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The modulation transfer function and signal-to-noise ratio of
different digital filters: a technical approach

DD Brullmann* and B d’Hoedt

Department of Oral Surgery, University Medical Center of the Johannes Gutenberg University Mainz, Mainz, Germany

Objectives: The aim of this study was to illustrate the influence of digital filters on the
signal-to-noise ratio (SNR) and modulation transfer function (MTF) of digital images. The
article will address image pre-processing that may be beneficial for the production of
clinically useful digital radiographs with lower radiation dose.

Methods: Three filters, an arithmetic mean filter, a median filter and a Gaussian filter
(standard deviation (SD) = 0.4), with kernel sizes of 3 x 3 pixels and 5 x 5 pixels were
tested. Synthetic images with exactly increasing amounts of Gaussian noise were created to
gather linear regression of SNR before and after application of digital filters. Artificial stripe
patterns with defined amounts of line pairs per millimetre were used to calculate MTF before
and after the application of the digital filters.

Results: The Gaussian filter with a 5 x 5 kernel size caused the highest noise suppression
(SNR increased from 2.22, measured in the synthetic image, to 11.31 in the filtered image).
The smallest noise reduction was found with the 3 x 3 median filter. The application of the
median filters resulted in no changes in MTF at the different resolutions but did result in the
deletion of smaller structures. The 5 x 5 Gaussian filter and the 5 x 5 arithmetic mean filter
showed the strongest changes of MTF.

Conclusions: The application of digital filters can improve the SNR of a digital sensor;
however, MTF can be adversely affected. As such, imaging systems should not be judged
solely on their quoted spatial resolutions because pre-processing may influence image quality.
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Introduction

The modulation transfer function (MTF) is a graphical
description of the spatial resolution characteristics of
an imaging system or its individual components. It is
generally useful for separating individual causes of
image degradation. Another related term is the contrast
transfer function (CTF). MTF describes the response
of an optical system to an image decomposed into
sine waves and CTF describes the response of an op-
tical system to an image decomposed into square waves
(for example, an image of line pairs).!> The term MTF
will be used in this article. The signal-to-noise ratio
(SNR) generally refers to the dimensionless ratio of
the signal power to the noise power contained in a
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signal. It parameterizes the performance of signal
processing systems when noise is contained in a
recording (or an image).>*

Low-pass filters are often used to remove noise from
images obtained using digital sensors. They can be
described as image algorithms that remove sudden
discontinuities of grey levels in small local areas of the
image. These low-pass filters, generally designated as
linear filters, use convolution to compute images with a
lower amount of noise. They are generally realized as
spatial smoothing using convolution of the image and a
smoothing kernel.> Low-pass filters attenuate high
frequencies, while low frequencies remain unchanged.
This means that high spatial frequency components are
removed from an image resulting in a smoother image
in the spatial domain. Linear low-pass filters can be
realized as an arithmetic mean filter, which smoothes
an image by averaging all pixels within the convolution



kernel and equal contribution of all pixels within that
kernel. Another approach for a low-pass filter is the
Gaussian filter. This filter works in a similar way to an
arithmetic mean filter. The degree of smoothing is
determined by the standard deviation (SD) of the
Gaussian, which is used to compute the entries of the
convolution kernel. The effect of a Gaussian filter is
similar to that of a pyramid filter> with more con-
tribution of central pixels because of weighting through
the entries of the convolution kernel. With a larger SD,
Gaussian filters require larger convolution kernels to
be represented accurately. This can lead to inadequate
blurring while using larger convolution masks. Most
smoothing filters based on convolution act as low-pass
frequency filters. Another effective approach to noise
reduction are rank order statistic filters usually re-
ferred to as non-linear filters, of which the median filter
is one of the most commonly used.>¢® Non-linear filters
are generally based on sorting algorithms in an attempt
to determine median values that minimize local grey
variance.>”’ A median filter removes drop-out noise
more efficiently and preserves the edges and small
details of an image better than an arithmetic mean
filter. The purpose of a median filter is to eliminate
intensity spikes, speckles or salt and pepper noise.
Broadly, rank order filters are more effective for
overcoming impulse noise.>”’

Image processing is used for all digital images
including digital radiographs. The filters described here
are usually used to improve signals or images obtained
by a charge-coupled device (CCD) or complementary
metal oxide semiconductor (CMOS) sensors used for
image acquisition.” Structures like noise or edges con-
tain many high frequencies; thus, low-pass filters blur
images while possibly improving the SNR. This ex-
plains why theoretically possible resolutions, calculated
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from the number of pixels per square millimetre, differ
tremendously from the resolution seen during testing.®
The use of digital filters is believed to result in a
reduction of exposure dose, and the use of a filter could
potentially compensate for losses in image quality
caused by underexposure or noise.>'® On the other
hand, poor processing of signals has been shown to
degrade image quality and may render radiographs
unacceptable for diagnostic purposes.!!

