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Abstract

In radiology, 60% to 80% of diagnostic errors are perceptual. The use of more efficient visual search behaviors is expected to
reduce these errors. We collected eye-tracking data from participants with different levels of experience when interpreting chest
X-rays during the completion of a pathology-detection task. Eye-tracking measures were assessed in the context of three existing
visual search theories from the literature to understand the association between visual search behavior and underlying processes:
the long-term working memory theory, the information-reduction hypothesis, and the holistic model of image perception. The
most experienced participants (radiology residents) showed the highest level of performance, albeit their visual search behaviors
did not differ from the intermediate group. This suggests that radiology residents better processed the represented information on
the X-ray, using a visual search strategy similar to the intermediate group. Since similar visual search resulted in more information
extraction in the radiology residents compared with the intermediates, we suggest that this result might support the long-term
working memory theory. Furthermore, compared with novices, intermediates and radiology residents fixated longer on areas that
were more important to avoid missing any pathology, which possibly confirms the information-reduction hypothesis. Finally, the
larger distances between fixations observed in more experienced participants could support the holistic model of image percep-
tion. In addition, measures of generic skills were related to a lower time cost for switching between global and local information
processing. Our findings suggest that the three theories may be complementary in chest X-ray interpretation. Therefore, a unified
theory explaining perceptual-cognitive superiority in radiology is considered.
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The overwhelming majority of diagnostic errors in clinical
radiology (60%—80%) are perceptual and typically arise be-
cause observers lack essential perceptual-cognitive skills
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(Bruno, Walker, & Abujudeh, 2015; Kundel, Nodine, &
Carmody, 1978). Perceptual-cognitive skills facilitate the in-
dividual’s ability to process and integrate environmental infor-
mation with existing knowledge. In radiology, at least two
important perceptual-cognitive skills exist: (i) pattern recogni-
tion—specifically, similar meaningful patterns are recognized
better and sooner in a specific task setting as a consequence of
repetitive exposure (e.g., Loveday, Wiggins, Festa, Schell, &
Twigg, 2013); and (ii) the use of situational probabilities—in
this case, repetitive exposure to specific situations in a task
results in early insights into the possible outcomes
(Abernethy, Gill, Parks, & Packer, 2001; Hunter, 2003).
Visual search measures may be linked to the underlying pro-
cesses involved in perception in radiology and are
monitorable or adaptable.

Indeed, Bruno et al. (2015) reported that biased visual search
behavior is one of the factors responsible for perceptual errors
in clinical radiology. Specifically, approximately one third of
missed pulmonary nodules in clinical radiology are due to
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inefficient visual search behavior (Kundel et al., 1978). In order
to identify abnormalities correctly, an observer must foveally
fixate these areas (Bruno et al., 2015). Visual search can be
guided by habit, practice, or previous knowledge of anatomical
structures, disease patterns, and types of abnormalities (Bruno
et al., 2015; Wolfe, 2012; Wolfe, Cave, & Franzel, 1989).

An individual’s visual search behavior relates to how he or
she directs the visual system to extract relevant information
from the environment in order to make correct decisions. This
visual search behavior, which differs between experts and non-
experts within a specific domain of expertise (e.g., Kundel &
Nodine, 1975; for a review, see Brams, Ziv, Levin, Spitz,
Wagemans, Williams, & Helsen, 2019), can be described by a
mixture of fixations, saccade amplitudes, distances between
fixations, dwells, and so forth. Fixations, for example, keep
the gaze stable on environmental stimuli, while saccades are
rapid eye movements, typically from one fixation location to
another (Komogortsev & Karpov, 2013). A dwell is described
as one visit to an area of interest (AOI), and returns to the AOI
were counted as new dwells (Holmqyvist et al., 2011). So, dwell
time is the duration gaze remains inside the AOI measured from
entry to exit. The total dwell time was characterized as the sum
of all dwell times in one AOL Finally, entries and exits to an
AOQI (i.e., the number of visits to an AOI) are counted as the
number of dwells. The average dwell time was calculated as the
average of all the dwell times in a certain AOI during the task.

Variables such as the number and duration of fixations or
dwells or length of saccades, which vary according to the
visual search strategy, differ between experts and nonexperts
(Brams et al., 2019).

An efficient visual search strategy is characterized by two
factors—namely, the ability to guide attention towards rele-
vant cues and the speed of rejecting distractors (Todd, Hills, &
Robbins, 2012). Carrigan, Curby, Moerel, and Rich (2019)
reported that expert radiologists, but not naive participants,
are cued by chest nodules, which suggests that these nodules
are salient, capturing their attention. Among other factors,
selective attention can be guided by information stored in
long-term memory, which is gathered based on relevant expe-
rience. These memories can be retrieved relatively quickly and
can strongly influence what we perceive, as proposed by long-
term working memory theory (Ericsson & Kintsch, 1995). For
example, expert radiologists might recognize irregularities on
chest X-rays (e.g., nodules) very quickly, because their long-
term memory contains many previous cases from earlier in
their career. Due to this experience, essential information is
represented in their working memory for rapid extraction,
resulting in rapid recognition of irregularities. Due to the
availability of task-related essential information in the work-
ing memory, eye-tracking data are expected to show fewer
fixations of shorter duration in the X-ray image in general
and irrespective of the indicated areas of interest
(Gegenfurtner, Lehtinen, & Séljo, 2011).
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Moreover, experts in radiology are expected to differentiate
rapidly between abnormal and normal lung tissue and to know
that the liver is mostly a redundant area to inspect in chest X-
rays (Kok, De Bruin, Robben, & Van Merrienboer, 2012).
Thus, experts are expected to be able to guide their attention
to the target items relatively quickly and to quickly identify
less relevant areas of the scene (Todd et al., 2012). This visual
search strategy was defined in the “guided search” model
(Wolfe et al., 1989) and later, from a more applied perspective,
in the information-reduction hypothesis (Haider & Frensch,
1999). The guided search model or information-reduction hy-
pothesis describes a part but not the complete experts’ visual
search strategy. According to the information-reduction hy-
pothesis, dwells are expected to have longer durations, and
more dwells are expected on relevant areas compared with
distractor areas (Gegenfurtner et al., 2011). However, the
more experienced the observer, the faster the attention will
be redirected to relevant areas. Specifically, less-experienced
observers (e.g., radiology residents) conduct mainly a “top-
down” search that is based on their previous knowledge and
the clinical question at hand (Kok et al., 2012; Wolfe &
Horowitz, 2017). Although, this search is expected to be in-
fluenced more by “bottom-up” mechanism in highly experi-
enced observers (e.g., expert radiologists), because relevant
areas become salient and attract the immediate attention of
experts (Carrigan, Wardle, & Rich, 2018; Carrigan et al.,
2019). This guided search is further driven by “scene knowl-
edge” (Wolfe & Horowitz, 2017) or the ability to understand
where certain objects are expected to appear.

