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1.0 INTRODUCTION 
 

Spatial resolution defines a scanner’s ability to portray 

the fine detail of an object within an image [1]. This 

parameter is used to assess whether two small objects 

can still be recognized as two separate objects in an 

image [2-3]. Measuring the spatial resolution is usually 

carried out by visualizing the number of line pairs or hole 

pairs per millimeter. If a higher number of resolvable 

objects is visualized, then the image has a higher spatial 

resolution [4-5]. However, this method is subjective so an 

advanced approach to objectively measure spatial 

resolution was introduced using the modulation transfer 

function (MTF) [2, 6, 7]. 
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Abstract 
 

This study aims to evaluate the accuracy of edge profile shifting based on a 

statistical approach to improve the edge-based modulation transfer function 

(MTF) measurement using the slanted-edge phantom. A slanted-edge 

phantom was computationally developed with two materials, a water and a 

material of 120 HU. The spatial resolution of the phantom was varied from 0.3 to 

1.25 cycle/mm and the slanted angle was varied from 0° to 10°. The statistical 

shifting was performed by shifting the treated ESF backward and forward by 

up to 10 pixels (increment of 1 pixel). At each shift, the similarity between the 

shifted and reference ESFs was calculated using mean squared error (MSE). 

The statistical edge-MTF was compared against the traditional edge-MTF and 

the point-MTF as the gold standard. The statistical edge-MTF approach had 

similar results against the point-MTF compared to the traditional edge-MTF. At 

a slanted angle less than 8°, the statistical edge-MTF was comparable to the 

point-MTF with a difference about 2%. For slanted angles more than 8°, the 

difference was around 5%. By contrast, the non-statistical edge-MTF approach 

produced larger differences as the slanted angle increased. The statistical 

approach for measuring edge-MTF is more robust compared to the traditional 

edge-MTF approach. 

 

Keywords: Computed Tomography, modulation transfer function, slanted 

edge method, spatial resolution 
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The MTF can be assessed by employing the point spread 

function (PSF), i.e., the distribution of pixel values in the 

image of a point object. The PSF depicts the unsharpness 

of the image of a point object. Since the PSF describes 

the transfer of a two-dimensional (2D) object, the 2D PSF 

is commonly averaged to find the 1D PSF to more 

conveniently characterize the broadening of an object 

[6]. Calculating the MTF is usually carried out by taking 

the Fourier transform of the 1D PSF curve [6, 8-10]. 

Another method to determine the MTF is by using the 

edge spread function (ESF) [11-12]. The ESF has an 

advantage over the PSF because more spread profiles 

are obtained which can then be averaged to minimize 

impact of the image noise on the resulted MTF [13]. ESFs 

are taken at the edge of an object within an image. To 

obtain adequate sampling from the edge object within 

the clinical field of view (FOV), one of the commonly 

used techniques is to employ the slanted-edge method 

[14-17]. The profiles of the edge images are then carefully 

re-binned and shifted so that an adequate sampling of 

the edge profile is obtained [18-20]. To achieve this goal, 

the slight angle of the linear slanted-edge should be 

known [21]. Therefore, it cannot be carried out if the 

angle of the linear slanted-edge is not known or if the 

edge is not linear (i.e. such as an irregular edge in an 

anthropomorphic phantom or patient). It is noted that 

efforts to obtain the MTF from a clinical image of a 

patient is an ongoing process [22]. 

It is already mentioned that obtaining an accurate 

ESF is dependent on the accurate shifting of the ESF [19]. 

To achieve the accurate shifting from a linear slanted-

edge, the angle of the slanted-edge should be 

employed and the fit of the curves should be carefully 

implemented. Previous studies from numerous 

researchers (i.e., Zhang et al. [16], Zhou et al. [19], Yuan et 

al. [23] and Mori et al. [24]) have investigated the 

accuracy of this method. However, implementing an 

accurate edge detection requires a complicated 

calculation and is time consuming [16]. A simpler method 

to accurately shift the ESF is desirable. 

