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ABSTRACT

Respiratory motion may reduce accuracy in fusion of functional and anatomical images using
combined Positron emission tomography / Magnetic resonance (PET/MR) systems.
Methodologies for the correction of respiratory motion in PET acquisitions using such systems are
mostly based on the use of respiratory synchronized MR acquisitions to derive motion fields.
Existing approaches based on tagging acquisitions may introduce artifacts in the MR images,
while motion model approaches require the acquisition of training datasets. The objective of this
work was to investigate the possibility of generating 4D MR images and associated attenuation
maps (AMs) from a single static MR image combined with motion fields obtained from
simultaneously acquired 4D non-attenuation corrected (NAC) PET images. Methods: 4D
PET/MR datasets were acquired for 11 patients on a simultaneous PET/MR system. The 4D PET
datasets were retrospectively binned into 4 motion amplitude frames corresponding to the
simultaneously acquired T1-weighted 4D MR images. A T1-weighted 3D MR sequence with Dixon-
based fat-water separation was also acquired at end of expiration for PET attenuation correction
(AC) purposes. All reconstructed 4D NAC PET images were then elastically registered to the
single ‘end-expiratory’ NAC PET image. The derived motion fields were subsequently applied to
the ‘end-expiratory’ frame of the acquired 4D MR volume and the AM derived from the Dixon MR
images to generate respiratory synchronized MR images and corresponding AMs. Results: The
accuracy of the proposed method was assessed by comparing the generated to the acquired
images according to metrics such as overall correlation coefficients and distance differences for
anatomical landmarks between the generated and acquired MR datasets. High correlation
coefficients (0.93£0.03) and small differences (2.69+0.5mm) were obtained. Moreover, small
tissue classification differences (2.23+0.68%) between the generated and 4D MR extracted AMs
were observed. Conclusion: Our results confirm the feasibility of using 4D NAC PET images for
accurate PET AC and respiratory motion correction in PET/MR, without the need for patient

specific 4D MR acquisitions.



INTRODUCTION

PET/MR is a new imaging technique allowing for simultaneous acquisition of PET and MR images
(7). Several challenges associated with the use of MR for the correction of different effects
reducing overall PET image qualitative and quantitative accuracy such as scatter, attenuation, and
partial volume effects, have been recently identified (2). Moreover, the fusion accuracy of
functional and anatomical information may be compromised by patient respiratory motion (3).
Developing and combining such correction approaches is a challenging issue. The scope of this
work was to address such issues with a combination of attenuation and respiratory motion
corrections.

Current methods for AC in the thoracic region include the use of a two-point Dixon
acquisition (4,5) that can be exploited to classify tissues into two to four different classes (air, fat,
soft tissue, lung), and assign for each class a dedicated attenuation factor. However this method
omits the attenuation caused by bone structures. Other segmentation approaches based on the
use of Ultra-short Time Echo MR sequences (6,7), to account for bone structures by classifying
tissues into air, fat, soft tissue and bones, have been proposed. An alternative methodology
consists of atlas based approaches (8) using a database of registered Computed Tomography
(CT) and MR acquisitions. The challenge with such approaches concerns the ability of the trained
model to handle the large variability of pathological structures, compared to the database included
datasets.

Respiratory motion leads to a reduction of both quantitative and qualitative accuracy of
PET images. Correction methodologies involve the use of gated PET frames that are of low signal
to noise ratio since each frame contains only part of the counts available throughout the acquisition
of a respiratory average PET study (9). More advanced correction approaches consist in either
correcting for the motion in the image space (710,17) or incorporating motion parameters into the
iterative reconstruction process to produce a single motion-compensated PET image (11,712).

Motion parameters may be extracted from 4D MR images, which in principle can correspond



perfectly to PET frames in simultaneous PET/MR (73), using the temporal information during the
MR acquisition and PET list mode datasets containing temporal information for each acquired
coincidence. However, this theoretical co-registration of PET and MR data will in reality be
compromised by imperfect shimming and/or differences in the durations of the PET and MR
acquisition protocols. In addition, the acquisition of 4D MR datasets may not always be compatible
with clinical PET/MR practice. On the other hand, the use of 4D pulse sequences and parallel
reconstruction algorithms, are associated with a compromise between image quality and overall
acquisition times. This compromise, which is also true for 3D MR acquisitions, becomes more
complicated in the case of 4D MR given the longer acquisition times involved. Previously proposed
solutions include the use of tagged MR acquisitions (74), which may however introduce artifacts
reducing the diagnostic quality of acquired MR images. Alternative approaches consistin modeling
respiratory motion by creating patient specific (175—17) or generic (78) motion models. These
models estimate internal respiratory motion from dynamic 3D MR images, and relate this internal
motion to surrogate measures extracted using data-driven techniques based on 2D/3D MR image
navigators. A disadvantage of these models is the necessary large training datasets.

