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Purpose: A novel method called respiratory triggered 4D cone-beam computed tomography (RT
4D CBCT) is described whereby imaging dose can be reduced without degrading image quality. RT
4D CBCT utilizes a respiratory signal to trigger projections such that only a single projection is
assigned to a given respiratory bin for each breathing cycle. In contrast, commercial 4D CBCT does
not actively use the respiratory signal to minimize image dose.

Methods: To compare RT 4D CBCT with conventional 4D CBCT, 3600 CBCT projections of a tho-
rax phantom were gathered and reconstructed to generate a ground truth CBCT dataset. Simulation
pairs of conventional 4D CBCT acquisitions and RT 4D CBCT acquisitions were developed assum-
ing a sinusoidal respiratory signal which governs the selection of projections from the pool of 3600
original projections. The RT 4D CBCT acquisition triggers a single projection when the respiratory
signal enters a desired acquisition bin; the conventional acquisition does not use a respiratory trigger
and projections are acquired at a constant frequency. Acquisition parameters studied were breath-
ing period, acquisition time, and imager frequency. The performance of RT 4D CBCT using phase
based and displacement based sorting was also studied. Image quality was quantified by calculating
difference images of the test dataset from the ground truth dataset. Imaging dose was calculated by
counting projections.

Results: Using phase based sorting RT 4D CBCT results in 47% less imaging dose on average com-
pared to conventional 4D CBCT. Image quality differences were less than 4% at worst. Using dis-
placement based sorting RT 4D CBCT results in 57% less imaging dose on average, than conventional
4D CBCT methods; however, image quality was 26% worse with RT 4D CBCT.

Conclusions: Simulation studies have shown that RT 4D CBCT reduces imaging dose while main-
taining comparable image quality for phase based 4D CBCT; image quality is degraded for displace-
ment based RT 4D CBCT in its current implementation. © 2013 American Association of Physicists
in Medicine. [http://dx.doi.org/10.1118/1.4793724]

Key words: 4D cone-beam computed tomography, imaging dose, respiratory motion, respiratory
triggered

Il. INTRODUCTION

Image guidance is a useful tool to reduce patient setup errors!
in external beam radiation therapy and a steady rise in the use
of image guidance has been reported.” An orthogonal pair of
megavoltage or kilovoltage images just prior to a patient re-
ceiving radiotherapy can be utilized to correct for spatial dis-
crepancy between the bony anatomy in the current state and a
reference state, usually a set of digitally reconstructed radio-
graphs from the planning CT dataset. Both megavoltage and
kilovoltage imaging play important roles within the array of
image guidance techniques® and accordingly, there is a slid-
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ing scale of imaging dose to the patient depending on the level
of complexity of the image guidance technique.*>

The advent of kilovoltage cone-beam computed tomogra-
phy (3D CBCT) (Refs. 6 and 7) has provided the ability to
discern soft tissue anatomy and thus a more detailed picture
of interfraction and intrafraction organ motion and thereby an
ability to detect and correct for more complex target position-
ing problems.

Due to the rotational speed limitations of kV imaging
systems on linear accelerator gantries, conventional 3D
CBCT acquisition gives rise to motion blurring®® of moving
organs, particularly those organs in the proximity of the
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diaphragm (lungs, liver, kidney, etc.). This has been the
motivation for the development of 4D CBCT which at-
tempts to address the problem of respiration induced organ
motion blurring by correlating the acquired projections
with the respiratory signal.!%"'?> 4D CBCT raises a problem
of undersampling causing artifacts and some approaches
employ slow gantry or multiple gantry rotations to increase
projections'® to address undersampling which potentially
increases imaging dose. The use of daily image guidance
using CBCT at treatment time in external beam radiation
therapy has been shown to improve geometric accuracy in
locally advanced lung cancer;'* however, there is a trade-off
between increasing imaging dose, both from the frequency
and type of daily imaging, and the improvement in accuracy.
Increased imaging from IGRT raises clinical concern and has
motivated the development of novel iterative CBCT recon-
struction algorithms which can use fewer projections leading
to a 36-72 times reduction in imaging dose compared to a
widely used head and neck scanning protocol.'> The purpose
of this work is to introduce and investigate a novel method
called “respiratory triggered 4D CBCT” with the goal to
reduce imaging dose. ICRP 73 poses the question, “Are there
any reasonable steps I can take to improve protection?”!'®
More recently, the “Image Wisely” and “Image Gently”
campaigns have been established to address public concern
of radiation in medical procedures for both the adult and
pediatric populations. The stated objectives are “lower-
ing the amount of radiation used in medically necessary
imaging studies and eliminating unnecessary procedures”
(http://www.imagewisely.org/About-Us - retrieved 2012-08-
28) and “to change practice by increasing awareness of the
opportunities to promote radiation protection in the imaging
of children” (http://www.pedrad.org/associations/5364/ig/ -
retrieved 2012-08-28), respectively. We will show that the
proposed method can reduce imaging dose to the patient thus
making a positive impact for these campaigns.

