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ABSTRACT

Eye movements reflect the visual process of humans’ percep-
tion and cognition. In the field of medical imaging, the diag-
nosis rendered by radiologists is closely related to their eye
movements when reading radiological images. It is beneficial
to study the eye movements of radiologists to improve the di-
agnostic performance. However, existing studies are mainly
focused on the radiologists’ fixations but rarely on their sac-
cade patterns. Moreover, these studies are almost based on
limited datasets. In this paper, we present a quantitative study
of the gaze behavior of radiologists from the perspective of
saccade patterns on a large-scale dataset. The dataset com-
prises of the eye-tracking data of 10 expert radiologists read-
ing 196 mammograms. By analyzing the saccade amplitude,
direction, and bias of radiologists, we found that radiologists
have specific saccade patterns in image reading and the sac-
cade patterns are significantly affected by the different read-
ing phases, working experience, and orientations of the mam-
mograms.

Index Terms— saccade, eye movement, medical imag-
ing, eye-tracking, mammogram

1. INTRODUCTION

Humans tend to concentrate their visual resources on the most
relevant information in a visual scene. Eye movements rep-
resent a central feature of human vision, which reflects the
visual system processes of perception and cognition [1]. It
has been demonstrated that radiologists’ diagnosis is related
to eye movement behavior when reading radiological images
[2] [3]. According to past studies, the miss rate (i.e., mean-
ing discrepancies in terms of missing an important diagno-
sis) might be up to 30% [4] and the false-positive rate may
even exceed 50% [5] in some areas of radiological diagnostic
practice. Therefore, it is beneficial to study radiologists’ eye
movement behavior during the image reading, and develop
useful solutions to improve their diagnostic performance.

Generally, eye movements are composed of fixations (the
stages that the eyes are almost still to receive information)
and saccades (the eye movements between the current and
next fixation) [6]. In the field of medical imaging, research

attention is especially focused on fixations. For example, a
method is proposed in [7] to use the radiologists’ fixation fea-
tures (i.e., fixation count, duration, and frequency) to evaluate
their diagnostic performance. In [8], the experts’ fixation pat-
terns are utilized to train trainees and successfully improve
their technical laparoscopic skills.

However, the saccades, which represent another key char-
acterization of eye movements, are rarely analyzed in detail
in the field of medical imaging. There is evidence to indi-
cate that the direction and amplitude of saccadic eye move-
ments are the pivotal features to describe gaze behavior. In [9]
and [10], the overall average saccade amplitude in Computed
Tomography images has been discussed. [11] and [12] show
that the saccade is influenced by the context of images and the
characteristics of readers. [13] found that the patterns in sac-
cade direction vary with picture orientation. Therefore, it is
of interest to investigate the saccade patterns of expert radiol-
ogists using eye-tracking technology and gaze data analysis.

In this paper, a novel saccade pattern study in screening
mammography is proposed with the following contributions.
First, this study is based on an eye-tracking dataset of a large
number of mammogram images and expert radiologists which
are often limited in existing studies. Second, the saccade am-
plitude and direction are utilized to characterize gaze behav-
ior instead of the popular fixation-based metrics. Third, the
saccade behavior differences between the different reading
phases are revealed in this paper, which could be useful for
the development of algorithms for automatically assisting ra-
diologists in diagnosis.

2. EYE-TRACKING MAMMOGRAPHY DATASET

The dataset, as detailed in [14], contains eye-tracking data
of expert radiologists reading a set of mammograms, which
records the positions and start and end times of each fixation
for each radiologist. This mammogram set consists of 196
mediolateral oblique (MLO) view mammogram images with
the size of 1080×1920 pixels, which were extracted from 98
anonymous cases from the University Hospitals KU Leuven
in Belgium, each with two MLO views for the left and right
breasts respectively. Examples of the mammogram images in
this dataset are shown in Fig.1. Eye-tracking data were col-



lected from the mammogram reading processes of 10 expert
radiologists from the Breast Test Wales (BTW) Cardiff center
which is one of the centers delivering the National Health Ser-
vice Breast Screening Programme (NHSBSP) that provides
a screening mammography exam for women aged 50-70 ev-
ery three years. These ten radiologists are denoted as being
R1 (8 years experience in mammography), R2 (6 years), R3
(8 years), R4 (2 years), R5 (5 years), R6 (10 years), R7 (20
years), R8 (25 years), R9 (15 years), R10 (25 years). The pro-
cedure of collecting and processing the eye-tracking data for
this dataset is detailed in [15].