The main objective of this work is to generate 4D MR images and associated 4D AMs for
PET motion correction using the combination of a single static MR image and deformation matrices
obtained from simultaneously acquired 4D NAC PET images. A similar concept was previously
proposed in 4D PET/CT imaging (718). The aim is to replace the lengthy 4D MR acquisitions (73-
17) by a single static MR acquisition, and facilitate accurate 4D MR-based AC for the
simultaneously acquired 4D PET datasets by generating MR image series that mimic 4D MR
acquisitions. The availability of 4D AC PET respiratory gated images using in each respiratory
frame the whole statistics acquired throughout the respiratory cycle is essential for certain
applications, such as for example the use of PET/MR imaging in radiotherapy where the extent of
whole tumor motion is necessary for the implementation of a 4D treatment protocol. The proposed

approach was tested on 11 patients who underwent 4D PET/MR acquisitions on a Siemens



Biograph mMR PET/MR system.

MATERIALS AND METHODS

General Method Description

A prerequisite of the proposed approach is the availability of a dynamic respiratory
synchronized PET image series and a unique ‘end-expiratory’ 3D MR volume. The proposed
method aims at generating MR images and their corresponding AMs, associated with each PET
respiratory synchronized frame, using a number of steps (Fig. 1): NAC respiratory gated PET
frames are reconstructed and the one corresponding to the end-expiratory state is used as
reference PET frame. The reference PET frame is registered to all NAC PET frames using a non-
rigid registration algorithm to derive associated deformation matrices. These matrices are
subsequently applied to either the acquired ‘end-expiratory’ MR volume to generate the
corresponding respiration synchronized MRI frames, or to the AM extracted from the ‘end-

expiratory’ 3D Dixon MR volume to generate 4D respiratory synchronized AMs.

Patient Datasets

11 consecutively enrolled patients with thoracic or upper abdomen lesions (bronchial,
sigma and nasopharynx carcinoma) participated in the study (age 32-70 y; mean 58111 y). Table
1 shows an overview of the patient demographics, including corresponding lesion characteristics.
Patient datasets were acquired on a whole-body PET/MR (Biograph mMR; Siemens Healthcare,
Erlangen, Germany), which combines a PET system with transaxial and axial fields of view of 59.4
cm and 25.8 cm respectively, and a 3T MR system. Phased-array body coils optimized for
minimally 511-keV photon attenuation were used for signal detection. A T1-weighted spoiled
gradient-echo sequence with Dixon-based fat-water separation was acquired at breath-hold (echo

times 1.23 ms and 2.46 ms, repetition time 3.6 ms, flip angle 10°, resolution 2.6x2.6x2.6 mm,



bandwidth 965 Hz/px, parallel imaging acceleration factor 2, slices per slab 128, acquisition time
19s, end-expiratory position), and tissues were classified into air, lung, soft tissue, and adipose
tissue to obtain an AM for the entire PET field of view (5,79). PET data of one bed position
(covering thorax and upper abdomen) were subsequently recorded in list mode during 5 minutes
under free breathing conditions. PET/MR scanning started without repeated radiotracer injection
after routine PET/CT (124111 min after injection of 336—-371 MBq of 18F-FDG).

The 1D respiratory signal used for PET data binning was extracted from 2D MR navigator
images of the diaphragm position (73). Finally, during the first 3 minutes of the PET scan, multiple
sagittal 2D MR slices covering the PET field of view were acquired in order to obtain a 4D MR
series for validation purposes (echo time 1.8 ms, repetition time 3.7 ms, flip angle 15°, resolution
2x2x10 mm3, bandwidth 670 Hz/px, 36 slices per slab, acquisition time per image slice 0.4s; see
(73) for more information). In order to reconstruct 4D MR series and to cover 1 respiratory cycle,
12 frames of each slice were acquired sequentially before moving to the next slice. 36 slice
positions in the left-to-right direction were acquired covering patient’s thorax and upper abdomen,
resulting in approximately 10-mm resolution in this direction. This low resolution is acceptable
considering low amplitude respiratory motion generally in this direction (72). The amplitude of
the diaphragm position extracted from the MR navigator were used to define 4 respiratory
gates by dividing the range between the 0.05 and 0.95 quantiles into 4 equally sized
intervals (in order to reduce the influence of outliers). The mean temporal respiratory
position within the respective gate interval was subsequently determined. Thus, for each
slice and each gated list-mode frame, the MR image closest to the frame’s mean temporal
respiratory position was inserted into the corresponding 3D MR volume, and the remaining eleven
2D MR images were discarded for the specific temporal frame (72).

