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Abstract

This paper describes and demonstrates an electronic collimation method, referred to as the alternate
line erasure and readout (ALER) technique, for implementing slot-scan digital radiography technique
with an amorphous silicon (a-Si) thin-film transistor (TFT) array based flat-panel detector. An
amorphus selenium (a-Se) flat-panel detector was modified to implement the ALER technique for
slot-scan imaging. A stepping-motor driven fore-collimator was mounted in front of an X-ray tube
to generate a scanning X-ray fan beam. The scanning speed and magnification were adjusted to
synchronize the fan beam motion with the image line readout rate. The image lines on the leading
and trailing edges of the fan beam were tracked and alternately reset and read out, respectively. The
former operation resulted in the erasure of the scatter signals accumulated in the leading edge image
line prior to the arrival of the fan beam. The latter operation resulted in the acquisition of fan beam
exposure data integrated in the trailing edge image line right after the fan beam passed. To
demonstrate the scatter rejection capability of this technique, an anthropomorphic chest phantom
was placed in PA position and scanned at a speed of 576 lines (8.0 cm)/s at 117 kVp and 32 mA. A
tungsten bar is placed at the entrance side of the chest phantom to measure the scatter-to-primary
ratio (SPR), scatter reduction factor (SRF), and contrast-to-noise ratio degradation factor (CNRDF)
in the slot-scan images to evaluate the effectiveness of scatter rejection and the resultant improvement
of image quality. SPR and CNRDF in the open-field images were also measured and used as the
reference for comparison. A scatter reduction by 86.4 to 95.4% across lower lung and heart regions
has been observed with slot-scan imaging. The CNRs have been found to be improved by a factor
of 2 in the mediastinum areas over the open-field image as well.
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l. INTRODUCTION

INHERENT to the use of an area detector in projection radiography is the acceptance of
scattered radiation as part of the image signal. This scatter component could degrade the low
contrast performance through decreasing the contrast and contrast-to-noise ratio (CNR) for the
objects to be detected or visualized [1]-[4]. Various techniques have been proposed and
developed and investigated to reduce or reject the scattered radiation in radiographic practice
over the decades, such as the collimation, air gap, and anti-scatter grid methods [5]-[7]. The

*Department of Imaging Physics, University of Texas M.D. Anderson Cancer Center, 1515 Holcombe Blvd., Unit 056, Houston, TX
77030 USA (e-mail: xliu@di.mdacc.tmc.edu; xliu@verizonmail.com).



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liuetal.

Page 2

anti-scatter grid method has been considered the most practical approach and widely used in
many radiographic and fluoroscopic procedures with the conventional screen-film
combinations or image intensifier based detector systems. When these analog detectors were
replaced with digital detector systems, the use of anti-scatter grid (typically, a high-resolution
stationary grid) was carried over in most cases for scatter rejection. The main advantage of
using an anti-scatter grid is its simplicity. However, while it can be used to reject scattered
radiation effectively, it also attenuates a substantial fraction of the primary X-rays (by as much
as 30—50%), resulting in a significant loss of information carrying X-rays and an increase of
relative noise level in the image [8]. To compensate for this attenuation of primary X-rays, the
exposure must be increased to preserve the quantum noise level.

From 1970s, there have been numerous efforts to search for alternative techniques to reject
scattered radiation without having to attenuate primary X-rays. Various slot-scan imaging
techniques have been developed and investigated [9]-[25]. To implement slot-scan imaging
with an area detector, a moving fore-collimator is usually placed between the X-ray source and
the patient to form a narrow X-ray beam to scan the patient. X-rays detected within the fan
beam areas are mostly primary X-rays plus a small component of radiation scattered within
the fan beam. X-rays outside the fan beam area are purely scatter and are rejected by placing
and moving a matching aft-collimator between the patient and image receptor to track the
scanning fan beam. The two slots move synchronously and scan the object to be imaged. The
advantage of the slot-scan technique is mainly its dose efficiency as the primary X-rays do not
have to be attenuated as with the anti-scatter grid method. However, the system usually requires
accurate and precise alignment of the fore- and aft-collimators with the X-ray tube focal spot.
An additional issue with this two-collimator approach is the need to use a large (twice as big
as the detector) and heavy aft-collimator to cover the entire detector area. The resulting
bulkiness and weight makes it mechanically challenging to design and construct an aft-
collimator that can be moved rapidly to track the fast scanning fan beam. This is especially the
case for the large detectors (35.6 cm x 42.7 cm or 14 in x 17 in) used in chest imaging.

