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Chapter 6

4D CT amplitude binning for the generation of a
time-averaged 3D Mid-Position CT scan

This chapter has been accepted as:
M.F. Kruis, J.B. van de Kamer, J.S.A. Belderbos, J.-J. Sonke, and M. van Herk. 4D CT
amplitude binning for the generation of a time-averaged 3D Mid-Position CT scan.
Physics in Medicine and Biology. 2014. 59(18):5517–5529.
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Abstract
Purpose: The purpose of this study was to develop a method to use amplitude binned 4D-CT
(A-4D-CT) data for the construction of mid-position CT data and to compare the results with
data created from phase-binned 4D-CT (P-4D-CT) data. For the latter purpose we have devel-
oped two measures which describe the regularity of the 4D data and we have tried to correlate
these measures with the regularity of the external respiration signal.
Materials and methods: 4D-CT data was acquired for 27 patients on a combined PET-CT scan-
ner. The 4D data were reconstructed twice, using phase and amplitude binning. The 4D frames
of each dataset were registered using a phase-based optical flow method. After registration
the deformation vector field was repositioned to the mid-position. Since amplitude-binned 4D
data does not provide temporal information, we corrected the mid-position for the occupancy
of the bins. We quantified the differences between the two mid-position datasets in terms of
tumour offset and amplitude differences. Furthermore, we measured the standard deviation of
the image intensity over the respiration after registration (σregistration) and the regularity of
the deformation vector field (∆|J |) to quantify the quality of the 4D-CT data. These measures
were correlated to the regularity of the external respiration signal (σsignal).
Results: The two irregularity measures,∆|J | and σregistration, were dependent on each other
(p<0.0001, R2=0.80 for P-4D-CT, R2=0.74 for A-4D-CT). For all datasets amplitude binning re-
sulted in lower∆|J | and σregistration and large decreases led to visible quality improvements
in the mid-position data. The quantity of artefact decrease was correlated to the irregularity of
the external respiratory signal. The average tumour offset between the phase and amplitude
binned mid-position without occupancy correction was 0.42mm in the caudal direction (10.6%
of the amplitude). After correction this was reduced to 0.16mm in caudal direction (4.1% of
the amplitude). Similar relative offsets were found at the diaphragm.
Conclusions: We have devised a method to use amplitude binned 4D-CT to construct motion
model and generate a mid-position planning CT for radiotherapy treatment purposes. We have
decimated the systematic offset of this mid-position model with a motion model derived from
P-4D-CT. We found that the A-4D-CT led to a decrease of local artefacts and that this decrease
was correlated to the irregularity of the external respiration signal.
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Amplitude binning for MidP CT

6.1 Introduction
In the last decade, respiration-correlated four-dimensional X-ray computed tomo-
graphy (4D-CT) imaging has been widely adopted in radiotherapy (RT) of the lungs
[49, 53]. 4D-CT imaging allows visualization of motion and deformation of tissues
during the respiratory cycle. These data, with fewer motion artefacts than conven-
tional 3D CT data, can be used for dose accumulation [102] and to determine the
volume of the tumour [48, 103]. Furthermore, it is possible to devise a motion model
of the tumour and surrounding structures from the 4D data. The motion model can
be used to determine safety margins [90, 104] or for gated therapy [105].

4D-CT data is typically created by binning oversampled CT data according to an ex-
ternal respiratory signal. Bins can be constructed according to the phase or the am-
plitude of the signal. Since patients typically do not breathe regularly, no perfect
relation exists between signal phase and amplitude. Therefore, the choice between
binning methods has an effect on the result [50].

By monitoring the motion of the tumour, a single frame can be selected for treat-
ment planning in which the tumour is closest to its time-averaged position (Mid-
Ventilation). Artefacts present in the selected 4D-CT frame, will directly affect the
planning CT and have an influence on the gross tumour volume [106, 107]. One way
to reduce these artefacts is to apply motion compensation to the 4D-CT frames. A
more robust 3D planning CT can be created which is less susceptible to respiration
artefacts by registering all frames to the time-weighted average position and taking
the median or mean over time (Mid-Position) [63].