In radiology, “scene knowledge” allows experts to look
less at the image than novices, because they know where to
look for abnormalities in a chest X-ray (Kundel & La Follette,
1972; Kundel & Nodine, 1975). In these cases, features of the
targets remain the same, but the global scene tells the expert
where to look. As proposed by the holistic model of image
perception (Kundel, Nodine, Conant, & Weinstein, 2007), ex-
perts are able to extract significant information about the scene
with a brief glimpse (Biederman, Rabinowitz, Glass, & Stacy,
1974). This very fast extraction of the global image allows
experts to access the “scene gist” (i.e., the understanding the
basic meaning of the scene), which results in an efficient as-
sessment and orientation in the complex scene (Drew, Evans,
Vo, Jacobson, & Wolfe, 2013; Evans, Wolfe, Tambouret, &
Wilbur, 2010; Evans, Georgian-Smith, Tambouret, Birdwell,
& Wolfe, 2013; Oliva and Torralba, 2006; Treisman, 2006).
During this brief glimpse, the observer is preattentively pro-
cessing the scene (i.e., before intentionally attending to certain
scene locations). In the next phase, gaze will be selectively
directed towards targets (e.g., pathologies on chest X-rays).
Eye-tracking data show a shorter time to first fixation on the
relevant areas, because the participant’s gaze will be attracted
more strongly by abnormalities during the postattentive phase,
after collecting information about the location of possible
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abnormalities in the preattentive phase. Also, greater saccade
amplitudes, reflecting an extended visual span, are predicted
(Gegenfurtner et al., 2011). During the attentive phase, atten-
tion is moved to specific locations, and more subtle perceptual
distinctions are recognized (Wolfe, Klempen, & Dahlen,
2000; Yeshurun & Carrasco, 1999).

It is important to note that the aforementioned theories are
mostly complementary rather than contradictory. However,
for a given expertise domain, one theory may be more relevant
than others (Brams et al., 2019). Knowledge about the contri-
bution of each of the three theories to perceptual-cognitive
superiority in a specific domain of expertise, like radiology,
can provide further information concerning underlying pro-
cesses explaining perceptual-cognitive skills in that domain.

Visual search strategy as indicator
for experience and superior
perceptual-cognitive skills in radiology

Differences in visual search behavior during medical image
processing between observers with different levels of experi-
ence have been studied intensively over recent decades (see
Brams et al., 2019). Overall, results strongly argue for a more
global-local visual search strategy, which is in line with the
holistic model of image perception, in more experienced or
better performing radiologists (Bertram et al., 2016; Donovan
& Litchfield, 2013; Krupinski, 1996; Mallett et al., 2014;
Manning, Ethell, Donovan, & Crawford, 2006; Nodine,
Kundel, Lauver, & Toto, 1996; G. Wood et al., 2013).
However, a literature search analyzing the relation between
gaze and expertise in medicine showed that eye-tracking anal-
yses in medicine were often incomplete (Brams et al., 2019).
Specifically, this type of research has often focused on the
holistic model of image perception, which raised the question
whether other theories and their related eye-movement char-
acteristics were neglected. This gap in the literature prevents
us from gaining insight to the importance of each theory while
interpreting chest X-rays (Brams et al., 2019).

There is some support for each of the theories in clinical
radiology. For example, shorter dwell times on nodules and
less fixations to interpret chest X-rays were reported in experts
for successful diagnoses (Donovan & Litchfield, 2013;
Manning et al., 2006). The fact that shorter dwell times and
a smaller number of fixations on nodules are observed in bet-
ter performing experts might suggest that they more rapidly
recognize the nodules due to information that is represented in
their working memory. So, these results are in line with the
long-term working memory theory (Ericsson & Kintsch,
1995). Moreover, in novices, attention is often attracted to
less-relevant but salient areas, such as the stomach on chest
X-rays (Kok et al., 2012). This observation is in line with the
information-reduction hypothesis, which proposes that

experts, but not novices, are able to direct their attention to-
wards relevant areas and ignore irrelevant areas (Haider &
Frensch, 1999). Finally, expert radiologists appeared to fixate
faster on lung nodules during interpretation of chest X-rays
(Donovan & Litchfield, 2013), which is in line with the holis-
tic model of image perception (Kundel et al., 2007).
According to a previous meta-analysis, visual search is strong-
ly dependent on the representation of images, the task, instruc-
tions, and participants (Gegenfurtner et al., 2011). As stated in
the systematic review of Brams et al. (2019), generalizing eye-
tracking results across different studies might result in inter-
pretation biases about underlying mechanisms related to the
three theories. It is important to collect complete sets of eye-
tracking measures related to all three theories while complet-
ing one specific task (focal lung pathology-detection on chest
X-rays in this study) in one domain of expertise (radiology in
this study), to identify to what extent the three theories explain
perceptual-cognitive expertise in that specific domain.
Currently, the data are often incomplete—for example, atten-
tion (dwells) is often only measured on the area of pathology,
and global scanning behavior (distance between fixations) is
seldomly measured in radiology. As a consequence, it is very
difficult to draw conclusions about the three theories within
one specific professional task, like chest X-ray interpretation
(Brams et al., 2019).

