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Abstract — Raw digital mammography images suffer from a 
number of non-uniformities. These are due to variation in the X-
ray beam intensity and differences in pixel sensitivities. In 
addition, the images have columns of missing data caused by 
dead space between the die of the detector. Flat-field correction 
and an adaptive linear interpolation technique are successfully 
implemented to reduce non-uniformities and recreate the missing 
data in a prototype digital mammography system.  
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I.! INTRODUCTION 

Breast cancer is the most frequently diagnosed cancer 
worldwide and accounts for 23.4% of new cancer cases in 
women in Southern Africa [1]. Mammography has shown 
success in diagnosing breast cancer due to its ability to detect 
small breast tumours and micro-calcifications [2]. It requires a 
high spatial (< 100 µm) and contrast resolution to be able to 
identify this level of detail. Full field digital mammography 
(FFDM) is a technique which captures an electronic image of 
X-rays transmitted through the breast. FFDM digital detectors
produce non-uniform images which must be corrected in order 
to display results in a diagnostically useful manner [3]. This 
paper presents a methodology used for correcting images from 
a digital mammographic prototype design. The methods were 
tested with the use of simulated images and a quality 
assurance standard breast phantom [4]. 

II.! BACKGROUND

The images presented here were acquired using a slot-
scanning digital mammography system. This system contains 
a Hamamatsu S8658-01 CCD image sensor which uses time 
delay integration (TDI) and consists of three separate sensor 
units known as die. A Caesium Iodide scintillator is grown on 
top of a 3 !m fibre optic plate, glued onto the 221 mm ! 
6.1 mm CCD array. Each die consists of a 1536 ! 128 array of 
48 ! 48 !m pixels, with a butting gap between die of 250-
350 !m [5].

The images acquired from this system present two main 
problems:  

1.! non-uniformity 

2.! missing pixels / dead space 

The non-uniformity is in part due to X-ray beam intensity 
variation. This is caused by X-ray tube heel effect and anode 
target material variation. In addition, each pixel has a different 
sensitivity which further contributes to non-uniformities in the 
image. Flat-field correction is a well-known method which is 
used to account for such non-uniformities. Missing pixels or 
dead space is caused by the space between each die in the 
detector. The Hamamatsu detector consists of a maximum gap 
of 350 !m, resulting in approximately a seven pixel wide gap.
The image data missing due to the butting dead space can be 
estimated and inserted using interpolation [6]. Figure 1 shows 
a model design of the slot scan system and illustrates the fan 
beam across the various sensor die.

Figure 1: Slot-scanning digital mammography system showing the fan beam 
across the different detector die.

III.! METHODS

A. Flat-field Correction 

Fixed gain flat-field correction was implemented to correct for 
image intensity variation. This method uses a series of dark 
images (taken with no exposure) and a series of gain images 
(images at a fixed exposure with no object in the field) [7].
The process is implemented by the following equation:
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                      (1)

Where: 
is the corrected image 

and are matrix indices 
is the original image 
is the average of a series of dark images 
is the average of a series of gain images taken at an 

equivalent exposure. 

is a scalar quantity used to scale the result to the correct 

precision and is taken as the average of .  

The flat-field correction algorithm was applied to the 
following sets of images:

1.! Simulated images. This was done to test the algorithm on 
a known image. The simulated images consist of a circle 
in order to represent the curve of a breast. Each half of the 
circle is given a different intensity to simulate the 
presence of two die at different sensitivities. A small 
amount of random noise was added to simulate true 
conditions. 

2.! Uniform phantom images. A CIRS uniform slab Model 
014A was used to test the effects of the algorithm on 
conditions simulating breast tissue, but without any detail 
in the image. The phantom has a thickness of 
approximately 2cm [8]. Uniform phantom images were 
taken in TDI mode at 50mA, 33kV and using an
acquisition time of 10 000ms. The phantom was placed 
such that it overlapped two die.  

3.! Breast phantom images. Images were acquired from a
CIRS Model 011A Breast Phantom [4] which is 
composed as shown in Figure 2. Acquisition conditions 
were the same as for the uniform phantom. 

