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ABSTRACT

In this work we describe a new dynamic x-ray collimator that may be used to collect sparse computed tomography
projection data. Data sparsity may be user-specified and controlled both angularly and radially - allowing
a broad range of acquisition strategies. We consider protocols that have fully sampled projection data for a
volume-of-interest with a sparsely sampled background. Model-based reconstruction methods are adapted to
process the non-uniformly sampled projections. We demonstrate the ability of a CT system with this novel
dynamic collimator to provide user controllable regional image quality and dose reduction in a set of phantom
experiments.
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1. INTRODUCTION

Image quality and radiation exposure are closely related in x-ray computed tomography (CT). In general, higher
exposures are used to produce higher quality images. This is particularly true when image quality is largely
driven by quantum noise associated with the incident x-ray beam. Thus control over the intensity of x-ray beam
provides an important control over the balance between radiation dose and image quality. Modern clinical CT
systems provide control over the overall beam intensity through tube current modulation. Dynamic current
control can be optimized to provide minimum noise variance in images.! The spatial distribution of fluence may
also be shaped - typically through bowtie filters that attenuate the beam more at the periphery of the patient
where less fluence is required. Current clinical systems often have the capability to select between a small number
of static filters.

There have been many research efforts to construct modulators to permit dynamic control of the spatial
distribution of the x-ray beam. Such devices are often described as dynamic bowtie filters and have taken many
forms. Several designs based on variable beam attenuation have included actuated split filter designs, fluid-filled
filters,? 3 piece-wise linear filters with independently controlled leaves,? and grid-like structures that shape the
beam based on angle of incidence.® Other designs have leveraged binary filters that block x-rays on a fine scale
(below system resolution)® or that reduce fluence at a position based on dwell time.”®

With the advent of advanced reconstruction algorithms, another widely researched strategy for altering
the dose-image quality trade-off is sparse sampling. Angular undersampling has been widely explored and is
straightforward to implement in pulsed cone-beam CT systems.® Combined angular and radial undersampling
has been explored with the use of moving, structured collimators'’ and with alternate system geometries (e.g. a
moving line detector with a pulsed source!!).

Such dynamic beam control permits increased control over radiation dose and image quality. For example,
the beam profile may be dynamically controlled to avoid radiation sensitive organs or to provide a customized
regional dose deposition.'? Customized regional image quality may also be specified or optimized for particular
imaging tasks or anatomical locations.'® This includes specialized volume-of-interest (VOI) scans that focus on
a particular organ or region (e.g. cardiac, spine, etc.). With some acquisition approaches, only a small region-
of-interest is exposed leading to increased complexity in data processing/local tomography due to truncated
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Figure 1. (A) Photograph of the fabricated dynamic collimator with 26 independently controlled blockers. (B) Integration
of the dynamic collimator on an experimental x-ray imaging test-bench.

projections. Other approaches are able to provide very low exposure outside the VOI avoiding full truncation of
projection data.

This work considers a new dynamic modulator that incorporates many of the ideas mentioned above. Specif-
ically, the device uses a multitude of individually actuated ”fingers” that locally block the x-ray beam. This
enables various acquisition protocols including a fully sampled VOI surrounded by a background with angularly
and radially sparse projection data. In this paper we describe the construction of the device and its installation in
an x-ray imaging test-bench. Model-based image reconstruction is adapted and applied to the sparse projection
data acquired from the experimental bench in two phantom experiments.

2. METHODS
2.1 Dynamic Collimator Design and Integration

A photograph of the proposed dynamic collimator is shown in Figure 1A. The device consisted of 26 independently
actuated beam blockers. Each ”finger” is made of a lead compound and is approximately 3 mm wide and 1.5 mm
thick. This thickness stops > 99% of x-rays to provide a nearly binary beam profile. The blockers are connected
to a linear solenoid which is computed controlled. The array of blockers is contained in a 3D-printed housing
with a lead-shielded entrance and exit slot (approximately 6 mm in height) on either side of the housing.