Amplitude-binned 4D-CT (A-4D-CT) leads, in general, to improved image quality
compared to phase-binned 4D-CT (P-4D-CT) [50, 54, 55], and therefore results in
more robust motion models [108]. A-4D-CT could therefore be very valuable in RT.
However, P-4D-CT is often favoured over A-4D-CT in RT, since the latter typically does
not provide temporal information [90, 109]. Without this temporal information, dose
accumulation and a proper estimation of the time weighted mean position over the
respiratory cycle can probably not be estimated.

The aim of this study was to devise a method to use amplitude binning for the cre-
ation of mid-position CT data. We have investigated the image quality differences
between P-4D-CT and A-4D-CT and tried to relate these differences to the respira-
tory input signal. Finally, we have compared amplitude-based Mid-Position data to
phase-based Mid-Position data in terms of tumour amplitude and tumour position.
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Chapter 6

6.2 Materials and Methods
6.2.1 CT data

Between October 2012 and September 2013, 4D-CT data of 27 patients was acquired
on a combined PET/CT scanner (Gemini TF; Philips Medical Systems, Cleveland, Ohio,
USA). The 4D-CT was acquired as part of a 4D PET/CT study approved by the insti-
tute’s medical ethical committee. To monitor the respiration, a bellows belt (Interac-
tive Breath-hold Control System; Mayo Clinic/Medspira, Minneapolis, MN, USA) was
placed around the abdomen. With the belt in place, the 4D-CT acquisition was per-
formed (30 mAs, slice spacing and thickness 3 mm, pitch 0.085, detector-width of
2.4 cm) after a regular PET/CT scan with acquisition of about 25 minutes. Normally,
the CT reconstruction software of the Gemini scanner only allows phase binning.
An experimental standalone Philips reconstruction workstation allowed us to per-
form both phase and amplitude binning on our raw 4D-CT data. In the phase binning
method, the inhale peaks in the respiratory signal were automatically detected and
assigned the 0% phase. Between subsequent 0% phase points, the acquired sinogram
data were divided into 10 equal relative time frames, after which it was reconstructed
into a P-4D-CT dataset (fig. 6.1).

For amplitude binning, the amplitude inhale and exhale extremes were automati-
cally detected. Based on these extremes, the average end-inhale (0) and end-exhale
(5) amplitudes were calculated and used as thresholds. Between these thresholds,
the data were binned in 10 equal distance amplitude specific bins, according to the
signal intensity and the direction of the slope of the signal (fig. 6.1).

6.2.2 Tumour and Diaphragm Amplitude Calculation

We determined the respiratory motion amplitude of the primary tumour and the di-
aphragm of the ipsilateral lung for each patient. This was achieved bymanually draw-
ing a small region of interest (ROI) around the tumour and the diaphragm. Using local
rigid registration, the respiratory motion in this ROI was measured for both the P-4D-
CT and A-4D-CT data, as described by Wolthaus et al [90]. In P-4D-CT the measured
amplitudes will on average approximate the respiratory amplitude. In A-4D-CT the
amplitude of the data was clipped between the averaged extremes. However, during
half of the respiratory cycles, the amplitude is smaller than these averaged extremes.
Therefore the average amplitude measured from the A-4D-CT, will be smaller than
the real average respiratory amplitude. To correct for this, we will scale the motion
with the following correction factor C:

C =
Imax − Imin

1
n

∑n
i=1min(Imax, Imax(i))−

∑n
i=1max(Imin, Imin(i))

, (6.1)
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Amplitude binning for MidP CT

Figure 6.1: An illustration of phase (upper) binning (PB) and amplitude
(lower) binning (AB) with 10 bins. For PB, the end inspiration phase is de-
termined and the respiratory cycle is divided into 10 equal time percentage
bins. For amplitude binning, two signal extremes are defined. The data is
then divided into 10 bins according to the signal thresholds. Data that ex-
ceed the extremes (the grey area) are excluded from the reconstruction. It
is visible that in PB every bin accounts for an equal amount of time, while
this is not the case for AB.
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Chapter 6

in which n represents the number of cycles in the external respiration signal, Imin(i)
and Imax(i) the extremes per cycle and Imin and Imin represent the average ex-
tremes.

