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Empirical determination of the modulation transfer function (MTF) for analog and digital mega-
voltage x-ray imagers is a challenging task. The most common method used to determine MTF at
megavoltage x-ray energies employs a long, narrow slit formed by two parallel, metal blocks in
order to form a “slit beam.” In this work, a detailed overview of some of the important consider-
ations of slit design is presented. Based on these considerations, a novel, compact slit, using 19 cm
thick tungsten blocks, was designed. The prototype slit was configured to attach to the accessory
slot of the gantry of a linear accelerator, which greatly simplified the measurement process. Mea-
surements were performed to determine the presampling MTF at 6 MV for an indirect detection
active matrix flat panel imager prototype previously developed for megavoltage imaging applica-
tions. In addition, the effects of two important slit design parameters, material type and thickness,
on the accuracy of MTF determination were investigated via a Monte Carlo-based theoretical study.
Empirically determined MTFs obtained from the prototype slit closely match those from an earlier,
less compact slit design based on 40 cm thick steel blocks. The results of the Monte Carlo-based
theoretical studies indicate that the prototype slit achieves close-to-ideal performance in terms of
accurately determining the MTF by virtue of practically 100% beam attenuation in regions other
than the slit gap. Furthermore, the theoretical results suggest that it may be possible to achieve even
further reductions in slit thickness without compromising measurement accuracy. © 2007 Ameri-
can Association of Physicists in Medicine. [DOI: 10.1118/1.2717405]
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[. INTRODUCTION

Modulation transfer function (MTF) is the metric most
widely used to characterize the spatial resolution properties
of linear (or linearizable) and shift-invariant (or periodically
shift-invariant) x-ray imaging systems. The one-dimensional
(1D) or two-dimensional (2D) MTF of an imaging system is
determined from the absolute value of the Fourier transform
of the 1D or 2D impulse response [the line spread function
(LSF) or the point spread function, respectively] of the sys-
tem. In particular, one-dimensional MTF is the preferred
metric for characterizing spatial resolution properties and
calculating frequency-dependent detective quantum effi-
ciency of diagnostic and megavoltage x-ray imaging
systems.

Empirical determination of the MTF for megavoltage im-
agers is usually performed by employing a method involving
the use of a narrow slit formed by two equally-sized blocks
of a high-density material, typically, steel or tungsten, sepa-
rated by thin shims. Descriptions of the techniques used for
MTF measurements at megavoltage energies using the slit
method, as well as an overview of some of the technical
considerations, can be found in early work by Droege et al.’
and subsequent work by Munro et al.>® MTF measurements
based on this technique have also been reported by our
group®® and others®™2 for performance characterization of
prototype and commercially available megavoltage imaging
systems.
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The high energies encountered in megavoltage x-ray im-
aging (typically 6 to 25 MV), coupled with effects such as
head scatter from the linear accelerator and background scat-
ter, result in an environment that presents significant chal-
lenges to performing accurate measurements. Consequently,
building a slit for LSF measurements performed under such
conditions requires careful selection of a variety of design
parameters such as dimensions and material of the slit
blocks, width of the slit gap, distance from the source, etc. In
previously reported studies, there has been wide variation in
the choice of material and dimensions for slit designs—
ranging from a design based on 1.6 cm thick tungsten
blocks? to slits formed by 60 cm thick steel blocks.*® While
the thickest of these slits are very likely to yield accurate
results, the use of such massive blocks gives rise to practical
difficulties arising from the weight and bulkiness of the slit
that negatively impact the ease and feasibility of empirical
determination of the MTF. Consequently, it is useful and
interesting to examine whether slits can be made signifi-
cantly more compact while simultaneously maintaining a
high degree of measurement accuracy. Such designs could
prove to be invaluable for tasks ranging from the character-
ization of novel megavoltage imager prototypes to perform-
ing quality assurance on clinical imagers.

