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Abstract

Half-value layer (HVL) measurements on commercial whole body CT scanners require serial
measurements and, in many institutions, the presence of a service engineer. An assembly of
aluminum filters (AAF), designed to be used in conjunction with a real-time dosimeter, was
developed to provide estimates of the HVL using clinical protocols. Two real-time dose probes, a
solid-state and air ionization chamber, were examined. The AAF consisted of eight rectangular
filters of high purity aluminum (Type 1100), symmetrically positioned to form a cylindrical
“cage” around the probe’s detective volume. The incident x-ray beam was attenuated by varying
thicknesses of aluminum filters as the gantry completed a minimum of one rotation.
Measurements employing real-time chambers were conducted both in service mode and with a
routine abdomen/pelvis protocol for several combinations of x-ray tube potentials and bow tie
filters. These measurements were validated against conventional serial HVL measurements. The
average relative difference between the HVL measurements using the two methods was less than
5% when using a 122 mm diameter AAF; relative differences were reduced to 1.1% when the
diameter was increased to 505 mm, possibly due to a reduced scatter contamination. Use of a real-
time dose probe and the AAF allowed for time-efficient measurements of beam quality on a
clinical CT scanner using clinical protocols.

Keywords
CT; real-time dosimetry; beam quality; half-value layer

1. Introduction

Extensive work has shown that transmission measurements, such as those used to calculate
the half value layer (HVL), adequately characterize the absorption properties of a diagnostic
x-ray beam (Bell, 1936; Boone, 1986; Delgado and Ortiz, 1997; Greening, 1963; Kaye,
1934; Poirier et al.; Ruth and Joseph, 1997; Silberstein, 1932).
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Conventionally, the HVL is estimated using a serial method with aluminum filters of
different thicknesses where a separate x-ray exposure is required for each filter while the
source remains stationary (Hill, 1999). Despite the fact that HVL is annually assessed for
mammography units (FDA, 2002) and most other x-ray systems to evaluate output
constancy, the HVL is not required to be regularly assessed on CT systems (Kruger et al.,
2000). In many institutions, a service engineer is required in order to stop gantry rotation for
a serial, stationary-source measurement procedure.

While there is no definitive method for measuring the HVL of a CT scanner as the source is
rotating, several methods have been proposed (Kruger et al., 2000; Maia and Caldas, 2006).
The advantage of these methods is that the HVL is evaluated with an integrating ionization
chamber as the source rotates. However, these approaches still employ a serial method
where rings of aluminum filters are sequentially added between a series of axial CT
exposures.

Real-time x-ray dosimeters have made significant advancements in recent years (Hyer et al.,
2009) and are becoming commercially available. These dosimeters not only resolve
temporal changes in radiation flux, but they also provide an opportunity to reinvent standard
quality control protocols. In this investigation, the aims are to demonstrate the feasibility of
characterizing x-ray beam quality using a real-time dose probe and a prototype assembly of
aluminum filters (AAF). This new approach for HVL measurement in CT capitalizes on the
X-ray source rotation, and in doing so, eliminates the need for serial measurements using
different filter thicknesses.

2. Methods

The AAF was fabricated using aluminum filters of varying thicknesses positioned
symmetrically around the real-time dose probe (see figure 1). As the x-ray source rotated
around the apparatus, the x-ray beam was intercepted and attenuated by a number of filters
with different thicknesses. While a standard ion chamber would simply integrate the air
kerma from the entire acquisition, the real-time dose probe resolves the air kerma rate of the
incident beam throughout the gantry rotation sequence. Exploiting the spaces between the
plates for measurements of the unattenuated beam, relative transmission measurements were
made and used to estimate the HVL.

2.1 Materials: HVL assembly of aluminum filters (AAF)

Eight aluminum filters with different thicknesses were assembled onto an apparatus, which
will be referred as an Assembly of Aluminum Filters (AAF). Plates of high-purity (Type
1100) aluminum were manufactured in an assortment of thicknesses such that they could be
combined to characterize the HVL for spectra over a wide range of beam qualities. The filter
thicknesses ranged from 0.81 mm to 9.52 mm and all filters had a width of 25 mm and a
length of 102 mm. The modular nature of the filters allowed them to be easily exchanged
and combined, resulting in a large number of possible filter thicknesses. Total filter
thicknesses were selected to be above and below the estimated HVL of a scanner, providing
a robust dataset for interpolation of the HVL.