The use of linear detector array eliminates the need for a large and cumbersome aft-collimator.
However, the detector itself still has to be physically moved in synchronization with the
scanning fan beam.

We are currently developing a scan equalization digital radiography (SEDR) system with an
a-Si/a-Se flat-panel detector. As the first stage of the SEDR development, we have developed
an electronic aft-collimation method, referred to as the alternate line erasure and readout
(ALER) technique, for implementing the slot-scan imaging technique. Instead of using a bulky
and heavy aft-collimator, aft-collimation was achieved by modifying the readout electronics
for the flat-panel detector to alter the line sequence in image readout. The ALER technique
eliminates the need to construct and move a heavy and bulky aft-collimator or to physically
move a linear array detector. In this paper, the principle and implementation of the ALER
technique will be presented. The use of the ALER technique for slot-scan imaging and scatter
rejection will also be demonstrated with images of an anthropomorphic chest phantom.

Il. EFFECTS OF SCATTERED RADIATION

Both image contrast and noise properties are influenced by the scattered radiation through the
scatter-to-primary ratio (SPR). In absence of scatter component, image contrast may be
quantified by contrast ratio (CR), defined as the difference between the signal intensity of a
low contrast object, I'p, and that of its surrounding area, Ip, divided by the latter
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The noise properties of the image signals are often characterized by the signal-to-noise ratio
(SNR) which may be defined and computed as follows:

'p

SNR,= ——. 2
PN,

Since the detection and visualization of a low contrast object are influenced by both the image

contrast and noise level, the CNR may be defined and computed to predict how well the object
can be detected or visualized

Ip=1p o= 1p 1
P P P
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To simplify the derivation, both primary and scattered X-rays are assumed to be mono-
energetic but have different energies (mean energies for the primary and scattered X-ray
spectra). For a quantum-limited digital radiographic system, image signals are assumed to be
proportional to the detected photon number as follows:

/p = gPP 4)

/Szgss (5)

where P and S are numbers of primary and scattered X-ray photons incident on and detected
by a detector pixel, gp and gg are the gain factors that are approximately proportional to the
photon energies and the energy absorption ratios for the primary and scattered X-ray photons.

In presence of a scatter component, I, in both the low contrast object and its surrounding area,
CRp, Np, SNRp and CNRp may be altered to CRp+s, Np+s, SNRp+s and CNRp..5 as follows:
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CRp+s, Np+s, SNRp+g, and CNRp.g are all proportional to their scatter-less counterparts:
CRp, Np, SNRp, and CNRp with the proportion factors dependent upon Is/Ip or SPR. Therefore,
the SPRs are widely used to quantify the presence of scattered radiation in the image signals.
The effects of scattered radiation are a degradation of the CR and an increase of the SNR as
shown by (6) and (8), respectively. This latter is a result of increased image signals or detected
photons. Although the scattered radiation does not contain useful information, it appears to
reduce the fluctuation of the image signals. However, the detection and visualization of a low
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contrast object is related to the CNR and the object size rather than the CR or SNR alone by
itself. Equation (9) shows that in presence of scatter, the CNR is degraded by a factor referred
to as the CNR degradation factor (CNRDF) which may be computed to quantify the effects of
scattered radiation on low contrast performance of an imaging system as follows:

CNR
CNRDF = CN§+S = 1 (10)
P ’'s| (9s
+(=2].[=
el \9p

lll. MATERIALS AND METHODS

A. Electronic Aft-Collimation With a Flat-Panel Detector

With the ALER technique, instead of reading the image line by line as with the original design
of the flat-panel detector, the image lines are reset and read in synchronization with the scanning
X-ray fan beam. During slot-scan imaging, the image line on the leading edge of the fan beam
is reset to erase the scatter component accumulated prior to the arrival of the fan beam while
the line on the trailing edge is read out to acquire the image signals integrated following the
exposure and passing of the scanning fan beam. This resetting and readout cycle is repeated
and synchronized to the projection of the scanning fan beam. As with most slot-scan imaging
techniques, a small portion of in-fan-beam scatter component would be left in the image signals
read out. Furthermore, incomplete erasure of the leading edge lines would also contribute to
the residual scatter component in the image signals.