In this work, we first present a detailed overview of some
of the important technical aspects of slit design for LSF mea-
surements performed under megavoltage x-ray imaging con-
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ditions. (Note that, hereafter, the term “slit” will be used to
refer to the entire structure comprising the two metal blocks,
while the gap between the two blocks will be referred to as
the “slit gap.”) Based on these considerations, a novel, com-
pact megavoltage imaging slit, that can be inserted into the
accessory slot of a linear accelerator gantry, was constructed.
Design details of this slit are discussed and MTF measure-
ments at 6 MV of a phosphor screen-based active matrix flat
panel imager (AMFPI) electronic portal imaging device
(EPID) using the prototype slit are compared with those pre-
viously published by our group, obtained under similar im-
aging conditions using an earlier, less compact slit design.6
Finally, a systematic, Monte Carlo-based investigation is pre-
sented in order to examine the tradeoff between compactness
of slit design and the accuracy of MTF measurements. These
studies consider materials (steel and tungsten) and thick-
nesses (5 to 40 cm) that are commonly used to construct
slits for megavoltage imaging.>"%*

[I. TECHNICAL BACKGROUND

The slit method can be used for the determination of the
LSF (and thereafter, the MTF) of analog as well as digital
x-ray imaging systems. Details of these techniques may be
found elsewhere.'®®® While the analytical procedures in-
volved in LSF determination of these two types of systems
are significantly different, the aspects of slit design examined
in the present study are common to both.

In order to facilitate the discussion that follows, a sche-
matic cross-sectional view of a slit placed under a megavolt-
age x-ray source is shown in Fig. 1. For simplicity, the mega-
voltage x-ray source is considered to be a point source. The
straight-line trajectories of incident megavoltage x rays can
be divided into three groups. X rays that are incident at
angles less than & with respect to the central axis of the beam
pass unattenuated through the slit gap. X rays that are inci-
dent at angles less than 6 but greater than e, pass partially
through the block edges that form the slit gap. Finally, x rays
incident at angles greater than 6, but less than ¢, pass
through the entire thickness of the block. Based on the ge-
ometry shown in Fig. 1, the three angles can be calculated
from

- F_/2)
¢ =tan (D , (1)
4 GIZ)
6=tan (D—T , (2)
o G/2>
e =tan (_D , (3)

where G is the width of the slit gap, D is the distance be-
tween the source and the exit surface of the slit, and F is the
width of the x-ray exit surface of the slit. (For example, in
the case of a measurement geometry using a slit having di-
mensions 40 cm (thick) X 6.5 cmXx6.5cm and a slit gap
width of 0.01 cm, positioned at a source to exit surface dis-
tance of 130 cm, the approximate values of ¢, 6, and e will
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Fic. 1. (a) Schematic illustration (not to scale) of a cross-sectional view of
a slit placed under a linac source. The dashed line indicates the central axis
of the beam. The angles ¢, 6, and ¢ correspond to x-ray trajectories through
various edges of the slit. For clarity, the x-ray trajectory that defines the
angle & is shown on only one side. (b) 1D profile of the x-ray signal ob-
tained at the exit surface of the slit. Ideally, the signal should be a rect
function, as indicated by the solid line. The dashed lines indicate deviation
from the ideal characteristic due to edge-penetration from x-rays incident
along straight-line trajectories having angles between ¢ and 6, and assuming
no penetration of x rays having angles between 6 and ¢.

be 1.432°, 0.003°, and 0.002°, respectively.) As explained in
the following sections, the signal contribution from each
group of x rays affects LSF measurement in different ways.

A. Transmitted radiation

The LSF characterizes the 1D impulse response of an im-
aging system. Thus, the portion of the x-ray beam transmit-
ted through the slit, which constitutes the “input” to the im-
aging system, should closely resemble an impulse function.
This, in turn, requires almost complete attenuation of inci-
dent photons that do not pass directly through the slit gap
[i.e., photons that are incident at angles greater than ¢ in Fig.
1(a)]. However, such a large amount of attenuation, while
highly desirable, requires the use of massive, high-density
blocks. As discussed previously, practical considerations
place limits on the size of the blocks that can be used to
create the slit. Thus, for relatively compact slit designs, it is
possible that a small but non-negligible amount of radiation
[incident between angles 6 and ¢, Fig. 1(a)] will penetrate



