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Simulation Analysis on the Performance of a Circular-Edge
Technique in Measurements of the Modulation Transfer
Function
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The modulation transfer function (MTF) plays an important role in characterizing medical imaging systems. For such characterization,
the circular-edge technique has become a prevalent task-based methodology. When determining the MTF with complicated task-based
measurements, error factors must be well understood to properly interpret the results. In this context, the aim of this work was to study
the changes in measurement performance in the analysis of the MTF using a circular edge. To eliminate the systematic error related to the
measurement and suitably manage the error factors, images were generated by Monte Carlo simulation. Further, a performance comparison with
the conventional method was conducted; in addition, the influence of the edge size and contrast and the setting error of the center coordinates
were investigated. The difference from the true value and the standard deviation relative to the average value were applied to the index as the
accuracy and precision, respectively. The results demonstrated that the smaller the circular object used and the lower the contrast, the grater
the deterioration in the measurement performance. Furthermore, this study clarified the underestimating of the MTF in proportion to the square
of the distance with respect to the setting error of the center position, which is important for the synthesis of the edge profile. Evaluations in
the backgrounds wherein there are multiple factors affecting the results are complex, and the system users must properly judge the validity of
the characterization results. These findings provide meaningful insight in the context of MTF measurement techniques.
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INTRODUCTION The circular-edge method, which is an MTF measurement
technique, uses a cylindrical device as a measurement
object, and the edge part around the imaged circle is used
for the calculation.!') Because the shape of mass lesions on
medical images, along with most signals used in the visual
evaluation, are circular, the MTF obtained by this method can
be easy for consideration in its relationship with diagnostic
image quality.'”? Therefore, by matching the signal strength
and noise level to the clinical imaging task, there would be
less discrepancy between the results of physical and visual
evaluations. For this reason, the circular-edge technique is
becoming widespread as a methodology that can measure
not only the performances peculiar to the system but also the

The modulation transfer function (MTF) is a quantitative
index for evaluating resolution characteristics, which
expresses the signal transfer characteristics of an imaging
system as a function of spatial frequency.l! It plays an
important role in characterizing the performance of medical
imaging systems such as digital radiography (DR) and
computed tomography (CT).>7 There are several methods
for measuring the MTF;®° however, the International
Electrotechnical Commission (IEC) recommends the use of
a square metal plate (conventional edge method) because of
the ease of device handling and data acquisition.!!” Obtaining
an accurate MTF is important from the viewpoint of system
performance evaluation and image characteristic analysis;
therefore, various related studies are being continued to
achieve this.[!""!%)
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properties of image quality in each task that depend on imaging
conditions and processing algorithms.['32% This property is
called as task-based rather than system specific.

When determining a task-based MTF, the qualities of images
are in various states (i.e. subject size, contrast, and intensity
of a noise are not constant); therefore, the error factors in
the analysis must be understood to interpret the evaluation
results correctly.®*?!! In particular, MTF measurement using
the circular-edge method has not been sufficiently verified,
and there is room potential for consideration of various
parameters.[?>?¥ Therefore, the purpose of this study is to
determine the change in measurement performance caused
by each parameter related to the analysis in the circular-edge
method utilizing images with a known MTF obtained by Monte
Carlo simulation. Image processing by nonlinear algorithms
has been performed even for two-dimensional projection
data such as DR images,?? and it would be beneficial to
focus on the evaluation of their task-based characteristics.
In this context, this study examined the methodology of
the circular-edge technique, which is focused on task-based
assessment, in detail and summarized it clearly.

MAaTeriALS AND METHODS

Modulation transfer function measurement by the
circular-edge method

In the MTF evaluation of the digital images, “presampled”
characteristics that are unaffected by aliasing are measured."2*]
In the conventional edge method,***" to measure the presampled
MTE, various edge spread functions (ESFs) that cross the
edge part with different pixel values can be measured by
placing the linear edge obliquely to the pixel array of the
detector. Subsequently, the process of synthesizing these
multiple ESFs is performed. As a result, the effective data
interval for measurement can be made very fine, and the
influence of aliasing can be avoided by increasing the Nyquist
frequency (f,). By contrast, in the circular-edge method, the
profile is synthesized based on the distance between the center
point of the imaged circle and each pixel. The measurement
principle!'? is briefly summarized as follows.

