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Figure 2.2.2: Illustration of blur caused by scatter from the beam-hardening filter as
the filter distance d is increased.

required by IEC to be 150 cm or greater. The corresponding focal-spot transfer

function is T (u) where:

(2.2.3)

and F'(u) is the Fourier transform of f(z). The MTF measured with the slanted edge
method is expected to scale with T’ (u) and since the NPS is measured from a uniform
exposure, it is not affected by focal-spot blur and the DQE is expected to scale with

Scatter generated in the beam-hardening filter (eg. 21 mm aluminum for an RQA-5

930336 wwith an effect similar to off-

spectrum) may also be incident on the detector,
focal radiation and not easily separated from focal-spot blur. The combined effect of
filter scatter and focal spot blur is described by the product Ts(w)Ts(u) which can
be measured experimentally using the method described by Nishiki.?6 With the edge
placed close to the image plane the slanted edge method gives T'(u). With the edge

placed far from the image plane it gives Ts(u)T's(u)T'(u). The combined effect of focal
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Figure 2.2.3: Tllustration of the characteristic curve from a detector with a very slight
non-linear response causing the slope of the characteristic curve to vary with detector

KERMA. The nominal exposure used to measure the DQE was 2.97 uGy. System
gain G is equal to the local slope at the nominal exposure.

spot blur and filter scatter, Ts(u)T(u), is given by the ratio of the two:

T3 ()T ()T ()

T (w)Ty(w) = =20

(2.2.4)

The true DQE is a property of the detector in isolation, independent of focal-spot blur

or filter scatter. However, the measured DQE is scaled by the square of Ty(u)Ts(u).

2.2.3 Image Data Linearity

All Fourier metrics, including MTF and DQE, are valid only with linear image data
such that pixel values are propotional to deposited x-ray energy (or detector air
KERMA for a given spectral shape), corresponding to a constant slope of the charac-
teristic curve. Non-linear transforms such as a logarithmic response, and even minor
non-linearities such as illustrated in Fig. 2.2.3, must be assessed and linearized as

required.
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The DQE of a non-linear system can be determined using a small-signal approach

, giving
2

| o

T (u) ]
Wi(u)

q
DQEA (u) =

(oW
QY

(2.2.5)

and with reference to Egs. (2.1.1) and (2.2.5), the relative error if not linearized is

given by

dd
dg

DQE(u) — DQE, (1) _
DQE (u)

4—1 (2.2.6)

where d = kA is the average dark subtracted pixel value, k is a constant of propor-

tionality and A is the pixel area.

2.2.4 Beam Half Value Layer

The IEC Report 62220-1-1° outlines a standardized method for measuring the DQE
for digital radiography to ensure accurate evaluation and comparison of x-ray detector
performance. One of the items specified in the [EC protocol is the x-ray beam used
to measure DQE. For example, the RQA-5 spectrum is defined by 70 kV tube voltage
setting and 21 mm of aluminum (Al) filtration to achieve a half-value layer (HVL) of
6.8 mm of Al 2529 However, due to potential variations in x-ray tube output across
different systems, the kV or Al thickness may have to be modified until the beam
HVL (thickness producing 50% exposure transmission) matches the standard value of
6.8 mm. An earlier recommendation? of modifying the kV rather than Al thickness
was more convenient. However, recent changes to the IEC document now recommends
changing the Al thickness instead. In a clinical setting this process may be tedious
and relatively slow. We investigated the DQE that results from different combinations
of kV and Al thicknesses while sustaining the same HVL of 6.8 mm Al using a Csl

digital detector. The quantum efficiency of a detector is given by
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where

O{(E) — ]_ — 6_ [(%)photo(E)+(%)inco}L(E):| ol (228)

and %(E), p and [ are the x-ray attenuation coefficient, density and thickness of the
converter material respectively. For Csl, the fraction of photons absorbed is shown

in (with p = 4.51 g/cm? [ = 0.1 cm).

2.3 Materials and Methods

2.3.1 Detector Specifications

Our testing facility uses the Xmaru 1215CF-Master Plus CMOS flat panel detector
(Xmaru, Rayence Co. Ltd., Seoul Korea). It is a Csl-based detector with an active
area of 11.6 cm x 14.5 cm, physical element size of 49.5 ym, and a 2352 x 2944 active

matrix.

2.3.2 Image Plane Air KERMA

The ability to determine image-plane KERMA without knowing the image-plane
position using Eq. (2.2.1) was validated using a plastic frame containing five fiducial
markers on an 8.4x8.4 cm square (Fig. 2.3.1) placed in the chamber plane. The
physical distance between markers divided by the average number of pixels between
markers in each direction gives the pixel size in the chamber plane. To prevent back
scatter radiation from contaminating the measured image plane exposure, the detector
was removed and a reference ion chamber was positioned in its place that is 150 cm

from the source. Five (5) exposure measurements were acquired and averaged using
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Figure 2.3.1: X-ray image of frame containing five fiducial markers on a 8.4x8.4 cm
square. Pixel spacing at the frame position is given by the number of pixels between
markers divided by physical distance.

72 kV 50 mA 500 msec to determine an average image plane exposure (18.715 uGy).
This was repeated at 2 cm, 4 cm, 6 cm, 8 cm, 10 cm and 20 ¢cm from the image plane.
Five (5) exposure readings were acquired and averaged at each position. Image plane
exposures at each position were calculated using Eq. (2.2.1). The calculated image-

plane exposures were compared to the measured image plane exposure determined by

the reference ion chamber positioned at 150 cm.

