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The aim of this study was to compare attenuation-correction (AC)
approaches for PET/MRI in clinical neurooncology. Methods: Forty-
nine PET/MRI brain scans were included: brain tumor studies using
18F-fluoro-ethyl-tyrosine ('8F-FET) (n = 31) and %8Ga-DOTANOC
(n = 7) and studies of healthy subjects using '8F-FDG (n = 11).
For each subject, MR-based AC maps (MR-AC) were acquired us-
ing the standard DIXON- and ultrashort echo time (UTE)-based
approaches. A third MR-AC was calculated using a model-based,
postprocessing approach to account for bone attenuation values
(BD, noncommercial prototype software by Siemens Healthcare).
As a reference, AC maps were derived from patient-specific
CT images (CTref). PET data were reconstructed using standard
settings after AC with all 4 AC methods. We report changes in di-
agnosis for all brain tumor patients and the following relative differ-
ences values (RDs [%]), with regards to AC-CTref: for 18F-FET (A)—
SUVs as well as volumes of interest (VOIs) defined by a 70% thresh-
old of all segmented lesions and lesion-to-background ratios; for
68Ga-DOTANOC (B)—SUVs as well as VOIs defined by a 50%
threshold for all lesions and the pituitary gland; and for '8F-FDG
(C)—RD of SUVs of the whole brain and 10 anatomic regions seg-
mented on MR images. Results: For brain tumor imaging (A and B),
the standard PET-based diagnosis was not affected by any of the 3
MR-AC methods. For A, the average RDs of SUV yean Were —10%,
—4%, and —3% and of the VOIs 1%, 2%, and 7% for DIXON, UTE,
and BD, respectively. Lesion-to-background ratios for all MR-AC
methods were similar to that of CTref. For B, average RDs of
SUVean Were —11%, —11%, and —3% and of the VOIs 1%,
—4%, and —3%, respectively. In the case of '8F-FDG PET/MRI
(C), RDs for the whole brain were —11%, —8%, and —5% for
DIXON, UTE, and BD, respectively. Conclusion: The diagnostic
reading of PET/MR patients with brain tumors did not change with
the chosen AC method. Quantitative accuracy of SUVs was clini-
cally acceptable for UTE- and BD-AC for group A, whereas for
group B BD was in accordance with CTref. Nevertheless, for the
quantification of individual lesions large deviations to CTref can be
observed independent of the MR-AC method used.
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MRI and PET are widely used imaging modalities in neuro-
oncology (/,2). Through the combination of PET and MRI into a
single imaging system (PET/MRI) these 2 modalities have been
joined into a promising new imaging tool (3-5). PET/MRI benefits
from the high-resolution anatomic details provided by MRI and the
high functional sensitivity by PET. Therefore, for neurologic exam-
inations PET/MRI using task-specific tracers is under investigation
(5). For example, '8F-FDG is used in neurologic disorders, such as
dementia, Parkinson, and epilepsy. Different '8F-FDG uptake pat-
terns, especially within the cortex, are described for disease classifi-
cation (6-8). Aminoacid tracers, such as '8F-fluoro-ethyl-tyrosine
('8F-FET), are used for glioma imaging for prognosis, treatment
planning, and treatment response assessment (2). Moreover, radiola-
beled somatostatin analogs can be used with high sensitivity for
meningioma imaging (9). Together with the anatomic details pro-
vided by MRI, PET/MRI seems to be beneficial for all of these
tracers in comparison to independent PET and MRI examinations (4).

However, PET/MRI is a relatively new technique that faces several
methodologic challenges (/0), for example, MRI-based attenuation
correction (MR-AC) (/7). PET imaging relies on the detection of
annihilation photons. These photons are attenuated by the traversed
tissue, which leads to an underestimation of tracer uptake. Therefore,
AC is needed, which was formerly done using a transmission scan
with a rotating positron source in stand-alone PET systems (/2) or a
CT scan in combined PET/CT systems (/3). The information gained
from these scans can be used to derive the attenuation coefficients and
correction factors of the PET data (/4).