The flat-panel detector studied in this investigation is an a-Se based unit with an active area of
35.6 cm x 42.7 cm (14 in x 17 in) and a pixel size of 139 um. The active area of the detector
is divided into a 2560 x 3072 array of image elements. The TFT gate-line driven electronics

are laid along two short sides of the detector panel while the readout electronics are along two
long sides. The readout signals are digitized into 14-bits image data. For the regular operation
with commercial flat-panel detector, image signals were read out line-by-line following a short
X-ray exposure. With the ALER technique, scatter erasure and image readout are alternately
performed while the X-ray fan beam is scanning across the detector (Fig. 1).

Unlike actual image readout, the resetting of an image line for scatter erasure can be done
within a very short time. Thus, this process can be integrated with the readout of an image line
without actually increasing the readout time. We modified the readout schemes of the flat-
panel detector by introducing an additional “reset line” selecting signal during the “readout
line” erasing period. Although the total scanning time may take several seconds, the effective
exposure time for each image line is significantly shorter. For instance if the total scanning
time is 4.44 s, the effective exposure time for each image line would be 4.44/35.6 = 125 msec
for 1-cm—-wide fan beam to scan a 35.6-cm (14-in)-wide detector. The modification of read-
out scheme is nondestructive. Thus, the system can be switched to operate in either slot-scan
or open-field imaging mode. This feature allows us to compare the properties of slot-scan and
open-field imaging using same detector in the future.

B. Experimental Setup

The experimental setup for slot-scan digital radiography with the ALER technique is shown
in Fig. 2. The plot at right-hand side illustrates how system rejects scattered radiation
originating within the phantom by resetting the image line at leading edge of the fan beam,
hence avoiding the need for an aft-collimator. The signal profile represents image signal of
each pixel in scanning direction at the moment when fan beam arrives. Signals outside fan
beam are purely contributed by scattered radiation. Signals inside fan beam are contributed by
primary and in-slot scattered radiation. Following the readout, the image line at trailing edge
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of the fan beam is reset and then start to accumulate scattered radiation while fan beam moves
away.

The flat-panel detector is mounted in “Landscape” orientation (35.6 cm in vertical direction
and 42.7 cm in horizontal direction) so that the electronic aft-collimation is in parallel with the
scanning fan beam X-rays. This arrangement is appropriate with chest phantom images in our
study. The fore-collimator consists of a 3-mm-thick tungsten plate with a 3.6-mm-wide slot
oriented in horizontal direction. It was mounted on a motorized translational stage and moved
to produce a scanning X-ray fan beam vertically. An alternative approach to generate the
scanning fan beam is to rotate the X-ray tube about the focal spot with the fore-slot mounted
on it. The fan beam has a projected width of 18 mm on the detector when the collimator is
positioned for 5x magnification. Thus, the separation between the leading and trailing edge
lines is estimated to be 129 lines.

A three-phase generator/console (Polyphos 50, Siemens Medical Systems) and an X-ray tube
(P125/20/50 CR-65, Siemens Medical Systems) were installed and used for this study. The
flat-panel detector, X-ray tube and the fore-slot collimator were mounted on a 122 cm x 244
cm (4 ft x 8 ft) optical bench with air suspensions. The source-to-detector distance (SID) was
maintained at 183 cm (72 in). Large focal spot of 1.2 mm was selected. The penumbra caused
by the finite focal spot size and the edges of fore-slot was evaluated and the integrated primary
signal drop was estimated to be 5%.