1537 Sawant, Antonuk, and EI-Mohri: Slits for MTF measurement in megavoltage x-ray imaging 1537

Log of X-ray
Transmission

LSF belore subtraction of
transmitted radiation profile

LSF after subtraction of
transmitted radiation profile

0
Distance (AU)

Fic. 2. Schematic depiction of the effect of transmitted radiation on the LSF
baseline. The dashed and solid lines correspond to LSF values obtained
before and after subtraction of the transmitted radiation profile, respectively.
Distance from the beam central axis is indicated in arbitrary units. In order
to better illustrate the differences between the LSF shape before and after
subtraction, the x-ray transmission is shown on a “logarithmic” scale. Note
that such subtraction can introduce a small reduction in the magnitude of the
peak of the corrected LSF compared to that of the uncorrected LSF. This
difference decreases as the amount of radiation transmitted through the solid
block decreases; e.g., in the case of a block that completely attenuates the
beam, no signal will be subtracted from the LSF peak. In the present study,
due to the relatively low x-ray transmission exhibited by all the configura-
tions examined, this effect is not observed in the MTF results shown in Figs.
4 and 7.

through the blocks. This radiation has two effects. First, due
to the divergent nature of the incident x rays, the transmitted
radiation results in a nonuniform beam profile at the x-ray
exit surface of the slit. As shown in Fig. 2, a line spread
function measured using such a beam will exhibit a distorted
baseline, which in turn results in an underestimation of the
MTF. In order to compensate for the effect of this distortion,
the shape of the transmitted radiation profile can be esti-
mated independently and subtracted from the LSF (Fig. 2).
Such an independent estimate can be obtained by acquiring
an image (under identical imaging conditions) of a solid,
continuous block of the same material and dimensions as
those of the slit. Alternatively, and perhaps more conve-
niently, the radiation profile may be estimated by imaging the
slit after moving it laterally by a few millimeters so that the
slit gap is sufficiently displaced from the beam central axis
so as to prohibit unimpeded passage of x rays through the
blocks. Furthermore, while this technique can largely rectify
the distortion caused by x rays penetrating through the entire
thickness of the blocks, corresponding to incident angles
greater than 6 but less than ¢ in Fig. 1(a), it cannot correct
for the effect of partial penetration of x rays through the slit
edges (as discussed in the following section), corresponding
to angles less than @ but greater than «.

A second effect caused by the penetrating radiation is an
increase in the noise level observed in the baseline of the
LSF. The presence of such noise can make it difficult to
estimate the true value of the baseline, thereby resulting in a
systematic error in the calculated MTF. In addition, high lev-
els of baseline noise can obscure the true shape of the LSF,
thus severely undermining the utility of the LSF, and thereby
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the MTF, as reliable quantifiers of the system impulse re-
sponse. While, in principle, it may be possible to reduce such
noise by increasing the amount of incident radiation, thereby
allowing the use of more compact slits to make LSF mea-
surements, it is important to examine the degree to which slit
thickness can be reduced before the required dose (for ac-
ceptably low baseline noise levels) becomes so high as to be
impractical.

B. Beam attenuation

From the standpoint of compactness, it is desirable that
the material constituting the slit blocks exhibits very high
attenuation per unit length. Consequently, megavoltage im-
aging slits are fabricated using blocks of high-density
materials such as steel (~7.9g/cm®) and tungsten
(~19.3 g/cm®).

Another, more subtle effect pertaining to attenuation oc-
curs due to beam penetration through the edges of the slit. As
seen from Fig. 1, x rays that are incident at angles less than
0 but greater than &, pass partially through the block edges
that form the slit gap. As a consequence of such partial pen-
etration, the profile of the beam exiting the slit [see Fig. 1(b)]
exhibits a deviation (dashed lines) from the ideal shape (solid
line). This “blurred” input impulse function becomes con-
volved with the true line spread function of the imaging sys-
tem, resulting in an overestimation of the degree of spatial
spreading (and thereby an underestimation of the MTF) mea-
sured from the system. Therefore, the amount of attenuation
provided by the blocks should be sufficiently high so as to
minimize this effect. In addition, it can be seen from Fig.
1(a) [and from Eq. (2)] that, for a given distance between the
source and the exit surface of the slit, the value of 4 will
diminish with decreasing thickness T of the metal block.
Consequently, if the same amount of attenuation could be
achieved using a thinner block (e.g., by choosing tungsten
over steel), the beam profile at the exit surface of the slit will
exhibit a smaller degree of deviation from the ideal shape
shown in Fig. 1(b).