Il. METHODS AND MATERIALS

In order to generate a phase-based 4D CBCT dataset from
a linear accelerator imaging system, it is necessary to sub-
divide the acquired projection images into bins according
to when the projection occurs during the patient’s respira-
tory cycle. In phase based 4D CBCT, the respiratory cy-
cle is typically subdivided into 6-10 time windows or bins.
A side effect of the subdivision into bins is that the an-
gular distribution of the projections in any given bin ex-
hibits clustering. During reconstruction using FDK based al-
gorithms, streaking artifacts have been reported due to this
clustering effect.'” To illustrate, in Fig. 1 we consider the
angular distribution of the projections sorted into respira-
tory bin 1 over three respiratory cycles. During the first res-
piratory cycle, a number of consecutive projections sepa-
rated by a small angle 86 will be sorted into bin 1. Time
passes and acquired projections get sorted into the other bins
(not shown). When the second respiratory cycle starts, the
projections are again sorted into bin 1 but there is now a
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FIG. 1. Angular distribution of projections for bin 1 showing projection
clustering. 86 is the angle between consecutive projections in bin 1; Af is
the angular span travelled by the gantry in one respiratory cycle.

large angular gap A6 between the first and second cluster of
projections.

In this work, there were two arms of simulation studies
undertaken:

1. a conventional 4D CBCT acquisition method with no
respiratory signal feedback, referred to as “conven-
tional 4D CBCT” throughout this paper where the
imaging frequency is constant during acquisition rep-
resenting current clinical systems;

2. the novel respiratory triggered 4D CBCT acquisition
method, referred to as “RT 4D CBCT” where imaging
frequency is variable and triggered based on the respi-
ratory signal.

It should be noted that the RT 4D CBCT method requires
an independent respiratory signal that is not derived from
the imaging system acquiring the 4D CBCT. For simplic-
ity, the respiratory signal is assumed to be a sine wave as
studied in Ref. 18. Figure 2 illustrates the difference be-
tween a conventional 4D CBCT method [Figs. 2(a) and 2(b)]
and the proposed respiratory triggered 4D CBCT method
[Figs. 2(c) and 2(d)].

II.LA. Conventional 4D CBCT

Figure 2(a) shows the sine wave respiratory signal over two
cycles. The larger spacing vertical lines represent the subdivi-
sion of a cycle into 10 phase bins. The shaded vertical rectan-
gles depict “Bin 1.” Above the respiratory signal is a graph-
ical depiction of the imaging system triggering at a constant
rate of 5.5 Hz (densely spaced vertical bars). Note that the
triggering frequency is fixed and has no feedback from the
respiratory signal. Considering just the first bin in the cycle,
the corresponding projection angles over three respiratory cy-
cles are shown on the polar graph in Fig. 2(b). For clarity,
the polar graph is scaled: one degree on the figure represents
0.1 degrees of gantry rotation.
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FIG. 2. Conventional 4D CBCT acquisition method [(a) and (b)] compared to RT 4D CBCT acquisition method [(c) and (d)]. Part (a) shows two 4 s respiratory
cycles with a sinusoidal respiratory signal (lower) and a pulse train for the imaging system acquiring projections (upper). “Bin 17 is highlighted as the vertical
shaded box. Part (b) shows the corresponding gantry angles for the clustered projections in “Bin 17 over three respiratory cycles. Part (c) is analogous to (a)
except that the pulse train is only triggered once per respiratory phase bin in RT 4D CBCT and (d) shows the corresponding gantry angles for a single projection

per respiratory phase bin.