2.3.3 Determining the Focal Spot Profile

The ratio of transfer functions Eq. (2.2.4) determined by the slanted-edge method
was obtained by acquiring images of the 2 mm slanted tungsten edge device placed
at d. ~ 0 and d, ~ 100 cm relative to the image plane. Both edge images were

dark-subtracted, linearized, open-field normalized and 3x3 binned.

Determining the MTF at Different Distances from the Image

Plane

A 2-mm precision tungsten slanted edge positioned at distances 1.3 cm, 2.3 cm, 3.3 c¢m,

5.3 cm, 7.3 cm, 10.3 cm, and 21.3 cm from the image plane using a 150 cm and 100 cm
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Source-to-Image Distance (SID). The slanted edge device was mounted and secured
on a sliding stage that was manually moved incrementally at each distance. The
distances from the image plane were measured with the side of the edge closest to
the detector using a fixed tape measure on the stage. Two (2) open field images were
acquired to determine an average open image. Two (2) slanted edge images were
acquired at each distance and averaged. Both slanted edge and open field images
were dark subtracted, 3x3 binned, and the average slanted edge images were open-field
normalized. The MTF was determined by differentiating the oversampled edge spread
function using the slanted edge method to obtain the system line spread function, and
subsequently performing the Fourier Transform and normalizing by its zero-frequency

value. 326

Determining the MTF at Different Source Filter Distances
(SFD)

Here we position the RQA-5 filter at distances 16 cm, 20 cm, 30 cm, 50 cm and 70 cm
from the focal spot using a 100 cm and 150 cm SID. The MTF was determined using
the slanted edge device positioned at 1.3 cm and 10.3 cm from the image plane for
each SFD. Images were dark subtracted, 3x3 binned, and the average slanted edge

images were open-field normalized.

2.3.4 Linearization

The DQE was analyzed using a RQA-5 spectrum [21 mm Al, 7.1 mm Al HVL].
Open-field images corresponding with air KERMA values of 0.7542, 1.500, 2.412,
3.034, 3.771 and 4.867 uGy were acquired. A plot of pixel value vs. air KERMA was
generated to determine the system characteristic response. The inverse conversion

function was determined from the system characteristic response and used to linearize
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image data. Non-linearized and linearized image data were used to analyze the DQE.

2.3.5 Different Combinations of kV and Al Filtration

We validated our lab system’s ablity to produce an RQA-5 spectrum (IEC 62220-1-1
2015, 70 kV, 21 mm of Al, HVL = 6.8 mmAl) by measuring 50.4% attenuation at
6.47 uGy. A reference ion chamber was used to measure air KERMA 120 cm from
the x-ray source. Fig. 2.3.3 shows the simulated x-ray spectra of the standard RQA-5
spectrum and the four beams with HVL 6.8mm: 65kV with 28 mm of Al, 67kV with
25mm of Al, 72kV with 18.8mm of Al and 76kV with 15.5mm of Al. Different kVs
and filtrations that produce beams having the same HVL as a RQA-5 spectrum were
also determined experimentally. The following combinations of kV and Al filtration
were found to generate a x-ray beam having a HVL of 6.8mm of Al: 65kV with 28mm
of Al, 67kV with 25mm of Al, 72kV with 18.8mm of Al, and 76kV with 15.5mm of
Al producing 49.8%, 50.3%, 50.3% and 49.9% attenuation respectively (Fig. 2.3.2).
These spectra were normalized to have the same total number of quanta. This was
set to an equivalent air-kerma of 2.5uGy exposure with an RQA-5 beam because that
was the air-kerma used to measure DQE.

Figure 2.3.3 shows the simulated photon fluence absorbed in the CsI converter
layer from the four different x-ray beams having the same HVL. In this simula-
tion, we calculate the quantum efficiency of the 65kV+28mmAl, 67kV-+25mmAl,
72kV+18.8mmAl and 76kV-+15.5mmAl beams. The percent difference in their quan-
tum efficiency relative to the IEC defined RQA-5 spectrum were 1.8%, 1.0%, -0.8%,
and -2.2% respectively. We expect these beams to have different DQE(0) values with
respect to an RQA-5 spectrum. We compared DQE measurements made by DQE Pro
(DQEInstruments, v. 4.6.1 and v. 5.0.0) using these x-ray beams. Images were
dark subtracted and pixels were 3 x 3 binned. The DQE was measured at approx-

imately the same nominal air KERMA of 2.62, 2.69, 3.23, 1.67, and 1.95uGy for
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65kV+4+28mmAl, 67kV+25mmAl RQAS, 72kV+18.8mmAl, and 76kV+15.5mmAl x-
ray beams respectively. Figure 2.3.2 is a plot of x-ray tube kV and amount of Al
filtration required to produce a x-ray beam with a HVL of 6.8mm of Al. The solid
line are simulated values using our lab package XRLib and the points are measured
values. At 70kV, the amount of filtration (21mm of Al) matches perfectly with RQA5
as set by our packages. Filter predictions match well with measurements but could

be less accurate as tube voltage is changed further from 70kV.
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Figure 2.3.2: Aluminum filtration and tube kV settings for a x-ray beam HVL of
6.8mm of Al
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Figure 2.3.3: a.) Comparison of simulated x-ray beams using different combinations
of kV and Al to generate a 6.8 mm Al HVL b.) Comparison of simulated photon
fluence absorbed in Csl from three x-ray beams.