The collimator was mounted on an experimental x-ray test-bench comprised of a flat-panel detector (Varex
4343CB, Salt Lake City, UT), a radiographic/fluoroscopic x-ray tube (Varex Rad-94, Salt Lake City, UT), and
a motion stage (Physik Instrumente, Auburn, MA). The dynamic collimator was placed with the blockers at
~30 cm from the x-ray focal spot. This permitted full lateral coverage of the 43 cm detector in a CT system
with 785 mm source-to-axis distance and 1050 mm source-to-detector distance. The x-ray tube was fitted with
2.1 mm of aluminum and 0.2 mm of copper filtration without any bowtie filter.

Computer controls for the collimator have been developed and integrated within the x-ray test-bench so that
blocker motion occurs (with rotary stage motion) between acquisition frames in a step-and-shoot acquisition.
Control software permits arbitrary positioning of blockers (e.g. open or closed) for every projection frame.

2.2 Data Acquisition and Processing

While the dynamic collimator permits arbitrary actuation of each blocker over each data frame, in this work
we have focused on fully sampling a VOI surrounded by an undersampled background. This acquisition should
provide image quality within the VOI that is comparable to fully sampled data and (generally) lower image
quality in the background. We note that the sparse background sampling should help to avoid the complexity
of local tomography and fully truncated data. Moreover, even if the background is lower image quality, this
provides additional context for clinical tasks that would be absent from fully truncated data.
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Figure 2. Hlustration of fully sampled and dynamically controlled sampling. (A) Full sinogram data. (B) Dynamically
collimated data with full sampling in an off-center VOI and 1:4 sampling outside the VOI. (C) A data mask generated
for model-based reconstruction of the dynamically collimated data. (Note that there are four faulty blockers in this data
which are stuck open.)

In these preliminary studies, we have opted to apply a duty cycle of 1:4 with respect to the background
sampling. That is, outside the VOI, blockers were open for 1 frame followed by 4 closed frames. Moreover, open
blockers were shifted frame-to-frame providing a combination of sparsity both angularly and radially. Thus, the
exposure and sampling outside the VOI should be approximately 1/5 of the fully sampled case. This protocol
for data collection is illustrated in Figure 2.

To reconstruct data acquired using this protocol, we used a modified penalized weighted least-squares (PWLS)
reconstruction approach. Specifically, the mean measurement model was

¥(x) = Ipexp ( - A,u)7 (1)

where Iy denotes the incident x-ray intensity, A is the system matrix representing forward projection, and pu
denotes the vector of attenuation coefficients we wish to estimate. The PWLS objective is

ﬂzargm/}n(Al—u)TW<Al—,u)—ﬁ-ﬁH\IluH (2)

I =—log(y/Io) ®3)

where [ denotes an estimate of the line integrals from the measurements y. The weighting matrix W is a modified
version of the standard PWLS weighting by the inverse of the variance. A total variation penalty with weighting
B and first-order difference operator ¥ was applied.

To account for the sparse sampling pattern, a projection mask was estimated from a system gain scan.
Specifically, the same actuation pattern was applied with no object in the scanner. A mask was formed using
simple thresholding followed by a dilation operation to increase the size of mask. Dilation was applied only in the
radial direction of the sinogram. A modified diagonal weighting matrix was formed such that W = D{y ®mask}.
In essence this informs the PWLS algorithm that blocked measurements should be ignored for reconstruction.

For all experiments in this work, a single central row of flat-panel data was used to form a sinogram. This
projection data was comprised of 2x2 binned pixels (0.556 mm) and 360 projections. Reconstructions were
formed using 200 iterations of the separable paraboloidal surrogates method'* using 20 angular subsets and
0.75 mm voxels.

2.3 Physical Experiments

Two different physical experiments were conducted. Both use the system geometry and processing scheme
described above. Acquisitions were conducted using an x-ray technique of 120 kVp and 20 mA. Exposures of 1
ms yield 0.02 mAs/frame. With 360 frames the total exposure was 7.2 mAs.

