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Abstract

A new portal imager consisting of four vertically stacked conventional electronic portal imaging 

device (EPID) layers has been constructed in pursuit of improved detective quantum efficiency 

(DQE). We hypothesize that super-resolution (SR) imaging can also be achieved in such a system 

by shifting each layer laterally by half a pixel relative to the layer above. Super-resolution imaging 

will improve resolution and contrast-to-noise ratio (CNR) in megavoltage (MV) planar and cone 

beam computed tomography (MV-CBCT) applications. Simulations are carried out to test this 

hypothesis with digital phantoms.

To assess planar resolution, 2 mm long iron rods with 0.3 × 0.3 mm2 square cross-section are 

arranged in a grid pattern at the center of a 1 cm thick solid water. For measuring CNR in MV-

CBCT, a 20 cm diameter digital phantom with 8 inserts of different electron densities is used. For 

measuring resolution in MV-CBCT, a digital phantom featuring a bar pattern similar to the 

Gammex™ phantom is used.

A 6 MV beam is attenuated through each phantom and detected by each of the four detector 

layers. Fill factor of the detector is explicitly considered. Projections are blurred with an estimated 

point spread function (PSF) before super-resolution reconstruction.

When projections from multiple shifted layers are used in SR reconstruction, even a simple shift-

add fusion can significantly improve the resolution in reconstructed images. In the reconstructed 

planar image, the grid pattern becomes visually clearer. In MV-CBCT, combining projections from 

multiple layers results in increased CNR and resolution. The inclusion of two, three and four 

layers increases CNR by 40%, 70% and 99%, respectively. Shifting adjacent layers by half a pixel 

almost doubles resolution. In comparison, using four perfectly aligned layers does not improve 

resolution relative to a single layer.
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1 Introduction

In complex external beam radiation therapy (EBRT) treatments such as intensity modulated 

radiotherapy (IMRT), volumetric modulated arc therapy (VMAT) and stereotactic body 

radiation therapy (SBRT), the dose is highly conformal to the target with steep dose 

gradients1–6. While the high conformality leads to better tumor control and healthy tissue 

sparing, it is important to verify patient set-up before treatment and tumor position during 

the treatment7–9.

Megavoltage cone-beam computed tomography (MV-CBCT) has been studied10–13 and 

implemented commercially in helical tomotherapy and linear accelerator treatment 

machines14–17. For example, Abou-Elenein et al. reported that a Seimens OPTIVUE/MVCB 

system is capable of distinguishing a 1% electron density difference for objects larger than 2 

cm with a 5 MU protocol16. Advantages of MV-CBCT over kV-CBCT include reduced 

artifacts from metal objects, inherently co-registered treatment and imaging isocenter, and 

simplified Hounsfield Unit to electron density conversion for adaptive radiation 

therapy18–22. Disadvantages include additional imaging dose and poorer image contrast. If 

these drawbacks could be overcome, a simplified linac with only MV imaging could offer 

substantial advantages especially in low and middle-income countries.

A typical MV electronic portal imaging device (EPID) is composed of a copper plate, 

Gd2O2S:Tb phosphor and active matrix flat panel imager (AMFPI). For a 6 MV beam, the 

detective quantum efficiency (DQE) of clinical EPIDs is ~1%23. Due to the low efficiency, 

increased radiation dose is necessary to acquire clinically useful images. The reported MV-

CBCT imaging dose varies from 5–15 cGy depending on imaging site and generally higher 

MU is required to delineate soft tissue such as muscle and fat16, 18, 24, 25. Efforts have been 

made to reduce imaging dose by synchronizing image acquisition and respiratory 

gating26, 27 and utilizing low-Z targets such as aluminum or carbon. With the latter, it has 

been shown that a 1 cGy image dose can produce sharp enough CBCT image for head-neck 

and prostate alignment28, 29.

