significant impacts on PET quantification in af-
fected bed positions.
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Introduction

ecently, hybrid positron emission tomography (PET)/magnetic resonance (MR)
system has become a reality, and is being transformed from research prototypes
to clinical systems [1]. Hybrid PET/MR system provides complementary multi-
modal information about metabolism, receptor status, perfusion, diffusion and tissue
characterization, together with high soft tissue contrast as compared with computed
tomography (CT), and without additional radiation exposure [2, 31. Although the pre-
liminary clinical results obtained using hybrid PET/MR systems are promising [4-6], at-
tenuation correction (AC) is still a major drawback [7-9]. Because MR is not able to
calculate the electron densities of objects, PET/MR uses an indirect way to compute an
attenuation map (u-map). Several approaches have been proposed to cope with this
problem, and segmentation based on the 2-point Dixon algorithm offers a promising
solution [10]. This straightforward approach divides the body into four tissue classes
(air, lung, soft tissue, fat), and has been shown to provide PET image results comparable
to those obtained by standard CT based reconstruction [11]. Dixon is a common se-
quence for water and fat segmentation in standalone MRI, and a single acquisition re-
sults in four image series (in-phase, opposed-phase, water, and fat contrast), which are
used to compute p-map. The Dixon-AC technique has been widely used in clinical set-
ting, but sometimes we have experienced misclassification errors because soft tissue
was interpreted as fat in some bed positions. It has been established that Dixon se-
quence is prone to water/ fat swapping artifact, for example fat being assigned to brain
instead of soft tissue.
In this work, we investigated the incidence of p-map misclassification errors, relating
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factors, and their impact to PET quantification. Positron
emission tomography images with CT-AC were used as ref-
erence for comparison of the PET quantification.

Materials and methods

PET/CT and PET/MR data acquisition

The study population comprised of 48 consecutive patients
(19 men and 29 women), mean age+SD=59+11 years), in
whom fluorine-18 fluorodeoxyglucose PET/CT ('®F-FDG
PET/CT) was performed for staging or follow-up of a malig-
nant disorder. The patients that provided informed consent
and were able to undergo another scan after a PET/CT ex-
amination were selected from July 2012 to August 2012.
This study was approved by the Institutional Review Board
of our institute.

All subjects underwent a single '®F-FDG injection of
398+71MBq and a dual-imaging protocol with PET/CT and
subsequently with PET/MR. All patients fasted for at least
6h before 8F-FDG administration and blood glucose con-
centration was confirmed to be less than 150mg/dL. Fluo-
rine-18-FDG PET/CT scans were performed on a Discovery
ST or VCT scanner (GE Healthcare, Milwaukee, WI, USA).
After a localization scout scan, a CT scan (120kVp, 120mA)
was performed for AC. Data from PET acquisition started
86+18min post-injection with 3min per bed position. Sub-
sequently, integrated PET/MR (BiographmMR, Siemens
Medical Solutions, Erlangen, Germany) was performed
(131£25min after '8F-FDG injection) using an approved sur-
face coil for PET/MR that improves image quality and re-
duces MR imaging time. First, a localizer MR scan was
performed to define bed positions and then PET and MR
for AC were started at the same bed position simultane-
ously. The PET scan was obtained over 2 min, and a coronal
2-point Dixon 3D volumetric interpolated breath-hold ex-
amination (VIBE) T1-weighted MR sequence was acquired
to generate the pu-map over 19s. Coronal T1-weighted turbo
spin echo and axial T2-weighted fat saturated half-Fourier
single-shot turbo spin-echo (HASTE) sequences were then
obtained during PET acquisition.

A 3D ordered-subsets expectation maximization (3D
OSEM) iterative reconstruction algorithm was applied with
two iterations and 28 subsets for PET/CT PET data, and with
two iterations and 21 subsets for PET/MR PET data. A
128x128 matrix was used for PET/CT, and a 172x172 matrix
for PET/MR and both PET data sets were filtered with a 6mm
full width at half maximum.