First, the region of interest (ROI) that includes the circle is
determined. Next, the center of the ROl is aligned to the center
of'the circle. The distances (d[pum]) from the center coordinates
are determined by each pixel position, which are calculated
using the pixel size (p[mm]) and can be expressed as follows:

d =1000x pxy(x=x, ) +(y=2.)"(1)

Where x and y are the coordinates in the ROI, and x_and y,
are the center coordinates of the circle. The two-dimensional
distribution of pixel values in an ROI, represented by R(x.y),
can be projected onto a one-dimensional profile R(d) using
Eq.(1). R(d) is the composition of profiles extending radially
from the center of the circle in 360° directions and represents
the above-mentioned processing of the synthesized ESF.

The subsequent calculation processes, such as binning*® or
differentiation for obtaining the line-spread function (LSF), are
the same procedures as those used in the conventional-edge
method described in IEC 62220-1.

Generation of simulation images

To properly evaluate the measurement performances,
systematic errors related to measurements must be minimized.
Therefore, to precisely manage error factors, which can be
complicated and overlapping, this study performed an approach
utilizing Monte Carlo simulation. For the verification, Electron
Gamma Shower Version. 5: EGS5 (KEK, Tsukuba, Ibaraki,
Japan) was used to simulate the X-ray images.""

An edge image of arbitrary size and subject contrast
was created using the simulation. Figure 1 shows the
fundamental simulation settings and sample images
obtained using this geometry. The edge object was placed
above the detector, and a 30 keV single-spectrum X-ray
photon was incident perpendicular to the edge and the
detector (plane source); the reason for using a plane source
was to eliminate the influence of geometric blur and an
oblique beam. Furthermore, the X-ray energy was the
average effective energy of the X-ray spectrum used in
general radiography. The detector was an air layer to exclude
the influence of scattering in the sensor, assuming an ideal
system that detected all incident photons with a pixel size
of 0.2 mm x 0.2 mm. The number of incident photons was
set to be 1 x 10° mm 2 in the area that was not covered by
the edge. Next, to verify the measurement performance of
the MTF, a Gaussian function-shaped blur component3?! was
artificially added to the process of the image acquisition to
have a known MTF; Figure 2 shows the MTF components
of the simulation image.

Five images were generated by independent simulations with
different random values in the program each condition. In the
simulated image, the linearity of input—output characteristics
was established for the incident number of photons and the
pixel value of the output image.

Plane source
Direction of l
incident photons l 1000 mm
Edge object
N
z
Output
y 4 |
f i =
x . g
: . Irradiation area
Detection region =100 mmx100 mm

Figure 1: Descriptions of simulation geometry. A simulated image with
pixel values corresponding to the number of photons incident on the
detection region is output; black area indicates a high number of incident
photons and white area is a low number of incident photons

.Journal of Medical Physics | Volume 48 | Issue | | January-March 2023




Maruyama: Simulation analysis on MTF using circular edge

Comparison with conventional edge method

First, the measurement performances of the circular-edge
method were compared with the MTF measured using
the conventional edge method, which is generally used
to determine the detective quantum efficiency. Circular
and rectangular edge images were obtained using the
simulation settings described in the previous section. Both
edge materials were 1-mm thick tungsten (W) to generate
the simulation images. The circular edge was 50 mm
in diameter, and the size of the rectangular edge was
100 mm % 100 mm.

The analysis for the MTF calculations was performed in an ROI
of'size 400 x 400 pixels for both methods. In this verification,
the synthesized ESF was binned with a width of 0.02 mm (10%
of the pixel size), and the data points of the LSF obtained by
differentiating the ESF were processed to be 512. Finally, this
LSF was fast Fourier transformed using Microsoft Excel to
calculate the MTF.

Influence of the size of circular edge

One of the advantages of using the circular-edge method is
that the edge size used for measurement can be adapted to the
imaging task for clinical practice.

