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Abstract We propose a method for measuring the mod-

ulation transfer function (MTF) of a computed tomography

(CT) system by use of a circular edge method with a

logistic curve-fitting technique. An American College of

Radiology (ACR) phantom was scanned by a Philips

Brilliance system, and axial images were reconstructed by

the filtered back projection algorithm with a standard

reconstruction filter. The radial MTF was measured from a

disk image of a rod or cylinder in the ACR phantom by use

of the circular edge method. In this study, we applied a

logistic curve-fitting technique to an edge-spread function

(ESF) to eliminate noise because the edge method is very

susceptible to noise in the ESF in a CT image. The circular

edge method with the logistic curve-fitting technique pro-

vided the MTF without fluctuations due to noise for the

entire spatial frequency range. The MTF was not affected

by the tube current, the slice thickness, or the disk contrast,

which were factors related to the amount of noise in the CT

image. However, the MTF was affected by the location of

the disk and by the disk size, depending on the average

distance from the isocenter to the disk edge. Our results

indicated that the MTF measured by the circular edge

method with the logistic curve-fitting technique was not

susceptible to noise in CT images. Therefore, this method

is useful for MTF measurement for not only high-contrast

objects, but also low-contrast objects with a large amount

of noise.

Keywords Modulation transfer function (MTF) �
Computed tomography (CT) � Edge-spread function

(ESF) � Circular edge method � Logistic curve-fitting

technique

1 Introduction

The modulation transfer function (MTF) is one of the most

common metrics for the evaluation of spatial resolution

properties in computed tomography (CT) systems [1–4].

Therefore, there is a strong demand for a simple method of

measurement of the MTF by use of a quality assessment

(QA) phantom [5]. In addition, it has become important to

measure the MTF for a wide range of doses and object

contrasts with the increasing popularization of advanced

CT systems, including iterative reconstruction algorithms

[6], because the MTF obtained from these reconstruction

algorithms depends on the contrast and noise due to non-

linear image processing [7, 8]. Therefore, an edge method

will become the most common method of measuring the

MTF for the evaluation of these algorithms.

Thus, there are several studies on various edge methods,

one of which provided the MTF measured from disk

images of a cylindrical phantom, such as the American

College of Radiology (ACR) phantom [7–9]. In order to

distinguish this MTF measurement method with a
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cylindrical phantom from that with a straight edge of a

cube phantom, we called it the circular edge method in this

study. Although the circular edge method with the ACR

phantom could be implemented easily, this method is

strongly affected by noise because of the derivative of the

edge-spread function (ESF) that yields the line-spread

function (LSF); thus, it is extremely important to reduce

noise in the ESF [4, 10].

Richard et al. [7] measured the task-based MTF from

disk images generated from rod inserts in the ACR phan-

tom using the circular edge method. To reduce noise in the

ESF, they employed the ESF averaged across multiple

ESFs, which were provided across consecutive CT slices.

However, the variation of the MTF data was somewhat

large due to the noise remaining in the ESF. Wilson et al.

[8] measured the task-based MTF from disk images of rod

inserts in a phantom consisting of four cylinders using the

circular edge method. To reduce the impact of image noise

in the ESF, they applied a Savitzky–Golay smoothing filter

[11] and imposed a monotonically increasing constraint on

the ESF [12]. However, they failed to provide a reliable

MTF from a polystyrene rod because the contrast of the rod

image was too low and the noise too high. Friedman et al.

[9] measured the MTF from a large disk image in the third

module of the ACR phantom. In their study, the slice

images selected for MTF measurement were averaged

together along the z direction on a voxel-by-voxel basis to

create a single low-noise axial image. However, a small

amount of misalignment of the phantom tends to cause

degradation of the MTF measured from the averaged

image.

These previous studies have shown that the measured

MTFs were still affected to some degree by noise, or

degraded by attempts to avoid the effects of noise.

Therefore, in order to measure MTFs accurately without

the effects of noise in CT images, it is necessary to develop

a robust method against the noise.