Systematic scan patterns as indicators
for experience and superior
perceptual-cognitive skills in radiology

Specific visual scan patterns have been identified as predictors
of expert performance across multiple domains of expertise
(Brams et al., 2019). However, some contradictory findings
about the relationship between scan pattern systematicity and
expertise can be found in the literature. For example, in a
study comparing visual search in aircraft pilots with nonpilots
while completing a cockpit task, no higher systematicity in
visual scanning was observed in the pilots compared with
the nonpilots (Brams et al., 2018). In general, the relationship
between scan pattern systematicity and expertise is rarely an-
alyzed, and it may be an important measure in various exper-
tise domains (Brams et al., 2019).

In radiology, after being attracted to possible abnormalities
as a consequence of the preattentive phase, a second and more
detailed inspection of the rest of the scene will be conducted to
prevent the observer missing less conspicuous abnormalities.
Published reports suggest that this search follows a systematic
scan pattern in expert radiologists, which is linked to better
performance in interpreting chest X-rays (Augustyniak &
Tadeusiewicz, 2006; Crespi, Robino, Silva, & De’Sperati,
2012; Dreiseitl, Pivec, & Binder, 2012; Kok et al., 2012;
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Kok et al., 2016; Leong, Nicolaou, Emery, Darzi, & Yang,
2007; Li, Shi, Pelz, Alm, & Haake, 2016; Stockman, 2016).
We can assume that systematicity of the visual search be-
havior is a predictor for superior performance on a perceptual-
cognitive task such as X-ray interpretation. In this study, we
used an innovative measure to analyze a possible relationship
between systematic scan patterns and experience—namely,
the transition entropy (Allsop & Gray, 2014). For the analysis
of chest X-rays, transition entropy can show whether partici-
pants scan relevant areas in a specific order. It appears that
repetition of a specifically ordered scan pattern can be bene-
ficial for task performance in radiology (Kok et al., 2016).

Generic attentional skills as indicators
of experience and superior
perceptual-cognitive skills in radiology

It is plausible that generic attentional skills result in better
perceptual cognitive task performance. In radiology, much is
reported about experts being able to extract information from
an X-ray on a first glimpse, resulting in an efficient local
search afterwards (Brams et al., 2019; Evans, Haygood,
Cooper, Culpan, & Wolfe, 2016; Sheridan & Reingold,
2017). They are constantly switching between global and lo-
cal search, as described in the holistic model of image percep-
tion (Kundel et al., 2007). This capability is tested in the
Navon selective attention task (Navon, 1977). To our knowl-
edge, this test has not previously been used in radiology, and it
is difficult to make predictions about the relation between
performance in this generic test and pathology-detection per-
formance. Consequently, this is an interesting measure to an-
alyze in groups with different levels of experience in radiology
and performance on chest X-rays.

Based on our systematic literature review (Brams et al.,
2019) and the most relevant lines of work regarding radiology
summarized above, the purpose of the current study was to
answer the following research questions: (i) Do certain theo-
ries of visual search complement one another in explaining
superior perceptual-cognitive skills in chest X-rays pathology
detection? (ii) Is there a difference in scan pattern
systematicity between different levels of experience in radiol-
ogy? (iii) Is there a specific attentional generic skill that
evolves with experience in radiology that might provide more
support for the theories and explain eye-tracking results?

In line with Gegenfurtner et al.’s (2011) proposed theories
and related visual search behavior, we hypothesized that more
experience in interpreting chest X-rays would be related to (1)
shorter fixation durations and fewer eye movements, which is
in line with the long-term working memory theory; (2) more
dwells of a longer duration on the areas of pathology and other
areas of interest, which is in line with the information-
reduction hypothesis; (3) a larger distance between fixations
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and a shorter latency to first dwell, which is in line with the
holistic model of image perception. Besides, more experience
is expected to be related to (4) the use of a more systematic
scan pattern during completion of a focal lung pathology-
detection task; and better performance on (5) the Navon se-
lective attention task.

Materials and methods
Participants

Based on previous research in radiology we expected moder-
ate to high effect sizes. Our main interest was to examine
whether participants with different level of experience use
different gaze characteristics when interpreting chest X-rays
with or without pathologies. Using G*Power (Faul, Erdfelder,
Buchner, & Lang, 2009), we calculated that a total of 42
participants is required in order to achieve 80% statistical
power for an interaction of a moderate effect, and that a total
of 21 participants is required for a large effect.

We recruited 41 participants. All participants had normal or
corrected-to-normal visual acuity. Participants were classified
into three groups. The first group (novices) consisted of medical
students (2nd to 4th year of their medical education) who had
already received theoretical courses about how to analyze chest
X-rays (n =15, mean age = 20.6 + 1.6 years). The second group
(intermediates) consisted of medical residents (seven residents
in internal medicine; two junior residents in radiology; one
resident in neurology; one resident in orthopedy; one resident
in pneumology, and one general practice resident) with practical
experience in interpreting chest X-rays (approximately 200
cases; n = 13, mean age = 26.8 £ 1.2 years). All participants
in the intermediate group had analyzed fewer cases than any of
the radiology residents. Finally, the third group consisted of
radiology residents who were in their third or fourth specializa-
tion year (on average 3,000 chest X-rays cases a year; n = 13,
mean age = 27.8 £ .7 years). Participants were contacted per-
sonally or recruited by the university hospital (UZ Leuven,
Gasthuisberg). They all received an e-mail with additional in-
formation regarding the protocol and focus of the experiment.
Participants provided written informed consent, and ethical ap-
proval was provided by the local university (KU Leuven) ethics
committee (G-201504218).