To determine the appropriate gain image to use in the fixed 
gain correction, the intensity value within a region of 
homogenous tissue in the phantom image was measured, and 
the gain image with intensity closest to this value was used. 
However, it was important to ensure that the intensity of the 
gain image is never lower than that of the region of tissue,
since this will result in a loss of information [9]. An average 
of three gain images and three dark images were used in each 
correction.

Figure 2: Composition of CIRS Model 011A Breast Phantom [4].

B. Butting 

A common image processing method used to generate missing 
data is cubic interpolation. However, cubic interpolation has 
been shown to introduce artifacts when implemented on gaps 
as small as four pixels wide [10]. Since the Hamamatsu 
detector can have a pixel gap of up to seven pixels, cubic 
interpolation is not an ideal method. Xu et al. introduce a 
more complex adaptive linear interpolation method [6]. This 
method is more efficient at preserving edges of shapes, which 
often get ‘smudged’ by conventional interpolation techniques.
Furthermore, this technique has shown success with wider 
pixel gaps [6]. Based on this technique, the following 
algorithm was implemented:

1.! Draw a horizontal line centred at the pixel to be 
interpolated (i.e. a pixel in the gap between 2 die). 

2.! Rotate the line from 0° to ±50° at 10° intervals about the 
centre of the pixel. Xu et al. rotate the line up to 60°, 
however, their pixel gap is only a maximum of six pixels.
For a seven pixel gap it was decided to decrease this angle 
so that the interpolation pixels are not too far away from 
the pixel which is being interpolated. 

3.! At each 10° increment, calculate the difference (D) 
between the known pixel intensity values on either end of 
the line. If the line does not reach the exact centre of a 
pixel, use a weighted average between that pixel and the 
pixel above or below it. 

4.! Determine which line has the smallest intensity 
difference, D. 

5.! Using the known pixels at either end of this line, perform 
linear interpolation to estimate the value of the missing 
pixel.  

This method is illustrated in Figure 3. The adaptive linear 
interpolation method was applied to: 

1.! Simulated images. This was done to determine if the 
algorithm could correctly reconstruct shapes. Circular 
objects were used to simulate tumours. Seven pixels were 
removed from the shapes and reconstructed using the 
adaptive linear interpolation algorithm. This made it 
possible to quantitatively measure the error since the 
correct values of the pixels were known. 

2.! Breast phantom images. The algorithm was then applied 
to the butting region of the CIRS Model 011A Breast 
Phantom images. 

Figure 3: Schematic to show adaptive linear interpolation method.
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IV.! RESULTS

A. Flat-field Correction 

Figures 4-8 show the results of performing the flat-field 
correction algorithm on a simulated image, uniform phantom 
image and a breast phantom image.  

Figure 4 shows the simulated image before and after flat-field 
correction. In Figure 4 (b), the simulated circle has been flat-
fielded into a uniform circle. This shows how variations in the 
image have been removed, and the pixel values are brought to 
a uniform intensity.   

Figure 4: Simulated images before and after flat-field correction. (a) 
Simulated image before correction, (b) Simulated image after flat-field 
correction. 

Figure 5 illustrates the results of applying the flat-field 
correction algorithm to the uniform phantom. Figure 5(b) 
shows the success in reducing the non-uniformities in the 
image. The algorithm has effectively removed an artifact due 
to a defective pixel and also decreased the drastic change in 
intensity from one die to the next. Analyzing the image rows 
and columns, the average standard deviation across the rows 
has decreased from 5.89% to 2.50%, while the standard 
deviation along the columns has increased from 1.72% to 
2.54% after flat-field correction. 

Figure 5: Uniform phantom image before and after flat-field correction. (a) 
Uniform phantom image before correction, (b) Image after flat-field 
correction. The histograms below the images represent the image intensity 
values (along horizontal axis) and the number of pixels within that intensity 
(vertical axis). Both images are windowed to the same width (4000 units). 