Phys Med Biol. Author manuscript; available in PMC 2015 March 23.
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Two AAF’s were constructed for this work. The small diameter AAF (AAFgman) consisted
of two octagonal endplates, constructed from aluminum, that were used to support the high-
purity aluminum filters (see figure 2). The center position of the inner face of each filter was
positioned at a radius of 61 mm from the central axis of the apparatus. There was a gap of 24
mm between each of the filters approximating the width of each filter. The ends of the filters
were fixed to the flat sides of the octagonal frame.

To reduce the impact of x-ray scatter in the measurement, a 505 mm diameter AAF
(AAF4rge) Was constructed by replacing the end caps with foam board. The foam board had
a thickness of 5 mm and supported the aluminum filters with a small L-bracket at one edge
(see figure 3). To reduce angle-dependent bias in the measurements as the x-ray tube rotated
around the assembly, the filter thickness was alternated for both AAF’s. Extension rods were
attached to each apparatus to allow centering within the CT beam.

2.2 Materials: Real-time dose probes

Two real-time dose probes were used in this investigation. One probe had a solid-state
detector while the other was an air ionization chamber. Both dose probes were used for
relative transmission measurements associated with the AAF. Conventional HVL
measurements were conducted with a 0.6 cm3 thimble chamber and an integrating
electrometer (Accu-Pro, Radcal, Monrovia, CA).

2.2.1 The real-time solid-state dosimeter—The real-time solid-state (RTSS)
dosimeter was a prototype real-time chamber (Diagnostic Imaging Specialists Corporation
(DISC), St. Malo, Canada). The active volume of the probe was a cylinder with a diameter
of 5 mm and a length of 7 mm. The acquisition software allowed the sampling rate to be
switched between 100 Hz and 1000 Hz. The output signal was digitized in parallel using
four channels, corresponding to four different gains (x1, x10, x100, or x1000), which
extended the dynamic range of the device. The nonlinear energy response of the solid-state
detector was corrected as described in Appendix A.

2.2.2 The real-time air ionization chamber—The real-time air ionization (RTAI)
chamber was a 0.6 cm?3 thimble chamber coupled to a real-time electrometer (Accu-Gold,
Radcal, Monrovia, CA). The output of the electrometer was recorded by a laptop computer
using a USB-2 interface. This chamber had an active volume that was 18.7 mm in length
and 9.5 mm in diameter. The sampling rate was 10 kHz and measurements were acquired
using manufacturer-provided software.

The angular response of the RTAI chamber was assessed on a dedicated breast CT (bCT)
scanner (Boone et al., 2006). The rotational isotropy of the RTSS chamber was previously
reported (McKenney et al., 2011) to have a relative angular measurement uncertainty of
0.80%. For the RTAI chamber, measurements were also made with a stationary source. A
beam with a tube potential of 120 kV and tube current of 8 mA was filtered with 0.2 mm of

™
copper. The probe was held fixed at system isocenter. The probe was manually rotated in 5
increments; a 5-second exposure was made at each angular position. A total of four

Phys Med Biol. Author manuscript; available in PMC 2015 March 23.
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measurements were made at each angular position; all air kerma measurements were then
normalized to the average of the four positions.

The results of the isotropy measurements are presented in figure 4. The relative angular
measurements had an average measurement uncertainty of 0.5%. The primary contribution
to the measurement uncertainty was the effect of manually rotating the probe. Because the
anisotropy was relatively minor and the average difference was reasonably low, the angular
response of the RTAI chamber was assumed to be uniform.

2.3 System setup: Clinical CT scanner

The two AAF configurations were used in a clinical CT setting to assess their utility for
HVL assessment. All measurements were made on a LightSpeed VCT scanner (General
Electric, Waukesha, WI). The scanner had a source to isocenter distance of 541 mm and a
scan field of view (SFOV) of 500 mm. The patient table was retracted from the field of view
for all measurements.

