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Abstract

Objective We assess inter- and intra-subject variabil-
ity of magnetic resonance (MR)-based attenuation maps
(MRpuMaps) of human subjects for state-of-the-art positron
emission tomography (PET)/MR imaging systems.
Materials and methods Four healthy male subjects under-
went repeated MR imaging with a Siemens Biograph mMR,
Philips Ingenuity TF and GE SIGNA PET/MR system using
product-specific MR sequences and image processing algo-
rithms for generating MRpuMaps. Total lung volumes and
mean attenuation values in nine thoracic reference regions
were calculated. Linear regression was used for comparing
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lung volumes on MRuMaps. Intra- and inter-system vari-
ability was investigated using a mixed effects model.
Results Intra-system variability was seen for the lung vol-
ume of some subjects, (p = 0.29). Mean attenuation values
across subjects were significantly different (p < 0.001) due
to different segmentations of the trachea. Differences in the
attenuation values caused noticeable intra-individual and
inter-system differences that translated into a subsequent
bias of the corrected PET activity values, as verified by
independent simulations.

Conclusion Significant differences of MRpuMaps gener-
ated for the same subjects but different PET/MR systems
resulted in differences in attenuation correction factors, par-
ticularly in the thorax. These differences currently limit the
quantitative use of PET/MR in multi-center imaging studies.

Keywords Combined PET/MR - MR-based attenuation
correction - Whole-body hybrid imaging - Reproducibility -
Accuracy

Introduction

Combined PET/MR imaging was introduced clinically in
2006 when a prototype, combined 3-Tesla (T) MR imaging
system with a fitted PET detector ring was first presented
for simultaneous PET/MR imaging of the head [1]. Three
major vendors have since proposed whole-body systems
for simultaneous or sequential PET/MR imaging [2—4].
All whole-body PET/MR systems available today combine
a 3T MR imaging with a whole-body PET system. Unlike
in combined PET/CT systems, no transmission source is
available for measurements of tissue attenuation. There-
fore, alternative methods for MR-based attenuation correc-
tion (MR-AC) must be used for PET/MR imaging.

@ Springer
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Several approaches have been proposed to derive com-
puted tomography (CT)-like attenuation coefficients ()
from the available MR images [5]. Standard methods imple-
mented today employ either a dedicated T1-weighted (T1w)
or a Dixon MR image acquisition, followed by an MR
image segmentation into three or four tissue classes, none of
which corresponds to bone. Imaging bone is a challenge for
MR and, therefore, estimating bone in the context of accept-
ably short MR imaging times has not been realized yet in
whole-body MR imaging [6]. The lack of bone tissue repre-
sentation in MR-based attenuation maps (MRuMaps), how-
ever, has been identified as a source of visual and quantita-
tive bias in PET images reconstructed after MR-AC [7-10].

In addition to the underestimation of attenuation coef-
ficients from standard MR-AC, the repeatability of
MRpMaps estimations has been identified as a key chal-
lenge for the adoption of PET/MR in clinical routine [4, 6].
High repeatability and reproducibility of MRuMaps, how-
ever, is key for single-center studies with individual patients
in follow-up, for imaging studies with multiple patients and
for multi-center studies using different PET/MR systems.

In PET and PET/CT imaging, the use of specific phan-
toms is the method of choice for acceptance testing, peri-
odic quality control measures as well as initiation pro-
cedures for standardized single- or multi-center imaging
protocols [11-13]. Phantoms can be standardized to spe-
cific imaging needs; they can be manufactured with high
quality and reproducibility and, finally, made available to
many users at different sites for performing comparative
and repetitive studies. However, PET-type phantoms are
limited for the evaluation of MRuMaps due to their inher-
ent inability to depict MR imaging characteristics of human
tissue and tissue distribution [14].

In view of the shortcomings of phantom-based system
evaluation and assessment of the quality of MR-AC, alter-
native methods for investigating MR-AC implementations
must be found. This study presents an approach using a
group of different-sized volunteers, subject to test—retest
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imaging in three whole-body PET/MR systems as a simple,
initial quality survey method in single-center and multi-
center settings.