2.4 Results

2.4.1 Focal Spot Profile

Transfer Function with Edge at 1.3 and 101.3 cm 0.06
1.3 cm Real 0.05 |
0.8 — — 1.3 Absolute
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Figure 2.4.1: a) System transfer function obtained using the slanted-edge method
with the edge placed at 1.3 em and 101.3 ¢m from the image plane. b) Focal spot
intensity profile as determined with Eq. 2.2.4

The focal spot profile was determined by taking the ratio of the transfer function

calculated with the edge images acquired with the edge-device positioned at 101.3 cm
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Figure 2.4.2: Plot of image-plane KERMA determined using Eq. (2.2.1) as a function
of chamber distance from the image plane (SID = 150 c¢cm). Error bars represent
uncertainties o determined by Eq. (2.2.2). The orange line shows the measured air
KERMA using the ion chamber positioned at 150 cm

and 1.3 cm from the image plane (Fig. 2.4.1). The focal spot profile was determined

to have a width of approximately 0.4 mm as shown in Fig. 2.4.1.

2.4.2 Image Plane Air KERMA Validation Using Fiducial

Markers

Figure 2.4.2 shows measured air KERMA values as a function of device-to-image
distance for a SID of 150 cm. Figure 2.4.2 shows consistent image plane exposure
measurements calculated when the device is positioned up to 20 cm from the im-
age plane. The calculated image plane air KERMA measurements for 2 cm, 4 cm,
6 cm, 8 cm, 10 cm and 20 cm were 18.750 uGy, 18.750uGy, 18.759uGy, 18.759uGy,
18.724uGy, 18.724uGy [std = 0.022, 0.021, 0.021, 0.024, 0.056, 0.050] respectively.

2.4.3 Varying Distance of the MTF Edge from the Image
Plane

Figure 2.4.3 shows the MTF degrading at higher frequencies as the edge distance is

positioned farther away from the image plane. The degree of MTF degradation is
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Figure 2.4.3: a.) MTF plot at different distances using a 150 cm SID, b.) MTF plot
at different distances using a 100 cm SID

the same for distances up to 10.3 cm, while the MTF falls more drastically when the
edge is placed at 21.3cm using a SID of 150 ecm. The degradation of the MTF is
more pronounced using a SID of 100 cm compared to a SID of 150 cm. The MTF
starts degrading with the edge placed at 10.3 cm using a 100 cm SID because the
effects of focal spot blurring increases as SID decreases. No observable differences
is appreciated between edge placement distances of 1.3 c¢m and 7.3 cm using both
100 cm and 150 cm SID. The relative error across frequencies in the MTF with the
edge placed at 2.3 cm, 3.3 c¢m, 5.3 cm, 7.3 cm were predominantly within 5%, with
random fluctuations exceeding this error at higher frequencies when using an SID of
150 cm. The relative error in the MTF with the edge placed at 10.3 cm were within
5% at lower frequencies, while the relative error exceeded 5% at frequencies beyond
2 cycles/mm when using an SID of 150 cm. The relative error in the MTF with the
edge positioned at 21.3 cm exceeded 5% predominantly across all spatial frequencies.

Similar patterns were observed when using an SID of 100 cm.
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2.4.4 Varying Distance of the Beam Hardening Filter from

the Focal Spot

Figure 2.4.4 and Figure 2.4.5 show the MTF is preserved when the edge is positioned
closest to the image plane (1.3 cm) while changing the distance of the RQA-filter
relative to the focal spot. A low frequency drop in the MTF is observed when the
edge is positioned at 10.3 cm from the image plane using an SID of 150 cm with the
beam hardening Al filter positioned 70 cm from the focal spot (Fig 2.4.4b). Using a
100 em SID shows a low frequency drop in the MTF when the beam hardening Al
filter is positioned at 50 cm only when the edge is positioned 10.3 cm from the image
plane (Fig 2.4.5d). A low frequency drop in the MTF is observed with the edge is
positioned at 1.3 cm and 10.3 cm from the image plane when using a 100 cm SID and

70 cm SED (Fig 2.4.5¢ and d).

MTF Evaluated with a 150 cm SID

150 cm SID 13mm Edge 150 cm SID 103mm Edge

1 1
—— 16cm SFD —— 16cm SFD
0.8 I E 0.8 | o
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a.) Spatial Frequency (cycles/mm) b_) Spatial Frequency (cycles/mm)

Figure 2.4.4: a.) MTF plot with the edge placed 13 mm from the image plane using a
150 ecm SID while changing the SFD, b.) MTF plot with the edge placed at 103 mm
from the image plane using a 150 c¢m SID.
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MTF Evaluated with a 100 cm SID
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Figure 2.4.5: ¢.) MTF plot with edge placed at 13 mm from the image plane using
a 100 ecm SID, and d.) MTF plot with edge placed at 103 mm from the image plane
using a 100 cm SID.

2.4.5 Different Combinations of kV and Al with the same
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Figure 2.4.6: a.) Comparison of DQE curves acquired with different x-ray beams
having the same HVL=6.8mm of Al but different kV and filtration. These DQEs
were measured on the same detector with the same nominal air KERMA. b.) Ratio
of DQE of the four spectra relative to the standard RQA-5 spectrum.

Figure 2.4.6a shows DQE curves for the five x-ray beams with 6.8 mm Al HVL. DQE
at low frequencies for beams 65kV+28mmAl, 67kV+25mmAl RQA5, 72kV+18.8mmAl,
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and 76kV+15.5mm Al are 0.698, 0.696, 0.677, 0.646, and 0.628 corresponding to per-
cent differences of +5.74%, +2.98%, -1.24%, -4.11% respectively. These results are
similar and follow the same trend as theoretical predictions. We do not observe any

frequency-dependent changes between different x-ray beams (Fig. 2.4.6b).