Il.B. Respiratory triggered 4D CBCT

Figure 2(c) shows how the imaging system triggering fre-
quency is now controlled such that only one projection is
triggered and acquired per phase bin per cycle illustrated by
only one imaging system pulse per bin per cycle [vertical
bars in Fig. 2(c)]. A reduction in the total number of pro-
jections is evident. The corresponding projection angles for
the RT 4D CBCT method are shown on the polar graph in
Fig. 2(d). Although Fig. 2 illustrates the RT 4D CBCT method
for respiratory phase type bin sorting, the method can also
be applied to respiratory displacement type bin sorting. Both
respiratory phase and displacement type bin sorting will be
discussed but the focus is on phase type bin sorting as this ap-
proach has been implemented commercially (Elekta, Kung-
stensgatan 18, SE-103 93 Stockholm).

Il.C. Materials

A stationary thorax phantom was imaged using a linac
based kV imaging system with the following parameters:

® 3600 projections;

® 200° span of gantry rotation;

¢ Full fan bowtie filter.
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The set of projection images serves two purposes: (1) to
generate a “ground truth” reconstruction CBCT dataset us-
ing a commercial FDK reconstruction package (COBRA,
Exxim Computing Corporation, 3825 Hopyard Road, Suite
220, Pleasanton, CA 94588) for image comparison analyses
and (2) to provide a large pool of projections from which the
simulation program can select for the various simulation stud-
ies. Using 3600 projections essentially eliminates the intro-
duction of angular sampling error during the simulation ex-
periments. The largest possible sampling error is less than
0.028° using 3600 projections over a 200° span. This mode of
projection acquisition is only available in a nonclinical mode
of the linac’s imaging system.

I.D. Phase based projection sorting experiment

A set of 4D CBCT simulation studies were performed to
investigate the imaging dose and image quality using a con-
ventional respiratory phase based 4D CBCT method and the
RT 4D CBCT method. Acquisition time, breathing period,
and imager frequency (frame rate) were varied. Acquisition
time is varied by varying gantry speed over a fixed 200°
span for acquisition. The parameter values for each simula-
tion are summarized in Table I. Simulation 1 represents the
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TABLE I. Parameter values for phase based sorting simulation studies. Bold
type indicates the parameter varying.

Simulation Acquisition Breathing Imager
number time (s) period (s) frequency (Hz)
1 240 4.0 5.5

2 120 4.0 5.5

3 240 2.1 5.5

4 240 6.7 5.5

5 240 4.0 10.0

image acquisition parameters from a commercially available
4D CBCT system along with a rounded patient population
mean breathing period of 4.0 s, based on the report by George
et al.'® To account for variations in breathing period, simu-
lations were performed with 2.1 and 6.7 s representing the
measured patient population for the 5th and 95th percentiles
for free breathing.!® For the acquisition time and imager fre-
quency parameters, the variations are multiples of the repre-
sentative commercial 4D CBCT acquisition parameters (sim-
ulations 2 and 5, Table I).

Il.E. Displacement based projection
sorting experiment

A further set of simulations was performed to investigate
the imaging dose and image quality of the conventional 4D
CBCT and the RT 4D CBCT using displacement based pro-
jection sorting rather than phase based sorting. We investigate
changes in dose and image quality between displacement bins
for all 10 bins. In this set, the acquisition parameters are fixed:
acquisition time = 240 s; breathing period = 4 s; imager fre-
quency = 5.5 Hz. Work by Abdelnour et al. gives a good gen-
eral description of phase and amplitude (displacement) based
projection sorting."”

Il.LF. Simulations

Using all 3600 projections as input to the cone-beam re-
constructor program Cobra, a “ground truth” CT dataset was
generated giving 160 CT slices (256 x 256 pixels/slice)
spaced 1 mm apart. The same reconstruction parameters were
used to generate the conventional 4D CBCT datasets and the
RT 4D CBCT datasets. Figure 3 shows the work flow for the
conventional 4D CBCT, the RT 4D CBCT, and the “ground
truth” simulations.

Il.G. Analysis

ImageJ (Image] version 1.46q, http://rsbweb.nih.gov/ij/)
was used to calculate difference images. A difference image
is defined to be the scalar difference between corresponding
pairs of pixels in a pair of images of the same dimensions. An
ImageJ macro was developed to calculate slice by slice differ-
ence images for all slices thus quantifying the overall average
pixel difference values for:
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FIG. 3. Flow diagram showing schema for simulation experiments show-
ing conventional 4D CBCT (left), ground truth (middle), and RT 4D CBCT
(right). The ground truth (middle) is a CBCT reconstruction of all 3600 pro-
jections and is compared to the reconstructions from the conventional 4D
CBCT (left) and the RT 4D CBCT (right).