Materials and methods
PET/MR systems and standard MR-AC methods

This study was performed between September 2013 and
April 2014 and included three types of whole-body PET/
MR systems available during that period (Fig. 1): Siemens
Biograph mMR [2], Philips Ingenuity TF PET/MR [3] and
GE SIGNA PET/MR (CE label and FDA approval pending
at time of investigation) [15]. All PET/MR systems were in
working condition at the time of the study and successfully
passed acceptance and quality testing. At the time of the
investigations, all systems were operational and equipped
with the following system software: syngo VB18P (Bio-
graph mMR), PET/MRI Release 3.2.2 (Ingenuity TF) and
MP24.0_EA_1350 (SIGNA).

The PET/MR systems evaluated in this study had the
following standard methods for MR-AC implemented
(Table 1).

Biograph mMR A dedicated Dixon-VIBE sequence for
MR-AC in coronal orientation precedes PET/MR measure-
ments for each bed position. In- and opposed-phase images
are recomposed into fat and water images, and segmented
into four tissue classes (air, lung, fat and soft tissue), each
with a fixed attenuation value for 511 keV photons [16]. The
attenuation maps were acquired using a set of radiofrequency
(RF) surface coils: 16-channel RF head/neck coil, 24-chan-
nel RF spine array coil and 6-channel body matrix RF coils.

Ingenuity TF Transverse Tlw-GE MR images are
acquired and segmented into three tissue classes (air, lung
and soft tissue) with fixed attenuation values in each class.
MR-AC acquisitions were performed using the built-in RF
transmit/receive body coil (Q-body).

&

Fig. 1 Whole-body PET/MR hybrid imaging systems investigated in this study: Siemens Biograph mMR (a), Philips Ingenuity TF (b) and GE

SIGNA (c)
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Table 1 Overview of MR imaging parameters for standard MR-AC procedure and MR-AC algorithms, as well as typical MR-based attenuation

values (cm-1)

Biograph mMR Ingenuity TF SIGNA

Siemens Philips GE
Software version VBI18P Release 3.2.2 EMP24.0_EA_1350
AC sequence Dixon VIBE Multi-stack spoiled T1w GE LAVA-FLEX
TR/TE (ms) 3.6/2.46 4.12.3 4.0/1.7
Flip (°) 10 10 5
Matrix (in-plane) 128 x 192 144 x 144 256 x 128

2.6 x 2.6 (mm) 4 x 4 (mm) 4.69 x 4.69 (mm)
Slice (mm) 2.6 4 2.8
Orientation HFS—coronal HFS—transversal HFS-axial
Coils Surface RF coils Built-in body RF coil Built-in body RF coil

Breath-hold Yes (thorax)

No (elsewhere)

Scan time (s) per bed 18
Bed positions to cover head to thighs 5
Tissue classes 4

Tissue types
Linear attenuation values [cm-1] at 511 keV

Lungs Fixed (0.0240)
Soft tissue Fixed (0.1000)
Fat Fixed (0.0854)
Bone NA

Air, lung, soft tissue, fat

No No
24 18
10-11 5
3 5

Air, lung, soft tissue Air, lung, soft tissue, fat, bone

Fixed (0.0219) Fixed (0.0180)

Fixed (0.0950) Variable (0.086-0.100)

NA Variable (0.086-0.100)

NA Variable (skull: atlas-based)

HFS head first supine, RF radiofrequency, TR repetition time, TE echo time

SIGNA A multi-station, whole-body, three dimensional
(3D), dual-echo, RF spoiled gradient recalled echo (SPGR)
sequence (LAVA-FLEX) in transaxial orientation is used for
MR-AC. Similar to the Dixon-based approach (Biograph
mMR), water-only and fat-only images are calculated from
in-phase and out-of-phase images from which MRuMaps
with four tissue classes (air, lung, fat and soft tissue) are
derived. The air and lung tissue classes are binary, whereas
the classification between fat and soft tissue is variable:
the LAVA-Flex fat/water ratio is used to obtain a weighted
average of fat (0.086 cm™') and water (0.100 cm™'). For
the head, a CT-based atlas, including bone tissue, is co-reg-
istered to the acquired MR image. MR data were acquired
with the built-in RF transmit/receive body coil.