In this study, we developed a new circular edge method

with a logistic curve-fitting technique for the reliable

measurement of the MTFs without the effects of noise in

disk images of rod inserts in the ACR phantom. In addition,

we systematically investigated the effect of acquisition

parameters and of the disk object on MTFs by changing the

tube current, the slice thickness, the disk contrast, the disk

location, and the disk size.

2 Methods

2.1 Experimental materials

An ACR CT accreditation phantom [5] (model 464,

Gammex-RMI, Middleton, WI) was scanned by a 64-slice

multidetector-array CT system (Brilliance; Philips

Healthcare, Cleveland, OH) with use of the acquisition

parameters shown in Table 1. Axial images were recon-

structed by the filtered back projection (FBP) algorithm

with a standard reconstruction filter (type C). The tube

voltage and the field of view for the MTF measurement

were consistently 120 kV and 250 mm, respectively,

whereas the tube currents and slice thicknesses were

changed so that we could evaluate their effects on the

measurement, as described later.

The MTFs were measured from the first and third

modules in the ACR phantom shown in Fig. 1. The first

module contained three different solid inserts and one air

cavity, as shown in Fig. 1a. Only three solid inserts were

used for the MTF measurement. The three inserts used in

rods with a diameter of 25 mm were bone-mimicking

material (bone), acrylic, and polyethylene with nominal

Hounsfield unit (HU) values of 955, 120, and -95. The

background material was solid-water with an HU value of

0. The third module was a uniform cylinder, which con-

sisted of solid-water with an HU value of 0, as shown in

Fig. 1b. This cylinder, with a diameter of 200 mm, was

used only for examining the dependence of the MTF on the

disk size by comparison with the disk image generated

from the rod in the first module.

2.2 MTF measurement method

We calculated the MTF using the circular edge method

applied to the disk image as follows: First, a region of

interest (ROI) was selected to include the disk image of the

rod in the first module or the cylinder in the third module of

the ACR phantom. The disk in the ROI was segmented by

use of a binarization technique with the Otsu method [13]

to yield the center coordinates and the radius of the disk.

The average HU values of the disk and the background

were determined from inside and outside regions of the

disk, respectively. Then, pixel values in the ROI image

were normalized by use of the following equation for the

subsequent processing:

INði; jÞ ¼
Iði; jÞ � IBG

IDISK � IBG

; ð1Þ

Table 1 Acquisition parameters used for the MTF measurement

Parameter Value

Scan type Axial

Tube voltage (kV) 120

Tube current (mA) 100, 200, 300

Slice thickness (mm) 0.625, 1.25, 2.5, 5.0

Pixel size (mm2) 0.488 9 0.488

Time per rotation (s) 1.0
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where I(i, j) represents the HU value at the coordinate (i, j),

and IBG and IDISKare the average HU values of the back-

ground and the disk, respectively.

2.2.1 ESF estimation with the conventional logistic curve-

fitting

The oversampled ESF with normalized pixel values was

determined according to the distance from the center of the

disk in the ROI, as shown in Fig. 2. Then, we rebinned the

ESF by taking the average within a bin of one-tenth pixel

size, as indicated in Fig. 3. The new bin size was deter-

mined empirically. In order to remove the noise, we

applied the logistic curve-fitting technique for the ESF as

follows:

ESFðxÞ ¼ a

1:0þ expf�bðx� cÞg þ d: ð2Þ

The four parameters a, b, c, and d of the logistic function

were obtained from a nonlinear least-squares method with

iterative calculations [14]. The initial parameters of a, b, c,

and d for the iterative calculations were 1.0, -1.0, rDISK,

and 0, respectively. rDISK is the radius of the disk. The

iteration was stopped when the residual sum of squares for

these parameters was less than 10-6. At the solid line

shown in Fig. 3, the ESF was fitted to the rebinned ESF

data smoothly and monotonically. The result of the logistic

curve-fitting indicated that the noise in the rebinned ESF

seemed to be removed from the fitted ESF. The fitted ESF

was differentiated for obtaining the LSF. Because there

were no variations on the tails of the LSF, we did not

employ the Hanning window to remove the noise in the

tails of the LSF.