2.4.1 Methods: Conventional HVL method (stationary source) in service mode
—Conventional HVL measurements were first made with each of the eight aluminum filters
using a 0.6 cm3 dose accumulation mode chamber (Accu-Pro, Radcal, Monrovia, CA) (see
figure 5). The integrating chamber was placed at the scanner’s isocenter by fixing it to an
extension rod. With the CT scanner in service mode, the x-ray source was positioned at the
bottom of the gantry (6 o’clock position) and was held stationary. Aluminum filters of
differing thicknesses were placed on the gantry cowling between each x-ray exposure. The
filter thicknesses ranged from 0.8 to 15.8 mm. An exposure time of one second was used. To
reduce scatter contamination in the measurement, the beam was collimated to 5 mm (at
isocenter). A measurement uncertainty of <2% (k=2) was assumed. This method was
repeated at 80 kV, 100 kV, 120 kV and 140 kV with a medium bow tie filter. The HVL was
also measured with the bow tie filters retracted (i.e. air), and with the small, medium, and
large bow tie filter at 120 kV. Using the eight filters from the AAF, eight measurements
were made for each combination of tube potential and bow tie filter. For all measurements,
the small focal spot and a tube current of 200 mA was used.

2.4.2 Methods: AAFgmal (rotating source) in service mode—To ensure
consistency in technique factors for each combination of filter and tube potential, the AAF
configuration was first validated against conventional HVL measurements while using the
scanner in service mode. The same aluminum filters that were used for the conventional
serial HVL measurements were mounted onto the AAFgma- The extension rods of the
apparatus were attached to an external support so that there were no additional attenuating or
scattering materials in the field of view. The set-up was centered at the scanner’s laser-
indicated isocenter (see figure 6). The time for one gantry rotation was set to 1 s in axial
mode.

Because of differences in the sensitivity and dynamic range of the two probes, the tube
current was set to 10 mA for the RTSS probe and 400 mA for the RTAI chamber. Rotating
source measurements were made for all combinations of x-ray tube potentials and bow tie
filters using each real-time dose probe separately. Partial probe exposure could amplify any

Phys Med Biol. Author manuscript; available in PMC 2015 March 23.
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angular effects of slightly mispositioning the probe off of isocenter. To fully irradiate the
probes, the beam was collimated to the length of the radiation meters’ sensitive volume.
Measurements made with the RTSS probe used a beam width of 10 mm while
measurements made with the RTAI chamber used a beam width of 20 mm.

2.5 Methods: AAF4ge (rotating source) in clinical mode

3. Results

HVL measurements were repeated for a series of tube potentials in clinical mode using a
standard abdomen/pelvis protocol. A rotation time of 1 second was used and the tube current
was manually set to 400 mA, with no tube current modulation. Because of increased scatter
detected by the AAFgmai, the AAF arge Was used instead. Additionally, the range of filter
thicknesses was reduced to improve sampling around the estimated HVL; filter thicknesses
ranged from 4.8 to 10.3 mm. Beam widths of both 20 mm and 40 mm were also examined
with the RTAI chamber.

2.6.1 Analysis: Signal corrections—Due to imprecision in centering the AAF, the
effects of the inverse square law (ISL) were apparent in the unattenuated portions of the
measured signal train (Fig. 7.a). The periodic nature of the signal was a result of using a
helical acquisition mode; the ISL appeared as a low-frequency sinusoidal modulation
present in the signal train with the same period as the gantry rotation. The different
aluminum filters attenuated the incident beam and are seen as a high frequency component
of the signal train. For this acquisition, a 1 second rotation time was used for a 4 second total
exposure time at 120 kV and 400 mA with a large bow tie filter. Multiple gantry rotations
allow for a greater number of samples for each beam filter. A previously-described
correction algorithm (McKenney et al., 2011) was used to reduce the effects of the inverse
square law, which analyzed the unattenuated portions of the signal train and applied a
sinusoidal scaling correction to the entire dataset (Fig 7.b).

For each filter thickness, the relative transmission was computed as the average value of the
filtered signal to the average value of the unattenuated signal. The HVL was estimated using
a second-order polynomial fit to the log of the eight relative transmission measurements.

2.6.2 Analysis: Statistics—The relative difference between HVLs measured with the
AAF configuration and the conventional method was evaluated as

|H‘/Lrotating source — H‘/Lconventional‘

relative difference=
H‘/Lcom)entional

(Ea. 1)

3.2 HVL measurements in service mode

A summary of the measurements performed on the whole body CT scanner is shown in
Table 1. The raw signal of an HVL measurement using a standard rotating gantry
acquisition, the RTAI probe, and AAFma is plotted in figure 7. In this figure, the probe
was estimated to be 7.5 mm from rotational isocenter. Without the ISL correction, the HVL
was measured as 7.82 mm Al; with the correction, it reduced to 7.76 mm Al.

