
Zurich Open Repository and
Archive
University of Zurich
University Library
Strickhofstrasse 39
CH-8057 Zurich
www.zora.uzh.ch

Year: 2015

Incorporation of time-of-flight information reduces metal artifacts in
simultaneous positron emission tomography/magnetic resonance imaging: a

simulation study

Davison, Helen ; Ter Voert, Edwin E G W ; de Galiza Barbosa, Felipe ; Veit-Haibach, Patrick ; Delso,
Gaspar

Abstract: OBJECTIVES: This study aimed to describe and evaluate the influence of time-of-flight (TOF)
information on metal artifact reduction in positron emission tomography (PET) image quality in clinical
simultaneous PET/magnetic resonance (MR) scanning. MATERIALS AND METHODS: A total of 7
patients with various malignant tumors were included and underwent a PET/MR examination after
standard PET/computed tomography. Baseline TOF and non-TOF PET images were reconstructed.
Next, the TOF and non-TOF PET reconstructions were repeated after the introduction of artificial
signal voids in the attenuation map to simulate metal artifacts of various sizes in a range of locations.
Three different sizes of signal voids were inserted in the attenuation maps for each location of interest:
over the maxilla, humeral head, chest, sternum, thoracic and lumbar spine, as well as the femoral head
to replicate clinically relevant metal artifacts. The reconstructed images with the artifacts were then
compared with the baseline reconstructed images. The mean percentage error in a region of interest
surrounding the simulated artifact was used to compare between TOF and non-TOF images. Further
comparison between TOF and non-TOF images was performed using histogram analysis. RESULTS:
In all cases, the mean percentage error in a region of interest surrounding the simulated artifact was
reduced when TOF information was included in the reconstruction. The inclusion of TOF also changes
the distribution of smaller errors away from the origin of the artifact. In some anatomical regions, an
increase in the number of small errors was noted with TOF, although the differences with non-TOF were
minimal. CONCLUSIONS: Positron emission tomographic imaging benefits from the integration of TOF
information in simultaneous PET/MR. The inclusion of TOF information in simultaneous PET/MR
imaging reduces errors related to metal artifacts at the site of the artifact.

DOI: https://doi.org/10.1097/RLI.0000000000000146

Posted at the Zurich Open Repository and Archive, University of Zurich
ZORA URL: https://doi.org/10.5167/uzh-110410
Journal Article
Published Version

Originally published at:
Davison, Helen; Ter Voert, Edwin E G W; de Galiza Barbosa, Felipe; Veit-Haibach, Patrick; Delso, Gaspar
(2015). Incorporation of time-of-flight information reduces metal artifacts in simultaneous positron emis-
sion tomography/magnetic resonance imaging: a simulation study. Investigative Radiology, 50(7):423-
429.
DOI: https://doi.org/10.1097/RLI.0000000000000146



Incorporation of Time-of-Flight Information Reduces
Metal Artifacts in Simultaneous Positron Emission

Tomography/Magnetic Resonance Imaging
A Simulation Study

Helen Davison, BSc,*† Edwin E.G.W. ter Voert, MSc,* Felipe de Galiza Barbosa, MD,*‡
Patrick Veit-Haibach, MD,*‡ and Gaspar Delso, PhD§

Objectives: This study aimed to describe and evaluate the influence of time-of-

flight (TOF) information on metal artifact reduction in positron emission tomog-

raphy (PET) image quality in clinical simultaneous PET/magnetic resonance

(MR) scanning.

Materials andMethods:A total of 7 patients with various malignant tumors were

included and underwent a PET/MR examination after standard PET/computed to-

mography. Baseline TOF and non-TOF PET images were reconstructed. Next, the

TOF and non-TOF PET reconstructions were repeated after the introduction of ar-

tificial signal voids in the attenuation map to simulate metal artifacts of various

sizes in a range of locations. Three different sizes of signal voids were inserted in

the attenuation maps for each location of interest: over the maxilla, humeral head,

chest, sternum, thoracic and lumbar spine, as well as the femoral head to replicate

clinically relevant metal artifacts. The reconstructed images with the artifacts were

then compared with the baseline reconstructed images. The mean percentage error

in a region of interest surrounding the simulated artifact was used to compare be-

tween TOF and non-TOF images. Further comparison between TOF and non-

TOF images was performed using histogram analysis.

