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2b.1 Introduction
The ‘European guidelines for quality assurance in breast cancer screening and diagnosis’
(European Guidelines, 2006) include as chapter 2 the ‘European protocol for the quality
control of the physical and technical aspects of mammography screening’. In this protocol the
requirements for (digital) mammography imaging system are defined. Due to the rapid
developments in imaging technology in recent years and further experience with digital
mammography systems, some updating of the protocol is required and is supplied here in the
form of a supplement.
The authors welcome all comments and feedback on this document to improve this protocol.
Updates on this version will be made available on the EUREF website (www.euref.org).
In this supplement only the changes from the quality control protocol provided in the fourth
edition of the Guidelines are given. Items that are not mentioned, remain unchanged. In some
section further guidance and clarification is provided.

2b.1.2 System requirements
A mammography unit should incorporate a fully automatic exposure control (AEC).
A system with solely manual exposure control (in which the user has to define
anode material, filter, tube voltage and dose) and/or semi-automated exposure
control (in which the user has to define anode material, filter and tube voltage but
adapts dose according to breast transparency) is not acceptable.

It should be possible to output unprocessed images in DICOM format from the
acquisition workstation or CR reader for quality control purposes.
Beside the parts in the DICOM standard mentioned in the fourth edition, it is advised that
mammography equipment fulfils the recommendations of the IHE Mammography Image
profile (MAMMO) and the IHE Mammography Acquisition Workflow profile (MAWF). The
equipment must be CE marked and must be sold as “usable for mammography purpose”.
DICOM-communication between X-ray unit and CR-reader (complete transfer of exposure
parameters) is recommended.
The acceptable level is the minimum acceptable level, however as far as possible it is advised
that systems operate at a standard equal to or better than the achievable level. The
performance of a slow screen-film system is operating close to the achievable image quality
level, a faster screen-film system is operating near the acceptable level. For the next edition of
the guidelines the acceptable and achievable levels will be reviewed.
Section 2b.2.4.2 Modulation Transfer Function and Noise Power Spectra of the European
Guidelines, fourth edition has been moved to appendix 7. This indicates that it is not
recommended to perform these measurements on a routine basis for QC purposes. However in
practice linear system theory metrics are being used in the acceptance test of a system or in
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regular QC procedures. Appendix 7 is an effort to harmonize the method to determine linear
system theory metrics in these cases.
Printer
This section applies when printed films are used for reading by either the first or the second
reader (in actual and subsequent screening rounds).
In order to obtain an optimal quality for reading hardcopy films on viewing boxes,
requirements for printing mammography images are:
-

The hardcopy film type must be suitable for mammography.

-

Printing two (or more) images on the same film is not recommended

-

To be able to print images with sufficient resolution, the pixel pitch of the printer should be
similar to (or smaller than) the pixel pitch of the image and must always be ≤ 100 µm.

-

All images must be printed directly without any manipulation by the user (contrast,
luminosity, etc.) at the (diagnosis) workstation.

-

Clinical information must be printed on each film: the name of the patient, laterality, date
of exams, etc.

After each film refill in the hardcopy printer, calibration of the printer must be performed (if
not automatically done). After a period of inactivity of more than one day a calibration must
be done before printing any diagnostic film.
Different film formats are available on the market. For mammography, only 2 sizes are should
be used:
- 200 mm x 250 mm ( 8 x 10 inches)
- 250 mm x 300 mm (10 x 12 inches)
Other formats are not recommended (i.e. 260 mm x 360 mm).
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2b.1.5 Definition of terms
AEC sensor area (DR)
The area of a DR detector in which the exposure factors for an image are determined during
or after a pre-exposure. For some AEC systems the size and location of the AEC sensor area
depends on the tissue (or test object) being imaged.
Detector surface
The accessible area that is closest to the image receptor plane. Depending on removability, the
detector may include e.g. breast support, covers, anti-scatter grid.
Linearized pixel value
For images of systems with a non-linear response the pixel values must be linearized before
analysis using the response function of the system or the mathematical relationship provided
by the manufacturer. Offsets correction and linearization must be performed for: noise
evaluation, linear system theory metrics. In principle for some other tests (like the calculation
of SDNR) the images need to be linearized. However the images are acquired at almost the
same dose so that the system can be supposed locally linear.
Modular Transfer Function (MTF)
The MTF describes the response of a system to a sinusoid input signal, see appendix 7.
Noise Power Spectrum (NPS)
The NPS describes the variance of an image intensity divided among its frequency
components, see appendix 7.
Reference region of interest
The size of the reference region-of interest (ROI) is 5 mm x 5 mm instead of 20 mm x 20 mm
as stated in the 4th edition of the European Guidelines. The centre of the reference ROI is
positioned 60 mm from the chest wall edge and centred laterally.
Standard image
Image made by an exposure of a 45 mm thick block PMMA plus 8 mm spacers covering the
whole image receptor. A standard compression of 100 N should be applied and the exposure
should be made in the standard clinical AEC mode.
Dark noise image
An image without exposure to the detector: cover the detector with a sufficiently thick metal
plate, e.g. lead or stainless steel, and set the lowest possible tube loading.
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2b.2

Image acquisition

2b.2.1.1.1

Focal spot size
This measurement is omitted. Potential image quality problems are identified
by image quality measurements.

2b.2.1.1.2

Source-to-image distance
This measurement is omitted.

2b.2.1.1.3

Alignment of X-ray field/ image area
This measurement is optional.

2b.2.1.1.4

Radiation leakage
This measurement is omitted.

2b.2.1.1.5

Tube output
Tube output is measured only for calculating mean glandular doses and does
not have to meet any limiting values.
It has to be known for all clinically used beam qualities. The number of
different beam qualities can be substantial. The parametric approach as
published by Robson (2001) allows to estimate the tube output for any tube
voltage in the range [25kVp-32kVp] from a single measurement at 28kVp that
uses the same anode/filter.
This is a 2-step procedure. First the value of A is retrieved from equation (1),
in which Output is the measured air kerma at 28kVp and the parameter n is
anode/filter beam specific and retrieved from table 1:

(1)

Second, the tube output at another tube voltage (kV) is obtained from the
following equation:
(A)

(2)

References:
- Robson KJ, A parametric approach for determining mammographic X-ray tube output and
half value layer, British Journal of Radiology, 74 (2001), 335–340.
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Table 1. Calculated values of the constants a, b and n for a range of target
filter combinations (Robson 2001).
Target/filter
Measured
n
a
b
combination
Filter
thickness
Mo/30 µm Mo
36.1 µm
3.06
-0.000326
0.0273
Mo/25 µm Rh
29.9 µm
3.24
-0.000624
0.0445
Rh/25 µm Rh
29.9 µm
3.03
-0.000514
0.0425
W/50 µm Rh
58.9 µm
1.96
-0.000539
0.0403
Rh/1.0mm Al
1.20 mm
4.39
-0.00113
0.0909
Mo/1.0mm Al
1.20 mm
4.23
-0.000775
0.0593

2b.2.1.2.2

Half value layer
Half value layer is measured to calculate glandular dose. HVL does not have to
meet any requirements. Typical values are given in table A5.3 in the fourth
edition of the European Guidelines.
For patient dosimetry applications, HVL of all clinically used beam qualities
are required. The number of different beam qualities can be substantial. The
parametric approach as published by Robson (2001) allows to estimate the
HVL for any tube voltage in the range [25kVp-32kVp] from a single
measurement at 28kVp that uses the same anode/filter.
for any tube voltage in the range [25kVp-32kVp] from a single measurement at
28kVp that uses the same anode/filter.
As with the tube output, this is a 2-step procedure based upon parameters from
table 1. First the value of c is retrieved from the equation

(3)

in which HVL is the measured HVL at 28kVp and the parameters a and b are
anode/filter beam specific and retrieved from table 1.
Half value layers at other tube voltages can then be calculated from the same
equation using a, b and c.
References:
- Robson KJ, A parametric approach for determining mammographic X-ray tube output and
half value layer, British Journal of Radiology, 74 (2001), 335–340.

2b.2.1.3.1

Exposure control steps
If exposure control steps are available on a type of mammography system, than
the control step should have known dose increments, e.g. 20% per step and be
verified.
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2b.2.1.3.3

Short term reproducibility
The short term reproducibility of the AEC system is calculated by the
deviation of the linearized pixel value of ten exposures in fully automatic mode
of the standard test block.
If it is noticed that the system switches between two spectra, release the
compression paddle and compress again or use another PMMA thickness (add
for example 0.5 cm PMMA) to force the choice of one single spectrum and
repeat the measurement.
Deviations from the mean value of 10 exposures ≤ ± 5%,
achievable ≤ ± 2%.
Every six months
Standard test block.

Limiting value
Frequency
Equipment

2b.2.1.3.5

Breast thickness and composition compensation
Spacers are used to make the height of the compression paddle equal to the
height of the compression paddle of the breast thickness with equivalent
attenuation as given in the table below. Dance, Young and Van Engen (2009)
have verified that this table is accurate to within 1 or 2 mm across the wide
range of spectra encountered in digital mammography.
The spacers should not cover the part of the detector in which exposure factors
are determined (AEC sensor area).
Table 2. PMMA thickness, the equivalent breast thickness in terms of attenuation and
glandularity accurate over a wide range of X-ray spectra (Dance 2009).

PMMA
thickness
(mm)
20
30
40
45
50
60
70

Equivalent
breast
thickness
(mm)
21
32
45
53
60
75
90

Glandularity
of equivalent
breast
(%)
97
67
41
29
20
9
4

Images should be made in fully automatic mode, however on some systems it
might be convenient to mimic the exposure of the fully automatic mode in
manual mode. In this case it should be realized that the pre-exposure image is
not used for the actual image on some types of system. This should be taken
into account when determining SDNR in manual mode. It should also be
known whether the pre-exposure is included in the displayed mAs-value in
fully automatic mode.
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The following method can be used to determine whether the tube load (mAs)
of the exposure is included in the tube load indication (mAs) of the fully
automatic exposure mode: determine the relationship between tube load and
pixel value in a reference ROI for a series of manual exposures over the
clinical working range. Make an exposure in fully automatic mode. Record
beam quality and mAs value. Verify whether the pixel value in the reference
ROI of this image is compatible with the pixel value of a manual exposure
with the same tube load (mAs).
The dimensions of the aluminium object are: 10 mm x 10 mm and 0.2 mm
thick. The object is positioned as shown in the figures 1 and 2. The aluminium
object is positioned between the two lowest 1cm thick slabs of PMMA.

