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Optimization in mammography

In general, radiological images should be acquired to ensure
sufficient image quality to answer the diagnostic question while
keeping the radiation dose as low as reasonably achievable
(ALARA principle).

As will be discussed, achieving the optimal balance in
mammography is both particularly important and especially
challenging



Normal breast anatomy

1. Chest wall
2. Pectoralis muscles
3. Lobules
4. Nipple

5. Areola
6. Duct
7. Fatty tissue
8. Skin



Features of Breast Cancer

• Increased Density (relative to previous exams)

• Architectural Distortion

• Micro-calcifications

• Masses

Masses

Architectural distorsion

Micro-calcifications



Optimization in mammography

The objective of optimization is to produce images that provide
maximum visualization of breast anatomy and the signs of
disease, which means:

• detect and characterize microcalcification cluster patterns
and morphology

• visualize breast parenchyma and subtle architectural
distortions

• detect soft tissue masses and assess shape, size, degree of
local invasion

BUT

without exposing the breast to unnecessary radiation

(the breast is a highly radiosensitive organ)



Challenges
Breast imaging presents various challenges. The density of the
breast can vary depending on age, genetic factors, and the
menstrual cycle (in premenopausal women). Although this
variability is physiological, it has important implications for lesion
detectability.



Challenges

Fibro-glandular and tumor tissue have similar attenuation
properties, so high contrast resolution is required

Source: Bushberg, The Essential Physics of Medical Imaging



Challenges

On the market, different mammography systems are available,
differing in terms of:

• anode/ filters combinations

• detector (technology and specific proprieties)

• Automatic Exposure Control (they may operate in different
modes)

• image processing

Device-specific optimization is required
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Digital mammography system

A complex chain that includes X-Ray tube, detector,
software, PACS (Picture Archiving and communication
System)



Digital mammography system



Digital mammography system

To enhance the visibility of
low contrast details !!

To minimize 
blurring and 

provide visibility 
of the small 
calcifications



Digital mammography system

Suitable spectral shaping is selected on order to obtain a high
contrast sensitivity

The first dedicated X-Ray tube used molybdenum both as anode material and beam filter.

Mo anode (Z = 42) produces characteristic X-ray peaks at 17.6 keV and 19.7 keV and the filter,
with an attenuation K edge at 20 keV, absorbs most of the hard X-Rays. This combination
produces an X-Ray spectrum with a peak around 20 keV, optimal to visualize low contrast
details using a reasonable radiation dose to the patient for smaller breasts.

Two anode targets (dual track X-Ray tube) and two filters, in Molybdenum and Rhodium
respectively, were produced to improve image quality also for larger and denser breasts :

Mo target and 30 micron Mo filter, for fatty breast up to 4 cm thick

Mo target and 25 micron Rh filter, for glandular breast, from 5 to 7 cm thick

Rh target and 25 micron Rh filter, for breast thickness higher than 7 cm

The new equipments (coupled with flat panel detectors) use anode in Tungsten and filter
materials are Rhodium, Silver and for special technique (as tomosynthesis) also Aluminium.



Only half beam is used to form
the image. To obtain the full field
coverage, target angle larger than
20° is needed.

Digital mammography system

Chest wall Nipple



Compression is essential for optimizing image quality and reducing patient
dose, but it is also uncomfortable and painfull for the patient.
Recommended specifications for compression:
• Manual and automated breast compression
• Maximum force (when automated: 150 N ÷ 200 N
• Emergency release
• Automatic decompression after exposure

Digital mammography system



Digital mammography system

Nowadays, almost only mammography systems equipped with
digital flat-panel detectors are commercially available

Recommended minimum specifications

Detector type
Preferably direct conversion flat panel (amorphous

Selenium (a-Se), but also indirect conversion flat
panel (CsI)

Effective field size At least equivalent to 24 cm x 29 cm

Pixel size ≤ 100 µm

Dead pixel map Provided

Image depth At least 12 bit

System spatial resolution ≥ 7 lp/mm



Digital mammography system
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AEC

AEC plays a crucial role in optimization, because it determines the
the “optimal” exposure conditions needed to achieve a specific
image quality.

In digital mammography the detector is used both for a short pre-
exposure (few ms) and image acquisition.
The pre-exposure provides information on breast composition and
identifies the most absorbent area.
The height of the compression paddle estimates the breast
thickness



AEC
Depending on breast composition and breast thickness, the
system selects

• anode/filter combination

• kV

• mAs

in order to obtain the desired balance between image quality
(IQ) and radiation dose.

