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Perceptual-cognitive skills enable an individual to integrate environmental information with existing
knowledge to be able to process stimuli and execute appropriate responses on complex tasks. Various
underlying processes could explain how perceptual-cognitive skills impact on expert performance, as
articulated in three theoretical accounts: (a) the long-term working memory theory, which argues that
experts are able to encode and retrieve visual information from long-term working memory more than
less experienced counterparts; (b) the information-reduction hypothesis, which suggests that experts can
optimize the amount of information processed by selectively allocating their attentional resources to task
relevant stimuli and ignore irrelevant stimuli; and (c) the holistic model of image perception, which
proposes that experts are able to extract visual information from distal and para-foveal regions, allowing
more efficient global-local processing of the scene. In this systematic review, we examine the validity of
the aforementioned theories based on gaze features associated with the proposed processes. The
information-reduction hypothesis was supported in most studies, except in medicine where the holistic
model of image perception garners stronger support. These results indicate that selectively allocating
attention toward important task-related information is the most important skill developed in experts
across domains, whereas expertise in medicine is reflected more in an extended visual span. Large
discrepancies in the outcomes of the papers reviewed suggest that there is not one theory that fits all
domains of expertise. The review provides some essential building blocks, however, to help synthesize
theoretical concepts across expertise domains.

Public Significance Statement

Perceptual-cognitive skills are linked to superior performance in many professional settings (e.g.,
radiology, aviation, football). In this systematic review, we show that experts are able to maximize
their attention to relevant visual information and optimize performance in specific perceptual-
cognitive tasks.

Keywords: medicine, perceptual-cognitive skills, sports, visual search strategy

The Academic College at Wingate

Perceptual-cognitive skills facilitate the ability to process envi-
ronmental information and organize and produce movements that
are relevant for a successful completion of a complex task (Mar-

teniuk, 1976). Superior perceptual-cognitive skills can result in
better anticipation and decision making by optimizing how the
visual system is used to extract sufficient information relevant to
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task completion (Williams, Ward, Smeeton, & Allen, 2004). For
instance, to perform and react correctly, radiologists gather visual
information from medical images (Bertram, Helle, Kaakinen, &
Svedstrom, 2013; del Ciello et al., 2017), referees by directly
observing players (Spitz, Put, Wagemans, Williams, & Helsen,
2016), and tennis players from the body orientation of an opponent
(Williams, Ward, Knowles, & Smeeton, 2002). Moreover, poor
visual scanning or inefficient processing of visual input could lead
to decision-making errors (del Ciello et al., 2017; Marquard et al.,
2011; Mourant & Rockwell, 1972; Shappell et al., 2017).

A key issue relates to the extent to which systematic visual
scanning can be considered a marker of expert performance. A
systematic scan path relates to a strategy by which different areas
of interest (AOI) are inspected in a fixed order, allowing increased
coverage of those AOIs (Kok et al., 2016). A clear notion is needed
of how visual information is used across different professional
settings and which eye-movement characteristics can be used to
differentiate between skilled and less-skilled individuals. In this
systematic review, we had two main aims. First, we describe how
experts across different domains of expertise use perceptual-
cognitive skills to achieve superior task performance. Second, we
provide a theoretical grounding for the role of these skills in expert
performance.

The perceptual-cognitive skills used by experts are generally
assessed using speed and accuracy measures across various
perceptual-cognitive tasks (Gilis, Helsen, Catteeuw, & Wagemans,
2008; Gobet & Simon, 1996; Helsen & Starkes, 1999; Spitz et al.,
2016; Williams et al., 2002). However, in an effort to gain more
insight into the psychological processes underlying superior per-
formance, eye movement data are often gathered from participants.
In this review, the term gaze features is used for the different
phenomena that form the basis of some eye-tracking measures
relating to fixations, which keep the gaze stable on environmental
stimuli, and saccades, which are typically rapid eye movements
between one fixation location and another (Komogortsev & Kar-
pov, 2013). Variables such as the number and duration of fixations
or the length of saccades are expected to differ between expert and
nonexpert performers due to an adapted search strategy (for a
meta-analysis, see Gegenfurtner, Lehtinen, & Siljo, 2011). Three
main features of the eye-movement patterns measured in experts
have been put forward: (a) efficient visual search rate; (b) selective
attention allocation; and (c) extended visual span. These different
gaze features are characterized by specific eye-movement param-
eters (see Table 1).

According to Wolfe (2012), efficient visual search is governed
by two factors, namely, the ability to guide attention toward
relevant cues and the speed of rejecting distractors. Highly effi-
cient searches are those in which attention is guided to the target

Table 1

item immediately, thus making the rest of the scene irrelevant.
Wolfe, Cave, and Franzel (1989) introduced this concept in their
“guided search” model. This model lies at the basis of the
information-reduction hypothesis proposed by Haider and Frensch
(1999). Eye-movements are expected to show longer durations and
more fixations/dwells on relevant areas and shorter durations and
less fixations/dwells on distractor areas, resulting in high selective
attention allocation (for a meta-analysis, see Gegenfurtner et al.,
2011; see Table 1). Distractors containing bottom-up signals that
pull attention in the wrong direction can be largely ignored if the
observer is guiding attention in a top-down fashion, based on the
observer’s goals (e.g., Bichot et al., 2005; Martinez-Trujillo, 2011;
Schoenfeld et al., 2007). This process can be modulated by expe-
rience because the appearance of a target in previous trials makes
observers faster and/or more likely to find the same target again.
The observer will then be attracted to the same target that was
observed earlier, only this time the process will occur more auto-
matically (and unconsciously) than the first time when a pure
top-down search was conducted. Attention then becomes guided
by the observer in a more implicit-like and automatic manner
(Wolfe, Horowitz, Kenner, Hyle, & Vasan, 2004).

The implicit automatic guidance evolves with experience based
on knowledge of the scene. This guidance is no longer based on
properties of the target, but on the structure and content of the rest
of the scene, a shift from a feature attention model to a scene
guidance model (Wolfe, 2012). To become an expert searcher in a
specific domain, performers need to learn how to let the scene
guide attention. For example, in radiology, experts look less at the
image than novices, because they know where to look for lung
cancer in a chest X-ray (Kundel & La Follette, 1972). Similarly, in
chess, an expert player identifies specific pieces on the board more
quickly when presented with a structured rather than a random
setting (Brockmole, Hambrick, Windisch, & Henderson, 2008). In
these cases, features of the targets remain the same, but the
structure of the scene tells the expert where to look.

As proposed by the holistic model of image processing (Kundel,
Nodine, Conant, & Weinstein, 2007), experts are able to extract
significant information about the scene with a very brief glimpse
(Biederman, Rabinowitz, Glass, & Stacy, 1974). During this brief
glimpse, the observer is preattentively processing the scene (i.e.,
information in the visual field is available before selective visual
attention is directed to specific locations; Wolfe & Utochkin,
2018). In the next phase, selective attention will occur. Eye-
tracking measures will show a shorter time to initially fixate the
relevant area (e.g., lung nodule), because they know where to look
for the target, and longer saccade amplitudes, reflecting an ex-
tended visual span that allows global scene processing (Gegenfurt-
ner et al., 2011; see Table 1). In the postattentive phase, attention

Overview of Theories, Gaze Features, and Eye-Movement Characteristics

Theory Gaze features

Eye-movement characteristics

Long-term working memory theory  Efficient visual search rate

Average number of fixations/dwells; fixation durations/dwell times (irrespective

of location)
Average number of fixations/dwells; fixation duration/dwell times on AOI
Latency of first fixation on AOI; saccade amplitude; para-foveal information
processing

Selective attention allocation
Extended visual span

Information-reduction hypothesis
Holistic model of image perception
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is moved to specific locations and more subtle perceptual distinc-
tions will be recognized (Wolfe, Klempen, & Dahlen, 2000; Ye-
shurun & Carrasco, 1999).

This selective attention originates from endogenous internal
attention, meaning that attention is guided by the information
stored in the long-term memory, which is gathered there based on
relevant experience. These memories can be rapidly retrieved in
specific scenes and strongly influence what we come to perceive,
as proposed by the long-term working memory theory (Ericsson &
Kintsch, 1995). Specifically, essential information is ready and
stored in the long-term memory because of repeated exposures as
a consequence of experience. According to the long-term working
memory theory, our working memory can extract the needed
information for the completion of the task at hand. The ability to
quickly retrieve the information from the long-term memory re-
sults in a fluent output of essential specific task information.
Because of the rapid availability of essential information, eye-
tracking measures are expected to show shorter and fewer fixations
irrespective of location (Gegenfurtner et al., 2011; see: Table 1).
According to Rayner’s (1998) assumption, these eye-tracking mea-
sures represent a more efficient visual search rate.