Figure 1. Setup for the breast thickness and composition measurements, top view and
3D-view.

Figure 2. Setup for the breast thickness and composition measurements, front and side
view.

The ROI within the aluminium object is 5 mm x 5 mm in the middle of the
aluminium object. The background ROI consists of four ROIs of 5 mm x 5 mm
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on all four sides of the aluminium object, see figure 3.

10 mm

Figure 3. The position of the ROIs for calculating SDNR.

Calculate PV(background) and SD(background) according to:

 SD(ROI
SD(backgro und) 
4

1

PV(backgro und) 

n

)

4
4
1 PV(ROI n )
4

(4)
(5)

Calculate SDNR of the aluminium object.

(6)

To apply the standards in the European protocol the limiting values for SDNR
have to be determined. Two methods are described here. The first is a
simplified method using threshold gold thickness and the second using
calculated contrast for the beam quality used. It is assumed in both methods
that the exposure factors for the CDMAM and the 5cm of PMMA are the same.
If for some reason they are not then a small correction can be applied.
Simplified method using threshold gold thickness
Limiting values for SDNR are calculated using equations (7) and (8). These
equations determine the SDNR values necessary to achieve the minimum and
achievable threshold gold thickness in the image quality measurements for the
0.1 mm detail size at this thickness i.e. 5cm PMMA or equivalent.
SDNR minimum = SDNRmeasured 

Tg measured
Tg min imum
13
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SDNR achievable = SDNRmeasured 

Tg measured
Tg achievable

(8)

Where, Tgmeasured is the threshold gold thickness for the 0.1mm detail size
predicted for a human observer. Tgminimum and Tgachievable are the limiting values
for threshold gold thickness for 0.1 mm details in the European protocol.
It is estimated that the maximum error in estimating the target SDNR as
compared to calculations based upon threshold contrasts (see next paragraph) is
4%. Thus for routine QC this simplified method may be acceptable.

Method using threshold contrast
A more accurate method of defining the limiting values for SDNR involves
estimating the contrast of the gold discs for the beam quality used. Such a
transformation from gold thickness to contrast is necessary because of the nonlinear relationship between these two properties. A simple tool for calculating
the limiting values is provided on the EUREF website and the method used is
described here.
Limiting values for SDNR are calculated using equations (9) and (10). These
equations determine the SDNR values necessary to achieve the minimum and
achievable threshold gold thickness in the image quality measurements for the
0.1 mm detail size at this thickness i.e. 5cm PMMA or equivalent.
SDNR minimum = SDNRmeasured 

Tcmeasured
Tcmin imum

SDNR achievable = SDNRmeasured 

Tcmeasured
Tcachievable

(9)

(10)

Where,

Tcmeasured  1  e

  eff Tg measured

Tcmin imum  1  e

 eff Tg min mum

Tcachievable  1  e

(11)

(12)

 eff Tg achievable

(13)
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Where, Tcmeasured is the threshold contrast for the 0.1mm detail size calculated
from the measured threshold gold thickness. Tcminimum and Tcachievable are the
threshold contrasts calculated from the limiting values for threshold gold
thickness for 0.1 mm details in the European protocol and µeff is the effective
attenuation coefficient used to estimate the contrast of gold discs in the
CDMAM phantom depending on the beam quality used. A lookup table of
values for µeff is included in the software tool on the EUREF website.
The methods above determine the limiting values for SDNR for an attenuation
equivalent to 50mm PMMA. The European protocol adjusts SDNRminimum for
other thicknesses of PMMA using equation (14) and Table 3. The
SDNRachievable limit can be applied across other PMMA thicknesses.

SDNR minimum = SDNRmeasured 

Tg measured
xz
Tg min imum

(14)

Table 3. Factors to calculate SDNRminimum at different thickness of PMMA
Thickness of PMMA
(mm)
20
30
40
45
50
60
70

z-factor
1.15
1.10
1.05
1.03
1.00
0.95
0.90

To evaluate the AEC performance the measured SDNR should be plotted
against the thickness of PMMA and compared to the limiting SDNR values as
shown in Figure 4. In this case the system failed to exceed the minimum
acceptable SDNR at the 60 and 70mm thickness of PMMA.
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20

SDNR for 0.2 mmAl

15

10
SDNRm inim um (5m PMMA)
SDNRachievable (5cm PMMA)
5

SDNR to meet European limiting value
Measured SDNR

0
10

20

30

40
50
PMMA thickness (mm)

60

70

Figure 4. Example of an evaluation of measured SDNR against target
SDNR
Note that in general a change to a higher SDNR will be associated with better
image quality if all other factors are unchanged. However if such a change is
associated with a change in image sharpness the opposite may be true and an
investigation of sharpness and image quality should be undertaken.

2b.2.1.3.6

Local dense area (only DR)
Most systems measure the attenuation of the imaged object during a preexposure. The areas with highest attenuation in the clinically relevant part of
the image should determine the exposure factors for imaging. We require that
the SNR in the images is adjusted to the (relatively large) regions with highest
density.
Put a stack of 30 mm PMMA on the bucky. Put spacers on top of the stack,
such that the compression paddle is positioned at a height of 40 mm above the
breast holder (compression force can be applied). The spacers should not cover
the part of the detector in which exposure factors are determined (AEC sensor
area). On the compression paddle, a first small PMMA plate representing the
relative large areas with higher density (20 mm x 40 mm, 2 mm thick) is
positioned in the central part of the detector with its lower edge 50 mm from
chest wall side1 (It must be ensured that this is within the AEC sensor area. If
this is not the case, other positions should be chosen), see figures 5 and 6.
Make an exposure and record the exposure factors. Add another small PMMA

1

The small PMMA plates might also be positioned in a non central region, but must be positioned within the
AEC sensor area.
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plate on top of the previous one and repeat the procedure until 10 small plates
have been added.
Measure pixel value and standard deviation in the area of extra attenuation (20
mm x 40 mm PMMA plates) with a ROI of 5 mm x 5 mm. Calculate SNR for
each image and the average SNR for all images. It should be checked whether
the exposure of the images is increased with increasing thickness and whether
the extra attenuation is detected. For this the following value can be used as
guidance: the SNR of each image should be within 20% of the average SNR
(provisional).
Guidance
Frequency
Equipment

The SNR of each image should be within 20% of the
average SNR. (provisional)
Every six months or after AEC software
upgrades
Three 150 mm x 180 mm PMMA plates (10 mm thick), two
spacers (10 mm thick), ten 20 mm x 40 mm PMMA plates
(2 mm thick)

Figure 5. Setup for the local dense area measurement, top view and 3D-view.

Figure 6. Setup for the local dense area measurement, side view.
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2b.2.1.5
2b.2.1.5.1

Anti scatter grid
Grid system factor
This measurement is omitted.

2b.2.1.5.2

Grid imaging
This measurements is omitted.

2b.2.2.1.2

Noise evaluation
Scope of this test is the analysis of different noise components in order to
provide additional information on the performance of the imaging system and
to optimise trouble-shooting in case of potentially decreased image quality.
General requirement: For systems with a non-linear response, the pixel data
must be linearized before analysis.
Noise in images can be subdivided in electronic noise, quantum noise and
structure noise:
(15)
SD
ke
kq
ks
p

= standard deviation in reference ROI
= electronic noise coefficient
= quantum noise coefficient
= structure noise coefficient
= average pixel value in reference ROI

Electronic noise is assumed to be independent of the exposure level and arises
from a number of sources: dark noise, readout noise, amplifier noise.
Structure noise is present due to spatially fixed variations of the gain of an
imaging system. The flatfielding performed in DR systems will largely remove
the effects of structure noise. Due to the limited number of images used for the
flatfield mask and the associated noise in the mask, some structure noise will
be present.
Quantum noise arises due to the variations in X-ray flux and (if present)
secondary carrier flux.
Remove the compression paddle and all other removable parts (e.g. covers and
anti-scatter grid) from the X-ray beam. Position a 2 mm thick aluminium plate
as close as possible to the X-ray tube.
Set the target/filter combination and tube voltage which is chosen in fully
automatic mode for 4.5 cm thick PMMA object plus 0.8 cm spacers. In manual
18
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mode, set the minimum mAs value. Image the Aluminium plate. Increase the
mAs-value and repeat imaging the plate. Make a large number of images at
different mAs-values (e.g. 15 values for acceptance tests, 8 values for
subsequent tests) over the whole range of available values with a typical
spacing of approximately 40%. Make then a dark noise image.
It is optional to repeat the measurement for all target-filter combinations, with
a clinically relevant tube voltage for each combination.
It is optional to measure or calculate the dose on the detector surface from tube
output measurements for all spectra to be able to use detector air kerma instead
of pixel value in this evaluation.
Analysing steps:
1. Measure pixel value and SD in the reference ROI.
2. Plot pixel value against detector dose to determine the response function.
3. Plot SD² against pixel value (or detector dose).
4. Fit the points using equation 15 and determine the noise coefficients
5. Determine the detector dose range for which quantum noise is the largest
noise component
Option: the calculated noise components can be used to plot pixel value
(detector dose) against the percentage of the total relative noise for all noise
components. In this graph the magnitude (in %) of all noise components is
visualized for the range of pixel values (detector dose).
Limiting value

Frequency
Equipment

Quantum noise should be the largest noise component for
the pixel value range (detector dose range) which is used
clinically.
Every six months
Aluminium plate (2 mm thick) covering the whole X-ray
field (near the tube), appropriate software tools

References:
- Borasi G, Nitrosi A, Ferrari P and Tassoni D 2003 On site evaluation of three flat panel
detectors for digital radiography, Med.Phys. 30 1719-1731.
- D.S. Evans, A. Workman, M. Payne, A comparison of the imaging properties of CCD-based
devices used for small field digital mammography, Phys. Med. Biol. 47 (2002) 117-135
- K.C. Young, J.M. Oduko, H. Bosmans, K. Nijs, L. Martinez, Optimal beam quality selection
in digital mammography, British Journal of Radiology 79 (2006), 981-990
- R. Bouwman, K. Young, B. Lazzari, V. Ravaglia, M. Broeders, R. van Engen,
An alternative method for noise analysis using pixel variance as part of quality control
procedures on digital mammography systems, Phys Med Biol, 54 (2009), 6809-6823.