Phys Med Biol. Author manuscript; available in PMC 2015 March 23.
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Across the four tube potentials (figure 8), the average relative difference of the HVL
measured with the AAFgma was 1.9% with the RTSS probe and 3.9% with the RTAI
chamber, compared to the conventional, stationary-source method. When evaluated across
the different bow tie filters (figure 9), the average relative difference was 2.1% with the
RTSS probe and 4.6% with the RTAI chamber. The HVL measurements made with
conventional techniques and with the AAFgmq method were significantly different when
using a two-tailed, paired t-test (p > 0.001).

3.3 HVL measurements in clinical mode

Acquisitions performed with the AAF g had similar general features to t the AAFgma
results depicted in Fig. 7.b, but with narrower attenuation time intervals (figure 10) because
the width of the aluminum filters was held constant. While the value of the unattenuated air
kerma rate is comparable between the two plots, the range of attenuated values differed
because a more limited range of filter thicknesses was used in the AAF e configuration.

A slightly negative bias was observed in the correlation of the HVL measurements across
the four tube potentials with the 20 mm collimation (figure 11); an average relative
difference of 0.2% was estimated. A positive bias, with an average relative difference of
0.8%, was observed for the 40 mm beam width.

The average relative difference across the three bow tie filters was 0.6% for the 20 mm
beam collimation, which increased to 1.6% for a beam width of 40 mm (figure 12). The
conventional HVL measurement and the AAFj5rge measurement (with a 20 mm beam
collimation) were not found to be significantly different when using a two-tailed, paired t-
test (p>0.5).

4. Discussion

The results of HVL measurements with the AAF configuration and a real-time dosimeter
demonstrate the feasibility of conducting HVL measurements from a minimum of one single
CT scan. Semi-automated software developed in our laboratory corrects the signal and
calculates the HVL in approximately 2 seconds. The AAF method makes routine assessment
of CT beam quality more feasible. The HVL data can be used for routine consistency
testing. For CT dosimetry research the HVL may be used to model the x-ray spectra in
Monte Carlo simulations (Ay et al., 2005; Bazalova and Verhaegen, 2007; Bhat et al., 1998;
Birch and Marshall, 1979; Boone, 1986; Turner et al., 2009). It should be noted that the
HVL does not uniquely characterize a spectrum (Baird, 1981). The use of the AAF|5rge With
rotating gantry protocols enables the investigator to characterize HVL’s across a complete
range of tube potentials and bow tie filters within the time constraints of the CT scanner’s
availability.

With the AAFgma, @ systematic overestimate of the HVL was observed, which is attributed
to scatter contamination in this geometry. Even with this observed bias, an average relative
difference in the HVL assessment of only 4.1% was measured. Increasing the diameter of
the AAF reduced the HVL measurement’s relative difference to 1.1%, even when using a
more scatter prone large beam collimation width. It is possible that the conventional HVL

Phys Med Biol. Author manuscript; available in PMC 2015 March 23.
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measurements contain a small bias as the International Atomic Energy Agency (IAEA)
recommends a second set of collimators between the filter and detector (IAEA, 2007), not
included in set-up for the conventional measurements of this investigation.

There was a notable increase in the relative difference of the RTSS probe’s measurement of
the HVL of the large bow tie filter. The technical specification document for the CT scanner
(G.E. Healthcare, 2010) states that the large bow tie filter has an additional 0.075 mm of
copper; it is likely that the assumption of an aluminum-only inherent filtration material in
the energy correction algorithm led to some inaccuracy in the HVL measurement. Solid-
state probes on the market may also exhibit this fallibility. The HVL can be accurately
measured with these devices from a single exposure if the electrometer software
appropriately corrects for beam quality. The HVL of composite filters, such as the large bow
tie filter, cannot be accurately estimated unless the amounts of each material are known, in a
sense, defeating the purpose of an HVL measurement.

It is difficult to differentiate the small and medium bow tie filters using solely the HVL
measurement on the CT scanner evaluated because there is a <1% difference between the
two HVL values. The AAF configuration specifically characterizes x-ray beam quality at the
center of the field of view. For a more complete description of the x-ray output of the
scanner, it is necessary to evaluate the angularly-dependent air kerma profile. By employing
the characterization of bow tiefilter relative attenuation (COBRA) method (Boone, 2009;
McKenney et al., 2011) in conjunction with the AAF HVL measurement, a complete
assessment of the small bow tie filter from the medium filter can be made. The COBRA
method requires the inherent filtration of the system, which was determined from an HVL
measurement at isocenter.