The aim of this study is to illustrate the influence of
digital filters on the SNR and MTF of digital images.

Materials and methods

Synthetic images and filter design

A 300 x 300 pixel synthetic test image with a uniform
grey level (1 = 20) was created to examine the noise-
suppression ability of the different filters. This image
was overlaid with synthetic Gaussian noise at SD of 10,
20, 30 and 40 according to the algorithm described by
Parker'? (Figure 1). These images were sampled in a
uniform 100 x 100 region of interest to calculate the
mean and SD of the pixel values. The added Gaussian
noise modifies grey levels by adding a random level of
pixel values according to the normal Gaussian distribu-
tion.> The Gaussian distribution can be defined by its
mean and SD.

Artificial stripe patterns were created with increa-
sing stripe sizes to create defined test patterns for
resolutions tests and MTF (Figurel). The width of
the stripes ranged from 1 pixel to 5 pixels (between 20
line pairs per millimetre and 4 line pairs per millimetre
calculated upon the defined pixel size given in the
synthetic image).

(a) Stripe patterns with defined amount of line pairs per mm and (b) test image with a uniform grey level of 20 and a defined amount of
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The filters were realized in image processing soft-
ware programmed in Borland C-Builder 6.0 (Borland
GmbH, Langen, Germany) according to the filter
algorithms found in the literature.>!3'* For this study
we chose the most common noise-suppression filters>-¢
that are popular in current imaging software: two
arithmetic mean filters with kernel sizes of 3 x 3 pixels
and 5 x 5 pixels (mean 3 x 3, mean 5 x 5), two median
filters with kernel sizes of 3 x 3 pixels and 5 x 5 pixels
(median 3 x 3, median 5 x 5) and two Gaussian filters
with kernel sizes of 3 x 3 pixels and 5 x 5 pixels (Gauss
3 x 3/0.4, Gauss 5 x 5/0.4) and an SD of 0.4. Test
images were processed with each filter.

SNR and MTF measurements

The noise in the radiographs is characterized by the
SNR. A common definition of SNR is the ratio of the
mean to the SD of a signal or measurement (Equation 1):

u

SNR = . (1)
where p denotes the mean value of some measure
of signal strength (the grey level in this case) and o
is the SD of the noise or an estimate thereof (the
grey level’s SD). To calculate SNR, mean grey values
in four test images containing defined increasing
amounts of Gaussian noise (SD = 10; SD = 20;
SD = 30; SD = 40, respectively) were measured and
documented wusing an Excel 2007 spreadsheet
(Microsoft, Redmond, WA). SDs were also measured.
SNR was plotted for all SDs. The modulation transfer
function m can be defined as:

(Imax _Imin)
= - max—omin] 2
(Imax+lmin) ( )

where I, denotes the maximum intensity (grey level)
and [I,;, denotes the minimum intensity found
in the region of interest.'> If we take a line profile of
the pattern in Figure 1 we get a graph from which m can
be calculated (Figure2). For the raw set of black and
white bars, the plot ranges from 0 to 255. This
corresponds to the performance of an ideal sensor
system without noise or applied image improvement.
For the set of patterns obtained by filtering the test
image, it is noted that the plot no longer reaches either
0 or 255 in the region of small bars. Thus, the modu-
lation of the source is no longer faithfully reproduced
in the filtered image. Modulation m was measured
independently for all stripe patterns. For finer patterns
with narrow black and white bars, m can reach 0. A
uniform grey patch can result owing to image blurring.
After filtering, MTF was plotted according to m and
the corresponding line pairs per mm (IJpmm™') as
diagrams using Excel 2007. MTFs of the different
filters were characterized using exponential graphs in
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the form y = A*e’* (for explanation refer to Ap-
pendix).!>1¢ To fit the exponential graphs the stan-
dard exponential regression analysis function of Excel
2007 was used.

