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Abstract
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Introduction

1.1

Radiotherapy Background

Radiotherapy is a method of cancer treatment that constitutes delivery of ionising radiation to cancer cells.
This ionising radiation causes DNA damage through multiple mechanisms. Directly ionising radiation damages
DNA directly through the release of electrons from molecules in cells. These highly energised electrons induce
DNA breaks through disrupting covalent bonds (Phillips et al., 1997). Indirectly ionising radiation causes the
production of reactive oxygen species through ionisation of cellular H2O. These in turn cause covalent bonds in
DNA to break (Ward 1988). If the irradiated cells are unable to repair damage to their genomic information,
radiation will induce cell death, and it is by this mechanism that radiotherapy kills cancer cells (Borrego-Soto
et al., 2015).

The ability of cancer cells to repair DNA is generally lesser than that of healthy cells, making them more
susceptible to radiation (Hubenak et al. 2014), however direct irradiation of healthy cells surrounding a tumour
will still damage those cells and cause toxic side effects. For this reason, accurate and exclusive targeting of the
tumour is vital to mitigate side effects of radiotherapy treatment (Burnet et al. 2004). Diagnostic imaging is
therefore essential for radiotherapy planning. In the planning phase of radiotherapy treatment, the patient is
visualised using Cone Beam Computed Tomography (CBCT). CBCT is a technique wherein a rotating gantry
to which an x-ray source and detector are fixed, rotate around a patient. A cone-shaped source of ionising
radiation is directed toward the detector, passing through the patient. As the gantry rotates, the x-ray source
creates a planar projection of the patient on the detector (Scarfe and Farman, 2008). A schematic of this process
is shown in figure 1.
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Figure 1: A schematic showing the process of CBCT image acquisition

1.2

Problems with current radiotherapy imaging techniques

Once 2-D projections from all angles around the patient are acquired, backprojection is used to reconstruct a
3D image of the patient’s tumour location and surrounding tissue. The backprojection process assumes that
the object being reconstructed is stationary, so any movement of the patient will cause motion artefacts which
compromise tumour image quality (Schulze et al., 2011). Example of motion artefacts ar eshown in figure 2.
This is especially problematic in the treatment of lung tumours, as respiratory motion can be significant and
cause image quality degradation (Keall et al., 2006). CBCT scan acquisition time is approximately 1 min,
exceeding the typical patient breathing period by 10-25 times, meaning that respiratory motion during a CBCT
scan is unavoidable (Kincaid and Yorke, 2013)

Motion artefacts in radiotherapy planning images can significantly impact the treatment outcome. In radiotherapy planning, the position and size of the gross tumour as imaged is known as the gross tumour volume
(GTV). A margin outside this known as the clinical target volume (CTV) accounts for disease spread and must
be treated to achieve cure. Current solutions to the uncertainties introduced by sub-par image quality entail
a third volume known as the planning target volume (PTV). This is a geometric concept, surrounding the
proposed CTV in order to allow for these uncertainties and ensure the radiotherapy dose is delivered to the
actual CTV (Burnet et al., 2004). In addition, the PTV must take into account respiratory motion, enlarging
it even more. While necessary, the PTV incorporates healthy tissue, subjecting it to ionising radiation and
imposing the toxic side effects discussed earlier. Clearly, it would be desirable to minimise motion artefacts in
order to acquire more accurate tumour images and minimise the need for, and size of the PTV in radiotherapy
planning. A diagram displaying these margins is shown in figure 3.
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Figure 2: Examples of common motion artefacts in CBCT

Figure 3: A schematic showing the gross tumour volume, clinical target volume and
planning target volume for radiotherapy

1.3

Improving image quality

The current study aims to investigate and implement a rectification heuristic that takes respiratory motion into
account in the 3D reconstruction process of CBCT, in order to reduce motion artefacts and improve image
quality. Several considerations need to be taken into account to pursue this aim.

3

3D reconstruction is completed from a set of projections or pulses which are a subset of the complete set
of projections taken while the gantry rotates around a patient. In order to minimise motion artefacts, this
subset can be chosen from projections taken when the patient is in a particular stage of the respiratory cycle,
meaning that the chest displacement caused by respiratory motion will be taken into account and won’t interfere
with the backprojection process. This can be achieved by ’binning’ the full set of projections according to a
respiratory displacement trace acquired from the patient undergoing imaging. Projections in each bin can then
be backprojected separately.