2b.2.2.3.1

Image receptor homogeneity
Besides the test described in the fourth edition with an ROI size of 10 mm x 10
mm, another ROI size of dimensions 2 mm x 2 mm is used to calculate
variance in each ROI. Equation 16 is used to calculate variance. This

19

Supplement to European Guidelines, version 1.0

parameter is sensitive to the occurrence of artefacts on the image and supports
visual artefact analysis by indicating deviations automatically.
(16)
Limiting value The average variance of each ROI should be compared to the
average variance of the neighbouring ROIs. If variance in an
ROI is ≥ 30 % higher than the variance in neighbouring ROIs,
the image should be investigated visually for an artefact on this
position.
Frequency
Weekly (it is advised to perform this test before and after
calibration), optional: daily.
Equipment
Standard test block covering the complete detector, appropriate
software tools
References:
- Using a homogeneity test as weekly quality control on digital mammography units, R.E. van
Engen, M.J. Swinkels, T.D. Geertse, L.J. Oostveen, R. Visser, in: S. Astley, M. Brady, C.
Rose, R. Zwiggelaar (ed), Digital mammography, Berlijn, Heidelberg 2006, 259-265.
- N. Marshall, Retrospective analysis of a detector fault for a full field digital mammography
system, Phys. Med. Biol. 51 (2006) 5655–5673.

2b.2.2.3.2

Detector element failure (DR systems)
The method and limiting values of the European Guidelines are used. The bad
pixel map should be easily accessible for all users and should be provided e.g.
as a table including number, size and location of the defective elements,
clusters and lines. If uncorrected bad pixels are visible on the images this
should be taken into account when evaluating detector element failure.

2b.2.2.4

Interplate sensitivity variations and plate uniformity (CR systems)
In addition to the test in the fourth edition: Make an image receptor
homogeneity image (see paragraph 2b.2.2.3.1) and inspect the variance map
for all plates. It might be necessary to clean the plates following the standard
cleaning procedure given by the manufacturers to determine whether some
artefact can be removed.
Limiting value No artefacts should be present. If variance in an ROI is ≥ 10%
higher than the neighbouring ROIs, the image should be
investigated for an artefact on this position.
Frequency
Monthly
Equipment
Standard test object covering the complete detector
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2b.2.2.5

Influence of other sources of radiation
This test is omitted.

2b.2.2.6

Fading of latent image (CR systems)
This test is omitted.

2b.2.3

Dosimetry
This section makes it possible to apply the existing dosimetric procedures to
the wider range of target/filter combinations found in modern X-ray sets.
Typically these involve using beam qualities with higher HVL than provided
for previously. In addition more specific guidance is given for the
configuration to be used in determining the incident air kerma. Other aspects of
the previous guidance are repeated here so that all the required information is
available within this document.

2b.2.3.1

Dose to typical breasts simulated with PMMA
The doses to a range of typical breasts should be assessed using blocks of
PMMA as breast substitutes using the usual clinically selected exposure factors
including any automatic selection of kV and target/filter combination. This
method relies on the equivalence in attenuation between different thicknesses
of PMMA and typical breasts [Dance 2000] as listed in table A5.1. It should be
noted that since PMMA is denser than breast tissue any automatic selection of
kV, target or filter may be slightly different from real breasts. This can be
corrected by adding spacers (e.g. expanded polystyrene blocks) to the PMMA
to make up a total thickness equal to the equivalent breast. Small pieces of
more attenuating materials can also be used as spacers provided they are
outside the sensitive area of the AEC. On systems that determine the exposure
factors using transmission, spacers should not be necessary.
Set the AEC to normally used clinical settings and expose PMMA plates of 20
mm thickness. Record the exposure factors chosen by the AEC. Repeat this
measurement for 30, 40, 45, 50, 60 and 70 mm PMMA thickness. (For routine
testing it is sufficient to use only a 45mm thickness of PMMA.) Calculate the
average glandular dose (D) to a typical breast of thickness and composition
equivalent to the thickness of PMMA by applying the following formula:
D = Kgcs

(17)

where the factor g, corresponds to a glandularity of 50%, and is derived from
the values calculated by Dance et al 1990, 2000 and 2010 and is shown in
Appendix 5, table A5.1 for a range of HVL. The c-factor corrects for the
difference in composition of typical breasts from 50% glandularity [Dance et al
2000, 2010] and is given here for typical breasts in the age range 50 to 64
(table A5.2). Note that the c and g-factors applied are those for the
corresponding thickness of typical breast rather than the thickness of PMMA
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block used. Where necessary interpolation may be made for different values of
HVL. Typical values of HVL for various spectra are given in Table A5.3 but
HVLs are normally measured at the same time as the measurements necessary
to determine the incident air kerma. The factor s shown in Tables A5.4a
corrects for any difference due to the choice of X-ray spectrum (Dance et al
2000, 2009 and 2010). Note that for the W/Al target/filter combination the sfactor varies with filter thickness and breast thickness (Tables A5.4b-e). K is
the incident air kerma (without backscatter) calculated at the upper surface of
the PMMA using the method described below.
Incident Air Kerma
In the original publication by Dance (1990) the incident air kerma was
calculated for a dosimeter in contact with and below a compression paddle. It
follows that the determination of incident air kerma at the surface of PMMA
test phantoms or breasts should be based on measurements made with this
geometry to correctly include scatter from the paddle. The recommended
geometry for the procedure is shown in Figure 7 and 8 and is described below.

Figure 7. Position of dosimeter to estimate incident air kerma for dose
estimation, top view and 3D-view

Figure 8. Position of dosimeter to estimate incident air kerma for dose
estimation, front and side view
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The chamber should be positioned on a line extending from the tube focus to a
point on the mid-line of the breast support table 6 cm from the chest wall edge.
If the chamber has back scatter correction the recommended position is directly
on the breast support with the paddle in contact. It would also be possible to
make a measurement of air kerma with the dosimeter higher above the breast
support and with the paddle in contact provided appropriate inverse square law
correction is made. This approach is recommended if the chamber does not
have backscatter correction. The effect of scatter from the compression paddle
on the measurement of incident air kerma is discussed in Dance et al 2009
where it is shown that for the above geometry, and a polycarbonate paddle 2.4
mm thick scattered photons contribute 7% of the total measured air kerma.
Calculate the incident air kerma for each of the beam qualities used in
exposing the blocks of PMMA by making an exposure of the dosimeter
positioned as in Figure 5 and 6 using a manually selected tube loading (e.g. 50
mAs). Estimate the incident air kerma at the upper surface of the PMMA by
using the inverse square law and scaling to the appropriate value of tube
loading (mAs). The HVL should also be estimated at the same time using
multiple layers of Aluminium as described previously in the EU Guidelines.
Limiting value
A maximum average glandular dose is set per PMMA thickness as below:
Table 4. Dose levels for typical breasts simulated with PMMA
Thickness of
PMMA

Equivalent breast
thickness

[cm]
2.0
3.0
4.0
4.5
5.0
6.0
7.0

[cm]
2.1
3.2
4.5
5.3
6.0
7.5
9.0

Frequency
Equipment

2b.2.3.2

Maximum average glandular dose
to equivalent breasts
acceptable level achievable level
[mGy]
[mGy]

≤1.0
≤ 1.5
≤ 2.0
≤ 2.5
≤ 3.0
≤ 4.5
≤ 6.5

≤ 0.6
≤ 1.0
≤ 1.6
≤ 2.0
≤ 2.4
≤ 3.6
≤ 5.1

Every six months.
Calibrated mammographic dosimeter, 20 to 70mm thick
blocks of PMMA.

Clinical breast doses
It is also possible to measure the average glandular dose for a series of breast
examinations on each mammography system. To do this, for each exposure the
breast thickness under compression is measured, and the exposure factors are
recorded. From measurements of air kerma as described as above (Figure 7
and 8) at the tube voltage and target/filter combination used, the tube loading
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(mAs) may be used to estimate the incident air kerma and to determine the
average glandular dose using equation (17). In this case K is the incident air
kerma calculated at the upper surface of the breast. g-factors should be
interpolated for the appropriate breast thickness from Table A5.5. c-factors for
typical breast compositions in the age ranges 50 to 64 and 40 to 49 are shown
in Tables A5.6 and A5.7. Measurement of compressed breast thickness for this
purpose is performed by the radiographer, by reading the displayed
compressed thickness on the X-ray set. The accuracy of the displayed
thickness should be verified by applying a typical force (e.g. 100 N) to rigid
material of known thickness. It may be necessary to apply correction factors if
the displayed values are in error. An accuracy of ± 2 mm is required. Software
for making such dose calculations has been published by the UK Breast
Screening Programme (Young, 2001).
References:
- Dance D R 1990 Monte Carlo calculation of conversion factors for the estimation of mean
glandular breast dose. Phys. Med. Biol. 35 1211-1219.
- Dance D R, Skinner C L, Young K C, Beckett J R and Kotre C J 2000. Additional factors for
the estimation of mean glandular breast dose using the UK mammography dosimetry protocol
Phys. Med. Biol. 45 3225-3240.
- Dance D R, Young K C and van Engen R E 2009 Further factors for the estimation of mean
glandular dose using the United Kingdom, European and IAEA dosimetry protocols. Phys.
Med. Biol 54 4361-72
- Dance D R, Young K C and van Engen R E 2010 Estimation of mean glandular dose for
breast tomosynthesis: factors for use with the UK, European and IAEA breast dosimetry
protocols. Phys. Med. Biol
- Young KC 2001 Breast dose surveys in the NHSBSP: Software and instruction manual.,
NHSBSP Report 01/10, October 2001.