In contrast, MRI is based on the measurement of the magneti-
zation of atomic nuclei, which is not related to electron densities
that determine the attenuation of photons. Therefore, various MR-
AC methods have been developed that estimate photon attenuation
properties from dedicated MRI sequence—based images (/5). Such
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methods rely, for example, on segmentation approaches applied
directly to the MR images (direct segmentation), a predefined tem-
plate (template-based methods), or a combination of atlas/model-
based approaches (atlas-based methods) from which additional
information from a database, typically based on conjoined CT and
MR image data, is incorporated (/6).

In the current fully integrated PET/MRI systems, 3 techniques
are available for AC of brain acquisitions. To date, the Siemens
Biograph mMR PET/MRI system (/7) provides 2 MR-AC meth-
ods based on the direct segmentation of the MR image informa-
tion. One is based on a DIXON VIBE (volume interpolated
breath-hold examination) sequence resulting in an AC map,
thereby dividing the measured subject into 4 discrete tissue clas-
ses: soft tissue, fat, lung, and air (/8,19). This method has a good
reproducibility (/9) but leads to systematic underestimations of
attenuation coefficients in the presence of bony structures (/1,20).
The second MR-AC method is based on an ultrashort echo time
(UTE) sequence (21), primarily used for brain examinations. This
method uses 3 discrete tissue classes, namely soft tissue, bone, and
air. It improves quantification in comparison to DIXON MR-AC
through the incorporation of bone information at the cost of an
increased sensitivity to susceptibility artifacts (27). A third method
is based on the incorporation of bone information from a model
into the standard MR-AC. Such a method currently exists as a
noncommercial prototype software from Siemens Healthcare; it
adds bone attenuation to the 4-compartment attenuation maps
based on DIXON input images (22,23). All of these methods have
been evaluated quantitatively for '8F-FDG brain examinations
(21,23,24). The analyses in these studies were based on a global
and regional comparison of tracer uptake between PET images
reconstructed with the respective AC method and a CT-based
AC approach. Nevertheless, little is known about the performance
of these AC methods in neurooncologic studies and in clinical
practice, including visual diagnosis, quantitative evaluations, and
lesion contouring. Such knowledge is, however, required to further
integrate PET/MRI into the clinical management of patients with
neurooncologic diseases.

Therefore, the aim of this study was to evaluate PET/MRI
examinations in clinical neurooncology imaging scenarios using
the currently implemented MR-AC approaches in the Siemens
Biograph mMR PET/MRI system, including a model-based AC
approach in comparison to CT-based AC as the reference standard.
This was done for non-'8F-FDG PET scans of patients with
suspected brain lesions according to the standard clinical interpre-
tation. Further, quantitative differences were assessed using
lesion-defined delineations according to a possible clinical scenario.
To enable a comparison with already-published data (21,23,24),
I8F_-FDG scans of healthy volunteers were analyzed also for global
and regional quantitative differences.

MATERIALS AND METHODS

Subjects and Acquisition

This retrospective study consists of 49 subjects who underwent
single-injection, dual-measurement protocols comprising a PET/MRI
examination on a Biograph mMR PET/MRI system (Siemens Health-
care) and subsequent imaging on a Siemens Biograph True Point True
View PET/CT system. Data were pooled from 2 studies, both
approved by the local ethics committee, and subjects signed a written
informed consent form. Subjects were arranged into patients with
suspected tumors (groups A and B) and healthy volunteers (group C).
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Group A. For brain tumor imaging, 31 patients, who were referred
for an '8F-FET PET examination for brain tumor assessment were
included. The protocol consisted of a 40-min dynamic, single-bed-
position PET scan for PET/MRI. For this study, PET data of the last
10 min of the 40-min scan (30—40 min) were extracted and used for
image reconstruction and data analysis.

Group B. Seven patients with the diagnosis of meningioma, who
underwent a °3Ga-DOTANOC PET/MRI examination, were included.
The protocol consisted of a 10-min static PET examination starting at
40 min after injection.

