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Chapter 7

General discussion and conclusion

The objective of this thesis was to improve PET imaging by compensating for res-
piratory motion, without increasing the acquisition time. For this reason we have
developed and tested a clinical platform for motion compensation of 4D PET/CT. We
have tested the method on phantom data and investigated the impact of motion
compensation on lung (chapter 2) and liver data (chapters 4 and 5) in terms of mo-
tion blurring and incorrect attenuation correction (chapter 3). Furthermore, we have
devised a method to use amplitude-binned 4D CT data to define the Mid-Position, to
decrease artefacts in the 4D CT data (chapter 6).

7.1 Respiratory motion effects on 3D PET
Motion blurring caused on average an SUVmax decrease of 4.5% in lung tumours,
with extremes up to 25% (chapter 2). In the liver, the absolute effects are smaller,
due to high background activity, but the blurring effects on the contrast between
SUVmax in the tumour and the liver background can reach 30% (chapter 5).

Apart from motion blurring effects, respiratory phase differences between the PET
scan and the associated CT scan used for attenuation correction introduce additional
uncertainties [18, 20–25, 79, 115]. It is known that position differences between the
two modalities can create artefacts, something that we also observed in chapter 3
and chapter 5. Besides mismatches, we also found that the lung density variation
during respiration affects SUVmax measurements on average by about 3%, with ex-
tremes up to 10%. In combination with the effects of PET-CT mismatch, we measured
SUVmax errors in 3D PET scans up to 20%.

Since respiratory motion blurring reduces the visibility of tumours, it is possible that
small tumours that experience large respiratorymotion are undetectable on a 3D PET
scan. Figure 1 shows a patient example where three involved lymph nodes are almost
completely obscured by respiratory motion on the normal 3D PET acquisition. Since
undetected lesions will typically not be treated, thismay have important implications
for treatment outcome.
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(a)

(b) (c)

Figure 7.1: An example of a lung cancer patient with planning CT (a) in
which three involved mediastinal lymph nodes are almost completely ob-
scured by respiratory motion on the 3D PET scan (b) . In the motion com-
pensated scan, the involved nodes (arrows) are clearly visible (c).

PET signal blurring also leads to an increase of the apparent tumour volume.Wemea-
sured an average tumour size decrease of 5.3% after motion compensation (chap-
ter 2), with extremes up to 26%. In the liver we found average size differences of
10% with extremes up to 50% (chapter 5). The magnitude of this difference was as
expected dependent on the motion amplitude of the tumours. For tumours with a
peak-to-peak amplitude smaller than 7mm, blurring effects were limited. When mo-
tion was larger than 10mm, the effects became increasingly more distinct.

Aristophanous et al investigated in 2012 the differences between 3D and 4D PET.
They found much larger differences in SUVmax (28% pre-RT, 16% post-RT on average
[116]) and tumour sizes (82% on average [117]) then we did. To some extent this
effect could be caused by differences between the 4D CT motion model and the
actual motion in the 4D PET data. However, considering the average amplitudes of
the tumours (2.8mm [116] and 3.8mm [117]) and spatial resolution of the average
PET scanner (∼10mm full width at half maximum (FWHM)), it is unlikely that the
effects were solely caused by respiratory motion. A more likely explanation for these
large differences is the difference in SNR between the 3D and 4D dataset [59], which
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is also acknowledged by the authors [116]. Such SNR differences were not present
in our data, since motion compensation combines all the signal into one frame.

Although the improvement due to motion compensation were more modest on av-
erage, they can be large in individual cases. Furthermore, since the effects of motion
blurring and incorrect attenuation correction add up, it is likely that the total effect
of respiration on the quantitative properties of normal 3D PET acquisition is even
larger and this demonstrates the importance of motion compensation.

7.2 PET motion compensation
For PET motion compensation, a motion model is necessary. Some authors have
demonstrated that motion models can directly be extracted from 4D PET data [64,
65]. 4D PET however provides little anatomical information and yields a lower SNR
per frame than a 3D PET. For a good motion model, the SNR of the 4D PET data
needs to be high. This means an increase in scan-duration in comparison to a 3D ac-
quisition and since for us an important objective of motion compensation is a short
scan-time, this is not desirable.