6.2.3 Deformable registration

The 4D-CT data was deformably registered, using the method described by Wolthaus
et al [63]. In this method, a quadrature filter was applied to the data, to extract
the local phase signal of the image in complex space. After quadrature filtering, the
frames of the 4D data were registered to a reference frame, using optical flow. The
frame closest to end-exhale was used as a registration reference, since this position
is best reproducible and has the smallest respiration velocity. Breathing artefacts are
therefore minimized. For the A-4D-CT this frame was defined as the 5th frame, and
for the P-4D-CT we chose the 50% phase frame. The registrations were stored in a
4D Deformation Vector Field (DVF).

6.2.4 Mid-Position

After registration, the vectors in the DVF point to the reference position. To obtain
a DVF that refers to the Mid-Position (MidP), the vectors need to be transformed to
the time weighted mean position. Calculation of the Mid-Position of the P-4D-CT
(P-MidP-CT) was performed as described by Wolthaus et al [63]. Since every phase
of the P-4D-CT represents an equal amount of time, extraction of the mean DVF
from the reference DVF, results in a MidP DVF, where every phase is registered to
the time-averaged position. However, since A-4D-CT does not provide temporal in-
formation, extra information was necessary to calculate the MidP for the A-4D-CT
(A-MidP-CT). A-4D-CT assumes that the secondary respiration signal correlates with
the amplitude of the position of the organs [110]. The external respiratory signal
can therefore provide the necessary temporal information. From the respiratory sig-
nal, we calculated the total amount of time the respiration was in each amplitude
bin (occupancy). Instead of weighting every bin equally in the averaging of the DVF,
each bin was weighted with its relative occupancy (Ω). The duration of the excluded
inhale and exhale extremes was attributed to amplitude frame 0 or 5 respectively.
The A-4D-CT derived DVF was then transformed to the Mid-Position by subtraction
of the time weighted mean DVF.

6.2.5 Artefact detection

The registration results of the P-4D-CT and the A-4D-CT were analysed in two ways.
Firstly, we calculated for each voxel the local standard deviation over the respiratory
cycle after registration (σregistration) for both scans, as defined by:
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Amplitude binning for MidP CT

σregistration =

√√√√ N∑
n=1

Ωn(Inreg − ΩIreg)2 (6.2)

whereΩ represents the occupancy, Ireg the intensity of the registered 4D-CT data and
N the number of frames. σregistration is a 3D dataset representing the local voxel in-
tensity variation over the respiratory cycle after motion correction by the DVF. We ex-
pect that when the registration is correct and few artefacts are present, σregistration
will be small. This value, however, is sensitive to local density changes. Secondly, we
calculated the local Jacobian determinant (J ) of the DVFs. This Jacobian determinant
of a vector u is defined per frame n as:

|Jn(x, y, z)| =

∣∣∣∣∣∣∣
1 + ∂ux(x,y,z)

∂x
∂ux(x,y,z)

∂y
∂ux(x,y,z)

∂z
∂uy(x,y,z)

∂x 1 +
∂uy(x,y,z)

∂y
∂uy(x,y,z)

∂z
∂uz(x,y,z)

∂x
∂uz(x,y,z)

∂y 1 + ∂uz(x,y,z)
∂z

∣∣∣∣∣∣∣ (6.3)

The value of the Jacobian, gives the factor by which the volume locally compresses
or expands [108] . To assess the local variation of this compression per frame, we cal-
culated the Laplacian of this Jacobian field (∆|J |), which was subsequently averaged
over the frames, with the occupancy (Ω) taken into account:

∆|J | =
N∑

n=1

Ωn(
∂2|Jn|
∂x2

+
∂2|Jn|
∂y2

+
∂2|Jn|
∂z2

). (6.4)

∆|J | again is a 3D dataset, but this time representing the local smoothness averaged
over the respiratory cycle. We expect for this measure, that when few artefacts are
present, the motion vector field is relatively smooth, resulting in a low ∆|J | value.

6.2.6 Amplitude variability of the respiratory signal

We assessed the stability of the external respiratory signal during the CT acquisition.
First, the signal was equalized, in order to remove respiratory drift from the signal.
This was done by convolving the signal with a Gaussian kernel of 15 seconds and
subtracting this from the signal. Then we extracted the signal amplitude locally, by
dividing the signal by the sinus of its Hilbert transform (that extracts the phase of
the signal). We calculated the relative temporal standard deviation of the amplitude
by dividing the standard deviation in a local neighbourhood of 7.5 seconds by the
global average amplitude of the signal to obtain σsignal(t). For the acquisition set-
tings used, 7.5s corresponded with about 2.5 cm scan (the CT detector width) since
motion occurring outside the detector width cannot cause local artefacts. We also
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measured per acquisition, the overall standard deviation of the amplitude divided by
its average intensity (σsignal).