Finally, the MTF was determined from the Fast Fourier

transform of the LSF and normalized with the magnitude of

MTF at zero frequency. The calculated MTFs from each

slice were averaged across multiple MTFs obtained from

consecutive slices within 1 cm regions along the z direction

for reduction of the measurement error.

2.2.2 ESF estimation with the double logistic curve-fitting

Even if the standard kernel is used as reconstruction filter

in the FBP algorithm, the ESF occasionally might not be

monotonic because of slight overshoot and undershoot due

to high-contrast objects. In order to fit the ESF to such

profiles, including the effect of undershoot and/or over-

shoot, we also proposed an advanced estimation with the

double logistic curve-fitting, as follows:

ESFðxÞ ¼ LðxÞ þ e
dLðxÞ

dx
; ð3Þ

LðxÞ ¼ a

1:0þ expf�bðx� cÞg þ d: ð4Þ

The parameter e is the magnitude of overshoot or

undershoot.

Fig. 1 Axial slice images of the

ACR phantom: a The first

module containing three

different solid inserts with a

diameter of 25 mm and one air

cavity (lower right), and b the

third module containing

uniform solid water with a

diameter of 200 mm
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Fig. 2 The oversampled ESF with normalized pixel values
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2.3 Investigation of effects of various factors

on the MTF

The effects of various factors concerning acquisition

parameters and of the disk object on the MTF obtained by

our proposed method were investigated as follows:

Because the amount of noise in CT images depends on the

tube current, the slice thickness, and the object contrast, we

investigated the effects of these parameters by comparing

the MTFs measured by changing these parameters. The

disk images of the bone-insert in the first module of the

ACR phantom were used for investigation of the effects of

the tube current and the slice thickness, and the disk images

of three solid inserts in the first module were used for the

MTFs of the object contrast.

The MTF measured from the circular edge method

indicated an MTF determined for the edge with an average

distance from the isocenter to the disk edge. The average

distance from the isocenter to the disk edge was calculated

by the following equation:

�d ¼ 2

p
ðr þ lÞ � E 2

ffiffiffiffi

rl
p

r þ l
;
p
2

 !

; ð5Þ

where Eð�Þ represents the complete elliptic integral of the

second kind [15], and r and l indicate the radius of the disk

and the distance from the isocenter to the disk center,

respectively. For investigation of the effect of the disk

location, we measured the MTFs for the bone disk image

by changing the distances from the isocenter to the disk

center. In addition, we compared the MTFs measured from

the bone disk image with a diameter of 25 mm in the first

module and the solid-water cylinder image with a diameter

of 200 mm in the third module to investigate the effects of

the disk size.

2.4 Comparison with a wire method

To compare our MTF results obtained by the circular edge

method with the previous method, we also measured the

MTF by use of a wire method. For keeping the spatial

characteristics equivalently for both methods, we adjusted

the distance between the wire and the isocenter in the wire

method to be identical to the average distance between the

isocenter and the disk edge as calculated by Eq. (5) in the

circular edge method. The other acquisition parameters and

procedures used for the wire method were determined

according to previous studies [16, 17].

3 Results

Figure 4 shows a comparison of the MTFs obtained by the

circular edge method with and without the logistic curve-

fitting technique. The disk image used for the measurement

was acquired from the bone-insert in the first module of the

ACR phantom with a tube current of 100 mA and a slice

thickness of 0.625 mm. The ESF without the logistic

curve-fitting technique was obtained by averaging across

multiple ESFs, which were provided across 16 consecutive

CT slices. As shown in Fig. 4, the MTF measured without

the logistic curve-fitting fluctuates irregularly, especially at

a high spatial frequency, owing to the noise remaining in

the averaged ESF, whereas the MTF with the logistic

curve-fitting indicates no fluctuations for the entire spatial

frequency range.
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Fig. 3 The logistic curve-fitting for the rebinned ESF with one-tenth

pixel size
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Figure 5a and b demonstrates the effects of the tube

current and the slice thickness on the MTFs. The MTFs

were measured across a wide range of tube currents (100,

200, and 300 mA), while the slice thickness was kept at

0.625 mm, as shown in Fig. 5a. The noise in terms of the

standard deviation (SD) of pixel values determined in the

background of the disk image was 29.0, 20.6, and 16.9 HU

at tube currents of 100, 200, and 300 mA, respectively.