To overcome this challenge, a novel but simple 

method for accurate shifting of the ESF based on statistics 

is proposed. In this method, there is one reference ESF 

and the other ESFs are shifted forward and backward a 

few pixels. The ESF at a certain position (which is 

statistically closest to the reference ESF) is determined as 

the best shifting. The advantage of this method is that it 

can be applied not only to linear slanted-edges, but also 

to all types of edges (including irregular edges, such as in 

anthropomorphic phantoms or patients). In addition, a 

fitting is not needed for this method. In this paper, the 

accuracy of this method is evaluated on images of linear 

slanted-edges with varying spatial resolution and varying 

angles.  

 

 

2.0 METHODOLOGY 
 

2.1 Computational phantom 

 

Software for developing the computational phantom has 

been developed previously [25-27]. A modification of the 

previous phantom (512 × 512 pixels with a field-of-view 

(FOV) of 250 mm) was carried out in this study. The 

background of the phantom was air with a CT number of 

-1000 HU. The phantom’s case was acrylic with a CT 

number of 120 HU. The outer diameter (d1) was 200 mm 

and inner diameter (d2) was 98% of outer diameter (d2 = 

98% d1). Within the phantom, there were two semi-

circular objects. One object had a CT number of 0 HU 

and the other had a CT number of 140 HU. The angle of 

inclination of their borders can be adjusted. In this study, 

the slanted-edge was set from 0o to 10o with 1o 

increments. An example of phantom images with varying 

slanted angles from 0o to 10o with 2o increments is shown 

in Figure 1. 

 

 
 

Figure 1 The development of the slanted-edge computational 

phantom with various angles: (a) 0°, (b) 2°, (c) 4°, (d) 6°, (e) 8°, 

and (f) 10° 

 

 

In order to mimick an actual CT image (I(x, y)), a 

certain level of spatial resolution of the phantom was 

achieved by convolving the original image (P(x, y)) with 

a 2-dimensional point spread function (PSF(x, y)) having 

matric size of 15 x 15 pixels and addition the Gaussian 

noise (N(x, y)) of 1 HU (Equation 1). 

 
(1) 

The Gaussian point spread function was computed 

using Equation (2): 

 
(2) 

where σ is the standard deviation (SD) of the function 

and it indicates amount of blur. In this study, σ was 

varied from 0.5 to 2.1 pixels with increments of 0.2 pixels 

to obtain spatial resolution from 0.3 to 1.25 cycle/mm.  

In the convolution process, normalization was carried 

out using k factor which is formulated by Equation (3). 
 

 
(3) 

 

The phantom I(x, y) was then ready to be used in an 

evaluation of edge profile shifting based on a statistical 

approach to improve the edge-based MTF 

measurement. 
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2.2 MTF Measurement  

 

The MTF measurement was performed based on the 

PSF and ESF edges of the slanted object. The ESFs were 

used both unshifted and shifted using a statistical 

approach. The statistical approach is expected to give 

a more accurate MTF. Automated MTF measurement 

using the unshifted edge has been previously 

developed on a PMMA phantom and has a difference 

of about 4% from the point MTF [26]. In this paper, the 

MTF from the shifted ESFs using a statistical approach is 

called the statistical edge-MTF, the MTF from the 

unshifted ESF is called the traditional edge-MTF, and 

the MTF from a point object is called the point-MTF. 

The schematic diagram of the current study is 

shown in Figure 2.  

 

 
 

Figure 2 The schematic diagram of the current study. Point-

MTF is considered to be the gold standard. Edge-MTF is 

performed with two approaches, i.e. with and without 

statistical shifting of their ESFs 

 

 

The point-MTF is considered the gold-standard in 

this study. Measuring the point-MTF utilized the point-

computational phantom [29]. A region of interest (ROI) 

of size 32 × 32 pixels was placed at the centroid of the 

phantom. The profile of CT numbers in the x-axis was 

obtained by averaging the pixels along the y-direction 

(S(x)). Next, the profile of CT number was zeroed (S’(x)) 

and normalized to obtain the 1D PSF(x) curve using 

Equation (4). The 1D PSF(x) curve was Fourier 

transformed using Equation (5) to obtain the MTF(f) 

curve, where F is the Fourier operator and f is the 

spatial frequency.  
 