The role of memory in visual search can be seen in the analysis
of visual scanning patterns, more specifically, in the order in which
scene elements are inspected. It appears that better memory for a
specific scene helps to memorize which areas have already been
inspected, resulting in a more efficient search (Vo & Wolfe, 2012;
Wolfe, Vo, Evans, & Greene, 2011). Inhibition of return was
proposed as the mechanism by which rejected distractors were
tagged during search to prevent reinspection of these areas (Klein,
1988; Posner & Cohen, 1984). Pure systematic scanning patterns
never return to the same area. The findings from multiple domains
of expertise show that experts have more systematic scanning
patterns compared with nonexperts. Previously, researchers have
identified a link between systematic scanning and a higher detec-
tion rate (del Ciello et al., 2017; Kok et al., 2016) as well as
between systematic scanning and a higher level of expertise (Au-
gustyniak & Tadeusiewicz, 2006; Leong, Nicolaou, Emery, Darzi,
& Yang, 2007; Li, Shi, Pelz, Alm, & Haake, 2016). Furthermore,
it has been shown that adapting systematic scan patterns through
training can reduce detection errors and improve diagnostic per-
formance among radiologists (Stockman, 2016).

The aforementioned theories and models suggest that the gaze
strategies and eye-movement characteristics observed in experts
are not mutually exclusive and their presence and interrelation-
ships may vary. These variations could partly be explained by task
characteristics as well as the level of expertise and/or performance
within specific domains of expertise (Augustyniak & Tadeusie-
wicz, 2006; Crespi et al., 2012; Kok et al., 2016; Leong et al.,
2007).

In this systematic review, we focus on the three theories dis-
cussed in the meta-analysis by Gegenfurtner et al. (2011): (a) the
long-term working memory theory; (b) the information-reduction
hypothesis; and (c) the holistic model of image processing. These
theories highlight the important aspects of attention that might
underpin perceptual-cognitive skills in experts. The meta-analysis
by Gegenfurtner et al. (2011) suggests that experts generally tend
to adopt the long-term working memory and/or information-
reduction strategies more than the holistic model of image percep-
tion. In Table 1 different gaze features that can provide evidence

for each theory are summarized. Eye-tracking measures addressing
these gaze features possibly provide us information about the
empirical support of a particular theory in a specific expertise-
domain (Gegenfurtner et al., 2011). However, little is known about
the number of relevant eye-movement characteristics that were
measured for each theory. Interpretation bias might occur as a
consequence of this fact. For example, if studies in one domain
mostly measured eye-movement characteristics supporting the ho-
listic model of image perception and very few gaze features that
speak to the other theories, it will be difficult to assess the
contribution of the other theories to this domain. Furthermore, if
this is an extensively studied domain, this theory might be put
forward as more important across the board, which may be unjus-
tified as well.

Current literature lacks clear insights into the interplay between
gaze features and superior performance of perceptual-cognitive
tasks in experts. In this systematic review, therefore, gaze features
and visual scan patterns were examined as the signature mecha-
nisms underlying superior perceptual-cognitive performance in
experts. We address three specific research questions.

1. Which types of eye-movement characteristics best pre-
dict expertise and what is their relation to superior per-
formance on perceptual-cognitive tasks?

2. To what extent does systematic scanning predict exper-
tise and superior performance on perceptual-cognitive
tasks?

3. Can gaze features and related theories be generalized
across different domains of expertise and tasks?

We hypothesize that eye-movement characteristics as measured
during performance on perceptual-cognitive tasks differ between
experts and nonexperts, as well as across different types of tasks
within each domain of expertise.

Method

Literature Search Strategy

The data in this review were collected on the 19th of December
2018 through a systematic search of four electronic databases:
PubMed; SPORTDiscus; Web of Science; and Embase. The search
terms were synonyms of the following three categories: eye move-
ments; perceptual-cognitive and decision making; and expertise.
The different categories were combined with the Boolean operator
AND, terms within the same category with OR (see Table 2). Only
peer-reviewed articles published in English were included. Also,
when a research article was an expansion of previous conducted
research, data from the most recent article were selected.

Selection Criteria

A Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) flowchart was used to provide an overview of
the studies (see Figure 1). The search retrieved a total of 16,083
likely relevant articles, of which 2,527 duplicates were removed.
The title and abstract of all 13,556 remaining articles were
screened by the lead author and cases of doubt were discussed by
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Table 2
Search Strategy

BRAMS ET AL.

Databases

Entered search terms

Mesh and Emtree terms

PubMed (title and abstract)

Embase (title and abstract)

SPORTDiscus (title and abstract)

Web of Science (topic)

Category 1:

eye movement” OR ocular movement™ OR ocular
focus™ OR eye focus™ OR smooth pursuit® OR
saccad” OR visual search” OR gaze OR gazing
OR eye tracking OR systematic viewing OR
visual scan pattern” OR eye scan pattern® OR
visual perception” OR visual field"

AND

Category 2:

Professional Competenc™ OR professional skill”
OR clinical Competenc™ OR clinical skill* OR
expert” OR Occupational Group™ OR athletic
performance™ OR sports performance” OR
expert performance™ OR superior performance”
OR perceptual-cognitive expertise OR elite
perform™ OR perceptual-cognitive skill”

AND

Category 3:

decision making” OR attention OR response
inhibition OR clinical decision-making OR
clinical decision making OR medical decision-
making OR medical decision making OR
cognitive performance OR cognition OR
pattern recognition OR anticipation

Pubmed Mesh terms:
“Eye movements”; “fixation, ocular”; “pursuit, smooth”;

2., < 2, <

“saccades”; “visual perception”; “professional

.

competence’’; “occupational groups”; “simulation
.

training”; “athletic performance”; “decision making”;

LI

“attention”; “clinical decision-making”; “task

., .,

performance and analysis”; “cognition”; “pattern
recognition, visual”; “anticipation, psychological”
Embase Emtree terms:

LTS 2., < .

“eye movement”; “eye fixation”; “vision”; “professional

competence”; “named groups by occupation”;

“simulation training”; “athletic performance”;

., 2, <,

“decision making”’; “attention”; “task performance”;

2. < .

“cognition”; “pattern recognition”; “anticipation”

coauthors. Doubtful decisions for inclusion/exclusion were re-
solved by the senior coauthor. After screening by title and/or
abstract, 13,401 articles were excluded according to following
criteria: (a) the participants were not healthy, or were not active
experts; (b) during perceptual-cognitive task completion no eye-
movement characteristics were measured; (¢) the main focus of the
study was not on perceptual-cognitive performance in specific
tasks; (d) the article did not report any accuracy and/or response
time scores; (e) the article did not focus on expertise or included
only groups of specialists with no reference group of novices; and
(f) the main focus of the article was on technical aspects or
experimental protocols. The remaining 155 articles were evaluated
as potentially relevant papers. After screening the full-text of those
articles, using the above-mentioned exclusion criteria, another 82
articles were excluded leaving 73 papers. The specific reasons for
exclusion are described in Figure 1.

Analysis

In addition to qualitative analysis, effect sizes for the eye-
movement measures that predict expertise were reported when avail-
able. All effect size data are available at the following link: https://
osf.io/3hp9b/?view_only =316ba9503f4c4846878703d3901a1963.
When effects sizes were not reported, we used other published
statistics to calculate them, if possible (Lenhard & Lenhard, 2016).
Second, all types of effect sizes were transformed to Cohen’s d
values, using the online calculator provided by Lenhard and Len-
hard (2016). For the evaluation of the effect sizes, we relied on
Cohen’s (1988) commonly used guidelines: .20 (small), .50 (me-
dium), .80 (large). For each gaze feature the weighted mean effect
size and 95% confidence interval (CI) were calculated separately
for each expertise domain, using the Metafor package for R (R
Core Team, 2014). For calculation of the weighted mean effect

sizes, we used the restricted maximum-likelihood (REML)
method, because of the diversity of study characteristics (e.g.,
eye-tracking measures conducted, tasks, expertise domains). To
examine whether there was publication bias we used the Egger test
(a test for funnel plot asymmetry; Egger, Davey Smith, Schneider,
& Minder, 1997), the trim and fill procedure (a procedure that
corrects funnel plot asymmetry; Duval & Tweedie, 2000a, 2000b)
and the fail-safe test (a test that examines how many unpublished
studies needed with negative results to change the conclusion of
the current results; Rosenthal, 1979). These analyses were con-
ducted for gaze features that were reported in at least 10 studies
within the same domain of expertise (i.e., in sports: the fixation
duration, number of fixations, number of fixation locations, and
fixation duration on AOI; Higgins & Green, 2011).