In this section, the measurement performances when the
diameter of the circular-edge was changed to 10, 30, 50,
and 70 mm are discussed. The edge material targeted here
was 1-mm-thick W. The ROI size for measurement was
adjusted according to the diameter of the edge and set to
70 x 70, 210 x 210, 350 x 350, and 500 x 500 pixels. The
MTF calculation process was identical to that described in
the previous section. However, for the 10 mm diameter, the
number of data points that can be used for the calculation was
small, and matching calculation conditions for other diameters
could not be determined. Therefore, in the 10 mm diameter
edge, the bin size was 0.03 mm, and the number of LSF data
points was 128.
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Figure 2: MTF components of the simulation image. Presampled MTF
illustrated in the graph is the true value in this verification. MTF: Modulation
transfer function

Influence of the contrast of circular edge
In the circular-edge method, the contrast of the edge may be
changed to reproduce the desired image quality condition.

In this section, the edge diameter was kept constant at 50 mm,
and the effect of changing the edge contrast was examined.
Polymethyl methacrylate (PMMA) with a thickness of 5 mm,
aluminum (Al) with a thickness of 2 mm and 3 mm, and W with
a thickness of 1 mm were used as the materials for the circular
edge to change the contrast. The ROI size for the measurement
was 350 x 350 pixels according to the edge diameter. As
mentioned in the previous sections, the synthesized LSF was
acquired such that the data points were 512, and the MTF was
calculated.

In addition, to calculate the contrast of the target edge image,
the ROI of 100 x 100 pixels was set in the edge center
and background (BG) area, as shown in Figure 3, and the
contrast-to-noise ratio (CNR) was calculated as follows:

S =8,

CNR — BG edge (2)
2 2
O-BG + o-edge

where S, .and S, e ATC the mean pixel values of the BG area and
the edge center, respectively, and o, , and 0,140 ATC the standard
deviation (SD) of each area.

Influence of the setting error on the center position of the
circular edge

In the conventional edge method, the angle of inclination
of the edge must be accurately estimated with respect to
the pixel array. However, in the circular-edge method, the

center coordinates of the circular image must be properly
identified.*

In this section, the MTFs were calculated by shifting the center
coordinates by 0.5, 1, and 1.5 pixels in the x-axis direction
from the true center. A simulation image obtained under the
condition of 1-mm-thick W with a diameter of 50 mm was

Figure 3: ROI settings in the circular-edge image for the calculation of the
CNR. ROI: Region of interest, CNR: Contrast-to-noise ratio
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used. The conditions for the MTF calculation were the same
as those described in the previous section.

Evaluation of measurement performance

The measurement performances of the MTF were evaluated
using the difference from the true MTF value as the accuracy
index and the SD relative to the average MTF value as the
precision index. These indices were calculated from the MTF
value of each spatial frequency based on the MTFs obtained
from five independent edge images and represented as a
function of spatial frequency.

In this study, data involving the acquisition of the human body
or personal information were not handled, and the results of
observation experiments conducted on a human participant
were not included in the evaluation of images.

ResuLts

Figure 4 shows the results of the MTF calculated from
the circular-edge and rectangular-edge images used in the
conventional method. When the vertical axis of the MTF
graph was on a logarithmic scale, a slight difference from the
true MTF was observed in the high spatial frequency range
close to f,, =2.5 cycles/mm. There was no clear difference
between the circular-edge and conventional methods in
terms of the variation in the calculated MTF values over five
measurements. In terms of the accuracy, the MTF obtained

by the circular-edge method tended to be higher than the
true value; however, the conventional method tended to be
lower in the middle spatial frequency, such as approximately
1.0 cycles/mm. Although there was a difference from the true
value, the absolute errors were small for both measurement
methods, and the simulation images used in this verification
and the algorithm of the MTF calculation program could be
considered valid.

Next, the effect of the edge diameter on the MTF
measurement performance was evaluated, and the
results are shown in Figure 5. Here, the smaller the edge
size, the greater the variation in the MTF value and the
difference from the true MTF; under the conditions of
this verification, no significant effect on the measurement
performance was observed for edge diameters of 30 mm
or larger. Table 1 shows that the number of available
data points varies with the bin size used to create the
synthesized profile for the MTF calculation. In other
words, when the edge size was small, depending on the
condition, no data were included in the bin, and arbitrary
edge profiles could not be created.