To design, calibrate and test the performance of a AEC system,
simple and reproducible methods are commonly adopted, based
on the use of:

• a simple phantom

• a easy to measure and reproducible metric



Protocols



SDNR (EFOMP)

Signal-difference-to-noise ratio (SDNR)

𝑆𝐷𝑁𝑅 =
𝑀𝑃𝑉𝑏𝑘𝑔 −𝑀𝑃𝑉𝐴𝑙

𝑆𝐷𝑏𝑘𝑔



SDNR (EFOMP)

Image of the phantom is acquired with active compression
device and AEC (automatic exposure control)

DICOM FOR PROCESSING IMAGES are used for the analysis

PMMA Slabs simulate breasts

An aluminium detail
0.2 mm thick - side 10 – 15 
mm



Analysis
A software for image analysis
is required.

EFOMP protocol describes in
detail how perform the analysis
in ImageJ (free packages), but
other solutions can be
adopted-

MPV and SD of background
should be measured in «square
band» around the aluminium
detail



Image analysis

For each PMMA thickness the SDNR is calculated according to 
the definition.

SDNR variation respect to reference thickness 45 mm is
evaluated, according to the following formula:

SDNR45mm = (SDNRi – SDNR45mm)/SDNR45mm x 100

The exposure parameters are recorded, in order to evaluate
MGD (anode, filter, kV, mAs..)



SDNR
HOLOGIC (FFDM)

PMMA (mm) SDNR ΔSDNR45mm (%)
Limits 

ΔSDNR45mm
Test

20 8.56 30.8 ≥ 0% Passed

30 7.50 14.7 ≥ 0% Passed

40 6.84 4.5 ≥ 0% Passed

45 6.54 0.0 0% Passed

50 5.67 -13.4 ≥ -15% Passed

60 5.24 -20.0 ≥ -30% Passed

Hologic FFDM

PMMA nominal
thickness (mm)

PMMA measured 
thickness (mm)

HVL (mmAl) mAs
μGy/mAs @ 

SDD
Ki (mGy) g-fact c-fact s-fact AGD (mGy)

AGD limit 
(mGy)

Test

20 21 0.534 40.0 24.14 1.027 0.549 0.915 1.042 0.538 1.0 Passed

30 32 0.546 63.0 26.50 1.833 0.416 0.952 1.042 0.757 1.5 Passed

40 45 0.566 83.0 31.59 2.974 0.320 1.035 1.042 1.026 2.0 Passed

45 53 0.575 100.0 34.34 3.959 0.283 1.090 1.042 1.273 2.5 Passed

50 60 0.588 92.0 40.23 4.338 0.255 1.135 1.042 1.309 3.0 Passed

60 75 0.606 92.0 53.61 5.977 0.212 1.206 1.042 1.592 4.5 Passed



SDNR 
The SDNR is easy to measure and can be used to test the AEC
performance.

There are significant differences in the SDNR produced by
different mammography systems depending on:

• difference of x-ray source

• detector technology,

• read-out electronics

• the presence (in special case) of some type of pre-processing.

It is impossible to assess quality of any given digital
mammography system on the basis of only the SDNR. It is not an
absolute image quality index and other image quality parameters
are necessary to perform inter-system comparison



SDNR (IAEA)

𝑆𝐷𝑁𝑅 = 𝐵 − 𝐴 /𝐶

A: Mean pixel Value
B: Mean pixel value
C: Standard deviation



CNR (EUREF)

Contrast-to-noise ratio (CNR)



AGD = K·g·c·s

• D is the mean glandular dose

• K is the incident air kerma (without backscatter)

• The factor g, corresponds to a glandularity of 50% and it is
tabulated for a range of HVL.

• The factor c corrects for the difference in composition of
typical breasts from 50% glandularity and it is given for typical
breasts in different age range

• The factor s corrects for differences due to the choice of X-ray
spectrum

Typical breasts simulated with PMMA

MGD (or AGD)



European guidelines for quality assurance in breast cancer screening 
and diagnosis Fourth edition Supplements

Standard phantom:  45 mm PMMA; Glandularity 50%

g-Factors for breasts simulated with PMMA



European guidelines for quality assurance in breast cancer screening 
and diagnosis Fourth edition Supplements

The glandularity of typical breast in not 50%. 
C- factor corrects for the difference in composition of 

typical breasts from 50% glandularity 

c-Factors for breasts simulated with PMMA



European guidelines for quality assurance in breast cancer screening 
and diagnosis Fourth edition Supplements

S-factor corrects for differences due to 

the choice of X-ray spectrum



New breast dosimetry



Image quality

Image quality is a complex concept. It depends on:

• contrast resolution

• spatial resolution

• noise

• dose level

How can image quality be evaluated?





Techincal Image Quality IQ e CIQ

Test objects (TO) or phantoms are reproducible and known
objects.
Images of these objects can be analysed to evaluate image
quality parameters, which describe the so-called technical image
quality (TIQ)

Clinical image quality (CIQ) is usually evaluated within studies
properly designed, including many clinical images and several
radiologists, to consider the wide variability in human perception
and decision criteria.

The relationship between TIQ and CIQ is complex and not easy
to characterise.