Group C. For the '8F-FDG imaging, 11 healthy subjects underwent
a 95-min dynamic 'F-FDG PET/MRI examination of the brain. For
this study, a 10-min standard acquisition was extracted from the data
starting at 50 min after injection.

All PET/MRI acquisitions included the sequences used for the
derivation of standard MR-AC maps (DIXON and UTE) as well as an
anatomic T1-weighted image (magnetization-prepared rapid gradient
echo sequence with an echo time of 4.2 ms, repetition time of 2,000
ms, and voxel size of 1 X 1 X 1 mm) for anatomic correlation of the
tracer uptake.

After the PET/MRI examination, all subjects underwent a low-dose
CT of the head. These CT data were used for CT-based AC for the
purpose of this study.

Data Processing

DIXON and UTE sequences were acquired simultaneously with the
PET emission data in all patients. For the model-based AC, the
DIXON-based AC map and the underlying MR images (in-phase,
opposed-phase, fat and water images) were used as an input for the
model-based prototype segmentation algorithm (Siemens Healthcare
GmbH). The prototype approach automatically coregisters (non-
rigidly) an MR image of a model consisting of a pair of MR and
corresponding CT images to the MR images of the DIXON-based AC
approach and inserts the corresponding attenuation coefficients of
bone from the similar bone attenuation maps into the DIXON-based
AC map. This results in a new AC map (BD) incorporating spatially
variant information of bony tissue. Further information about the
method can be found in other studies (22,23).

For the CT-based AC, the low-dose CT was coregistered rigidly to
the anatomic MR image after removal of the patient bed from the CT
image. These coregistered images were then resampled to the pixel
size of the original PET/MRI AC maps and scaled to linear attenuation
values using the bilinear scaling (25) as implemented in the PET/CT
(Hounsfield units + 1,000 < 1,070: slope = 9.5 x 107, intercept = 0;
Hounsfield units + 1,000 = 1,070: slope = 5.1 x 107>, intercept =
4.7 x 1072). Subsequently, the pixel data of the original DIXON-based
AC map were exchanged with these data, resulting in a new AC map
based on the original CT (CTref).

Reconstructions of all datasets were performed using the
Siemens reconstruction software (e7tools). Image reconstruction
was based on an ordinary Poisson ordered-subsets expectation
maximization algorithm with 3 iterations and 21 subsets. A matrix
size of 172 x 172 pixels with a zoom factor of 2 was used, thus
resulting in a pixel size of 2 x 2 mm. For each patient, all 4 AC
maps were used during PET reconstruction, thus resulting in 4 PET
images. The AC maps of the hardware components (i.e., patient
table and head coil) consisting of CT-based templates implemented
for the above PET/MR system were automatically added during
reconstruction. In the case of groups A (!8F-FET) and B (°3Ga-
DOTANOC), a postreconstruction filter (a gaussian kernel of 3 mm in full
width at half maximum) was applied to the images according to the on-
site clinical routine for brain tumor imaging. Similarly, a 5-mm
gaussian filter was used for reconstruction in group C (‘8F-FDG).
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imaging. Diagnostic reading was based on
visual assessment and also taking into
account lesion-to-background ratios (LBRs)
for the '3F-FET scans. The criteria for the
visual assessment included the number of vis-
ible lesions, their location, size, and shape as
well as the tracer distribution in the lesion
based on the clinical color scale using the
software Hybrid Viewer 3.6 (Hermes Medical
Solutions). LBRs were calculated as the ratio
of the SUVs of the maximum pixel in the
lesion (SUV .x) by the SUV,ca, of a spheric
background volume of interest (VOI) with a
diameter of 3 cm, which was placed on the
contralateral side of the lesion.

Quantitative comparison of the reconstruc-
tions with different MR-AC methods was done
in terms of relative difference (RD) to the
CTref-based findings. Threshold-based seg-

FIGURE 1.

translation of artifacts found in DIXON (D). Arrows indicate artifacts.