6.2.7 Correlation detection

To correlate the effect of the amplitude variability on the irregularity measures of
the 4D-CT data in the lungs, we first defined the lungs within the 4D-CT data. We
roughly segmented both lungsmanually, and refined this segmentation by applying a
threshold lower than -300HU and a closing operation of 7 mm. After this, we checked
whether the tumour was still within the segmentation, and if not we re-included it.
Subsequently, we calculated the average values of σregistration and∆|J |within both
lungs and the average values per CC lung slice after applying a Gaussian kernel of
2.5 cm (the detector width) in the CC direction (σregistration(s) and ∆|J |(s)).

We have investigated potential correlations between the local or diaphragm ampli-
tude, σregistration, ∆|J |, the differences of these measures and σsignal using regres-
sion analyses, with a significance level of α<0.05. We performed these regression
analyses both per patient and locally per slice.

6.3 Results
Both irregularity measures σregistration and∆|J | were for all patients smaller within
the lungs for the A-4D-CT, respectively by 16.9% (±12.1%) and 23.4% (±14.2%) on
average. In fig. 6.2, typical examples of these local measures are shown in coronal
slices through the lungs. Both irregularitymeasures were highly correlated (p<0.0001)
to each other (fig. 6.3).

We determined the offset between the Mid-position scans derived from P-4D-CT and
A-4D-CT (table 6.1). The tumour offset of the A-MidP-CT with regards to the P-MidP-
CT was on average 0.42mm in the caudal direction, which was 10.6% of the top-
top amplitude. This offset was after time-weighted occupancy correction reduced to
0.16mm in the cranial direction (4.1% of the amplitude). We found similar, but larger,
offset reductions in the diaphragm position. Table 6.1 lists the observed tumour am-
plitudes in our dataset, which are surprisingly small. For both the tumour and the
diaphragm, we found significantly smaller amplitudes in the A-4D-CT compared to
the P-4D-CT (11% for the tumour and 12% for diaphragm in CC direction). After ap-
plying the correction factor C, the amplitudes were on average significantly larger in
the P-4D-CT (8% for tumour and 9% for diaphragm in CC direction).

The variability of the external respiratory signal (σsignal) was correlated to the in-
ternal irregularity measures σregistration and ∆|J | of P-4D-CT in the lungs. The co-
efficients of determination were R2=0.23 and R2=0.31 respectively (table 6.2). The
measures were also significantly correlated to the amplitude of the diaphragm. The
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Amplitude binning for MidP CT

Figure 6.2: An example of 4D patient data and analyses. From top to bot-
tom, raw 4D-CT reference frame, MidP-CT, ∆|J |(s) and σregistration(s)
data for both phase (left) and amplitude binning (right). The ∆|J | and
σregistration data indicate where the artefacts are located and it is visi-
ble that these measures are lower in the AB data. The reduction of ∆|J |
and σregistration for this patient was 26% and 16% respectively. On the
far-right also the respiratory signal with the local standard deviation of the
amplitude of the signal during the acquisition is plotted. It is visible that the
vasculature in the right lung is obscured by artefacts in the P4D-CT data.
These artefacts coincide with an irregular breathing signal and persist in
the MidP data. The artefacts are largely reduced in the A4D-CT. The ∆|J |
and σregistration(s) data indicate where the artefacts are located and it is
visible that these measures are lower in the AB data.
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Table 6.1: An overview and comparison of the registration results. It pro-
vides per registration, the amplitudes of the registration and the average
Euclidean distance between the motion of the centre of mass of the marker
and the deformable registration of the original data at the region around
the marker.