Equipment and tasks

Focal lung pathology-detection task Participants were
instructed to detect focal lung pathologies as accurately as
possible on 26 chest X-rays (image size: 1,013.47 x
1,023.57 px). The chest X-rays were selected and analyzed
by two professional radiologists (coauthors J.V. and T.D.).
Only straightforward X-rays with focal lung diseases or
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normal X-rays were included in this study (chest X-ray images
with unclear cases and diffuse diseases were excluded). Each
chest X-ray appeared for 60 seconds on the screen of the Tobii
1750 eye tracker (resolution: 1,280 x 1,024 pixels). The chest
X-rays contained either no pathology (V = 8), one pathology
(N =14), two pathologies (N = 1), or three pathologies (N = 3).
The focal lung pathologies were nodules and other focal con-
solidations (i.e., focal lung pathology in which the alveoli are
filled with fluid, pus, blood or cells, instead of air) with a
diameter that ranged between 0.5-5 cm, located near the dia-
phragm, hila, in the middle of the lung area, or in the upper
lung part. Participants’ eye movements were recorded
throughout the task. Participants were instructed to hold their
head as steady as possible, and the head was stabilized using a
chin rest to minimize unintended movements. Eye-tracking
data were processed using the Tobii Studio Version 3.2.1 soft-
ware at a sampling frequency of 50 Hz. Raw data were ex-
tracted from the Tobii Studio Version 3.2.1 software and
saved. Further processing of the raw data was conducted off-
line using MATLAB scripts (coauthor I.H.). We calculated
fixation locations and durations by the fixation classifier of
Hooge and Camps (2013). In addition, based on the fixation
durations and locations we performed an area of interest
(AOI]) analysis that revealed dwell times and number of
dwells.

The Navon selective attention task The Navon selective atten-
tion task was conducted in order to measure the ability to
selectively attend to, and switch between, global and local
levels of hierarchical visual stimuli (for a detailed
description of the task, see Chamberlain, Van der Hallen,
Huygelier, Van de Cruys, & Wagemans, 2017; Navon,
1977). On each trial, a large shape (global level) made up of
18 smaller shapes (local level) appeared. Participants were
asked to indicate squares (pressing the “F” key) or circles
(pressing the “J” key) quickly and accurately. These squares
or circles were present either at the global or local level.
Participants were not cued about whether they should search
for the information at global or local level. They had to check
both levels as quickly as possible. Thirty-two trial pairs were
presented at random. One trial pair consisted of two trials in
which the circle or square had to be detected in one trial, either
at a global (G) or a local (L) level, so the possible pair com-
binations were: GL; LG; GG; LL. Reaction times could be
influenced by the type of trial pair that occurred, especially
when a switch from local to global detection, or vice versa,
was necessary. Mean global-local and local-global reaction
time costs were computed based on the subtractions of local
from global (GL pair) and global from local (LG pair) trial
reaction times. During the Navon selective attention task, ac-
curacy as well as reaction time were measured. Accuracy was
calculated separately for global and local detection, as a per-
centage of number of correct trials.

Reaction time was measured and used as an indication of
speed in attentional switching. For this analysis, the difference
in reaction time (RT) to detect a global figure followed by a
local figure and vice versa was calculated, which indicates the
time cost to switch attention from global to local detection
(GL = RTgiobal — RTLocar) and from local to global detection
(LG =RTyoca — RTGiobar)- During each generic task, feedback
was given by a green cross for correct responses or a red cross
for incorrect responses.

Procedure

Before starting the focal lung pathology-detection task, five
X-rays were shown in order to familiarize participants with the
screen resolution and the X-rays. The five X-rays used during
the familiarization phase were excluded from the main exper-
iment. The participants were seated at a distance of 60 cm
from the Tobii monitor and placed their chin in a chin rest.
Next, a 9-point gaze calibration was performed. The partici-
pants were instructed to hold their head steady in the chin rest
throughout the entire task. Then, the participants evaluated 26
chest X-rays for focal lung pathologies, which appeared indi-
vidually. Before the presentation of each image, a black screen
with the trial number presented on it appeared. Participants
were instructed to detect pathologies as accurately as possible
and to indicate them with a mouse click. As long as the mouse
click was within the borders of the area of pathology, as indi-
cated as an area of interest (AOI) in Fig. 1a, it was considered
as a correct detection.

After each image, participants were asked to respond to a
multiple-choice question: “I did not click because . . . .” The
possible answers were: “There was no pathology”; “I was too
late”; “I have no idea”; or “irrelevant.” If participants did not
identify a pathology, the question allowed them to explain
why by clicking one of the first three options. If participants
did identify a focal lung pathology, they could respond with
the last option (“irrelevant”). The entire session lasted approx-
imately 30 minutes. No feedback was given to the partici-
pants, and gaze behavior was recorded throughout the task.

After completing the focal lung pathology-detection task,
the Navon selective attention task was completed. This task
was completed on a laptop computer and took approximately
15 minutes. Eye movements were not recorded.

Dependent variables and data processing

All data are available at the following link: https://osf.io/
pz3sc/

Focal lung pathology-detection task performance A d-prime
(d") value was calculated based on the average number of
correctly identified X-rays with pathology and normal X-rays.
Specifically:
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Fig. 1 Representation of chest X-rays used in the focal lung pathology-
detection task with AOIs. a, ¢ X-ray with pathology, (a) focal lung pa-
thology indicated as an AOI and (¢) other AOIs. b, d Thorax without

pathology (b), indicated AOIs (d). AOII = right upper lung; AOI2 = left
upper lung; AOI3 = right hila; AOI4 = left hila; AOI5 = heart area; AOI6
= diaphragm

d = Z(Hit rate)~Z(False alarm rate)

C t identified pathologi
it rate  20TTect iden ified pathologies

Total number of pathologies

normal Xrays that were clicked on (1)

False alarm rate =

Total number of normal Xrays

Response time was calculated as the time from the onset of
the trial until the last mouse click. That is, for each chest X-ray,
response time refers to the time from the onset of the trial until
the participant decided that all pathologies were detected. For
each participant, these values were averaged over all trials.

Eye-tracking data All eye-tracking data were assessed from
the onset of the trial until the participant’s last mouse click.
This was done as most participants, especially novices, tended
to relax and stopped monitoring the chest X-ray after their last
mouse click. Data recording prior to the last mouse-click
lasted on average 16.6 = 5.0 seconds.