To overcome the limitation imposed by the low DQE of current generation EPIDs, high 

efficiency detectors have been investigated. For example, Star-Lack et al. recently reported 

the construction of a focused large-area pixelated “strip” cadmium tungstate (CdWO4) 

detector, which offers a DQE >20%, an improvement of more than 20-fold in sensitivity, and 

a spatial resolution of 7 lp/cm in CBCT scans30. Wang et al. showed that detectors based on 

thick, segmented Bi4Ge3O12 (BGO) or CsI:Tl can significantly increase DQE to above 20% 

at zero spatial frequency31. El-Mohri et al. showed that MV-CBCT using a similar device 

with a total scan dose of ~4 cGy can visualize objects with electron density difference of 

~2.76% and spatial resolutions of 4 lp/cm for BGO and 3 lp/cm for CsI:Tl can be 

achieved32. Kirvan et al. demonstrated that 15 mm diameter, 1.5% contrast target can be 

resolved using multislice thick, segmented CdWO4 photodiode detectors with a 2 cGy 

delivery and demonstrated high contrast spatial resolution (5 lp/cm)33.

We have reported on the development of a prototype imager that consists of four vertically 

stacked conventional EPID layers, as illustrated in Figure 1, with the ability to switch on any 
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layer combination34. By combining signals from multiple layers, the quantum efficiency and 

therefore CNR will be improved. The characterization of this detector is published 

elsewhere35.

Since Tsai and Huang first proposed the principle of super-resolution (SR) image 

reconstruction, many reconstruction methods have been proposed36–40. SR image 

reconstruction seeks resolution enhancement through the super-position of multiple low 

resolution (LR) images from slightly different perspectives. The LR images may come from 

one camera in several captures, such as images captured by a camera or video recorder on a 

satellite or an airplane. Alternatively, LR images may be captured by several cameras each 

located at a different position. When combined, each LR image can contribute to a high 

resolution (HR) image with information which is not available in other LR constituents. 

When LR images are sampled under the Nyquist frequency, spectrum overlapping and 

aliasing can occur, causing high frequency information (image details) to be packed into the 

sparsely sampled LR images. This high frequency information can be recovered if the LR 

images are shifted by a fraction of a pixel, which causes a phase shift in the frequency 

domain. As the phase shift is frequency dependent, a set of phase shift equations can be 

constructed from a set of LR images, and high frequency information can be recovered by 

solving these equations.

We hypothesize that a prototype imager consisting of four conventional EPID layers can be 

used for super-resolution imaging, if each layer is shifted strategically. Specifically, with all 

layers perpendicular to the central axis of the incident linac beam, keeping the first layer 

centered at the beam axis, the second layer is shifted in the x direction by half a pixel pitch, 

the third layer is shifted in the y direction by half a pixel pitch, and the fourth layer is shifted 

in both x and y directions by half a pixel pitch (as shown in Figure 2a). Effectively, there 

would be four cameras capturing the same scene, each from a slightly different position. The 

projections from each layer can serve as LR images for SR image reconstruction, which will 

lead to higher resolution portal and MV-CBCT images.

The proposed method doubles the sampling rate, similar to detector quarter-offset or focal 

spot wobble, two tactics used in diagnostic CT for improving image resolution41–43. But, a 

few crucial differences should be noted. First, the proposed shifting strategy in the stacked 

EPID layers doubles the sampling rate in both directions, similar to a conventional CT 

equipped with both detector quarter-offset and z-flying focal spot or focal spot wobbling in 

both directions. Second, detector quarter-offset must combine projections from opposite 

gantry angles to work as they interleave, while the proposed shifting in the multi-layer 

detector doubles sampling rate in both x and y directions for any given gantry angle, hence, 

a full arc is not required. Third, a medical linear accelerator is not equipped with focal spot 

wobbling capability, but shifting pixels doubles the sampling rate without the need to move 

the focal spot. This eliminates any possible motion blur that would come from steering an 

electron beam. Therefore, the proposed lateral shifting in a multilayer detector combined 

with SR image reconstruction offers a promising solution to the unique challenges of 

imaging with the radiotherapy beam.
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2 Method