Results: In all cases, the mean percentage error in a region of interest surround-

ing the simulated artifact was reduced when TOF information was included in the

reconstruction. The inclusion of TOF also changes the distribution of smaller er-

rors away from the origin of the artifact. In some anatomical regions, an increase

in the number of small errors was noted with TOF, although the differences with

non-TOF were minimal.

Conclusions: Positron emission tomographic imaging benefits from the integra-

tion of TOF information in simultaneous PET/MR. The inclusion of TOF infor-

mation in simultaneous PET/MR imaging reduces errors related to metal

artifacts at the site of the artifact.
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T he combination of positron emission tomography (PET) and mag-
netic resonance imaging (MRI) is a recent development in hybrid

imaging. In hybrid PET/MRI, the anatomical information of MRI com-
plements the functional and molecular information provided by PET.1,2

In addition to its well-established advantages such as superior soft tis-
sue contrast, MRI can also provide functional information, by using
diffusion-weighted imaging, spectroscopy, and arterial spin labeling,
among others. The prospect of combined functional information from
PET and MRI means that there is an increasing interest into using
PET/MRI for cardiology3 and neurology4 as well as its more obvious
applications in oncology.5

Traditionally, PET is combined with computed x-ray tomogra-
phy (CT) and the CT transmission data are used for PET photon atten-
uation correction. Computed tomographic images used for attenuation
correction can be scaled to compensate for the higher-energy PETemis-
sion photons using a bilinear function.6 However, magnetic resonance
(MR) data cannot be used in the same way for PET/MRI attenuation
correction because it is not related to the electron density of the tissue.
Instead, MR data are related to the proton density and relaxation prop-
erties of the tissue; hence, it must be processed in a different way to ap-
proximate the PET photon attenuation.

Despite proposed methods for improving MR-based attenuation
correction (MR-AC), such as template-based7 and segmentation-based8

methods, MR-AC for PET/MR remains challenging.7–9 The associated
problems with MR-AC are, among others, segmentation errors, inade-
quate tissue models (eg, where bone tissue is unaccounted for), and ar-
tifacts in the MR image caused by metal implants. These errors can
cause inconsistencies in the MR-AC maps, causing lesions close to
the implants to be obscured and resulting in incorrect assessment of
the lesions.9,10 Including time-of-flight (TOF) information in the PET
image reconstruction algorithm has been shown to reduce these incon-
sistencies.11,12 Inclusion of TOF information in PET/CT imaging has
been shown to improve spatial resolution, signal-to-noise ratio, and
lesion detectability.12–18

The clinical benefit of using TOF information to reduce the er-
rors caused by metal artifacts can be applied to other hybrid PET imag-
ing modalities. In PET/MRI, PET/CT, or any other hybrid imaging
methods, the 2 imaging modalities should ideally yield complementary
rather than redundant information. This means that the resultant hybrid
imaging tool can be considered greater than the sum of its parts.19–21

However, if either imaging modality has inferior quality or severe arti-
facts, the other imaging modality might be somewhat limited in recov-
ering all information needed for correct diagnosis.

Recent developments in PET detector design have resulted in
improved time resolution: a resolving time of less than 400 picosec-
onds, which gives a spatial uncertainty of less than 60 mm, is now
achievable.17 This improved time resolution means that TOF PET re-
construction ismore robust because it is less sensitive tomismatched at-
tenuation correction, erroneous normalization, and poorly estimated
scatter correction. As the time resolution achievable with TOF im-
proves, the reconstruction becomes more robust.12
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In this work, we compare and quantitatively analyze the effects
of using TOF-PET with conventional PET imaging for PET-MR data
sets containing simulated artifacts in the attenuation maps.