7.2.1 CT-based motion modelling

We have chosen to create the motion model from a 4D CT scan acquired directly after
the 4D PET scan. For proper motion modelling, good image quality without artefacts
of the 4D CT data is important. Since the introduction of 4D imaging (CT in particu-
lar), much discussion has existed about the use of either phase or amplitude based
binning [50, 52, 54]. Although it is generally acknowledged that amplitude binning
yields better image quality, phase binning is often favoured for RT purposes [56].
Since the time-averaged position is often closer to exhale than inhale, definition of
the average situation is not possible without quantitative information of the relative
time spend in each amplitude bin (the occupancy) [118].

In chapter 6, we demonstrated that the occupancy information, provided by the ex-
ternal respiration signal, can be used to define a propermid-position from amplitude-
binned data. The improved 4D CT quality that is associated with amplitude binning
can now be used for RT planning.

There are however more binning strategies with certain advantages. In 2011, John-
ston et al [112] introduced anatomic similarity binning, in which anatomic similarity
in the CT slices was incorporated in phase based sorting protocols. The incorpora-
tion of anatomic similarity will likely improve image quality, but it is unclear to what
extent this will influence the time-weighted average position and tumour volume.

The development of CT scanners with an extended detector size, has raised the pos-
sibility to acquire real-time cine data [119–122]. Instead of combining data from
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different respiration cycles into one 4D reconstruction, it is possible to scan com-
plete respiration cycles over the detector width. However, when the field of view
exceeds the detector width, data again needs to be concatenated. Therefore, cine CT
is predominantly used in cardiology, where usually a smaller FOV suffices.

Another CT motion modelling technique that was developed especially for PET mo-
tion compensation is described by Nam et al in 2013 [123]. Instead of acquiring 4D
CT data, two breath-hold low-dose CT scans are acquired; one in exhale and one in
inhale position. These two datasets are registered to each other. Additional phases
are linearly interpolated between these phases, resulting in a rudimentary motion
model. For each 4D PET frame, an interpolated CT phase that provides the highest
correlation is selected. This CT phase is then used for attenuation correction and
the corresponding deformation is used for motion compensation. The advantage of
this approach is that the dose burden is low, while it is easily possible to create a
whole-body motion model. A disadvantage is that the motion model derived from
these two datasets is largely based on interpolation, in the case of extreme inhale
or exhale, and that hysteresis cannot be properly modelled (especially in the case of
extreme inhale or exhale).

Thomas et al [124] have recently proposed another method that minimizes artefacts
in the 4D motion model. 25 rapid 3D lung scans were subsequently acquired, after
which they were deformably registered to each other. After registration the scans
were averaged, to create a 3D scan with high SNR. Per voxel, a motion model was
fashioned on the local deformation of all scans and information of an external res-
piration signal. This motion model could then be used to deform the scans to any
phase in the respiration or the mid-position.

All these different CT motion modelling strategies have pros and cons. The usage
of conventional 4D CT data can lead to serious artefacts, although proper usage of
amplitude binning or anatomic similarity might reduce these. 4D cine CT provides
4D data without artefacts, but is limited by the size of the detector, which are cur-
rently too small for RT planning. When a region beyond this field of view needs to be
scanned, data again needs to be concatenated, again possibly leading to artefacts.
Interpolating between respiration extremes might reduce the radiation burden on
the patient, but reduces the accuracy of the motion model. The method proposed
by Thomas et al [124] provides possibly the most additional value to the conven-
tional 4D CT imaging. It minimizes artefacts and since the resulting model consists
of samples from different respiration cycles, distributed evenly over the duration of
scanning. Therefore the statistics of the motion model are significantly improved.
The method has, however, not yet been applied for PET motion compensation.