C. Image Acquisition

An anthropomorphic chest phantom in PA position was imaged with the ALER technique at
117 kVp and 32 mA with and without the fore-collimator. No anti-scatter grid was used. The
image acquired with fore-collimation resulted in a slot-scan image. The image acquired without
fore-collimation is equivalent to an open field image. The two images were compared to
evaluate the scatter rejection ability of the slot-scan imaging technique implemented with the
ALER method. The open field image was acquired with the ALER aft-collimation in operation
and the fore-collimator removed to ensure that both the slot-scan and open field images were
acquired with the same X-ray technique (tube current and effective exposure time). With the
fore-collimator removed, the space between the leading and trailing image lines (for signal
erasure and readout, respectively) defined a virtual X-ray fan beam which scanned the detector.
Primary X-rays outside this fan beam were erased and not recorded while those within were
actually integrated and read out. However, in contrast to slot-scan imaging, scattered radiation
from the entire field of view rather than just the fan beam was recorded along with the primary
X-rays. Thus, the result is an image equivalent to an open-field image acquired with the same
tube current and effective exposure time as with the slot-scan image. The exposure of the
scanning fan beam to each image line lasted for about 222 ms, corresponding to an effective
exposure of 7.1 mAs at 32 mA. The exposure is higher than those used in clinical procedures
but used in our experiments to minimize the fluctuations in measurements.

For quantitative evaluation, a 3-mm-thick tungsten bar was placed horizontally in front of the
chest phantom across the lower lung and heart regions. The tungsten bar blocks the primary
X-ray photons from reaching the detector. Images were acquired with and without the tungsten
bar to measure the scatter distribution, I(x), and the total (open field or primary plus scatter)
image signal, Ip+g(x), respectively. Measurements were performed along five image lines in
the middle of the tungsten bar and then averaged vertically to reduce fluctuations. The primary
signals, Ip(x), were computed as the difference between the total and scatter signals, Ip.s(X) —
Is(X). Linear image data were used in these measurements. Dark current and gain corrections
were applied to the data prior to image processing.
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Following the measurement of I5(x), and Ip45(x), and Ip(x), the position dependent SPR, scatter
reduction factor (SRF) and CNRDF, SPR(x), SRF(x), and CNRDF(x), were computed as
follows:

14(x) 14(x)

SPR(x) = 1500 = /P+S(X) — /S(X).

(11)

To directly quantify the scatter rejection ability of the slot-scan imaging technique, a quantity
referred to as the SRF can be defined and computed as follows:

1270 — 15500

S
SRF(x) =
/é?f(x)

(12)

where the superscripts “of” and “ss” refer to open-field and slot-scan, respectively. The SRF
measures the fraction of scatter removed from the open field image signal.

To demonstrate the improvement of the image quality with slot-scanning imaging, the
CNRDFs were computed as a function of the horizontal position using (10) for both the slot-
scan and open field images

1

g5\
1+SPR(x) - [==
9p

To estimate gs/gp, the mean energies of 120 kVp primary X-rays transmitted through 20 cm
of tissue and the scattered X-rays were estimated to be 69.3 and 55.4 keV, respectively [26],
[27]. The ratio of the scatter photon energy to the primary photon energy was then multiplied
with the ratio of the detector absorption ratio at 55.4 keV to that at 69.3 keV to obtain an
estimation of gs/gp. The ratio of the detector absorption ratio at 55.4 keV to that at 69.3 keV
was calculated to be 1.426 for selenium layer with a thickness of 1 mm [28].

CNRDF(x) = (13)