2b.2.4.1

Threshold contrast visibility
In threshold contrast visibility analysis pixel value and SNR are assumed to be
relatively constant over the imaging fields. If low frequency trends in pixel
value are present, it might be necessary to correct for such a trend before
analysis.
Threshold contrast visibility is determined for cylindrical details with
diameters in the range from 0.1 to 1 mm. The details are imaged on a
background object with a attenuation equivalent to 50 mm of PMMA. The
details must be positioned at a height of 20 to 25 mm above the breast support
table. Use the exposure factors which are selected in fully automatic mode for
50 mm PMMA with 10 mm thick spacers, as found when measuring breast
thickness and composition compensation.
Make at least sixteen images of the details and move the details slightly
between the images to obtain images in which the relative position of the
details and the detector elements are different. The ‘for processing’ version of
the images should be used for analysis.
Automated threshold contrast measurement using CDMAM
If the CDMAM phantom is used it is recommended that automated, computer
reading is performed to determine the threshold gold thickness for each detail
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size. Software tools for doing this are downloadable from www.euref.org. This
will involve downloading the latest version of CDCOM. Appendix 8 provides
a description of how CDCOM works.
Using the output of CDCOM a detection matrix is constructed and for each
diameter of cylindrical details a psychometric curve is fitted (Veldkamp 2003):

p(d) 

0.75
 0.25
1  e  f (C Ct )

(18)

C = logarithm of signal contrast C = log(1 − e−μd)
Ct = signal contrast at the threshold of 62.5%
f = fitting parameter
p(d) = the probability of detection p(d) of an object with size d
A threshold at 62.5% correct response is used to determine the threshold
contrast. Results for which the psychometric curve is fitted with only a few
data points are disregarded2. In order to use the limiting values in the existing
protocol (4th edition of the guidelines), the resulting thresholds for each
diameter have to be converted to human readout.
A tool called ‘CDMAM analysis software tool” uses the output from CDCOM
for a set of images to determine threshold gold thicknesses for the different
detail sizes. A software description and software manual for CDMAM analysis
software tool is also available for download on the EUREF website. Since the
automated analysis is more successful at locating the gold discs than human
observers CDMAM analysis software tool also provides the threshold gold
thickness expected for a typical observer. Two basic methods of converting
from automated thresholds to those predicted for human observers have been
used. In the original approach described by Young et al (2006) the thresholds
are scaled up using a value for each detail diameter (referred to as the UK
method). More recently a formula such as shown in equation 19 and described
in Young at al (2008) has been used that scales the threshold gold thickness
independent of diameter (referred to as the EU method). Both methods are
currently implemented in CDMAM analysis software tool to provide
retrospective compatibility. However it is recommended that the UK method
be adopted.
Tpredicted = a[Tauto]n

(19)

Tpredicted = Predicted human threshold gold thickness
Tauto = Computer readout of threshold gold thickness
a and n = fitted parameters with a = 1.441, n = 0.895
CDMAM analysis software tool also fits the resulting predicted threshold gold
thicknesses with a third order polynomial function (equation 20) to obtain the
contrast-detail curve.
2

A typical range for which the psychometric curve can be fitted is: 0.1 mm to 1.0 mm (CDMAM version
3.4).

25

Supplement to European Guidelines, version 1.0

(20)
T = threshold gold thickness (µm)
x = detail diameter (mm)
a, b, c and d = coefficients adjusted to achieve a least squares fit, and are ≥ 0
The values from the fitted curve should be checked against the limiting values
for human readout of threshold gold thickness as published in the European
Guidelines, 4th edition.

Limiting value
Frequency
Equipment

See 4th Edition.
Every six months
CDMAM structure plate compliant to v3.4 (or higher
version) and four 10 ± 0.2 mm thick PMMA plates of same
size, appropriate software tools

Comments and tips:
The results of these measurements are related in a predictable manner to the
exposure factors used for a given system in terms of radiation dose, all other
things being equal. It is important therefore to record the exposure factors used
and to calculate the corresponding radiation dose in terms of the MGD to the
standard breast simulated using a 50mm thickness of PMMA as described in
the dosimetry section. Care should be taken when an exposure in fully
automatic mode (from the thickness compensation measurement) is mimicked
in manual mode. Account needs to be taken of whether the pre-exposure is
included in the displayed mAs-value in automatic mode. Once threshold gold
thickness is known for one dose level it is relatively straightforward to predict
the results at other dose levels.
While automated analysis works quite consistently for a given phantom, the
results vary more between phantoms. A variety of methods to reduce this
problem are being explored and are expected to result in improved versions of
CDCOM and /or a calibration procedure for phantoms. The type and serial
number of the phantom used should be recorded.
In threshold contrast visibility analysis the pixel value and SNR are assumed to
be relatively constant over the imaging fields. If large low frequency trends in
pixel value are present, it might be necessary to correct for such a trend before
analysis e.g. by applying flat field correction to the images. However this is
rarely necessary as most manufacturers already apply such correction to their
unprocessed images.
If reasonable doubts exist about the automated readout of the phantom images,
the images should be scored by human observers.
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References:
- W.J.H. Veldkamp, M.A.O Thijssen, N. Karssemeijer, The value of scatter removal by a grid
in full field digital mammography, Medical Physics vol 30 (2003), 1712-1718
- K.C.Young, J.J.H. Cook, J.M. Oduko, H. Bosmans.: Comparison of software and human
observers in reading images of the CDMAM test object to assess digital mammography
systems. In: Flynn MJ, Hsieh J (eds): Proceedings of SPIE Medical Imaging 2006, 614206
(2006) 1-13.
- K.C. Young, A. Al Sager, J.M. Oduko, H. Bosmans , B. Verbrugge, T.Geertse, R. van Engen:
Evaluation of software in reading images of the CDMAM test object to assess digital
mammography systems: In J. Hsieh; E. Samei (eds): Proceedings of SPIE Medical Imaging
2008, 6913-47.

2b.2.4.2

Modulation Transfer Function (MTF) and Noise Power Spectra (NPS)
Moved to Appendix 7.

2b.2.4.3

Exposure time
The time for an exposure in all clinically used AEC modes is measured at 45
mm PMMA thickness.

2b.2.4.4

Geometric distortion and artefact evaluation
Image the phantoms in fully automatic mode. Artefact evaluation should also
be performed using the variance map mentioned in 2b.2.2.3.1
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2b.3 Image processing
It is not yet possible to perform objective quantitative measurements on image processing in
the context of an acceptance test. Due to the importance of the subject some guidance on the
evaluation of image processing is given in this section.
An unprocessed image (DICOM “for processing”) with a linear relationship between detector
dose and pixel value, the output of most current DR systems, is not the most suitable image to
read for radiologists. In this image the pixel value is related to the number of X-ray quanta
interacting in the detector. A radiologist, however, is interested in structures in the breast and
the amount of radiation attenuated by these structures. This ‘attenuation image’ is obtained by
transforming pixel values logarithmically. For most CR systems the images are already scaled
logarithmically by the hardware of the reader, so the unprocessed images have a non-linear
relationship between image receptor dose and pixel value.
In a next stage, the image is further processed to enhance the visibility of the clinically
relevant information (DICOM “for presentation”).
Processing techniques which are applied in mammography images include:
- LUT and Bit operations
- thickness equalization at the edge of the breast
- sharpening of the image
- noise reduction
- contrast optimization
Objective evaluation of image processing algorithms is very difficult. Image characteristics,
like pixel value distribution (histogram), shape etc. are used in image processing algorithms.
This means that phantoms whose characteristics differ from those of a breast cannot be used
to evaluate image processing. The difference in characteristics causes the processing of
phantom images to be different from images of breasts. Artefacts may also be introduced
because image processing algorithms presume a breast edge (skin line) that may not be
present in technical test objects.
Therefore evaluation of image processing can up to now only be performed subjectively by
scoring mammograms by radiologists.
After installation of a system and the acceptance test, it is advised to carefully evaluate a
series of clinical images. If possible, clinical images of the new system should be compared to
previous images of the same woman taken on a diagnostically established modality.
The following list of image characteristics might be taken into account when comparing
images:
1.
2.
3.
4.
5.
6.

The visualization of the skin line
The visibility of vascular structures through dense parenchyma
The visualization of vascular and fibrous structures and pectoral muscle
The visualization of structures along the pectoral muscle
The visualization of Coopers ligaments and vascular structures in the low and high
pixel value areas of the image
The outlines of microcalcifications
28

Supplement to European Guidelines, version 1.0

7.
8.
9.
10.
11.
12.

The noise in the low and high pixel value areas of the image
The contrast in the low and high pixel value areas of the image
The appearance of glandular tissue
The appearance of background area (the area directly exposed by the X-ray field
without any attenuation by the imaged object)
The confidence of the radiologist with the representation of the image
The presence of artefacts

It must be realized that large number of cases of different breast types, breast thicknesses and
dose levels should be reviewed before conclusions about the quality of images can be drawn,
because the visibility of structures in individual cases might differ due to e.g. differences in
positioning or variations in anatomical structures.
References:
- Van Ongeval et al., Clinical image quality criteria for full field digital mammography: a first practicle
application, Rad Prot Dos 129 265-270
- Euref typetesting protocol, wwww.eueref.org

29

Supplement to European Guidelines, version 1.0

2b.4 Image presentation
2b.4.1 Monitors
2b.4.1.1 Ambient light
The maximum ambient light value for LCD monitors is raised to 20 lux. For CRT monitors
the maximum ambient light level remains 10 lux.

2b.4.1.2 - 5 Constancy test of monitor performance
In the fourth edition of the Guidelines, it is stipulated to evaluate the following parameters of
a monitor on daily basis: geometrical distortion (on CRT displays) (2b.4.1.2), contrast
visibility (2b. 4.1.3) and display artefacts (2b 4.1.5). It was recommended to perform these
tests by means of the TG18-QC test pattern of the AAPM. In the following section we
describe alternative test patterns that allow to test contrast visibility, distortion and artefacts as
efficient as with the AAPM test patterns (Jacobs 2007). The complete procedure includes the
generation of an always new test pattern at every evaluation and a fill-in sheet of which the
readings are compared to the truth. This overcomes inattentive scorings and allows an easy
verification of adherence to the Quality Control procedures. The software to create and score
the test patterns is downloadable via the EUREF website.
The pattern is divided in four equally sized, rectangular segments with four uniform
background values of different intensities. The values were chosen to be 0%, 33%, 66% and
100% of the maximum gray level. The position of these rectangles swaps randomly each time
the pattern is generated with one restriction: the rectangle with a gray level of 0% (Lmin) will
always have a mutual border with the rectangle with a gray level of 100% (Lmax). This
guarantees the creation of a black-to-white or white-to-black transition between the patches
with the highest and the lowest gray level. This transition can be either horizontal or vertical.
Figure 9 shows two examples of the variable pattern.