(a) Left Breast (b) Right Breast

Fig. 1. Illustration of two mammogram images in the dataset.
(a) and (b) are respectively the MLO view mammogram im-
ages of the left and right breasts from one anonymous case.

3. ANALYSIS OF THE SACCADE BEHAVIOR

To clearly describe the pattern of saccade amplitude and di-
rection of radiologists, the following conditions are given.
The amplitude is defined as the Euclidean distance between
the current and previous fixation; the direction is defined as
the angle formed by the line between the current and previous
fixation and the rightward horizontal line through the previ-
ous fixation; the amplitude and direction are both calculated
from the second fixation of each image case.

3.1. Analysis of the Saccade Amplitude

The mean saccade amplitude over all images for each radi-
ologist is shown in Fig. 2 (a). It can be seen that the mean
saccade amplitude of the ’senior’ radiologists with at least
15 years of experience in mammography (i.e., R7, R8, R9,
and R10) is lower than the ’junior’ radiologists with not more
than 10 years of experience (i.e., R1, R2, R3, R4, R5, and
R6). The result of the independent sample t-test shows there
is a significant difference between the ’senior’ and ’junior’
groups (p<0.05), meaning ’senior’ radiologists make signif-
icantly smaller saccade amplitudes than ’junior’ radiologists.
Furthermore, there are also relationships between the saccade
amplitude and the reading periods of mammograms. It can be
seen from Fig. 2 (b) and (c) that the mean amplitude of both
groups is significantly larger between 0 and 500ms than in
other periods. After the 0-500ms phase, the ’junior’ group’s
mean saccade amplitude drops to the area right above 200

pixels and maintains in the region for the rest of the reading
phases; the saccade amplitude of the ’senior’ group first drops
to the area right above 200 pixels and then further decreases
after the 500-1000ms phase and finally the mean amplitude
is plateauing at a rather low mean amplitude (i.e., below 200
pixels) towards the end of the reading.

According to the studies of [16] and [17], reading meth-
ods of radiological images mainly include global reading and
detailed reading, and the following inferences can be made.
First, both ’senior’ and ’junior’ radiologists scan the images
extensively with similar mean amplitude to obtain a holistic
impression and determine the regions of interest during the
initial reading period (0-500ms). Second, all radiologists tend
to scan with a smaller amplitude to check these regions of in-
terest after the initial period, but the ’senior’ radiologists tend
to implement more meticulous reading strategies. Therefore,
all radiologists’ readings of mammograms can be divided into
two phases: the global reading (0-500ms) and detailed read-
ing (500-3000ms).

3.2. Analysis of the Saccade Direction

The study in [13] shows that the direction of readers’ saccade
is strongly affected by the presentation orientations of natural
images. However, the influences of the presentation orien-
tations on the radiological images are rarely discussed. As
shown in Fig.1, the mammograms of the left and right breasts
of each patient are presented with different orientations to
the radiologists during the collection of eye movement data.
Therefore, mammograms are firstly divided into the left and
right breast sets in the analysis for saccade direction to avoid
possible interference.

To describe the overall pattern of saccade directions, all
directions are divided into 32 sections of the central angle
with 11.25◦ each, which are sequentially distributed counter-
clockwise using the rightward horizontal direction (i.e., 0◦) as
the beginning of the first section. The saccade direction pro-
portions for the ’senior’, ’junior’, and all radiologists of each
image set in each section are then plotted in the polar plots,
as shown in Fig.3. It can be seen that the proportion distribu-
tions of the ’senior’ and ’junior’ groups are quite similar and
there is no statistically meaningful difference (i.e., p>0.05)
between them in both the right and left breast sets. Compar-
ing Fig. 3 (a) and (b), both of them similarly have one up-
ward and one downward peaks vertically. There is an obvious
difference in the horizontal direction, where, the proportion
distribution of the left breast image set has one leftward peak
(around 180◦) and the right breast image set has one right-
ward peak (around 0◦) horizontally. This is consistent with
the different orientations of these two sets of mammograms.

In order to conduct statistical analysis, all saccades in the
aforementioned 32 sections are re-arranged into four direc-
tions that include upward (45◦-135◦), leftward (135◦-225◦),
downward (225◦-315◦), and rightward (315◦-45◦) saccades.



(a) (b) (c)

Fig. 2. Illustration of the mean saccade amplitude. (a) represents the individual mean amplitude. (b) and (c) show the mean
saccade amplitude respectively for the ’junior’ and ’senior’ radiologists for different reading time periods. The error bars
represent the 95% confidence interval.

(a) (b) (c)

Fig. 3. Illustration of the proportions of saccade direction. (a) and (b) are respectively for the left and right breast image sets.
(c) is for all mammograms after left aligning.