IV. RESULTS

Fig. 3 shows the chest phantom images acquired at 117 kVp with [Fig. 3(a)] and without [Fig.
3(b)] fore-collimation for comparison of effectiveness of scatter rejection with ALER
technique. Fig. 3(a) was obtained with the slot-scan imaging method, implemented with the
ALER technique, while the lower image corresponds to an open-field image without any scatter
rejection technique applied. Images were acquired with same exposures and displayed with
same window and level settings. The overall darker and dull appearance of the open field image
was due to the presence of a large amount of scattered radiation which increased the signal size
(hence, darker) and degraded the image contrast (hence, duller) significantly. With much of
scattered radiation rejected, the slot-scan image has lower (brighter) signal value and higher
image contrast. The difference is especially pronounced in the heavily attenuated regions. The
lines across the lower lung and heart regions indicate where the tungsten bar was placed for
scatter measurement. The total image signals Ip+g and scatter I measured across the lower
lung and heart regions are plotted in Figs. 4 and 5, for the slot-scan and open-field images,
respectively. Scatter in lightly attenuated regions are generally higher than those in heavily
attenuated regions for both slot-scan and open-field images, however, scatter in the slot-scan
images were substantially reduced over those in the open-field images. The primary signals
Ip, computed from the total image signals and scatters, are plotted in Fig. 6 for both slot-scan
and open-field images. The two plots matched with each other very well, indicating that the
slot-scan technique as implemented with the ALER method could preserve the primary X-rays
while efficiently rejecting scattered radiation.
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The scatter-to-primary ratios (SPRs) are plotted for the slot-scan and open-field images for
comparison in Fig. 7. It is clear that the SPRs were significantly higher in heavily attenuated
regions than those in lightly attenuated regions even though the scatter behaved reversely. This
is due to the fact that the primary signals were relatively lower in heavily attenuated regions
compared to those in lightly attenuated regions. The SPRs were substantially reduced in the
slot-scan image over those in the open-field image. The scatter reduction factors (SRFs) are
plotted in Fig. 8 to demonstrate the effectiveness of scatter rejection with the slot-scan imaging
technique (implemented with the ALER method). A reduction by 86.4% to 95.4% was
observed. The SRF values in lightly attenuated regions (lung field) are slightly lower than those
in heavily attenuated regions (mediastinum, chest wall). The SRF varied smoothly along the
horizontal line over which the measurements were made. The use of a narrower slot is expected
to result in even lower SPRs for even more effective scatter rejection [29].

The CNR degradation factors for slot-scan and open-field images are plotted and compared in
Fig. 9. The factors were higher for the slot-scan images, therefore indicating a significant
improvement in the low contrast performance through scatter rejection. Although the slot-scan
images performed better than the open-field images in all regions studied, the improvement
was more pronounced in the heavily attenuated mediastinum regions. Using the CNRDF as
the measure, the image quality is roughly improved by a factor of 2 in the mediastinum regions
while lower in the lung areas. This may be due to the fact that the image quality was high to
start with in the lung areas (due to much lighter attenuation).

V. DISCUSSION AND CONCLUSION

We have demonstrated the feasibility to implement the ALER technique for electronic aft-
collimation with a flat-panel detector. The ALER technique was used to implement the slot-
scan imaging technique to effectively reject scattered radiation without attenuating the primary
X-rays and without using a bulky, heavy aft-collimator. The slot width can be easily alternated
for different applications. A reduction of scatter by 86.4%—95.4% across lower lung and heart
regions was observed with an 18-mm slot width used in this study. Exposure is expected to be
reduced by 30%—50% with slot-scan imaging as no attenuation of primary X-rays is required
as with the anti-scatter grid method. Implementation of the ALER technique with a flat-panel
detector requires some modifications of the readout electronics and some re-programming of
the readout sequence. This is intrinsically much simpler than constructing and operating a
physical aft-collimator which would be excessively heavy and bulky for scanning.

There are several concerns related to slot-scan digital radiography. First, the potential motion
artifacts due to pulmonary or heart might be appeared on the images acquired. Samei et al.
have indicated that the motion in slot-scan images would be less impacted than that of open-
field systems [30]. Our current experimental unit takes about 4.44 s to scan the entire detector
with a vertical scan length of 35.6 cm while the new detectors with readout time about or less
than 1 s are available commercially (Prixium-4600 with 1.25-s readout, Trixell, France; GR17
with 0.5-s readout, Anrad Corporation, Canada). The total exposure time for slot-scan could
be longer than that of conventional open-field imaging approach, however, the “open-field
equivalent” exposure time is much shorter, therefore, the motion blurring effect should be
insignificant. FPD with faster readout time may reduce motion artifacts, however, there is a
potential lag or ghost problem, therefore, a reasonable detector readout speed need to be
determined for slot-scan digital radiography.