Data analysis

An experienced nuclear medicine physician reviewed p-
maps to confirm misclassifications using advanced reading
software (Syngo.via, Siemens Medical Solutions). Patients
were divided into 2 groups, group A p-maps had soft
tissue/fat misclassification and the group B p-maps were cor-
rectly classified (Figure 1). We compared body mass index
(BMI), lean body mass, fasting duration, volume of hydration
and age in these two patients’ groups.

We also examined whether p-map misclassification could
change PET quantification. This analysis was performed on
group A patients only. We used volume of interest (VOI)-to-
thigh muscle uptake ratio, which we refer to as standard up-
take ratio (SUR), because it has been shown that
standardized uptake value (SUV) on PET/MR images are sig-
nificantly smaller than SUV on PET/CT images [11]. A nuclear
medicine physician manually drew VOI on regions of normal
physiologic uptake and on malignant lesions (Figure 2). Four
physiologic regions were used to classify VOI locations; cere-
bellum, blood pool of the aortic arch, liver, or bone (5th lum-
bar vertebra). In order to avoid bias caused by multiple
lesions, one or two unequivocal malignant lesions per pa-
tient were included in the analysis. We treated SUR deter-
mined using CT-AC as the gold standard and compared
these with SUR obtained after applying Dixon-AC (Figure 2).

All statistical analysis was performed using IBM SPSS ver-
sion 19.0 (SPSS, Chicago, IL, USA). The Shapiro-Wilk test was
used to determine whether variables were normally distrib-
uted. The t- test and Mann-Whitney U test were used to com-
pare clinical factors in group A and group B. Spearman’s
correlation was used to evaluate the relationship between
SUR obtained by PET/CT and PET/MR and the paired t-test
was used to determine the significance of differences be-
tween SUR ratios determined using the two imaging modal-
ities. Statistical significance was accepted for P values <0.05.

Figure 1. ™F-FDG PET/MR study of a 70 years old woman with stomach cancer. (A)
Coronal in-phase image. (B) Coronal opposed-phase image. (C) Coronal fat contrast
image with water/fat swapping artifact in abdomen. (D) Coronal water contrast
image with water/fat swapping artifact. (E) PET emission image before AC. (F) Dixon-
based attenuation map from A-D illustrating misclassification soft tissue to fat in
lower liver, kidney, femur and humerus (arrow and arrow head). (G) PET emission
image from PET/MR following Dixon-AC using F showing no visual difference be-
tween upper and lower liver, despite of misclassification on Dixon-based attenuation
map (arrow).
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Results

Forty eight patients were included in the study and all under-
went both PET/CT and PET/MR. Oncologic diagnosis of the 48
patients included breast cancer (n=10), gastric cancer (n=7),
lung cancer (n=5), lymphoma (n=5), thyroid cancer (n=5),
esophageal cancer (n=2), hepatocellular carcinoma (n=2),

> 4 '

Figure 2. ™F-FDG PET/MR study of a 47 years old woman with breast cancer. (A)
Misclassification error in brain in the attenuation map. (B, C) volume of interest (VOI)
in right cerebellum for physiologic regional uptake in PET and PET/MR following
Dixon-AC; SUVmean=3.82, SUR=5.38 (3.81/0.71). (D) VOI in right thigh muscle for
reference; SUVmean=0.71. (E,F) VOl inright cerebellum in PET and PET/CT following
(T-AG; SUVmean=5.86, SUVmean of right thigh 0.92 (figure is not included),
SUR=6.37 (5.86/0.92).

Figure 3. "®F-FDG PET/MR study of a 73 years old woman with thyroid cancer. (A)
Dixon-based attenuation map depicting erroneous soft tissue segment in supradi-
aphragmatic area. (B) PET emission image from PET/MR following Dixon-AC using
A showing area of false positive uptake. (C) PET emission image from PET/CT fol-
lowing CT-AC showing no abnormal radio- activity. (D) Dixon-based attenuation
map depicting erroneous soft tissue segment outside of abdominal skin. (E) PET/CT
image corresponding to D showing nothing in there.