1. ground truth and the conventional 4D CBCT;
2. ground truth and the respiratory triggered 4D CBCT
methods.

The overall average pixel difference is defined as follows. The
average pixel difference (diffs) is the average value for the
difference image and is given for a single slice as

Zfzv,bzl Ipix, — pix,|
N

where pix, and pix, are pixel values from image (a) and im-

age (b); and N is the total number of pixels in the difference

image. The overall average pixel difference is defined as

5| diffy
S 9

diffy =

3

Overall average pixel difference =

where S is the number of image slices in the dataset. The over-
all average pixel difference for each dataset is used as the
metric for image quality. A higher value means that the test
dataset is worse quality in the sense that it is farther from the
ground truth.

Imaging dose was assessed assuming one projection equals
one dose unit. Kim e al.’> reported a measured dose of
7.68 mGy per 677 projections for a low dose thorax imag-
ing CBCT protocol. Using this for an indicative imaging dose
for the simulation studies gives approximately 11.3 uGy per
projection. The number of projections resulting from the con-
ventional 4D CBCT and the RT 4D CBCT simulations was
counted to compare imaging dose.
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FIG. 4. The ground truth image (left) is compared to both the conven-
tional 4D CBCT (top middle) and RT 4D CBCT images (bottom middle)
using phase type projection sorting. The corresponding difference images are
shown (right). Window and level settings are consistent for both conventional
4D CBCT and RT 4D CBCT.

lll. RESULTS
lllLA. Phase based projection sorting

The reconstruction images for simulation 1 (Table I) are
shown in Fig. 4. Ground truth and simulation reconstructions
and the resulting scalar difference images are shown left to
right; top row is conventional 4D CBCT and bottom row is
RT 4D CBCT.

The average pixel value differences for all simulations are
shown in column pairs for both the conventional 4D CBCT
and the RT 4D CBCT methods (left and right columns,
respectively) in Fig. 5(a). One interpretation of the average
pixel differences is a measure of how much the image (or
set of images) under examination has been degraded from
the ground truth image set. The corresponding comparisons
in imaging dose are shown in Fig. 5(b). The simulations are
grouped into three parameter groups corresponding to the
three groups in Table 1.

lll.B. Displacement based projection sorting

The average pixel value differences and imaging dose dif-
ferences for the effects of displacement type bin sorting us-
ing conventional and RT 4D CBCT methods are shown in
Figs. 6(a) and 6(b), respectively.

IV. DISCUSSION

A new method, RT 4D CBCT, has been developed that
substantially reduces imaging dose without degrading im-
age quality for 4D CBCT that employs projection sorting by
phase. Conceptually, the method is simple: take the patient
respiratory signal and use this to trigger image acquisition.
Qualitatively, Fig. 4 shows that there is not much difference
between the conventional 4D CBCT images and the RT 4D
CBCT images, apart from a notable star artifact that is more
prominent around a fiducial marker in the conventional 4D
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CBCT images. For all three of the parameter groups, acqui-
sition time, breathing period, and imager frequency, there are
only small differences in image quality between conventional
4D CBCT and RT 4D CBCT. Conventional 4D CBCT shows a
strong correlation between increased imaging dose as imaging
frequency is increased with no clear improvement in imag-
ing quality. Yet despite the comparable image quality, there
is a marked saving in imaging dose with the RT 4D CBCT
method showing roughly half or less the relative dose (and
number of projections needed) compared to the 4D CBCT
method with the exception of simulation 3 (2.1 s breathing pe-
riod). A possible explanation for this result goes as follows. In
Fig. 1 the projection sampling scheme for bin 1 is shown.
There are essentially two sampling frequencies that are
present-—a higher sampling frequency for all the projections
within a single cluster (1/660) and a lower sampling frequency
between clusters (1/A8). Having two different sampling fre-
quencies violates the assumption of equally spaced samples
(projections) in the formulation of the FDK cone-beam re-
construction algorithm.20 This, in turn, leads to streaking and
star artifacts in the reconstructed images, especially as ob-
served around highly attenuating material such as bone and
fiducial markers. Another interpretation is that if §6 is very
small, this implies only a very subtle change in the contents of
those clustered projections. As there is very little “new” spa-
tial information within a group of clustered projections, the
high signal pixels in the projection (bone, fiducial markers,
and highly attenuating material) tend to be reinforced along
the ray line giving rise to streaks and star artifacts. The rea-
son for this is that there are missing projections in the span
(A8, Fig. 1) and so the high signal pixels are not “balanced
out” in the back projection process. In contrast, a conventional
(nonbinned) 3D CBCT case has a complete set of projections
in the span (Af) and so streaking artifact is absent. The RT
4D CBCT method effectively removes the clustering effect
thus removing the (1/66) sampling frequency component and
leaving only the (1/A6) sampling frequency. As the angular
sampling frequency becomes sparser, as might be the case for
long period breathers (6.7 s), then the reconstructed images
are further degraded because projection data sufficiency is not
met. As RT 4D CBCT is a subset of the conventional method,
both methods would suffer from a sparser angular sampling
frequency.