Results

The Gaussian filter with a 5 x 5 kernel produced the
highest noise suppression based on SNR. The SNR in-
creased from 2.22 in the synthetic image (with Gaussian
noise amount of SD = 10) to 11.31 in the filtered image
(for a synthetic noise amount of SD = 10). The 5 x 5
arithmetic mean filter and the 5 x 5 median filter
followed closely (Table 1). The smallest noise reduction
was found using the 3 x 3 median filter (Table 1). The
median filters showed no changes in MTF at the
different resolutions (the approximated graph was
y = 1). Application of the 5 x 5 Gaussian filter and
the 5 x 5 arithmetic mean filter resulted in the strongest
changes in MTF (Figure3). Approximated graphs
were y = 0.68¢797%% for the 5 x 5 arithmetic mean
filter and y = 1.015¢ %%~ for the 5 x 5 Gaussian filter.
The graph found for the 3 x 3 Gaussian filter and the
3 x 3 arithmetic mean filter was y = 1.277¢7076x
(Table 2). With an unchanged MTF the application of
median filters resulted in a deletion of small structures
(Figure4). Single lines on the outside of the 20 Ip mm™!
stripe pattern were deleted and the overall size of all
stripes was reduced.

Discussion

Image quality can be influenced by many factors. As
demonstrated in this study, the use of noise filters can
change SNR and MTF. The MTF describes how well
an imaging system performs in depiction of fine
structures with minimal blur. Image quality can be
improved with increased signal strength and reduced
noise levels as expressed in the SNR. Imaging theory
decrees that the highest SNR will result in higher image
quality and more accurate images.* This article
demonstrates that the simple application of small
convolution filters can improve SNR significantly
(Table 1). However, the use of noise filters led to a
change of the MTF. Contrast and resolution changes
of the filters can be directly read from the graphs be-
cause the MTF describes the ability of a system to
depict small structures. The fitted functions follow the
form y = A%*eP*. Thus, the effects of the filters on blur
can be construed directly. The filters resulting in a
graph of the form y = 1 (like the unprocessed images)
showed no change of resolution (besides known side
effects!” and deletion of the bar’s edge pixels). The
initial value of the function was 4 = 1 in this case. The
term bx degraded to 0 (Appendix). This means MTF
did not change for any resolution. The strongest MTF
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Figure 2 Line profile of stripe patterns filtered with a 3 x 3 Gaussian filter. The corresponding intensities /,,,,. and 1,,,;, are gathered according to

the spatial resolution as denoted by the size of the stripe pattern

changes were found for the 5 x 5 arithmetic mean
filter. The found graph has the expression y =
0.68¢~075*, This means changes in contrast are even
found for larger stripe patterns (4 = 0.68). The graph
y = 1.015¢7998x calculated for the 5 x 5 Gaussian
filter shows that the filter will preserve contrast better
for larger stripe patterns. However, a stronger decrease
in contrast (and an increase in blur) will result for
higher spatial resolutions, as denoted by a value of
b = —0.98. The linear filters with the 3 x 3 convolution
kernels performed between the median filters and the
linear filters with bigger kernels.

Although MTF can be calculated in different ways,
the approach presented here is straightforward and
can be easily replicated. Experimentally determined
MTFs can be reasonably modelled by simple analy-
tical approximations. The earliest of these to be used
were simple exponential.!> Advantages of exponential
fits are that they are easily calculated using least
square fit methods!® and their direct interpretation.

Exponentially fitted graphs relate relatively accurately
to the sampled MTF in the evaluated range and the
performance of the filters used towards blur can be read
directly from the resulting terms. However the fits are
not accurate to the sampled data at the end points of
the approximated MTF curves.!> Therefore, combina-
tions of Gaussian and exponential functions or other
fitting methods have been introduced to model MTF
curves.'>!8 The exponential approximation of MTF
allows good estimates of the resolution changes caused
by digital filters.

MTF analysis found that there is a change in the
depiction of small structures caused by digital filters.
This is why spatial resolution estimates based on
picture element size are not able to consistently pro-
vide useful information regarding the actual spatial
resolution of an imaging system. However, image
processing is not the only cause of degradation of
image quality; pixel cross-talk, quantum noise, dark
current and unequal pixel efficiencies should also be
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Table 1 Calculated signal-to-noise ratio data from examined filters
according to artificial Gaussian noise (standard deviation (SD)) in
synthetic images

Gaussian noise

Imagelfilter SD=10 SD=20 SD=30 SD=40
Unprocessed 2.22 1.36 1.09 0.94
Gauss 3 x 3/0.4 6.88 4.16 33 2.83
Gauss 5 x 5/0.4 1131 6.87 5.38 4.62
Mean 3 x 3 6.67 4.03 291 2.73
Mean 5 x 5 11.13 6.76 5.33 4.56
Median 3 x 3 5.84 2.81 1.9 1.46
Median 5 x 5 10.18 4.7 3.01 2.19

taken into account.'*2! Within the study, only tests on
synthetic images with Gaussian noise were conducted.
However, there are numerous types of noise including
fixed pattern noise, the type found on digital images
acquired by CCD sensors where particular pixels are
responsible for creating intensities brighter than the
general background noise; and salt and pepper noise,
which is typically found in images acquired by sensors
containing pixels that have malfunctioned. These types
of noise are optimally removed using median filters.