Figure 9. Two examples of the MoniQA pattern. These patterns include checks for contrast visibility,
geometric distortion, spatial resolution, global image quality and artifacts. (reprinted with permission
from Med Phys)
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Extra tests:
(a) Low contrast characters
In the center of each rectangular segment there is a set of five characters that creates a
low contrast with the background pixel value (Figure 10a). Each time the pattern is
created the characters are randomly chosen out of a subset of the Latin alphabet,
namely ABCDEHJKLMPSTUZ. Each set of characters has pixel value differences of 7,
5, 3, 2 and 1 between background and character. The observer has to read as many
characters as possible. We suggest that the observer guesses the value of one character
more than what he readily sees.
Score criteria: If characters are not discriminated from the background, points are
subtracted from the initial score of 100 according to the pixel value difference between
character and background. If the least visible character is not read, 1 point is deducted.
The next character has a value of two points; the third character has a value of three
points. For the fourth character, 5 points are deducted and if the highest contrast
character is not detectable 7 points are deducted.
(b) Gradient bar of patches with increasing pixel values and low contrast characters
In the center of the display, a gradient bar of 18 distinct grayscale steps is drawn, with
pixel values as used in the central rectangle of the AAPMtg18-LN patterns. This bar is
horizontal or vertical but will never divide the rectangles with 0% and 100% of the
maximum gray level. A random character is placed on each step of the gradient. The
bar is divided in 2 equally sized parts, a northern and southern part or a western and
eastern part. In each part of the gradient bar, each character is unique. For the selection
of the characters, we use the same alphabet as used for the selection of the low
contrast characters. The grayscale value of each character is the same as the grayscale
value of the preceding luminance patch (Figure 10b), with the whitest and darkest
patches at the extremes.
To evaluate this pattern, characters are to be read, starting in the middle and according
to the orientation of the bar, towards West, East, North and South. If a luminance
character is visible, we conclude that the underlying patch can be clearly distinguished
from the adjacent patch. In the AAPMtg18-QC and the DIN test pattern, the purpose
of this gradient bar is to verify whether the different steps are distinguishable. This is
most critical for the lowest and highest pixel values. When evaluating the MoniQA
pattern, only the two last visible characters have to be registered.
Score criteria: 10 points are deducted for each incorrectly identified or invisible low
luminance patch and this for both extremities of the gradient bar. If no character has
been filled in, 9 times 10 points are deducted.
(c) The MoniQA pattern allows to test geometric distortion, the fact whether all pixels of
the test image are shown, high and low contrast spatial resolution, and artefacts (blackto-white and white-to-black transition problems. Any defects lower the score with 5
points, except a dead pixel that lowers the score with 11 points.
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Figure 10 – (a) example of a sequence of characters with a low contrast luminance difference with the
background – (b) gradient bar of patches with decreasing pixel values and with random characters having
a pixel value as in the adjacent patch – (c) grid pattern – (d) corner lines pattern – (e) resolution patterns,
left: high contrast, right: low contrast – (f) and (g) horizontal and vertical version of the hourglass object
(all elements are shown with enhanced contrast for clarity)

The MoniQA pattern is highly variable. There are 16 combinations of background positions, 4
positions for the resolution pattern inside each background field and 2 resolution types (high
and low contrast) which makes a total number of 128 possible configurations. In addition,
there is a very large number of combinations of characters for the low contrast visibility
checks.
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Limiting value
Frequency
Equipment

Score retrieved from MoniQA pattern should be higher or equal to 95
Daily, optional weekly
MoniQA test pattern

References:
- Jacobs J, Rogge F, Kotre J, Marchal G, Bosmans H. Preliminary validation of a new variable pattern for daily
quality assurance of medical image display devices. Med Phys. 2007 Jul;34(7):2744-58.

2b.4.1.8 Luminance Uniformity
Limiting value:
Test Pattern TG18-UNL10
Test Pattern TG18-UNL80

CRT LCD
≤ 30% ≤ 30%
≤ 30% ≤ 15%

2b.4.2 Printers
General remark: for all test items in this section each test pattern should be printed three times.
If optical densities are to be measured, the average optical density from the three prints should
be used for further analysis.
The suggestions for QC made by AAPM taskgroup 18 have been adapted slightly. Taskgroup
18 measurements are based on measuring optical density of a printed test pattern. From a
quality control point of view a standard viewing box has been defined (luminance of the
viewing box without film: 4000 cd/m², luminance contribution due to ambient illuminance
reflecting of the printout: 1 cd/m²). The optical densities of the test pattern should be such that
the printout in combination with this virtual viewing box complies with the GSDF. The
luminance of the viewing boxes is controlled by the tests described in the screen-film section of
the European guidelines.
-

AAPM TG-18 patterns must be in DICOM MG format.

-

AAPM test patterns must be printed from the acquisition workstation (or printing server)
and, if applicable, from the diagnosis workstation.

-

AAPM test patterns must be printed for all film formats that are used.

2b.4.2.5 Optical Density Range
Print the TG18-PQC test pattern. Measure Dmin and Dmax on this image.
Limiting value
Frequency

Dmin ≤ 0.25 OD, Dmax ≥ 3.60 OD
Every six months
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Equipment

Suitable densitometer, TG18-PQC test pattern

2b.4.3 Viewing boxes
If mammograms are read on printed images, check the viewing boxes using the method and
limiting values described in the European guidelines for quality assurance in mammography
screening, fourth edition (page 82).

2b.4.3.1 Ambient Lighting Level
The artefacts and loss of image quality associated with reflections from the display surface
depend on the level of ambient lighting. It is important to verify that the ambient lighting in
the room is below the maximum limit. The condition for the tests should be similar to those
under normal use of the equipment.
If mammograms are read on printed images, check ambient light using the method and
limiting values described in the European guidelines for quality assurance in mammography
screening, fourth edition (page 82).
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Appendix 5: Tables for determination of average glandular dose
Table A5.1: g-factors for breasts simulated with PMMA
PMMA Equivalent Glandularity
thickness
breast
of
(mm)
thickness equivalent
(mm)
breast
0.30
20
30
40
45
50
60
70
80

21
32
45
53
60
75
90
103

97
67
41
29
20
9
4
3

0.378
0.261
0.183
0.155
0.135
0.106
0.086
0.074

g-factors (mGy/mGy)
HVL (mm Al)
0.35

0.40

0.45

0.50

0.55

0.60

0.65

0.70

0.75

0.80

0.421
0.294
0.208
0.177
0.154
0.121
0.098
0.085

0.460
0.326
0.232
0.198
0.172
0.136
0.111
0.096

0.496
0.357
0.258
0.220
0.192
0.152
0.123
0.106

0.529
0.388
0.285
0.245
0.214
0.166
0.136
0.117

0.559
0.419
0.311
0.272
0.236
0.189
0.154
0.133

0.585
0.448
0.339
0.295
0.261
0.210
0.172
0.149

0.609
0.473
0.366
0.317
0.282
0.228
0.188
0.163

0.631
0.495
0.387
0.336
0.300
0.243
0.202
0.176

0.650
0.516
0.406
0.354
0.317
0.257
0.214
0.187

0.669
0.536
0.425
0.372
0.333
0.272
0.227
0.199

Table A5.2: c-factors for breasts simulated with PMMA
PMMA Equivalent Glandularity of
thickness
breast
equivalent
(mm)
thickness
breast
(mm)

c-factors
HVL (mm Al)
0.30

0.35

0.40

0.45

0.50

0.55

0.60

0.65

0.70

0.75

0.80

20

21

97

0.889

0.895

0.903

0.908

0.912

0.917

0.921

0.924

0.928

0.933

0.937

30

32

67

0.940

0.943

0.945

0.946

0.949

0.952

0.953

0.956

0.959

0.961

0.964

40

45

41

1.043

1.041

1.040

1.039

1.037

1.035

1.034

1.032

1.030

1.028

1.026

45

53

29

1.109

1.105

1.102

1.099

1.096

1.091

1.088

1.082

1.078

1.073

1.068

50

60

20

1.164

1.160

1.151

1.150

1.144

1.139

1.134

1.124

1.117

1.111

1.103

60

75

9

1.254

1.245

1.235

1.231

1.225

1.217

1.207

1.196

1.186

1.175

1.164

70

90

4

1.299

1.292

1.282

1.275

1.270

1.260

1.249

1.236

1.225

1.213

1.200

80

103

3

1.307

1.299

1.292

1.287

1.283

1.273

1.262

1.249

1.238

1.226

1.213

Table A5.3: Typical HVL measurements for different tube voltage and target filter combinations. (Data
includes the effect on measured HVL of attenuation by a compression plate.)
HVL (mm Al) for target filter combination
kV

Mo Mo

Mo Rh

Rh Rh

W Rh

W Ag

25
28
31
34
37

0.32  .02
0.35  .02
0.38  .02
0.40  .02

0.38  .02
0.42  .02
0.45  .02
0.47  .02

0.37  .02
0.42  .02
0.45  .02
0.47  .02

0.50  .03
0.53  .03
0.56  .03
0.59  .03
0.62  .03

0.51  .03
0.58  .03
0.61  .03
0.64  .03
0.67  .03

35

W Al
(0.5mm)
0.34  .03
0.39  .03
0.44  .03
0.49  .03
0.53  .03

W Al
(0.7mm)
0.42  .03
0.49  .03
0.55  .03
0.61  .03
0.66  .03
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Table A5.4a: s-factors for clinically used spectra [Dance et al 2000]

Target material

Filter
material

Filter
thickness

s-factors

Mo

Mo

30

1.000

Mo

Rh

25

1.017

Rh

Rh

25

1.061

W

Rh

50-60

1.042

W

Ag

50-75

1.042

Table A5.4b. s-factors for a tungsten target filtered by 0.5 mm aluminium.
PMMA
Equiv breast s-factor
thickness
thickness
(mm)
(mm)
20

21

1.075

30

32

1.104

40

45

1.134

45

53

1.149

50

60

1.160

60

75

1.181

70

90

1.198

80

103

1.208

Table A5.4c. s-factors for a tungsten target filtered by 0.7 mm aluminium.
PMMA
Equiv breast
s-factor
thickness
thickness
(mm)
(mm)
20