Figure 5b shows the MTFs measured across a wide range

of slice thicknesses (0.625, 1.25, 2.5, and 5.0 mm), while

the tube current was kept at 100 mA. The noise (SD)

values were 29.0, 21.7, 15.7, and 11.3 HU for slice thick-

nesses of 0.625, 1.25, 2.5, and 5.0 mm, respectively. Fig-

ure 5a and b indicates that the MTFs were not affected by

the tube current and the slice thickness.

Figure 6 shows a comparison of MTFs measured from

different disk images of bone, acrylic, and polyethylene

inserts with object contrasts of 955, 120, and -95 HU,

respectively. The tube current and the slice thickness were

100 mA and 0.625 mm in these measurements. The spatial

frequencies (average ± SD) at which the MTF was

reduced to 50 % (f50) were 0.385 ± 0.004, 0.366 ± 0.030,

and 0.372 ± 0.044 cycles/mm for bone, acrylic, and

polyethylene inserts, respectively. The f50 of the high-

contrast insert of bone was only slightly larger than the f50s

of the low-contrast inserts of acrylic and polyethylene.

However, the difference between the maximum and mini-

mum values of f50 was as small as 4.9 %.

To demonstrate the effect of the disk location, we

measured the MTFs for the bone disk image by changing

the distances from the isocenter to the disk center. The

MTFs were measured with a tube current of 100 mA and a

slice thickness of 0.625 mm, by changes in the location of

the ACR phantom in the CT gantry. The result indicated

that the MTF was degraded, as shown in Fig. 7, as the

distance from the isocenter to the disk center was

increased. This is because the spatial resolution of the

peripheral region is lower than that of the central region on

CT images [18].

Figure 8 shows a comparison of MTFs obtained from

disk images with diameters of 25 mm for the bone-insert

rod of the first module and 200 mm for the solid-water

cylinder of the third module. In these measurements with

a tube current of 100 mA and a slice thickness of

0.625 mm, the centers of the bone disk of the first module

and the cylinder of the third module agreed with the

isocenter. The MTF obtained from the large disk image

was degraded in comparison with that obtained from the

small disk.

Figure 9 shows a comparison of MTFs obtained by the

wire method and the proposed method. The two MTFs

obtained from the wire method and the circular edge

method with the double logistic curve-fitting (Eq. 3) were

almost equivalent in the entire spatial frequency range.
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4 Discussion

Because the ESF is differentiated to provide the LSF, the

noise in the ESF considerably interrupts the accurate

measurement of the MTF. Therefore, it is very important to

reduce the noise in the ESF. The circular edge method with

the logistic curve-fitting technique provided the MTF

without fluctuations for the entire spatial frequency range,

as shown in Fig. 4. This result indicates that the noise in

the ESF was eliminated almost completely by the logistic

curve-fitting. Therefore, the MTF without fluctuations

allows one to reveal details of the resolution property in a

high spatial frequency range.

For correct estimation of parameters a, b, c, and d of the

logistic function shown in Eq. (2) and parameter e shown in

Eq. (3), the appropriate initial values of these parameters

are required for iterative calculations in the nonlinear least-

squares method. Because we used the normalized pixel

values in the ROI image, the iterative calculations could

converge quickly if we always used the same initial values.

Therefore, the logistic curve-fitting for the ESF with nor-

malized pixel values was insulated from the influence of

initial values for the iterative calculations.