2.4.6 Linearized vs. Nonlinearized Image Data

There is an observed difference in the DQE due to non-linearity. The difference in the
low frequency DQE appears greater between the nonlinearized and linearized image
data compared to the high frequency DQE (Fig. 2.4.7). The average relative error in
the DQE across all spatial frequencies between linearized and non-linearized image

data is 17.1% [std = 1.06].

—>X— Linearized |
—O— NonLinearized

0 0.5 1 1.5 2 2.5 3 3.5
Spatial Frequency (cycles/mm)

Figure 2.4.7: Comparison of DQE results using linearized vs. non-linearized image
data.

2.5 Discussion

The calculated image plane air KERMA was determined within 2% accuracy by
the device relative to the reference ion chamber. However, calculated image plane
air KERMA with the device positioned at 10 cm and 20 ¢cm from the image plane

demonstrated greater standard deviation compared to measurements at 2 cm, 4 cm,
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6 cm, and 8 cm. This observed greater standard deviation at 10 cm and 20 cm may
be attributed to minor lateral offsets of the ion chamber due to geometric factors
when moving the device closer to the source considering that the x-ray beam has a
fixed collimation for our detector at a distance of 150 cm.

The calculated MTF was determined using clinically relevant SIDs of 100 cm and
150 ecm. The edge positioned between distances 2.3 cm to 7.3 cm revealed stable
MTF measurements relative to the MTF calculated at 1.3 cm with the relative error
falling within 5%. A relative error exceeding 5% was observed with the edge placed
at 10.3 cm from the image plane only at spatial frequencies beyond 2 cycles/mm.
The degradation of the MTF was substantially observed with the edge positioned at
21.3 cm owing to the effects of focal spot penumbral blur.

Effects of scattered radiation from the beam modifying filter are most prominent
when using a 100 cm SID and the edge plate positioned at 10.3 cm from the image
plane. The MTF measurement is reproducible when the SFD is less than 30 cm using
both 100 ¢cm and 150 cm SID. Most, if not all, clinical x-ray systems will allow for
positioning of the beam-modifying filter to be less than 30 cm SFD. Since the effects
of scatter from the filter are more emphasized using a 100 cm SID, ensuring that the
SED is within 30 cm will be important for table bucky procedures because a SID of
150 cm is typically not achievable in this orientation.

Measurements of DQE using different x-ray beams with the same HVL as RQA-
5 differed by as much as 5% across all spatial frequencies. An error in the DQE
of this magnitude or more may result in a clinical setting if, 1) the beam kV is
varied by 5keV or more, and 2) beam filtration is varied by 7mm of Al or more.
These changes in beam setings to follow IEC defined HVL should be minimized and
kept as close as possible to standard conditions for consistent DQE. Differences in
DQE was observed to be independent of spatial frequency and indicates a different

quantum efficiency measured for each beam. From Eqn. 2, DQE is calculated using
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the number of x-ray quanta per unit area per unit KERMA [Q,], which depends on
the x-ray beam parameteres. Therefore, differences in ), values for different x-ray
beams could account for measured DQE differences.

Linearization of image data is a fundamental requirement to ensure calculation of
accurate DQE results. Figure 2.4.7 shows a substantial inflation of the DQE (717%)
when images are not linearized. While this is specific to a detector response with a
slightly non-linear charactersitic response as shown in Figure 2.2.3, it is possible that
detectors that have different characteristic responses will either over- or underestimate

the detector DQE if not linearized correctly.

2.6 Conclusion

A comprehensive approach to identifying potential errors in measuring the DQE in
the clinical envionrment is determined. These include:

1.) The image plane air KERMA was determined without exact knowledge of the
position of the image plane. It is shown that the image plane air KERMA can be
determined within 2% accuracy between distances 2 cm to 20 cm of the image plane.
The robustness of this method ensures that the correct image plane air KERMA is
measured independent of device-to-image plane distance.

2.) The MTF can be measured within 5% error using the slanted edge method
within 10 cm of the image plane. It is recommended that the slanted edge device
be positioned as close to the front face of the detector cover as possible. In the case
where the edge device is "10 em or more from the image plane, greater than 5%
error in the MTF measurement at higher frequencies should be expected owing to
the effects of focal spot blur. This is likely to appear when evaluating fixed table
bucky detectors because of the increased distance between the image plane and the

table surface compounded with limited SID. In this circumstance, we suggest using
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the maximum allowable SID by the x-ray system, which typically falls somewhere
between 100 cm and 150 cm depending on specific x-ray system set-up for a given
x-ray room, to minimize penumbral blur contributions in the MTF measurement.

3.) Positioning of the RQA-5 filter relative to the focal spot does not affect the
MTF unless the SED is at least half the distance of the SID or greater (Fig. 2.4.4 and
Fig. 2.4.5). Scatter contributions from the RQA-5 filter in the MTF measurement are
most prominent with the edge device positioned 10.3 cm from the image plane. Since
most clinical x-ray tubes allow for an SFD of less than 30 cm, the MTF can be mea-
sured with confidence despite variations in x-ray tube designs. In the circumstance
where the SFD may be greater than 30 c¢m, the experimenter must ensure that the
SFD is less than half the SID used to measure the DQE, and that the edge device be
positioned as close to the image plane as possible.