Visual search strategies Each focal lung pathology was indi-

cated as an AOIL. AOIs had an average area size of 11,735.8 +
7,840.8 pixels (see Fig. 1a—b). Six other AOIs were indicated
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by an expert radiologist with more than 20 years of experience
in clinical radiology: left (12,150.5 £ 2,530.3) and right upper
lung areas (12,887.4 + 2,867.1); left (4,804.7 + 1,746.7) and
right hila area (7,112.9 £ 2,124.2); heart area (20,989.2 +
4,283.4); and diaphragm area (25,532.7 + 7,252.2; see Fig.
lc—d). The area outside the AOI’s is defined as “rest” area
and contains less relevant (healthy, noncrowded lung tissue)
or irrelevant information (liver, bowels, and arms) for chest X-
ray patient analysis.

Visual search strategies were assessed with respect to (1) the
whole scene irrespective of AOIs: average fixation duration
and average number of eye movements (in line with the long-
term working memory theory), average fixation distance (in
pixels; Over, Hooge, & Erkelens, 2006; in line with the
holistic model of image processing), and (2) the AOIs: entro-
py (to asses scan pattern systematicity), average latency to first
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dwell on the area of pathology (in line with the holistic model
of image processing), average number of dwells, average
dwell time, and number of missed AOIs throughout the entire
task (in line with the information-reduction hypothesis).

The average fixation duration, average fixation distance, and
average number of eye movements were calculated separately
for the chest X-ray with pathologies and for the chest X-ray
without pathologies. Differences between both measures were
analyzed to examine changes in search behavior on chest X-
rays that contain a focal lung pathology versus chest X-rays
with no pathology. We used entropy to indicate systematicity
of the scan pattern, which was calculated according to the
method of Allsop and Gray (2014). The method is based on
a transition matrix indicating the chance that the participant’s
fixation will move from one specific AOI to another specific
AOI in a particular order (see Allsop & Gray, 2014; Brams
etal., 2018).

The average fixation distance as well as the latency to the
first dwell on the area of pathology (e.g., the time interval from
the time that an X-ray was shown until the first dwell on the
AOI) provided measures to support holistic image processing.
A wide fixation distance (representing a wide visual span)
suggests global scene processing, which is expected to effi-
ciently guide attention afterwards during the detailed local
search. As a consequence, a shorter latency to first dwell is
expected. A dwell was defined as one visit to an AOI, and
returns to the AOI were counted as new dwells (Holmgqvist
et al., 2011). Dwell time is the duration gaze remains inside
the AOI measured from entry to exit. The total dwell time was
characterized as the sum of all dwell times in one AOIL. The
number of dwells was defined as the number of visits to an
AOL The average dwell time was calculated as the average of
all the dwell times in a certain AOI during the task. The num-
ber of not fixated AOIs over the whole task is the sum of all
pathologies that were not fixated during task completion.

Data analysis

Performance on the focal lung pathology-detection task was
assessed calculating a d-prime value for each group of partic-
ipants as indicated in the methodology. A one-way analysis of
variance (ANOVA) was conducted to assess group differences
in response time. For the generic tasks, outcome measures
were analyzed using the nonparametric statistics (Kruskal—
Wallis test) because after log-transformation the values
remained skewed.

Eye-tracking measures that were examined irrespective of
AOI (average fixation duration, average fixation distance
and average number of eye movements) were analyzed using
a two-way ANOVA (Group x Image) with repeated measures
on the Image factor. The average number of eye movements
were first log-transformed to obtain normality. Comparison
between X-ray types (normal or focal lung pathology) was

conducted for these global measures irrespective of AOI be-
cause, based on literature, global scene processing is supposed
to differ when a focal lung pathology is present (Bertram,
Helle, Kaakinen, & Svedstrom, 2013; Bertram et al., 2016).
When significant main effects or interactions were found,
Bonferroni post hoc analyses were conducted to identify spe-
cific differences in visual search characteristics as function of
X-ray types and groups. Finally, two stepwise multiple regres-
sion analyses were conducted to examine (i) the association
between search behaviors on X-rays with pathology and de-
tection of those pathologies (true positives), and (ii) the asso-
ciation between search behaviors on normal X-rays and cor-
rect identification of those normal X-rays (true negatives).

Other eye-tracking data were analyzed regarding specific
AOIs (entropy, average latency of the first dwell on the area
of pathology, number of not fixated pathologies, average num-
ber of dwells, and average dwell duration). Data were assessed
using one-way ANOVAs. These analyses were conducted on
three different types of AOIs, separately, to avoid overlaps.
Specifically, one analysis was conducted over the areas of
pathology, one over other AOIs (upper lung parts, hila, heart
region, and diaphragm) and one over the “rest” area (see de-
scription above). Data for the number of dwells were first log-
transformed to obtain normality. Bonferroni post hoc analyses
were performed to examine specific group differences in eye-
tracking measures. Finally, to control for multiple compari-
sons for the main effects, the false discovery rate (FDR) meth-
od was used (Benjamini & Hochberg, 1995).

Data exclusion

Trials with more than 20% of eye-movement data loss were
excluded, resulting in the exclusion of 2.9% of all trials
(Brams et al., 2018). Furthermore, values larger or smaller
than the average plus or minus three standard deviations were
excluded as outliers, resulting in 1.2% of all data being ex-
cluded (Brams et al., 2018).

Results
Performance scores

Performance on the focal lung pathology-detection task A d-
prime calculation was used as a sensitivity index for pathology
detection. The results of this analysis showed that radiology
residents were able to detect focal lung pathologies and nor-
mal X-rays with an accuracy above chance level (d' = 2.62).
However, the intermediates and novices were not able to do so
and performed at around chance level (Intermediates: d' =
—.20; Novices: d'= —1.06).

In addition, a one-way ANOVA for response time showed
significant group differences, F(2, 40) = 15.81, p < .001, npz =
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Fig. 2 Average fixation duration on chest X-rays per group

44. A Bonferroni post hoc analysis showed that both radiology
residents (13.8 & 1.1 s) and intermediates (14.3 + 1.1 s) had
shorter response times compared with novices (21.1 + 1.0 s).

