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Abstract

Objectives To study how radiologists’ perceived ability to interpret digital mammography (DM) images is affected by decreases
in image quality.

Methods One view from 45 DM cases (including 30 cancers) was degraded to six levels each of two acquisition-related issues
(lower spatial resolution and increased quantum noise) and three post-processing-related issues (lower and higher contrast and
increased correlated noise) seen during clinical evaluation of DM systems. The images were shown to fifteen breast screening
radiologists from five countries. Aware of lesion location, the radiologists selected the most-degraded mammogram (indexed
from 1 (reference) to 7 (most degraded)) they still felt was acceptable for interpretation. The median selected index, per
degradation type, was calculated separately for calcification and soft tissue (including normal) cases. Using the two-sided,
non-parametric Mann-Whitney test, the median indices for each case and degradation type were compared.

Results Radiologists were not tolerant to increases (medians: 1.5 (calcifications) and 2 (soft tissue)) or decreases (median: 2, for
both types) in contrast, but were more tolerant to correlated noise (median: 3, for both types). Increases in quantum noise were
tolerated more for calcifications than for soft tissue cases (medians: 3 vs. 4, p = 0.02). Spatial resolution losses were considered
less acceptable for calcification detection than for soft tissue cases (medians: 3.5 vs. 5, p = 0.001).

Conclusions Perceived ability of radiologists for image interpretation in DM was affected not only by image acquisition-related
issues but also by image post-processing issues, and some of those issues affected calcification cases more than soft tissue cases.
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Key Points

 Lower spatial resolution and increased quantum noise affected the radiologists’ perceived ability to interpret calcification

cases more than soft tissue lesion or normal cases.

* Post-acquisition image processing-related effects, not only image acquisition-related effects, also impact the perceived ability

of radiologists to interpret images and detect lesions.

* In addition to current practices, post-acquisition image processing-related effects need to also be considered during the testing

and evaluation of digital mammography systems.

Keywords Breast cancer - Digital mammography - Perception - Quality control

Abbreviations
CR  Computed radiography
DM Digital mammography
M  Median

Introduction

Digital mammography (DM) is the predominant imaging
technique used for breast cancer screening. However, image
interpretation and detection of breast lesions will be affected
by the quality of the acquired mammogram [1-8]. Image qual-
ity refers to the collection of image parameters, such as signal-
to-noise ratio, spatial resolution, and contrast, whose levels
need to be high enough to have a mammogram that allows
the interpreting radiologist to distinguish pathological struc-
tures from the background, i.e., resulting in a mammogram
that fulfils its diagnostic purpose. Therefore, evaluation of
image quality is an important procedure to identify and under-
stand the issues that may affect image interpretation. For this
reason, guidelines were developed to assess, optimise, and
accept digital mammography systems, with the aim of
maximising breast screening performance [9]. An example
of evaluation procedures of DM systems is type testing, where
both the technical and clinical performance of a new DM
system are assessed before their clinical introduction [9].
There are various sources of potential image quality issues
that can affect mammographic image interpretation and that
are taken into account in these guidelines. Considering the
very different characteristics between the two major types of
findings suggesting cancer in mammography (soft tissue le-
sions and calcifications), the imaging issues that may hamper
their detection and interpretation, in terms of size, density,
margin, distribution, and shape, could differ. For soft tissue
lesions, for example, shape, margin characteristics, and over-
all density are important discriminators between benign and
malignant lesions. For calcifications, number, morphology,
and distribution are important features to consider during their
interpretation [10, 11]. Therefore, soft tissue lesion visibility
can be affected by the characteristics in the depiction of the
breast anatomical structure, such as contrast, while calcifica-
tion detectability can be affected by the presence of noise,
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such as random quantum noise, which generally limits the
visibility of small structures [12—15]. However, a relatively
higher noise level in the image, due to, e.g., a reduced radia-
tion dose, can also affect the discrimination of benign and
malignant soft tissue lesions [13—15]. Given the relationship
between these image quality features and the image acquisi-
tion process, image quality issues such as relatively higher
noise levels can be a consequence of suboptimal selection of
acquisition settings, suboptimal settings of the automatic ex-
posure control, or of problems with the x-ray source of the
mammography system.