4.) Use of kV settings +/-3 keV and Al filtration that is +/-4 mm relative to the
standard RQA-5 spectrum is shown to not significantly affect the DQE measurement.
The important criteria remains that the HVL must be at 6.8 mm of Al. We cannot
make any conclusions whether modifiying the kV or added Al filtration itself to achieve
the standard x-ray beam HVL is more effective because we could not change either
variable independently while sustaining the same HVL given the limitations of our
x-ray tube kVp settings. It is important to note that there is flexibility in using
different combinations of kV (4/-5 kEV) and Al filtration (+/-7 mm) that may be
necessary given variations in x-ray tube output across different x-ray systems without
exceeding an error of 5% in the resulting DQE measurement.

5.) Linearizing the characteristic response of the detector is essential to achieve
an accurate DQE measurement in clinical settings. While the relative error in the
DQE using a detector with a slightly non-linear response overestimated the DQE
by “17%, it is important to note that systems with different characteristic responses

(i.e logarithmic transforms) may either under- or overestimate the DQE. Therefore,
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access to the non-processed or raw image data sets should be made available by
the manufacturer to the clinical user in order to ensure accurate and efficient DQE
measurements.

In conclusion, this work gives light to the clinical end-user who may not be familiar
with the DQE-measurement process to accurately measure the DQE of clinical x-ray
detectors. This promotes use of the DQE as a primary metric for quality assurance

and control practices in the clinical environment.

2.7 Acknowledgements

The authors are grateful for financial support from the Canadian Institutes of Health
Research, and acknowledge the assistance of Michael McDonald, MEng, in construct-
ing the x-ray system and device. We are grateful to Rayence Co. (Korea) for the
high-performance CsI/CMOS detector and EMD Technologies (Canada) for the fast

kV-switching generator.

[1] Guidance for the submission of 510(k)’s for solid state x-ray imaging devices,
1999. Guidance for Industry and/or for FDA Reviewers/Staff and/or Compli-

alce.

2] Medical electrical equipment - Characteristics of digital x-ray imaging devices
- Part 1: Determination of the detective quantum efficiency. Technical Report

IEC 62220-1, International Electrotechnical Commission, 2003.

[3] Health risks from exposure to low levels of ionizing radiation: BEIR VII Phase
2. Technical report, National Research Council of the National Academies,

2006.

[4] Medical electrical equipment - Characteristics of digital x-ray imaging devices -

Part 1-2: Determination of the detective quantum efficiency - Detectors used in

61



[10]

mammography. Technical Report ITEC 62220-1-2, International Electrotechnical

Commission, 2007.

Medical electrical equipment - Characteristics of digital x-ray imaging devices -
Part 1-3: Determination of the detective quantum efficiency - Detectors used in
dynamic imaging. Technical Report [EC 62220-1-2, International Electrotech-

nical Commission, 2008.

Medical electrical equipment - characteristics of digital x-ray imaging devimag-
ing Part 1-1: Determination of the detective quantum efficiency - Detectors
used in radiographic imaging. Technical Report IEC 62220-1-1, International

Electrotechnical Commission, 2015.

Amy Berrington de Gonzalez and Sarah Darby. Risk of cancer from diagnostic
x-rays: estimates for the UK and 14 other countries. Lancet, 363(9406):345-351,

2004.

Marco Bertolini, Andrea Nitrosi, Stefano Rivetti, Nico Lanconelli, Pierpaolo
Pattacini, Vladimiro Ginocchi, and Mauro Iori. A comparison of digital ra-
diography systems in terms of effective detective quantum efficiency. Medical

physics, 39(5):2617-2627, 2012.

Ann-Katherine Carton, Dirk Vandenbroucke, Luc Struye, Andrew DA Maid-
ment, Yen-Hong Kao, Michael Albert, Hilde Bosmans, and Guy Marchal. Val-
idation of mtf measurement for digital mammography quality control. Medical

Physics, 32(6):1684-1695, 2005.

Anna M Chiarelli, Sarah A Edwards, Maegan V Prummel, Derek Muradali,
Vicky Majpruz, Susan J Done, Patrick Brown, Rene S Shumak, and Martin J

Yaffe. Digital compared with screen-film mammography: performance measures

62



[12]

[13]

[14]

[16]

[17]

18]

in concurrent cohorts within an organized breast screening program. Radiology,

268(3):684-693, 2013.

[. A. Cunningham and R. Shaw. Signal-to-noise optimization of medical imaging

systems. J. Opt. Soc. Am., 16(3):621-632, 1999.

[an A Cunningham. Applied linear-systems theory. Handbook of medical imag-
ing, 1:79-159, 2000.

J. C. Dainty and R. Shaw. Image Science. Academic Press, New York, 1974.

Steven Don. Radiosensitivity of children: potential for overexposure in cr and
dr and magnitude of doses in ordinary radiographic examinations. Pediatric

radiology, 34:5S167-S172, 2004.

Steven Don, Marilyn J Goske, Susan John, Bruce Whiting, and Charles E
Willis. Image gently pediatric digital radiography summit: executive summary.

Pediatr. Radiol., 41(5):562-565, 2011.

Steven Don, Robert MacDougall, Keith Strauss, Quentin T Moore, Marilyn J
Goske, Mervyn Cohen, Tracy Herrmann, Susan D John, Lauren Noble, Greg
Morrison, et al. Image gently campaign back to basics initiative: ten steps to
help manage radiation dose in pediatric digital radiography. Am. J. Roentgenol.,
200(5):W431-W436, 2013.

Dale J Gibson and Robert A Davidson. Exposure creep in computed radiogra-

phy: a longitudinal study. Academic radiology, 19(4):458-462, 2012.

Marilyn J Goske, Ellen Charkot, Tracy Herrmann, Susan D John, Thalia T
Mills, Gregory Morrison, and Susan N Smith. Image gently: challenges for ra-
diologic technologists when performing digital radiography in children. Pediatr.
Radiol., 41(5):611, 2011.

