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We present an approach for concurrent reconstruction of respira-

tory motion–compensated abdominal dynamic contrast-enhanced

(DCE)–MRI and PET data in an integrated PET/MR scanner. The MR

and PET reconstructions share the same motion vector fields de-
rived from radial MR data; the approach is robust to changes in

respiratory pattern and does not increase the total acquisition time.

Methods: PET and DCE-MRI data of 12 oncologic patients were

simultaneously acquired for 6 min on an integrated PET/MR system
after administration of 18F-FDG and gadoterate meglumine. Golden-

angle radial MR data were continuously acquired simultaneously

with PET data and sorted into multiple motion phases on the basis
of a respiratory signal derived directly from the radial MR data. The

resulting multidimensional dataset was reconstructed using a com-

pressed sensing approach that exploits sparsity among respiratory

phases. Motion vector fields obtained using the full 6-min (MC6-min)
and only the last 1 min (MC1-min) of data were incorporated into the

PET reconstruction to obtain motion-corrected PET images and in

an MR iterative reconstruction algorithm to produce a series of

motion-corrected DCE-MR images (moco_GRASP). The motion-
correction methods (MC6-min and MC1-min) were evaluated by quali-

tative analysis of the MR images and quantitative analysis of SUVmax

and SUVmean, contrast, signal-to-noise ratio (SNR), and lesion vol-
ume in the PET images. Results: Motion-corrected MC6-min PET

images demonstrated 30%, 23%, 34%, and 18% increases in av-

erage SUVmax, SUVmean, contrast, and SNR and an average 40%

reduction in lesion volume with respect to the non–motion-cor-
rected PET images. The changes in these figures of merit were

smaller but still substantial for the MC1-min protocol: 19%, 10%,

15%, and 9% increases in average SUVmax, SUVmean, contrast,

and SNR; and a 28% reduction in lesion volume. Moco_GRASP
images were deemed of acceptable or better diagnostic image

quality with respect to conventional breath-hold Cartesian volumet-

ric interpolated breath-hold examination acquisitions. Conclusion:
We presented a method that allows the simultaneous acquisition of
respiratory motion–corrected diagnostic quality DCE-MRI and

quantitatively accurate PET data in an integrated PET/MR scanner

with negligible prolongation in acquisition time compared with rou-
tine PET/DCE-MRI protocols.
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Hybrid PET and MRI (PET/MR) scanners are innovative de-
vices that allow the simultaneous acquisition of metabolic, ana-

tomic, and physiologic data for research and clinical applications

(1). For example, the uptake of 18F-FDG (using PET) and changes

in signal intensity after MR contrast administration (using dy-

namic contrast-enhanced–MRI [DCE-MRI]) can be concurrently

assessed in suggestive lesions. DCE-MRI is an integral part of

abdominopelvic examinations, being useful for tumor detection

and characterization. For this purpose, images have to be acquired

at multiple time points after the injection of the MR contrast

agent. In current clinical protocols, T1-weighted MR data are

acquired at each time point during 14- to 20-s breath holds over

a period of 2–6 min (2), which requires patient cooperation.
In addition to improving the patient experience by performing a

1-stop-shop examination, integrated PET/MR scanners also have
the potential to greatly improve the image quality by eliminating
the issues related to patient repositioning and registration of
separately acquired images. However, respiratory motion is still a
major source of deterioration of image quality in PET and could be
a cause of misregistration between PET and DCE-MR images, as
PET data are acquired during free-breathing (3). To control the
effects of motion, the acquired PET data can be gated based on a
respiratory signal obtained with an external device (e.g., pressure
sensor mounted in a chest belt) (4,5). This technique, however,
sacrifices signal-to-noise (SNR), as it uses only a small fraction of
the emission events. Alternatively, motion compensation can be
performed assuming that a respiratory signal and motion vector
fields (MVFs) are available (6). Data-driven motion-compensation
techniques to obtain these from the PET data itself have been
developed (7,8). Although useful in certain scenarios, these ap-
proaches are dependent on the counting statistics and spatial dis-
tribution of the radiotracer in the body.
As an alternative, the simultaneous acquisition of MR data using