Image blurring is another issue that can lead to a reduction
in lesion detection performance, although lesions of different
types may be impacted to a different degree. Blurring can be a
consequence of, for instance, breast motion, the resolution
properties of the detector, or the imaging geometry, including
the effective size of the x-ray focal spot [16, 17]. Some studies
show that lower system resolution affects calcification visibil-
ity more than soft tissue lesion visibility, mainly because cal-
cifications are fine and small structures, making it more diffi-
cult to distinguish their morphology, distribution, and number,
in images with higher blur [17, 18]. Meanwhile, when com-
paring the impact of higher noise levels and lower spatial
resolution on lesion detectability, the former seems to affect
detection accuracy more than the latter, for both types of le-
sions [18].

Ideally, the application of any image processing algorithm
should provide the maximum possible amount of useful infor-
mation present in the mammogram to the radiologists. In this
way, the visual appearance of the mammogram is modified,
allowing for an improved visibility of the breast structures and
the lesions for a human reader, by optimising the displayed
brightness and contrast throughout the image. However, it has
been shown that this depends on the image processing
methods used, which may impact soft tissue lesion and calci-
fication detection differently [6—8]. There are innumerable
image processing methods implemented by manufacturers,
which change the visual appearance of mammograms differ-
ently [5, 6]. However, these implementations are proprietary,
with little to no information about these processes made pub-
lic. Therefore, it is not straightforward to predict how image
processing actually changes the visual appearance of



Eur Radiol (2021) 31:5335-5343

5337

mammograms and how it impacts clinical performance.
Inadequate image processing algorithms may result in the
contrast being increased, or decreased too much, negatively
affecting, for instance, the depiction of the differences in
density of breast structures and breast lesions. Furthermore,
some processing algorithms may increase the spatial corre-
lation of the pixels in the image, creating changes in the
texture of the breast that could resemble calcifications.

Consequently, it is essential that comprehensive image
quality evaluation considers both image acquisition and pro-
cessing to ensure the optimal performance of systems, in
such a way that neither the detection nor interpretation tasks
by the radiologists are negatively affected. This means that the
full imaging chain needs to be tested and controlled in order to
guarantee a sufficient quality of mammograms. However, to
ensure the clinical relevance of image quality evaluation, it is
important to understand how image quality affects lesion de-
tection and interpretation from the radiologists’ point of view.

Therefore, the goal of this study was to investigate how
different image quality issues affect the perceived ability of
radiologists for image interpretation and lesion detection in
digital mammography.

Materials and methods

In brief, previously acquired mammograms were degraded in
five different ways separately, to six different levels of degra-
dation. While reviewing the reference image and the images
with the six levels of degradation, radiologists, knowing the
lesion location, were asked to select the mammogram of the
lowest quality they still felt was just acceptable for
interpretation.

Digital mammography cases

A total of 45 mammographic cases, with breast density vary-
ing from fatty to dense, and with and without lesions, were
selected and retrieved, under license, from the OMI-DB
anonymised database of mammograms, which is part of the
OPTIMAM project [19]. Given the use of this existing
anonymised database, no ethics approval was needed for this
study. This set contained a total of 44 lesions: 30 cancers and
14 benign findings, in addition to 5 normal cases, all with
pathological (in case of the lesion-containing cases) or
follow-up confirmation. Four out of the 45 cases had two
lesions present, one in each breast. The cases with lesions,
as well as the respective lesion locations, were reviewed and
annotated by an expert radiologist. The positive cases
contained different types of lesions, as described in Table 1,
in order to include most types of lesions found at mammog-
raphy. All images were acquired using Lorad Selenia
(Hologic, Inc.) mammography systems. The original,

Table1 Breakdown of the 44 lesions included in the image set, by type

Benign (n = 14) Malignant (n = 30)

[ll-defined mass 3 4
Well-defined mass 1
Spiculated mass - 8
Asymmetry - 5
Architectural distortion - 6
Calcification 7 6

reference, mammograms were all determined to be adequate
for interpretation, but not necessarily perfect, as is the case
with the majority of acquired mammographic images. Each
case consisted of four views. From these, the view in which
the lesion features (when present) were most visible was cho-
sen to be degraded. In case of lesion absence, the view to be
degraded was chosen at random.