Subjects

Informed written consent for MR-only examinations was
obtained from each volunteer prior to the MR imaging study
in compliance with the local institutional review board guide-
lines. Four healthy male subjects [mean age: 45 + 1 years,
mean body mass index (BMI): 27 & 3] were included. Dur-
ing the course of this study, one subject (S4) lost over 20 %
of body weight and, therefore, was rescanned [S4(s)] on the
Biograph mMR and Ingenuity TF PET/MR systems.

Acquisitions

Subjects were positioned head-first supine (HFS) and arms
down on the PET/MR systems by experienced on-site tech-
nologists. Each subject underwent a simulated whole-body
PET/MR examination covering a standard imaging range
from the top of the skull to the mid-thighs, corresponding
to 5-6 bed positions for two systems (mMR, SIGNA) and
10-11 bed positions for one system (Ingenuity). Neither
a PET tracer nor MR contrast was injected. PET/MR pro-
tocols were run for the part of the MR examination only.
For each system vendor-specific instructions for standard
MR-AC were followed: subjects were asked to hold their
breath in normal expiration (mMR) or to breathe freely
(Ingenuity, SIGNA) when imaging the thorax, all other
body stations were acquired during free breathing (Table 1).

All subjects underwent a second, retest scan on the same
day after being repositioned on the PET/MR system within
1 h. All scans were completed with a TIlw-MR image
sequence to obtain a high-resolution anatomical over-
view of all volunteers serving as a reference standard for
the evaluation of correct tissue segmentation in MR-AC.
Tlw imaging was performed using the RF surface coils
(mMR) and the Q-body RF surface coils (Ingenuity). In the
SIGNA, the RF surface coils GEM 19-channel head-neck
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unit, 16-channel upper and lower anterior arrays and
14-channel central posterior array were used.

Image processing

Whole-body MRuMaps were composed of overlapping
single-bed attenuation maps following the standard,
vendor-specific image processing (Table 1; Fig. 2). At
the time of the evaluation of the attenuation maps, the

Ingenuity TF Biograph mMR

SIGNA

Water

Fig. 2 Coronal MR images of subject 2 (left: fat, water, in-phase and
opposed-phase) for deriving MR-based attenuation maps (MR-AC,
right). The attenuation map for the Ingenuity TF is obtained from a

@ Springer

SIGNA system had a non-product “released for evalua-
tion” version of the software and, therefore, whole-body
attenuation maps were composed at the vendor factory.

Data analysis

First, all MRuMaps were reviewed by two experienced
imaging physicists in consensus for image artifacts, such
as truncation or susceptibility-induced image distortions

Tiw MR-AC

stack of axial T1w-images, whereas MR-AC in the Biograph mMR
and SIGNA systems is based on a Dixon and Dixon plus atlas (skull)
approach, respectively
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[9]. We report on the number of MR-attenuation maps with
visually noticeable artifacts.

Second, for each subject, whole-body MRuMaps from
test—retest scans on all three PET/MR systems were aligned
to the whole-body T1w-MR images of the Biograph mMR
(test) to enable subsequent analyses. Alignment was per-
formed using an affine co-registration algorithm (Mirada
Medical XD Advanced 3.6.4.8, Mirada Medical, UK). Res-
ampling of all aligned MRuMaps was performed accord-
ing to the matrix and voxel size of the mMR attenuation
maps. For each subject and matched attenuation map, the
total lung volume was estimated from a seed-point grow-
ing algorithm within Mirada Medical XD. Upper and
lower threshold values for the seed-point algorithm were
defined by using the vendor-specific attenuation values for
the lungs (Table 1). Individual adjustments were necessary
to ensure a full segmentation of the lungs, in case of visu-
ally confirmed incorrect separation of lungs and soft tissue.
These thresholds were accessed by visual inspection of the
MRuMaps. Linear regression of the lung volumes was ana-
lyzed in Graphpad Prism 6.04 (Graphpad Software, San
Diego, CA, USA).