hybrid PET/MR scanners offers the possibility to estimate the MVFs

by nonrigidly coregistering a series of high-temporospatial-resolution
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MR images (9). Such a method is more robust than PET-based
methods and has the advantage of being radiotracer-independent.
Numerous techniques have been proposed for characterizing mo-
tion using MR in the context of PET/MR (10–15). For example,
the respiration model can be constructed from a series of 2-di-
mensional images repeatedly acquired over several respiratory
cycles (10,11). Tagged MR, phase-contrast MR, and pulse field
gradient methods can also be used to estimate the motion fields
and have been used for MR-assisted PET motion correction (12–
15). Although these approaches have been shown to lead to an
improvement in PET image quality, they typically require
several minutes of dedicated MR acquisition per bed position or
use a small number of motion phases or reduced spatial resolution
or restrict the registration to only 2 dimensions. Furthermore, these
MR sequences are not useful for diagnostic purposes, thus requiring
a change to the standard protocols to be able to collect the respira-
tory signal or MR-derived motion model in a clinical setting.
To foster clinical acceptance, the MR-based respiratory motion–

correction techniques must not increase the total acquisition time,
be robust to changes in respiratory patterns during the whole scan-
ning period, and provide MR images of diagnostic value. In an
effort to meet these goals, the data acquired using a self-gated
golden-angle 3-dimensional radial stack-of-stars MR spoiled
gradient echo sequence (radial_VIBE [volumetric interpolated
breath-hold examination]) (16,17) was proposed for motion cor-
rection of PET images (18). Radial schemes allow for respiratory
self-gating to obtain the MVFs. In addition, the resulting static T1-
weighted MR images provide diagnostic information (19,20).
However, despite these advantages, the 6- to 10-min acquisition
time of the data needed for motion modeling (18) prevented the
acquisition of other diagnostic MR data. When the acquisition
time was reduced to under 2 min, streak artifacts appeared from
azimuthal undersampling of the radial k-space trajectory. These
artifacts decrease the quality of motion estimation and thus of the
resulting motion-compensated PET and MR images if no artifact-
resistant methods are applied (21,22).
Compressed sensing (CS) reconstruction of the MR images

(21,22) can help to highly increase the tolerance to undersampling
streaking artifact. The acquisition of a radial_VIBE MR sequence
together with a CS reconstruction framework allowed the recon-
struction of clinically useful DCE-MR images of the abdomen
(21,23). A motion signal was extracted from a radial_VIBE MR
sequence (24), and distinct motion phase images were obtained
from a radial_VIBE DCE-MRI sequence (25).
In this work, building on previously published methods (21–

25), we aimed to demonstrate that it is possible to perform con-
current reconstruction of respiratory motion–compensated
DCE-MRI and PET data using MVFs derived from radial MR
data with a CS approach. The same radial MR data are therefore
used to obtain the respiratory signal, MVFs, and motion-compen-
sated DCE-MR images. Concurrent in this context was used to
denote the fact that the same MVFs were used for both recon-
structions and not that the data were jointly reconstructed.
Our second goal was to demonstrate that a respiratory mo-

tion model can also be obtained from a 1-min radial_VIBE MR
acquisition using a CS reconstruction. This allows the acquisi-
tion of other diagnostic MR data during PET/MR scans when a
DCE-MRI is not required. As described above, this shorter
MR sequence also allows us to obtain the respiratory motion
signal and displacement fields to perform PET respiratory motion
correction.

We investigated the feasibility and robustness of the 2 methods
by performing a comparative study of the motion-corrected and
uncorrected PET and of the obtained DCE-MR images, assessing the
differences in radiotracer uptake quantification and lesion volume.

MATERIALS AND METHODS

Data Acquisition

PET and MR data were acquired simultaneously using the Biograph
mMR scanner (Siemens Healthineers) as part of a study approved by

the local Institutional Review Board. Twelve patients with suspected
malignant disease in the abdomen were enrolled in this study.