21

1.052

30

32

1.064

40

45

1.082

45

53

1.094

50

60

1.105

60

75

1.123

70

90

1.136

80

103

1.142
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Table A5.4d. s-factors for a tungsten target filtered by 0.5 mm aluminium
Breast
Glandularity
Typical
Typical
kV range
thickness
range
glandularity
glandularity
(kV)
(mm)
(%)
age 50-64
age 40-49

s-factor

20

80-100

100

100

25-40

1.069

30

62-82

72

82

29-40

1.104

40

40-65

50

65

29-40

1.127

50

23-49

33

49

30-40

1.139

60

11-35

21

35

30-40

1.154

70

2-24

12

24

30-40

1.180

80

0.1-17

7

14

30-40

1.187

90

0.1-14

4

8

30-40

1.198

100

0.1-13

3

5

30-40

1.206

110

0.1-13

3

5

30-40

1.212

Table A5.4e. s-factors for a tungsten target filtered by 0.7 mm aluminium.
Breast
Glandularity
Typical
Typical
kV range
thickness
range
glandularity
glandularity
(kV)
(mm)
(%)
age 50-64
age 40-49

s-factor

20

80-100

100

100

25-50

1.052

30

62-82

72

82

25-50

1.060

40

40-65

50

65

25-50

1.076

50

23-49

33

49

25-50

1.087

60

11-35

21

35

25-50

1.105

70

2-24

12

24

28-50

1.121

80

0.1-17

7

14

28-50

1.129

90

0.1-14

4

8

28-50

1.136

100

0.1-13

3

5

28-50

1.140

110

0.1-13

3

5

28-50

1.144
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Table A5.5: Additional g-factors
HVL
Breast thickness (cm)
2
3
4
mm Al
0.30
0.390
0.274
0.207
0.35
0.433
0.309
0.235
0.40
0.473
0.342
0.261
0.45
0.509
0.374
0.289
0.50
0.543
0.406
0.318
0.55
0.573
0.437
0.346
0.60
0.587
0.466
0.374
0.65
0.622
0.491
0.399
0.70
0.644
0.514
0.421
0.75
0.663
0.535
0.441
0.80
0.682
0.555
0.460

5
0.164
0.187
0.209
0.232
0.258
0.287
0.31
0.332
0.352
0.371
0.389

6
0.135
0.154
0.172
0.192
0.214
0.236
0.261
0.282
0.300
0.317
0.333

7
0.114
0.13
0.145
0.163
0.177
0.202
0.224
0.244
0.259
0.274
0.289

8
0.098
0.112
0.126
0.14
0.154
0.175
0.195
0.212
0.227
0.241
0.254

9
0.0859
0.0981
0.1106
0.1233
0.1357
0.1543
0.1723
0.1879
0.2017
0.2143
0.2270

10
0.0763
0.0873
0.0986
0.1096
0.1207
0.1375
0.1540
0.1682
0.1809
0.1926
0.2044

11
0.0687
0.0786
0.0887
0.0988
0.1088
0.1240
0.1385
0.1520
0.1638
0.1746
0.1856

0.75

0.80

0.932
0.953
1.000
1.057
1.111
1.157
1.191
1.213
1.224
1.228

0.936
0.956
1.000
1.053
1.103
1.147
1.179
1.200
1.211
1.215

The table is in units of mGy/mGy
Additions to the table in Dance et al 2000 are highlighted in yellow

Table A5.6: Additional c-factors for average breasts for women in age group 50 to 64
Breast
thickn Gland HVL (mm Al)
(cm)
%
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
2
100 0.885 0.891
0.9
0.905 0.91 0.914 0.919 0.923 0.928
3
72
0.925 0.929 0.931 0.933 0.937 0.94 0.941 0.947 0.950
4
50
1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
5
33
1.086 1.082 1.081 1.078 1.075 1.071 1.069 1.064 1.060
6
21
1.164 1.160 1.151 1.15 1.144 1.139 1.134 1.124 1.117
7
12
1.232 1.225 1.214 1.208 1.204 1.196 1.188 1.176 1.167
8
7
1.275 1.265 1.257 1.254 1.247 1.237 1.227 1.213 1.202
9
4
1.299 1.292 1.282 1.275 1.27
1.26 1.249 1.236 1.225
10
3
1.307 1.298 1.29 1.286 1.283 1.272 1.261 1.248 1.236
11
3
1.306 1.301 1.294 1.291 1.283 1.274 1.266 1.251 1.240
Additions to the table in Dance et al 2000 are highlighted in yellow
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Table A5.7: Additional c-factors for average breasts for women in age group 40 to 49
Breast
thickn Gland HVL (mm Al)
(cm)
%
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
2
100 0.885 0.891
0.9
0.905 0.91 0.914 0.919 0.923 0.928
3
82
0.894 0.898 0.903 0.906 0.911 0.915 0.918 0.924 0.928
4
65
0.940 0.943 0.945 0.947 0.948 0.952 0.955 0.956 0.959
5
49
1.005 1.005 1.005 1.004 1.004 1.004 1.004 1.004 1.003
6
35
1.080 1.078 1.074 1.074 1.071 1.068 1.066 1.061 1.058
7
24
1.152 1.147 1.141 1.138 1.135 1.130 1.127 1.117 1.111
8
14
1.220 1.213 1.206 1.205 1.199 1.190 1.183 1.172 1.163
9
8
1.270 1.264 1.254 1.248 1.244 1.235 1.225 1.214 1.204
10
5
1.295 1.287 1.279 1.275 1.272 1.262 1.251 1.238 1.227
11
5
1.294 1.290 1.283 1.281 1.273 1.264 1.256 1.242 1.232
Additions to the table in Dance et al 2000 are highlighted in yellow

0.75

0.80

0.932
0.933
0.961
1.003
1.055
1.105
1.154
1.193
1.215
1.220

0.936
0.937
0.964
1.003
1.051
1.098
1.145
1.181
1.203
1.208

References:
- Dance D R 1990 Monte Carlo calculation of conversion factors for the estimation of mean glandular breast
dose. Phys. Med. Biol. 35 1211-1219.
- Dance D R, Skinner C L, Young K C, Beckett J R and Kotre C J 2000. Additional factors for the estimation of
mean glandular breast dose using the UK mammography dosimetry protocol Phys. Med. Biol. 45 3225-3240.
- Dance D R, Young K C and van Engen R E 2009 Further factors for the estimation of mean glandular dose
using the United Kingdom, European and IAEA dosimetry protocols. Phys. Med. Biol 54 4361-72
- Dance D R, Young K C and van Engen R E 2011 Estimation of mean glandular dose for breast tomosynthesis:
factors for use with the UK, European and IAEA breast dosimetry protocols. Phys. Med. Biol 56 453-471
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Appendix 7: Linear system theory metrics and a practical guide to
their measurement (optional)
A7.1

Modulation Transfer Function (MTF), Noise Power Spectrum (NPS) and
Detective Quantum Efficiency (DQE)
Linear system theory metrics offer reproducible, objective estimates of x-ray
detector noise and resolution properties and are sensitive to changes in detector
performance over time. The IEC 62220-1-2 standard describes the
measurement of these parameters, however this document is intended for use
by the manufacturers; they can remove the x-ray detector from the system and
perform a separate bench test. This is not possible for detectors in clinical use
and hence a pragmatic approach, suitable for routine QC conditions, is
presented here. Measurement geometry is likely to vary between systems,
resulting in a loss of generality and hence caution must be exercised when
using these metrics to compare across systems. Measured with care, however,
these parameters offer significant insight into the performance of an individual
detector, they can isolate performance changes over time and are useful when
troubleshooting the entire imaging chain. Definitions of the equations used to
calculate these parameters are given in the recommended literature; a firm
grasp of the theory underlying these parameters is required before performing
these measurements. Given that many QC physicists will not have the time to
develop the required software, validated/verified software can used for the
calculations.
The IEC document prescribes standard measurements to be performed at ‘the
detector surface’ (defined as ‘the accessible area which is closest to the image
receptor plane’); for routine QC measurements there will be additional nonremovable parts (e.g. breast support table, anti-scatter grid and/or detector
covers) in the x-ray beam during the measurement. With this in mind, a
consistent geometry should be employed for a given system/model. When
comparing quantitative measurements from different physics centres, the data
acquisition conditions must be stated explicitly for the sake of transparency.
These include the geometry (position of anti-scatter grid and breast support
table, use of collimation/field area), beam energy and detector air kerma, along
with the data conditioning parameters used in the calculation of the MTF and
NPS (ROI dimensions, de-trending used, sectioning etc).

A7.2

Image type
The first step is to identify/select ‘FOR PROCESSING’ images on the system.
These are images with a fixed gain between detector output signal and air
kerma at the detector (no ‘autoranging’ of the signal) and have minimal
additional processing. For example, DR systems will generally apply detector
offset and gain corrections together with pixel corrections; this is acceptable.
Processing such as edge enhancement or proprietary image processing that
prepares images ‘FOR DISPLAY’ etc must be disabled/not used. These image
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types are sometimes listed as a specific Series and Study Description by the
manufacturer.

A7.3

Collimation of x-ray field
Collimation can be used to reduce the influence of scattered radiation on the
measurements. The use of collimation represents good practice but may be
time consuming to set accurately during routine QC (depending on the
collimation type available). If used, a field area of 100 mm x 100 mm should
be set at the beginning of the tests and kept in place for all the measurements
(air kerma, detector response, NPS, MTF). Figure A7.1 shows suggested
positioning of the collimation.

Figure A7.1. Position of the collimation – if used then this should be in
place for all the measurements.
A7.4

Detector response function
Quantitative analysis requires the measurement of the detector response
function, relating air kerma at the detector input plane against pixel value (PV).
This is used for linearization of the images from which the quantitative image
quality metrics are calculated. Measurement of the detector response requires
an estimate of the air kerma at the detector entrance plane.
For this measurement, set the same X-ray spectrum as used for a standard
image and place 2 mm Al at the x-ray tube. Remove the compression plate
from the x-ray beam, protect the x-ray detector and measure air kerma as a
function of mAs. Sample low mAs settings more finely as mAs linearity can be
worse at low mAs values; furthermore it is likely that low mAs values will be
used in images for NPS estimation, given the filter efficiency/transmission of
2mm Al. Calculate air kerma at the detector (K), applying an inverse square
correction to obtain the values at the level of the detector and apply a grid
transmission factor (use a factor appropriate for the geometry) if the grid is not
removed. Fit a first order polynomial and confirm linearity of K with mAs –
carefully examine mAs linearity at low mAs settings. Use this equation to
calculate the mAs values needed for a range of detector air kerma values, eg
41
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12.5, 25, 50, 100, 200, 400 and 800 μGy. This will enable testing of the
detector at a fixed air kerma level for the lifetime of the detector and allow
changes in performance to be tracked. Remove the grid, set the calculated mAs
values (closest mAs station on the system) and acquire uniformly exposed
(flood) images over the air kerma range. Measure PV and standard deviation at
the standard position using the standard ROI size. Plot PV vs K, fit the
appropriate curve for the system type (linear, logarithmic or power) and record
the fit parameters. This function is used to linearize the PV data on a pixelwise basis in the edge and flood images before calculating MTF and NPS. This
must be done for all systems, even systems that produce linear ‘FOR
PROCESSING’ images. Following this step, the linearized images will have
unity gain and zero offset (the mean PV in this image should be equal to the air
kerma used to acquire the image).
A7.5