Image processing is commonly used for different
applications,>?>23 but only a few pre-processing steps
are obvious to users of digital radiograph systems. This
is often owing to unknown signal processing possibly
implemented in the sensor or the proprietary software
(Figure 5). Actually manufacturers are using many kinds
of image processing (besides smoothing, binning and
histogram adaptation) in pre-processing procedures,
such as sharpening and gamma correction, without any
regulation or standard. Higher spatial resolution leads to
an increase of sensor elements per millimetre or inch.
This can increase in quantum noise, thereby lowering
SNR and image quality. This decrease in image quality
can be improved by pre-processing. A high-sensor SNR
combined with high resolution might be obtained by
undocumented pre-processing and could change the
quality of the resulting images. An example is seen in
pixel binning, which is used by some manufacturers and
reduces spatial resolution of a sensor.?* This study shows
that MTF is not the optimal measure by which to
characterize the effects of a median filter because small
structures of fine-line patterns may be deleted (Figure 5).
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Figure 3 Modulation transfer function according to the resolution of measured line pattern. Frequency of line patterns was recorded as line
pairs per mm (Ip mm!). The approximation of the graphs is only representative for the evaluated range. MTF, modulation transfer function

Table 2 Calculated modulation transfer function data from examined filters and equations of the resulting functions

MTF
Imagelfilter Resolution (Ip mm™) 4 4.44 6.67 10 20 Graph
Unprocessed, median 1 1 1 1 1 y =1
Mean 3 x 3 1 1 1 0.333 0.333 y = 1.277e7076x
Gauss 3 x 3/0.4 1 1 1 0.333 0.333 y = 1.277e7076x
Gauss 5 x 5/0.4 0.833 0.707 0.539 0.241 0.169 y = 1.015e70-98%
Mean 5 x 5 1 0.6 0.2 0.2 0.2 y = 0.68e7076¥
Median 3 x 3 1 1 1 1 1 y =1
Median 5 x 5 1 1 1 1 1 y =1
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This can result in the deletion of fine image structures
such as tips of endodontic files or small trabecular
patterns. However, new filter techniques, such as wavelet
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harmful effects on MTF.
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Figure 5 Flowchart of common image processing steps in a system using a charge-coupled device sensor. The rounded rectangles in grey denote
optional measures that can be used in the pre-processing steps to improve image quality before displaying it
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In conclusion, the simple application of digital filters
can improve the SNR of a digital sensor tremendously
(Table 1; Figure 3). However, the MTF can be altered in
an unfavourable manner, mainly by linear filters with
larger convolution kernels (Table 2; Figure 4). Owing to
a lack of any standard when using pre-processing,
which can change resolution characteristics and image
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A common definition of SNR is the ratio of the
mean to the SD of either a signal or measurement
(Equation 1).

Hg
Og

SNR = (1)

Where p denotes the mean value of some measure of
signal strength (the grey level in this case, defined as
mean grey level L, in the following), ¢ is the SD of
the noise, or an estimate thereof (the grey level SD
defined as o).

Consider the grey level density function or image
histogram P(g):

Plg) =" @
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quality, imaging systems can lead to unknown loss of
information.
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Here (g) denotes the number of pixels with grey
level g and M denotes the total number of pixels in
the image. The mean grey level p, can be calculated
using the grey level density function P(g) (Equation 3)
where L denotes the number of grey levels present in the
image.

ne=3 """ Ple)g (3)

g=0

Further, the SD of grey levels o, can be calculated
from the grey level density function P(g):

ng\/Z:;ol (g—ug)2~P(g) 4)



The modulation m (or MTF) is defined as:

= (Imax_lmin) (5)

(]max +Imin)

where I, denotes the maximum intensity or grey level
found in region of interest gn., and I,;, denotes the
minimum intensity or grey level g,;, found in the region
of interest.
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A common definition of an exponential function to
describe MTF is a graph of the form

y=Ae™ (6)

Here 4 denotes the initial value at position x = 0,
while y denotes the value of the function found
in position x and e’ describes the growth of the

function, which means a decrease for negative values
of b.
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