tonsil cancer (n=1), malignant melanoma (n=1), common bile
duct cancer (n=1), liposarcoma (n=1), prostate cancer (n=1),
and sternal mass (n=1). In 47 of 48 patients soft tissue was
classified as fat in femur, and 43 of 46 had the same artifactin
their humeri. In addition, misclassifications were found in 10
patients/16 bed positions in other than bone marrow. Six pa-
tients had misclassifications in a single bed position (5 head
and 1 abdomen), three in 3 bed positions (head-thorax-ab-
domen), and one patient in partial bed position of neck area.
Unexpectedly, an additional erroneous soft tissue segment
was visualized outside of abdominal skin in all 48 patients and
half of them also showed extra soft tissue segment outside of
back skin. After applying of maximum likelihood reconstruc-
tion of attenuation and activity (MLAA) the dorsal side artifact
was corrected. In addition, a woman showed an erroneous
soft tissue segment in the supradiaphragmatic area (Figure 3).
To identify relevant factors associated with misclassifications,
we compared group A and group B with respect to clinical fac-
tors. There were no statistically significant intergroup differ-
ences for BMI, lean body mass, fasting duration, or age.
However, the volume of hydration was smaller in group A
(245mL) than in group B (452.6mL) (P=0.027, Table 1).

To determine the impact of p-map misclassification on PET
quantification, we compared Dixon AC SUR-to-CT AC SUR ra-
tios between misclassified beds and correctly classified bed
positions. This analysis included 16 misclassified and 24 cor-
rectly classified regions for physiologic uptake. Measured SUR
values in PET/CT and PET/MR showed significant correlation
for both misclassifications (rho=0.949, P<0.01) and correct
classifications (rho=0.804, P<0.01), respectively. However,
Dixon AC SUR-to-CT AC SUR was lower in misclassification
(0.80) than in correct classification (0.93 (P=0.046 Table 2).
To confirm the impact of PET quantification on the malignant
lesions, we analyzed 5 malignant lesions in 3 patients in mis-
classified beds and another 5 malignant lesions in 3 patients
in correctly classified bed positions. No difference was found
between misclassified (0.85) and correctly classified (0.83) le-
sions (P>0.05, Table 3). Average underestimation of SUR in
Dixon-AC PET with misclassification p-map versus correct p-
map across all physiologic regional uptake was 16%, but ma-
lignant lesion uptake did not make significant change.

Table 1. Comparison of clinical factors between Group A
and Group B

Group A Group B Difference
(soft tissue/fat (Correctly
misclassifica- classified y-map)
tion in y-map
Numbers 10 38
of patients
Age 62.1£12.5 58.6+10.6 NS
BMI (kg/h?) 21.52+4.4 22.85+2.8 »
Lean body 41.16+5.5 42.16+6.9 »
mass
Fasting 10.6 +4.4 11.1 55 »
duration (h)
Volume of  245+125.7 452.6+315.1 P=0.027
hydration
(mL)

NS: No significant difference

m Hellenic Journal of Nuclear Medicine * January - April 2015

www.nuclmed.gr

@



Orig Art-Kong_Layout 1 3/25/15 12:16 PM Page 4

Original Technical Article

Table 2. Impact on PET quantification in physiologic regional
uptake

Table 3. Impact on PET quantification in malignant lesions
uptake

Misclassified  Correctly classi- Difference Misclassified  Correctly classi- Difference
bed position  fied bed position bed position  fied bed position
Number 16 24 Number 5 5
and loca- (8 cerebellum, (2 cerebellum, and loca- (metastatic  (hepatic metas-
tions of re- 3 BPA, 4 liver 7 BPA, 5 liver tions ofma-  lung mass, tasis, lung can-
gions and 1 thyroid) and 10 lignant  thyroid cancer, cer, metastatic
5" lumbar verte- lesions  stomach can- mediastinallym-
bra) cer, metastatic phoadenopathy,
Dixon AC 2.2+1.3 1.3+0.8 mediastinal bone metastasis,
SUVmean and abdominal and pericardial
CTAC 3.1+1.9 1.7 +1.1 lymphadenopa- mass)
SUVmean thy)
Dixon 4.7+2.8 2615 Dixon AC 9.2+43 9.1+2.6 NS
AC SUR SUVmax
CT 6.0+4.0 29+1.8 CTAC 12.1+6.6 12.5+ 4.1 »
AC SUR SUVmax
SUR ratio 0.8+0.12 0.93+0.22 P=0.046 Dixon 21.7+9.8 18.7+ 8.1 »
BP: blood pool of aortic arch; SUR=SUVmean/SUVmean of thigh; | "C SUR
SURratio=Dixon AC SUR/CT AC SUR cr 25.9211.5 23.2¢11.2 ”
AC SUR
SUR ratio 0.85+0.2 0.83+0.1 »