Results

Included Studies and Reported Outcome Measures

From the 73 studies included, gaze features were extracted from
the eye-movement characteristics in experts and categorized ac-
cording to the three theories previously outlined. The perceptual-
cognitive tasks across the different expertise domains were further
classified either as optimizing (demanding accurate response
from participants), maximizing (demanding rapid response), or
optimizing-maximizing (demanding both accurate and rapid re-
sponses; see Steiner, 1972). In addition, tasks were classified as
nonexplicit if no demands on accuracy and/or response time were
made. The outcomes were summarized separately for the 36 stud-
ies in sport-related domains, the 19 studies in medicine-related
domains, and the 18 studies in other domains. Sample character-
istics and the specific domain of expertise of all studies as well as
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Full-text articles assessed Full-text articles excluded,
2 for eligibility with reasons
3 (n=155) (n=82)
.20 Full text not available 12
A No healthy / still active
A experts 2
) Studies included in No eye movement analysis 12
qualitative synthesis No perceptual-cognitive
) (n=73) performance 17
No focus on expertise 17
= Technique or protocol analysis
o A 7
% Studies included in the No accuracy / response time
= analyses of weighted analysis 15
mean effect size
(n=52)
| S—
Figure 1. PRISMA flowchart showing the search results and exclusion criteria. See the online article for the

color version of this figure.

specific task characteristics are provided in the following two
sections. Summaries of the reviewed studies are presented in
Tables 3, 4, and 5 for sports, medicine, and other domains, respec-
tively. Tables 6, 7, and 8 provide more details regarding the types
of tasks, expertise domains, task outcome, and gaze characteristics
for sports, medicine, and other domains, respectively.

Sample Characteristics and Domains of Expertise

The sample sizes across the reviewed studies varied from four
(Krupinski, Chao, Hofmann-Wellenhof, Morrison, & Curiel-
Lewandrowski, 2014) to 69 (Page, Bates, Long, Dawes, & Tipton,
2011) participants, and the reported age range was 14 to 70 years.
In 51 of the 73 studies included, comparisons were made between
experts and novices or experienced (skilled) and less experienced
(less skilled) individuals. In 21 studies, comparisons were made
between three levels of expertise (i.e., novices, intermediates, and
experts).

The expertise groups in sports-related domains were differenti-
ated by the experience period (in years), performance level (elite
vs. subelite or engagement in top-division vs. lower-division
clubs), and/or engagement/training time (hours/weeks). For
medicine-related domains, expertise groups were selected based on

years of experience, training level and rank (e.g., specialists vs.
residents/students), or number of cases treated by the experts
(Mallett et al., 2014). In other domains, experience (e.g., years,
months, hours practicing the skill) was used as the main measure
for expertise. In chess, specific measures were used (e.g., the Elo
rating system or Chess Federation of Canada ranking). Altogether,
10 of the 73 included studies followed the 10-years or 10,000
hr-of-practice rule of Ericsson, Krampe, and Tesch-Romer (1993)
as a selection standard for an expert group (see Tables 3-5). The
most frequently studied subdomains in sports were soccer and
basketball (see Table 3). The main subdomain in medicine was
radiology (see Table 4).

Perceptual-Cognitive Tasks and Reported
Outcome Measures

Sports. For the main part, perceptual-cognitive tasks in sports
have involved a variety of anticipation tasks. Anticipation tasks are
those that require participants to foresee what comes next. In some
of these studies, an occlusion task was employed where the whole
scene or certain parts of the scene are covered at select time points
in the action (e.g., Alder, Ford, Causer, & Williams, 2014; Mori et
al., 2013; Williams et al., 2002). Other perceptual-cognitive tasks
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in sports included decision-making (e.g., Flessas et al., 2015) or
detection (e.g., Campbell et al., 2014). A total of 12 of the studies
were classified as optimizing-maximizing tasks, five as maximiz-
ing tasks, three as optimizing tasks, and 15 as nonexplicit tasks
(see Table 6).

Medicine. In medicine, all perceptual-cognitive tasks in-
volved detection of pathology or abnormality from XR-scans (e.g.,
Donovan & Litchfield, 2013), CT-scans (e.g., Bertram et al.,
2016), PET/CT-scans (Gegenfurtner, Lehtinen, Jarodzka, & Siljo,
2017), lesion images (e.g., Dreiseitl, Pivec, & Binder, 2012), video
clips (e.g., Balslev et al., 2012), MRI scans (Crowe, Gilchrist, &
Kent, 2018), electrocardiogram (Wood, Batt, Appelboam, Harris,
& Wilson, 2014), or monitoring during an anesthesia procedure
(Grundgeiger, Kloffel, Mohme, Wurmb, & Happel, 2017). In all
studies that included a detection task, except two (Schulte-
Mecklenbeck, Spaanjaars, & Witteman, 2017; Wood et al.,
2013), participants were either instructed to provide a report of
their diagnosis or indicate with a mouse click the location of a
possible pathology or abnormality, but no explicit instructions
were given on the accuracy or speed of execution. Therefore,
tasks in all these studies were classified as nonexplicit tasks.
Only in two studies did participants receive specific instructions
concerning speed and accuracy; these tasks were categorized
as maximizing-optimizing tasks (Schulte-Mecklenbeck et al.,
2017; Wood et al., 2013).

Other domains. In other domains of expertise, a wide variety
of tasks were used. Some examples are (a) a hazard detection task

BRAMS ET AL.

while driving in traffic, (b) a chess detection task in which partic-
ipants had to decide whether the position of a chess piece resulted
in check, (c) a knowledge quiz at the end of analyzing a specific
scene in a game or in art, and (d) decision-making in other domains
(e.g., forensics, military, air traffic controlling). Based on task
instructions, two studies used optimizing tasks, two used maxi-
mizing tasks, two used maximizing-optimizing tasks and in the
other 12 studies nonexplicit task instructions were provided (see
Table 8).

Performance and Gaze Features in Experts

In the following paragraphs, differences in performance and
gaze characteristics between different level of expertise have
been examined considering both the domain and type of the
perceptual-cognitive task within the domain. Effect sizes and
weighted mean effect sizes are presented in forest plots sepa-
rately for each domain of expertise (Figures 2—4 for sports,
Figure 5 for medicine, and Figure 6 for other domains). For
several gaze features in sports, namely those for which suffi-
cient studies effect size measures or descriptive statistics re-
ported (=10 studies; e.g., average fixation duration, average
number of fixations and fixation duration on AOI) publication
bias analyses are conducted and presented in funnel plots (Fig-
ure 2D through 2F and Figure 3C). These measures are dis-
cussed in detail below.

Sports: Visual Search Rate

A Average Fixation Duration
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Wherever several effect sizes are reported for one study it means that more than two groups were compared and Cohen’s d was reported for comparison

between each pair of groups.

Figure 2. Eye-movement char acteristics of visual search rate in sports. Forest plots and funnel plots,
respectively. (A and D) Average fixation duration. (B and E) Average number of fixations. (C and F) Number

of fixation locations.
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Sports: Selective Attention Allocation
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Figure 3. Eye-movement characteristics of selective attention allocation in sports. Forest plots and funnel plot,
respectively. (A and C) Fixation duration on AOI. (B) Number of fixations on AOI.

Expert Performance and Gaze Features in Sports

Performance. Observations from the 36 studies involving
sports suggest that irrespective of the task, experts were more
accurate and/or made faster responses than their nonexpert coun-
terparts. Superior performance on both speed and accuracy was
found in nine of the 17 studies for which both measures were
available (see Table 3).

Gaze features. Figures 2—4 present forest plots and weighted
average effect sizes for all eye-movement characteristics in sports.
In general, moderate to large weighted mean effect sizes were
found for the average fixation duration, fixation duration on AOI,
number of fixations on AOI, and systematic scan pattern.

Significant differences between experts and novices or interme-
diates in one or more gaze features were reported in all but four
studies (see Table 3). In three of those studies, a higher accuracy
was reported in experts (Casanova et al., 2013; Gorman, Abern-
ethy, & Farrow, 2013; Hancock & Ste-Marie, 2013) and in one
study, a faster response time was reported in experts (Nufiez et al.,
2009). The lack of a difference in gaze behavior between experts
and nonexperts may have been attributable to the experts’ ability to
encode domain-specific information that is relevant to the task
more efficiently (Page et al., 2011) or attributable to insufficient
statistical power (sample sizes were N = 16 and N = 20 in
Casanova et al., 2013 and Ndifiez et al., 2009, respectively). The
effect size analyses mostly report moderate to large effects for the
reported eye-tracking measures in all but one of those studies
(Hancock & Ste-Marie, 2013; Figures 2 and 3). Moderate and

large effect sizes should not be disregarded as they may imply
practical significance, even with statistically nonsignificant results
(Ellis, 2010). Expertise-related changes in gaze features are dis-
cussed in more detail in the following paragraphs (see Table 6).

Visual Search Rate

The eye-movement characteristics that were associated with
visual search rate (i.e., average number of fixations, number of
fixation locations over the whole scene, or combinations of these
two measures) were examined in 26 of the 36 studies included. In
19 studies, differences between expertise groups in one or more of
the eye-movement characteristics were observed. In 10 of these
studies, visual search rate in experts was faster than that observed
in novices or intermediates (i.e., more fixations or fixations on
more locations), whereas in the remaining studies visual search
rate in experts was slower than that observed in nonexperts (i.e.,
fewer fixations or fixations on fewer locations). The findings
reported in the remaining seven studies showed no differences in
visual search rates between experts and nonexperts.