LR CC AP

Amplitude
Tumour

P4D-CT
A4D-CT
A4D-CT (c)

1.3(±1.1) mm 3.7(±2.9) mm 2.1(±1.5) mm
1.1(±0.9) mm 3.3(±4.3) mm 1.8(±1.3) mm
1.4(±1.1) mm 4.0(±3.1) mm 2.3(±1.7) mm

Amplitude
Diaphragm

P4D-CT
A4D-CT
A4D-CT (c)

1.8(±1.3) mm 10.9(±4.7) mm 5.9(±3.3) mm
1.3(±0.9) mm 9.6(±4.6) mm 4.4(±2.6) mm
1.6(±1.2) mm 11.9(±5.6) mm 5.4(±2.8) mm

Offset A-MidP-CT and
P-MidP-4D-CT without
correction (Tumour)

0.03 (±0.20) mm
2.0(±12.1)%

0.42 (±0.70) mm
10.6(±18.2)%

0.12 (±0.41) mm
3.2(±22.2)%

Offset A-MidP-CT and
P-MidP-4D-CT after

occupancy correction (Tumour)

0.02 (±0.30) mm
-2.8(±15.6)%

-0.16(±0.51) mm
-4.1(±25.5)%

-0.07(±0.53) mm
-3.7(±18.6)%

Offset A-MidP-CT and
P-MidP-4D-CT without
correction (Diaphragm)

0.06(±0.36) mm
0.5(±3.9)%

1.34(±1.20) mm
11.9(±12.0)%

-0.57(±0.53) mm
-5.1(±4.8)%

Offset A-MidP-CT and
P-MidP-4D-CT after

occupancy correction (Diaphragm)

-0.15(±0.30) mm
-1.3(±3.1)%

-0.37(±0.98) mm
-3.0(±8.8)%

0.39(±0.58) mm
3.8(±5.2)%

coefficient of determination of the amplitude of the diaphragm and σsignal in a mul-
tivariate analyses was R2=0.39 and R2=0.52. We did not however find a significant
relationship between the averaged σregistration and ∆|J | of the A-4D-CT and the
σsignal.We could also not find a significant relationship between the decreases in
σregistration and∆|J | and the decrease in amplitude between P-4D-CT and A-4D-CT.

We performed similar analyses per 4D-CT slice (table 6.3). Locally, we found signifi-
cant relationships between σsignal(t) and the internal irregularity measures, although
with very small R2. The irregularity of the external respiratory signal was correlated
with the differences of the internal irregularity measures between P-4D-CT and A-
4D-CT. A scatter plot of the relation between σsignal and the differences in∆|J | and
σregistration is given in (fig. 6.3). For most patients, the decrease in irregularity, did
not lead to large visible quality differences in the MidP-CT scan. However, for the
patients with large differences between σregistration and∆|J |, differences were vis-
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Table 6.2: An overview of the R2 values of the significant correlations
between σsignal, σregistration in the P-4D-CT, ∆|J |(s) in the P-4D-CT,
σregistration in the A-4D-CT, ∆|J |(s) in the A-4D-CT, the differences in
σregistration between P-4D-CT and A-4D-CT, the differences in∆|J |(s) be-
tween P-4D-CT and A-4D-CT and the amplitude of the diaphragm.

σsignal
Phase Amplitude σreg ∆|J| Amplitude

σreg ∆|J| σreg ∆|J| difference difference diaphragm

σsignal 1 .23 .31 - - .46 .45 -

σreg
(Phase)

.23 1 .83 .85 .70 - - .27

∆|J|
(Phase)

.31 .83 1 .71 .85 - - .36

σreg
(Amplitude)

- .85 .71 1 .80 - - .23

∆|J|
(Amplitude)

- .70 .85 .80 1 - - .27

σreg
difference

.46 - - - - 1 .74 -

∆|J|
difference

.45 - - - - .74 1 -

Amplitude
diaphragm - .27 .36 .23 .27 - - 1

Table 6.3: An overview of the R2 values of the significant correlations be-
tween σsignal(s), σregistration(s) in the P-4D-CT, ∆|J |(s) in the P-4D-CT,
σregistration(s) in the A-4D-CT, ∆|J |(s) in the A-4D-CT, the differences in
σregistration(s) between P-4D-CT and A-4D-CT, the differences in ∆|J |(s)
between P-4D-CT and A-4D-CT and the average amplitude of lung tissue
per slice.

σsignal(t)
Phase Amplitude σreg(s) ∆|J|(s) Average amp.