MATERIALS AND METHODS

Patients
Between January and June 2014, a total of 7 patients (2 women,

fivemen; median age, 53 years; age range, 29–80 years; bodymass index
range: 22.1–24.9) participated in this prospective study. All patients were
referred clinically for PET/CT examinations for either staging or
restaging/follow-up of various malignant tumors. All patients underwent
an additional subsequent scan in a new simultaneous TOFPET/MR scan-
ner. Exclusion criteria were contraindications to MRI, for example, MRI-
incompatible implants and claustrophobia. This study was approved by
the local institutional medical ethics committee and relevant govern-
ment authorities. Signed informed consent was obtained from each
patient before inclusion into this study.

PET/CT Imaging
All patients were administered with radiopharmaceutical tracer

18F-fluorodeoxyglucose (18F-FDG) and fasted for 6 hours before being
injected. The administered dose was 3 MBq/kg for patients weighing
less than 85 kg; otherwise, it was 3.5 MBq/kg. After a standardized up-
take period of 60 minutes, the clinically indicated PET/CT scan was per-
formed according to the relevant local protocols. A subsequent TOF
PET/MR scan was performed immediately after the initial PET/CT scan.

Time-of-Flight PET/MRI
A GE Signa PET/MR hybrid whole-body scanner (GE

Healthcare,Waukesha,WI), which was not CEmarked and not approved
by the Food andDrugAdministration at the time of this study, was used for
the TOF PET/MR acquisition. The scanner comprises a 3-Twide-bore
MR system with an MR-compatible TOF PET detector ring installed be-
tween the body and gradient coils. The detector ring consists of 28 mod-
ules, each one containing 4� 15 subblocks and covering roughly 64.5�
250 mm2. In each subblock, an array of 3� 2 silicon photomultipliers is
paired with an array of 4� 3 LYSO (Lu1.8Y0.2SiO5(Ce)) scintillator crys-
tals, eachmeasuring 3.95� 5.3� 25.0 mm3. The PET transaxial and ax-
ial fields of view are 600 mm and 250 mm, respectively.

The transaxial spatial resolution is approximately 4.2 mm, and
axial resolution is 5.7 mm. The best achievable resolving time of the
TOF detector is less than 400 picoseconds.17

The PET/MR acquisition was performed after each patient had
undergone the clinically indicated PET/CT; the time of the PET/MR
scan postinjection depended on the PET/CT program. On average, the
PET/MR started 100 ± 21 minutes (mean ± SD) after injection. The pa-
tients were positioned in supine position with their arms down. Before
the acquisition of the PET data, a whole-body MR localizer scan was
performed in the craniocaudal direction. Next, the 3-dimensional (3D)
PET emission scan was planned and started. The default number of
bed positions was 6, from the vertex of the skull to the midthighs, but
adjustable for each specific patient size. The default acquisition time
per bed position was 3 minutes.

During the acquisition of each PET station, a 3D dual-echo, spoiled
gradient recalled echo sequence (LAVA-FLEX) was started for attenua-
tion correction. The whole-body protocol also included a high-resolution
LAVA-FLEX sequence, a T2-weighted fast-recovery fast spin-echo
(FRFSE) sequence, and a dedicated T2-weighted fast-recovery fast spin-
echowith fat saturation and respiratory triggering for thoracic imaging.

MR-Based Attenuation Correction
Using the dual-echo LAVA-FLEX sequence, in-phase and out-

of-phase images were acquired and water-only and fat-only images

were calculated automatically.22,23 The sequence parameters were as
follows: repetition time, 4.056 milliseconds; out-of-phase echo time,
1.116 milliseconds; in-phase echo time, 2.232 milliseconds; flip angle,
12 degrees; field of view (frequency x phase direction), 500 mm� 375
mm; and acquisition matrix, 256 � 128, 1 slab with 64 � 5.2-mm2-
thick axial slices, voxel size of 1.95 � 2.93 mm2, and 1 average. The
body coilwas used for the attenuation correction sequence, and the total
acquisition time per bed position was 18 seconds.