A slower visual search rate was most often observed in combi-
nation with longer fixation durations in experts compared with
nonexperts (see Table 6). An analysis of the effect sizes of the
studies reporting differences in visual search rate between experts
and nonexperts indicated that all measures for assessing the visual
search rate (i.e., number of fixations, number of fixated areas, and
fixation duration) are highly relevant predictors for expertise (Fig-
ure 2A through 2C). In addition, although the effect sizes were
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Sports: Visual Span and Systematic Scan Pattern
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B
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between each pair of groups.

Figure 4. Eye-movement characteristics of visual span and systematic scan pattern in sports: (A) Saccade

amplitude. (B) Systematic scan pattern.

generally small for visual search rate in most studies that failed to
show statistically significant differences between expertise groups,

Schnyder et al. (2014) reported a large effect for number of
fixations and Casanova et al. (2013) reported a moderate effect for

the number of fixations and the number of fixation locations.

Furthermore, five studies indicated that visual search rate can be
influenced by the task settings (see Table 3). For example, Roca,
Ford, McRobert, and Williams (2013) showed that the eye-
movement characteristics of experience soccer players varied be-
tween far and near play situations during performance of an

Medicine
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Figure 5. Eye-movement characteristics in medicine: (A) Average fixation duration. (B) Average number of
fixations. (C) Fixation duration on AOI. (D) Number of fixations on AOI (E) Dwell time on AOL (F) Time to
first fixation on AOI. (G) Time to first dwell on AOI. (H) Saccade amplitude.



ated broadly.

on or one of its allied publishers.

and is not to be dissemin

al Associa

]

3
Bl
°)
S
o
=
7
[aW)
o
5]
<
L
>
°
k=]
3

article is intended solely for the personal use of the individual user

This

VISUAL SEARCH STRATEGIES IN EXPERTS

Other Domains

35

A Average Fixation Duration B Average Number of Fixations C Fixation Duration on AOI
Page etal, (2011) ——— 035[0.26,096]  Godwin et al, (2015) . -0.91[-1.55,-0.27) Page etal, (2011) —— 020(-0.40, 0.80]
Pryizetal. (2018) 084[0.17,151)  MacKenzie & Westwood (2015) 1.15[0.20, 2.10] Ven Mesuwen stal; (2014):1 — 989F151: 081
Page etal., (2011) ———— 0.29[:0.32, 0.90] L (20142 150(:2.69,:081
RE Model —— 05710081051 pong etal, (2018) —— 0.19[-0.88, 0.50]
RE Model | ———— -0.61[-1.64, 0.43]
05 0 05 1 15 2
Cohen's d
RE Model —— 0.04[0.77, 0.86] 4 2 a0 1
Coner's d
r T T T
2 1 0 1 2
Cohen's d
D Number of Fixations on AOI E Dwell Time on AOI F Number of Dwells on AOI
Van Meeuwen etal., (2014) — 1.28[-2:20,-0.36] Bauer & Schwan (2018) e — 0.8410.23, 1.45] Godwin etal (2015) 07710.44,140]
Bilalic et al., (2011) ————— -0.45[-1.44, 0.54] Schriver et al., (2008) 1.28(0.47, 2.09]
Lansdale et al., (2010) ———— 1.07 [-0.05, 2.19] Prytz et al., (2018) 1.57(0.83, 2.31]
FE Model —— 077014, 1.40]
——
RE Model | —m— 0.25[-1.58, 1.08] RE Model ——— 1.18[0.72, 1.65] o 0 1 1
Caner's
— T — T
-3 < 4 0 1 2 3 0 05 1 15 2 25
Cohen's d Cohen's d
G Time to First Fixation on AOI H Saccade Amplitude

Huestegge etal. (2010)
Van Meeuwen et al., (2014)

-1.53[-248, -0.58]

MacKenzie & Westwood (2015)
Huestegge etal., (2010) 041022, 1.04)

Hoskin etal, (2010)

— .

Wherever several effect sizes are reported for
one study it means that more than two groups
were compared and Cohen’s d was reported
for comparison between each pair of groups.

-059[-1.22, 0.04]

1.06[0.12, 2.00]

115205, -0.25]

RE Model 0531243, 1.37] RE Model

Cohen's d

Cohen's d

024151, 1.02)

Figure 6. Eye-movement characteristics on other domains: (A) Average fixation duration. (B) Average number
of fixations. (C) Fixation duration on AOI. (D) Number of fixations on AOI. (E) Dwell time on AOI. (F) Number
of dwells on AOL (G) Time to first fixation on AOI. (H) Saccade amplitude.

anticipation task. Skilled players used significantly more fixations
of shorter duration and toward a greater number of locations when
interacting with the far task, whereas visual search rate signifi-
cantly decreased (i.e., fewer fixations) during the near task when
whole field inspection was not necessary. No changes in visual
search rate as a function of task were observed in the less-skilled
group.

Furthermore, a publication bias analysis was conducted for the
fixation duration, number of fixations and number of fixation
locations separately. Although Egger’s test was found significant
for fixation duration (z = 2.14; p = .03); outcomes of both the
trim-and-fill method (result: no missing studies in the funnel plot)
as well as the fail-safe test (result: 289 studies needed to refute the
results for the average fixation duration) suggested that publication
bias was minimal or absent (Figure 2D). For the number of
fixations and number of fixation locations Egger’s test was non-
significant (z = —1.60; p = .11; z = —1.35; p = .18) suggesting
symmetry in the funnel plots (Figure 2E and 2F). The trim-and-fill
method suggested no missing studies in these funnel plots. Finally,
the fail-safe test indicated that at least 52 studies should be con-
ducted to refute results for the average number of fixations and
zero studies would be needed to refute results for number of
fixation locations. This last result is to be expected, because
weighted mean effect size analysis already reported no effect for
the number of fixation locations (d = .02; Table 9 and Figure 2C).

In summary, measures of search rate are related to the long-term
working memory theory (Gegenfurtner et al., 2011), because the
length and number of fixations are influenced by the processing

speed of the brain, which, in turn, depends on the information
available in the working memory. Although effects sizes were
mostly medium or large, the direction of those effects varied
between studies. These variations may be related to the tasks
performed. Yet, we cannot conclude that this theory supports
expert performance in sports based on these data alone. It is
possible that these data can be explained in conjunction with other
measures (see Multiple Gaze Features section below).

Selective Attention Allocation

In 31 of the 36 studies assessing expertise in sports, variables
such as number and/or duration of fixations/dwells on AOIs were
used as measures of selective attention allocation. In 25 of the 31
studies, experts tended to fixate or dwell more and/or make longer
fixations or dwells on relevant AQOIs, possibly ignoring salient
irrelevant regions, compared with novices or intermediates. Effect
size analyses showed moderate to large effects for these measures
as predictors for expertise in most studies (Figure 3A and 3B).
Williams and Davids (1998) did not report significant differences.
However, the combination of a relatively small sample size (12
experienced and 12 less experienced soccer players) and a large
effect size (d = 1.08) for fixation duration on the AOI (hip region
in this case) suggests that this is a highly effective predictor for
expertise in one-against-one soccer situations (Figure 3A). Finally,
two studies reported fewer or shorter fixations on AOIs in experts
compared with nonexperts (see Table 6). In the four remaining
studies, no differences in selective attention allocation were re-
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ported between expertise groups (see Table 6). However, two of
these studies reported large effect sizes and the other two studies
reported small effect sizes for eye-movement characteristics indi-
cating selective attention allocation (Figure 3A and 3B).

Furthermore, a publication bias analysis was conducted for
fixation duration on AOI Egger’s test was nonsignificant (z =
1.58; p = .12), suggesting symmetry in the funnel plot (Figure
3C). The trim-and-fill method also suggested no missing studies in
the funnel plot. Finally, a fail-safe test indicated that at least 990
studies should be conducted to refute the results for fixation
duration on AOL

In summary, weighted mean effect sizes were high for fixation
duration on AOI (d = 1.01) and number of fixations on AOI (d =
1.08; see Table 9), and eye-tracking measures indicate more se-
lective attention allocation in experts. Taken together, these results
support the information-reduction hypothesis (Gegenfurtner et al.,
2011).

Visual Span

The eye-movement characteristics that were associated with
visual span [that is, time to first fixation on relevant AOI (n = 1)
and saccade amplitude (n = 4)] were examined in five of the 36
studies (see Table 6). Wu et al. (2013) compared novices and
expert basketball players and showed a shorter time to first fixation
on the relevant AOI for completion of nonexplicit anticipation
tasks (i.e., predict the outcome of free throw attempts). Expertise
related differences in saccade amplitude were reported in only one
study (Cohen’s d = .67), whereas the other three studies showed
no difference and small effect sizes for saccade amplitude between
experts and nonexperts (Figure 4A). Ryu et al. (2015) reported
shorter saccade amplitudes in experts, compared with nonexperts,
during performance of maximizing-optimizing decision task in
which they had to decide which player was best placed to receive
a pass.