The first experiment used an ATOM head phantom (CIRS, Norfolk, VA) and two sampling strategies: 1) fully
sampled data, and 2) the VOI plus 1:4 background sampling scheme described above. Data were reconstructed
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Figure 3. Summary of head phantom experiments. (A) Photograph of head phantom with three inserts. (B) Comparison
of fully sampled and VOI+41:4 sparse sampling reconstructions. Two rectangular regions are identified over which sample
noise variance is computed. The VOI is indicated by a dashed yellow circle. (C) Dose measurements for each acquisition
protocol.

using the above processing with 8 = 1 for fully sampled data and 5 = 1.3 for the dynamically collimated data.
Noise was measured at location both inside and outside the VOI.

Radiation dose was measured for each scan using a standard 16 cmm CTDI head phantom and a 0.6 cc Farmer
chamber (RadCal, Monrovia, CA). Center and peripheral dose was measured for the fully sampled scan, and
all five dosimeter locations were used for the dynamically collimated scan. Total dose was computed using 1/3
center plus 2/3 peripheral averages.

A second experiment was performed using a thorax phantom (Kyoto Kagaku, Japan). Both fully sampled
and dynamically collimated data were acquired. A VOI around the spine was selected and scanned using the
VOI plus 1:4 sparsity as well as a VOI plus 2:4 sparsity. The latter method used open pairs of adjacent blockers.

3. RESULTS

Results of the head phantom experiment are summarized in Figure 3. Note that within the circular VOI the
noise levels (as computed in the region identified by the magenta square) are nearly identical suggesting a very
similar level of image quality. Outside the VOI, the noise levels (computed in green rectangle) are approximately
1.5 times higher in the VOI scan. We also note some ring artifacts associated with the boundaries of the blockers.
We conjecture that this is the result of incomplete gain correction, gaps in radial sampling due to overlap of
blockers (e.g. a whole column of missing data in the sinogram), and other uncorrected physical effects like
scatter, lag, etc. Dosimetry results are summarized in Figure 3C. We see that the dynamic collimation scan was
acquired with 57% of the dose of the fully sampled scan - indicating a significant potential for dose reduction.

Results from the thorax scan experiment are shown in Figure 4. In comparing the fully sampled scan with
the two dynamic collimation protocols we see a similar level of image quality in the VOI that was chosen around
the spine for all methods. As one would expect the 1:4 protocol has increased noise over both the 2:4 protocol
and the fully sampled data. Interestingly, the ring artifacts are significantly reduced in the 2:4 protocol. We
conjecture that the pairwise actuation of blockers eliminates the systematic omission of radial bins that are
present in the singlet blocker opening, which reduces systematic ring artifacts. The image quality outside the
VOI is better in the 2:4 protocol (over the 1:4 case) with its increased sampling.

4. CONCLUSION

In this work we have demonstrated a novel dynamic collimation approach based on the independent actuation
of beam blockers placed along the radial direction of a CT scanner. The device was constructed, calibrated,
and used to acquire projection data on a experimental test-bench. A model-based approach was developed to
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Figure 4. Summary of the thorax phantom experiment including fully sampled data and two different sparse sampling
protocols: VOI+1:4 and VOI+2:4. Both sinogram data and the associated PWLS reconstruction are shown for each case.
The circular VOI is shown as a yellow dashed circle in all volumes.

reconstruct data from acquisition protocols with variable sampling. We demonstrated the ability to maintain
image quality within a VOI while significantly reducing radiation dose.

These preliminary studies show one potential use of the dynamic collimator to control image quality and
limit dose. Much more general dynamic sampling patterns are possible. For example, we have illustrated how
pairwise actuation can limit certain artifacts. A wide range of other image quality and dose objectives could also
be applied including smoother variations in image quality (spatially), organ-by-organ specification, task-driven
sampling, etc.

There are numerous engineering details that would need to be addressed to translate this approach to a
clinical system including strict constraints on the motion (accelerations, velocity), overall size, control and
communication, etc. However, these initial studies suggest that the underlying technology has potential to
provide a new way to control and balance the image quality-dose trade-off.
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