Noise Power Spectrum
The NPS describes the variance of an image intensity (image PV) divided
among its frequency components and is calculated from ROIs taken from a
region of a uniformly exposed image. In practice the NPS is calculated using:
2

M 256 256
xy
 2i ( u n xi  vk y j )
(A7.1)
NPS (u, v) 
( I ( xi , y j )  S ( x, y ))e


M  256  256 m1 i 1 j 1

where an ROI dimension of 256 x 256 pixels has been used. Here, M is the
number of ROIs, Δx is the pixel spacing in the x-direction, Δy is the pixel
spacing in the y-direction, I(xi,yj) is the (linearized) pixel data, S(x,y) is a fitted
two-dimensional polynomial function to the entire extracted region used for
NPS analysis (not the individual ROIs).
Select a flood image acquired at some reference detector air kerma, for
example at 50 or 100 μGy, and calculate the NPS for this region. Use an image
acquired at the same air kerma throughout the life of the detector. Linearize the
image using the detector response curve. IEC 62220-1 defines an area of 50
mm x 50 mm for the NPS estimation, divided into ROIs of 256 x 256 which
overlap each other by 128 pixels. This strictly limits the physical region from
which the NPS is calculated, reducing the effects of non-stationarity and large
area non-uniformity on the NPS, however several images are required to
increase the number of spectra in the ensemble and hence reduce uncertainty
on the spectral estimate. For QC purposes, a region of 100 mm x 100 mm can
be used and 256 x 256 pixel ROIs taken from this area. To reduce statistical
uncertainty, the spectra from several identically acquired images can be
averaged. It is recommended that a 2D polynomial is fitted to and subtracted
from the 100 mm x 100 mm area before extraction of the 256 x 256 pixel
ROIs. The final spectrum is sectioned from the ensemble. This can be a radial
average for systems with an isotropic NPS, while for detectors with a nonisotropic NPS, the spectra sectioned from the 0° and 90° axes should be
recorded separately. The axes (0° and 90° spatial frequency bins) contain
information regarding the axial structured noise of the detector/image and
should be included in the spectral estimate. The spectral ensemble (averaged
for the number of individual spectra in the ensemble) is then normalized to
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give the Normalized Noise Power Spectrum (NNPS) by dividing by the mean
PV of the linearized flood image used to calculate the spectral estimate i.e.
divided by the air kerma used to acquire the flood image.
The IEC standard specifies the use of collimation of 100 x 100 mm when
acquiring the flood and edge images in order to control the quantity of the
scattered radiation in the image. A higher quantity of scattered radiation
effectively leads to a higher detector air kerma per image and hence an
increased noise power spectrum. While essential for laboratory detector
measurements, the value of collimation in a QC setting is limited and should
be considered optional (the collimation is heavy and exactly the same
collimator dimension must be used between QC visits).
The anti-scatter grid can influence the measured NPS in a number of ways.
First, the grid can introduce structured noise, predominantly of low spatial
frequencies, which is often seen along the 0° and 90° NPS axes. Structured
noise is multiplicative in nature and increases relative to other noise sources as
detector air kerma is increased. The spatially periodic nature of the grid can
also introduce spikes, indicating increased noise power at distinct spatial
frequencies; this may indicate a grid motion problem. For example, a linear
grid with 30 lines cm-1 will generate spikes at 3.0 mm-1 (and associated
harmonics) in the NPS; these will be seen on the axis (0° or 90°) that is parallel
to the direction of grid movement in the image.
The presence of the anti-scatter grid in the X-ray beam during detector
calibration presents a further complication. Some systems may have flat field
corrections explicitly for the case of grid in and grid out of the x-ray beam,
while others may have a single flat field correction which presumes that the
grid is present. For this latter system type, an ‘imprint’ of the flat field
correction will be applied to flood images that have been acquired with the grid
removed, leading to a potential increase the structured noise present in the
image and hence in the NPS.
Record the NPS at 0.5 mm-1 and 2.0 mm-1 (either a radial average or the 0° and
90° axis values separately).
Limiting value
Frequency
Equipment

A7.6

Expect ≤ ± 15% change in NPS at 0.5 mm-1 and 2.0 mm1
from previous QC visit value and from baseline.
Every six months
2 mm Al filter (minimum 99% purity), calibrated dose
meter, software for calculating objective image quality
parameters.

Pre-sampled Modulation Transfer Function
The MTF describes the spatial frequency response of a linear, spatially
invariant imaging system and is typically determined using a slanted radioopaque edge placed at the detector input plane, a robust technique suitable for
routine QC. This method generates the detector pre-sampled MTF, a parameter
that describes the blurring due to the detector pixel aperture and the x-ray
43

Supplement to European Guidelines, version 1.0

converter layer. The pre-sampled MTF is measured in two directions across the
detector; left-right and front-back (chest-wall nipple) direction. A stainless
steel square of thickness 0.8 mm, with sharp, straight edges 60 mm x 60 mm
can be used; the provisos are that the edges must be sharp, straight and the
edge must be radio-opaque. If the edge is not radio-opaque then scattered
radiation can influence edge spread function (ESF) and hence the MTF.
Alternative materials can be used such as niobium, tantalum, tungsten, lead
etc, however the edge must be of sufficient thickness (radio-opaque) and the
material should not generate large quantities of characteristic radiation that
may influence the ESF.
The pre-sampled MTF is calculated from a finely sampled (‘over-sampled’)
ESF, generated by re-binning or re-projecting the (linearized) pixel value data
in some region containing the edge. The over-sampled ESF is differentiated to
generate the line spread function (LSF):
(A7.2)
The pre-sampled MTF is obtained from the Fast Fourier Transform (FFT)
transforming the Line Spread Function and calculating the magnitude:
(A7.3)
With regard to practical measurements, set the same beam quality as used to
acquire the flood images and an mAs setting to produce an air kerma at the
detector that is approximately 3 x the typical K value for AEC controlled
images. There must be no saturation in the high signal region of the ESF and
there must be no clipping or truncation to zero linearized pixel value in the low
signal region of the ESF. This is generally achieved by ensuring that the pixel
values in the edge image (before linearization) all lie with the range covered by
the detector response function. Place the edge on the breast support table
(‘detector surface’) with an approximate angle of 1° to 3° with respect to pixel
matrix. In a full evaluation, four edge images are acquired, positioned to
measure the MTF at the centre of the detector left-right and at 6 cm from the
chest-wall edge (figure A7.2). An MTF is calculated for each acquisition: leftright direction (low to high signal and high to low signal changes for the ESF)
and similarly for the chest wall-nipple direction. The final MTF is an average
of the two edge orientations; for example the left-right MTF would be
averaged from the 0° and 180° edge orientations in Figure A7.2. Extract a
sufficiently large region containing the edge such that glare (low frequency
signal spread) within the detector is characterized; the actual ROI dimension
will depend on the characteristic distance of the glare, however an ROI of at
least 40 mm x 40 mm should be used. Linearize the image PV data before
calculating the MTF. Note the conditioning applied when obtaining the MTF
result (smoothing, windowing, extrapolation of the line spread function (LSF)
tails etc.)
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Figure A7.2. Positions of the edge for MTF measurement (any additional
collimation that may be used is not shown).
If a metal square with at least two sharp, straight edges is available then the
MTF can be calculated from a single image for the two detector directions,
although in this case the MTF will be evaluated at different positions on the
detector. This is acceptable for routine QC measurements.
Corrections for non-uniformity in the MTF image can be applied in order to
remove low frequency trends using a uniformly exposed image (i.e. with the
edge removed) acquired at exactly the same technique factors, although great
care must be taken when making this kind of correction. As with the NPS, the
X-ray beam can be collimated to 100 mm x 100 mm in order to reduce
scattered radiation, although this is optional for QC measurements.
Record the spatial frequencies at which the MTF reaches 50% (left-right and
chest wall-nipple directions).
Limiting value
Frequency
Equipment

A7.7

Expect ≤± 10% change in the spatial frequency for the 50%
MTF point
Every six months
Radio-opaque edge of minimum dimension 60 mm x 60 mm
with sharp and straight edges, 2 mm Al filter, calibrated
dose meter, software for calculating objective image quality
parameters

DQE
The DQE describes the degradation of the input SNR by the x-ray detector due
to detection, conversion and amplification of the x-ray signal. DQE is
defined as the square of the ratio of the detector output SNR to the SNR at the
detector input. It is common to compare the detector against a perfect photon
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counting device and hence the reference SNR at the detector input is the
number of x-ray photons per unit area (mm-2).

DQE(u ) 

MTF 2 (u )
2
K a SNRin NNPS (u )





(A7.4)

This equation is given for the 1-D case; MTF(u) is the pre-sampling
Modulation Transfer Function, NNPS(u) is the measured Normalized Noise
Power Spectrum, Ka is the estimated air kerma at the detector surface and
SNRin2 is the number of X-ray photons µGy-1 mm-2 for the beam quality used.
Hence, Ka x SNRin2 gives the total number of x-ray photons mm-2 at the
detector input. Table A7.1a gives SNRin2 for some typical spectra (with added 2
mm Al at the x-ray tube) used by current x-ray systems, as provided also by
IEC 62220-1. The data of Boone et al (1997) can be used to calculate SNRin2
for spectra that are not included in the Standard, using the formula:

SNRin  
2

( E ,V )
dE
Ka

where Φ(E,V) is the photon fluence at energy E when a tube voltage V is
applied. Table A7.1b gives SNRin2 values for some other spectra calculated
according to Boone.
MTF and NPS are sensitive image quality parameters and are sufficient to
track changes in detector performance for QC purposes. The DQE is an
important image quality metric when comparing the absolute performance of
detectors, either of a similar type or between manufacturers. However,
calculation of the DQE requires an accurate estimate of the air kerma at the
detector input plane and the true number of photons per unit air kerma for the
photon spectrum used. Both of these can be difficult to achieve in practice. The
DQE can be compared against manufacturer reference data.

Limiting value
Frequency
Equipment

None
Every six months
2 mm Al filter, calibrated dose meter, software for
calculating objective image quality parameters, spectral
modelling tool.