While planning the PET emission scan, the user is prompted to
set the anatomical regions (head, thorax, abdomen, pelvis) of the scan;
with MR-based attenuation correction, an atlas is used for the patient's
head and neck region. For the other regions of the body, the air, lung,
and continuous fat/water segmentation is used for MR-AC. In the final
step, TOF PET data are used for truncation completion.8,9

TOF and Non-TOF PET Reconstructions
All PET images were reconstructed twice for each data set. For

the conventional non-TOF PET images, VUE Point HD was used.
VUE Point HD is based on a 3D ordered subsets expectation maximiza-
tion iterative reconstruction algorithm. This method of reconstruction
includes scatter, dead-time, random, attenuation, and normalization cor-
rections as well as correcting for the detector response using SharpIR
but ignores the TOF information.24 VUE Point FX was used for
reconstructing the TOF PET images. The PET images were recon-
structed using 3 iterations and 28 subsets, with a 600-mm diameter field
of view and a 256 � 256 image grid with 2.34 � 2.34 � 2.78-mm3

voxels. The images were filtered in image space using an in-plane
Gaussian convolution kernel with a full width at half maximum of
2.0 mm, followed by a “light” axial filter with a 3-slice kernel.

Simulating Artifacts
The effects of artifacts on PET/MR images were investigated by

simulating clinically realistic metal artifacts for both non-TOF and TOF
PET reconstructions. The artifacts were simulated by inserting signal
voids into the MR-AC map using a MATLAB (The MathWorks Inc.,
Natick, MA) based tool for editing attenuation maps; this editor tool
can be used from the scanner host computer to edit each MR-AC map
before the non-TOF and TOF PET reconstructions are performed.

Signal voids were inserted in the attenuation maps over the max-
illa, humeral head, chest, sternum, thoracic and lumbar spine, as well as
the femoral head. These signal voids produced artifacts representative
of clinical artifacts owing to dental implants, shoulder joint replace-
ments, port implants, sternotomy wires, spondylodesis in the thoracic
and lumbar spine, and hip joint replacements (Fig. 1).

An elliptical volume with air-equivalent density was inserted
into each low-resolutionMR-ACmap corresponding to the relevant an-
atomical region before reconstruction to produce a simplified model of
an attenuation map containing clinical metal artifacts (See Supplemen-
tary Figure 1, Supplemental Digital Content 1, which shows examples
of the modified attenuation maps, http://links.lww.com/RLI/A196).
This modified attenuation map was used to reconstruct the data set
twice: once with TOF information and once without. The modified
MR-AC map was then edited again to simulate larger artifacts; each re-
gion was reconstructed to show the effects of 3 sizes of artifact
(Table 1). The signal voids inserted into the attenuation maps to simu-
late dental implants, port implants, sternotomy wires, and metal ortho-
pedic implants over thoracic spine and lumbar spine had transaxial
diameters of 4.7 mm, 23.4 mm, and 51.6 mm. The diameters of the sig-
nal voids were chosen so that the artifacts were representative of the
sizes of real clinical artifacts. Typically, hip and shoulder joint replace-
ments cause larger artifacts; hence, signal voids with larger transaxial
diameters (42.2 mm, 60.9 mm, 79.7 mm) were used to simulate these
artifacts (Table 1).
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A further patient dataset was included and reconstructed, in order
to show the improved lesion detectability in a region containing a metal
artifact. Signal voids with transaxial diameters of 4.7 mm, 23.4 mm and
51.6 mm were inserted in the attenuation map close to a lesion in the
maxilla for this data set.

Image Analysis
Each reconstructed artifact image was compared with the corre-

sponding baseline image without artifacts for both TOF and non-
TOF reconstructions.

A MATLAB program was applied to normalize the data sets to
give a percentage deviation from baseline. This was performed by
subtracting the baseline image from the image reconstructed with a
simulated artifact for each artifact size and anatomical region and divid-
ing these difference images again by the baseline image and multiply-
ing it by 100. A mask was applied to remove regions outside the

body and regions with low activity (<0.2 kBq/mL) because the relative
error can be dominated by noise in these regions of low activity.

This normalized error was visualized using MATLAB, produc-
ing a contour map of the absolute percentage error over the image area
that can be viewed simultaneously with the baseline PET image.