Third, nine reference regions were defined for each sub-
ject as volumes of interest (VOIs) in the lungs, mediasti-
num, liver and spine on the T1w image. These VOIs were
copied to all matched MRuMaps (Fig. 3). Lung attenuation

Fig. 3 Reference VOIs on coro-
nal T1w-MR image of subject

1: a 3-cm spherical VOI placed
in the liver, b upper (red), lower
(red) and central (yellow) lung
VOISs (all 3-cm spherical) and
spinal column VOI (T4 seg-
ment), and ¢ mediastinum VOI

values were determined from a total of six VOIs (Fig. 3b);
four VOIs in the upper and lower lungs were averaged to
represent the mean attenuation value in the apical regions,
while the average of the remaining two VOIs represented
the attenuation in the center region of the lungs. For each
subject and VOI mean [+ standard deviation (£SD)] atten-
uation values are reported. Attenuation values were aver-
aged across subjects and PET/MR systems, and compared
to the attenuation values set forth by the vendors. Calcu-
lated attenuation coefficients were analyzed with mixed
effects models (MEMs; R, the GNU Project) employ-
ing two-sided parametric tests with a threshold value of
p < 0.05. Of note, a MEM is a powerful statistical tool
that can provide p-values of repeated measurement studies
with missing datasets. Here, we consider any changes of
the intra-subject variability of MRuMaps in a scan-rescan
test to be representative of such changes during follow-up
imaging of the same patient with a given PET/MR sys-
tem. In addition, inter-system variability of MRuMaps of
the same subjects are indicative of changes of attenuation
values during follow-up of patients using different PET/
MR systems. Lastly, comparisons of intra- and inter-system
variability in this study may reflect the variability seen in
multi-center trials with different PET/MR systems.

Fourth, transverse projections of the MR-based attenua-
tion maps [projection-based linear attenuation coefficients

@ Springer
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Fig. 4 Central axial view of mathematical ‘thorax’ phantom (torso
with lung inserts and bi-lateral arms) to estimate PET activity bias
from variable attenuation maps: a uniform PET activity distribution
with 1/3 background activity placed in the lungs; b corresponding
ATN (attenuation) map with true soft tissue, lung and bone attenua-

(pLACs)] were averaged across all angles in order to assess
both qualitatively and quantitatively intra-individual and
inter-system variability of all resulting MRuMaps. Of note,
the projected image volume was limited to a central 45-cm
diameter data set to eliminate the influence of truncation-
based distortions and focused on the thorax region. pLAC
values were calculated in MatLab 7.9.0 (Mathworks, Mas-
sachusetts, USA).

Simulations

Any pertinent effects from varying MRpuMaps on the qual-
ity and accuracy of PET emission images after MR-AC
were assessed by means of a simulation using a geomet-
rically simple, noise-free ‘thorax’ phantom. The phan-
tom was 40 cm and 28 cm in long and short axis views,
respectively, with ellipsoidal lung inserts and cortical bones
limited to the arm regions (Fig. 4). The activity concentra-
tion in the lungs was 30 % of the soft tissue activity con-
centration (Fig. 4a). The corresponding attenuation map
(Fig. 4b) employed a standard LAC: 0.022 cm™! (lungs),
0.096 cm™! (soft tissue) and 0.18 cm™! (bone). Standard
MR-AC was simulated by including truncation effects
and by setting the attenuation coefficient of bone to that of
soft tissue (Fig. 4c). As will be shown later in more detail,
relative mean differences in pLAC and median lung vol-
umes (Fig. 5a) of up to 10 % and 10-30 %, respectively,

@ Springer

tion coefficients assigned, true; ¢ truncated MR-based ATN, MRAC;
and d truncated MR-based ATN with reduced lung volume (thM-
RAC), thus, simulating lung segmentation errors and differences in
pLAC:s as seen in human data (Fig. 4A)

were found in the clinical data. Therefore, a third attenua-
tion map was simulated with a 20 % smaller lung volume
(Fig. 4d) such that the average pLAC for this phantom
changed by 10 %.