The MTFs were not affected by changes in the tube

current and the slice thickness, which are related to the

amount of noise in CT images, as shown in Fig. 5. This

result indicates that the circular edge method with the

logistic curve-fitting technique is robust for the measure-

ment of MTFs in a CT system, although the edge method

was considered to be strongly affected by noise because of

the derivation of the ESF to provide the LSF. It should be

noted that the MTFs were affected slightly by the contrast-

to-noise ratio of the disk images, as shown in Fig. 6. The

MTFs obtained from the low-contrast objects were degra-

ded slightly in comparison with that obtained from the

high-contrast object. However, the extent of this effect in

terms of the difference in f50 was considered to be small

from a practical perspective.

Because the circular edge method provides the radially

averaged MTF from a single disk image, it follows that the

MTF was measured at the average distance of the disk edge

from the isocenter. The average edge distance is equal to

the radius of the disk, when the disk center is located at the

isocenter. As the disk center moves away from the iso-

center, the average edge distance gradually increases, as

shown in Eq. (5). On the other hand, the spatial resolution

is degraded for locations away from the isocenter because

of the spatial dependence of the resolution property, which

is inherent in a CT system [18]. Therefore, the MTF was

0 mm

31 mm

62 mm

100 mm

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.0 0.5 1.0 1.5

M
T

F

spatial frequency [cycles/mm]

Fig. 7 Comparison of MTFs measured for various distances from the

isocenter to the disk center

diameter of 25 mm

diameter of 200 mm

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.0 0.5 1.0 1.5

M
T

F

spatial frequency [cycles/mm]

Fig. 8 Comparison of MTFs obtained from disk images with

different diameters

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.0 0.5 1.0 1.5

M
T

F

spatial frequency [cycles/mm]

Wire method

Circular edge method with Eq. (3)

Fig. 9 Comparison of MTFs obtained by the wire method and

circular edge method with Eq. (3)

58 T. Takenaga et al.



degraded gradually with increasing distance of the disk

center from the isocenter, as shown in Fig. 7. In addition,

the MTF for a large diameter was degraded in comparison

with the MTF for a small diameter because of the differ-

ence of the average edge distance from the isocenter, as

shown in Fig. 8. In this comparison, the centers of both

disks were located at the isocenter. However, we confirmed

that the same MTFs were obtained exactly, when the

average edge distances became identical by moving the

center of the small disk to the edge point of the large disk.

Note that the average edge distance for the small disk in

this case was nearly equal to the distance from the isocenter

to the disk center. Therefore, these results suggest that it is

necessary to employ disks with the same average edge

distances for comparison of MTFs.

In comparison with the wire method, the MTF obtained

from the circular edge method with Eq. (3) was identical to

the MTF obtained from the wire method. The edge profile

data obtained by use of a hard kernel function complicate

the measurement accuracy of the MTFs for both the wire

and circular edge methods. Our proposed method using the

logistic functions of Eqs. (2) and (3) would not be applied

to an ESF when a hard kernel is used as a reconstruction

filter in the FBP algorithm. Because the hard kernel is

employed to enhance a specific structure, such as pul-

monary vessels and temporal bone, we consider that it is

sufficient to measure MTFs obtained from images only

with a standard kernel to investigate the basic resolution

property of a CT system. In other words, our proposed

method could be applied to CT images obtained only from

a standard kernel, the profile of which could be fitted by

logistic curve-fitting. However, the development of the

curve-fitting technique for the ESF with overshoot and

undershoot is an important future task.

5 Conclusion

We have developed a circular edge method with the

logistic curve-fitting technique to measure the MTFs of a

CT system. Our results indicate that the MTF measured

by our proposed method was not susceptible to noise in

the CT image. However, the location and the size of a

disk object affect the MTFs because of the radial reso-

lution variation, which is an inherent property of a CT

system. Therefore, we believe that this method is useful

for radial MTF measurement for low-contrast objects with

a large amount of noise, as well as for high-contrast

objects, on CT images.
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