The mean absolute percentage error over a volume of interest
(VOI), with a size of 10� 10� 10 voxels, over the location of each sig-
nal void was calculated and compared for the TOF and non-TOF recon-
structions for the maxilla, chest, sternum, and spinal regions. A larger
VOI (30 � 30 � 30 voxels) was used to determine the mean absolute
percentage error for the shoulder and hip regions.

For each artifact size (small, medium, and large), the mean abso-
lute percentage errors in the TOF and non-TOF PET images were com-
pared for each anatomical region using the Wilcoxon matched-pairs
signed rank test (Prism 5.04; GraphPad Software Inc, San Diego,
CA). P values less than 0.05 were considered statistically significant.

The percentage reduction in mean error magnitude when TOF
information is included was calculated by comparing the mean absolute
error values over the VOIs for each anatomical region. The correspond-
ing error on each percentage reduction value was calculated from the
standard deviations on the mean error values over the TOF and non-
TOF VOIs.

Histogram analysis was performed on the TOFand non-TOF im-
ages to compare the voxel values in the images with artifacts to the
baseline images. The percentage difference between the artifact image
and the baseline image was calculated independently for each recon-
struction; the errors are plotted to show the difference between TOF
and non-TOF reconstructions for each anatomical region and artifact
size. The frequency of the errors is plotted using a logarithmic scale
so that the nonlinear incidence of errors in each reconstruction may
be visualized.

The mean absolute error difference between TOF and non-TOF
away from the induced signal void was also investigated. Therefore, a
hollow 3D shell volume was defined around the artifact. The inner di-
ameters were initially set to the signal void size, and outer diameters
were 1 voxel larger. Next, the inner and outer diameters were (at the
same time) stepwise increased by 1 voxel. For every step, the mean ab-
solute error of all the voxels inside this shell volume that were also still
in the patient's body area was calculated. The mean absolute errors for
both the TOF and non-TOF reconstructed images were then plotted
against the distance away from the artifact.

RESULTS

The Effect of TOF Information on Error Magnitude
In all 7 anatomical regions, the inclusion of TOF information

into the reconstruction reduced the magnitude of the error caused by
the artifact over the artifact location (Fig. 2, Table 2, and Supplementary

FIGURE 1. An example of a coronal CT maximum intensity projection
image showing clinical implants that would lead to artifacts in a PET
reconstruction. This example shows a patient with dental implants, a port
implant, surgical implants in the left humerus, a left hand ring, and a
joint replacement in the left hip.

TABLE 1. Simulated Signal Void Location and Size

Location Artifact

Diameters (Transaxial/Axial) of Signal Voids, mm

Small Medium Large

Maxilla Dental implants 4.7/2.8 23.4/13.9 51.6/30.6

Humeral head Shoulder joint replacement 42.2/25.0 60.9/36.1 79.7/47.3

Chest Port implant 4.7/2.8 23.4/13.9 51.6/30.6

Sternum Sternotomy wires 4.7/2.8 23.4/13.9 51.6/30.6

Thoracic spine Spondylodesis 4.7/2.8 23.4/13.9 51.6/30.6

Lumbar spine Spondylodesis 4.7/2.8 23.4/13.9 51.6/30.6

Femoral head Hip joint replacement 42.2/126.6 60.9/182.8 79.7/239.1

Shoulder and hip joint replacements cause large clinical artifacts; hence, larger elliptical signal voids were used to simulate these effects.
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Figures 2–8, Supplemental Digital Content 2, showing contour plots
illustrating the absolute error in the maxilla, humeral head, chest port,
sternum, thoracic spine, lumbar spine, and femoral head, respectively,
http://links.lww.com/RLI/A195). For all artifact sizes (small, medium,
large), the inclusion of TOF information significantly reduced the
error caused by the artifact (P < 0.02, Wilcoxon matched-pairs signed
rank test).

The most significant reductions in error magnitude were ob-
served for artifacts simulated in the chest, sternum, and pelvic regions,

where the errors were reduced by at least 40% using TOF (Figs. 2 and 3,
Supplementary Figures 4, 5, and 8, Supplemental Digital Content 2,
contour plots illustrating significant error reduction over chest, sternum
and femoral head, respectively, http://links.lww.com/RLI/A195). For
the pelvic region, the reductions are similar for each size of artifact; this
similarity is also observed for the artifacts simulated in the humeral
head (Fig. 2, Supplementary Figures 3 and 8, Supplemental Digital
Content 2, which are figures that show the similarity in error reduction
in the humeral head and femoral head, http://links.lww.com/RLI/A195).