The simulation uses the geometry of a Varian clinical linear accelerator (Varian Medical 

System, Inc., Palo Alto, CA), with a source-axis distance (SAD) of 100 cm. The top detector 

layer is 150 cm from the effective source with the remaining three layers positioned as 

described above. Three phantoms are used to simulate the SR reconstructions of portal 

image and MV-CBCT. The phantoms are placed at isocenter. The reconstruction toolkit 

RTK44 and Python are used for creating phantoms, forward projecting and CBCT 

reconstruction.

In the following, section 2.1 describes how images are formed in each of the four EPID 

layers; section 2.2 describes the SR reconstruction of portal image; sections 2.3 and 2.4 

describe how the enhancement of CNR and resolution in SR MV-CBCT is accessed.

2.1 Image formation in an EPID layer

To simulate the effect of lateral shifting, the four layers are arranged as in Figure 2a. The 

isocenter is projected on the center of the first layer; the second layer is shifted in the x 

direction by half a pixel pitch; the third layer is shifted in the y direction by half a pixel 

pitch; the forth layer is shifted in both the x and y directions by half a pixel pitch. In 

comparison, Figure 2b shows four perfectly aligned vertically stacked layers.

Because the four EPID layers are stacked vertically, each layer is located further away from 

the isocenter relative to the layer above by one-layer thickness, introducing a divergence 

effect, as shown in Figure 3. To simulate this effect, each layer is assigned an appropriate 

source-imager distance (SID). For example, if the first layer has a SID of 150 cm, then the 

SID for the other three layers are 150.35 cm, 150.70 cm, and 151.05 cm, respectively.

The detector pixel pitch is set to 0.34 mm (similar to the current clinical EPID 

specifications) and pixel fill factor is explicitly considered in the simulation. As shown in 

Figure 4, a pixel (for example, the red block) is first divided into a finer grid (4 × 4 in Figure 

4 for illustration purposes), a phantom placed at the isocenter is then projected onto this fine-

grid ‘imager’ using RTK. Then, the shaded area is set to 0 to represent the area taken up by 

electronics. The remaining area is regrouped (as indicated by the yellow square) and the 

average value is assigned to the pixel, for which the star is the center. This regrouped image 

is used as the ideal output of an EPID layer, which will be further processed (see below) to 

represent the real output of a layer. In the actual simulation, an 8 × 8 grid is used, for a fill 

factor of 75%.

After fill factor is considered, the resulting image is convolved with a point spread function 

(PSF) to simulate the degradation of image quality due to the finite focal spot size and 

scattering. For simplicity, a Gaussian kernel whose Fourier transform approximates the 

measured modulation transfer function (MTF) is used for all four layers as the measured 

MTFs for each layer are almost the same. Signal loss from one layer to the next is also 

neglected since the measurements have shown little attenuation from one layer to the next35. 

The above operation results in four images representing the four EPID layers, which are then 

used for SR portal imaging and MV-CBCT reconstructions.
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2.2 Super-resolution reconstruction of portal images

A grid pattern phantom created using RTK and Python, as shown in Figure 5, is used to test 

SR portal imaging. The grid pattern consists of 2 mm iron rods whose cross section is 0.3 × 

0.3 mm2 square, arranged 0.3 mm apart, embedded at the center of 1 cm thick solid water. 

The surface of the solid water is 20 × 20 cm2 so that its projection covers most of the 

detector. The larger area is necessary to test if SR reconstruction works for both the center 

and the edges of the detector. Images from each EPID layer are calculated as described in 

section 2.1 and Poisson noise is added.

As the projections from four stacked EPID layers are not on the same plane, it is necessary 

to first back project the bottom three layers to the top layer before SR reconstruction. 