Simulations of attenuation correction and PET image
generation are similar to the methodology in Boellaard
et al. [17]. In short, after defining the simulated activity
distribution (mathematical ‘thorax’ phantom), sinogram
data were generated from these images using an analyti-
cal forward projector including time-of-flight (TOF) and
attenuation using the complete and correct simulated
pnMaps. In order to account for the differences in the TOF
performance of the three PET/MR systems, the follow-
ing timing resolutions were assumed: non-TOF, 650 and
325 ps, both for generating sinogram data as well as dur-
ing image reconstruction, as indicated below. The simu-
lated noise-free projection data were then reconstructed
using ordered subset expectation maximization (OSEM)
reconstructions without or with corresponding TOF (6
iterations, 16 subsets) to 256 x 256 transaxial images.
PET images were reconstructed using three attenua-
tion maps (. Maps): complete and correct wMaps (true),
truncated MRpuMaps (MRAC) and truncated MRpMaps
with reduced lung volume (thMRAC). Difference maps
(DiffMap) of PET images reconstructed with MRAC and
thMRAC were generated with PET (true) serving as the
reference.
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Fig. 5 Boxplots of system-specific lung volumes (a) and mediasti-
num attenuation values (b) across subjects and time points. Similar
median values are seen for the lung volumes in the Biograph mMR
and SIGNA systems, while the Ingenuity TF resulted in a wider

Results
Human data

Three of the four subjects had repeated measurements on
all three PET/MR systems (Fig. 1) following repositioning
on the patient table. One subject (S4) had repeated meas-
urements on the Biograph mMR (Fig. 1a) and Ingenuity TF
(Fig. 1b) following a significant loss of body weight during
the course of the study. Figure 6 shows coronal sections of
MR-based attenuation maps of all four subjects scanned on
the three PET/MR systems. Image comparison across sub-
jects and PET/MR systems demonstrates a variable degree
of anatomically correct representation of attenuating tis-
sues. Also, the classification of tissues into three (Ingenu-
ity) or four tissue classes (mMR, SIGNA) is clearly seen
with the SIGNA images expressing the skull as well.

Image artifacts were observed in all MRuMaps of all
subjects (Table 3). Specifically, truncation artifacts along the
arms (Fig. 7a) were present in all MRpuMaps of all subjects
and across all systems. Artifactual air inserts in the intes-
tines and bladder (Fig. 7b, ¢) were found in a significant
portion of scans. The frequency, size and position of these
artifacts varied with the PET/MR systems and subjects, and,
thus, did not introduce systematic errors in the pMaps.

Lung volume analyses revealed large intra- and inter-
system variability (Fig. 5). Figure 5a shows similar median
values of the system-specific lung volumes for the mMR
and SIGNA system, while for the Ingenuity TF, the median
was lower with a wider percentile variation. Absolute inter-
system variability of the median lung volume was 29 %.
Intra-system variability was higher for the ingenuity TF
system with up to 1.5 L in subject 3 (Fig. 8). In general,
intra-system variability was observed to be smaller than
inter-system variability for the respective subjects (Fig. 8).
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spread of lung volumes (a). The different median attenuation values
for the mediastinum reflect different degrees of segmentation of the
trachea, and the different vendor-specified attenuation values for soft
tissue (b)

Based on the MEM analysis, differences in the lung vol-
ume across all subjects were independent of the subject
weight (p = 0.98).