TIQ e CIQ

In general, the improvements in technical image quality
are likely to lead to improvements in clinical image
quality,

….but it is very difficult (virtually impossible) to use
absolute or relative thresholds for TIQ parameters to
identify an acceptable level of diagnostic image quality



Evaluation of image quality using test objects 
and phantoms

Three objectives

1. During acceptance/commissioning test, the technical image 
quality is evaluated on images obtained in AEC mode (at the 
dose level suggested from the manufacturer). 

The level of IQ can be compared with the minum acceptable
level, as defined for the adopted QC protocol, to verify the 
performance of the systems

2. Define a baseline for one or more IQ indices and a “control 
interval” to be used as reference thereafter for longterm
reproducibility tests. 



TIQ

The typical tollerance interval is calculated as baseline ± 3 standard deviations.

acceptable achievable

baseline

time

IQ

3. Monitor the performance of the system during the time 
(long term reproducibility), through “constancy test”



ACR Accreditation phantom



ACR Accreditation phantom

In US, the use of an ACR accredited phantom is mandatory. Each
mammography facility needs to be accredited by an authorized
accreditation body. Among the criteria, the submission of an ACR
phantom image of acceptable quality is included. Furthermore, to
maintain accreditation an image of the ACR phantom must be
imaged weekly and these images must be recorded.



CIRS phantom



Leeds TOR MAS/TOR MAX



Leeds TOR MAS/TOR MAX



TOR MAM



TOR MAM



Quart MAM/DIGI



CDMAM



CDMAM

CDMAM phantom consists of an aluminum base with gold discs
of various thickness and diameter . The aluminium base is
attached to a Plexiglas (PMMA) cover.

The gold discs are arranged in a matrix of 16 rows by 16 columns.
Within a row the disc diameter is constant, with (partly)
logarithmic increasing thickness and within a column the
thickness of the discs is constant and the diameter increases
logarithmic. Each square contains two identical discs (same
thickness, same diameter), one in the center and one in a
randomly chosen corner.

Easily recognizable patterns have been avoided. The total matrix
is rotated by 45 degrees and the corners of the matrix are
skipped.



Image quality evaluation

Human-based scores – Counting “visible” details

A common and easy image quality assessment (derived from
“analog world”) consists in counting which details in the phantom
image are “visible”, according to different “visibility” criteria.

The evaluation can be done by a certain number of observers
(expert and not-expert) to consider inter-observer variability

The following score can be assigned :

1  detail is well/totally visible, 

0.5 detail t is not-well/partially visible,

0 detail is not visible at all



Image quality evaluation
Counting “visible” details is usually done with the ACR
accreditation phantom or with the CIRS Model 011A. The sum of
scores associated to all detail visibility is taken as overall IQ
index, and a minimum threshold can be set for the total score
and, separately, per each type of detail.

Total minimum 
acceptable score:  4 
fibers + 3 groups of 
specks + 3 masses = 

10 details



Image quality evaluation

Independently of the scale used to score phantom images, these
human-based methods have inherent limitations.

Intra- and inter-observer variability unavoidably affects the
image quality evaluation process.

Training of observers can reduce, but not eliminate the
variability

The process of counting details or assessing visibility scores can
be performed automatically by software.

The uncertainty associated to intra- and inter-observer variability
are eliminated. In general, this software do not apply observer
models to mimic human visual system and often count or “see
more” than the “mean observer”





Image quality evaluation

Human-based scores – “Visibility” threshold

The routine assessment and control of
IQ is often evaluated in terms of
threshold contrast visibility of details
varying in diameter and contrast.

Contrast detail curves, displaying the 
minimum detected contrast for each 
detail diameter, are commonly used for 
reporting.



The observer is able to distinguish a lower contrast in A system,
compared to B system



Image quality evaluation

Human readings of images produced by C-D phantoms have the
same limitations of intra- and inter-observer variability we
mentioned for counting “visible” details methods.

Software packages have been developed in order to perform
automated quantitative analysis of images produced with the
CDMAM test object.
For the final presentation of the results is done using a global
index (Inverse Image Quality Figure):

IQFinv = 100 / i(Diameteri * threshold thicknessi)



Quantitative image quality evaluation

Digital images allow the calculation of a large number of
quantitative parameters, using suitable software.
The only issue is to define appropriate IQIs for each given
phantom, in order to show differences in image quality.

Quantitative IQIs are:

• objective
• reproducible
• more sensitive than human-based methods in assessing IQ

differences



FOM

In assessing the performance of digital mammography
systems the concept of the figure-of-merit (FOM) was
introduced.

FOM are used:
• to compare techniques and exposure factors in the

optimisation of mammography systems
• to compare the performance of similar digital

mammography systems employing different spectra
• to compare different digital mammography systems



FOM

In the literature, the term SdNR has been used interchangeably
with the CNR

Different formulation for the FOM

Samei et al.            FOM =
𝐶𝑁𝑅2

𝐸

Kanga et al. FOM =
𝐶𝑁𝑅2

𝑀𝐺𝐷