Scatter contamination was found to play a noticeable role in the HVL measurements.
Ideally, the x-ray beam’s width should be collimated as tightly as possible to the dosimeter
as observed previously (Delgado and Ortiz, 1997). Maximizing the AAF diameter by fixing
plates to the gantry reduces scatter and eliminates the need for an external fixture. This is a
more invasive experimental design and it requires either larger aluminum filters or a slower
rotation time for the real-time probe to temporally resolve the attenuated portions of the
beam.

The AAF can be used with any real-time dose probe; however, there are several important
considerations. First, the probe must have high temporal resolution so that multiple
measurements can be made on each filter, and that these can be distinguished from air.
While the RTSS probe had a sampling rate of 1 kHz, slower sampling rates are acceptable,
particularly with slower gantry rotation speeds. Secondly, the real-time probe must have a
dynamic range that is matched to the output range of the CT system. Finally, an energy
response correction scheme for solid-state probes is necessary for accurate relative
transmission measurements in air.

When collecting HVL measurements, a number of samples should be acquired to ensure a
reasonable estimate of the attenuation values. This can be achieved by increasing the
number of gantry rotations collected during an acquisition, either by increasing the rotation

Phys Med Biol. Author manuscript; available in PMC 2015 March 23.
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speed or by increasing the exposure time. For reliable HVL measurements the dosimeter
must be placed at a consistent z-position in the field to mitigate the spectral shifts from the
heel effect (Ay et al., 2004). An external fixture to support the AAF from the back of the
gantry, allowed for measurements to be acquired in helical mode (in which the table moves
outside of the FOV). It is also possible to measure the HVL by suspending the AAF off edge
of the patient table while using axial or cine scan mode, providing that the table remains
stationary during the acquisition. The set-up requirements are relatively minimal and the
device is more easily transportable in the latter configuration. The downside of
measurements conducted in an axial mode, is that the start-stop angle sometimes obscures
the attenuation profile of one of the filters. With either acquisition mode, it is essential to
deactivate tube current modulation for correct relative transmission measurements.

5. Conclusions

Using a real-time dose probe and an assembly of aluminum filters, the HVL can be
measured on a clinical CT scanner. HVL measurements were evaluated with both a real-
time air ionization chamber and an energy-corrected real-time solid-state probe. With access
to a real-time dose probe and the AAF it is possible to monitor the beam quality of a clinical
CT scanner easily, accurately, and without the need to enter the service mode of the scanner.
HVL measurements made at the central ray in conjunction with the characterization of bow
tie relative attention provide a more complete description of the x-ray output of a CT
scanner. These measurement techniques can be used for both routine quality assessment
measurements or for spectral estimation for Monte Carlo simulations.
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Appendix A

Energy response correction algorithm for a solid-state detector

Custom software was developed to convert the relative transmission measurements of the
RTSS probe into relative measurements of an ideal ion chamber for a known x-ray tube
potential. The method was deemed appropriate for the purposes of this work with an average
percent difference of 2.3% between the HVL measurements made with the RTSS probe and
a general purpose ion chamber (10X5-6 ion chamber and 9010 radiation monitor, Radcal,
Monrovia).

The mean energy imparted to the solid-state probe egrsg(X) was modeled by

(Ea.
(mﬁlter) :AIEZZEE(DEE_HAI (E)xinhcrcnte_lu‘A[ (E)zﬁltcr <l — @ Hprobe (E)xprobc) dE‘7 A

1

ERTSS

where E was the photon energy and x was a material’s thickness. The photon distribution of
photon fluence with respect to energy ®g [mm~2 keV~1] at the detector position for an
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unattenuated beam was simulated using the TASMIP spectral model (Boone and Seibert,
1997). The energy dependent linear attenuation coefficient u(E) was determined from a
tabulated dataset (Boone and Chavez, 1996). The probe’s manufacturer provided the
material composition of the real-time probe’s active volume. The thickness of the detector
was also proprietary information and was determined from tomographic images of the active
volume of the probe. The cross-sectional area of the active volume A, was unknown as it
canceled in the relative transmission measurement (Eq. A.2). The aluminum filters’
thicknesses, Xgjter, Were known. While the inherent filtration thickness Xjnherent O the beam
was unknown, the inherent filter was assumed to be composed of aluminum.