Figure 6 shows the effect of the subject contrast of the circular
edge on measurement performance. The lower the contrast of
the edge, the lower the precision evaluated by the variation in
measurements and the accuracy confirmed by the difference
from the true value. The CNRs calculated by setting ROIs

Table 1: Summary of the number of available data points for modulation transfer function calculations, which varies with
the edge diameter and the bin size used to create the synthesized profiles

Diameter of circular edge

10 mm 30 mm 50 mm 70 mm
Bin size: 0.02 mm (fNy: 25.0 cycles/mm)
Number of data pointsin a bin 0.98 2.95 491 6.87
Available length from the center to edge (number of bins) 250 750 1250 1750
Bin size: 0.03 mm (f;\y: 16.7 cycles/mm)
Number of data points in a bin 1.47 4.42 7.36 10.31
Available length from the center to edge (number of bins) 166 500 833 1166
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Figure 4: (2) Comparison of the MTF obtained by different measurement methods (average of five measurements). The MTF is displayed on the
logarithmic axis, and the relative SD with respect to the MTF value is also shown. The circle plot is the true value, the solid black line is the MTF
calculated by the circular-edge method, and the solid gray line is the MTF obtained by the conventional method. The dash line represents the relative
SD. (b) Differences from the true MTF value. MTF: Modulation transfer function, SD: Standard deviation
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Figure 5: (a) Comparison of the MTF and the variation obtained for different diameters of the circular edge. The black line is the MTF (average of five
measurements), and the gray line is the relative SD. (b) Differences from the true MTF value. MTF: Modulation transfer function, SD: Standard deviation
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Figure 6: (2) Comparison of the MTF and the variation obtained for different contrast of the circular edge. The black line is the MTF (average of five
measurements), and the gray line is the relative SD. (b) Differences from the true MTF value. MTF: Modulation transfer function, SD: Standard deviation

in the edge center and BG region were 24.1 for 5-mm thick
PMMA, 75.7 for 2-mm-thick Al, 103.6 for 3-mm thick Al, and
227.0 for 1-mm thick W.

Figure 7 shows the results of measuring the MTF by changing
the setting position of the edge center to obtain a synthesized
profile. From the results, the farther the setting position
was from the true center position, the lower the measured

MTF, and the more the accuracy deteriorated. Figure 7b
demonstrates the calculated MTF values of 0.5 cycles/mm
and 1.0 cycles/mm with the amount of deviation of the
center-setting position as a variable. Although the coefficients
were different for each, they were accurately fitted using a
quadratic function approximation expressed in the following
equations (R?>> 0.999).
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Figure 7: (a) Variation of the MTF when center setting position is changed. The ESF was obtained by slightly changing the center position from the true
coordinates to generate a synthesized profile, and the MTF was calculated. (b) Error rate relative to the true MTF value as a function of the deviation
distance from the true center position. The circle plot is the MTF value of 0.5 cycles/mm, and the square plot is the value of 1.0 cycles/mm. MTF:

Modulation transfer function

0.5 cycles/mm: y = -5.76x-7.11x+3.32
1.0 cycles/mm: y = -19.5x?-20.7x+5.63

Discussion

This study investigated the effect of several conditions on
the measurement performance of the MTF measurement of
medical X-ray images on the application of the circular-edge
method. The accuracy and precision were evaluated based
on the difference from the true MTF value and the variation
of the measured MTF, respectively. In addition, images were
generated using Monte Carlo simulation to conduct the analysis
after determining the true MTF value.

Under the validation conditions, the variation in the measured
MTF tended to be higher in the high-frequency range close
to fNy in both methods; the accuracy of the MTF measured
by the circular-edge method was equivalent to that of the
conventional method, and the measured values were similar to
the true MTF. However, an error of approximately 1% from the
true value tended to occur around 1 cycle/mm; in this region,
the circular-edge method overestimated the true MTF value,
whereas the conventional method estimated a lower value.
The error factor in this simulation approach was purely the
shape of the edge object (circular or straight). Therefore, the
changes in the edge portion formed by the different edges and
the variation in the ESF synthesis algorithm were expressed
as features for the MTF calculation.