In summary, the relatively scarce data on visual span does not
support the holistic model of image perception as being relevant to
expertise in sports.

Systematic Scan Pattern

In six of the 36 studies included, systematic scan patterns were
reported in the group with the highest level of expertise (see Table
6). Effect sizes for experts using systematic scan patterns were
moderate (Williams et al., 2002) to large (Vaeyens, Lenoir, Wil-
liams, & Philippaerts, 2007; Williams & Davids, 1998; Figure 4B).

Scan pattern systematicity is rarely assessed, so we cannot draw
final conclusions about differences between experts and nonex-
perts. However, the above-mentioned analyses seem promising
and indicate that scan pattern systematicity might be an effective
predictor for expertise in sports.

Multiple Gaze Features

Multiple gaze features in experts were reported in 15 of the 36
studies reviewed and included, for the most part, an interplay
between search rate and selective attention allocation to relevant
AOIs (see Table 6). The combination of a faster search rate and
selective attention allocation was observed in (optimizing-

maximizing or nonexplicit) anticipation tasks or decision tasks
(see Table 6). In contrast, a slower visual search rate in combina-
tion with selective attention allocation, was observed in a maxi-
mizing anticipation, optimizing decision/detection or optimizing-
maximizing decision and nonexplicit tasks (see Table 6).

Various combinations of systematic scan patterns and different
gaze features were observed in all six studies reporting systematic
scan patterns in experts. The use of systematic scan patterns by
experts was accompanied by a difference in selective attention
allocation on specific AOIs (all six studies) and/or a difference in
visual search rate compared with nonexperts (four of the six
studies; Table 6).

In summary, it appears that several interactions between gaze
characteristics related to search rate, selective attention allocation,
and scan systematicity may explain expert performance. Although
the most prominent interaction appears to be the one between
search rate and selective attention allocation, it is still not clear
what is the magnitude and direction of the relevant gaze features
that are the basis for this finding.

Expert Performance and Gaze Features in Medicine-
Related Domains

Performance. For performance measures in medicine, only
three of the 19 studies (Tables 4 and 7) reported no group differ-
ences in accuracy between experts and nonexperts. In all other
studies, experts outperformed nonexperts.

Gaze features. Figure 5 present forest plots and weighted
average effect sizes for all eye-movement characteristics in med-
icine. In general, moderate to large weighted mean effect sizes
were found for the average fixation duration, dwell time on AOI,
number of fixations on AOI, time to first fixation on AOI and
saccade amplitude.

Differences in one or more gaze features between experts and
nonexperts (and/or intermediates) were reported in all studies
except two (see Table 7). In these two studies, experts did not
show superior performance compared with nonexperts. Expertise-
related changes in gaze features as function of task and perfor-
mance measures are discussed next (see Table 7).

Visual Search Rate

The eye-movement characteristics that were associated with
visual search rate were examined in 10 of the 19 studies. In five of
these studies, no differences were reported in visual search rate
between experts and nonexperts (see Table 7). The effect size
analyses revealed no effect for the number of fixations in two
studies and a moderate effect for fixation duration in one study
(Figure 5A and 5B). In five studies, differences in visual search
rate were reported (see Table 7). When compared with nonexperts
or trainees, experts made fewer fixations during task completion.
In the study of Krupinski et al. (2014), the slower search rate (d =
.68) in experts was observed in combination with shorter fixation
durations (d = .55), resulting in a shorter total viewing time
(Figure 5A and 5B). Finally, Bertram et al. (2016) reported an
adapted visual search rate only in experts depending on task
conditions (e.g., the image presentation rate in radiology). A
higher presentation rate was related to longer fixation durations
and a lower presentation rate was related to shorter fixation dura-
tions.
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In summary, all five studies reporting differences in visual
search rate between experts and nonexperts suggest a slower visual
search rate in experts in medicine. However, because of the scar-
city of data, we cannot say whether the long-term working memory
theory solely explains the results.

Selective Attention Allocation

The eye-movement characteristics underlying differences in se-
lective attention allocation between experts and novices were
examined in 13 of the 19 studies. Significant differences between
expertise group in fixation duration/dwell time on AOIs and/or
number of fixations/dwells to AOIs were reported in all but one
study (Schulte-Mecklenbeck et al., 2017). However, contradictory
results, even within the same expertise domain, were reported in
different studies for these characteristics. Specifically, in six stud-
ies experts fixated more and/or made longer fixations or dwells on
relevant AOIs, suggesting that they were able to ignore irrelevant
or salient regions compared with novices or intermediates (see
Table 7). In these studies, large weighted mean effect sizes were
reported for number of fixations and dwell time on AOI (Figure
5D and 5E).

Finally, Nodine, Kundel, Lauver, and Toto (1996) examined
attention deviation due to salient areas in mammography lesion
detection. Salient areas were defined as brighter spots on the
mammograph without further meaning. The less experienced par-
ticipants were mostly attracted by these irrelevant salient regions,
whereas experts were able to disregard these features.

For the remaining six studies assessing selective attention allo-
cation (see Table 7), opposite or inconsistent trends were reported
(i.e., expert showed shorter fixation durations or dwell times or
made fewer fixations on relevant AOIs as compared with novices
or intermediates).

In summary, the data suggest that the number of fixations on
AOI (d = 1.45) and dwell duration on AOI (d = .94) are
effective predictors of expertise (see Table 9). Our conflicting
results prevent us from suggesting the information-reduction
hypothesis as the theory that explains expertise in medicine.

Visual Span

Two eye-movement characteristics were examined, namely,
time to first fixation/dwell and saccade amplitude. A total of six
studies examined time to first fixation/dwell on the AOI, five of
which found a shorter time to first fixation/dwell and one reported
a longer time to first fixation/dwell on AOI (see Table 7). Three
studies reported a large effect and one study reported a small effect
for the difference in time to first fixation or dwell on AOI between
experts and nonexperts (Figure 5F and 5G).

Altogether, the saccade amplitude was examined in six studies.
In three of these studies shorter saccade amplitudes were reported,
whereas longer saccade amplitudes in experts compared with non-
experts were reported in one study. In the two remaining studies no
differences were observed (see Table 7). An analysis of six effect
sizes revealed a small to moderate weighted mean effect size (d =
.44; Figure SH).

In summary, these data suggest that time to first fixation may
characterize experts in the medical domain. However, saccade
amplitudes only characterize experts in medicine at a moderate

level. These data provide partial support for the holistic model
of image perception as a predictor of expert performance in
medicine.

Systematic Scan Pattern

Altogether, four of the 19 studies assessing expertise in medi-
cine, report systematic scan patterns in experts. Only one study
provided descriptive statistics suggesting that systematic scan pat-
terns are an efficient measure to predict expertise (see Table 7).
Further research is needed on this topic.

Multiple Gaze Features

Multiple gaze features in experts were reported in 10 of the 19
studies and inconsistent trends in search strategy were observed
across domains (see Table 7). However, because of the small
number of studies and lack of consistent findings in these studies
it was impossible to generalize about the use of particular search
strategies adopted by experts in medicine-related domains.

Expert Performance and Gaze Features in Other
Domains

Performance. For performance in other domains of expertise,
only four out of the 18 studies assessed accuracy while not record-
ing response or detection time (Tables 5 and 8). In all other studies,
experts were more accurate than nonexperts. Response or detection
time was measured in 12 of the 18 studies. In most of these studies,
compared with nonexperts, experts had a shorter response or
detection time. In one study, no difference was observed between
the groups and in two studies longer response or detection times
were reported in experts (Tables 5 and 8).

Gaze features. Figure 6 represents forest plots showing effect
sizes and weighted averages for different eye-movement charac-
teristics in other domains. In general, large weighted mean effect
sizes were found for the average fixation duration, dwell time and
number of dwells on AOI (Figure 6A, 6E, and 6F).

In most studies significant differences in one or more gaze
features between experts and nonexperts (and/or intermediates)
were reported. Only two studies did not report any significant
effect of expertise on one or more gaze features (see Table 8).
However, in one of those studies high effect sizes were reported
for differences in saccade amplitude and average number of fixa-
tions between experts and nonexperts (MacKenzie & Westwood,
2015; Figure 6B and 6H). This finding might reflect low statistical
power in these studies. The expertise-related changes in gaze
features as a function of task and performance measures are
discussed next (see Table 8).