For those patients where it might be indicated to use fre-
quent CBCT image guidance for improved geometrical accu-
racy, as suggested by Higgins et al.,'* any saving in imag-
ing dose with minimal impact on image quality is desirable.
RT 4D CBCT employing a phase based binning scheme of-
fers a benefit in this situation. Other authors have shown that
reducing tube current and longer CBCT acquisitions can im-
prove 4D CBCT image quality.'> Another approach to reduc-
ing imaging dose is through the use of iterative algorithms.
The RT 4D CBCT method described in this paper could be
coupled with non-FDK based reconstruction algorithms, like
the GPU-based approach described,'” to further optimize the
use of imaging dose.

Figure 6 shows the average pixel difference and imaging
dose, respectively, for each bin using a displacement based
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FIG. 5. Comparison of average pixel value difference [Fig. 5(a)] and imaging dose [Fig. 5(b)] for conventional 4D CBCT (left columns) and RT 4D CBCT
(right columns) from the Ground Truth 4D CBCT dataset. In each group of three, the first left/right column pair is a repeat of the result from simulation 1
(Table I) which represents reference acquisition parameters from a commercial 4D CBCT system and an average breathing period. The latter column pairs in
each parameter group show variations of that particular parameter group (acquisition time, breathing period, and imager frequency).

sorting method for both the conventional 4D CBCT and RT
4D CBCT. The conventional 4D CBCT exhibits marked vari-
ability in image quality across the ten bins with poorer im-
age quality at the extremes (bins 1 and 10). Additionally, the
imaging dose at these bins is highest. The reason for this is
illustrated in Fig. 7. Both bins 1 and 10 show multiple pro-
jection acquisitions which cause the worst clustering effect.
For the remaining bins, the clustering effect is greatly re-
duced and in some cases (bins 2 and 7, Fig. 6; bins 5 and 6,
Fig. 7) it just so happens that only one projection per respi-
ratory cycle is acquired. Here, the image quality and imaging
dose for conventional 4D CBCT and RT 4D CBCT converge.
The RT 4D CBCT image quality is fairly consistent across all
ten bins. For bins 1, 2, 7, and 10, the average pixel difference
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is roughly in agreement (within 6 %) between conventional
4D CBCT and RT 4D CBCT. The imaging dose for bins 2
and 7 is correspondingly identical between conventional 4D
CBCT and RT 4D CBCT; however, bins 1 and 10 suffer from
clustering in conventional 4D CBCT and have a much higher
dose than the RT 4D CBCT counterparts. The remaining bins
show better image quality for conventional 4D CBCT but with
correspondingly higher dose. By virtue of only one projection
being allowed in the RT 4D CBCT, the imaging dose is con-
sistent across all bins. This is illustrated in Fig. 8.

Why do bins 2 and 7 have the same imaging dose for both
conventional 4D CBCT and RT 4D CBCT? This is explained
by a chance happening that only one projection per respiratory
cycle was sorted into bins 2 and 7 for this simulation. In fact,
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FIG. 6. (a) Comparison of average pixel value differences for conventional 4D CBCT and RT 4D CBCT from the Ground Truth 4D CBCT dataset for all 10
displacement bins. (b) The corresponding imaging dose for all 10 displacement bins.