Although the circular-edge method reportedly is unaffected
by the diameter of the circular object used (30-100 mm)"~
in terms of measurement accuracy, the results of this study
indicate that the use of smaller objects leads to variations in
the measured values and deviations from the true values. As
shown in Table 1, a small object cannot provide the sufficient
number of data points required to create a synthesized ESF.
Under such conditions, it is assumed that noise reduction by
binning®” did not work effectively. Further, it means that the
MTF cannot be measured with an arbitrary spatial frequency

resolution. In addition, it was clarified that there should be
a minimum object size for measuring the MTF from the
viewpoint of the number of data points in the measurement
principle of the circular-edge method. In the conventional edge
method using a rectangular metal plate, the analysis length of
the ESF used for the MTF calculation affects the measured
value; this is due to the nonuniformity of the dose distribution
and structural noise of the detector.*¥ Because such structural
nonuniformity increases in proportion to the square of the
incident dose,”**! the circular-edge method, in which the area
covered by the object is smaller than that of the rectangular
edge used in the conventional method, may be significantly
affected by these influences. Therefore, researchers should be
aware of such concerns before performing MTF measurements.

The effect of the contrast of the edges was also examined;
the smaller the contrast, the lower the measurement accuracy,
which indicates that the signal strength (CNR) of the edge
image affects the accuracy of the MTF. This is consistent with
the results of previous studies showing that the uncertainty for
the MTF increases as the CNR of the edge image decreases.[®22!!
Because the degree to which the CNR of an image affects the
accuracy of the MTF changes depending on the image quality
and analysis conditions, it is necessary to verify whether the
MTF obtained is a stable result, and recognizing the degree
of accuracy and precision can be achieved by referring to the
results of this study.

In the measurement of the MTF, the angular measurement of
slightly inclined edges is very important in the conventional
edge method, and a measurement error can cause the MTF
value to decrease.?*"! The effect of the distance from the
scan center to the edge in CT imaging has been reported as an
error factor related to alignment settings in the circular-edge
method. Another important factor is the accurate identification
of R (x,y ), which is the center coordinate of a circular object.
In the circular-edge method, each pixel value distributed in
two dimensions is projected into one dimension according
to the distance from the center to create a synthesized
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ESF. Therefore, the setting error of the center position is
considered to correspond to the angle measurement error in
the conventional method. In this verification, the effect on the
MTF when the center position was changed was determined
for accurate center coordinates obtained using the simulation.
The results show that the error rate increased in proportion to
the square of the distance from the center position. Under the
present condition, even a deviation of <1 pixel in one direction
resulted in an estimated MTF that was approximately 30%
lower at 1 cycle/mm, indicating that accurate identification
of the center position is required.

It is important for users of medical imaging systems to
be able to quantitatively measure physical image quality
characteristics, such as the MTF. Recently, the comprehensive
characteristics of the entire system, including the influence
of various image quality factors, have been examined. The
approach in this study is expected to be significant because
it is performed under complicated conditions similar to those
in clinical practice, and the characteristics are obtained in
consideration of their clinical relevance. However, it should be
noted that the interpretation of the obtained results may not be
simple if the evaluation or measurement are performed under
conditions that have multiple factors influencing the results.
In other words, system users must be able to judge the validity
of the evaluation results of the characteristics appropriately.
We believe that the results of this study provide meaningful
information in this context.

The cross-section of the rectangular edge object used in the
conventional method should be cut perpendicularly with high
accuracy; however, there are no well-defined rules for the
objects used in the circular-edge method. If the resolution
characteristics are somewhat low, similar to CT imaging, it
may be possible to calculate the MTF with a certain degree
of accuracy, even without a precise cut surface. However, in
the case of an image with high-resolution characteristics, the
accuracy of the cut surface at the edge of a circular-edge object
may affect the MTF value. Furthermore, it is assumed that the
circularity or shape of the circle must also be considered. This
study applied a simulation-based approach to analyze the factors
inherent in the MTF calculation, excluding the uncertain effects
and changes in results due to the oblique incidence of the beam
for the circular edge. However, because these geometric issues
are outside the scope, further verifications, including precise
experimental measurements, are required.

CONCLUSION

In this study, the MTF measurement using the circular-edge
method was investigated in detail by utilizing simulation
images to evaluate changes in measurement performance
caused by various parameters in the MTF analysis. The
properties of the circular-edge method can then be concisely
summarized as follows.

Under the conditions in this study, equivalent measurement
accuracy can be obtained; however, the observed trend was

slightly different trend from the conventional rectangular
edge method specified in the IEC. The smaller the size of
the circular object used and the lower the contrast, the lower
the measurement performance. Furthermore, the MTF was
underestimated in proportion to the square of the shift distance
with respect to the error in setting the center position, which
is important for the synthesis of the edge profile.
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