Visual Search Rate

The eye-movement characteristics associated with visual search
rate were studied in 10 of the 18 studies assessing various domains
of expertise. In five of these studies no difference in visual search
rate were reported between experts and nonexperts (see Table 8).
Of the other five studies, four found a lower total number of
fixations (Dong, Zheng, Liu, & Meng, 2018 [d = .19]; Francuz,
Zaniewski, Augustynowicz, Kopi$, & Jankowski, 2018 [N/A];
Godwin et al., 2015 [d = .91]; Reingold, Charness, Pomplun, &
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Stampe, 2001 [d = .32]). These results suggest that a slower visual
search rate characterizes search strategy during task completion in
experts. In the study of Prytz, Norén, and Jonson (2018), an
approximately equal number of fixations was found in all groups
during task completion, but experts showed longer fixation dura-
tions (d = .84; see Figure 2).

In summary, the conflicting results prevent us from suggesting
that the long-term working memory hypothesis alone can explain
expert performance in various domains. However, the fact that
when differences were found they were consistent (lower total
number of fixations) is promising and future work should explore
this further.

Selective Attention Allocation

Various measures to assess selective attention allocation were
collected in 16 of the 18 studies assessing expertise across do-
mains. No differences between groups were reported for these
measures in only three of the 16 studies (see Table 8). Most studies
reported more and/or longer fixations/dwells on relevant areas
(Bilali¢ et al., 2011, Reingold et al., 2001, and Van Meeuwen et
al., 2014 are exceptions). Effect sizes for the dwell time on AOI
and the number of dwells on AOI were generally large (Figure 6E
and 6F).

Bilali¢ et al. (2011) and Reingold et al. (2001) assessed exper-
tise in chess. Findings suggest that experts focus more on the
middle of the board instead of on the individual chess pieces,
which suggests that experts retrieve information concerning the
chess pieces using the parafovea. The same tactic may have been
used by the air traffic controllers in the study by van Meeuwen et
al. (2014). Participants were asked to decide about the best order
of arrival. All fixated less and for shorter durations on the aircrafts
and the Artip (a point through which the aircraft has to pass before
beginning an instrument landing approach) while completing this
task.

In summary, dwell duration on AOI (d = 1.18) and number of
dwells on AOI (d = .77) were put forward as strong predictors for
expertise in other domains (see Table 9). Altogether, these data
suggest that the information-reduction hypothesis may be able to
explain differences in expertise in various domains.

Visual Span

The eye-movement characteristics analyzing differences in vi-
sual span between experts and nonexperts were conducted in eight
studies. Altogether, two of these eight studies did not report any
difference in visual span between groups. In the studies reporting
differences between experts and nonexperts, expertise effects were
observed for the time to first fixation/dwell as well as for the
saccade amplitudes. In the study of Dong et al. (2018), experts
were faster in fixating the marked area on a geographic map and in
the study of van Meeuwen et al. (2014) experts were faster in
fixating on the aircraft (d = 1.53). Contradictory results were
observed in the study of Sheridan and Reingold (2014). In this
latter study, a longer time to first dwell on the chess piece was
reported in chess experts. These results concerning the time to first
fixation/dwell on the AOI argue for an extended visual span in
experts in geography and air-traffic controlling, but not in chess
(see Table 8).

A total of three studies reported differences in saccade ampli-
tudes between experts and nonexperts (see Table 8). However,
these studies reported the opposite outcomes for saccade ampli-
tudes in experts. The longer saccade amplitudes found in chess
experts in the study of Reingold et al. (2001) suggest an extended
visual span in this group, whereas the shorter saccade amplitudes
in experts in driving in the studies of Hosking et al. (2010) and
Huestegge, Skottke, Anders, Miisseler, and Debus (2010) suggest
a more thorough search conducted by experts to assess hazardous
situations. In general, studies assessing expertise in driving argue
for a higher central focus in expert drivers instead of a wide visual
scanning behavior in hazardous situations. Because expert drivers
develop visual strategies that can adapt to specific demands of the
traffic situation, we cannot draw final conclusions concerning
general differences in visual span between novice and expert
drivers based on the results of these two studies using hazardous
driving situations (e.g., Borowsky, Shinar, & Oron-Gilad, 2010;
Crundall, Chapman, Phelps, & Underwood, 2003).

The effect sizes for differences in saccade amplitude between
experts and nonexperts were large and moderate (Figure 6H). In
chess, the long saccade amplitudes, alongside the above-
mentioned observation that experts fixate less on chess pieces, may
suggest that parafoveal information processing due to an extended
visual span, developed with expertise.

In summary, the above-mentioned results suggest an extended
visual span in experts in chess, air-traffic controlling, and geogra-
phy, which is in line with the holistic model of image perception.
However, because of some conflicting results and the relatively
small number of studies assessing the visual span in experts we
have to interpret these results carefully and future work should
explore this further.

Systematic Scan Pattern

Only two of the 18 studies reported systematic scanning behav-
ior in experts, one in analyzing proton-nuclear-magnetic resonance
(proton-NMR) spectra and one in air-traffic controlling (ATC;
Table 8). During proton-NMR spectra analysis, experts only
scanned between the NMR-signals and the correct answer,
whereas nonexperts scanned between all areas on the display (e.g.,
distractor structures, white space, question stem, etc.) indicating a
more chaotic scanning behavior in the nonexpert group (Topcze-
wski, Topczewski, Tang, Kendhammer, & Pienta, 2017). In ATC,
the scan patterns used by experts suggest a working-forward rather
than means-end strategy. They showed fewer transitions that in-
cluded the destination point of the aircraft (i.e., Artip-aircraft and
Artip-background) than novices. This finding indicates that nov-
ices frequently focus on the goal to reach a solution, whereas
experts develop a solution without paying attention to the goal
(van Meeuwen et al., 2014). In both domains, experts seemed to
use more simplified patterns compared with nonexperts.

Because of the small number of studies assessing systematic
scanning and the lack of statistics to analyze effect sizes, it is not
possible to draw final conclusions about systematic scanning in
experts in these domains.

Multiple Gaze Features

A total of seven of the 18 studies assessing expertise in other
domains report eye-movement characteristics that underlie multi-
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ple gaze features. The results were inconsistent (for details, see
Table 8). In sum, a variety of gaze features combinations were
observed in different expertise domains. We cannot draw final
conclusions about which combination is the most suitable to obtain
expert performance.

Associations Between Superior Perceptual-Cognitive
Task Performance and Eye-Movement Characteristics
in Experts

The direct assessment of the associations between gaze features
and performance outcome measures were available in only 12 of
the 73 included studies: five in sport-related domains (see Table 3),
three in medicine-related domains (see Table 4), and four in other
domains of expertise (see Table 5). Wood et al. (2013) reported
that, among radiologists, a shorter time to first fixation on a
fracture was significantly correlated with higher rates of correct
diagnosis. Francuz et al. (2018); Milazzo, Farrow, Ruffault, and
Fournier (2016), and Piras, Lobietti, and Squatrito (2014) revealed:
(a) positive correlations between a slower search rate and accuracy
and/or (b) negative correlation between a faster search rate and
decision/reaction time (RT). In contrast, Krupinski (1996), re-
ported that longer gaze durations (suggesting a slower search rate)
were related to false-negative decisions in mammography lesion
detection.

In addition, Topczewski et al. (2017) reported that novices who
performed better used less time to complete a scan pattern com-
pared with novices that performed worse. In these two cases, faster
search rates were related to higher accuracy in examining mammog-
raphy’s and proton-nuclear-magnetic resonance (proton-NMR) spec-
tra. Schulte-Mecklenbeck et al. (2017) reported a relationship between
longer dwell times on diagnostic cues and a higher accuracy. This
relationship between longer dwell/fixation times and a higher accu-
racy has been reported in sport (see Table 6) and aviation (Schriver,
Morrow, Wickens, & Talleur, 2008).

In summary, although not causal, the presence of relationships
between experts’ eye movement characteristics and their perfor-
mance support the notion that gaze behavior is related to expert
performance.

Discussion

In the current review, we aimed to unravel the visual search
processes that may explain superior performance on perceptual-
cognitive tasks in experts. Moreover, we attempted to identify
theories that highlight these processes within specific domains of
expertise. We attempted to answer three questions: (a) Which
types of eye-movement characteristics best predict expertise and
what is their relation to superior performance on perceptual-
cognitive tasks?; (b) To what extent does systematic scanning predict
expertise and superior performance on perceptual-cognitive tasks?;
and (c) Can gaze features and the related theories be generalized
across different domains of expertise and tasks?

Overall, measures for the number and duration of fixations/
dwells on AOIs were included in most studies of expertise, across
the different domains. The findings showed longer and/or more
fixations/dwells on AOIs in experts, except in studies in the
medical domain. In medicine, the results were more conflicting
with half of the studies assessing these measures reporting a high

number and/or duration of fixations/dwells on AOIs, whereas the
other half reported the opposite. In addition, experts in medicine
took less time to first fixate/dwell on the AOI. Some papers did not
report differences in any eye-movement characteristic between
experts and nonexperts (Casanova et al., 2013; Dyer, Found, &
Rogers, 2008; Gorman et al., 2013; Hancock & Ste-Marie, 2013;
Mackenzie & Westwood, 2015; Nufiez et al., 2009; Page et al.,
2011; Piras et al., 2014). However, in some of those studies large
effect sizes were reported for specific eye-movement characteris-
tics, whereas the absence of significant effects may reflect low
statistical power. Furthermore, it is possible that differences in
expert performance are not always manifest in differences in visual
search behavior, with instead experts being better purely due to the
information retrieved from memory. Finally, we found evidence
linking specific gaze features and systematic scanning across all
domains of expertise.