Because we are using a flat detector and a divergent beam, the effective pixel shift changes 

from the center of the detector towards the edge, as illustrated in Figure 6. If the kth layer is 

shifted by half a pixel pitch with respect to the first layer, the pixel at i + 0.5 on the kth layer 

will appear at  instead. This discrepancy in pixel shift becomes larger 

towards the edge of the detector. Thus, the back projected image is interpolated to its 

original grid at i + 0.5, similar to the approach adopted in digital tomosynthesis. The 

resulting images will be used as LR images for SR reconstruction.

The image from the top layer and the three back projected images can be used as an 

observed LR image for reconstructing the HR image. Let  be the HR image and  be the 

LR image. The relationship between LR and HR images can be modelled by the following 

equation:

(1)

where, Wi is a warp matrix representing translational and rotational motion, Hi is a blurring 

matrix, Di is the downsampling matrix and ni is the additive noise.

Because the three bottom layers are each off set by half a pixel in x-direction, y-direction, 

and both x- and y-directions with respect to the top layer, the four projections form a 

complete set of LR images. In this particular case, it is exactly known how each LR image 

adds to the HR image. A simple shift-add LR fusion can be used as the initial step of SR 

reconstruction. In the shift-add fusion, each observation in LR images is cycled through and 

placed in the HR image, as illustrated in Figure 7.

The shift-add fusion essentially reverses the effects of translation Wi and downsampling Di 

resulting in a noised, blurred HR image. Note that the blurring kernel Hi here does not 

represent finite focal spot size, geometrical blurring, or photon scattering in the imaging 

system. Rather, it is a result of the area of a pixel on the AMFPI increasing by a factor of 

four (pixel density reducing by factor of four). Thus, it’s assumed that the output of a coarse 

pixel is an average of four fine pixels:
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(2)

Consequently, the resulting image from shift-add fusion can be deconvolved using Hi to de-

blur and de-noise. An unsupervised Wiener-Hunt deconvolution algorithm is used to 

minimize the introduction of artefacts45. The algorithm estimates the point spread function 

(PSF) parameters and hyperparamters within a Bayesian framework, and is shown to be able 

to restore spatial details.

2.3 CNR enhancement in MV-CBCT

The SR MV-CBCT images involving different EPID layers are formed by averaging the 

reconstructed volumes from individual layers. These reconstructed volumes, each using only 

projections from one layer, are reconstructed at the same volume grid using RTK with the 

FDK algorithm46.

The SR MV-CBCT images from four shifted layers are compared with that from a single 

layer and four perfectly aligned stacked layers. In the case of four aligned, stacked layers, 

the signal may be processed in two ways. If the signal from each layer is read out 

individually, the MV-CBCT images are formed as described above. If the signal is summed 

internally and only one set of images is read out instead of separate sets, the reconstruction 

is performed based on the summed image using an averaged SIDeq:

(3)

where N is number of layers. The motivation of using the geometric mean instead of 

arithmetic mean is that geometric mean is more closely related to the inverse square law and 

the X-ray fluence at SIDeq approximates better to the averaged fluence from four stacked 

layers (see appendix 1).

The addition of multiple layers increases the amount of collected photons. If the four layers 

are perfectly stacked, the signal-to-noise ratio (SNR) in the SR MV-CBCT images resulting 

from averaging four individually reconstructed volumes should be roughly doubled 

compared to a single layer. It is expected that when information from four laterally shifted 

layers are combined to form one set of SR MV-CBCT images, it would lead to a similar 

improvement in image quality. To verify this, a second digital phantom is created using RTK 

to study the effects of lateral shifting on CNR. The phantom consists of a 20 cm diameter 

disk with a thickness of 2.5 cm and eight inserts of various densities arranged in a ring, as 

illustrated in Figure 8. The linear attenuation coefficient of lung, μlung, at 2 MeV, (the 

averaged energy of a 6 MeV beam), is assigned to the disk. Each of the eight inserts has a 

linear attenuation coefficient of n · μlung (n = 1,2 ⋯ 8), where n = 1 is used as reference. 

