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a b s t r a c t

Purpose: In mammography, images are processed prior to display. Current methodologies based on phys-
ical image quality measurements are however not designed for the evaluation of processed images.
Model observers (MO) might be suitable for this evaluation. The aim of this study was to investigate
whether the non-pre-whitening (NPW) MO can be used to predict human observer performance in
mammography-like images by including different aspects of the human visual system (HVS).
Methods: The correlation between human and NPWMO performance has been investigated for the detec-
tion of disk shaped objects in simulated white noise (WN) and clustered lumpy backgrounds (CLB), rep-
resenting quantum noise limited and mammography-like images respectively. The images were scored
by the MO and five human observers in a 2-alternative forced choice experiment.
Results: ForWN images it was found that the log likelihood ratio (RLR

2 ), which expresses the goodness of fit,
was highest (0.44) for the NPWMOwithout addition of HVS aspects. For CLB the RLR

2 improved from 0.46 to
0.65 with addition of HVS aspects. The correlation was affected by object size and background.
Conclusions: This study shows that by including aspects of theHVS, the performance of theNPWMOcan be
improved to better predict human observer performance. This demonstrates that the NPWMO has poten-
tial for image quality assessment. However, due to the dependencies found in the correlation, the NPWMO
canonly be used for image quality assessment for a limited range of object sizes and background variability.

� 2016 Published by Elsevier Ltd on behalf of Associazione Italiana di Fisica Medica.

1. Introduction

In digital mammography (DM) image processing is applied to
make images suitable for assessment on diagnostic monitors, and
to improve diagnostic accuracy. This processing may involve
non-linear steps which take into account the characteristics of
breast images [1,2] and differs between manufacturers and soft-
ware versions. Several studies have been conducted showing that
image processing affects cancer detection [1–3] and emphasize
the need for objective measurements of image quality (IQ) on pro-
cessed images. However, methods to evaluate IQ on processed
images objectively are lacking and therefore subjective evaluations
incorporating human observers, such as proposed by van Ongeval
et al. [4], are used today.
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Current methodologies to assess IQ, referred to as physical
image quality (PIQ), use acquired images of simple homogeneous
phantoms and require a strictly monotonic relation between dose
and pixel value which is constant over the image [5,6]. As a result,
image processing is not applied to images used for PIQ and images
scored by radiologists might be different in quality. In order to
objectively assess the IQ of processed images, which we refer to
as clinical image quality (CIQ), a new methodology is required.
We believe that this new methodology requires the development
of a clinically realistic phantom which takes into account the com-
plexity and characteristics of a real breast and methods of assess-
ing the quality of processed images obtained with the phantom. In
this study we focus on the latter.

Model observers (MO) have been suggested for the evaluation
of image quality in medical imaging [7,8]. MOs are computer mod-
els which can be used to perform a particular task, for example the
detection of a mass in a mammogram. There are two types of MOs:
mathematical and statistical [9]. The first type uses signal transfer
and noise properties obtained from linear system theory metrics.
The second type of MO is based on the statistical properties of pixel
values in images. Thus, statistical MOs are solely based on the
image data and do not make any assumptions about the relation-
ship between dose and pixel value. This is important since this
relationship might be unknown after applying image processing.
When measuring CIQ, it is important that the outcome of the MO
is related to human observer performance. So before MOs can be
introduced for CIQ analysis, the correlation between human and
MO performance needs to be known and validated for different
tasks and system characteristics.