Performance on the Navon selective attention task Most of
the generic performance measures (accuracy local, accuracy
global, LG and GL) were not distributed normally, even after
log-transformation. For this reason, all performance measures
were analyzed using the nonparametric Kruskal-Wallis test.
The results showed only a significant group effect for GL, F(2,
39)=6.42, p = .04, np2 = .12—that is, the time cost to switch
from global to local information processing. Pairwise compar-
isons indicated that radiology residents (time cost for switch =
54.7 £ 127.5 ms) and intermediates (time cost for switch =
33.6 + 139.2 ms) were significantly faster in switching from
global to local information processing compared with novices
(time cost for switch = 328.6 + 695.5 ms).

400 .

Intermediates

X-Ray

= Pathology
*++ Normal

Novices

Eye-tracking measures

Average fixation duration We used a two-way repeated-mea-
sures ANOVA (Group x Image) for the average fixation du-
ration to assess whether visual search differed depending on
the presence of a focal lung pathology on the shown image.
The results show a significant interaction between group and
image, F(2, 38) = 8.42, p = .001, np2 = .31. Both radiology
residents’ and intermediates’ average fixation duration was
faster when the shown image was normal (438.1 + 140.9
and 439.9 + 133.4 ms, respectively) compared with when a
focal lung pathology was present (487.2 += 157.8 and 469.2 +
128.8 ms, respectively), whereas in novices the average fixa-
tion duration did not change with the presence of pathologies
(292.5 £96.5 and 275.8 + 86.4 ms; see Fig. 2). Also, a sig-
nificant effect for group was observed, F(2, 38) = 9.53, p <
.001, np2 = .33. A Bonferroni post hoc analyses showed that
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Fig. 3 Average fixation distance on chest X-rays per group
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both radiology residents (458.7 £+ 34.3 ms) and intermediates
(457.2 £ 34.3 ms) used significantly longer fixations com-
pared with novices (282.0 + 31.9 ms).

Average fixation distance We employed a two-way ANOVA
(Group x Type of Image) with repeated measures on the type
of image factor (with or without a pathology) to assess both
differences in average fixation distance between groups. The
results showed significant main effects for type of image, F(1,
38)=12.94,p=.001, np2 =.25, and group, F(2, 38)=16.06,p
<.001, np2 = .46. Pairwise comparisons showed significantly
greater average distance between fixations in radiology resi-
dents (298.1 + 27.9 px) and intermediates (294.3 £ 27.9 px)
compared with novices (245.0 £27.9 px) (21.6% and 20.1%
wider in residents and intermediates, respectively; see Fig. 3).
Also, a greater average fixation distance when a normal X-ray
(282.3 + 35.3 px) was analyzed compared with a pathological
X-ray (272.7 £ 35.3 px) (3.5% wider in normal X-rays). No
significant effect was observed for the Group x Image inter-
action, F(2, 38) = 1.88, p =.17,1,” = .09.

Eye-tracking measures for areas of pathology
and other AOIs

Entropy analysis over AOls We conducted a one-way ANOVA
on the entropy values. The results showed no significant group
effects, F(2, 40) =2.07, p = .14,7,> = .10.

Average latency of the first dwell on the area of pathology A
one-way ANOVA showed no significant group differences in
average latency to first dwell on the area of pathology, F(2,
39) =2.52, p = .09, np2 =.12; novices: 8.8 £ 3.6 s; interme-
diates: 7.7 + 3.4 s; radiology residents: 6.4 + 2.6 s.

Number of not fixated pathologies No significant group dif-
ferences in the number of pathologies that were not fixated
were observed after conducting a one-way ANOVA, F(2, 40)
=2.82,p=.07, np2 =.12; novices: 5.6 £+ 2.3; intermediates:
7.3 + 1.8; radiology residents: 4.9 + 2.8.

Average number of dwells We conducted a log transformation
on the data due to the skewed distribution of the number of
dwells. A one-way ANOVA on this log-transformed data
showed significant differences between groups for the average
number of dwells on the area of pathology, F(2, 40) =9.15, p
=.001, np2 = .31, the rest area (noncrowded healthy lung
tissue and irrelevant areas like arms and liver), F(2, 40) =
14.05, p < .001, np2 = 43, as well as on the other AOISs,
F(2,40)=11.21, p <.001, np2 = .40. A Bonferroni post hoc
analysis showed that the average number of dwells on the
areas of pathology, when interpreting chest X-rays was lower
in radiology residents (2.2 £ .5) and intermediates (2.3 + .3)
compared with the novices (3.9 + 1.6). For the average

number of dwells on the other AOIs, a Bonferroni post hoc
analysis showed that radiology residents (3.0 £ .5) and inter-
mediates (2.8 + .5) visited these areas significantly less than
novices (4.3 £+ 1.3). Finally, a Bonferroni post hoc analysis
showed that novices visited the rest area almost twice as much
(11.9 £ 4.5) compared with intermediates (6.9 + 1.5) and ra-
diology residents (6.9 £ 1.7).

Average dwell duration A one-way ANOVA of the average
dwell duration on the area of pathology showed no significant
group difference, F(2, 40) = .52, p = .60, npz = .03; novices:
2.3 + .8 s; intermediates: 2.1 £ .4 s; radiology residents: 2.1 +
Ss.

A similar analysis over the other AOIs showed a significant
group effect, F(2,40)=4.77; p = .01; np2 =.20. A Bonferroni
post hoc analysis indicated significant longer dwells in radi-
ology residents (1.07 £ .29 s) and intermediates (1.0 + .3 s),
compared with novices (.8 +.2 s).

Relationship between visual search behavior
and performance

A stepwise multiple regression analysis assessing the relation
between visual search behavior (fixation duration and fixation
distance) while inspecting X-rays with pathology and the
number of true positives indicates that 18% in the variance
of the true positives can be explained by the fixation distance
(p =.006).

A similar analysis assessing the relation between visual
search behavior while inspecting normal X-rays and the num-
ber of true negatives showed that 43% of the variance in the
correct identified true negatives could be explained by the
fixation distance (p < .001).

In general, the stepwise regression analyses indicated that a
larger fixation distance might be a predictor for a higher accu-
racy on the focal lung pathology-detection task.