Emission data were acquired 108 6 14 min (mean 6 SD) after ad-
ministration of 351 6 20 MBq of 18F-FDG. The data were acquired in

3-dimensional mode for 6 min after running a 2-point Dixon sequence
to derive the attenuation map (m-map) during end-expiration breath

hold. Concurrently, the radial_VIBE using a golden-angle acquisition
scheme (16) was run, and next a conventional Cartesian volumetric

interpolated breath-hold examination (bh_VIBE) sequence was also

acquired. Relevant imaging parameters were axial phase encoding,
repetition time/echo time (TR/TE) � 3.75/1.7 ms, flip angle 5 10,

field of view 5 400 · 400 · 258 mm3, number of readout points in
each spoke 5 256, number of partitions 5 56, with 15% slice reso-

lution reduction and 6/8 partial Fourier applied along the slice dimen-
sion, resulting in a spatial resolution of 1.56 · 1.56 · 4.6 mm3. The

radial_VIBE sequence was acquired for 6 min during the entire PET
acquisition. An intravenous injection of 10 mL of gadoterate meglumine

(Dotarem; Guerbet LLC) was initialized 40 s after the start of the radial_
VIBE data acquisition, followed by a 20-mL saline flush, both injected

at a rate of 2 mL/s. The conventional bh_VIBE data were acquired 20 s
after the end of the radial_VIBE acquisition, in the same bed position.

Respiratory Motion Signal Extraction and Data Binning

A respiratory motion signal was obtained from the radial_VIBE

MR data. The stack-of-stars k-space trajectory allowed the derivation
of a self-gating respiratory motion signal from the central k-space line

(kx 5 ky 5 0). Specifically, a projection profile was computed for
each acquisition angle by taking a 1-dimensional partition-direction

Fourier transform of the central k-space line. The projection profiles
from all the radiofrequency coil elements were first concatenated.

Next, principal component analysis was performed and the component
with the highest peak in the frequency range of 0.1–0.5 Hz was se-

lected (24). The DCE signal was estimated using a spline data-fitting
procedure and subtracted from the original signal (25). Spurious high-

frequency components were removed using a low-pass filter.
On the basis of the respiratory signals, the MR k-space and the PET

list-mode data were subdivided into 6 respiratory bins using a variable
amplitude–based method. As opposed to traditional amplitude-based

gating schemes, each bin generated using the variable amplitude–
based binning approach contained an equal amount of data. This

scheme ensured comparable statistics for both the MR raw and the
PET list-mode data.

Because the variable amplitude–based binning could be performed
only if PET and MR data acquisitions were fully synchronized, the MR

sequence was modified to transmit a synchronization trigger into the
PET list-mode stream at every pass through the center of the k-space.

Statistic MR Reconstruction of Motion Phases

The volumes corresponding to the 6 respiratory phases were

reconstructed from the radial_VIBE MR data. The reconstruction
method we adopted was a combination of CS and parallel imaging, in

a framework known as golden-angle radial sparse parallel MR

(GRASP) (21). In this specific implementation, we used a fully 3-
dimensional graphics processing unit (GPU)–based non-uniform fast
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Fourier transform (NUFFT) operator (26,27). As demonstrated (21),

GRASP enables robust reconstruction even in the presence of strong
undersampling, thus suppressing artifacts such as streak or noise when

the total number of radial planes decreases. To test the robustness of
the method to shorter MR acquisition times we used the full 6-min

radial_VIBE acquisition (MC6-min) or only the 1 min of data (MC1-min)
to generate the motion phases. The last minute of the acquisition was

used, as in this time period, gadoterate meglumine was present in the
tissues, providing better MR contrast with respect to, for example, the

first minute of acquisition.
On the basis of the respiratory motion signal, a set of 6 · 400 (MC6-min)

and 6 · 66 (MC1-min) radial k-space planes were generated and
reconstructed using the GRASP framework. For comparison, both

datasets were also noniteratively reconstructed using only an inverse
NUFFT operator (in the remainder of this article, these reconstructions

are named MC6-ifft and MC1-ifft, respectively). The end-expiration
phase was set as the reference phase; the other phase volumes were

registered to the reference volume using a B-spline nonrigid image
registration software (Elastix; UMC Utrecht (28)), and corresponding

MVFs were also obtained.

PET and MR Motion–Corrected Reconstruction

The MVFs were used by iterative reconstruction algorithms to
obtain motion-corrected DCE-MRI and PET images. These algo-

rithms reconstructed iteratively the images at a given reference
respiratory phase, accounting for the deformations at every iteration.