The average values for each row and column were plotted for 
the uniform phantom image before and after flat-field 
correction to further test the efficiency of the algorithm. These 
graphs are shown in Figures 6 and 7. The graph of row 
averages was placed on the side of the image and the graph of 
column averages below the image in order to relate each point 
with the row or column it was calculated from. Figure 6 shows 
the non-linearity and variation in the average values of all 
rows and columns prior to flat-field correction. Figure 7 
illustrates how the graphs of the average row and column 
values have been flattened to straight lines, indicating a 
uniform image with decreased variation.  

Figure 6: Row and column profiles of uniform phantom image before flat-
field correction.

Figure 7: Row and column profiles of uniform phantom image after flat-field 
correction. 

Figure 8 below shows the results of flat-field correction on a
portion of the breast phantom. Figure  8 (b) clearly indicates a
more uniform image by sight. When calculating standard 
deviation, it was not possible to include the entire image, as
this would include background saturated pixels and non-
uniform regions within the phantom. Instead, a uniform region 
of interest (350x350 pixels) with no objects in the phantom 
was chosen. The region spans across two die. In this region, 
the average standard deviation across rows decreased from 
4.67% to 3.66% after flat-field correction. The average 
standard deviation down the columns showed an increase from 
1.47% to 2.95%.
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Figure 8: Breast phantom image before and after flat-field correction. (a) Breast phantom image before correction. (b) Breast phantom image after flat-field 
correction. The histograms below the images represent the image intensity values (along horizontal axis) and the number of pixels within that intensity (vertical 
axis). Both images are windowed to the same width (20 000 units)

B. Butting 
The results of the adaptive linear interpolation technique are 
compared with cubic interpolation on simulated images in 
Figure 9. Figure 9(c) illustrates that the adaptive linear 
algorithm has reconstructed the shape more efficiently when 
compared to the result in (b) where the cubic interpolation 
smoothes the data, causing a ‘smudging’ effect at the shape’s
edge. A mean error is calculated by Equation 2. The adaptive 
linear interpolation produced an error of 0.4%. This is lower 
when compared to 0.7% after cubic interpolation. 

    (2) 

Figure 10 illustrates the interpolation algorithm applied to the 
breast phantom after flat-field correction. Figure 10(a) shows 
a zoomed in area of the phantom image at the edge of the 
breast. The stripe indicates the effect of missing pixels. 
Figure 10 (b) shows how the cubic interpolation algorithm has 
a blurring effect and creates a noticeable vertical stripe. In
contrast, the adaptive linear interpolation algorithm applied in 
Figure 10(c) recreates the data more efficiently. The algorithm 
also restores the shape of the diagonal line of the breast edge 
passing through this region of the phantom. There is still a 
smoothing effect on the interpolated pixels, which may need 
to be removed through the addition of the correct amount of 
random noise. An error percentage could not be calculated for 
the phantom images since the actual values of the missing data 
are not known.  

Figure 9: The results of interpolation on the simulated images. (a) Circular 
object with seven pixels removed, (b) shows the object after interpolating 
seven pixels using cubic interpolation, and (c) shows the object after inserting 
the pixels using adaptive linear interpolation. 
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Figure 10: The results of interpolation on a portion of the breast phantom 
image. (a) Portion of breast phantom after flat-field correction but before 
adaptive linear interpolation, showing a 7 pixel wide gap. (b) Phantom after 
applying cubic interpolation, and (c) Phantom after applying adaptive linear 
interpolation. 

After this testing was completed, the detector in the design 
was changed to a Fairchild CCD 5023 [11]. This detector has
both TDI and full frame operation modes. It consists of a fibre
optic faceplate, scintillator, and 5 die of 242 ! 1704 arrays of 
27 !m " 27 !m pixels. The Fairchild detector has less non-
uniformity effects when compared to the Hamamatsu, and the 
detector produces a smaller dead space of less than 100 !m (4
pixels) [11].

Figure 11 shows the results of performing flat-field correction 
and the adaptive linear interpolation on an image of a line pair 
tool acquired using the Fairchild detector.  The image was 
acquired using frame mode. Figure 11(a) illustrates the raw 
image before any image processing has taken place. The 
image shows fixed pattern noise due to the detector. Every 
12th column of the detector is metal strapped and has a lower 
fill factor, which produces a lower response than the other 
columns, and hence stripes are formed in the image [11].
Figure 11(b) shows how performing flat-field correction 
removes the presence of this fixed pattern noise and makes the 
image more uniform. 