C. Other considerations

In addition to the issues discussed above, other major fac-
tors to be taken into account in the design and use of a slit
for megavoltage imaging include the width of the slit gap,
the distance between the x-ray source and the exit surface of
the slit, and the field size at the exit surface. In principle, as
the slit gap progressively decreases, the exiting beam more
closely approaches an impulse function. This can be attrib-
uted to two effects; reduced beam width and a reduction in
the amount of edge penetration due to a decrease in the angle
0 [Fig. 1(a)]. In practice, due to the fact that the focal spot on
the x-ray source has finite dimensions, it is desirable that the
slit gap be chosen as thin as possible so that the finite size of
the focal spot has a negligible effect on the MTF measure-
ment. However, the benefits of decreasing the gap width are
countered by the fact that slits with thinner gaps are increas-
ingly more difficult to center with respect to the linac
source.? In addition, decreasing the width of the slit gap re-
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sults in a corresponding decrease in the magnitude of the
signal transmitted through the gap. Consequently, the mea-
sured LSF exhibits a smaller peak-to-background ratio,
which can make it difficult to estimate the true baseline of
the LSF (required for accurate MTF determination) due to
the presence of background noise.

Similar considerations also apply to the choice of the dis-
tance between the linac source and the x-ray exit surface of
the slit. (The imager is usually placed in contact with this
surface during LSF measurement. In such a case, this dis-
tance is also equal to the source-to-detector distance.) It can
be seen from Fig. 1(a) that an increase in this distance will
result in a corresponding decrease in € and, therefore, in the
effects due to the nonuniform profile of the transmitted ra-
diation and edge penetration, both of which arise from beam
divergence. However, placing the slit farther away from the
source will also result in decreased signal, thereby increasing
the noise in the baseline of the measured LSF. In addition,
slit placement is often constrained by practical consider-
ations; for instance, if there are physical restrictions on the
positioning of a prototype imager or if an imager is attached
to the treatment gantry.

The field size of the beam should be chosen so as to
maximally utilize the area of the x-ray exit surface of the slit
[Fig. 1(a)]. This ensures that the measured LSF has suffi-
ciently long “tails” to enable accurate estimation of MTF
values at lower spatial frequencies. In cases where the trans-
mitted radiation profile is estimated by laterally displacing
the slit by a few millimeters (Sec. 1l B), the area of the field
should be chosen to be smaller than that of the x-ray exit
surface of the slit. This ensures that when the slit is displaced
from the central position, the x rays at the outer edges of the
field still pass through the entire thickness of the blocks.

lll. METHODS
A. Prototype slit

Previous megavoltage MTF measurements reported by
our group on early prototype megavoltage AMFPIs were per-
formed using a “traditional” slit design based on two
40 cm (thick) X 20 cm (long) X5 cm (wide) steel blocks®
(where thickness corresponds to the dimension along the
path of the x-ray beam). The support and precise alignment
of this massive slit relative to the AMFPI array required that
the array be oriented in a vertical plane. This technique pro-
vided MTF values that were accurate and highly repeatable.
However, the same slit and procedure could not be adapted
for use with a new series of novel megavoltage AMFPI pro-
totypes incorporating various forms of segmented
converters—due to a practical need to keep the array in a
horizontal plane while precisely registering the converter el-
ements with the array pixels followed by precise orientation
of the slit relative to the a\rray+converter.7'8 Therefore, in
order to evaluate the imaging performance of these new pro-
totype megavoltage AMFPIs, it was necessary to develop a
less bulky slit.