Reconstructions of 4-dimensional (4D) respiratory motion–resolved

PET images were performed using a 4D ordinary Poisson ordered-
subset expectation maximization (4D OP-OSEM) algorithm (29). The

updated equation of the vector of emission rates l, at every iteration n,
is defined as follows:

l
ðn1 1Þ
i 5 +

x

 
lni;tx

+
d

T 0
xhidcdadtx

+
d

T
0
xhid

ydtx

+
j

Txhjdl
n
j 1 sdtx

adtx
1 rdtx

cdadtx

!
; Eq. 1

where the elements of the system matrix hid represent the geometric

probability that photons emitted from voxel i are detected in the line
of response (LOR) d; y are the emission data; ad are the attenuation

factors; cd are the detector normalization factors; sd and rd are the

expected contributions of scatter and random coincidences, respec-
tively. Scatter distribution sinograms were calculated using an imple-

mentation of the single scatter simulation method with relative
scaling, provided by the manufacturer. The standard OP-OSEM algo-

rithm was extended to incorporate MVFs into the reconstruction pro-
cess (30,31). The emission data, randoms, and attenuation-correction

factors are motion phase–dependent. Tx is defined as a transforming
operation, mapping the volume of motion phase t1 to tx, applying the

dedicated MVFs (28); and T
0
x is the inverse transforming operation,

mapping the volume of motion phase tx to t1. This algorithm recon-

structed iteratively the image at a given reference respiratory phase,
accounting for the deformations at every OSEM iteration. Each update

of the image was obtained by warping the current image estimate
according to the deformations at all respiratory phases, projecting

the warped images (using a warped m-map), backprojecting the resid-
uals of the projections and warping the resulting volumes back to the

reference frame; the warped volumes were summed to form the new
estimate of the activity. The 4D OP-OSEM algorithm naturally

accounted for the deformation of the m-map and the corrections for
scatter and random coincidences. The 3-dimensional static images,

used for comparison, were obtained without including the transformation
in the reconstruction. All the resulting images were postsmoothed

using a gaussian filter with a 4-mm kernel. The algorithm was

implemented using the GPU-based tomographic reconstruction soft-

ware Occiput.io (32).
For the motion-corrected DCE-MRI reconstruction framework

(moco_GRASP), the acquired golden-angle dataset was sorted into
multiple sets of undersampled data. The radial k-space data were

sorted into 6 respiratory phases and 18 time bins. Similarly to the 4D OP-
OSEM algorithm, the moco_GRASP algorithm accounted for the MVFs

at every iteration. The MVFs were therefore directly included into the
reconstruction framework that outputs a single MR image, at the reference

phase, for every time bin. A total variation constraint was enforced along
the contrast-enhancement (or time) dimension (21). The MR reconstruc-

tion cost function was formulated as follows:

Cðf Þ 5 argminF+
t

TxBf 2 m 1 a

����Zf
����; Eq. 2

where F is the NUFFT operator (27) defined for the radial sampling
pattern; B represents the coil sensitivity map; f is the 4D dynamic

image series with an additional contrast-enhancement dimension; m
is the corresponding multicoil radial k-space data sorted according to

the 4 data dimensions; T is the transforming operation defined for
Equation 1; and Z is the sparsifying transform applied to the con-

trast-enhancement dimension with regularization parameter a. From
the first term of Equation 2, the following updated MR image volume

f ði 1 1Þ
x for motion phase x and iteration (i 1 1) can be derived:

f ði 1 1Þ
x 5 f ix 1 b

�
F0T 0

x

�
FTxBf

i 2 mx

��
: Eq. 3

The obtained volumes for the 6 phases were summed, at every
iteration, to form the new estimates of the DCE-MR images f ði 1 1Þ.
This algorithm reconstructed iteratively the dynamic MR images at a
given reference respiratory phase, using 100% of the MR raw data.