The black stripe present in Figure 11(a) is due to pre- and 
post-scan pixels that are inserted by the detector at the meeting 

point of two die. It is at this point where pixels are missing 
due to dead space. After removing the pre- and post-scan 
pixels, the adaptive linear interpolation technique was applied 
to interpolate the four missing pixels. Figure 11(b) shows that 
no artifacts are present after applying the interpolation 
algorithm to the flat-fielded image, and the shape of the lines 
has been preserved. 

Figure 11: An image of a line pair tool taken using the Fairchild detector. (a) 
Image before flat-field correction with pre and post scan elements (b) Image 
after applying flat-field correction and the adaptive linear interpolation 
technique to insert four pixels at the meeting point of the two die. 

V.! DISCUSSION 

The results on the simulated images, uniform phantom images 
and breast phantom images all show that the flat-field 
correction algorithm has been successful in reducing non-
uniformities in the images. To the naked eye, all the flat-field 
corrected images have an improved appearance and any 
artifacts have been successfully removed.  

Standard deviation was used to quantify the effect of the flat-
field correction [3]. In all images the standard deviation across 
the rows was decreased after performing flat-field correction. 
This shows the algorithm increased in uniformity as desired. 
In contrast, the average standard deviation down the columns 
showed a slight increase in all images. This is to be expected 
as the columns were more uniform when compared to the 
rows in the raw image. Since a slot-scan design is used, the 
values in one column were all acquired from the same portion 
of the detector. Therefore, each column is only affected by 
beam variation and not pixel sensitivity, while each row is 
affected by both the beam variation and pixel sensitivity 
variation. This is emphasised in Figure 6, where there are 
greater differences in the graph below the image (ie. when 
moving across rows and comparing one column value to the 
next), than the graph next to the image (ie. moving down 
columns and comparing one row value to the next). When the 
flat-field correction is applied, it is not possible to correct the 
large variation across the rows without adding some variation 
to the columns. Therefore the increased standard deviation 
along the columns does not indicate that the flat-field 
correction has not been successful, but is rather a side-effect 
of performing flat-field correction on a slot-scan system. The 
process of flat-field correction has still created a more uniform 
relationship between the average values down each column as 
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shown in Figure 7, so the algorithm can be considered 
successful.  

While the flat-field correction algorithm shows positive 
results, it may be possible to further improve the uniformity in 
the images. Since the fixed-gain flat-field correction method 
uses gain images taken at a single exposure, its accuracy in 
correcting the images is limited [7]. Some systems make use 
of a variable gain flat-field correction, which fits a polynomial 
to gain images taken at a number of exposures and uses the 
coefficients of this polynomial to correct the image [7]. Some 
work has been done on implementing a variable gain 
algorithm, and this will continue in the future.   

The adaptive linear interpolation technique performed better 
than cubic interpolation on the simulated images. The 
algorithm preserved edges and did not introduce blurring,
while further showing an improved percentage error, which is 
consistent with the findings of Xu et al. [6]. When this 
algorithm was carried out on the breast phantom, it was again 
able to preserve shapes and realistically construct the missing 
data. There is some blurring in the image, but this may be 
reduced after adding the correct amount of random noise. 
Furthermore, the number of missing pixels is less on the 
Fairchild detector, thus blurring was not noticeable when 
carrying out the interpolation. The method is therefore 
successful in reconstructing missing data, however, future 
work must include reducing a blurring effect. 

VI.! CONCLUSION 

A methodology has been described for correcting images 
acquired by a prototype mammography system. A 
conventional flat-field algorithm was applied and found to be 
successful at increasing the uniformity in the images. Missing 
pixels due to dead space in the detector were successfully 
replaced using an adaptive linear interpolation technique, 
which gave better results than traditional cubic interpolation 
methods. Using these two algorithms the image quality has 
been improved. 
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