Discussion

Dixon sequence has limitations, in particular, an artifact
occasionally occurs when the computations converge to
the wrong substance, to produce a fat-only image when
a water-only image is desired. This so-called "water-fat
swap" is the cause of misclassification error on p-map. In
the present study, we found that the incidence of misclas-
sification between soft tissue and fat was 21% by patient
and 8.3% by bed position analysis. The most commonly
affected bed position was head and neck, which ac-
counted for 50% of misclassification. Because no software
is currently available to correct for misclassification errors
after PET/MR acquisition, and currently, there is no way of
preventing such misclassification, one must verify Dixon
images with p-map before reading PET/MR images.

In the present study, the femurs of 47 patients and
humeri of 43 patients were misclassified as fat, because
bone was replaced by fat tissue due to a partial volume
effect in bone marrow. Cortical bone, which shows nearly
no MR signal despite having high attenuating power was
assigned to soft tissue in the use of a 4 classes segmented
p-map [11]. Under-correction of bone attenuation is well
known, the misclassification errors made worse underes-
timation for bone AC [11], probably because the coeffi-
cient of fat (0.0854cm-') was smaller than that of soft
tissue (0.100cm™") in 4 classes segmented p-map. In the
present study, we found that poor hydration was related
to misclassification. Thirty-five percent of patients with
volume of hydration <200mL exhibited misclassification
errors, but only 11% of patients with >200mL showed er-
rors. Furthermore, only 6% of patients with >500mL vol-
ume of hydration showed errors. On the other hand, BMI,
lean body mass, fasting duration and age, did not show
any significant impact on misclassification error. An unex-
pected error was that a soft tissue segment in the lung
was a respiratory motion related artifact as shown in

NS: No significant difference; SUR=SUVmax/SUVmean of thigh;
SURratio=Dixon AC SUR/CTAC SUR

PET/CT. As occurs in PET/CT scans, subject motion can
disrupt y-map and this effect should be carefully consid-
ered. In addition, misclassification error was not only an
entire bed position artifact, but it could also occur in only
part of the image. Nevertheless, in a patient homogeneity
of the BO magnetic field was thought to be the cause of
partial bed misclassification on the neck area.

In a clinical setting, PET is used to detect tumors or
tumor metastasis. Quantitative PET information enables
us to evaluate the response to cancer therapy [12], and
has been demonstrated for both chemotherapy and ra-
diotherapy [13, 14]. So, we evaluated the accuracy of PET
quantifications of the normal physiologic uptake and of
the malignant lesion uptake in misclassification on p-
map. Misclassification errors could make significant de-
crease in quantification of the regional physiologic
uptake. Misclassification that assumed the soft tissue to
be fat has resulted in noticeable local SUR differences. For
instance, the local SUR of cerebellum is 5.4 by Dixon AC
PET, and 6.4 by CT-AC PET (Figure 2). Overall, the relative
under-correction for Dixon-AC SUR/CT-AC SUR in VOI
defined in normal physiologic uptake is 0.8 in misclassifi-
cation and 0.93 in correct classification. It can be deduced
that attenuation coefficient differences could cause
under-correction in areas of misclassification. Although,
misclassification generates a lower systematic negative
bias of tracer uptake in our study, the visual PET image
was not enough to guess the misclassification errors (Fig-
ure 1). Despite the bias induced by misclassification, our
data are in accord with recently published results which
showed that MR-AC underestimated '®F-FDG uptake in
quantitative analysis than CT-AC but, showed good cor-
relation with CT-AC [11, 15]. High Spearman’s correlation
coefficients indicate a statistically significant relationship
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between Dixon-AC SUR and CT-AC SUR.