Towards this objective, and based on the previously de-
scribed technical considerations, a new prototype slit was
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designed (Fig. 3). The slit was composed of two tungsten
blocks with precision-machined and polished opposing faces,
each block having dimensions of 19X 8.5 4.25 cm?, with
the longest dimension (19 cm) positioned along the beam
central axis, so as to constitute the “thickness” of the slit—
considerably more compact than the earlier design. The
blocks were separated by 0.01 cm thick stainless steel shims
to form a long, narrow slit gap of dimensions 19x8.5
% 0.01 cm?®. The slit was housed in a customized fixture that
could be inserted into the accessory slot of the linac [Fig.
3(d)]. The four aluminum rods (made from aircraft-grade
aluminum so as to provide high tensile strength) suspending
the slit [Fig. 3(c)] were stabilized at regular intervals using
high-strength, polycarbonate plates. (Polycarbonate was cho-
sen so as to minimize the total weight of the assembly as
well as to minimize x-ray scatter.) The dimensions of the
blocks were chosen so as to ensure that the lateral dimen-
sions of the slit were large enough to yield sufficiently long
tails for measured LSFs (Sec. Il C) and, at the same time, the
total weight of the slit and the fixtures (~27 kg) was within
acceptable limits for the accessory mount. (The considerably
greater weight of the earlier slit, i.e., ~63 kg, prohibited
such incorporation with the accessory mount.) In this con-
figuration, the x-ray exit surface of the slit was at a distance
of 138 cm from the source. For each block, two small
grooves (~1x1x4.25 cm®), on opposing sides, were ma-
chined ~2.5 cm from the top surface. The two blocks were
clamped together (after inserting the 0.01 cm shims) as
shown in Fig. 3(b), and a polished steel plate was inserted in
each “long groove” formed by the joining of the blocks. The
entire assembly was connected to the aluminum rods via two
through-holes machined into each steel plate [Fig. 3(a)]. In
this arrangement, when the aluminum fixture was inserted in
the accessory slot of the linac, the slit was suspended by the
steel plates. The use of polished steel plates to suspend the
slit allowed smooth, repeatable movements of the slit along
the direction perpendicular to the slit gap. A dial indicator
was placed in contact with one side of the slit in order to
determine the exact amount of spatial displacement of the
gap. This arrangement enabled relatively easy centering of
the slit gap with respect to the linac source as well as precise
lateral displacement of the slit gap away from the beam cen-
tral axis in order to estimate the transmitted radiation profile.
Moreover, due to the fact that the slit could be mounted into
the linac accessory slot, it was possible to make MTF mea-
surements with AMFPI arrays positioned in a horizontal
plane.

Measurements were performed using the prototype slit in
order to determine the MTF of a phosphor screen-based de-
tector [Lanex Fast-B (Gd,0,S:Th,133 mg/cm?)+1 mm
thick copper plate] coupled to an indirect detection, 508 um
pitch, active matrix photodiode array previously developed
for megavoltage imaging applications.e'14 The slit gap was
centered with respect to the radiation source by iteratively
determining the position that yielded the maximum signal
through the slit. The imager, consisting of the x-ray detector
and the active matrix array, was positioned such that the
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Fic. 3. Schematic (a) exploded and (b) assembled drawings of the prototype tungsten slit. (c) Photograph of the complete slit assembly. (d) Experimental setup

for MTF measurement using the prototype slit attached to the accelerator accessory mount.
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Fic. 4. Presampled MTF measured using the prototype slit (open symbols)
at 6 MV from a 508 um pitch, active matrix flat panel EPID based on a
Lanex Fast-B screen+1 mm Cu. Also shown for comparison (solid line), are
previously published MTF values (Ref. 6) for a similar megavoltage imager,
obtained using a 40 cm thick steel slit.

detector was almost in physical contact with the x-ray exit
surface of the slit. The field size was adjusted to be 6.5
X 6.5 cm? at the exit surface of the slit. Following the
angled-slit technique for MTF determination of digital
systems,13 the linac collimator was rotated by ~1.5° in order
to orient the slit gap at a small angle with respect to the data
line direction of the active matrix array.

Image frames were acquired by operating the imager in
radiographic mode. (In radiographic mode, a single image
frame is acquired after the linac delivers a programmed
amount of radiation.®*) A total of ten images of the slit
(with the gap centered with respect to the source, as de-
scribed above), each at 1 monitor unit (MU), were acquired.
(For the calibration established by our clinic for this linac,
1 MU corresponds to a dose of 0.8 cGy deposited in water at
a source-to-detector distance equal to 100 cm, with 10 cm
overlying water, for a field size of 10X 10 cm? at the iso-
center, i.e., at 100 cm.) In order to correct for potential dis-
tortions in the LSF caused by transmitted radiation (Sec.
11 B), ten images of the radiation profile, each at 1 MU, were
acquired after displacing the slit gap ~0.5 cm away from the
center of the beam. Gain and offset corrections were applied
to each image in each data set. The corrected images in each
data set were then averaged to yield one slit image and one
image of the radiation profile. Subsequently, the averaged
radiation profile image was subtracted from the averaged slit
image and the LSF was estimated according to the angled-
slit technique. The absolute value of the Fourier transform of
the LSF yielded the one-dimensional, presampled MTF of
the imaging system.