FIGURE 2. The percentage reduction in errormagnitudewhen TOF information is included, plotted for each anatomical region. Two 30� 30� 30-voxel
VOIs were used to analyze the effects of artifacts located near the femoral head and humeral head; all other anatomical regions were evaluated using
10 � 10 � 10-voxel VOIs. The percentage reduction in error is plotted for the 3 sizes of artifact (small, medium, and large) used for each anatomical
region. The error bars show the propagation of error (standard deviation) on each mean error measurement when calculated as a percentage
difference. Figure 2 can be viewed online in color at www.investigativeradiology.com.

TABLE 2. The Mean Absolute Percentage Error and Standard Deviation, Measured Over a Volume of Interest Positioned Over the Artifact
Location, for Each Location and Artifact Size

Artifact Site

Transaxial Diameter of

Signal Void, mm

Mean Absolute Percentage Error ± SD Over VOI
Error Reduction ± SD

due to TOF, %Non-TOF TOF

Maxilla 4.7 0.4 ± 1.7 0.3 ± 1.3 27.3 ± 5.7

23.4 13.4 ± 24.4 10.5 ± 17.9 21.3 ± 2.3

51.6 66.6 ± 34.4 40.0 ± 24.4 40.0 ± 0.7

Humeral head 42.2 10.6 ± 21.5 7.6 ± 16.6 28.2 ± 2.6

60.9 21.8 ± 30.8 15.8 ± 21.8 27.3 ± 1.8

79.7 34.4 ± 34.7 24.9 ± 22.7 27.8 ± 1.2

Chest-port implant 4.7 0.8 ± 2.1 0.5 ± 1.4 43.0 ± 3.3

23.4 34.2 ± 32.2 17.3 ± 19.2 49.4 ± 1.2

51.6 92.4 ± 9.7 46.3 ± 7.4 49.9 ± 0.1

Sternum 4.7 0.7 ± 1.9 0.3 ± 1.0 51.1 ± 3.3

23.4 33.3 ± 31.4 13.1 ± 14.4 60.5 ± 1.2

51.6 93.4 ± 9.1 44.3 ± 10.0 52.6 ± 0.2

Thoracic spine 4.7 0.9 ± 2.3 0.6 ± 1.6 36.3 ± 3.2

23.4 36.5 ± 34.1 22.6 ± 24.8 38.0 ± 1.2

51.6 93.4 ± 9.7 63.2 ± 10.6 32.3 ± 0.16

Lumbar spine 4.7 1.1 ± 2.3 0.5 ± 1.2 59.2 ± 2.6

23.4 40.9 ± 34.1 20.3 ± 22.0 50.3 ± 1.1

51.6 96.8 ± 5.9 60.3 ± 11.5 37.8 ± 0.1

Femoral head 42.2 32.1 ± 31.1 18.6 ± 20.8 42.1 ± 1.2

60.9 63.8 ± 31.4 34.2 ± 20.7 46.4 ± 0.6

79.7 86.4 ± 19.2 47.9 ± 14.7 44.6 ± 0.3

All values were measured over a 10� 10� 10-voxel VOI, apart from the errors measured in the femoral head and humeral head, where a 30� 30� 30-voxel VOI
was used.

TOF indicates time of flight; VOI, volume of interest.
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Artifacts simulated in the maxilla had the smallest reduction
in error magnitude; the error measured over the medium artifact
was reduced by 21% when the image was reconstructed using TOF
(Fig. 2, Supplementary Figure 2, Supplemental Digital Content 2,
http://links.lww.com/RLI/A195).