Since ρlung ≈ ρsoft tissue/4 as in Ref47, and at 2 MeV, the mass attenuation coefficients of soft 
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tissue and lung are similar (4.895 × 10−2cm2⁄g for soft tissue versus 4.9 × 10−2cm2⁄g for lung 

tissue, NIST, ICRU-44)48, the n=4 insert represents the case of a tumor inside a lung. The 

output images from each EPID layer is calculated according section 2.1 and Poisson noise is 

added to all projections.

Reconstructions are carried out with projections from the top layer only, the top two layers, 

the top three layers and all four layers. In each case, CNR is evaluated for inserts (n = 2 ⋯ 8) 

with respect to the reference insert (n = 1). Then the ratio of CNR for each configuration to 

the CNR for a single layer is evaluated:

(4)

where n is the insert index, and N is the number of layers involved.

2.4 Resolution enhancement in MV-CBCT

To study the effect of lateral shifting of each layer on spatial resolution in a reconstructed 

MV-CBCT volume, a phantom with a bar pattern similar to the Gammex™ phantom is 

created, as illustrated in Figure 9. The phantom is 12.5 mm thick, the voxel dimension is 50 

× 50 × 50 μm3 and the detector pixel pitch for each EPID layer is 0.34 mm. The high 

definition of this phantom is necessary to study the effect of layer shifting on resolution but 

it also limits the size of the phantom that can be used. The bar patterns range from 2 to 16 

voxels per line pair, which is equivalent to 1.25, 1.4, 1.7, 2.0, 2.5, 3.3, 5.0 and 10.0 lp/mm. 

Attenuation coefficient of soft tissue at 2 MeV (μ⁄ρ = 4.895 × 10−2cm2⁄g, ρ = 1.06 cm3, from 

NIST) is assigned to the disk and calcium sulfate at 2 MeV (μ⁄ρ = 4.488 × 10−2cm2⁄g, ρ = 

2.96 g⁄cm3, from NIST) is assigned to bars.

3 Results

3.1 SR portal imaging

Figure 10a shows the full view of a reconstructed SR image after deconvolution. Figure 10b 

to 10f show detailed views of the center and the corner areas marked by the squares in 

Figure 10a. Figure 10b shows the center of the projection of the phantom in Figure 5 onto 

the first EPID layer. It is evident that the grid pattern is unrecognizable because the detector 

does not have sufficient resolution. Figure 10c shows the center of the image after shift-add 

fusion, where the grid pattern becomes visible. Deconvolution further improves the 

reconstructed portal image as shown in Figure 10d. Figure 10e shows the corner area of SR 

reconstruction, where the grid pattern is clearly seen and identical to the center as in 10d. 

Figure 10f shows that if the beam divergence is not corrected for, the SR reconstruction will 

fail for areas away from the center of the beam. Figure 10a to 10f show the projections from 

each layer, after being back projected onto the top layer and corrected for the beam 

divergence, form a complete set of LR images which can be used for SR reconstruction. The 

pattern may also be recognizable by a higher resolution detector, for example, a single layer 

EPID with a 0.17mm pixel pitch. Figure 10g shows the projection of the phantom onto to 
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such a detector. While the pattern can be seen, the SNR is much lower because, for the same 

imaging dose, each pixel receives only a quarter of the total X-ray fluence.

3.2 CNR enhancement in MV-CBCT

It is hypothesized that SR MV-CBCT images resulted from combining the outputs of 

laterally shifted layers would have similar CNR as that from four well aligned layers. Figure 

11 shows axial views of the central slice of the CNR phantom reconstructed from the first 

layer only, four shifted layers and four aligned layers. Qualitatively, the reconstruction from 

just one layer is noisier compared to the other three reconstructions (Figure 11a).

Quantitatively, we find that as more layers are included, image quality improves, regardless 

of alignment. From theory, the CNR is expected to improve with  (N= the number of 

layers)49. The CNR ratio for soft tissue  is found to be , ,  as 

theory predicts. In fact, the ratios are about the same for all other inserts. In the case of four 

aligned layers, the CNR is independent of whether projections are read out separately or 

summed internally and read out in unison.