The key differences and similarities of gaze features used by
experts, the relationship between gaze data and performance, and
the different theories explaining specific gaze behavior in experts
are discussed next.

Gaze Features Related to Expertise

Visual search rate. The visual search rate differed between
experts and nonexperts, although the direction of change was not
consistent. In some studies, compared with nonexperts, experts
made fewer fixations indicating a slower visual search rate. This
effect was reported in 11 studies in sports (see Table 6), three
studies in medicine (see Table 7), and four studies in other do-
mains (art: Francuz et al., 2018; military: Godwin et al., 2015;
chess: Reingold et al., 2001; and geography: Dong et al., 2018; see
Table 8). In contrast, in nine studies across sports, experts made
more fixations indicating a faster visual search rate (see Table 6).
In medicine, as well as in some other domains, only static two-
dimensional (2D) tasks were used in the studies assessing visual
search rate. According to the meta-analysis conducted by Gegen-
furtner et al. (2011), fewer fixations are expected in a 2D task
performed by experts when compared with a three-dimensional
(3D) task. This finding can be explained by the observation of
Barrouillet and Camos (2007) and Mayer and Moreno (2003) that
these types of tasks appear to be less demanding for the working
memory compared with dynamic and/or 3D tasks. In sports,
mostly 2D dynamic video clips were used. Although the findings
involving sports are somewhat conflicting, it appears that visual
search rate was related to the type of task.

In anticipation tasks, experts appeared to use mostly a faster
visual search rate, whereas in decision or detection tasks, experts
used a slower visual search rate. This finding is in line with those
reported by Mann, Williams, Ward, and Janelle (2007) that exper-
tise differences in the perceptual and decision-making strategies of
athletes are task dependent. Also, a slower visual search rate in
detection or decision tasks was reported in the meta-analysis of
Gegenfurtner et al. (2011). Another explanation for slower visual
search rates is the capability of experts to ignore irrelevant infor-
mation, while acquiring relevant information to optimize their
response or decision time on a perceptual-cognitive task (Pieters,
Warlop, & Hartog, 1997). Ignoring irrelevant information would
result in fewer fixations, as indicated by a slower visual search
rate. This idea is similar to the information-reduction hypothesis
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discussed below and may help in detecting “low expectancy high
value regions” (Wickens & McCarley, 2007, p. 50), which is of
importance in medicine.

The high detection rates for nodules and other pathologies,
which might appear in low expectancy regions, are of utmost
important in this domain to optimize medical care. This finding
might explain why only a slower visual search rate was observed
in medicine, because in this domain accuracy is highly important.
Furthermore, this strategy can explain the high prevalence of the
combination of a slower visual search rate and a selective attention
allocation, because irrelevant areas are ignored and relevant areas
are fixated in this case. This is in line with Rayner’s (1998)
suggestion that a smaller number of fixations indicates a more
efficient search process. Furthermore, the observation that shorter
fixation durations and/or fewer fixations are sufficient for success-
ful perceptual-cognitive task completion, suggests a fast informa-
tion pick-up in experts. More specifically, experts have sufficient
information in their long-term working memory due to experience
that can be retrieved rapidly when specific tasks have to be
completed, which is in line with the long-term working memory
theory (Ericsson & Kintsch, 1995).

Finally, some researchers in sports have reported that experts
switched between a high number of fixations and a low number of
fixations indicating an adaptive visual search rate (Casanova et al.,
2013; Laurent, Ward, Williams, & Ripoll, 2006; Roca et al., 2013;
Uchida, Mizuguchi, Honda, & Kanosue, 2014). A possible expla-
nation for the variety of visual search rate tactics in experts across
different studies is the number of elements that have to be analyzed
during the task (Casanova et al.,, 2013; Vaeyens et al., 2007;
Williams & Davids, 1998). Experts appear to adapt their visual
search rate according to the number of elements that require
analysis better than nonexperts. Similar observations were reported
in other domains. In aviation, for example, licensed pilots were
shown to use more fixations during takeoff and landing (more
elements to analyze) compared with cruise conditions (fewer ele-
ments to analyze), indicating a faster visual search rate (Brams et
al., 2018; Di Nocera & Bolia, 2007). In medical imaging, the
presence of nodules or lesions increase the number of elements
that have to be analyzed. In such cases, experts adapt their visual
search rate to a faster visual search rate (Bertram et al., 2013,
2016).

Selective attention allocation. Selective attention allocation
was another gaze feature showing differences between experts and
nonexperts in different domains of expertise. In general, most
experts appear to make more fixations of longer durations on
relevant AOIs, suggesting that they are better at selectively allo-
cating their attention and ignoring irrelevant areas. This observa-
tion is in accordance with previous research showing enhanced
selective attention processes in experts (e.g., Augustyniak & Ta-
deusiewicz, 2006; Bishop, Kuhn, & Maton, 2014; Vickers, 1992).
Selective attention allocation is expected to be beneficial for
perceptual-cognitive task completion because the amount of es-
sential information processed is optimized. Experienced partici-
pants will systematically move their focus from one AOI to an-
other, guided by experience or previous knowledge, which is in
line with the guided search theory (Wolfe, 1994). Selective atten-
tion allocation has shown to be related to high accuracy scores,
which is expected to be more important in medicine, as well as fast
response or decision times, which is expected to be more important

in sports. In all other domains of expertise, improved accuracy,
and/or response time were accompanied by a high selective atten-
tion allocation. Overall, measures to assess attention allocation
have been shown to be a good measure to assess expertise across
domains. These findings support the information-reduction hy-
pothesis, suggesting that experts are better at selectively attending
to task-relevant information and ignoring task-irrelevant informa-
tion (Haider & Frensch, 1999). However, results from seven of the
studies in the present review contradict the information-reduction
hypothesis (two in sports: Table 6; four in medicine: Table 7; two
in chess: Table 8; and one in air traffic control: Table 8). In these
studies, experts made fewer fixations/dwells of shorter durations/
dwell times on the relevant region. A possible explanation for this
contradiction is the development of an extended visual span in
experts.

Visual span. An extended visual span is essential for a global-
local search and is observed as a shorter time to first fixate a
relevant AOI and by longer saccade amplitudes. During the global
search, experts are assumed to extract essential information from
their para-foveal vision (Bertram et al., 2013; Kundel & Nodine,
1975) and capture essential information, which is examined in
detail during a local scan. Consequently, because this local scan is
the second time information is processed, shorter fixation dura-
tions might be enough. This finding suggests that experts using an
extended visual span were more accurate on the specific task as a
result of double checking (first check during global search; second
check during local search) of relevant AOIs (Leong et al., 2007).

There exists evidence for better para-foveal information pro-
cessing capabilities, and thus an extended visual span, in experts
across several domains of expertise. In studies assessing para-
foveal information processing, specific foveal blurred scenes were
used during task completion (e.g., Fox, Merwin, Marsh, McCo-
nkie, & Kramer, 1996; Ryu et al., 2015). Ryu et al. (2015) provide
evidence for a fluent switch between para-foveal and foveal infor-
mation processing in experts, as experts were more successful
when the para-foveal view was blocked. Further evidence for use
of para-foveal information processing in experts was put forward
by Fox et al. (1996) who examined flight performance in highly
experienced and less experienced pilots by showing that perfor-
mance of highly experienced pilots decreased more when para-
foveal vision was blocked compared with less experienced pilots.
Yet, studies addressing para-foveal information processing in ex-
perts are scarce and further empirical work is necessary.

In other domains, an extended visual span appeared to be related
to expertise. In air traffic controlling (van Meeuwen et al., 2014)
and geography (Dong et al., 2018), a shorter latency to first fixate
the AOI was observed in experts. This finding may indicate that in
these two domains experts already capture the scene globally
during the preattentive phase (Kundel & Nodine, 1975), which
rapidly guides them to the AOI during the local scan. In contrast,
in hazard detection tasks in motor riding (Hosking et al., 2010) and
car driving (Huestegge et al., 2010), more experienced drivers that
used shorter saccade amplitudes were more successful. In driving,
the focus of expansion (FOE) is identified as a point on the horizon
where drivers focus on and an optic flow expands from it toward
the vehicle. When the fovea of the eye is directed at the focus of
expansion, optic flow can be detected in the peripheral part of the
eye’s retina. This point is identified as the most important one to
focus on for optimal monitoring of changes in the pattern of optic
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flow. Strong deviations from this point can result in unsafe driving
(Mourant, Ahmad, Jaeger, & Lin, 2007). This finding could ex-
plain why short saccade amplitudes are beneficial for hazard
detection in driving tasks.