Discussion

We examined the effects of experience on chest X-ray focal
lung pathology detection via differences in visual search strat-
egies. In line with Gegenfurtner et al.’s (2011) proposed the-
ories related to visual search behavior, we hypothesized that
more experience in interpreting chest X-rays would be related
to (i) shorter fixation durations and fewer eye movements; (ii)
more dwells of a longer duration on the areas of pathology and
other areas of interest; (iii) a larger distance between fixations
and a shorter latency to first dwell. Also, more experience in
interpreting chest X-rays is expected to be related to (iv) the
use of a more systematic scan pattern during completion of a
focal lung pathology-detection task, and (v) better perfor-
mance on the Navon selective attention task.
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Experience level was related to focal lung pathology-
detection performance. Specifically, based on d-prime calcu-
lations, radiology residents were able to detect focal lung pa-
thologies and normal chest X-rays with an accuracy above
chance level. In contrast, the performance of intermediate
and novice participants was at chance level.

Furthermore, both radiology residents and intermediates
(i.e., all participants with practical experience in interpreting
chest X-rays) had faster response times, and longer average
fixation durations, compared with novices. Finally, we
showed that there is a specific attentional generic skill that
evolves with experience in radiology. The radiology residents
and intermediates had faster global to local processing in the
Navon selective attention task compared with novices.

To better understand which underlying processes result in
higher detection performance, we addressed three theories of
visual search strategies and expert performance: (1) the long-
term working memory theory (Ericsson & Kintsch, 1995); (2)
the information-reduction hypothesis (Haider & Frensch,
1999); and (3) the holistic model of image perception
(Kundel et al., 2007). In addition, we examined the relation
between level of experience and scan systematicity.
Previously, researchers have shown that more systematic
scanning might be a predictor of superior perceptual-
cognitive skills and experience (Allsop & Gray, 2014; Kok
et al.,, 2016; O’Neill et al., 2011; Ziv, 2017).

Visual search strategy as indicator of experience
and superior perceptual-cognitive skills in radiology

Our first hypothesis was that the group with the highest level
of experience (radiology residents) will use distinctive visual
search strategies that are in line with the three proposed theo-
ries of perceptual-cognitive superiority (Gegenfurtner et al.,
2011).

The long-term working memory theory The observation that
radiology residents had faster response times, whereas their
latency to first dwell the areas of pathology did not differ
compared with the other groups, providing support for the
long-term working memory theory. Specifically, compared
with other groups, the residents were able to decide whether
a pathology was present more rapidly, even though the time to
first fixation of the pathology was similar to the other groups.
Furthermore, both radiology residents and intermediates used
longer fixation durations irrespective of AOI compared with
novices. This finding indicates that practitioners with practical
experience in interpreting chest X-rays use a slower visual
search rate (i.e., longer fixation durations, smaller number of
dwells, and longer dwell durations on AOI’s) compared with
those with only a theoretical background about chest X-rays.
This observation contradicts the long-term working memory
theory, since a slower visual search rate represents longer
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fixation durations, whereas, according to this theory, shorter
fixation duration would be expected (Gegenfurtner et al.,
2011). The results of the current study are supported, nonethe-
less, by a previous meta-analysis which showed that a slow
visual search rate might be a more efficient visual search strat-
egy in detection tasks (Gegenfurtner et al., 2011).
Furthermore, this result is in line with a recent systematic
review reporting that a slow visual search rate seems to be
the strategy that is mostly used in experts in medical image
processing (Brams et al., 2019). A possible explanation for
this observation might be that it is more efficient to use a
visual search strategy that is more controlled (i.e., spending
longer on more relevant areas) and less exhaustive (i.e., using
longer fixations and fewer dwells; Donovan & Litchfield,
2013; Milazzo, Farrow, Ruffault, & Fournier, 2016). This
does not necessarily mean that the time to complete the task
will be longer.

However, visual search rate was faster when the X-ray was
normal compared with when focal lung pathology was pres-
ent. Specifically, radiology residents and intermediates used
shorter fixation durations when the chest X-ray was normal
compared with when focal lung pathology was present,
resulting in a faster visual search rate, whereas the average
fixation duration did not change in novices. It is possible that
due to prior knowledge, an X-ray type (normal or with pathol-
ogy) is easily recognized in the groups with practical experi-
ence. In the case of a normal X-ray, a more rapid check
(shorter fixation durations) can then be justified, whereas
when pathologies are present, a more detailed processing of
information at the area of interest (i.e., scrutiny of possible
targets) is employed in order to not miss any focal lung pa-
thology (resulting in longer fixation durations). This adaptive
behavior partly supports the long-term working memory
theory.

Our results are in line with previous published reports in
which experts, intermediates, and novices performed a detec-
tion task on CT scans searching for lesions, enlarged lymph
nodes (ELNs), and/or visceral abnormalities (Bertram et al.,
2013; Bertram et al., 2016). The experts in these studies used
longer fixation durations when ELNs or lesions were present
compared with CT scans withouth ELNs or lesions. This
adaptive behavior was not observed in the intermediates and
novices in this study. Moreover, using longer fixation dura-
tions in the presence of focal lung pathology is expected to
result in higher task accuracy, because longer fixation dura-
tions allow for better identification (Bertram et al., 2016).

The information-reduction hypothesis A significantly lower
number of dwells in the area of pathology, the rest area
(noncrowded healthy lung tissue, arms, bowels, and liver)
and in other anatomical AOIs (upper lung parts, hila, heart
region, and diaphragm) was observed in the two groups with
practical experience, compared with the novice group. A large
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effect size was obtained for the number of not fixated pathol-
ogies suggests that radiology residents fixate on more areas of
pathology compared with other participants.

Furthermore, dwell duration in the area of pathology did not
differ between groups, whereas dwell duration in other AOIs
was significantly longer in the two groups with practical ex-
perience compared with novices. In chest X-rays, these AOIs
are more croweded, so these are the areas where pathologies
are often missed during inspection of chest X-rays and there-
fore require more detailed attention (Swensson, Hessel, &
Herman, 1977). Furthermore, the areas of the bowels, liver,
and healthy noncrowded lung tissues are assumed to be less
relevant areas (Kok et al., 2012). Our results showed that
novices visited these areas twice as much compared with in-
termediates and radiology residents. The results partly support
the information-reduction hypothesis, since this hypothesis
argues for a higher attention allocation towards important in-
formative areas and less attention allocation towards less rel-
evant or irrelevant areas (Haider & Frensch, 1999). Finally,
the observation that radiology residents fixate a higher number
of the presented pathologies further supports the information-
reduction hypothesis.