Analysis

For the brain tumor examinations, the DIXON- and UTE-based
MR-AC maps were inspected visually for artifacts by comparing the
MR-AC maps with the respective CTref. For the DIXON-based AC,
the artifact categories contained misclassification of air by fatty or soft
tissue in the sinuses, paranasal sinuses, and ears/mastoid cells. In the
case of UTE, susceptibility artifacts (classifying bone as air or
overestimating the extent of the air cavities) in these regions were
assessed (Fig. 1). In the case of the BD, the assessment of artifacts was
omitted because this MR-AC method is based on DIXON MR-AC,
and therefore artifacts in the original MR-AC translate directly into
BD-based MR-AC.

To evaluate differences in diagnostic outcome, PET images of all
brain tumor patients (groups A and B) were assessed by a nuclear
medicine specialist with 10 y of experience in neurologic PET

Example of artifact categories. Axial views at 2 main axial levels of same patient and
different AC methods: CT—reference (A), DIXON—artificial filling of air cavities with tissue (B),
UTE—overestimation of air cavities due to susceptibility artifacts (C), and BD-based MR-AC—

mentations were used to avoid interreader
variability in delineating the brain lesions.

In accordance with the literature, for group A,
a 70% threshold (VOlI;) of the maximum pixel
was used for '8F-FET-avid lesions (26,27). RDs
were calculated for the VOIyy, SUV,.. and
SUV ean Of the delineated VOI;ps (SUV pean). RDs were also calculated
for the LBRs of the SUV .« and SUV .. For group B, for %Ga-
DOTANOC-avid lesions, RDs were calculated for VOIs defined by a
50% threshold (VOlIsg) (27,28) and for the corresponding SUV,,,, and
SUV nean for all lesions as well as the pituitary gland. The VOIsgs were
further subcategorized in lesions attached to the skull base or the skull cap
and analyzed separately. For group C, for the '8F-FDG imaging, average
RD images of tracer uptake for DIXON-, UTE-, and BD- to CTref-based
PET were produced. This was done after nonlinear alignment (ANTs;
PICSL) of each individual T1-weighted image to Montreal Neurological
Institute (MNI) space using the ICBM 2009a T1-weighted average struc-
tural template, and subsequently warping the PET image to MNI space
before calculating the average RD in tracer uptake (24). Then, the whole-
brain bias (mean of all voxels within the brain) of the tracer uptake was
calculated for each of the 3 MR-AC methods. In addition, the RD in tracer
uptake for 10 reference regions (capsula interna,
cerebellum, frontal cortex, medulla, caudate nu-

A B C

18F-FET
,
=
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88Ga-DOTANOC
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‘

cleus, occipital, parietal, putamen, temporal,
thalamus) within the brain was calculated (24).
Further, each '8F-FET-avid lesion was assigned
to 1 of the 10 anatomic regions used for the
g regional analysis of the '8F-FDG examinations.
This was done to compare the RDs found for the
ISF_FET-avid lesions with the RDs of the 10
reference regions.

RESULTS

When the DIXON- and BD-based AC
- approaches were used in the brain tumor
scans (groups A and B), noticeable visual
misclassification of air by tissue was found

’ in 94%, 97%, and 97% of the AC maps in

the sinus, paranasal sinuses, and ear region,

FIGURE 2. Axial views of patient with tumor recurrence imaged with '8F-FET (top) and patient
with a meningeal tumor formation imaged with $8Ga-DOTANOC (bottom). PET images were
reconstructed after AC using: CTref—reference (A), DIXON (B), UTE (C), and BD (D).
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respectively (Fig. 1). For UTE-based AC,
visual susceptibility artifacts were noticed
in 89%, 44%, and 89% of the AC maps,
respectively (Fig. 1).
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TABLE 1
Mean RDs in Percentage (+SD) of All Investigated Values for '8F-FET and 8Ga-DOTANOC Scans

18F-FET 68Ga-DOTANOC
Parameter Dixon UTE BD Dixon UTE BD
SUVnax -10+ 3 -4+3 -3+3 -11+8 -11+8 -3+6
SUVihean -10+4 -4 +3 -3+3 -11+7 -11+£8 -3+5
Volume +1+9 +2+8 +7 + 28* +1+4 -4 +12 -3+10
LBRnax -2+3 03 05 — — —
LBRmean -3+3 03 0+2 — — _

*Includes 1 patient with a volume difference of +103%.
LBRmax = LBRs of SUVax; LBRmean = LBRs of SUV ean-

Images of whole brain, segmented by threshold-based segmentation, were excluded from calculations.