7.2.2 MRI-Based motion modeling

Recently, combined PET-MRI scanners have been developed. This scan combination
allows superior registration accuracy between PET and MRI data [125, 126]. An ad-
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vantage of MR motion modelling over the use of CT is that MR provides superior
contrast within the abdomen. Respiratory motion is therefore better detectable, es-
pecially with the use of MR tagging methods [127, 128]. Although our results in-
dicate that a 4D CT based motion model yields good results for motion modelling
and PET motion compensation, it is likely that motion modelling of homogeneous
regions like the liver will benefit of 4D MRI [101, 129, 130].

In a situation where the PET and MR data are acquired simultaneously, there are
potentially smaller differences in motion between the two datasets, compared to
a situation where the data is acquired consecutively. However, since it is not yet
possible to perform a full 3DMRI scan within one second, it is not possible to perform
cine 3D with a time resolution suitable for respiration monitoring. Real-time motion
detection and compensation is therefore not yet possible.

However, it is possible to monitor the respiratory motion of the diaphragm in an ar-
bitrary direction, using a 1D navigator-channel, with high temporal resolution infor-
mation [131]. In order to detect respiratory motion, good contrast is necessary. The
navigator channel is therefore often placed at the interface of the lung and the liver,
instead at the tumour. The motion of the tumour is therefore not directly detectable,
but the navigator can be used instead of an external respiratory signal, which will
likely provide a better correlation with the motion of the tumour.

It is possible to reconstruct 4D MRI data, by concatenating multiple 2D MRI data
acquired at different slice locations [132, 133]. Similar to 4D CT, this data will not
provide time specific motion information, but rather a general motion model of the
patient. 4D MRI data therefore likely has problems similar to those of 4D CT.

Finally, since the acquisition of a 2D slice takes about 0.3 seconds [132], it is pos-
sible to create a 2D cine MRI acquisition. This approach would provide real-time 2D
respiratory motion model, which could be used to update a general 3Dmotion model
generated from a 4D MRI data [134].

7.2.3 List-Mode motion compensated reconstruction

In this thesis we have applied CT-based motion compensation on reconstructed 4D
PET data. Since most reconstruction algorithms are non-linear, taking the average
of the frames in the 4D scan will likely result in a lower signal-to-noise ratio (SNR)
than directly reconstructing 3D data [58]. It is therefore theoretically beneficial to
perform motion compensation on the detected events and then reconstruct motion
compensated 3D PET data [71, 135]. However, there are a number of issues with this
approach.

Positron emission decay events are measured as coincidences between two opposing
detectors, and the event can therefore only be localised on the line-of-response (LOR)
between these detectors. When motion compensation is applied to a straight LOR
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according to the motion of the tumour, it will likely increase the image quality at
this location, but decrease the image quality at other locations [71, 136].

A solution for this would be to allow the LORs to be curved [137, 138]. However,
most clinical reconstruction software does not allow curved LORs. This means that
for implementation, research institutes need to gain access to the list-mode data
and implement their own reconstruction algorithm, which makes clinical implemen-
tation more difficult.4D PET/CT scanning protocols are however commonly available,
making clinical implementation more viable, and explaining our choice of method.

7.2.4 Commercial solutions

In 2012 the first commercial PET motion compensation software has been developed
under the name Q.Freeze by GE Healthcare (Wilmington, MA, USA), and it has been
approved by the FDA. Although this software does not apply motion compensation
directly on the raw list-mode data, it does apply CT-based motion correction on 4D
PET data as described in this thesis [139].

7.3 Clinical implementation
As indicated in the introduction of this thesis, the popularity of 4D PET imaging
has been limited by the increase of acquisition time, although the usability of the
scan protocol is also considered an obstacle. A multi-centre study in 2011 tested
the ability of 9 institutes to acquire 4D CT data of a regularly moving phantom. The
acquired data was expected to be artefact-free. Nonetheless, many artefacts were
reported in this study, which indicate that wrong settings were used and that the
usability of the 4D scanning protocols could be improved.