The relative transmission R for both empirical (Remp) and simulated (Rgy) measurements
was determined by

= (‘Tﬁlter)
R(x __Crrss )
( ﬁlter) ERTSS(‘TﬁheT:O) (Ba- A2)

Using a least-squares algorithm, the optimal inherent filter thickness was determined by
iterating over increasing inherent filter thicknesses and identifying the Xinnerent that
minimized y2,

T filter =% v [R

T filter =1

arg minxQ, XQZZ emp (-Tﬁlter) - Rsim (Iﬁltera xinherent)]z-

Tinherent

(Egq. A.3)

The energy corrected relative transmission was then determined by simulating the collision
air kerma, K, measured with an ideal ion chamber. Using the optimal inherent filter
thickness Xinherent,optimal, the collision kerma measurement was modeled as
K. (Iﬁlter) :fE"”” {‘uabg—(E)] Ed e Ha (E)Tinherent,optimal g —H ) (E)Tfitter 7 (Eq. A4)
P air

E=0

Pabs(E)
Where [7 _was the mass energy absorption in air, also determined from a tabulated

dataset (Boone ana”Chavez, 1996). Other quantities have the same meaning as in Eq. A.1.
With minor adjustments to Eq. A.4, exposure and air kerma could be modeled instead.
Because the relative transmission of collision air kerma, air kerma and exposure are
approximately equal in diagnostic energy ranges (ICRU, 2011), the relative transmission
calculated would be approximately equivalent. The energy corrected HVL was then
determined from the relative transmission simulated in air (see section 2.6.1).
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Figure 1.
Diagram of the HVL apparatus of aluminum filters (AAF). The aluminum filters, supported

by octagonal end caps, attenuate the x-ray beam by varying amounts, while the gaps
between the filters provide the projected unfiltered x-ray beam required for comparison.
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Figure 2.
Diagram of small diameter apparatus of aluminum filters (AAFgman), with a diameter of 122

mm, and the real-time solid state (RTSS) probe centered within it.
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Figure 3.
Photograph of the large diameter apparatus of aluminum filters (AAFj,rge), With a diameter

of 505 mm. The configuration had an open face with each aluminum filter attached to an
edge of the foam board. The 0.6 cm3 real-time air ionization (RTAI) chamber was
positioned at isocenter.
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270°

The angular response of the real-time air ionization chamber. Air kerma values normalized
to the average of the four angular measurements are plotted.
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Figure5.
Photograph of the system set up for the conventional HVL measurements. The aluminum

filters from the AAF were removed and placed on the bottom of the CT gantry so that they
attenuated the incident x-ray (held stationary at the 6 o’clock position). A 0.6 cc integrating
air ionization chamber was placed at the laser-indicated isocenter.

Phys Med Biol. Author manuscript; available in PMC 2015 March 23.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

McKenney et al.

Page 17

Figure6.
Photograph of the AAF¢nan extended in the gantry of the CT scanner for measurements

using a rotating source. The real-time dose probe, hidden by the endplate in this photo, was
centered within the apparatus at isocenter.
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Figure?7.
Plot of (a) the raw signal acquired with the real-time air ionization (RTAI) chamber and (b)

the signal when corrected for the inverse square law. The signal was acquired using a
standard abdomen/pelvis protocol on a clinical CT scanner with the AAFgmalr-
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Figure8.
Comparison of HVL measurements made with the AFFsman with conventional HVL values

while varying tube potential (medium bow tie filter in service mode).
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Figure9.

Comparison of HVL measurements made with the AFFgqa with conventional HVL values
while varying bow tie filters (120 kV in service mode).
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Figure 10.
Plot of the ISL corrected signal obtained when using the AAFjsrge. The signal was acquired

with a standard abdomen/pelvis protocol at 120 kV with a large bow tie filter.
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Figure 11.
Results from HVL measurements using the AAF,.qe as a comparison plot. The HVL was

measured on the clinical CT scanner using a medium bow tie filter across different tube
potentials with the abdomen/pelvis protocol.
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Figure 12.
Results from HVL measurements using the AAF,.ge as a comparison plot. The HVL was

measured using different bow tie filters at 120 kV with a routine abdomen/pelvis protocol.
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