All patients provided written informed consent for participation in the 4D PET/MR study,

which was approved by the local institutional review board.



Datasets Preparation

For every patient, the 4D PET acquired datasets were retrospectively binned into 4 motion
amplitude frames corresponding to the simultaneously acquired 4D MR images and reconstructed
using a 3D ordered subsets expectation maximization algorithm (20,27) with 3 iterations, 21
subsets, 5mm Gaussian filter, 1.78x1.78x2 mm voxel size without AC. The choice of 4 frames was
based on previous work, where it was shown that for a 5 min PET acquisition with the mMR
system, 4 amplitude binned gates resulted in superior lesion contrast, signal to noise ratio, and

full width at half maximum results (FWHM) compared to the use of 6/8 gates (713).

Image Generation

All reconstructed 4D NAC PET images were registered to the single ‘end-expiratory’ NAC
PET image corresponding to the ‘end-expiratory’ frame of the acquired 4D MR volume, using a B-
splines based deformable registration algorithm (22), previously validated for use with PET (23).
The influence of the PET image statistics in the registration results, showing negligible influence,
was also previously evaluated (24).

The derived motion fields were subsequently applied to the ‘end-expiratory’ frame of the
acquired 4D MR volume and the corresponding AM in order to generate respiratory synchronized
MR images and corresponding AMs, respectively. When acquiring a single MR image for each
patient, the synchronized respiratory signal can be used to determine the corresponding temporal
and motion amplitude information. Subsequently, using the PET list mode data and these
temporal/amplitude characteristics of the single acquired MR frame, a corresponding PET image
can be reconstructed (reference PET frame).

To apply the motion fields to the single acquired MR frame (or the corresponding AM), f(x),
it is necessary to approximate the B-spline coefficients derived from the non-rigid registration into

discrete 3D voxel based displacement vector images. In order to avoid such approximations, the



MR frame, f(x), was instead represented using a 2-D spline interpolation as:

FO= b= )

jez=

where, B/(x) is a tensor product of centered B-splines of degree r and coefficient b; is obtained
from voxel values f(i) through filtering in the rectangular domain Z2. The set of 2-D spline
interpolations can represent a 3D object corresponding to a MR frame. 2D-splines were chosen
because they are the smoothest of all possible interpolating curves (such as polynomials) in the
sense that it minimizes the integral of the square of the second derivative and has previously
proved its superiority over other alternatives (23). Finally, the warped sequence f(U(.)) (acquired
4D MR or AM sequence) is generated by applying the deformation matrices U,.s (r and s
corresponding to the reference and one of the respiratory synchronized PET NAC frames,

respectively) to f(x).

Image Analysis and Validation

The accuracy of the proposed method was assessed by comparing the generated 4D MR
to the originally acquired 4D MR images. Regarding the AMs, we compared those generated using
the proposed method and the corresponding ones extracted from the 4D MR series using the 3D
Dixon MR sequence corresponding to the ‘end-expiratory’ PET frame as reference.

Local image analysis was performed using profiles placed across moving parts of the
patient’'s anatomy such as the diaphragm. A qualitative global comparison was performed using
difference images. For global quantitative estimation, we computed a correlation coefficient p,
which measures a linear affine relationship between the intensities of the two compared images A

and B:
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where, I; and [, are intensities of voxels a of images A and voxels b of image B, respectively (0 <
a < number of voxels of image A, 0 < b < number of voxels of image B), M and 0 are the mean
and standard deviation of the image intensities. The closer p is to 1, the stronger the positive
correlation.

Finally, a validation based on landmark identification was performed (25). Two radiologists
with more than 15 years’ experience in MR imaging selected the same easily identifiable
anatomical landmarks in both the acquired 4D MR images (ground-truth) and generated 4D MR
volumes. The Euclidian Distance (ED) was subsequently calculated between each point in the
reference volume and the warped MR volumes:

ED =2 (llge=mel®) (3)

where, g« and rx are the coordinates of the k-th landmark in the acquired and generated MR
images, respectively. ED is expressed in mm and N is the total number of anatomical landmarks
considered. 13 landmarks were used covering different thoracic areas in order to investigate
regions of interest characterized by variable magnitudes of motion due to respiration (26—29).
These include right and left apex, aortic cross, sternum, carina, left and right nipple, left and right
diaphragm high position and the “high, low, left and right” boundaries of the tumor (30).