In 2011, we visited a number of institutes with different types of PET-CT scanners.
On-site we asked the technicians to perform 4D PET-CT acquisitions of a regular
moving dynamic phantom (Dynamic Thorax Phantom; CIRS, Norfolk, VA, USA) filled
with FDG. Similar to the 4D CT study, we found that many institutes had difficulty
acquiring PET-CT scans without artefacts. We even found temporal offsets between
the PET and CT datasets due to bugs in the reconstruction software. In measure-
ments at our own PET-CT scanner, we often observed that the respiration software
had difficulty recognising the respiratory signal, even though the signal was very
clear (fig. 7.2). Furthermore, we measured slight systematic SUV differences between
3D and 4D PET reconstructions of the same dataset. Although we would expect dif-
ferences in relative noise levels due to a decrease of the signal, it is unlikely that a
systematic intensity difference will appear. This is underlined by the notion that we
did not see such systematic differences between 3D and dynamic PET scanning, a
scanning technique in which temporal changes in uptake are measured over time.
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Many of these problems are avoidable, but they can seriously affect the quality of
clinical 4D PET/CT data. There is clearly room for the manufacturers to improve their
systems.

Figure 7.2: An clinical example of the external respiratory signal of a pa-
tient. The lines indicate the start of the respiratory cycles, as automatically
recognised by the reconstruction software. It is visible that, although a clear
respiration signal is present, the software is not able to identify many res-
piratory cycles.

The clinical usability of 4D imaging could also be improved by integrating motion
compensation into the reconstruction software. This would streamline the clinical
workflow and hereby likely reduce the chance of errors. The integration would fur-
thermore allow list-mode motion compensation and occupancy correction for ampli-
tude binning (chapter 6).

7.4 Future directions
The impact of motion compensation and phase-by-phase attenuation correction on
quantitative PET imaging is clear. Uptake values will become more realistic for mov-
ing structures. This will improve the accuracy of PET-based response studies. What
the value of motion compensated PET within RT planning is, needs to be further in-
vestigated. Our results show that the PET boost volume will decrease with the use
of motion compensation, but the effect on the dose distribution remains unclear and
will be dependent on the applied RT delivery technique. The boost volume as de-
fined on 3D PET data encompasses some of the uncertainty of respiratory motion.
When this volume is used in the planning for an ungated delivery technique, smaller
respiration motion margins are theoretically necessary. The boost volume as defined
on the motion compensated PET does not encompass the uncertainty of motion, and
it will therefore require a larger margin, reducing the possible benefits [63]. Still, the
best plan will be obtained by delineating the tumour on sharp data and subsequently
applying correct margins [90].
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In patients where respiratory-related safety margins can be reduced by the use of
gated therapy [42, 110, 140–142], the benefits of motion compensation on the PET
distributions, will likely be larger. Gated therapy is only considered beneficial for
patients with a tumour motion >13mm [110, 141], which coincides with the group
of patients for which the motion compensated PET is beneficial. This coincidence
is likely caused by the fact that PET scanners and RT delivery equipment have a
comparable resolution.

The effects of motion compensated PET on dose painting by numbers are even more
difficult to predict, since they will also depend on the way that local dose is related
to local SUV.

The methods described in this thesis are likely also interesting for diagnostic PET-
CT imaging, since the reduction of blurring will lead to improved visibility of small
tumours and the repositioning to the mid-position will improve the spatial correla-
tion between the two modalities. The increase in radiation dose associated with the
4D CT acquisition is however a serious limitation for diagnostic imaging. Methods to
perform motion compensation with a reduced radiation burden (such as the earlier
mentioned method by Johnston et al [112]) are useful and additional research in
this direction is needed.

Since radiation dose is not an issue for MR-based motion compensation of PET, com-
bined PET-MR options also might provide solution for diagnostic imaging. The costs
associated with such a solution are however high, which are only justified when other
diagnostic MR scans can be acquired during the PET acquisition.

7.5 Conclusion
In conclusion, this thesis has adressed the effects of respiratory motion on PET/CT
data, in terms of signal blurring and incorrect attenuation correction. Respiratory
motion leads to overestimation of the tumour volume and incorrect SUV values. We
have developed a framework for respiratory motion compensation of 4D PET-CT data
and demonstrated that the the techniques are applicable for both lung and liver data.
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