Table 2 lists the average attenuation values of all scans
and subjects. Of note, lung attenuation values (cm ') were
lower for the SIGNA system than for the other two PET/
MR systems. Attenuation values in the mediastinum, liver
and spinal column were highest for the Biograph mMR
and similar for the other systems. For all systems, the
VOI-based attenuation measurements corresponded to the
expected attenuation values for the different tissue classes.
Deviations were observed for the mediastinal attenuation
values (Table 2). Varying degrees of intra-system variabil-
ity were detected for all regions using the MEM analysis
with p-values in the range of p < 0.01 (mediastinum) and
p = 0.97 (lungs). Of interest, the variability of the attenu-
ation values in the liver across the three systems was not
significant (p = 0.099). In contrast, average attenuation val-
ues in the mediastinum across the PET/MR systems were
statistically significant (p < 0.01, Fig. 4b).

Noticeable intra-individual and inter-system differences
of the pLAC values were found for the skull, lungs and
abdominal region (Fig. 9). On average, total integral attenu-
ation values, pLAC, across the lungs of all subjects differed
by up to 10 % across PET/MR systems, indicating a sys-
tematic bias from standard MR-AC in different whole-body
PET/MR systems.

Simulations

Results from the simulations are presented in Fig. 10. The
difference maps of the PET activity show that the use of
MRpMaps may lead to substantial underestimations of
up to —50 % compared with the true PET activity, in par-
ticular, in areas affected by truncation and missing bones

@ Springer
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Fig. 6 Coronal sections of MR-
based attenuation maps from
first scan of all subjects on all
three PET/MR systems. Subject
4 was scanned a second time on
the Biograph mMR and Ingenu-
ity TF system after significant
weight loss (S4), as described
in the Methods section. The
Biograph mMR (top) and Inge-
nuityTF (middle) yield 3- and
2-class tissue representation,
respectively, while the SIGNA
(bottom) offers additional bone
tissue representation in the head

Biograph mMR

Ingenuity TF

SIGNA

Table 2 Average MR-based LACs [cm-1] obtained from all participants

System Subjects/scans Lungs, apex Mediastinum Liver Spine
Biograph mMR 5/10 0.023 £ 0.001 0.022 + 0.000 0.099 + 0.001 0.1 +0.0 0.01 + 0.00
Ingenuity TF 5/9 0.022 £ 0.010 0.026 £ 0.008 0.093 &+ 0.003 0.095 +£ 0.000 0.094 + 0.002
SIGNA 4/8 0.019 £ 0.001 0.018 £ 0.000 0.092 £ 0.006 0.1+0.0 0.097 £ 0.001

Table 3 Artifacts found in MR-AC attenuation maps generated from all three PET/MR systems

Number of scans  Truncation Missing bone* Bladder segmented as “air”

Intestines segmented as “air” Lungs with “soft tissue” inserts

Biograph mMR  10/10 10/10 5/10
Ingenuity TF 9/9 9/9 3/9
SIGNA 8/8 8 (0)/8* 6/8

0/10
3/9
0/8

Multiple artifacts are only counted once per system and scan

* In all scans, the LAC of bone in the thorax/extremities were substituted by the LAC of soft tissue. The SIGNA system had skull bones intro-
duced into the attenuation maps by using an atlas-based method (score 0 in parenthesis)

@ Springer
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Fig. 7 Examples of typical
artifacts in MR-based attenu-
ation maps: a erroneous lung
segmentation with soft tissue
inserts (S4 in Ingenuity TF),

b, ¢ extended ““air’-filled
regions that may originate from
susceptibility changes (S2 on
SIGNA and Biograph mMR
systems), and ¢ truncation along
the exterior of the body (S1 on
Biograph mMR system)

4 A @ Biograph mMR
- B Ingenuity TF
= 5 u A SIGNA
) .o AA ]
IS [ ]
3 2+ o° AA o
; o%m 4,4 o®
g [ ]
S 4 [
- ]
[
S1 S2 S3 S4 S4(s)
Subjects