3.3 Resolution enhancement in MV-CBCT

Laterally shifting layers by half a pixel (as shown in Figure 2) improves MV-CBCT 

resolution. Figure 12a shows the resolution phantom reconstructed from just one layer. 

Figure 12b and 12c show reconstruction using four perfectly aligned, stacked layers. The 

former represents the case where each layer is read out separately while the latter represents 

the case where all four layers are integrated internally before read out. The resolutions in 

Figure 12a, 12b and 12c are almost identical, each can partially resolve bar patterns of 2.5 

and 2.0 lp/mm, but fail at 3.3 lp/mm. With shifted layers (Figure 12d), bar patterns of 2.0, 

2.5 and 3.3 lp/mm are resolved.

4 Discussion

We have shown that shifting layers relative to each other in a four-layer detector enables SR 

image reconstruction for both MV portal imaging and MV-CBCT. SR imaging enhances 

both image resolution and CNR relative to single layer or perfectly aligned multi-layers. Our 

study modelled beam divergence and fill factor as degrading factors. In particular, because 

the EPID is flat, the beam divergence must be accounted for prior to reconstructing the SR 

portal image. The SR image reconstruction method used in this paper is relatively simple, 

yet it is sufficient to demonstrate that the proposed shifting strategy leads to a complete set 

of LR images from which a high resolution image can be reconstructed. It is expected that 

images of better quality can be achieved if more sophisticated SR reconstruction algorithms 

such as iterative reconstruction are employed50, 51. The EPID pixel size in this study is 

assumed to be 0.34 mm, but the concept presented here is not limited to this particular pixel 

size. For example, for a MV detector which uses thick, segmented crystal scintillators, pixel 

size would likely be larger and SR imaging could have a greater benefit if they are stacked 

up in the fashion proposed by this paper. In the case of a stacked EPID imager, the 

projections in each layer could be binned before readout and then the SR reconstruction 
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would recover the resolution with the benefit of reduced imaging dose because of binning 

and higher frame rate.

Because the new imager consists of four vertically stacked conventional EPID layers, four 

times as many photons are detected compared to the current clinical single layer MV panel. 

Combining the outputs of four layers is equivalent to a four-fold increase in the detection 

efficiency, which leads to a doubling in CNR. In the prototype multi-layer imager, a five fold 

increase in DQE is found due to the use of thicker scintillator layers (436 μm) than that is 

normally used in the clinical single layer imagers (290 μm)35. The improved CNR has 

several clinical implications. An immediate benefit is dose reduction during IGRT, either 

using MV-CBCT or planar imaging. In theory, the multi-layer imager can achieve the same 

CNR as the clinical single layer imager with five times less dose. Another benefit is 

improved tumor localization during radiation therapy, which could enable online adaptive 

radiation therapy, or more accurate reconstruction of delivered dose52.

While stacking EPID layers improves CNR in MV-CBCT, including lateral layer shifting 

also improves MV-CBCT resolution. Shifting by half a pixel in both x and y directions 

doubles the sampling rate and Nyquist frequency. Each shifted layer acts as a camera that 

captures the same scene with a slightly different perspective. Each shifted layer image 

contains information that is not in the other three projections, which allows for SR MV-

CBCT. In reconstructing SR MV-CBCT, we adopt the approach of first reconstructing the 

volume on the same grid from each layer and then combining four reconstructed volumes. 

Alternatively, four projections from the same gantry angle can be combined to construct a 

SR projection and then each of these used for the MV-CBCT reconstruction. But caution 

must be taken as the reconstructed SR projection may contain high frequency noise which 

could lead to artefacts, especially when deconvolution is used. Investigation of robust SR 

MV-CBCT reconstruction will be carried out in the future.