The clinical reporting of the PET data reconstructed with the
reference standard CTref revealed 6 primary and 17 recurrent
tumors, 8 PET-negative results (®F-FET), and 11 meningeal tu-
mor formations in the 7 ®Ga-DOTANOC scans. The reporting and
diagnosis did not change from CTref using different MR-AC
methods for any of these patients. An example for '8F-FET and
%8Ga-DOTANOC is shown in Figure 2.

Group A

For the quantitative analysis of the '8F-FET scans, 16 of 31 patients
were included. Of the remaining 15 patients, 8 did not have an '8F-
FET-avid lesion and 7 patients presented with an '8F-FET uptake in
the lesion that was too low for a proper segmentation using the 70%
threshold in the CTref-based PET images. Average RDs of the VOI;4s
were +1%, +2%, and +7% (median, +2%) for DIXON, UTE, and
BD, respectively. In 3 datasets (1 patient: DIXON- and BD-based
PET, 1 patient UTE-based PET), the 70% threshold segmentation
included the whole brain, and therefore these 3 image series were

excluded from the calculations. For the remaining reconstructions, the
maximum RD was found for BD, with the volume expanding to
203% of the original volume for 1 of 16 patients. A summary of
the RDs for SUV .« and SUV .., is given in Table 1. LBRs were
similar across all AC methods. All findings are summarized in Figure
3 and Table 1.

Group B

For %8Ga-DOTANOC examinations, analysis included 11
tumor formations and in 5 of 7 patients the pituitary gland
(in 2/11 cases, the pituitary gland could not be separated from
the tumor formations). Average RDs of the VOI5os were sim-
ilar for all AC methods (Table 1), however, with a noticeable
spread (Fig. 4). SUV pean and SUV ., values showed similar
average RDs of —11% for DIXON and UTE compared with
—3% for BD (Fig. 4; Table 1). The analysis of the subgroup of
lesions located in the skull base (n = 9) revealed average
SUV hean and SUV ., deviations of —6%,
—13%, and —1% for DIXON, UTE, and
BD, respectively. For lesions attached to

20 4 SUV max SUV mean Volume LBR max

the skull cap (n = 7), average deviations
of —18%, —8%, and —6% for SUV,,, and
—17%, —7%, and —4% for SUV ., for
DIXON, UTE, and BD, respectively (Fig.
5), were found.

LBR mean

l,__
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I -

F--M}+

Difference (%)
S
FIF14 e
4 o
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[l I
- ---
HLH

-20

-30

Group C

+ For 18F-FDG imaging, mean whole-brain
bias = SD was —11 * 1%, —7 £ 1%, and
—5 * 2% for the DIXON, UTE, and BD AC-
based PET images, respectively. The differ-
ences in CTref-based PET for the 10 prede-
fined brain reference regions are depicted in
Figure 6. A more detailed analysis consist-
ing of the pixel-vice—calculated average RD
and corresponding SD for the '3F-FDG im-

DIXON -
UTE
BD —
DIXON -
UTE
BD —
DIXON -
UTE
BD -
DIXON -
UTE
BD

aging can be found in the supplemental ma-
terials (available at http://jnm.snmjournals.
org). The comparison of the SUV ,e.n RDs

DIXON -
UTE
BD -

FIGURE 3. Box plots of RD of SUVyax and SUVnean, VOI7g (volume), and LBRs of SUVax
(LBRmax) and SUVean (LBRmean) according to CTref for '8F-FET-avid lesions and 3 different

AC methods.
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of the '8F-FET-avid lesions and the findings
of the regional analysis of the '3F-FDG
scans can be found in Figure 6.
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FIGURE 4. Box plots of RD of SUVax and SUV ean and VOlIsq (vol-
ume) according to CTref for lesions in 8Ga-DOTANOC scans and 3
different AC methods. Data included 11 meningeal tumor formations
and for 5 patients additionally pituitary gland (in 2 patients, pituitary
gland could not be separated from tumor formation).