this is actually what the RT 4D CBCT algorithm does for all
bins. Depending on the interplay between imager frequency,
breathing period, and acquisition time, it is also possible that
no projections will be sorted into some displacement bins for
one or more respiratory cycles. These “misses” will in turn
lead to potentially unusable images for the affected displace-
ment bins. The likelihood of projection “misses” would be
exacerbated by irregular breathing. These problems are not
solved by RT 4D CBCT at present because it is a subset of
the conventional 4D CBCT acquisition. Further work is cur-
rently being pursued to overcome these problems. Controlling
the imaging frequency according to an input respiratory sig-
nal creates another degree of freedom in how 4D CBCT can
be acquired. Extending this idea, it is possible to trigger pro-
jections on the rising and falling part of the respiratory mo-
tion, instead of just once per bin per cycle which has been
the focus of this work. This could offer better image quality
for displacement type projection sorting, particularly for the
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most rapidly moving part of the respiratory motion. For ex-
ample, projections could be triggered on the rise and fall of
the respiratory signal for displacement bins 4, 5, 6, and 7, in
Fig. 8. The imaging dose will of course increase, however. A
more general approach to solve this optimization problem is
currently being developed.

There are several limitations in this study. The choice of
using a stationary phantom was to study the effects of pro-
jection clustering and the interplay of the acquisition time,
breathing period, and imager frequency in isolation from the
possible introduction of interference from a phantom under-
going respiratory motion. Additionally, a stationary phantom
allows for a “ground truth” dataset for comparative analy-
sis using difference images. It is expected that phantom mo-
tion will contribute to temporal blurring and reduce the im-
age quality.”! It is well known that breathing is anything but
regular, in general. In this study we assume a sine wave for
the respiratory signal with a reproducible period of 4 s. The
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FIG. 7. Projection schedule for conventional 4D CBCT with displacement
bin sorting over one respiratory cycle indicated with dashed vertical lines.
Cross marks on the respiratory signal (sine wave) show how many projections
will be sorted into displacement bins 1 through 10. Bins 1 and 10 exhibit the
worst clustering effect.

sinusoidal model was chosen for simplicity and has been
shown to be a reasonable model for respiratory motion
which can exhibit moderate correlation to measured breath-
ing signals.'"® A known challenge for both conventional and
RT 4D CBCT is the ability to maintain regular/constant an-
gle spacing between projections in the presence of an irregu-
lar respiratory signal. Irregular breathing is not dealt with in
the current study in order to answer the question, “is there
any benefit from the RT 4D CBCT method?” without the
potentially confounding effects of irregular breathing. How-
ever, a practical implementation of RT 4D CBCT would have
to address irregular breathing. A possible solution would be
to detect irregularity through monitoring the breathing sig-
nal in near real time. If the gradient of the signal falls out-
side a reasonable threshold, the acquisition is paused. After
breathing stabilizes, perhaps over the next few breathing cy-
cles, the acquisition resumes. Other investigators have suc-

RT 4D CBCT:
Projection schedule with displacement bin sorting
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FIG. 8. Projection schedule for RT 4D CBCT with displacement bin sorting
over one respiratory cycle indicated with dashed vertical lines. Cross marks
on the respiratory signal (sine wave) show how only one projection will be
sorted into displacement bins 1 through 10. One projection per bin per cycle
guarantees no clustering.
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cessfully implemented a beam “hold off” for projections dur-
ing kV CBCT.?? Pausing and restarting the linac gantry mo-
tion is achievable although considerations of inertia would
probably require the gantry to rewind and resume acquisition
at the right angular position and the right phase bin of the
breathing trace. On a Varian linac, it is possible to stop and
restart a conventional CBCT manually. Pausing and resuming
gantry motion would need to be automated in the proposed RT
4D CBCT scheme. These simulation studies rely on the regu-
larity of the respiratory period as it gives the ability to trigger
a projection at a correspondingly regular angle between pro-
jections.

V. CONCLUSION

A novel 4D CBCT acquisition method has been described
and compared to a conventional 4D CBCT system. Imaging
dose and image quality have been quantified for respiratory
phase and displacement based projection sorting. The pro-
posed RT 4D CBCT system simulations under phase based
projection sorting showed that the imaging dose is roughly
halved, regardless of acquisition time; imaging dose and im-
age quality decrease with longer breathing periods; imaging
dose remains constant despite increasing imager frequency.
The proposed respiratory signal triggered 4D CBCT system
can give comparable image quality to the conventional 4D
CBCT system using fewer projections and thus less dose, sim-
ply by triggering the projection acquisitions according to an
input respiratory signal. In principle, the RT 4D CBCT sys-
tem could be implemented on existing linac systems through
utilizing a respiratory signal to trigger projection acquisitions
during 4D CBCT and eliminating projection clustering and
thereby reducing imaging dose.
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