In addition, a region of interest analysis in the lungs was used to compare the different AC

PET images obtained using the original and warped 4D MR series and their corresponding AMs.

RESULTS

Fig. 2 shows an example of an acquired MRI (corresponding to the ground-truth) and a

generated MRI. Profiles along the diaphragm (illustrated in the bottom of Fig. 2 for one patient)



indicate a good match between the acquired and generated 4D MR series.

Fig. 3 shows the difference images between an acquired and a generated MR image
demonstrating small differences (-5 to +5 which represents differences of <2% given that images
were normalized between 0 and 255). Considering the 11 patients, high correlation coefficients
(overall meanzstd of 0.93 + 0.03) were measured between both series as shown in Table 2.

Finally, Fig. 4A shows the mean ED results and the corresponding standard deviations
between acquired and corresponding generated MR images (for all respiratory phases of every
patient). The mean ED was 2.6920.5 mm with a maximum ED of 3.38 mm (box-and-whisker plot,
Fig. 4B). Moreover, the repeatability results in identifying the internal anatomical landmarks
revealed a mean intra-operator and inter-operator variability of <1.5mm, demonstrating good intra-
operator agreement in the landmarks’ identification.

Finally, the acquired MR series were used to create 4D respiratory synchronized AMs using
a 2-point Dixon’s approach. At each step we compared maps generated using our method and
those extracted from the 4D MR series. Fig. 5 shows the axial, coronal and axial view of the
generated AM (Fig. 5A), the corresponding 4D MR generated AM (Fig. 5B) and corresponding
difference images (Fig. 5C) represented by a binary image where black (intensity=0) and white
voxels (intensity=1) correspond to those who are correctly and wrongly classified respectively. As
a result there was a high correlation between those maps generated using our method and those
extracted from the 4D MR series (Table 3) with a mean correlation coefficient for all 11 patients of
0.9310.05. Fig. 6A shows the percentage of the voxels that are misclassified with a mean error of
2.23 as presented by the box-and-whisker plot (Fig. 6B).

The region of interest analysis in the AC PET images, using the original and warped MR
AMs for all patients, led to a mean difference of 2.65% with corresponding intensities (radioactivity
concentration) of 18.22+3.16 and 17.39+3.85 MBg/mL for the original and warped based AMs

respectively.
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DISCUSSION

The goal of this paper was to investigate the feasibility of producing a 4D MR series from
corresponding 4D NAC PET images and a single MR acquisition, thus eliminating the need for 4D
MR acquisitions. 11 patient datasets were included in the validation. The generated and acquired
MR series were highly correlated. These results demonstrate the ability of the proposed method
to derive 4D MR frames from 4D NAC PET images’ registration and one reference MR frame. In
addition, the generated MR frames can create 4D AMs to improve MR based AC in 4D PET
imaging in terms of correspondence between the two datasets (same motion characteristics). For
all 11 patients, generated and acquired AMs were well correlated, as were the corresponding AC
PET images obtained using these AMs. While this methodology was previously evaluated for
PET/CT imaging (24), this study demonstrates that it is also applicable in PET/MR reducing the
need of 4D MR acquisitions for 4D PET AC. In addition, within the context of PET/MR respiratory
motion correction, this approach may resolve issues associated with the acquisition of motion
monitoring specific MRI sequences (76), reducing the overall time available for clinically relevant
MR data. The respiratory motion correction can be based on the use of the same deformation
fields, used in this work for 4D MR and AM generation, either in the image space (70) or within the
iterative reconstruction process to produce a single motion-compensated PET image (72). This
approach allows therefore parallel attenuation and respiratory motion correction and may be
compared to alternative methodologies based on patient specific (75—177) or generic (18) motion
models relating internal respiratory motion from dynamic 3-D MR images to surrogate measures
extracted using data-driven techniques based on 2D/3D MR image navigators.
A possible limitation of this study is that a unique level of PET image statistical quality was
considered (5 minutes acquisition per bed position). However, in a previous study concerning
PET/CT imaging (24), different levels of PET image statistical quality were considered and it was
demonstrated that clinically relevant PET acquisition times (3 minutes per bed position) were

sufficient for the implementation of such an approach. Another limitation in this study is the use of
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a 2 point Dixon’s approach for AC which omits the attenuation caused by bone structures. To
resolve this issue, different approaches have been recently proposed such as the use of Ultra-
short Time Echo MRI sequences (37), combining Ultra-short Time Echo sampling for bone
detection and gradient echoes for Dixon water—fat separation in a radial 3-dimensional acquisition.
However, given that the proposed approach can generate 4D MR images and corresponding AMs,
it can be easily extended to take into account bones when using an Ultra-short Time Echo or
alternative MRI sequences for PET AC purposes. Finally, a potential improvement of the proposed
methodology would be the use of TOF PET acquisitions that may help improving the quality of
NAC PET images and therefore improve the accuracy and robustness of corresponding

deformation matrices.