Second, the X-ray tube loading may impact the applications of slot-scan digital radiography.
The tube loading used to be an issue in the past with a narrower scanning beam width. Narrower
slot width results in better scatter rejection performance [29], however, it requires higher X-

ray tube current in order to maintain sufficient X-ray exposure. So does FPD with faster readout.
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To choose a proper slot width and scanning speed becomes a key factor for determining X-ray
tube current while preserving image qualities. A 4-cm fan beam width has a comparable
effectiveness for scatter rejection when compared with anti-scatter grid [29]. For chest
radiography performed at 120 kVp with anti-scatter grid, exposures of 2 to 4 mAs for PA
positions and 10 to 20 mAs for Laterals are typically required for a median size patient. The
exposures can be reduced by 30 to 50% for slot-scan radiography when a anti-scatter grid is
not in use, resulted in exposures of 1.2—2.4 mAs for PA positions and 6—12 mAs for Laterals
when 40% dose saving is considered. If, for instance the FPD readout time is 1 s, scanning fan
beam X-ray width set to be 2 cm, effective exposure time of 46.5 ms (1000 ms times 2/42.7)
is achievable to scan a 17-in detector panel. With X-ray tube current of 500 mA to be selected,
exposure of 23.3 mAs is achievable. This is adequate even for imaging a large size patient.
The drawback of the slot-scan is the X-ray dose efficiency only about 4.68% in this case (23.3
mAs/500 mAs). By doubling the fan beam width, the tube loading can be reduced by 50% and
the X-ray dose efficiency will be increased to 9.36%. Therefore, there is a trade-off in selecting
imaging parameters between the readout speed (or slot width) and the tube loading.

We have demonstrated the image quality improvement with slot-scan imaging by measuring
and comparing the CNR degradation factors and comparing with those of open-field imaging.
In addition to reduction of the SPRs, it is equally important to achieve sufficiently high photon
flux at the detector input. Exposure modulation techniques are being developed and
investigated to further improve the CNR by applying higher photon flux to heavily attenuated
regions (e.g., mediastinum, abdomen) while reducing the photon flux to lightly attenuated
regions (e.g., lung). Exposure equalization, along with slot-scan imaging, could result in
uniform image quality for detection and visualization of low contrast objects, despite the spatial
variation of attenuating properties in the patient body. Furthermore, the exposure equalization
could result in more uniform scatter distribution and SPRs. This may help equalize the image
quality over the entire field of view.
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Conventional post-exposure line-by-line readout scheme (a), (b) in a commercial flat-panel
digital radiography systems. ALER technique alternatively reset the leading edge line and
readout the trailing edge line synchronized with the scanning fan beam X-rays was
demonstrated (c), (d) for slot-scan digital radiography implemented with a flat-panel detector.
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Fig 2.

Experimental setup for slot-scan digital radiography with ALER technique. The image line on
the leading edge is reset followed by readout of the trailing image line in tracking the motion
of the projected fan beam. The former allows the scatter component accumulated prior to arrival
of the fan beam to be erased while the latter results in readout of the image signals accumulated
following the fan beam exposure.
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Fig 3.

(a) Slot-scan and (b) open-field images of an anthropomorphic chest phantom shown in
inverted log scale with same window and level settings. A bright line (in the image shadow of
tungsten bar) across the lower lung and heart regions indicates where the scatter measurement
took place.
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Fig 4.

Total (primary plus scatter) image signals measured across the lower lung and heart regions in
the slot-scan and open-field images of a chest phantom.
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Fig 5.
Scatter components measured across the lower lung and heart regions in the slot-scan and open-
field images of a chest phantom.
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Fig 6.

Primary signals measured across the lower lung and heart regions in the slot-scan and open-
field images of a chest phantom.
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SRF measured across the lower lung and heart regions in the slot-scan over open-field images
of a chest phantom.
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400

CNRDF measured across the lower lung and heart regions of a chest phantom plotted and

compared for slot-scan and open-field images.
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