Histogram Analysis of TOF and Non-TOF Errors
The histograms of the normalized errors (Fig. 4, Supplementary

Figures 9–14, Supplemental Digital Content 3, http://links.lww.com/RLI/A197)
show an asymmetrical peak around zero, with a certain number of pos-
itive errors of magnitude less than 50% in most cases and negative
errors that range up to −100%. Many of the higher positive (>25%)

errors originate from relative low-signal areas. The signal void created
in the attenuation map results in a lower activity signal in the same
region in the reconstructed PET image. This causes the large negative
error tail in the histograms. The histograms generated for artifacts sim-
ulated in the maxilla, chest port, sternum, as well as thoracic and lumbar
spine show similar trends for TOF and non-TOF errors for each size of
artifact (Fig. 4, Supplementary Figures 9, 11–13, Supplemental Digital
Content 3, http://links.lww.com/RLI/A197). For the small and medium
artifact sizes, the TOF reconstructions of these anatomical locations
show a lower count for the negative errors compared with the non-
TOF errors. In the large artifacts, the TOF reconstructions show a
higher count for the lower negative errors (range, −5% to −20%),

FIGURE 3. Axial PET images showing the effect of 3 sizes of simulated artifact on non-TOF images (A–I) and TOF images (J–R) for the chest, with a signal
void inserted in a typical clinical location for a port implant. The color map shows discrete contours representing percentage errors from 5% to 10% to
higher than 50%. A, D, G, J, M, and P, The baseline PET images, reconstructed with no artifacts. B and K, The PET images reconstructed with 4.7-mm
transaxial diameter signal voids. E and N, The 23.4-mm transaxial diameter signal voids. H and Q, The 51.6-mm transaxial diameter signal voids
(Table 1). C, F, I, L, O, and R, The images B, E, H, K, N, and Q overlaid with the corresponding error contour are shown, respectively. Figure 3 can be
viewed online in color at www.investigativeradiology.com.

FIGURE 4. Histograms showing the frequency of normalized error when comparing artifact images with the baseline image for TOF (solid blue line) and
non-TOF (dashed red line) reconstructions. A, B, and C, The difference from baseline for small, medium, and large artifacts (Table 1) inserted into the
chest to simulate a port implant. The data were analyzed using a bin size of 2%, and error frequency is plotted logarithmically. Figure 4 can be viewed
online in color at www.investigativeradiology.com.
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whereas the non-TOF reconstructions show a higher count for the
higher negative errors (range, −50% to −100%). For example,
Figure 4C shows that TOF has more voxels with lower negative errors
(range, −5% to −20%) than non-TOF. This can be interpreted together
with the corresponding contour plot of Figure 3R. There, the TOF recon-
struction shows errors in the range of −5% to −20% in regions away from
the central artifact area where, in contrast, the non-TOF reconstruction
shows lower errors (Fig. 3I). The voxels in and around the artifact area,
on the other hand, have much higher error values in non-TOF (Fig. 3I)
compared with TOF (Fig. 3R). This effect can also be seen in the histo-
gram (Fig. 4C) where large numbers of non-TOF voxels with a high
negative error (−50% up to −100%) have a lower negative error (be-
tween −20% and −50%) in TOF.

Histogram analyses of errors over the humeral head and femoral
head (Supplementary Figures 10 and 14, Supplemental Digital Content
3, http://links.lww.com/RLI/A197) show a wider histogram curve in
these cases than for the other anatomical regions. These histograms do
show a pattern similar to other anatomical regions, with more small-
magnitude negative TOF errors (up to −60%) for bigger artifacts and a
greater number of larger-magnitude (−60% to −100%) non-TOF errors
for all sizes of artifact.

The mean absolute error in regions away from the induced
signal void was comparable for TOF and non-TOF in all 7 anatomical
regions (Supplementary Figure 15, Supplemental Digital Content 3,
http://links.lww.com/RLI/A197).

The Effect of TOF on a Lesion Near an Artifact
In the patient case where a metal artifact was simulated close to a

lesion in the maxilla, the effect of the artifact on the lesion can be
assessed, with and without TOF reconstruction. The clinical benefit
of the artifact reduction is shown because the anterior extent of the tu-
mor can be better appreciated in the TOF reconstruction than in the
non-TOF image (Supplementary Figure 16, Supplemental Digital Con-
tent 3, http://links.lww.com/RLI/A197).