63



[19]

[20]

[21]

22]

23]

[25]

Hartmut Ilers, Egbert Buhr, and Christoph Hoeschen. Measurement of the
detective quantum efficiency (DQE) of digital X-ray detectors according to the
novel standard IEC 62220-1. Radiat. Prot. Dosim., 114(1-3):39-44, 2005.

Jonathan L Jesneck, Robert S Saunders, Ehsan Samei, Jessie Q Xia, and
Joseph Y Lo. Detector evaluation of a prototype amorphous selenium-based

full field digital mammography system. Medical Imaging, pages 478-485, 2005.

N W Marshall. Early experience in the use of quantitative image quality mea-
surements for the quality assurance of full field digital mammography x-ray

systems. Physics in medicine and biology, 52:5545-5568, September 2007.

N W Marshall, A Mackenzie, and I D Honey. Quality control measurements for
digital x-ray detectors. Physics in medicine and biology, 56:979-999, February
2011.

Nicholas W. Marshall, Chantal van Ongeval, and Hilde Bosmans. Performance
evaluation of a retrofit digital detector-based mammography system. Physica

Medica, 32:312-22, Feb 2016.

K T Michael. The application of quantitative data analysis for the assessment
of flat panel x-ray detectors in digital radiography as part of a quality assurance

programme. Biomedical Physics & Engineering Express, 3(3):035004, 2017.

T. F. Nano, T. Escartin, E. Ismailova, K. S. Karim, J. Lindstrém, H. K.
Kim, and I. A. Cunningham. MTF and DQE enhancement using an apodized-

aperture x-ray detector design. Med. Phys., 2017.

Masayuki Nishiki. Evaluation of the effective focal spot size of x-ray tubes by
utilizing the edge response analysis. In Proc. SPIF, volume 9412, page 941237,
2015.

64



[27]

28]

[30]

[33]

[34]

D A Pierce and D L Preston. Radiation-related cancer risks at low doses among

atomic bomb survivors. Radiation research, 154:178-186, August 2000.

Nicole T Ranger, Ehsan Samei, James T Dobbins, and Carl E Ravin. Measure-
ment of the detective quantum efficiency in digital detectors consistent with
the iec 62220-1 standard: Practical considerations regarding the choice of filter

material. Medical physics, 32(7):2305-2311, 2005.

Nicole T Ranger, Ehsan Samei, James T Dobbins III, and Carl E Ravin. Assess-
ment of detective quantum efficiency: intercomparison of a recently introduced

international standard with prior methods. Radiology, 243(3):785-795, 2007.

Frank Rogge, Hilde Bosmans, Peter Willems, and Guy Marchal. The use of mtf
calculation in global and local resolution assessment in digital mammography:.

In Proc. of SPIE Vol, volume 5030, page 897, 2003.

Ehsan Samei and Michael J Flynn. An experimental comparison of detector
performance for direct and indirect digital radiography systems. Med. Phys.,
30(4):608-622, 2003.

Ehsan Samei, Michael J Flynn, and David A Reimann. A method for measuring
the presampled mtf of digital radiographic systems using an edge test device.

Medical physics, 25(1):102-113, 1998.

Ehsan Samei, Simon Murphy, and Olav Christianson. DQE of wireless digital
detectors: comparative performance with differing filtration schemes. Med.

Phys., 40:081910, August 2013.

Ehsan Samei, Nicole T Ranger, Alistair MacKenzie, Ian D Honey, James T
Dobbins III, and Carl E Ravin. Detector or system? extending the concept of
detective quantum efficiency to characterize the performance of digital radio-

graphic imaging systems. Radiology, 249(3):926-937, 2008.

65



[35] R. Shaw. The equivalent quantum efficiency of the photographic process. J
Photogr Se, 11:199-204, 1963.

[36] SZ Shen, GE Mawdsley, AK Bloomquist, JG Mainprize, and MJ Yaffe. Inter-
preting system mtf and nps measured on clinical digital mammography systems.

In Digital Mammography, pages 123—-127. Springer, 2003.

[37] N. Van Peteghem, H. Bosmans, and N. W. Marshall. NPWE model observer as
a validated alternative for contrast detail analysis of digital detectors in general

radiography. Phys. Med. Biol., 61:N575-N591, Nov 2016.

[38] Charles E Willis and Thomas L Slovis. The alara concept in pediatric cr and
dr: dose reduction in pediatric radiographic exams—a white paper conference

executive summary. Pediatric radiology, 34:5162-5164, 2004.

[39] Martin J Yaffe, Aili K Bloomquist, David M Hunter, Gordon E Mawdsley,
Anna M Chiarelli, Derek Muradali, and James G Mainprize. Comparative per-
formance of modern digital mammography systems in a large breast screening

program. Medical physics, 40(12), 2013.

66



Chapter 3

Conclusions and Future Directions

67



3.1 Overview and Research Questions

This thesis aims to address and reduce the experimental burden of measuring the
DQE in the clinical environment. This is crucial because there continues to exist a
wide variation in x-ray detector performance, and the DQE could be used for quality
control and assurance purposes to ensure all patients are receiving the health benefits

of high quality images while using low exposures.