The holistic model of image perception The lower number of
dwells on the areas of pathology and other anatomical AOIs
observed in the two more experienced groups supports the
holistic model of image perception (Kundel et al., 2007).
According to this model, the development of an extended
visual span, such as the enhanced capability to process infor-
mation parafoveally (Rosenholtz, 2016), in more experienced
participants allows them to process information during a glob-
al search. Thereafter, relevant areas are “double checked” dur-
ing local searches (Leong et al., 2007).

Furthermore, radiology residents and intermediates showed
longer average distance between fixations, compared with
novices. This finding suggests a wider visual span in the two
more experienced groups compared with the novice group,
which also supports this model. The holistic model of image
perception can explain the decreased visual span with the
presence of focal lung pathology. Based on this model, it is
expected that areas of pathology will be fixated faster from a
first global glimpse. This will be followed by shorter saccades
in a local search. This observation is in line with those report-
ed in a previous study in which shorter saccade amplitudes
were observed in experts when lesions were present on CT
images compared with normal CT images (Bertram et al.,
2016).

Finally, results of a stepwise regression analysis showed that
greater distances between fixations, while inspecting both nor-
mal X-rays and X-rays with pathology, was related with a
higher detection rate of true negatives and true positives. So,
a large distance between fixations is expected to be advanta-
geous for task performance as it allows to capture the

complete global scene before a local search is conducted.
This, in turn, may lead to a more efficient local search
(Leong et al., 2007; Manning et al., 20006).

Systematic scan patterns as indicators of experience
and superior perceptual-cognitive skills in radiology

Our data do not support the fourth hypothesis, as entropy
calculations indicated that there were no differences in scan
pattern systematicity between groups. Our results are aligned
with those reported in previous work that examined the scan
patterns of aircraft pilots and nonpilots (Brams et al., 2018). A
possible explanation for not finding a relationship between
systematic scanning behavior and experience is the smaller
size of the Tobii screen compared with the screens used in
the radiology department, which might facilitate parafoveal
information processing. In this case, a structured scan might
not be necessary (Brams et al., 2018). However, previous
studies reported no effects of screen size on radiologists’ per-
formance (Gur et al., 2006; Mc Laughlin et al., 2012). It is also
possible that the entropy measure may not be sensitive enough
to assess systematicity in chest X-ray interpretation.

Finally, a recent review of 22 eye-tracking studies in radiol-
ogy suggest that certain scan characteristics, such as system-
atic scanning of chest X-rays, are related to high levels of
expertise (Van der Gijp et al., 2017). It is possible that system-
atic scanning only evolves after more years of experience.

Generic attentional skills as indicators of experience
and superior perceptual-cognitive skills in radiology

For the Navon selective attention task results indicated, as
expected, that more experienced participants (radiology resi-
dents and intermediates) were faster in switching their atten-
tion between global and local information processing. This
finding suggests that they use a global-local information pro-
cessing strategy, in line with the holistic model of image per-
ception (Kundel et al., 2007) and previous research on pilots
(Brams et al., 2018).

During a global-local information processing strategy, the
scene is first captured globally during the preattentive phase
(Kundel & Nodine, 1975). Then, the gaze is rapidly guided to
the AOI for a local scan. The results of the current study
suggest that this strategy is used by participants that are more
experienced in interpreting chest X-rays (Leong et al., 2007;
Manning et al., 2006). The global-local search strategy used
in medical imaging is often called a discovery-reflective visual
search. The participants are able to process the most essential
information with one glance (discovery phase) and then con-
duct a local scan as confirmation (reflective phase). This strat-
egy appears to result in higher detection accuracy (Leong
et al., 2007; O’Regan & Levy-Schoen, 1987).
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Our results suggest that the three theories proposed to ex-
plain perceptual-cognitive skills may be complementary in
chest X-ray interpretation. Our radiology residents showed
fewer dwells on the area of pathology (in line with the long-
term working memory theory), longer dwells on other AOI’s
where pathologies are often missed (in line with the
information-reduction hypothesis), and larger distances be-
tween fixations (in line with holistic model of image percep-
tion). However, contrary to what was expected, the most ex-
perienced residents did not show more organized, systematic,
visual scanning behavior while inspecting chest X-rays.

Conclusions

We examined the effects of eye movements and visual
scanning on focal lung pathology-detection performance
in radiology. The results showed differences in eye move-
ments between different levels of experience in
interpreting chest X-rays. Specifically, in contrast to less
experienced students (intermediates and novices), radiolo-
gy residents were able to detect pathologies and normal X-
rays with an accuracy above chance level. Their perfor-
mance was associated with faster response times, longer
average fixation durations, and faster global to local visual
processing. While this study showed differences in gaze
behavior and accuracy between more experienced and less
experienced participants, it remains to be seen whether
there is a causal relationship between more efficient gaze
strategies and higher focal lung pathology-detection per-
formance. Therefore, in future, researchers should include
thoracic radiologists to examine if, and if so, to what ex-
tent, our results further evolve with increasing experience
and expertise. Such information can be used to compose
gaze-training programs that might lead to improved perfor-
mance in radiology (Auffermann, Little, & Tridandapani,
2015; Gegenfurtner, Lehtinen, Jarodzka, & Séljo, 2017,
Kok et al., 2016; van Geel, Kok, Dijkstra, Robben, &
van Merrienboer, 2017).
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Statement of significance A large proportion of errors in detect-
ing pathologies in chest X-rays are due to inefficient visual
search. In order to find a pathology on a chest X-ray, gaze
needs to be used optimally. We assess the gaze characteristics
that differentiate experienced and less experienced partici-
pants when interpreting chest X-rays and whether these gaze
characteristics are associated with pathology detection.
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Understanding the visual search strategies associated with im-
proved pathology detection can help in the training of radiol-
ogists and reduce the number of errors in pathology detection.
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