B. Monte Carlo studies

The fabrication of a compact slit and the consequent sim-
plification of the MTF measurement procedure prompted two
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interesting questions: Can slit design be made even more
compact (e.g., by using thinner blocks); and, what effect
would such increased compactness in design have on mea-
surement accuracy? In order to investigate these issues, a
novel theoretical methodology was developed. The method-
ology was based on Monte Carlo simulation of x-ray trans-
port through a variety of hypothetical slit configurations.
This approach serves as a powerful tool that can be used to
examine virtually any design parameter. In the present work,
due to practical constraints, only two design parameters, slit
material and block thickness, which were considered to be
the most important, were studied.

Monte Carlo simulations of x-ray transport were per-
formed for slit designs based on various thicknesses of steel
(from 10 to 40 cm) and tungsten (from 5 to 19 c¢cm) using the
BEAMnrc and DOSXYZnrc Monte Carlo codes.'” The slit
configurations examined in this study were chosen so as to
be representative of designs described previously by our
group and others.>®~8 It should be noted, however, that the
total number of configurations that could be examined were
limited by the available computational resources.

The simulations were performed in two stages, with a
goal of estimating the MTF corresponding to the spatial
spreading in the energy absorbed within a detector based on
a Gd,0,S:Tb phosphor screen of density 133 mg/cm?,
coupled to a 1 mm thick overlying Cu plate—similar to the
detectors used in conventional megavoltage AMPFPIs.®® Note
that, unlike the measured MTFs described in the previous
section, these Monte Carlo-based MTFs do not account for
spatial spreading of optical photons within the detector. (De-
tailed modeling of optical transport within the phosphor
screen was outside the scope of this work.) It is known that
optical spreading reduces the noise arising from energy ab-
sorption within a detector.”® Therefore, for a given slit de-
sign, the noise level observed in an empirically determined
MTF will be likely lower than that observed in the corre-
sponding, simulated, “radiation-only” MTF.

In the first stage, the “impulse input” generated at the
x-ray exit surface of a slit was estimated for each slit con-
figuration using the BEAMNrc user code. The simulation ge-
ometry was similar to that shown in Fig. 1(a). For simplicity,
the linac was modeled as a point source based on a 6 MV
photon spectrum.20 Thus, the effects of x-ray scatter from the
linac head, the flattening filter, etc., were not considered in
this study. In our current and previous®® experience with
megavoltage MTF measurement, these effects have not ap-
peared to make any significant contribution to the accuracy
of MTF estimation. The slit was modeled as two identically
sized blocks separated by a 0.01 cm wide gap. Each block
had dimensions of TX10x5cm® (steel) and Tx85
X 4.25 cm?® (tungsten), where T is the block thickness along
the beam central axis. (The lateral dimensions for the tung-
sten configurations were chosen to be slightly smaller than
those of steel in order to save computational time. Note,
however, that this difference in lateral dimensions has a neg-
ligible effect on LSF results between the two materials due to
the fact that tungsten exhibits significantly more stopping
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power than steel.) The field size of the incident radiation was
chosen so as to correspond to an area of 6.5 X 6.5 cm? at the
x-ray exit surface of the slit, which was defined to be at a
distance of 130 cm from the source. This field size ensured
that the resulting LSFs had sufficiently long tails. The cutoff
energies for electron and photon transport were specified as
0.521 MeV (corresponding to a kinetic energy of 0.01 MeV)
and 0.005 MeV, respectively. Thirty six billion incident pho-
ton histories were used for each simulation. For the afore-
mentioned geometry, the photon fluence (at the slit exit sur-
face) represented by this number is approximately equivalent
to that from 1 MU delivered by a Varian linac.*? In order to
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estimate the transmitted beam profile (Sec. Il A), simulations
were also performed for continuous slabs corresponding to
each slit configuration, using identical dimensions and simu-
lation parameters. The output at the exit surface of each slit
(or slab) was saved in the form of “phase-space files,” which
contain information regarding the spatial location, charge,
energy, and the direction of propagation for each particle
crossing a user-specified plane.17 The simulations were per-
formed on a parallel computing cluster employing 320,
64-bit, Opteron™ 244 CPUs, each operating at 1.8 GHz. The
total CPU time required per slit+slab combination ranged
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from 6.25X 10° to 46 < 10° h, corresponding to the least-
attenuating (10 cm steel) and the most-attenuating (19 cm
tungsten) configurations, respectively.