3.2 Summary and Conclusions

We have shown that practical limitations in a clinical setting can affect DQE mea-
surements. These include: 1) Determining the image plane exposure without know-
ing the image plane position; 2) Determining the MTF with the edge positioned at
a substantial distance from the image plane due to the detector protective cover; 3)
Determining the MTF with the spectrum-modifying filter positioned at a substantial
distance from the source due to differences in x-ray tube cover designs; 4) Fine tun-
ing the x-ray beam by changing aluminum and kV combinations while sustaining a
6.8mm Al HVL; and 5) Ensuring linear image data sets.

1.) We show that the image plane exposure can be determined by our fiducial
marker method without having exact knowledge of the image plane location. This
is particularly important in evaluating the DQE in the clinical setting because the
image plane is often enclosed within a protective cover that varies across different
manufacturers.

2.) The presence of the detector cover also affects the measurement of the MTF
because it means the slanted-edge device cannot be positioned immediately adjacent
to the image plane. We identified the limiting distance to which the slanted-edge
device should be positioned before penumbral blur effects begin to degrade the MTF

for two clinically relevant SIDs. This aims to notify the novice clinical end user to
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ensure the relative distance between the DQE-measuring device to the image plane
is appropriate.

3.) The inherent inability to position the edge immediately against the image
plane in the clinical environment, compounded with the varying x-ray tube designs
by different manufacturers may vary the SFD and contribute to inaccuracies of the
MTF measurement because scatter radiation from the beam-modifying filter could
be detected behind the slanted-edge device. We showed that the SFD must be less
than at least one-half of the SID to measure the MTF without influence of scattered
radiation from the beam modifying filter. Ultimately, this ensures that the end-user
can measure the MTF accurately despite variations in x-ray tube protective cover
designs across different systems.

4.) A standard RQA-5 spectrum with specifically defined combinations of kV
and Al filtration that has a 6.8 mm Al HVL is mandated by the IEC to ensure
accurate DQE measurements. Variations of x-ray tube outputs may require fine
tuning of the kV parameters. However, recent changes to the IEC 62220-1 document
stated that the amount of Al filtration be adjusted rather than the kV to fine tune
the x-ray beam in order to achieve a 6.8 mm Al HVL. We showed that the DQE
can be measured within 5% error given minimal changes to both the kV and Al
filtration. This helps give confidence to clinical environments that may not have
additional supplies of Al to follow the pre-defined standards of the IEC document in
measuring the DQE using different kV and Al combinations. Despite the flexibility in
using different combinations of kV and Al filtration without compromising the DQE
measurement, sustaining an HVL of 6.8 mm Al remains to be the most important
criteria for measuring the DQE using a RQA-5 spectrum, and that the IEC 62220-1
standard be followed accordingly.

5.) Linearization of images are fundamentally needed to ensure accurate DQE

results. We showed that measuring the DQE without linearization of images could

69



inflate the DQE by close to 20%. These effects can mislead the clinical end user in
postulating that their detector dose efficiency is significantly better than what it truly
is. Consequently, patients may be receiving higher radiation exposures or low quality
X-ray images.

We have identified the basic challenges that may arise when measuring the DQE
in the clinical environment; and validated that the automated method can be used
to alleviate experimental burden on the clinical end user. In summary, we have
quantified these limitations and showed that acceptable results can be obtained with

guidelines specified in Chapter 2.

3.3 Limitations

While this work addressed limitations that currently exists in measuring the DQE in
the clinical environment, there are other challenges that make it harder to promote

use of the DQE for quality control and quality assurance purposes.

3.3.1 Manufacturer Specific Image Processing

Proprietary manufacturer specific image processing schemes alters the images ac-
quired for a DQE analysis. Non-linear and adaptive image processing will cause the
DQE measurement to fail using the current method. Access to unprocessed or raw
image data is necessary for measuring the DQE because they are devoid of manu-
facturer specific non-linear image processing schemes. Despite the current state of
the DQE-measurement process failing because of non-linear image processing, it has
been suggested that a small signal method can potentially by-pass non-linear and
adaptive processing while ensuring accurate DQE measurements.3This suggests that
measuring the DQE of x-ray detector systems with non-linear or adaptive processing

image data could be linearizable through the small signal approach to measure the
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DQE.

3.3.2 Extraction of Images

Some systems do not allow access of image data that are devoid of manufacturer
specific processing unless a technical representative is present for routine maintenance
of x-ray systems through QA mode. A way to by-pass this problem and gain access
to the images is to export the images through PACS. However, it must be made
sure that the images are merely not screen shots of the images acquired from the
control station. Screen shots of images from the control station do not preserve the
dynamic range of the images. These images are not indicative of the true detector
system response. It is possible to coordinate with technical staff who monitor the
PACS system to gain access to image data for a DQE analysis. While this may work
well for large clinical settings who have dedicated technical support, smaller clinics
may find this more incovenient. Altogether, accessing images through PACS is a
possibility but may inconvenient users who do not have direct access to their PACS

system.

3.3.3 Length of Time for Analysis

Performing routine maintenance on all x-ray systems is an integral part of ensuring
patients are safe from overexposures. However, it is also crucial that all x-ray systems
are available for use. Measuring the DQE accurately without having specific expertise
or experience requires careful methodology to ensure accurate results. The automated
device alleviates much of the experimental burden on the user by ensuring all moving
parts and components are positioned adequately for the entire DQE measurement
process. Clinical facilities will need to temporarily shut down an x-ray room to con-
duct an analysis, similar to current routine maintenance procedures. This can result

in even longer wait times for patients who need x-ray imaging services, especially for
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facilities with high patient throughput. While the DQE measurement process using
the current automated method can be completed within 15 to 20 minutes for every
detector, an updated version of an automated DQE-testing instrument is currently
being developed to shorten this analysis time to approximately 5-10 minutes per de-
tector system. We believe this will encourage widespread use of the DQE in clinical
environments to ensure optimal detector performance without making x-ray rooms

unavailable for a significant portion of time.

