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Introduction
Respiratory motion affects quantita-
tive and qualitative evaluation of PET 
data. As an example, there are con-
cerns about the accuracy of PET/CT in 
the detection and characterization of 
small pulmonary lesions. It has been 
reported that sub-centimeter nodules 
have a high (40%) false negatives 
rate [1]. This appears to be related to 

respiratory and cardiac motion com-
bined with the inherently sequential 
acquisition of PET and CT images 
when using a conventional PET/CT 
scanner [2]. 

For PET/CT several approaches have 
been presented to reduce the motion 
blur and to improve the PET recon-
structions. Here, motion information 
can be taken from either CT or PET 

images. Using CT images usually 
comes with a higher dose delivery to 
the patient due to the additional CT 
acquisitions required for the motion 
estimation. Even if high-resolution  
CT images can be used to provide  
sufficient characterization of the 
motion, this approach is still limited 
due to the sequential nature of the 
acquisition in PET and CT. 

Several approaches have been  
discussed to estimate the motion 
directly from PET images representing 
different motion states during a respi-
ratory cycle. Although encouraging 
results have been presented, this 
might still not be sufficient for all 
applications. PET gives functional 
information, thus only structures with 
sufficient tracer uptake are visible.  
The quality of motion estimation  
from PET data may depend on which 
structures are actually depicted.  
For example, in PET using 18F-FDG1, 
structures like the liver and the heart 
are visible and may give sufficient 
information to estimate motion, while 
a tracer very specific for small struc-
tures, e.g., atherosclerotic plaques, 
might pose a problem for motion  
estimation from PET data alone.

Modern PET/MR systems allow acquir-
ing MR and PET data simultaneously 
[3]. Since spatial and temporal align-
ment is intrinsically ensured, the MR 
data can directly be used to correct the 
PET data for motion. MRI gives mor-
phological information with good soft 
tissue contrast, thus structure visibility 
is independent of tracer uptake.  

1 The full prescribing information for the  
 Fludeoxyglucose F18 injection can be found  
 at page 57.

Overlay of PET and MR data for (1A) 
reference motion state (single PET gate), 
(1B) reconstruction without motion 
correction, (1C) reconstruction with 
motion correction. (1D) Line profiles in 
feet-head direction through the lesion for 
(1A–C), showing higher signal intensity 
and less blurring after motion correction.
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Additionally, MRI has the potential for  
better spatial resolution, compared to 
PET. In motion correction for PET/MR, 
four basic MRI acquisition strategies 
are used:

1) Fast acquisition of 3D data

2) 2D acquisitions with  
subsequent sorting into 3D data

3) Gating of k-space data with  
subsequent reconstruction

4) Simultaneous reconstruction of 
motion and image data

In the first strategy, data are acquired 
that may be directly used for motion 
estimation, while in the second  
and third strategy data for motion  
estimation are derived from the  
collected data.

A possible problem with strategy 1  
is that image quality and acquisition 
time are inversely related in MRI.  
To achieve a sufficient temporal  
resolution, i.e., to cover the respiratory 
cycle with a sufficient number of 3D 
volumes, very fast acquisitions have to 
be employed, thus image quality has 
to be sacrificed. In strategies 2 and 3, 
data is collected over the course of 
several respirations and sorted after-
wards. A possible problem to consider 
with strategies 2 and 3 might be that 
datasets constructed from several 
respiratory cycles may not cover  
variation between respiration cycles 
(inter-cycle variation, see [4]).

Fast 3D acquisitions have been investi-
gated, e.g., in [5-7], achieving tempo-
ral resolutions of 0.6-0.7 seconds per 
3D volume.

In [5], fast 3D acquisitions are  
compared to retrospectively sorted  
2D acquisitions. In comparison the 
authors state that motion estimation  
is rendered difficult in low quality  
3D acquisitions. King et al. proposed 
the creation of a motion model 
derived from fast 3D data, which is 
then parameterized by a 2D navigator 
[6]. 3D data is acquired over several 
respiration cycles. Subjects were 
instructed to perform different  
breathing patterns during acquisition, 
with the aim to be able to account for 
variable breathing during application 
of the model.

Acquisition of 2D slices in sagittal  
orientation with subsequent sorting 
into 3D volumes has been investi-
gated [8-11]. Sagittal slice orienta-
tion is chosen since respiratory 
motion has only a small left-right 
component, so sagittal slice orienta-
tion covers the dominant directions 
head-feet (HF) and anterior-posterior 
(AP). The signal used for sorting is a 
1D navigator crossing the diaphragm 
during the PET acquisition. Also, 
image similarity metrics like mutual 
information (MI) have been investi-
gated for sorting [5]. Gradient echo 
sequences (GRE) are used [8-10], as 
well as a TrueFISP sequence [11].