The non-pre-whitening (NPW) MO is one of the statistical MOs
that is a candidate for CIQ assessment. Rolland and Barrett [8]
demonstrated that the NPW observer fails to predict human obser-
ver performance in lumpy backgrounds. Burgess [10] subsequently
demonstrated that a better prediction could be obtained if a spatial
frequency filter is applied whichmimics the response of the human
eye, the eye filter. In the literature several approximations of the eye
filter can be found [10–19]. The human visual system (HVS)
however, cannot be fully characterised by only using an eye filter.
Avanaki et al. demonstrated that inclusionof thepsychometric func-
tion [20] improved the match in absolute performance between
human and MO and that the inclusion of a masking filter further
improved thismatch [21]. In the current studywe have investigated
whether NPW MOs incorporating various HVS aspects have poten-
tial to be used for CIQ analysis by evaluating the correlationbetween
human and MO performance. For this purpose their performance
was investigated for a simple detection task in simulated white
noise (WN) and clustered lumpy background (CLB, [22]) images.
These type of images were chosen to represent images from a quan-
tum noise limited ideal system and clinical realistic structures
respectively. Since different formulations of the NPW MO are used
throughout this manuscript, we use NPW as a generic term for all
the MOs considered. Although the ultimate aim of the authors is to
evaluate the NPWMO for use in image quality analysis of processed
images, neither defining image quality nor proposing themethodol-
ogy to evaluate image quality is part of this study. Once theNPWMO
has proven its ability to predict human observer performance suffi-
ciently well, image quality can be defined and a methodology to
evaluate image quality can be proposed.

2. Materials and methods

2.1. Non-pre-whitening model observer

In detection experiments the observer has to decide on the
presence or absence of a signal (for example a mass) by dividing

the images into two classes: signal present (class 1) and signal
absent (class 2). The goal of a detection experiment is thus to
determine the separation between the two classes. This separation
is expressed by the detectability index (d0) and is estimated from
the decision variables (k) assigned to the images of both classes.
For linear MOs, k is described by a linear transformation between
an observer template (w) and the image vector (gi) via:

ki ¼ wtgi þ e ð1Þ

where two dimensional images are written as a one dimensional
vector (bold symbols) to reduce the computational complexity, i
represents the image class, t is the transpose, and e an optional
additive model of internal noise. The addition of internal noise
degrades the performance of the MO and could be used when
matching model and human observer performance [9]. The inclu-
sion of internal noise is beyond the scope of this paper and has
not been evaluated in this study.

Among the statistical MOs the NPW model observer requires
the least computational power and is therefore attractive for IQ
analysis. The NPW MO correlates the image with the expected sig-
nal, meaning that the observer template (w) equals the signal (s),
to be detected (wNPW ¼ s) [9].

2.2. Human visual system

In medical imaging, human observers view clinical images on a
diagnostic workstation which translates pixel values to presenta-
tion values and luminance in a standardized way [7,23]. The per-
ceived luminance (brightness) of the image is transferred to the
human observer by the eye and to correctly predict human obser-
ver response the processes that take place in the human visual sys-
tem (HVS) should be included in the MO. In this paper three
different processes that occur in the HVS are evaluated: (1) the
contrast transfer of the human eye, further referred to as the eye
filter, (2) the relationship between the perceived signal and detec-
tion, further referred to as the probability map (PM) and (3) mask-
ing of the contrast arising from fluctuations in luminance in the
background, further referred to as noise masking (NM). These three
processes are further explained in the next subsections. However,
these three processes do not fully describe the HVS and further
processes are involved [24,25]. These are difficult to model and
as a first practical step have been omitted from the current study.

2.3. Eye filter

The eye filter is based on the human contrast sensitivity func-
tion [9] and is defined and applied in the spatial frequency domain.
The decision variable, k, after inclusion of the eye filter, E, is esti-
mated via:

ki ¼ ½Et � E � s�t � gi ð2Þ

where s is the signal and gi the image vector with pixel values con-
verted to luminance values. The luminance is calculated from the
pixel values using the display function of the monitor [7]. In the lit-
erature several approximations of the eye filter can be found. A brief
overview of 11 different approximations used in this study is given
below. Fig. 1 shows the 11 approximations of the eye filter, each
normalized to its peak response. It is worth noting that we have
limited ourselves to 11 approximations, which have been used in
combination with MOs in the past, but that more eye filters can
be found in the literature.

Several eye filters use a fixed mathematical expression which
does not take into account the perceived luminance nor the pro-
cess of signal transfer to the fovea of the eye. These eye filters
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