Image degradation procedure

Previously developed algorithms [20-22] and algorithms spe-
cifically developed for this study were used to decrease the
quality of mammograms by introducing different image qual-
ity issues in the images. The types and magnitude of image
quality issues were selected based on previously observed
issues in digital mammography systems submitted for type
testing. The introduced image quality issues lower spatial res-
olution, increased or decreased contrast, increased pixel cor-
relation (denoted by correlated noise), and increased random
quantum noise in the image (lower dose). Lower spatial reso-
lution and increased quantum noise represented problems
caused by issues in the acquisition performance of the mam-
mography system, while correlated noise and contrast issues
represented problems caused by the post-acquisition image
processing. A pipeline of the image quality modification is
shown in Fig. 1.

For each of the five simulated image quality issues, six
images with increasing levels of degradation were gener-
ated from the reference image. The levels were selected so
that the structures and lesions in the image were not ex-
aggeratedly degraded, according to what is clinically rel-
evant and realistic.

As described in Fig. 1, anonymised “for processing” im-
ages, after (lower resolution and quantum and correlated
noise) or before (higher and lower contrast) image quality
modification, were processed and converted into “for presen-
tation” images using an off-line version of the image process-
ing applied by the reference imaging system. Details on the
image degradation processes can be found in the online
supplement.
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Fig. 1 Pipeline of the image quality modification. In the case of contrast
modifications, the “for presentation” image was degraded. In the case of
reducing the resolution or modifying the noise, the “for processing”

Radiologist review

Reviews of the selected mammographic cases were con-
ducted by fifteen breast radiologists, from five different
countries (UK, USA, Sweden, Belgium, and the
Netherlands), that do both screening and clinical work.
The radiologists had a median of 20 years (range: 5-46
years) of experience in reading mammograms. Cases were
viewed either on calibrated 5- or 12-megapixel liquid
crystal high-luminance mammography displays (Coronis
SMP Mammo and Coronis Uniti, Barco). The images
were displayed according to the DICOM standard for pre-
sentations using ViewDEX [23], software specifically de-
veloped for observer studies. The software allowed the
radiologists to move forward and backward between
cases, and to zoom, pan, and scroll over the images in
each case.

When first presented with a new case, the location of
the lesion on the displayed image was indicated to the
radiologists, and the seven mammograms were shown in
order of decreasing image quality. The images were la-
belled with a numerical index ranging from 1 (reference)
to 7 (most degraded), corresponding to the degradation
levels. The first image of each set of images was the
reference image, i.e., the original image without any
change in quality. The radiologists were asked to select
the mammogram of the lowest quality that they still felt
was acceptable for interpretation. At the selected
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image was modified first and then processed. In all cases, the final
output was “for presentation” images

degradation level, the image should still allow the radiol-
ogist to interpret the image and to look for other lesions in
the surrounding breast tissue with confidence. In case of
lesion presence, the image should also allow the radiolo-
gists to detect and interpret the lesion.

Analysis

The median (M) and distribution of the median of the ra-
diologist index of the threshold images selected by each
radiologist were calculated for each type of degradation
according to lesion type, including the normal cases. All
soft tissue lesion cases (masses, asymmetries, and architec-
tural distortions) were combined in one group and all cal-
cification cases were combined in another group. The nor-
mal cases without lesions were added to the first group,
since the general features that the radiologists considered
while assessing the soft tissue lesions and the surroundings
were approximately the same: linear structures, density,
and margins, being then denoted as soft tissue cases. The
two-sided, non-parametric Mann-Whitney test was con-
ducted using R (version 3.6.3, R Foundation for
Statistical Computing) to test for differences in the radiol-
ogists’ perceived ability to interpret calcification and soft
tissue cases for each type of degradation by comparing the
medians of each radiologist indices. p < 0.05 was used to
indicate statistical significance for this analysis.
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Fig.2 Distribution of the median of the radiologist index (1-7) for the lowest acceptable level of image quality by degradation type, corresponding index
1 to reference image, for (upper) calcifications and (lower) soft tissue cases. Boxplot explanation (right)

Results

Figure 2 shows the distribution of the median index of the
threshold images selected by each radiologist for calcification
cases and soft tissue cases. The index variability results for
each case type can be found in Table 1S in the online supple-
ment. The radiologists perceived to be more sensitive to lower
spatial resolution and increased quantum noise in
calcification-containing images than when evaluating images
containing soft tissue lesions and normal cases (p = 0.001 and
p = 0.02, respectively).