σregistration(s) ∆|J|(s) σreg(s) ∆|J|(s) difference difference per slice

σsignal 1 .08 .06 .05 .03 .02 .05 -

σreg
(Phase)

.08 1 .80 .83 .67 .12 .33 .37

∆|J|
(Phase)

.06 .80 1 .70 .87 .08 .36 .44

σreg
(Amplitude)

.05 .83 .70 1 .76 - 0.10 .39

∆|J|
(Amplitude)

.03 .67 .87 .76 1 - .09 .44

σreg
difference

.02 .12 .08 - - 1 .53 -

∆|J|
difference

.05 .33 .36 0.10 .09 .53 1 .10

Amplitude
diaphragm - .37 .44 .39 .44 - .10 1
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ible. Small vascular structures within the lungs were better preserved, and the liver
dome was less distorted (fig. 6.4).

Figure 6.3: A scatter plot of ∆|J | and σregistration in the lungs, with a fit-
ting and 95% confidence intervals. The crosses represent the A4D-CT and
the spheres represent the P4D-CT data. The differences between the irreg-
ularity measures were correlated to the irregularity of the respiratory signal
(σsignal), and that the difference is positive in all cases.

6.4 Discussion
In this article, we investigated the usage of amplitude-binned 4D-CT for the construc-
tion of Mid-Position CT scans for radiotherapy treatment planning and compared it
with the use of phase-binned 4D-CT data. We have described two measures to detect
internal 4D-CT inconsistencies and have shown that these relate to breathing irreg-
ularity. Furthermore, we demonstrated that A-4D-CT performed better than P-4D-CT
in terms of these two measures.
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Figure 6.4: When the differences in ∆|J | and σregistration are larger than
30%, the resulting A-MidP-CT scans (right) are considerably better than the
P-MidP-CT (left). The diaphragm dome is less distorted and the vasculature
is better preserved.
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When an external breathing signal correlates with the internal respiratory position,
amplitude-binning yields better results than phase-binning [50, 54, 55], with a de-
crease of visible artefacts, especially in the vicinity of the diaphragm. Artefacts are
not limited to the diaphragm alone. They are distributed throughout all moving body
parts. In the rest of the lungs they are generally less visible. We therefore searched
for a more quantitative measure to define the irregularity of the 4D data throughout
the lungs.

The measure σregistration is an indicator of the fulfilment of the intensity constancy
assumption, while∆|J | indicates variations in the local curvature. The local intensity
uncertainty after registration (σregistration) and the curvature of the motion vector
field (∆|J |) were highly correlated to each other in our registration method. This
illustrates that the used registration method tries to balance the importance of the
intensity constancy and the smoothness constraints.

When a 4D-CT scan has few artefacts, the registration method is likely better able to
fulfil the intensity constancy constraint without increasing the curvature. Low values
of the irregularity measures will thus likely relate to good quality 4D-CT data. Both
measures were smaller for A-4D-CT than P-4D-CT for all patients (p<0.0001), indicat-
ing that the quality of the A-4D-CT was better. However, we also found that the value
of the internal irregularity measures was somewhat correlated to the amplitude of
the diaphragm. This was to be expected, since the chances of artefacts amplify with
increased respiratory motion amplitude. Since P-4D-CT data is associated with larger
amplitudes than A-4D-CT, this could mean that the differences in σregistration and
∆|J | merely reflected an amplitude decrease in the data. This is nevertheless very
unlikely, since we could not find a significant relationship between the σregistration
and ∆|J | decreases and the decrease in amplitude between P-4D-CT and A-4D-CT.

In this article we have used the two regularity measures to compare the two binning
methods. However, the regularity measures themselves might also be very useful
within the clinic. They could be used to assess the quality of the 4D data, which may
aid on deciding whether a rescan is necessary in the case of severe artefacts.

We found a correlation between the amplitude variation of the respiratory signal
(σsignal) and the regularity measures. The predicting power this correlation was
however limited. We also found a modest correlations between the difference in
σregistration and ∆|J |, and σsignal. This indicates that when the patient breathes
more irregularly, the advantage of amplitude binning is larger, which was to be ex-
pected.