However, another complicating factor is that successful backprojection requires a set of projections taken from
full and uniform spread of angles around a patient (Schulze et al., 2011). 3D reconstruction using a subset of
projections taken from a non-uniform or incomplete set of angles around a patient will result in streak artefacts
which adversely affect image quality. An example of streak artefacts is shown in figure 4.
Figure 4: An example of streak artefacts

The gantry angle of a given projection is determined by the time at which it was taken, as the gantry rotates
and takes projections at evenly spaced time points. Therefore, 3D reconstruction from a set of projections
taken at evenly spaced time points will customarily result in an evenly spread set of gantry angles. If a patient’s
respiratory trace is completely uniform over time, binning the projections will not compromise this process,
however real patient breathing traces are often irregular in time as well as displacement. This means that the
proposed rectification heuristic will have to find projection timings that minimise displacement effects causing
motion artefacts, while also producing a full and uniform spread of gantry angles to avoid streak artefacts.
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A Rectification Heuristic

Let r : [0, τ ] → [rmin , rmax ] be the chest displacement function. We assume respiratory motion patterns to be
sinusoidal, of the form:
r(t) = R sin

 2πN t 
τ

So that the chest moves from −R to R, and N is a positive integer corresponding to the number of cycles
within the interval [0, τ ]. To account for variability in chest displacement and respiration duration we break
up this curve into 4N segments, corresponding to the parts of the curve that are monotonically increasing or
decreasing. The heuristic therefore operates as a branchwise operation.

Now let g : [0, τ ] → [0, 2π] be the gantry angle function. Suppose for a particular bin b, we have a set of points
(t, r(t)) as candidates for projection. The corresponding set of times for these candidates is denoted by:
r−1 (points in bin b)
We define the set of corresponding gantry angles at each of these points as:
Ib = g(r−1 (points in bin b))
The objective of the heuristic is to construct a gantry function g, such that Ib is well-spread, or as equally
spaced as possible within the interval [0, 2π]. If the times for these candidates r−1 (points in bin b) are already
equally spaced in time, then a gantry function of g(t) =

2πt
τ

will be sufficient; however, if this is not the case,

then the role of g is to fix up this via a non-linear mapping of r−1 (points in bin b) ⊂ [0, T ] to Ib ⊂ [0, 2π]

2.1

Proposed rectification approach

We start with our breathing trace of the form
r(t) = R sin

 2πN t 
τ

We then take the inverse of this respiratory trace r over each time interval of monotonicity. For example the
τ
inverse of the respiratory trace r restricted to the first time interval of monotonicity [0, 4N
] is:
−1
τ )
(r|[0, 4N
(d) =
]

d
τ
sin−1
2πN
r
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We choose a gantry function that will linearise this over displacement. If we choose the gantry function over
this interval to be:
τ (t) =
g|[0, 4N
]

 2πN t 
π
sin
2N
τ

Which is just a linearly scaled version of r(t), then we have that:
−1
τ
τ )
g|[0, 4N
(d) =
] ◦ (r|[0, 4N
]

πd
2N R

We have therefore rectified the breathing trace using a non-linear gantry function, giving us a set of candidate
projection angles that are linear over displacement.

2.2

Proposed pulse timing

By selecting g(t) as above, we have well distributed angles through all chest displacements. We now need to
determine the pulsing frequency in order to give a uniform spread of pulses over all gantry angles. Since the
gantry moves an angle of g 0 (t)∆t in the time interval ∆t, we can obtain a uniform spread of pulses by choosing
a frequency proportional to g 0 (t).

τ
For the first monotonic interval [0, 4N
], the total number of pulses will be given by:

Z

τ /4N

αg 0 (t)dt = α[g(τ /4N ) − g(0)] =

0

απ
2N

Where we define a parameter α ∝ bN . Scalings can be made for branches of r with varying [rmin , rmax ] as in
the case of real data.
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Results

The preceding heuristic was implemented in MATLAB. An idealised, uniformly sinusoidal breathing trace was
first used to test the viability of the heuristic. Resulting projection times are shown in figure 5. Corresponding
displacements along the respiratory trace are also shown. The heuristic resulted in projections that are uniform
in displacement within each bin, as desired.
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Figure 5: An idealised respiratory displacement trace. Projection times and
displacements chosen according to rectification heuristic are shown in red.

Figure 6 shows the spread of gantry angles within each displacement bin, corresponding to these chosen projection times. The gantry angles are spread uniformly and completely between 0 and 2π within each bin.
Figure 6: Gantry angles corresponding to projection times in each bin as chosen
according to rectification heuristic performed on the idealised respiratory
displacement trace show in in figure 5.

The rectification heuristic was also trialled on real patient respiratory traces, such as that shown in figure 7.
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Figure 7: Example of a real patient respiratory motion trace

Approximate linearisation of the respiratory displacement over the gantry angles application of the heuristic on
a sinusoidal approximation of each monotonic branch of the respiratory motion trace was achieved, as shown
in figure 8. Varying the parameter α over monotonic branches in order to produce well-chosen projection times
was out of the scope of this project and is an avenue of future research.
Figure 8: Approximate linearisation of respiratory displacement over gantry angles
as completed on the real patient breathing trace show in in figure 7

8

3.1

Assessing image quality

An important future direction of the project will be assessing the image quality of images acquired by projection
times chosen by the heuristic. For this we will use the Structural Similarity index (SSIM), comparing images
generated by reconstruction from naively chosen projections at evenly spaced time points, and images generated
by reconstruction from heuristic-generated projections. In addition we will use the Constrast-to-noise ratio
(CNR), which is a measurement of image quality based on contrast. These methods would be used to assess
the quality of CBCT images such as those shown in figure 9.
Figure 9: Example of images to be compared with SSIM and CNR
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