3.4 Future Directions

3.4.1 NEQ, DQE and the Exposure Index

Noise equivalent quanta (NEQ) expresses image quality on an absolute scale that is

independent of specific system parameters given by®:

NEQ(q,u) = % (3.4.1)

where ¢ is the average incident number of quanta, T'(u) is the system transfer function
and NPS(u) is the noise power spectrum that quantified image noise. It gives the
number of Poisson-distributed quanta that would produce the same SNR given an

ideal detector. An image with a greater NEQ corresponds to lower image noise.® It

is related to the DQE by:

DQE() — QW (3.4.2)

The exposure index is currently being used as a standard for determining the

optimal exposures used for specific x-ray imaging procedures as a way to indirectly

72



IMAGE

QUALITY LEXROSLIRS,
DQE? EI?
¢ ¢

Figure 3.4.1: Illustration of DQE as a potential standardized metric used in combi-
nation with NEQ and EI to quantitatively sustain the balance between image quality
and exposure

determine patient exposures. %9 However, a current limitation to using the EI ef-
fectively in clinical environments exists because manufacturers define it differently. !
Since the DQE is a fundamental metric that characterizes the dose efficiency of all
x-ray detectors, relating the DQE with the EI to establish a new standard indicator
that would be grounded by fundamental principles accounting for both image quality
and exposure has the potential to more effectively describe x-ray detector perfor-
mance. It will also provide clinical end users a more comprehensive understanding
of how modifidcations of exposures affect image quality. In principle, the DQE could
complete this proper safeguarding of ensuring high quality images for low patient

exposures (Fig. 3.4.1).

3.4.2 DQE and Technique Charts

Identifying the fundamental limitations of x-ray detectors will help distinguish their
capabilities in performing specific x-ray procedures. The DQE can be used as a quan-

titative tool to strategically optimize technical factors used in clinical environments.
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Many investigations are already studying the possibility of reducing exposures for
specific radiographic procedures that include chest radiography, skeletal studies, and
mammography because the medical imaging community is realizing the superiority of
CR and DR systems in their dose efficiency without sacrificing the diagnostic quality
of images. %1% Furthermore, the DQE can be used to dedicate x-ray detector systems
for radiographic-specific procedures. For example, patients requiring fine resolution
imaging for the purposes of identifying microcalcifications or chest nodules should
be taken in a radiographic suite with a detector that has high DQE. Patients who
do not require fine resolution imaging like scoliosis studies or orthopedic follow-up
exams can use systems that may not have high enough DQE, but still provides the
health benefits of the procedure. This will allow for testing of systems under the same

conditions they are used on a frequent basis.

3.4.3 Cloud-Based Analysis of DQE

Currently, the DQE analysis is conducted immediately after the acquisition of images
for every x-ray detector evaluated. Oppurtunities for implementing remote analysis
of the DQE could help centralization of monitoring centre-specific x-ray detector
performance. This will help with careful maintenance and on-going tracking of x-ray

system performance across all clinical centres.

3.4.4 DQE Survey of Digital Detectors

The Ministry of Health and Long Term Care provides x-ray inspection services. Med-
ical x-ray facilities will need to gain approval from The Ministry of Health and Long
Term Care prior to being able to use an x-ray system. Establishing a survey of digital
x-ray detectors could help x-ray inspection processes for expediting approval of new
x-ray systems, replacement and/or upgrade of older models by establishing a cen-

tralized catalogue of x-ray detector performance in terms of the DQE. This provides
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the inspector additional information to make a more well-informed decision of the
dose efficiency of digital x-ray detectors. Furthermore, this can be used as a way to
determine how the DQE degrades over time. It gives a way of ensuring x-ray sys-
tems are not used if they are deteriorating or cannot serve their purpose by providing

diagnostic quality images without exposing the patient to higher radiation exposures.

3.5 Implications of Research

Providing the instrumentation to measure the DQE clinically allows facilities to have a
quantitative and evidence-based metric to determine the dose efficiency of their detec-
tors. Immediate benefits of the instrument include providing evidence-based quality
assurance practices that ensures on-going optimal detector performance, pioneering
of the first DQE-survey to determine the current state of x-ray digital detectors in
south-western Ontario, and improved awareness of the DQE and its implications
among clinicians and technologists. The ultimate goal of a quality assurance pro-
gram is to ensure accurate and timely diagnosis and treatment while minimizing dose
deposited to both the patient and staff.! In Canada, quality assurance guidelines
for x-ray imaging systems and facilities are primarily governed by Health Canada
through the Safety Code 35.3 This federal document outlines x-ray equipment and
facility requirements that are needed to be fulfilled before being cleared for clinical
use. Section C Chapter 2.1 Table 10 in the SC35 document outlines the criteria to be
assessed for image receptor performance evaluations. It includes dynamic range, con-
trast detectability, modulation transfer function, noise and many others. While there
certainly is not an explicit description of the DQE in this federal document, all factors
contributing to this performance metric already exists. Therefore, all that is needed
is to provide the means to combine all mandated criteria needed to determine the

DQE. This is provided by our DQE-testing instrument. Further improvements to the
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instrument will allow for a cloud-based approach to archive a library of DQE-results

of all participating facilities who use digital x-ray detectors. This will help identify

the current state of x-ray digital detectors in south-western Ontario, and will serve

as the first initiative to promote widespread adoption of using the DQE in clinics to

identify x-ray detector performance across Canada.
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