Fig.8 Lung volumes estimated from MR attenuation maps vary
across subjects and systems. Highest intra- and inter-system variabil-
ity was found for S3 and, a larger subject, S4, respectively

(Fig. 10a). When reducing the lung volume (thMRAC), a
large upward bias was observed along the lung boundaries,
due to low attenuating lung tissue being replaced by high
attenuation soft tissue in the simulated p map (Fig. 4b, d).
The net impact of incorrect lung segmentation (MRAC-
thMRAC) is illustrated in Fig. 10c; in non-TOF images,
over- and underestimations of PET activity are seen primar-
ily in the lung boundaries and mediastinum, and the lungs,
respectively. This pattern changes in TOF images (Fig. 10,
middle and bottom row) with only a slight overestimation
of 10-20 % observed across the torso.

Discussion

The aim of this study was to evaluate the quality of
MR-based attenuation maps in the context of clinical,

MR-based

whole-body PET/MR
attenuation correction data of four subjects were acquired
on three different state-of-the-art whole-body PET/MR sys-
tems. This study included test-retest imaging to address
current concerns over the limited repeatability and repro-
ducibility of MRpuMaps.

Truncation and missing bone effects were the most

imaging. Therefore,

prominent image artifacts in standard whole-body
MRuMaps (Table 3). Other image distortions included tis-
sue swap effects (i.e. inverted assignment of soft tissue and
fat in the MRuMaps [18]) and issues frequently related
to air-filled image volumes in the abdomen and blad-
der regions. Thus, our limited subject cohort supports the
notion of frequently observed artifacts in MRuMaps [9].
The present study focused on standard, whole-body imag-
ing scenarios and showed noticeable differences across sub-
jects and systems for segmented lung volumes and tissue
attenuation values (Figs. 5, 6, 8). These differences, in par-
ticular across PET/MR systems (Figs. 5b, 8), were expected
since standard breathing instructions during the coverage of
the thoracic region were different (Table 1): free breathing
(Ingenuity, SIGNA) and normal expiration (mMR). In real-
ity, inter- and intra-scan respiration across subjects is differ-
ent, and the attenuation values of regions in the lungs and
cavities have higher probability of being misclassified than
areas affected less by respiration, such as the abdomen.
Of note, significant differences (p < 0.001) were observed
between subjects in the mediastinum, caused by the different
delineation of the trachea on the MRuMaps (Figs. 5b, 6).
This study revealed an inter-system variability of the
estimated lung volume that was, however, not significant
(p = 0.29). Still, such differences may originate from
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Fig. 9 MR-based attenuation maps of all subjects [S1-S4(s)] and
all PET/MR systems. Attenuation maps were devoid of truncation
artifacts; only data of a 45-cm central cylinder volume were used
for total projections (right) by integrating the assigned LAC of each
MR-AC map along the subject’s body. Line plots of LAC demonstrate

Fig. 10 Axial (normalized) dif-
ference maps of reconstructed
PET images following attenua-
tion correction with a with cor-
rect lung volume (MRAC-true)
and b with 20 % smaller lung
volumes (trMRAC-true) for 3
different reconstructions syn-
onymous with the three PET/
MR systems. The net impact - ~
of incorrect lung segmentation (’

is shown in (¢), which is the (650 ps) !\‘\
difference between (a) and (b). ~ <
All images show the difference
normalized to the true simulated
PET activity. Of note, the PET
activity bias varies with the dis-
tance from the artefact and the
reconstruction method used
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noticeable differences in the regions of the pelvis (up to 27%), skull
(up to 25%) and lungs (up to 22%). For the SIGNA system, higher
LACs in the skull region were observed due to the incorporation of
cranial bone attenuation values in the MR-attenuation map (Fig. 1)
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different levels of breath-hold during the estimation of
MRuMaps and subsequent erroneous segmentation of the
lungs. Respiration artifacts are further exemplified by so
called “banana” artifacts, indicating a local mismatch of the
vertical level of the diaphragm on MRuMaps and the aver-
age position of the diaphragm during the emission acquisi-
tion [9]. Lung segmentation errors were observed in three
image volumes from the Ingenuity TF, one of which is pre-
sented in Fig. 7a [19]. These soft tissue “bars” resulted in a
large reduction in the lung volume (Fig. 8, subjects S3 and
S4). In summary, subject-specific repeatability was accept-
able for the majority of subjects and systems, but test—retest
reproducibility was limited for subjects imaged on the
Ingenuity TF at the time of this study.