As can be seen for the images with higher contrast,
for both calcification and soft tissue cases, most radiol-
ogists selected as median threshold images the ones de-
graded with the first levels of degradation (M = 1.5 and

M = 2, respectively). The same was observed for im-
ages with lower contrast (M = 2, for both types of
cases). Degradation by addition of correlated noise was
tolerated to a higher degree (M = 3, for both types of
cases). When it comes to images with increasing quan-
tum noise, the boxplot shows that most radiologists se-
lected the images with a 30% (M = 3) and 45% (M =
4) of dose reduction, for calcification and soft tissue
cases, respectively, as the median threshold images.
Considering the images with lower spatial resolution,
for both types of cases, most radiologists selected the
median threshold images to be M = 3.5 and M = 5,
corresponding to the spatial resolution equivalent to that
of specific indirect digital and computed radiography
mammography systems (see system specifications in

@ Springer
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Fig. 3 Histogram corresponding to the levels of degradation (1-7, corresponding index 1 to reference image) that radiologists selected as still acceptable
in images with lower resolution and quantum noise for (top row) calcification cases; and (bottom row) soft tissue cases

the online supplement). This distribution, for both types  the radiologist index for images with lower resolution
of cases, is shown in more detail in the histograms of  and quantum noise in Fig. 3.

Fig. 4 Effects of increasing quantum noise in the image corresponding to a case with calcifications
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Figure 4 shows an example of the effects of increasing
quantum noise in the image corresponding to a case with
calcifications.

Discussion

Lower image quality substantially affects image interpretation
and the detection of breast cancer in digital mammography
[1-8]. Therefore, it is important to identify and understand
the potential image quality-related issues that may impact
the visibility of lesions, in order to, for instance, design more
effective testing procedures, such as type testing.
Additionally, it can also be important to optimise DM system
performance and guarantee adequate image quality, and to set
better and more evidence-based limiting values during evalu-
ation of DM systems. This will ensure that the issues that
actually affect clinical performance are the ones evaluated
with relevant limiting values.

In this study, five image quality issues that were expected
to lower the perceived ability of radiologists for image inter-
pretation and lesion detection in digital mammography were
evaluated. The effect of lower spatial resolution and increased
quantum noise on radiologists’ perceived ability was worse in
calcification cases than in soft tissue cases (including soft
tissue lesion and normal cases) (Fig. 3), as also observed in
previous studies [14, 17, 18]. This probably occurs due to the
fact that calcifications are very small and can easily disappear
when the images are affected by these two low-image quality
effects. Furthermore, the different types of degradation affect-
ed the calcification cases in a more consistent manner than
they did the soft tissue cases. Therefore, the conclusion that
calcifications and soft tissue are affected differently by chang-
es in image quality [8, 24] was once again confirmed and
supported by this study. The fact that soft tissue cases were
affected differently than the calcification-containing cases is a
key result, which calls into question the assumption that “the
visibility of normal anatomy is strongly correlated to the de-
tectability of pathological structures” [25]. This assumption,
which has been used for previous studies to evaluate image
quality and is a common assumption in the design of clinical
evaluations in type testing, is not necessarily applicable to
calcification depiction. Therefore, system testing needs to
evaluate not only the depiction of normal anatomy but also
the impact of system behaviour on pathological structures.