Analysis of Impact of Motion Correction on PET and MR

Image Quality and Quantification

Analysis of the MR Respiratory Phase Images Used to Generate

MVFs. The MR volumes corresponding to the 6 respiratory phases
were reconstructed using both the GRASP method and the inverse

TABLE 1
MSE for Different Reduced Scan Times and for Different
Reconstruction Methods, with Respect to Full 6-Minute

Acquisition Using GRASP Reconstruction

Patient MC6-ifft MC1-ifft 1-min GRASP

1 219 2073 956

2 178 1413 463

3 184 1666 287

4 155 1162 218

5 221 1845 489

6 165 1940 938

7 205 1172 309

8 147 1210 256

9 179 1751 429

10 134 1202 293

11 222 1804 460

12 178 1399 483
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NUFFT operator from the 6- and 1-min acquisitions. The images were

first qualitatively analyzed with a focus on the presence of streak
artifacts. Next, the mean square errors (MSEs) were calculated, to

compare the images obtained using the reduced acquisition time and
for the different reconstruction methods with the images obtained

from the full 6-min acquisition and using the GRASP reconstruction
as reference.

PET Image Analysis. For each patient, MVFs estimated from the
MR volumes corresponding to the 6 respiratory phases, resampled to

the PET resolution and field of view, were used to generate motion-
corrected PET images as explained in the previous section. It is

important to note that the various MVFs were applied to the same
gated PET sinograms. The motion-corrected PET images were

quantitatively compared with the uncorrected ones by assessing

changes in SUVs in lesions that exhibited tracer uptake sufficient
for unambiguous segmentation in all static, gated, and motion-

corrected images. Eighteen lesions were identified, and isocontour
volumes of interest were segmented for each lesion individually using

a region-growing algorithm (isocontour threshold, 50%). The SUVmax

and SUVmean in each isocontour volume of interest were calculated

(33). Contrast (C), SNR, and lesion volume were also calculated as
previously described (8). Image noise was obtained as the SD in a

cubical volume of interest defined in the liver excluding voxels at the
edge or those with focal tracer uptake.

DCE-MR Image Analysis. DCE-MRI data were obtained simulta-
neously with the PET data acquisition using the moco_GRASP

reconstruction approach. A set of 18 pre- and postcontrast enhancement
images were generated from the DCE-MRI data for every patient. The

images corresponding to the baseline, early arterial, dominant arterial,
portal venous, equilibrium, and late phases were selected. A compar-

ative analysis of the image quality obtained with the conven-
tional bh_VIBE acquisition and moco_GRASP reconstruction was

possible only for the late phase of contrast

enhancement images, as bh_VIBE images

were acquired 3,560 s after contrast injection

(20 s after the end of the radial_VIBE

acquisition). The resulting images were visu-

ally evaluated by an accredited radiologist

with 18 y of experience in clinical oncology.

RESULTS

Morphologic MR Image Analysis

The MR images for the end-expiratory
and end-inspiratory phases for patient 1 are shown in Supplemen-

tal Figure 1 (supplemental materials are available at http://jnm.

snmjournals.org). The MR images obtained from the 6-min acqui-

sition using GRASP reconstruction (MC6-min) are presented in

Supplemental Figures 1A and 1B. The image quality for the 1-

min acquisition using GRASP reconstruction (MC1-min) appeared
stable, and only local artifacts were noticed visually in Supple-

mental Figures 1C and 1D. A substantial decrease in image quality

can be observed in the images reconstructed using the noniterative

method (Supplemental Figs. 1E and 1F). MSEs for the different

reduced scan times and for the different reconstruction methods,

with respect to the full 6-min acquisition using GRASP recon-

struction, are given in Table 1. With a reduced scan time of

1 min and MC1-ifft reconstruction, strong deviations are intro-

duced. With a scan time of 1 min and GRASP reconstruction,

deviations are reduced by 70% but they still do not reach the same

level of a 6-min acquisition with a simple inverse FFT reconstruc-

tion. Differences in the deformation fields, used for PET motion

correction and obtained with MC1-min (with respect to MC6-min),

do not only originate from the increased artifact level, but may

also be attributed to a change in the respiratory pattern, for exam-

ple, if the patient takes deeper breaths after injection of gadoli-

nium. With a 1-min acquisition, the breathing pattern of the

patient is not followed continuously and may not be captured in
its full amplitude range.

Analysis of Motion-Corrected PET Data

The PET images corresponding to 3 respiratory gates for a
representative patient are shown in Figure 1. The respiration-in-

duced motion of the liver lesion in the craniocaudal direction can

be appreciated. Examples of the uncorrected and motion-corrected

PET images using both motion-correction

protocols (MC1-min and MC6-min) are given

in Figure 2. The improved sharpness when

compared with the uncorrected images can

be appreciated visually and from the line
profile defined across the lesion (Fig. 2D).