Continuous acquisition of MRI data 
with subsequent sorting of k-space 
data has been demonstrated in  
[12-15]. In this work, MRI data are 
acquired continuously as T1-weighted 
radial stack of stars spoiled 3-dimen-
sional GRE with fat suppression and 
sagittal slab orientation.

Due to the acquisition type presented 
in [12-15], the center of k-space is 
sampled with a high temporal 
frequency.

The signal at the center of k-space 
gives a measure of the total amount 
of (transverse) magnetization as 
detected by the receiver coils in each 
coil element. As sensitivity of the 
coils differs spatially, respiratory 
motion leads to variations in the 
amount of magnetization measured 
[16]. This allows for the extraction of 
a gating signal (self-gating). Variable 
amplitude-based gating is used for 
both MRI and PET data.

In [17], tagged MRI is acquired  
synchronized to an ECG. A navigator 
is additionally acquired to keep track 
of the respiratory phase. All acquired 
MRI raw data are sorted according to 
respiratory and cardiac phase and 
subsequently reconstructed. As 
acquisition of tagged data can be 
time consuming, the possibility of 
accelerated acquisition using parallel 
imaging and compressed sensing 
were demonstrated [18].

Simultaneous reconstruction of MRI 
data and estimation of motion has 
been proposed in [19, 20]. Here, 
image reconstruction and motion 

estimation are solved as a coupled 
inverse problem. The motion model 
used is parameterized by an addition-
ally acquired respiratory signal using  
a pressure-sensitive bellow.

As mentioned above, MRI itself offers 
additional ways to extract respiratory 
signals. 1D navigators may serve  
as a gating signal or to parameterize  
a derived motion model. Also, a  
2D navigator has been used in [5]  
to parameterize a motion model.

In self-gated MRI sequences, a signal 
derived from the center of k-space 
may be used for gating of MRI 
[12-15].

In [12], the signal of the pressure-
sensitive bellows shipped with the 
scanner is compared to a self-gating 
signal derived from MRI and several 
signals derived from PET data. 
Though the study is somewhat  
limited due to a clipped bellows  
signal and comparatively low activity, 
the authors conclude that gating  
signals derived from either PET or 
MRI are comparable to those from 
external sensors.

Often, 4-5 gates are chosen for respi-
ratory motion correction [9, 12, 20]. 
In [15] the average binning error is 
determined for MRI data. The authors 
find that with five gates or more the 
binning error falls below the PET 
pixel size of 2 mm. In [8], 10 gates 
are chosen to cover a full respiration 
cycle (instead of the full range of 
excursion) to account for differences 
between motion during inspiration 
and expiration (hysteresis).

In this work we demonstrate  
applications of motion correction  
for lung and cardiac imaging using  
a self-navigated, three-dimensional, 
T1-weighted MRI sequence2 on the 
Biograph mMR. 

Materials and methods
Study population  
Patients were recruited using an  
IRB-approved protocol and written 
informed consent was obtained  

2 WIP, the product is currently under development  
 and is not for sale in the US and in other countries. 
 Its future availability cannot be ensured.
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Overlay of PET and MR data for 
(2A) reference motion state 
(single PET gate), (2B) recon-
struction without motion 
correction, (2C) reconstruction 
with motion correction. (2D) Line 
profiles through the lesion for 
(2A–C) in feet-head direction.  
The signal for motion corrected 
data matches the signal for the 
reference motion state closely.

2

for the 3 patients. All patients  
(64, 67, 75 y) first underwent a  
PET/CT examination (Biograph mCT, 
Siemens Medical Solutions USA, Inc. 
Knoxville TN, USA). Afterwards,  
additional PET/MR data were acquired  
(Biograph mMR, Siemens Healthcare, 
Erlangen, Germany). All data were 
collected at the NYU Langone Medi-
cal Center. 

An average activity of 539.46 ±  
8.11 MBq was injected and the  
PET/MR acquisitions were performed 
218.3 ± 43 min post injection. No 
additional radiotracer was injected 
for the PET/MR acquisition. At the 
mMR, PET list mode was acquired  
simultaneously with the Siemens 
work-in-progress (WIP) sequence.  
For attenuation correction the routine 
MR-based segmentation AC was 
performed. 

For the MRI based motion correction 
data were acquired using a three-

dimensional, T1-weighted VIBE 
sequence. This sequence allows  
deriving a respiratory signal from  
the acquired k-space data (self- 
navigation), and also provides the 
ability to sort the acquired samples 
according to their position in the 
respiratory cycle. Retrospective  
gating was performed resulting in  
5 datasets representing different 
motion states. Images were recon-
structed using a non-uniform Fourier 
transformation. Motion vectors  
were calculated using an adapted 
demons algorithm [26] with local 
cross correlation as a similarity  
measure and a spatial regularization 
that was optimized for inferring 
respiratory motion in the given pro-
tocol. Motion fields are computed 
directly inline after the gated acquisi-
tion and are made persistent in  
the syngo database for later usage  
in motion correction.