In the second stage, simulations were performed in order
to estimate the spread of the absorbed energy within a detec-
tor using the DOSXYZnrc user code. Each of the phase-
space files generated above was used as an incident x-ray
source in DOSXYZnrc. The source was incident on a 10
X 4 cm?, Gd,0,S:Th phosphor screen+1 mm Cu detector
described above. The absorbed energy was scored in the
layer corresponding to the screen along a 5x 4 cm? rectan-
gular area in the center of the detector, with the shorter di-
mension of the area perpendicular to the narrow slit formed
on the detector plane by the incident beam. The area was
divided into 8000 voxels, each having a surface area of 5
X 0.0005 cm?, in order to ensure sufficient sampling of the
spatial spread of the absorbed energy, and a thickness equal
to 360 um—a value representative of a Lanex Fast-B
screen.® The effect of the nonuniform transmitted radiation
profile (Sec. Il B) was removed from the 2D energy distribu-
tion of each slit configuration by subtracting the energy dis-
tribution obtained from the corresponding slab. Subse-
quently, the LSF was obtained from the energy deposition
scored along the central area as a function of spatial location.
The MTF was calculated from the absolute value of the 1D
Fourier transform of the LSF. Note that, unlike the empiri-
cally determined LSFs described in Sec. Il A, these Monte
Carlo-based LSFs (and the corresponding MTFs) are deter-
mined for a “continuous” phosphor screen and therefore do
not include the effect of a finite pixel aperture.

In order to determine how closely the LSF values ob-
tained using each slit approach those obtained from an ideal
input, a “gold standard” LSF was calculated. This gold stan-
dard consisted of the absorbed energy LSF determined
through a separate DOSXYZnrc simulation that used a math-
ematically defined parallel beam having a width of 0.01 cm
(equal to the slit gap) incident on an identical detector geom-
etry. The beam was implemented using a built-in parallel,
rectangular source model (ISOURCE 0) in the DOSXYZnrc
code. Similar to the slit simulations, 36 < 10° incident histo-
ries were used so as to correspond to ~1 MU.

An important determinant of the reliability of calculated
MTF values is the accuracy of determining the LSF baseline
which, in turn, depends on the amount of noise present in the
baseline relative to the magnitude of the LSF peak. The LSF
peak-to-baseline noise ratio can therefore be employed as a
useful figure of merit to compare the performance of various
slit configurations. In order to further facilitate direct com-
parison between the various hypothetical slit designs (as well
as with respect to the gold standard) all LSFs were normal-
ized between zero and unity. Subsequently, for each LSF,
baseline noise was calculated as the standard deviation (unit-
less, due to the normalization) in a total of 2000 data
points—consisting of two sets of 1000 values, each set ob-
tained from the “central region” of one half of the normal-
ized LSF, away from the peak and edges.
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Fic. 6. Baseline noise (as quantified by the standard deviation) as a function
of incident radiation for normalized LSFs obtained from the different slit
designs examined in this study. (Note that due to the normalization of the
LSFs between zero and unity, the baseline noise is unitless.) Dashed and
solid lines represent results for designs based on steel and tungsten, respec-
tively. For comparison, baseline noise for the LSF obtained using a parallel
beam is also shown.

IV. RESULTS

A. Measurements

Figure 4 shows the MTF at 6 MV for a phosphor screen-
based megavoltage AMFPI determined through measure-
ments performed using the prototype, 19 cm thick, tungsten
slit. Also shown are previously published MTF values for a
similar imager using the earlier 40 cm thick steel slit. The
MTF values obtained from the prototype slit exhibit a devia-
tion, as quantified by the root mean square (RMS) difference,
of ~1.2% with respect to the values obtained from the 40 cm
thick steel slit. Such a close match demonstrates that,
through the use of higher-density materials, significantly
more compact slit designs may be achieved without compro-
mising measurement accuracy.

B. Monte Carlo Studies

Figure 5 shows the line spread functions (normalized be-
tween zero and unity) obtained from the different slit de-
signs. These LSFs correspond to the spatial spreading of the
energy absorbed within a Gd,0,S:Tb phosphor screen for
1 MU of incident radiation from a 6 MV photon beam. For
comparison, the LSF corresponding to a mathematically de-
fined parallel beam input is superimposed on the results ob-
tained from each slit configuration. As expected, the peak-to-
background ratios increase with increasing beam attenuation.
Notably, the LSF obtained from the 19 cm thick tungsten slit
(which represents the prototype slit design) exhibits a higher
peak-to-background ratio than that from the 40 cm thick
steel slit. This further illustrates the benefits of using higher-
density materials to increase the compactness of slit design
without sacrificing accuracy. More importantly, the LSF
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from the 19 c¢cm thick tungsten slit closely matches that from
an “ideal input,” i.e., the parallel beam, indicating that fur-
ther increases in beam attenuation (e.g., through using
thicker tungsten blocks) may not yield any significant im-
provements in the peak-to-background ratio.