We also analyzed five malignant lesions in misclassified
and correctly classified bed positions respectively. Only
one lesion-a metastatic lung mass in a misclassified bed-
showed higher uptake by PET/MR (SUR 6.7) than by
PET/CT (SUR 5.7). The remaining 9 lesions showed lower
uptake by PET/MR. Dixon-AC SUR/CT-AC SUR ratio varied
from 0.64 to 1.14 in misclassified beds and from 0.73 to
0.98 in correctly classified beds. Unfortunately, in the pres-
ent study the number of malignant lesions was too small
to reach a conclusion; misclassification could not have an
impact in PET quantification in malignant lesions. In ma-
lignancy '®F-FDG uptake is much more complex than in
physiologic uptake. Furthermore, '8F-FDG uptake in ma-
lignancy is affected by a variety of cell-biological factors
and shows interin dividual variability [16].

Although, segmentation accuracy is an important issue
for segmentation-based PET/MR-AC approaches, few stud-
ies have been conducted on the accuracy of segmentation
[7-9,17].Brendle et al (2015) [7] recently presented several
types of artifacts in segmentation based p-maps, and
showed artifacts that cause significant SUV changes in
areas erroneously assigned to be air instead of soft tissue
(eg, metal artifacts) and to be soft tissue instead of lung.
Nevertheless, they found that diagnoses were not
changed by p -map artifacts. However, their results did not
show differences in SUV between misclassifications and
correct classifications. Differences between their findings
and ours are probably due to different subject groups,
gold standards, and quantification factors. Furthermore,
both studies were conducted using relatively small co-
horts, and thus, we recommend further work to be con-
ducted on larger numbers of subjects. Another study by
Ladefoged et al (2014) [9] described the impact of tissue
misclassification by soft tissue-fat inversion in PET/MR for
brain or head and neck images. The researchers also found
that tissue inversion of soft tissue and fat had relatively
high prevalence (8.1%) and could induce a large quantita-
tive effect of up to 35%. An interesting finding of them,
which was the error effect of misclassification was larger
in the center area than in the periphery. Our results agree
with those of Ladefoged et al [9] in terms of the serious ef-
fect by misclassification, but the above researchers dealt
only with brain or head and neck areas.

The strong point of our study was that we studied actual
patients’ data obtained during clinical practice and also
that their practical use in higher misclassification errors
were related with a smaller volume of pre-examination hy-
dration.

This study has several limitations. First, the number of
enrolled patients was small and the study was performed
in a retrospective manner at a single institute. Second,
PET/CT and PET/MR scans were not obtained at the same
time, which could have caused intra-individual variations
in organ systems and in tracer kinetics. In addition, differ-
ent AC methodologies result in different PET quantifica-
tion in PET/CT and PET/MR, and these require further
clarification. Furthermore, we did not address metal-in-
duced artifacts, truncation artifacts, field of view edge ar-
tifacts, or other.

Although, it is expected that segmentation methods for
p-map creation will provide improvements, it should be
borne in mind that MR-AC with the Dixon procedure could
cause artifacts that interfere with PET quantification.
Therefore, we strongly recommend Dixon images with p-
maps be checked as part of the reading procedure for ar-
tifacts and emphasize the importance of hydration
pre-examination.

In conclusion, hybrid PET/MR raises expectations that it
will prove to be a novel, powerful multimodality imaging
tool. The present study contributes to the development of
design of hybrid PET/MR, and also can be considered as a
helpful tool in daily clinical practice.
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Raphael (1483-1520): Transfiguration (1520). Oil in canvas. Vatical Gallery. The last (unfinished) paint-
ing of Raphael, who died at the age of 37. At the right down part of this painting one sees the epileptic
crisis of a boy whose father begged Christ to help. Notice that both the position of the boy’s left hand
fingers and the position of his eyes differ from what we usually notice in an epileptic crisis.
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