According to the results of the ANOVA performed for the
four saccade directions, the effect of the different directions
(i.e., F=3.86, p<0.05) on the saccade frequency is statisti-
cally significant. Besides, the paired t-test is performed for
saccades of four directions in the left and right breast im-
age sets. The results show that vertical (upward or down-
ward) saccades there is no significant difference (i.e., p>0.5)
between the two image sets, but for the horizontal (leftward
and rightward) saccades there is a significant difference (i.e.,
p<0.01) between the two image sets. Moreover, there is no
significant difference (p>0.05) between the leftward saccades
in the left breast image set and the rightward saccades in the
right breast image set, and no difference between the right-
ward saccades in the left breast image set and the leftward sac-
cades in the right breast image set. In summary, the follow-
ing conclusions can be drawn. First, the saccade frequency is
different in different directions. Second, only the horizontal
saccade directions of radiologists are affected by the mammo-
grams’ orientations and this influence can be reduced by the

orientation alignment.
Therefore, to reduce the influence of the different mam-

mograms’ orientations, all mammograms and data are aligned
to the left, then a new overall saccade direction polar is shown
in Fig.3 (c). Also, there is no significant difference (i.e.,
p>0.5) between the ’senior’ and ’junior’ radiologists. It can
be seen that radiologists tend to perform asymmetric hori-
zontal saccades and more vertical direction saccades in the
mammography reading. This is different from humans’ be-
havior when viewing natural images, where humans are prone
to scan symmetrically and scan heavily more in the horizontal
direction [13] [18] [19]. It is speculated that these differences
might be due to the radiologists’ expertise, reading purpose,
and specific image content.

3.3. Analysis of the Saccade Bias

In order to describe more clearly, the following conditions
are given to estimate the saccade bias. First, all of the 98 right



(a) (b) (c)

(d) (e) (f)

Fig. 4. Illustration of the saccade distributions of overall reading, global reading and detailed reading phases for junior radiolo-
gists (a), (b), (c) and senior radiologists (d), (e), (f).

breast images are left-aligned by horizontal flipping to reduce
the presentation orientation influence that has been discussed
above. Second, the maximum value of the saccade ampli-
tude is limited to 800 pixels because there are rare saccade
amplitudes larger than 800 pixels. Third, the probability dis-
tribution is estimated by the two-dimensional Gaussian kernel
density estimation (KDE), which is expressed by:

f̂(x,y) =
1

n

N∑
i=1

Kh(x− ∆xi, y − ∆yi) (1)

where n is the number of samples; Kh is the scaled Gaus-
sian kernel function; ∆xi and ∆yi respectively denote the
horizontal and vertical components of the amplitude of each
saccade.

It has been learned from the analysis of the saccade am-
plitude that the overall reading can be divided into global and
detailed reading phases. Therefore, the saccade probability
distributions of overall reading and the two reading phases of
’senior’ and ’junior’ groups over the entire 196 mammogram
images are plotted separately in Fig.4. It can be seen from
overall reading (see in Fig.4 (a) and (d)), the saccades of both
’senior’ and ’junior’ radiologists are mainly distributed in ver-
tical and leftward horizontal directions and have a strong bias
in the central area with amplitudes less than 200 pixels. In
terms of detailed reading (see in Fig.4 (c) and (f)), the ’ju-
nior’ group especially concentrates the saccades on the down-

ward direction with amplitudes of about 50 to 200 pixels.
In contrast, the concentration area of the ’senior’ group is
much larger, which indicates that the ’senior’ radiologists are
more inclined to conduct multi-directional small-scale sac-
cades. This provides further evidence that the reading strategy
of ’senior’ radiologists is more meticulous. The saccade dis-
tributions of the detailed reading are vastly different from the
global reading. In terms of the global reading (see in Fig.4 (c)
and (f)), both groups have a strong horizontal saccade bias,
but unlike with detailed reading, the saccades of ’junior’ radi-
ologists are more concentrated. This is probably because the
’senior’ radiologists have developed more proficient search-
ing skills that allow them to search more widely.

4. CONCLUSION

In this paper, we analyzed the image reading patterns from the
perspective of the saccade for 10 expert radiologists based on
a large-scale eye-tracking dataset. The analysis leads to the
conclusion that radiologists have specific saccade patterns in
mammogram image reading, which are these saccade patterns
are significantly affected by different reading phases, degrees
of mammography experience, and orientations of the mam-
mograms. These could provide a basis for the development
of algorithms that can automatically predict the diagnosis ren-
dered by radiologists.
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