 
(4) 

 
(5) 

 

The edge-MTF measurement on the slanted edge 

phantom was started by placing a square-shaped ROI 

of 20 × 20 pixels at the centroid of the phantom as in 

Figure 2. As a result, the profile of the CT number along 

the y-axis can be obtained and was presented as an 

ESF curve.  

For the traditional edge-MTF, the measurement 

process was performed using a previous algorithm [29] 

and is shown in Figure 2. The ESF curves were 

averaged to obtain a single ESF. The ESF curve was 

differentiated to obtain the PSF curve which was 

Fourier transformed as before to obtain the edge-MTF. 

In the statistical edge-MTF, the ESF curve is pre-

processed. The alignment of the ESF phase was 

performed on two ESFs. A middle ESF was considered 

the reference ESF and the other ESFs were considered 

the treated ESFs. The treated ESFs were shifted one by 

one using a statistical approach. One of the treated 

ESFs was shifted 20 times. It was shifted by 10 pixels in 

steps of 1 pixel to the left, and shifted by 10 pixels in 

steps of 1 pixel to the right. To maintain the length of 

the treated ESF, the deleted pixels at one end of the 

profile were compensated by adding pixels at the 

other end of the profile.  At each shift of one pixel, the 

level of difference (or similarity) between the shifted 

and reference ESFs was measured using the mean 

square error (MSE) (Equation 6). The optimal shift 

position was the shift that produce a minimum MSE. 
 

 

(6) 

 

This process was a shifting for a single treated ESF. 

For shifting all treated ESFs, the process was iterated for 

the remaining ESF samples. The results of shifted ESFs 

were averaged to obtain a single ESF curve. The 

resulting ESF curve was used to obtain the statistical 

edge-MTF using the same steps as before. 

The independent sample t-test was conducted to 

investigate whether there was a significant difference 

between the 10% levels of the respective edge-MTFs 

(traditional and statistical edge-MTFs) and the point-

MTF. The calculation was employed by using IBM SPSS 
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Statistics 25. If the test produced a p-value greater 

than 0.05, the methods did not differ significantly.  

 

 

3.0 RESULTS AND DISCUSSION 
 

3.1 Spatial Resolution Variation 

 

The point-MTF, the traditional edge-MTF, and the 

statistical edge-MTF curves at various spatial resolutions 

are shown in Figure 3 and their values of MTF 10% are 

tabulated in Table 1. It is noted that the angle of the 

slanted image for edge-MTF is 5o. The statistical edge-

MTFs produce values that are close (within 1-2 %) to 

the point-MTFs at medium spatial resolutions of 0.9 – 1.9  

cycle/mm. However, at high and low spatial 

resolutions, the results obtained between both 

methods were quite different (up to 8%). By contrast, 

the traditional edge-MTFs lead to a highly different 

result (up to 40%) from the point-MTFs across all 

variations of spatial resolution. 

 

3.2 Slanted Angle Variation 

 

The point-MTF, traditional edge-MTF, and statistical 

edge-MTF curves at various slanted angles are shown 

in Figure 4, and their values of MTF 10% are tabulated 

in Table 2. The images were all blurred by 1 pixel. The 

statistical edge-MTF yielded similar results to the 

traditional edge-MTF. At a slanted angle of 0 - 8°, the 

statistical edge-MTF approach was comparable (to 

within about 2%) to the point-MTF. For slanted angles of 

9° and above, the difference is up to 5% compared to 

the point-MTF. As expected, the traditional edge-MTF 

produces larger differences as the angle of the 

slanted edge increases. At an angle of 5o and above, 

the difference is more than 50%. 

Accurate MTF measurement is essential to establish 

an accurate diagnosis. The study of Hata et al. [36] 

reported that a decrease in spatial resolution leads to 

a reduction of lesion detection qualitatively in eleven 

cadaver lung images. Besides point-MTF, edge-MTF is 

currently widely used for measuring spatial resolution of 

the image. The advantage of the edge-MTF is that it 

can be performed on any phantom, without the need 

for a special phantom, because any edge of any 

phantom can be used. The edge-MTF can produce 

more spread profiles compared to the point-MTF 

(where the number of profiles is limited) so that 

fluctuations in pixel values due to image noise can be 

minimized. Another advantage is that edge-MTF 

measurements can be carried out on objects with 

different contrast-to-noise ratio (CNR) values. This 

eventually led to the introduction of the task transfer 

function (TTF) concept which became very important 

in the era of iterative reconstruction (IR) and deep 

learning image reconstruction (DLIR). However, edge-

MTF has its own challenges, including the need for 

accurate shifting of the ESF and it is more sensitive to 

noise due to the differentiation process from ESF to PSF. 