Thresholds of acceptability of the mammograms affected
by each degradation type were identified in this study. In
terms of spatial resolution, the capabilities of computed
radiography-based mammography systems were considered
less acceptable by most of the radiologists in the depiction
of calcifications. Meanwhile, soft tissue lesions were not af-
fected substantially by decreases in spatial resolution, because
they are larger structures. These findings agree with previous

studies that conclude that CR-based mammography systems
perform worse than DM systems for calcification detection
[12, 16, 24, 26]. The increase in quantum noise resulting from
simulated dose reduction was not tolerated past the selected
threshold due to the introduction of a grainy effect in the breast
tissue texture, as commented by the radiologists. In this study,
the radiologists were more confident with dose reductions
than those found by Warren et al [12]. However, in their work,
both image set and study design were different from the ones
used in this work; it consisted of a detection task study, with-
out knowing in advance the lesion location, which also con-
tributed to the verified differences between the two studies.
For the images with lower and higher contrast, the level of
degradation that the radiologists still felt acceptable was low.
This means that the reference images could not be decreased
much in quality before they were deemed not acceptable. In
cases of increasing the image contrast, the reference images
were already of very high-contrast, with the soft tissue locally
enhanced. Therefore, this result could have been different with
images from a different system manufacturer. Also, the way
how contrast was adapted, by increasing it globally in the
image, was different from how it was adapted by the manu-
facturer, who enhances it locally. This might lead to a narrow
range of acceptable degradation levels. In the cases with re-
duced contrast, the radiologists lost confidence already with
the first degradation levels, because the whole image was
affected, yielding a “flat” image. Therefore, some structures
and respective features were not well visualised. The increase
in noise correlation, which is a pitfall of image processing,
was also not highly tolerated, as commented on by the radiol-
ogists, because of the introduction of simulated signals that
could resemble calcifications. This explains why some highly
degraded images were still acceptable in the soft tissue cases.

It was shown that issues such as the change of contrast and
correlated noise, which are related more to post-acquisition
image processing effects than image acquisition, have a high
impact on the radiologists’ perceived ability to interpret mam-
mograms. This means that evaluation procedures such as type
testing should take into account the post-acquisition image
processing effects during the clinical evaluation phase. The
European guidelines for quality assurance in breast cancer
screening and diagnosis [9] include an evaluation procedure
in which radiologists are asked to score a set of criteria about
visibility of certain structures in processed images. However,
this procedure is not a direct assessment of the image process-
ing algorithms; it is only an approximate attempt to evaluate
the impact of image processing effects on image quality.
Therefore, the thresholds of acceptability of images for each
degradation type identified in this study cannot be considered
limiting values for mammography system testing, but they can
provide relevant information that can be used in future studies
for image quality evaluation and that will help in the evalua-
tion of image processing algorithms.
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This study also has some limitations. First, the degradation
of image quality was simulated, not obtained with actual prob-
lematic mammography systems. Also, when simulating dif-
ferent levels of lower resolution, the different systems were
not fully simulated; only one parameter, the sharpness, was
considered. However, these simulation methods have been
validated in previous phantom-based studies [20-22, 27].
Also, as in virtual clinical trials, these methods allowed for
simulating of different image quality degradation types and
levels applied to the same case, which would be impossible
to obtain in the clinical setting. By using simulations, these
images were obtained without the need for repeated radiation
exposure of human subjects and allowing for selection of
cases with specific characteristics, which can be a difficult
task otherwise. Second, the magnitude of the degradation
might be different across the different types of degradation;
i.e., in some cases, the image quality range covered by one
degradation type was larger than for other types. For instance,
the spatial resolution levels were a representation of different
systems found in the clinical setting. Therefore, the difference
between the levels may not have been as substantial as in other
types of degradation. This made impossible the comparison
across degradation types. However, the levels for each degra-
dation type were selected according to what is clinically rele-
vant and realistic, and the results across lesion type, within a
degradation type, could be compared. Finally, the number of
mammographic cases included is low. However, we did in-
clude a substantial number of radiologists, which ameliorated
this limitation. This can be seen by the fact that the distribution
of the radiologist indices across cases for each type of degra-
dation did not vary considerably, as shown in Table 1S in the
online supplement.

In conclusion, this study showed how different issues
in image quality affect the perceived ability of radiologists
for image interpretation and lesion detection in digital
mammography, demonstrating that acceptability of the
mammograms was determined not only by image
acquisition-related issues but also by image post-
processing issues, which are currently not typically eval-
uated during system testing.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00330-020-07679-8.
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