DISCUSSION

Standard MR-AC is challenged by pitfalls in MR imaging, such
as susceptibility changes leading to signal voids in MR-AC or
truncation effects due to the limited transverse field of view
(19,21,29). For the DIXON approach, artifacts consisted mainly of
artificial filling of air cavities (e.g., the sinuses) with tissue (Fig.
1). Such artifacts were already described by Brendle et al. (30) and
are most likely attributed to the properties of the segmentation
algorithm, which is part of the DIXON MR-AC. For UTE-based
MR-AC, an overestimation of the size of air cavities was present
as well as a partial underestimation of bone in the region of the
brain (Fig. 1). This known observation (27) is caused by suscep-
tibility artifacts at borders of tissue and air. The consequences of
these artifacts are local over- and underestimations of the tracer

concentration in and near the affected regions. Examples are the
frontal part of the brain or the area around the mastoid cells, for
which UTE-based PET images show a drop in activity concentra-
tion and DIXON and consequently BD-based PET tend to over-
correct attenuation (Supplemental Figs. 3, 9, 10, and 17).

Despite the differences found, clinical diagnosis based on the
visual assessment of the disease after commonly used procedures,
including LBRs, did not reveal any differences in diagnostic
outcome between the used AC methods. This is attributed to the
specificity of the used tracers demonstrating similar local contrast
in all cases (Fig. 2) and to the similarity of the LBRs.

For the quantitative evaluation, a threshold-based segmentation
approach was used to simulate a clinical scenario when only 1
(predefined, standard) AC method is available. The data presented
here show a good agreement of the segmented volumes between
the AC methods but with significant deviations in individual cases.
This is attributed to the properties of threshold-based segmenta-
tion. The segmented volume depends on the value of the
maximum pixel and the activity around. The local differences in
activity distributions in the PET images reconstructed using
different MR-ACs are particularly obvious, for example, near
bone (/1) and near air cavities, due to the above-described arti-
facts (Supplemental Figs. 3, 10, and 17 near the frontal sinuses or
Supplemental Figs. 2, 9, and 16 near the mastoid cells). The local
variations in quantification were reflected in the evaluation of the
SUVs. For lesions not near bony structures, as is the case for most
of the '8F-FET examinations evaluated here, UTE- as well as BD-
based PET caused no clinically relevant shift in SUV. In contrast,
DIXON-based PET underestimated SUV by —10%, which is at-
tributed to the lack of bone in the DIXON-based MR-AC (Fig. 3)
(11). Nevertheless, for an individual lesion, quantification can
differ substantially from the median offset for all AC methods.
For the LBR, good accordance was found for all AC methods with
a maximum bias spread of —9% and 10%. This is expected be-
cause of the similarity in bias between hemispheres already shown
(23).

For lesions attached to bony tissue, as in the case of the
meningeal tumors imaged with ¥Ga-DOTANOC, BD showed the
best comparability with CTref. As expected, the DIXON-based
MR-AC underestimated SUVs, which is caused by the lack of
bone information in the AC map (/7). Of note, UTE-based MR-

AC did not improve SUV quantification for
this kind of lesion compared with DIXON-

based MR-AC (Table 1; Fig. 4). For the
subgroup of lesions attached to the skull

cap, an improvement in SUV quantification
could be observed in comparison to
b DIXON-based PET. Nevertheless, for le-
; sions near the skull base, the highest RDs
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in SUV of all MR-AC approaches were
found for UTE-based AC (Fig. 5). This is
most likely attributed to an underestimation
of bone and tissue in this region, subse-
quently leading to an underestimation of
attenuation (Fig. 1; for example, mastoid
, cells, nasal pharynx). Particularly in these
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UTE -
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UTE o