 

 

 
 

Figure 3 The MTF curves at various spatial resolutions from the 

three methods with various spatial resolutions (a) point-MTF, 

(b) traditional edge-MTF, and (c) statistical edge-MTF. The 

angle of the slanted image is 5o 
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Figure 4 The MTF curves from three methods (a) point-MTF, (b) 

traditional edge-MTF at various slanted angles, and (c) 

statistical edge-MTF at various slanted angles. The images 

were blurred by 1 pixel 

 

 

In the current study, the point-MTF is used as the 

gold standard, even though the point-MTF has its own 

limitations. Apart from producing a very limited 

number of profiles, its other limitations are that it is very 

dependent on the size of the ROI, it depends on the 

direction of the average (whether x-axis, y-axis, or 

polar direction), and it depends on the point position 

within the image. In this study, the point-MTF is 

calculated by averaging the x-axis direction. The 

point-MTF value is of course independent of the edge-

angle. 

The accurate shifting of ESF is essential for ensuring 

the accuracy of edge-MTF measurements using the 

edges of CT images. Many researchers [30-33] have 

studied this issue and have proposed various 

innovations to produce accurate edge-MTF curves. 

Unfortunately, these previous methods usually 

mandate that the position of edges must be exactly 

known, which is often difficult to achieve [13]. This 

study proposes an easier and faster approach to 

produce accurate ESF curves and obtain accurate 

edge-MTF curves. The current study used a statistical 

approach to assess the level of similarity between the 

shifted ESF and the reference ESF.  

The statistical approach has been to be more 

resistant to errors in measuring the edge-MTF for 

different angles of the slanted objects compared to 

the traditional edge-MTF. The statistical shifting 

approach produced accurate edge-MTFs up to a 

slant of 0 - 8° (i.e., with a difference of around 2% from 

the point-MTF based on the 10% MTF values). At slant 

angles of 9° and more, the MTF 10% of the statistical 

approach produced a larger difference up to 5% from 

the point-MTF measurements. By contrast, the 

traditional edge-MTF led to very large differences 

(more than 50% at angles of 5o and above) compared 

to the point-MTF. 

In the current study, the ESF shift was only 10 pixels 

forward and 10 pixels backward. At large slant angles, 

a shift of 10 pixels may be too small. Thus, to anticipate 

large slant angles in an object, the ESF shift can be 

increased, for example, to 20 pixels. However, this will 

increase computation time 

The advantage of the statistical edge-MTF method 

is that it can be applied to irregular objects, for 

example to anthropomorphic phantoms or to clinical 

patient images. This opens a wider potential to 

measuring MTF in clinical images of patients, which still 

faces many challenges to date. However, evaluation 

on irregular surfaces has not been carried out in this 

study.  

This proposed method has shortcomings, because 

this method does not accommodate the re-binning 

technique. Thus, this methodology is limited by the 

Nyquist theorem. For images with a FOV of 250 mm, 

the Nyquist frequency is 1.024 cycles/mm. This value is 

of course very small and cannot be used for CT 

images having high spatial resolution where values 

can exceed 1.5 cycles/mm. In the future, the statistical 

edge-MTF methodology will be extended to include 

binning techniques so that the Nyquist frequency can 

be increased several times. 
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Table 1 Values of MTF 10% resulting from the three methods of point-MTF, traditional edge-MTF, and statistical edge-MTF at various 

spatial resolutions. The angle of the slanted image is 5o 

 

Blurring 

(px) 