For this specific lesion, the SUVpeak value

was increased by 45% using MC6-min and

29% using MC1-min. Similar images for a

different patient are shown in Supplemen-

tal Figures 2 and 3. The results of the quan-

titative analysis for all the patients are

presented in the bar charts of Figure 3.

The motion-corrected MC6-min PET images

exhibited the highest SUVmean, SUVmax,

contrast, and SNR, with average relative

differences of dSUVmax 5 30%, dSUVmean

5 23%, dContrast 5 34%, dSNR 5 18%,

FIGURE 1. PET reconstructions for different respiratory gates, showing a coronal slice through a

lesion in liver of patient 1. (A) End-of-inspiration motion phase. (B) Intermediate phase. (C) End-of-

expiration phase.

FIGURE 2. Comparison of uncorrected (A), MC1-min (B), and MC6-min (C) PET reconstructions

for patient 1; showing coronal slice presented in Figure 1. The plots in D show line profiles

through lesion for the 3 reconstructions methods: black 5 non–motion-corrected; red 5 MC1-min;

blue 5 MC6-min.
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and dVolume 5 240% with
respect to the non–motion-
corrected PET images. The
motion-corrected MC1-min

PET images also exhibited
an improvement, with aver-
age relative differences of
dSUVmax 5 19%, dSUVmean

5 10%, dContrast 5 15%,
dSNR 5 9%, and dVolume
5 228%. The MC6-min ap-
proach achieved a substan-
tial improvement for all the
examined quantitative measures
compared with the ungated
reconstruction and with the
MC1-min protocol.

Analysis of

Motion-Corrected

DCE-MRI Data

Representative moco_GRASP
DCE-MRI liver axial images
are shown in Figure 4 and
Supplemental Figure 4. Fig-
ure 4A and Supplemental
Figure 4A show the non–con-
trast-enhanced phase, Figure
4B and Supplemental Figure
4B show the arterial domi-
nant phase, and Figure 4C
and Supplemental Figure 4C
show the portal venous phase.
Figure 4D and Supplemental
Figure 4D show the corre-
sponding motion-corrected PET
image. All DCE-MRI and
moco_GRASP images were
deemed of diagnostic qual-
ity. Supplemental Figure 5
shows 2 examples of late
postcontrast images acquired
with the moco_GRASP re-
construction method (Supple-

mental Figs. 5A and 5C) and with a conventional Cartesian
bh_VIBE (Supplemental Figs. 5B and 5D). From these examples,
it can be noted that the MR images obtained with moco_GRASP
are slightly less sharp than the images obtained from a bh_VIBE
acquisition. However, the free-breathing moco_GRASP acquisi-
tion is robust to motion and does not present motion artifact that
could occur when the patient is incapable of breath-holding during
a 20-s bh_VIBE acquisition (Supplemental Fig. 5D).

DISCUSSION

Respiratory motion is one of the primary challenges in achiev-
ing unbiased measurements of lesion radiotracer concentration in
abdominal PET imaging and a source of misregistration between
the PET and DCE-MR images even in simultaneous PET/MRI.
In this study, we proposed a method for concurrent reconstruction

of respiratory motion–compensated liver DCE-MRI and PET data.
The motion model is derived from continuously acquired radial

DCE-MRI data (16) using the proposed protocol (MC6-min), and
the different motion phases are reconstructed using a CS approach
(25). The acquisition time of the DCE-MRI data that also allows the
derivation of the respiratory motion model is similar to that of the
current clinical protocol that requires a set of Cartesian bh_VIBE
DCE-MRI acquisitions, but our approach follows continuously the
breathing pattern of the patient during acquisition. To allow the der-
ivation of the motion model while minimally modifying the clinical
MR protocol even in those studies that do not require DCE-MRI, we
also proposed a 1-min data acquisition protocol for respiratory mo-
tion characterization that could be appended to routine examinations.
Improvements of PET image quality and quantification accu-