CONCLUSIONS

This study demonstrates the feasibility of using 4D NAC PET images to derive matching
4D MR series and corresponding AMs from a single respiratory state MR image. The efficiency
was assessed on 11 patient clinical datasets. Results demonstrate a high correlation between
generated and acquired MR and corresponding AMs series, thus eliminating the need for long 4D
MR acquisitions. Future work will consist of exploring the proposed approach in conjunction with
respiratory motion models reducing the potential limitation of monitoring non-cyclic motion using

only four respiratory gates used in this work.
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Figure 1: Workflow of the proposed method: (A) 4D NAC PET reconstruction and gating into 4
bins. (B) NAC PET bins registration to the reference ‘end of expiration’ bin. (C) Application of the

obtained motion fields to the ‘end expiration’ 3D MR volume and Corresponding AMs.
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Figure 2: Profile drawn across the diaphragm on both the acquired and the generated MR images

(MRI are shown in a sagittal view).
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Figure 3: (A) The sagittal view of a slice of an acquired MR image. (B) Same slice of the

corresponding generated MR image. (C) Difference image between the two images.
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Figure 4: (A) Comparison of ED (in mm) and corresponding standard deviation for all the
anatomical landmarks considered in all 11 patient datasets. (B) Box-and-whisker plot for the ED

(in mm) for the11 patient datasets.
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Figure 5: The axial, coronal and axial view of the (A) AM generated using our method based on

a 4 tissue class attenuation model. (B) Corresponding 4D MR generated AM based on a 4
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tissue class attenuation model. (C) Difference image between the two AMs.
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Table 1

An overview of the patient demographics, including lesion and associated motion characteristics.

Age

Patient (y) Sex Type of malignancy

Pl

P2
P3

P4
P5
P6
P7
P8

P9
P10
P11

67

61
70

56
32
69
62
60

49
54
52

M

mmEmE XK

il

Bronchial carcinoma
Gastrointestinal
stromal tumor
Bronchial carcinoma
Nasopharyngeal
carcinoma
Sigma carcinoma
Bronchial carcinoma
Laryngeal carcinoma
Bronchial carcinoma
esophageal
carcinoma
Bronchial carcinoma
Sigma carcinoma

Lesion location
Lymph node, hilar

Stomach
Lung, lower lobe

Spleen
Spleen
Lung, lower lobe
Lung, middle lobe
Lung, lower lobe
Middle thoracic
esophagus
Lung, lower lobe
Lung, lower lobe

Volume
(cm®)*

0.44

1.80
0.97

1.16
1.65
0.34
0.58
0.31

1.27
0.53
0.66

Lesion
displacement
(mm)*
5.1

7.4
16.2

93
13.7
13.5
5.6
7.4

7.8
10.4
11

* Determined using manual selection by an experienced radiologist on 4D-MR images
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Table 2

Correlation coefficients between acquired and generated MR images for the 11 patients included
in this study. The mean * standard deviation corresponds to the three predicted volumes for

each patient.

Patient number CORRELATION COEFFICIENT (Mean + Standard deviation)
1 0.954 +0.013
2 0.963 £ 0.021
3 0.927 +0.037
4 0.892 +0.035
5 0.915 +0.026
6 0.981+0.007
7 0.921+0.019
8 0.892+0.034
9 0.924+0.029
10 0.912+0.027
11 0.948+0.012
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Table 3

Correlation coefficients between AMs generated using our method and the corresponding ones

extracted from the 4D MR series for the 11 patient included in this study. The mean + standard

deviation corresponds to the three predicted volumes for each patient.

Patient number

CORRELATION COEFFICIENT (Average + Standard deviation)

10

11

0.982 + 0.007

0.978 +£0.011

0.955+0.016

0.876 + 0.042

0.909 + 0.033

0.973+0.012

0.928+0.023

0.937+£0.031

0.887+0.04

0.891+0.025

0.934+0.022
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