Figure 6 shows the baseline noise in the LSF for each slit
design as a function of incident radiation. For comparison,
baseline noise as a function of incident radiation is also
shown for the LSF, obtained from the parallel beam. As is
the case of the peak-to-background ratios, the baseline noise
also decreases with increasing beam attenuation. Further-
more, for each slit design, noise is observed to decrease with
increasing incident radiation. However, the nature of these
trends (note the logarithmic axes) suggests that, for a thinner
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slit to achieve the same levels of baseline noise as a thicker
slit, the relative increase required in the amount of incident
radiation would be very large. For example, in the cases of
the two least-attenuating slit designs, based on 10 cm thick
steel and 5 cm thick tungsten, it would require over
1000 MU to achieve baseline noise levels comparable to
those achieved by the 40 cm thick steel and 19 cm thick
tungsten-based designs at 1 MU—representing an increase
of over three orders of magnitude.

Figure 7 shows one-dimensional MTFs calculated from
the Monte Carlo-based line spread functions shown in Fig. 5
for the six slit designs examined in this study. In each case,
the MTF values obtained using a slit appear to generally
follow the trend described by the “ideal” curve correspond-
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ing to a parallel beam input. In the cases of the 10 cm thick
steel and 5 cm thick tungsten slits [Figs. 7(a) and 7(d), re-
spectively], the calculated MTF values appear relatively
noisy—most likely due to inadequate beam attenuation
which increases the LSF baseline noise. The remaining four
configurations yield MTF values that are very close to those
obtained using a parallel beam. These results indicate that,
despite exhibiting relatively high levels of LSF baseline
noise, the 20 cm thick steel and 10 cm thick tungsten slit
designs [Figs. 7(b) and 7(e), respectively] are capable of
yielding measurement accuracy comparable to that obtained
using the thicker designs [Figs. 7(c) and 7(f)].

V. DISCUSSION AND CONCLUSION

Empirical determination of MTF is routinely performed
for “diagnostic” (i.e., kilovoltage) x-ray imagers." While this
metric is equally important for the performance characteriza-
tion of megavoltage imagers, the various challenges associ-
ated with the megavoltage x-ray imaging environment make
accurate measurement of the MTF a more daunting task. It is
hoped that through the development of novel measurement
tools such as the prototype slit described in this work, MTF
measurement at megavoltage x-ray energies can be per-
formed with relative ease without compromising accuracy.

As a result of the very large amount of computational
resources required for simulating each slit design, the Monte
Carlo studies were necessarily limited in scope, exploring
only six different configurations based on two materials.
Nevertheless, the Monte Carlo-based methodology devel-
oped in this work represents a powerful theoretical tool for
the examination of existing as well as hypothetical designs.
Furthermore, the results obtained from the present studies
provide a number of valuable insights for practical slit de-
sign.

First, the LSF obtained from the slit design based on
19 cm thick tungsten blocks exhibits a peak-to-background
ratio that is comparable to an ideally parallel beam. This
result suggests an upper limit for the amount of beam attenu-
ation required for the spectrum used in this study. In other
words, further increases in attenuation are unlikely to yield
any significant improvements in accuracy. Second, with the
possible exception of the 10 cm thick steel slit [Fig. 7(a)], all
of the designs examined in this study yield MTF values that
closely follow the MTF obtained from a parallel beam, indi-
cating that slit design may be made even more compact than
the prototype without significantly reducing measurement
accuracy. This result also serves as independent validation of
MTF measurements reported in the literature using similar
slit designs.®®8* However, while the compact slits de-
scribed in this study yield reasonably accurate estimates of
MTF at 6 MV, it is worthwhile to note that higher levels of
attenuation may be required for measurements with more
energetic beams.

In summary, significant reduction in the bulkiness of the
slit makes it easier to accurately determine the MTF under
megavoltage x-ray imaging conditions. The availability of
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such convenient tools is expected to prove highly useful in
the characterization of conventional, as well as novel, proto-
type megavoltage imagers.
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