racy in terms of SUVmax, SUVmean, contrast, and SNR were dem-
onstrated in all 12 patients. These values were similar to those
reported in previous studies (e.g., 12%–19% SUV underestima-
tion) (8,18) for the MC1-min protocol and even higher (up to 30%)
for the MC6-min protocol. Impact on patient management, for a
greater pool of patients, will be demonstrated in a future study.
The better performance of the MC6-min protocol with respect to
previously presented results (8,10,11,18) can be attributed to sev-
eral factors related to the MR acquisition and to the adopted MR
reconstruction method. The MR acquisition in MC6-min was 6 min
long, yielding better SNR, improved sharpness, and reduced streak
artifacts in the MR images corresponding to the respiratory phases.
The presented method follows continuously the respiratory pattern
for the entire PET acquisition and produces a comprehensive mo-
tion model. Furthermore, for the first time, DCE-MR images have
been used to obtain a motion model, allowing for a much better
delineation of the lesion from the adjacent healthy tissue. The con-
trast enhancement, consequently, produced an improved motion
model for the lesion itself. Finally, the use of iterative GRASP
reconstruction (21) to obtain MR images of the motion phases helps
to increase the tolerance to undersampling artifacts.
Building on previously published methods (21–25), we also

introduced a reconstruction method to obtain motion-corrected
DCE-MR images of the abdomen, from radial VIBE data. In the
study of Feng et al. (25), continuously acquired k-space data were
sorted into multiple sets of undersampled datasets with distinct
motion states, using motion signal extracted directly from DCE-
MRI data (24). The motion phases were then reconstructed relying
on the use of CS. In the work presented in this article, MVFs are

FIGURE 3. Bar charts represent-

ing figures of merit for quantification

of motion-compensation accuracy

for MC1-min and MC6-min protocols

with respect to non–motion-corrected

PET images. (A) Differences in

SUVmax. (B) Differences in SUVmean.

(C) Differences in contrast. (D) Dif-

ferences in SNR. (E) Differences in

lesion volume (in cm3).

FIGURE 4. DCE-MR images of liver using moco_GRASP reconstruc-

tion (A–C), together with corresponding motion-corrected PET image

(D), showing axial slice through lesion in liver of patient 1. (A) Non–

contrast-enhanced phase. (B) Arterial dominant phase. (C) Portal venous

phase. (D) Corresponding motion-corrected PET image.
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extracted from the reconstructed motion phases and subsequently
included in a 4D MRI statistical reconstruction process to obtain
motion-corrected DCE-MR images. The multiphase liver images
were deemed of diagnostic quality by an accredited radiologist.
Slightly lower image quality for the arterial compared with the
venous phase was observed as previously reported (23). This is
likely related to increased streak artifacts from the rapid change in
signal intensity in the aorta and liver from the arrival of the bolus
of contrast, but, in all cases, images were considered as acceptable
or qualitatively better for all phases of enhancement.
The MC1-min approach might be limited in cases for which the

breathing pattern and the maximum breathing amplitude of a pa-
tient change considerably during the remaining PET acquisition.
Moreover, when shortening the MR scan, the physiologic signal
would need to be derived by mean of an external device (e.g.,
respiratory belt) or using PET-based self-gating (7,8).
Finally, dedicated hardware and software are required for the

PET and MR data processing and image reconstructions. To reduce
the computational effort, the DCE-MRI reconstruction software was
implemented using a fully 3-dimensional GPU-based NUFFT
operator (27). The PET motion-corrected reconstructions were also
implemented using GPU-based projector and back-projector oper-
ators (32). A package containing the necessary software will be
included in the GPU-based PET reconstruction toolbox (occiput.
io (32)), and its specific implementation for the Biograph mMR
will be provided to interested users on request.

CONCLUSION

We presented and evaluated in vivo a comprehensive approach
for self-gated MR motion modeling applied to respiratory motion
compensation of PET and DCE-MRI data acquired simultaneously
in an integrated PET/MR system. Fully registered, motion-corrected
PET images and diagnostic DCE-MR images were obtained with
negligible acquisition time prolongation compared with standard
breath-hold techniques. Both the MR and the PET image quality
and tracer uptake quantification were improved when compared
with conventional methods. Furthermore, we demonstrated that
respiratory motion correction of the PET data can also be performed
on the basis of the MR data acquired in 1 min, allowing for more
flexible PET/MR scanning protocols.
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