BD H

DIXON

UTE o
Bl

cases, BD could improve quantification in
comparison to DIXON- and UTE-based

FIGURE 5. Box plots of RD of SUV jax and SUVean and VOIsq (volume) according to CTref for
evaluated lesions in 88Ga-DOTANOC scans and 3 different AC methods. (A) Findings for lesions
and pituitary gland in skull base (n = 9). (B) Results for lesions attached to skull cap (n = 7).
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MR-AC.
For the whole-brain and regional analy-
sis of the '8F-FDG scans, the results of this
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. that regional analysis of RDs is not a good
:_ Dixon @ UTE O BD predictor for the RD of a lesion. This can
ol ) L i‘ ) . - - be seen in Figure 6, where, depending on
24 %,j L " the AC method used, between 53% and
g . §g NV 87% of the lesion’s SUV RD is not within
g <1 §’4 1 SD of the respective regional RD.
g 249 {Qﬁ‘ * *
" §§ ‘\§ CONCLUSION
14 % Diagnosis of brain tumors in PET/MRI
8 i did not vary with the MR-AC methods used
o & . % 0 = - s = 2 when based on visual assessment and
g 3 5 3 g g 3 5 g 5 LBRs. UTE- and BD-based AC are clini-
g § £ = g 2 a e S cally acceptable for SUV calculations of
8 = g tracer uptake in lesions located within the
= brain. However, for lesions near bony

FIGURE 6. Average RD of 10 reference regions within brain for '8F-FDG scans of healthy
subjects. Error bars correspond to respective RD SD for each reference region. *Corresponding
RDs of SUVmean for VOI; of 18F-FET-avid lesions. Lesions were assigned to reference regions

used in 18F-FDG evaluation by experienced nuclear medicine expert.

study agree only partly with previous reports in the literature.
Although the RD between the regions is similar to that reported
in other studies (27,23,24), the absolute bias with respect to the
reference standard, CTref, is similar only to the bias reported (24).
More specifically, this group reported a whole-brain bias of —12%
and —7% (24) for DIXON and UTE, respectively. These results
were similar to findings in our study: —11% and —7%, respec-
tively. However, in another study, Koesters et al. reported a lower
whole-brain bias of —6% and 2% for DIXON and BD AC, re-
spectively (23). The difference may likely arise from using the
DIXON-based AC as a mask for cropping the CT images to
remove the patient table from the CT data (23) for the purpose
of using the CT as a reference standard. The DIXON AC may
underestimate the actual extent of the head and, therefore, could
result in a smaller representation of the extent of the head in the
CTref. To further investigate this difference, we cropped the CT-
based AC maps from the '8F-FDG imaging using the DIXON MR-
AC as a mask, similar to the methodology reported in Koesters
et al. (23). Subsequently the PET raw data of the '®F-FDG scans
were reconstructed again using the cropped CT attenuation maps.
The whole-brain bias was then recalculated as —6%, and thus
similar to the bias reported in Koesters et al. (23). This result
reinforces the assumption of a partial underestimation of the ex-
tent of the head by the DIXON-based AC, which may lead to an
underrepresentation of attenuation in CT-AC when used for crop-
ping the CT image information for removing the bed from the
attenuation data.

In another study evaluating the UTE MR-AC, Aasheim et al.
reported a bias of —3% for the cerebellum (vs. 10% in this study)
and +1% for the putamen (—4%) (21). We have currently no
explanation for these differences. Perhaps, small deviations in
the data processing workflow or the evaluation method may ex-
plain these differences. Nevertheless, these observations clearly
demonstrate a need for standardization of data processing, analy-
sis, and reporting for the evaluation of AC approaches in PET/
MRI. The choice of a gold standard, in particular, needs to be
agreed on to enable a comparison between different studies.

A comparison of the RDs of SUVs of individual lesions and the
regional analysis of RD in the '®F-FDG scans (Fig. 6) indicates
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structures, especially the skull base, only
the model-based approach (BD) showed
results comparable with the standard AC
method (CTref). Nevertheless, for the
quantification of individual lesions large
deviations from CTref can be observed
with all MR-AC methods on an individual-lesion basis.
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