MTF 10% (cycle/mm) Differencea Differenceb 

Point 
Traditional 

edge 

Statistical 

edge 

Percentage 

(%) 

p-

value 

Percentage 

(%) 

p-

value 

0.5 1.24 ± 0.00 0.77 ± 0.10 1.35 ± 0.01 37.90 0.00 8.87 0.00 

0.7 1.01 ± 0.01 0.48 ± 0.01 1.07 ± 0.01 52.48 0.00 5.94 0.00 

0.9 0.76 ± 0.01 0.46 ± 0.02 0.77 ± 0.02 40.05 0.00 0.78 0.51 

1.1 0.64 ± 0.00 0.43 ± 0.01 0.65 ± 0.02 32.19 0.00 0.93 0.54 

1.3 0.54 ± 0.00 0.39 ± 0.01 0.54 ± 0.01 27.51 0.00 0.37 0.77 

1.5 0.47 ± 0.00 0.37 ± 0.01 0.47 ± 0.01 21.27 0.00 0.00 0.61 

1.7 0.42 ± 0.00 0.34 ± 0.01 0.41 ± 0.00 17.70 0.00 1.91 0.00 

1.9 0.37 ± 0.01 0.32 ± 0.00 0.37 ± 0.01 13.51 0.00 0.00 0.47 

2.1 0.34 ± 0.00 0.30 ± 0.01 0.32 ± 0.00 11.76 0.00 5.88 0.00 
a) the difference between the point-MTF and the traditional edge-MTF 

b) the difference between the point-MTF and the statistical edge-MTF 

 

Table 2 Values of MTF 10% resulting from the three methods of point-MTF, traditional edge-MTF, and statistical edge-MTF at various 

angles of slanted edge. Angle of slanted image is 5 degrees 

 

Slanted 

Angle 

(°) 

MTF 10% (cycle/mm) Differencea Differenceb 

Point 
Traditional 

edge 

Statistical 

edge 

Percentage 

(%) 

p-

value 

Percentage 

(%) 

p-

value 

0 0.70 ± 0.01 0.69 ± 0.01 0.70 ± 0.01 1.17 0.18 1.71 0.65 

1 0.70 ± 0.01 0.62 ± 0.02 0.70 ± 0.01 12.48 0.00 1.45 0.64 

2 0.70 ± 0.01 0.63 ± 0.01 0.69 ± 0.01 11.18 0.00 1.59 0.22 

3 0.70 ± 0.01 0.58 ± 0.01 0.69 ± 0.00 20.61 0.00 1.61 0.07 

4 0.70 ± 0.01 0.50 ± 0.01 0.69 ± 0.00 38.07 0.00 1.01 0.28 

5 0.70 ± 0.01 0.44 ± 0.01 0.69 ± 0.01 75.63 0.00 1.89 0.05 

6 0.70 ± 0.01 0.39 ± 0.01 0.69 ± 0.01 57.02 0.00 2.05 0.00 

7 0.70 ± 0.01 0.34 ± 0.01 0.68 ± 0.01 103.29 0.00 2.06 0.00 

8 0.70 ± 0.01 0.30 ± 0.00 0.68 ± 0.01 132.33 0.00 2.07 0.00 

9 0.70 ± 0.01 0.34 ± 0.03 0.67 ± 0.01 105.68 0.00 3.46 0.00 

10 0.70 ± 0.01 0.38 ± 0.02 0.66 ± 0.01 84.94 0.00 5.17 0.00 
a) the difference between the point-MTF and the traditional edge-MTF 

b) the difference between the point-MTF and the statistical edge-MTF 

 

 

This study has other limitations. The approach has 

only been tested on one type of phantom, i.e., a 

computational phantom. Testing on commonly used 

physical phantoms is necessary to investigate the 

algorithm's robustness against actual imaging 

conditions. Furthermore, the MTF measurements in this 

study only used one particular software, namely 

IndoQCT. Comparison with other software, such as 

iQmetrix and ImQuest, should be performed in further 

studies to test the method’s robustness. 

 

 

4.0 CONCLUSION 
 

The statistical edge-MTF measurements produced 

spatial resolutions comparable to the point-MTF. 

Statistical edge-MTF can work well without knowing 

the edge pattern. At slant angles up to 8o, the 

statistical edge-MTF is within about 2% of the point-MTF. 

At larger angles, the difference from the point-MTF is 

greater. Statistical edge-MTF opens the way to edge-

MTF measurements on irregular edges so that MTF 

measurements on clinical images can be more easily 

performed. 
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