While a prototype of the vertically stacked, four-layer design has been built to evaluate the 

characteristics, such as DQE, CNR and MTF, layer shifting has not implemented physically 

yet. However, the results of this paper provide the theoretical justification for the continued 

exploration of this novel imaging concept.

5 Conclusion

Multiple layering of detector components in an EPID has already been shown to improve 

DQE and CNR. The simulation presented in this paper shows that if each layer in a four-

layer imager is shifted by half a pixel pitch, the sampling rate will be doubled. The four 

projections from each layer can be used as a complete set of LR images for SR image 

reconstruction. This provides superior portal imaging and MV-CBCT resolution, while still 

maintaining the same CNR improvement as four aligned layers.

Acknowledgments

The project described was supported, in part, by a grant from Varian Medical Systems, Inc., and award No. 
R01CA188446-01 from the National Cancer Institute. The content is solely the responsibility of the authors and 
does not necessarily represent the official views of the National Cancer Institute or the National Institutes of Health.

Chen et al. Page 9

Biomed Phys Eng Express. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



6 Appendix

1. When signals from four layers are averaged internally and read out as one, it has 

to be assigned with a SIDeq that is between the top and the bottom layers.

Let Φ0 be the fluence at 1 m away from the target. For simplicity, let r = SID1 

and Δ be the separation between two layers. Note  is small, then the 

averaged fluence from four layers can be approximated as:

At SIDeq, the fluence is:
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Figure 1. 
Illustration of the configuration of four stacked EPID layers
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Figure 2. 
Four adjacent pixels, each represented by a colored block, are shown for each layer. The 

arrow points to the isocenter projection in each layer (a) Four shifted layers and (b) Four 

aligned layers
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Figure 3. 
Layers further away from the source have a larger SID, causing a divergence effect.
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Figure 4. 
To simulate fill factor, each pixel is divided to a finer grid to form a ’super-fine’ detector, 

then in the projection, the shaded pixels are set to 0 to represent the area occupied by 

electronics.
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Figure 5. 
Super-resolution portal imaging phantom (a) Large area phantom to test the validity of SR 

reconstruction across the detector and (b) Enlarged view of the region indicated in (a) by the 

white square
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Figure 6. 
When projections from bottom layers are back projected to the first layer, the apparent shift 

will appear to be less than a half pixel due beam divergence. It is necessary to interpolate the 

back projected image onto its original grid.
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Figure 7. 
In shift-add fusion, each observation in a LR image is cycled through and placed in the HR 

image
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Figure 8. 
Contrast phantom consisting of a 2.5 cm thick, 20 cm diameter disk and 8 inserts. The disk 

is lung equivalent, the nth insert has a attenuation coefficient equal to n × μlung
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Figure 9. 
Resolution phantom consisting of a cylinder embedded with bar patterns. The voxel size is 

50 μm. The resolution of bar patterns ranges from 2 voxels to 16 voxels per line pair.
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Figure 10. 
Super-resolution image reconstruction results in high resolution portal image. The 

reconstructed SR image has a better SNR compared to a projection in a single higher 

resolution detector (a). full view of the SR reconstruction, (b) center of LR image from top 

layer, (c) center of shift-add fusion, (d) center of deconvoluted shift-add fusion, (e) corner of 

deconvoluted shift-add fusion, (f) corner of shift-add fusion without interpolating back 

projected LR images, and (g) HR image, projection onto a detector with 4 times pixel 

density.
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Figure 11. 
Central axial view of reconstructed CNR phantom using (a) the first layer, (b) laterally 

shifted layers, (c) aligned layers, each layer is read out separately and (d) aligned layers, all 

layers are summed and read out as one
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Figure 12. 
Resolution comparison. Single layer (column (a)) and aligned layers(columns(b) and (c)) 

have similar resolving power, traces of effects of aliasing can be seen at 2 lp/mm and 2.5 

lp/mm, while laterally shifted layer (column (d)) can resolve up to 3.3 lp/mm.
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