Table A7.1a: Number of photons µGy-1 mm-2 (SNRin2) for 2 mm Al according to IEC
standard 62220-1-2
Tube potential
Anode
System Filter
SNRin2
(kV)
(µGy-1 mm-2)
28
28
28
28
28

Mo
Mo
Rh
W
W

Mo (32 µm)
Rh (25 µm)
Rh (25 µm)
Rh (50 µm)
Al (500 µm)
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4981
5439
5944
5975
6575
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Table A7.1b: Number of photons µGy-1 mm-2 (SNRin2) for 2 mm Al according Boone et al
1997 for some spectra not included in the IEC document
Tube potential
Anode
System Filter
SNRin2
(kV)
(µGy-1 mm-2)
29
35
32

Rh
W
W

Rh (25 µm)
Al (500 µm)
Ag (50 µm)

6248
8823
7143
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Appendix 8: Description of CDCOM version 1.6
8.1

The CDMAM phantom
The CDMAM phantom was designed to derive contrast-detail visibility threshold
information of mammography systems by conducting four alternative forced choice
(4-AFC) experiments. It contains a grid marking of 205 cells, with in each cell one
gold disc at the center and one in one of the corners (Figure A8.1). The corner in
which a disc is located varies between cells randomly. The combination of disc
diameter and thickness is unique to each cell. A total of 16 different diameters and 16
different thicknesses are present in the phantom (Bijkerk 2001, 2002). The CDMAM
phantom is built up as an aluminium base on which the gold discs have been deposited
by evaporation. The base is attached manually to a PMMA cover containing the grid
lines and disc thickness and diameter information (Figure A8.2).

After imaging the CDMAM phantom, the 4-AFC experiment is conducted by asking

Figure A8.1. The CDMAM phantom
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observers to mark the corner of each individual cell containing a gold disc. The
observer output is compared with the true disc locations afterwards. This produces a
grid with ‘true’ and ‘false’ scores. In order to reduce the impact of isolated true or
false scores in the matrix, a nearest neighbour correction scheme should be applied on
this matrix prior to the derivation of the detection threshold for each diameter.
Combining these detection thresholds for multiple readers and images for each disc
diameter produces the contrast-detail threshold information.

Figure A8.2. The aluminium base contains the gold discs of the CDMAM phantom, the PMMA
cover contains the grid lines.

Figure A8.3. Example of human readout of the CDMAM phantom after nearest neighbour
correction.

8.2

Disadvantages of human readout of the CDMAM phantom

Human readout of the CDMAM phantom does have a number of disadvantages:


The reading of images is time consuming.
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Due to the long reading time, in practice only small numbers of images and readers are
used, which decreases reliability.
Inter-reader variability, the variation in phantom image score from reader to reader
Intra-reader variability, the variation in phantom image score by one reader.
There is a learning effect: readers might know the positions of the discs by heart. This
influences their score.
The nearest neighbour correction might not be the best scheme to obtain CD curves.

To eliminate and reduce the disadvantages computer readout of CDMAM phantom images is
introduced.

8.3

CDCOM

CDCOM is a software tool developed to automate the tasks of reading CDMAM version 3.4
phantom images and creating score sheets. CDCOM does not read CDMAM version 3.2
images. CDCOM does not aim at predicting human readout however, instead it tries to use
the information present in the image more optimally to conduct a 4-AFC experiment. The
results of CDCOM can therefore not be used directly in combination with contrast-detail
visibility limits set for human observers. In section 2b.2.4.1 of this protocol the procedure is
given to predict results for human observers from CDCOM results.
The automated image analysis by CDCOM can be separated in five phases:
•
•
•
•
•

Analysis of the DICOM header
Transformation to standardized input
Grid detection
Phantom specific corrections
Individual disc detections

8.4

Analysis of the DICOM header

CDCOM needs the following elements in the DICOM header to correctly assess the image:
•

(0018,1164) Imager Pixel Spacing (used only as an initial estimator of image scale)
if not present (0028,0030) Pixel Spacing will be used.

•

(0028,0010) Rows

•

(0028,0011) Column

•

(0028,0100) Bits Allocated

•

(0028,0101) Bits Stored

•

(0028,1041) Pixel Intensity Relationship Sign (used to facilitate grid detection, can be
overruled by manual selection)
if not present (0028,0004) Photometric Interpretation will be used.
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•

(7fe0,0010) Pixel Data

8.5

Transformation to a standardized input
The images of the CDMAM phantom are read by CDCOM and are transformed to a
standardized form: (1) the image is cropped to the image of the phantom, (2) the
image is rotated to the standardized orientation and (3) the image is scaled to a pixel
size of 50 µm. This step is performed to eliminate differences in the detection of discs
within the search area for images with different pixel size (see section “Individual disc
detection”).

8.6

Grid detection
As is the case for the human observer, the gridlines are used as a reference for global
positioning. First a linear Hough transform is performed at a reduced resolution of 400
µm per pixel, allowing the position of the gridlines to be detected as two sets of
equidistant maxima in Euclidian space (Figure A8.4a). The cell corners can be
calculated as the points where two gridlines intersect. Next the locations of the corners
of each cell are determined more accurately by applying template matching (Figure
A8.4b) to the area around the approximate locations of each cell corner. In this
procedure the template of the line crossing at the estimated position is correlated with
the image data within a small area (21 by 21 pixels) around the predicted crossing.
The location with highest cross correlation is the optimal location of the crossing. This
step prevents image deformations (geometrical distortion), e.g. caused by a concave
bucky shape, from influencing the results. No special template for the (partial)
crossing at the boundaries are used, so this procedure might sometimes fail. Therefore
a check on consistency of the final result is performed. If an outlying boundary
crossing is found this is corrected by interpolation from surrounding points
(Veldkamp).
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Figure A8.4a. Example of the result of a Hough transformation of a CDMAM image. The grid
can be recognized as two columns with equidistant local maxima.

Figure A8.4b. Template matching, in an area of 21 x 21 pixels around
the predicted crossing, the cross correlation of the image with a
template is determined

8.7

Phantom and image specific corrections
CDCOM performs a 4-AFC experiment with an ideal observer model. It is based on
the assumption that for each disc (with known diameter) there are four possible
positions (yellow circles in Figure A8.5) of which the possible locations are known
exactly. In practical situations however, there will always be some inaccuracy in the
determination of these positions (with influences for both human and computer
observer) caused by the production process of the phantom, geometrical distortion of
the phantom image and the limited resolution of the imaging system. Therefore
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CDCOM needs to deviate slightly by applying the model observer in a search region
around each calculated (theoretical) position (purple circles in Fig. A8.5 and Fig.
A8.6). It is crucial to understand that increasing the size of the search region will
increase the influence of the image noise at the disc detection step, therefore
increasing the search region will deteriorate the detection results especially for smaller
diameters. In order to limit the influence of the noise specific to every individual
image the disc search region has to be kept as small as possible, while avoiding the
possibility of missing (part of) the disc under investigation.

Figure A8.5. Schematic illustration of the calculated disc positions (yellow inner circles) and the
disc search areas defined around them (purple outer circles).

To prevent having to increase the search region an estimate of the phantom image
specific translation, rotation and scaling is made by analyzing the position of all easily
detectable center discs (large diameter and high contrast) using a relatively large
search area of 500 μm. A template with the correct positions of all discs is rotated
translated and scaled to match the easily detectable discs and calculated positions of
all discs are obtained. Using a search area of 200 μm around the calculated disc
positions, has proven to give reliable results (Visser 2005).
8.8

Individual disc detection
Due to the phantom specific correction of the calculated disc positions the disc search
area for individual disc detection can be limited to 200 micron around the calculated
positions. Within this search area the location in which a disc of the specified size is
most likely to be located is determined.
This is done by finding the (by approximation) disc shaped area that has the lowest or
highest (depending on the image properties) total pixel value, see figure A8.6a. In
figure A8.6b the template is shown which is used to detect the circular discs on the
phantom image. Due to the digital nature of the image the shape of the circle is
approximated by the template. This approximation would not be equal for different
pixel sizes and introduce differences in detection of the disc. Therefore the CDMAM
image is rescaled to 50 µm pixel size (paragraph 8.5).

53

Supplement to European Guidelines, version 1.0

Figure A8.6. a) The disc search areas in each of the cell corners (purple outer circles) and the
positions within each search area (blue inner circles) where the disc is most likely to be located
(based on total pixel value). b) Close-up of the detection (blue inner circle) of a 0.5mm disc within
a search area (purple outer circle).

The average value of the pixels of the four locations are then compared to decide
which corner is most likely containing the gold disc by determining the corner with
the highest (or lowest, in case of pixel values decreasing with higher object density)
pixel value. If the corner selected is the corner actually containing the disc, CDCOM
has correctly detected the disc, otherwise it failed to detect it.
This process is repeated for the centre disc together with the three corners not
containing a disc in order to retrieve a second phantom image reading.
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Appendix 9: Significance of test items
The test-items described in the European Guidelines for quality assurance in breast cancer
screening and diagnosis, fourth edition and the Supplement to the European Guidelines can be
divided in four categories: essential test items which should be measured, desirable test items
which are advised to be measured, optional test items which can be measured and test items
which have been omitted in the Supplement to the European Guidelines. These last category
consists of (1) test-items which have been proven to be of low importance, (2) test items,
which are (indirectly) covered by other tests and (3) test items which are difficult to measure
by individual physicists and are covered by the supplier/manufacturer when installing a
system.
Essential test items:
2b.2.2.1.1
Response function/2b.2.2.1.2 Noise evaluation
2b.2.1.3.3
AEC Short term stability
2b.2.1.3.4
AEC long term stability (weekly/daily QC)
2b.2.1.3.5
AEC Breast thickness and composition compensation
2b.2.2.3.1
Homogeneity/artefact evaluation/uncorrected defective detector elements
2b.2.3
Dosimetry (requires 2b.2.1.2.2 Half value layer)
2b.2.4.1
Threshold contrast visibility
2b.2.4.5
Ghost image/Erasure thoroughness
Desirable test items:
2b.2.1.2.1
Tube voltage
2b.2.1.3.1
Exposure control steps (if applicable)
2b.2.1.3.2
Back-up timer and security cut-off
2b.2.1.3.6
Local dense area
2b.2.1.4
Compression
2b.2.2.2
Missed tissue at chest wall side
2b.2.2.3.2
Detector element failure
2b.2.2.4
Interplate sensitivity variations
2b.2.4.3
Exposure time
Optional test items:
2b.2.1.1.3
Alignment of X-ray field/image area
2b.2.1.1.5
Tube output
2b.2.4.2
MTF, NPS, DQE
Omitted test items:
2b.2.1.1.1
Focal spot size
2b.2.1.1.2
Source-to-image distance
2b.2.1.1.4
Radiation leakage
2b.2.1.5.1
Grid system factor
2b.2.1.5.2
Grid imaging
2b.2.2.5
Influence of other sources of radiation
2b.2.2.6
Fading of latent image
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