Overall, these findings partly support the hypothesis that experts
have an extended visual span that allows them to first globally
analyze a scene by using their para-foveal vision. Stronger evi-
dence for a visual span was observed in medicine compared with
the other domains of expertise. These results tend to be in line with
the hypothesis of the holistic model of image processing (Kundel
et al., 2007).

Systematic Scanning Related to Expertise

In general, experts appeared to follow a more structured scan
pattern that linked different AOIs. Scan pattern systematicity has
been shown to be beneficial for both decision time and accuracy.
A recent review suggested that systematic scanning has beneficial
effects on accuracy in lung tumor detection in radiology and that
30% of the missed lung tumors were due to unsystematic scanning
(del Ciello et al., 2017). Other findings suggest that systematic
scanning can optimize selective attention allocation and facilitate
pick-up of essential information, resulting in enhanced perfor-
mance (Megaw & Richardson, 1979), which could explain the
high prevalence of a combination of a high selective attention and
systematic scanning in the eye-tracking results in some of the
reviewed studies (e.g., Crespi et al., 2012; O’Neill et al., 2011;
Ripoll, Kerlirzin, Stein, & Reine, 1995; Topczewski et al., 2017;
Vaeyens et al., 2007; Williams et al., 2002; Williams & Davids,
1998). There exists evidence to support relationships between
systematic scanning and expertise across a wide variety of do-
mains (e.g., in aviation: Bellenkes, Wickens, & Kramer, 1997 and
Fitts & Jones, 1947; in medical imaging: Kundel & La Follette,
1972; ECG reading: Augustyniak & Tadeusiewicz, 2006; in visual
inspection of small integrated circuits: Schoonahd, Gould, &
Miller, 1973). It has also been shown that visual scan strategies can
be taught and that a better adaptation to more systematic visual
scan pattern is related to enhanced performance (Czaja & Drury,
1981; Sadasivan, Greenstein, Gramopadhye, & Duchowski, 2005;
Vitak, Ingram, Duchowski, Ellis, & Gramopadhye, 2012; Wang,
Lin, & Drury, 1997). Although the data are limited, it appears that
systematic scanning is related to expert performance.

Suggestions for Future Research

In general, the summaries of all relevant papers from different
expertise domains prevent us from drawing final conclusions about
the way in which the gaze features support the different theories
about viewing strategies and attention allocation across all areas of
expertise. This conclusion is attributable, at least in part, to the
skewness of the analyses conducted in each specific domain (see
Figure 7). What is very clear from Figure 7 is that the different
theories are not equally dominant in each domain of expertise, and
that the use of different gaze features often goes hand in hand with
specific theoretical assumptions in each domain.

Theoretically, it would have been possible to observe strong
correlations between different gaze features across different areas
of expertise, and perhaps also strong convergence between the
different theories. In principle, one could envisage a scenario of
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expertise development which is common to all domains of exper-
tise, in which the different components of expertise that are high-
lighted in the different theories would go hand-in-hand. Informa-
tion processing could be optimized by (a) selectively allocating the
available attentional resources to task relevant stimuli and ignoring
irrelevant stimuli (i.e., the information-reduction hypothesis), re-
sulting in longer durations and more fixations on relevant areas
and shorter durations and less fixations on distractor areas; or (b)
extracting visual information from distal and para-foveal regions,
allowing more efficient global-local processing of the scene (i.e.,
the holistic model of image perception), resulting in a shorter time
to initially fixate the relevant area and longer saccade amplitudes,
reflecting an extended visual span and more global scene process-
ing; or (c) relying more on the encoding and retrieval of visual
information from long-term working memory (i.e., the long-term



n or one of its allied publishers.

ghted by the American Psychological Associa

This document is copyri

°r and is not to be disseminated broadly.

This article is intended solely for the personal use of the individua

VISUAL SEARCH STRATEGIES IN EXPERTS 43

working memory theory), resulting in shorter and less fixations
irrespective of location.

Alternatively, it is equally well possible that each domain of
expertise leads to its own trajectory of information-processing
optimization because each set of domain-specific stimuli and its
associated processing demands is different, which would lead to
more specialized ways of attending and selecting information,
showing little commonality between domains of expertise. For
instance, information-reduction could be strongest in situations
where experts need to deal with quickly moving, complex stimuli,
such as dynamic ball sports, whereas holistic perception and great
benefits from quickly activating stored templates from long-term
memory are more likely to occur in situations with visually similar
images such as X-rays of chests. Unfortunately, we cannot disen-
tangle these distinct possibilities because dominant theories, fre-
quently extracted gaze features, and domains of expertise are
presently strongly confounded in the literature (see Figure 7).

We suggest avenues for future research. First, in future research-
ers should try to evaluate a broader range of gaze features to
account for all possible theories of enhanced information process-
ing and use similar measures as much as possible. More studies
should try to formulate hypotheses from different potentially rel-
evant theories instead of focusing on only one theory, which
happens to be predominant in that domain of expertise. Second,
there is a large variance in levels of expertise between studies. For
example, in the study of Bertram et al. (2016) two years of
experience in interpreting medical images is already sufficient to
be implemented in the expert group, whereas in the study of
Krupinski (1996), participants with three or four years of experi-
ence in interpreting medical images are included in the novice
group. This variance hinders our ability to draw conclusions and/or
to compare studies. We suggest that future studies should carefully
chose their expertise groups to be able to compare their results to
the literature. Finally, several eye-movement characteristics (e.g.,
systematic scan pattern, time to first fixation on AOI) were found
to have large effects, but in a small number of studies. In future,
researchers should try to replicate these effects in larger samples
and in different areas of expertise.

Conclusions

The inconsistencies in the results of the studies included in this
systematic review can prevents us from ruling unequivocally that
some gaze features are better than others for experts in certain
domains or tasks. The large amount of inconsistencies in this
systematic review can mainly be explained by the wide variety of
methodologies used across studies, for instance differences were
observed in: (a) sample size; (b) level of expertise of the expert
group (for a review, see Gegenfurtner et al., 2011); (c) the iden-
tified AOIs and time window (Brunyé, Mercan, Weaver, & El-
more, 2017; Donovan & Litchfield, 2013; Gegenfurtner et al.,
2017; Jaarsma, Jarodzka, Nap, van Merriénboer, & Boshuizen,
2015; Manning, Ethell, Donovan, & Crawford, 2006); (d) record-
ing and analysis methods for eye-tracking measures; (e) instruc-
tional sets (e.g., Kaakinen & Hyond, 2010), (f) perspectives of the
visual stimuli (first person, overhead, etc.), and (g) stimuli (e.g.,
moving, stationary). This variability in the methods employed
should be addressed in future research. The largest inconsistency
related to the task set-up, highlighting a need to determine the most

efficient task set-up and to use such tasks consistently to improve
the generalizability of the findings. An effective task set-up should
be as realistic as possible and implement the use of essential
perceptual-cognitive skills for the specific domain of expertise.
The newest technologies like virtual reality can help create a
first-person perspective of the task, thereby enhancing our ability
to unravel the perceptual-cognitive skills that underlie superior
performance in experts.

In conclusion, although there are inconsistencies in the results of
the reviewed studies and the available data is scarce for some
domains, the current review highlights the importance of an effi-
cient visual search rate, enhanced selective attention allocation, an
extended visual span, and scan pattern systematicity for expert
performance in various domains of expertise. Moderate to large
weighted mean effect sizes were observed for the differences
between experts and nonexperts in: (a) average fixation duration,
fixation duration on AOI, and systematic scan pattern in sports; (b)
the average fixation duration, number of fixations on AOI, dwell
time on AOQI, time to first fixation on AOI, and saccade amplitude
in medicine; and (c) the average fixation duration, dwell time, and
number of dwells on AOI in other domains.

The gaze features related to the information-reduction hypoth-
esis turn out to be more relevant in all domains of expertise, except
for medicine, where the holistic model of image perception ap-
pears to be more important. Based on these findings, we can
conclude that the development of expertise generally results in an
enhanced ability to selectively locate attention on the most relevant
areas, whereas only in medicine, expertise involves an extended
visual span. Note, however, that all three theories or some com-
binations of these theories may explain some aspects of expert
performance, depending on the specific task. The field is, there-
fore, in strong need of a more integrative theory, which encom-
passes the basic building blocks highlighted by each theory but
with sufficient empirical support. More systematic research with
comparable methods is also necessary to be able to draw more
final conclusions about the exact theory that can best explain
superior performance on perceptual-cognitive tasks across differ-
ent domains of expertise. Finally, because specific gaze features as
well as systematic scanning appear to facilitate expert perfor-
mance, more application-oriented research should try to implement
gaze training to improve performance in perceptual-cognitive
tasks.
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