DISCUSSION
To our knowledge, this is one of the first studies that quantita-

tively evaluate the influence of TOF information in simultaneous
PET/MR image data sets containing simplified models of clinically rel-
evant metal artifacts. In all cases, the incorporation of TOF information
into the reconstruction reduced the impact of artifacts on the recon-
structed PET/MR image. The smallest percentage error reduction with
TOFwas 21% for the medium-sized artifact in the maxilla, and the larg-
est percentage error reduction with TOFwas 60% for the medium-sized
artifact in the sternum. The magnitudes of the errors caused by artifacts
simulated in the chest, sternum, and pelvic regions were reduced by
more than 40% in the region around the origin of the artifact when
TOF reconstruction was applied.

The similar reduction inmagnitude between artifact sizes and the
comparable histogram curves observed for the pelvic and shoulder re-
gions is attributed to the fact that these regions had larger simulated ar-
tifacts than the other anatomical regions.

Although the contour plots andVOI analysis show this reduction
in error over the artifact location in each anatomical region, the impact
on the image as a whole is not so clear-cut. The histogram comparison
between TOFand non-TOF reconstructions indicates that there is an in-
crease in the number of small magnitude errors owing to simulated
metal artifacts occurring in TOF-reconstructed images compared with
the non-TOF reconstructed images. From the contour plots, it follows
that the inclusion of TOF changes the distribution of smaller errors
away from the origin of the artifact. In some anatomical regions, an
increase in the number of small errors was noted with TOF, although
the mean differences with non-TOF are minimal. The non-TOF

reconstructed images, on the other hand, show larger central artifact re-
gions and can have large error spots in the region near the artifact.

Reconstruction of PET images using TOF information is less
sensitive to data inconsistencies such as inaccurate attenuation correc-
tion than PET reconstruction without TOF.12 This is also evident from
comparison of PET reconstructions of regions using VOI analysis
(Fig. 2) and has also been reported in clinical cases by dual board-
certified radiologists/nuclear medicine physicians.11

It has recently been shown that redundant TOF information re-
duces cross-talk artifacts when attempting to reconstruct the activity
and attenuation images simultaneously.25,26 The capability of TOF to
reduce attenuation correction errors is expected to become better as
TOF timing resolution improves.27

On a side note, previous studies have shown the difference in the
effects of dental artifacts on TOF and non-TOF PET images to be min-
imal; this was attributed to the use of the head atlas during reconstruc-
tion.11 In the current study, the attenuation map was modified after the
application of the head atlas to simulate an artifact. The femoral head
artifact could also be different in real patient cases because the current
reconstruction software does not allow air voids inside the body for
the pelvic bed position. The model, however, gives a good estimate of
the impact of the artifact in TOF- and non-TOF–reconstructed PET im-
ages, for example, for situations where the signal void extends to the air
outside of the body.

The benefit of using TOF information is most obvious for large
artifacts caused by metal implants, but it can also be applied to other at-
tenuation inconsistencies, for example, due to patient motion or trun-
cated attenuation maps.12,28

There are also MR techniques available to correct for metal arti-
facts. By correcting the metal artifacts in the MR image, the PET image
will also be improved, regardless of whether TOF reconstruction is
used. Several techniques includingMAVRIC and short echo time imag-
ing are already available for PET/MR and have shown their potential in
metal artifact correction.29,30 Incorporating TOF information in PET re-
constructions alongside these techniques will possibly reduce the im-
pact of metal artifacts on PET/MR images still further.

The limitation of our study is that only 7 patients were included;
a larger patient population would improve the statistical power of the
study. If a larger patient population was used for the study, patient body
mass index could then be used to group the patients into underweight,
healthy, and overweight subgroups to assess the effect of patient size
on the artifact related errors. Using different MRI techniques with
TOF PET to correct for metal artifacts and further reduce the
artifact-related errors in PET/MR would be an interesting area for
future investigation.

CONCLUSIONS
Positron emission tomography imaging benefits from the inte-

gration of TOF information in simultaneous TOF PET/MR. The inclu-
sion of TOF information in simultaneous PET/MRI reduces errors
related to metal artifacts at the site of the artifact.
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