To further assess the impact of artifacts and assignment
of different LAC values in MRuMaps on the final PET
quantification, average line integrals of the total attenuation
value (pLAC) projections across all angles were calculated
for all scans and all subjects. The analyses revealed local
differences in pLAC values of up to 27% (pelvis), 25%
(skull) and 22% (lungs). These differences were introduced
by the differences in the assigned tissue attenuation val-
ues (Fig. 9). Of note, this study population was limited to
the evaluation of MR-based attenuation images of human
subjects.

To further evaluate how variable pLAC values affect the
reconstructed PET activity values, we have performed an
independent simulation (Fig. 10). The simulations provide
an approximate understanding of the artefacts and effects
of variability of lung segmentations during MR-AC. The
20 % change in lung volume corresponds to the observed
differences in median lung volumes (Fig. 5a) and pLAC
values in our subjects (Fig. 9). Our simulations suggest that
standardized uptake value (SUV) biases of up to +20 %
may occur due to incorrect lung segmentations alone
(Fig. 10). At the same time, negative biases occur due to
truncation and missing bones. Figure 10 further supports
the conclusion of Conti et al. [20] who reported that TOF-
based image reconstructions help limit the magnitude and
extent of the bias from incorrect AC.

This study is an inventory study, evaluating standard
methods for MR-AC in state-of-the-art whole-body PET/
MR systems as available at the time of the measurements.
Implementations of MR-AC in clinical PET/MR systems
today are improving steadily. Iterative algorithms [21-23]
and algorithms for increasing the MR-based field of view
(FOV) [24, 25] have been suggested to balance the presence
and magnitude of truncation artifacts. The lack of bone
attenuation information can be addressed in MR-AC of the
brain by using atlas-based methods [26, 27] or by using
ultra short echo time (UTE) pulse sequences [28, 29]. The
most recent product software version (VB20P for Biograph
mMR) now provides for an UTE-based delineation of skull

bone. The implementation of an atlas-based method for
whole-body MR-based AC providing continuous attenua-
tion values for the main skeletal structure is currently under
evaluation [30]. In addition, hardware components, such as
RF coils, must be considered during MR-AC [31-34].

This study is a proof-of-concept and, as such, has
some limitations. This includes the limited number of
exclusively male subjects participating in this study that
included measurements at three PET/MR sites in three
European countries. The number of participants limits the
statistical power of this study and increases the influence
of outliers. For example, measurements on the Ingenuity
TF had a comparatively high impact on the statistics. The
scope of this study was, however, not to analyze which
PET/MR system performed best, but to assess the repeat-
ability of standard MRuMaps using state-of-the-art PET/
MR systems. In this study, each subject served as its own
control. This eliminates the need of using both male and
female subjects, even though differences in the fat deposits
and lung volumes are present between male and females
[35]. Errors in regional attenuation coefficients and
pLAC values resulting from truncation of the arms were
neglected in this study. Truncation artifacts can be cor-
rected potentially in clinical routine by deriving the outer
contour of the body and arms from non-attenuation-cor-
rected PET data [36], or by using dedicated image recon-
struction methods, such as the maximum likelihood recon-
struction of attenuation and activity (MLAA) method [23].

Conclusion

Significant intra-subject differences of MRuMaps derived
from different state-of-the-art PET/MR systems were
observed. These differences may translate into noticeable
variations of PET activity distributions. The observed limi-
tations in repeatability and reproducibility may limit the
quantitative use of PET/MR in intra-subject follow-up sce-
narios and, more so, in multi-center imaging studies.
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