Data processing  
In order to ensure temporal synchroni-
zation between both modalities, the 
binning information from the gating 
signal was used to sort the PET raw 
data accordingly. The missing arms  
in the µ-maps due to the limited field  
of view were recovered using the  
maximum likelihood reconstruction  
of attenuation and activity (MLAA).  
For this step as well as for the calcula-
tion of the scatter estimates, the 
offline reconstruction tools were used. 
All PET images were reconstructed  
iteratively with a 3D ordered-subsets 
expectation maximization (OSEM) 
algorithm using 3 iterations and 21 
subsets implemented in the recon-
struction framework. Further parame-
ters used for the OSEM algorithm were 
a matrix size of 172 x 172, pixel size 
4.17 mm2, slice thickness 2.03 mm, 
and Gaussian filtering with an FWHM 
of 4 mm. For the reconstruction  
with motion correction, the OSEM 

2A

2D

2B 2C

0 20 40 60 80 100
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Location (mm)

Intensity  
(a.u.) No MC

MC

Gate 1

54 MAGNETOM Flash | (66) 3/2016 | www.siemens.com/magnetom-world

Technology  Cardio-Pulmonary Imaging 

3933_MR_Flash_66_RSNA_Inhalt.indd   54 09.11.16   09:54



algorithm was extended by two opera-
tors handling the motion between  
the different states of the respiratory 
cycle. The motion vectors provided  
by the WIP sequence were used to 
warp the current image estimate to 
the corresponding motion state before  
the forward projection and back to  
the reference state after the back pro-
jection step. Hence all PET data can be 
used within a motion-compensating 
OSEM extension to compute a single 
motion-free PET image.

Results 
Benefits of the motion correction algo-
rithm can be prominently observed in 
anatomical regions or structures which 
are strongly affected by respiratory 
motion like the lung or the abdomen. 

Lung nodule detection could be  
considerably improved by the use of 
the combined MR/PET platform. This  
is illustrated in Figure 1. Respiratory 
motion leads to significant blurring  
of the lesion signal. Upon motion  
correction (Fig. 1C), the blurring is  
significantly reduced leading to both 
improved lesion localization as well as 
improved quantitative assessment of 
the tracer uptake.

Figure 2 presents another example  
of improved small lesion detection 
using MR/PET based motion correction. 
As can be appreciated in the line plot 
(Fig. 2D), the peak intensity over back-
ground of the lesion in uncorrected 
PET data is only about half of the peak 
intensity in motion corrected PET data. 

Figure 3 shows an example for 
motion correction of the heart.  
After motion correction (Fig. 3C), the 
structure of the heart is more clearly 
resolved than in the uncorrected data 
(Fig. 3B) or gated data (Fig. 3A).

In addition to the blur reduction and 
increase in peak intensity, the noise 
characteristic of the motion corrected 
image is comparable to a regular 
static non-motion corrected  
acquisition and greatly exceeds  
regular gated acquisitions. Hence, 
small lesions affected by respiratory 
motion will benefit from better 
detectability with a boost in signal  
to noise after motion correction  
as demonstrated in these examples, 
which is not achievable with com-
mon respiratory gating techniques. 

Discussion
Self-navigated imaging sequences 
provide a straightforward way to 
include motion correction into a  
PET/MR scanner. The simultaneous 
acquisition of data for both modali-
ties allows an easy transfer of  
temporal and spatial information 
from one modality to the other one. 
The MR based respiratory gating  
signal extracted from acquired 
k-space data can thereby also be  
used to sort the PET data accordingly.

In this initial evaluation of three 
patient cases, the potential of the 
motion correction based on the  

Siemens WIP sequence was shown. 
After motion correction, quantitative 
and qualitative evaluation of the  
PET images is improved. This improve-
ment is mainly visible for the two 
cases with lung nodules, but respira-
tory motion correction also has an 
impact on cardiac datasets despite 
the remaining contractile motion of 
the beating heart. 

Conclusion
Respiratory motion correction could 
become an important application  
for combined PET/MR systems. The 
presented Siemens WIP sequence 
combined with motion corrected  
PET reconstruction improved the  
PET quantification in these three 
cases significantly compared to stan-
dard (non-motion corrected) PET.  
Validation of this motion correction 
approach using a larger patient 
cohort is ongoing. The initial results 
presented here make this approach a 
promising tool for clinical applications.
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Overlay of PET and MR data for (3A) reference motion state, (3B) reconstruction without motion correction,  
(3C) reconstruction with motion correction. Motion correction reduces the blurring visible in uncorrected data (3B) and  
shows less noise than gated data (3A).
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