Even though σregistration was significantly smaller in A-4D-CT, we saw limited differ-
ences in the visible quality in the majority of the Mid-Position CT data. An important
reason is that the median averaging of the MidP-CT provides robust results. Another
reason is that the exhale phase, which generally contains fewer artefacts, is chosen
as the reference scan; on average the data will look similar to the reference frame as
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the registration algorithm tries to fulfil intensity constancy. Another reason could be
the limited respiratory motion in our data. The average diaphragmmotion amplitude
was significantly smaller than that measured in other 4D-CT studies (10.8mm in CC
direction in this study vs. 13mm in [41] and 17.2mm in [77]). A plausible explanation
for this is that patients undergo a PET scan prior to the 4D-CT scan acquisition. The
patient has rested for one hour after 18F FDG administration prior to the scan se-
quence and has been lying still for a further 15 minutes during the PET acquisition
prior to the 4DCT acquisition. This could have reduced the breathing amplitude and
induced a more regular respiration pattern. In a standard stand-alone CT acquisition
protocol, patients are scanned quicker and therefore larger amplitudes are observed.
Artefacts are likely to be more distinct.

In cases with large differences between the regularity measures P-4D-CT and A-4D-
CT, clear differences between the MidP scans became apparent. Small vasculature
became obscured and the diaphragm dome was more distorted in the P-MidP-CT. In
a CT stand-alone setting, it is likely that these types of artefacts will appear more
often.

Although amplitude binning yields better results than phase binning [50], phase bin-
ning is often favoured for the use within radiotherapy. Since A-4D-CT does not pro-
vide relative velocity information, it is not possible to define a proper time averaged
position or perform dose accumulation without additional information. In this paper,
we used the external respiration signal to correct to the Mid-Position.

We compared the position of the diaphragm and the tumour in the P-MidP-CT and
A-MidP-CT, with and without temporal corrections. When a Lujan sin4 model is as-
sumed [109], the expected offset between P-MidP-CT and A-MidP-CT will be 12.5%.
We measured an offset of about 11% of the amplitude in CC direction for both the
diaphragm and phase binning, which is in accordance with this assumption. The cor-
rection reduced this offset to about 4.1% for the tumour and 3.0% for the diaphragm.
Although the systematic error was reduced, the standard deviation of this position
remained high. This indicates that the binning method had an effect on the mid-
position. Since amplitude binning excludes the extremes, we believe that amplitude
binning will lead to a more reproducible mid-position. However, we cannot prove
this from our data.

Amplitude binning requires an amplitude range. Note that the choice for the def-
inition of the extremes is not trivial, and more options are possible, such as the
minimum or the maximum of the extremes. Philips, by standard, defines this range
between the averages of the end-inhale and end-exhale extremes. However, since
the average extreme is not reached in half of the respirations, the average of the
respiration amplitude will be smaller in A-4D-CT than in P-4D-CT. The difference
decreased after correcting for the expected amplitude difference between the two
methods, although now the amplitude in the A-4D-CTwas somewhat larger. We could
find no explanation for this phenomenon.
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Chapter 6

Apart from advantages in MidP-CT data, our data show that the motion models ac-
quired from A-4D-CT are more consistent. Another possible advantage is that when
the external signal and internal motion are well correlated, equally-spaced ampli-
tude binning results, in theory, in a triangular shaped registration between the phases
of the 4D-CT data. This can be used as a constraint in the registration process, resul-
ting in even more robust motion models [111].

Apart from amplitude binning there are also other binning methods that improve
image quality in comparison to phase binning [112, 113]. However, for thesemethods
to be used for the definition of the mid-position, care also needs to be taken to
minimise systematic offsets.

Improvement of motion models will also improve different types of motion com-
pensation (MC) that rely on 4D-CT data, such as MC cone-beam CT [96] and MC
tomosynthesis [114]. Amplitude binning is also likely to be advantageous for 4D PET
imaging. Furthermore, when the PET and CT data are acquired on a hybrid machine,
the amplitude of the respiratory signal can be used to compensate for any changes in
respiration dynamics during both scan. This will likely also improve the performance
of CT-based MC methods for PET [82].

6.5 Conclusion
We have developed a method to use amplitude binning in 4D-CT data for the con-
struction of a mid-position motion model and the corresponding radiotherapy treat-
ment planning CT. We were able to reduce the systematic offset between the phase
and amplitude-based mid-position by applying an occupancy correction. Further-
more, we described two regularity measures, which can be used to evaluate the
quality of 4D data in clinical practice. We found that A-4D-CT data contains less
artefacts compared to P-4D-CT. The difference in quality correlates to some extent
with the constancy of external respiratory signal.
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