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Updating and complementing a previous review on eye-tracking technology and
the dynamics of natural gaze behavior in sports, this short review focuses on
the progress concerning researched sports tasks, applied methods of gaze data
collection and analysis as well as derived gaze measures for the time interval of
2016-2022. To that end, a systematic review according to the PRISMA guidelines
was conducted, searching Web of Science, PubMed Central, SPORTDiscus, and
ScienceDirect for the keywords: eye tracking, gaze behavio*r, eye movement, and
visual search. Thirty-one studies were identified for the review. On the one hand, a
generally increased research interest and a wider area of researched sports with a
particular increase in official's gaze behavior were diagnosed. On the other hand,
a general lack of progress concerning sample sizes, amounts of trials, employed
eye-tracking technology and gaze analysis procedures must be acknowledged.
Nevertheless, first attempts to automated gaze-cue-allocations (GCA) in mobile
eye-tracking studies were seen, potentially enhancing objectivity, and alleviating
the burden of manual workload inherently associated with conventional gaze
analyses. Reinforcing the claims of the previous review, this review concludes
by describing four distinct technological approaches to automating GCA, some
of which are specifically suited to tackle the validity and generalizability issues
associated with the current limitations of mobile eye-tracking studies on natural
gaze behavior in sports.

gaze behavior, visual search, eye-tracking, eye movements, sports

1. Introduction

In 2017, Kredel et al. (2017) published a review on eye-tracking technology and the
dynamics of natural gaze behavior in sports that the scientific community has quite well received.
This systematic review covered 40 years of previous research, beginning with the trend-setting
publication on visual search activity in sports by Bard and Fleury (1976) and ending with the
comparison of elite and non-elite tennis players’ gaze behaviors by Murray and Hunfalvay
(2016). Based on 60 included studies, the authors reasoned that sports-related eye-tracking
research seemed to strive for ecologically valid test settings (i.e., concerning viewing conditions
and response modes) and experimental control along with high measurement accuracy (i.e.,
controlled test conditions with high-sample-rate eye-trackers linked to algorithmic analyses).
To meet both demands, the authors suggested the integration of robust mobile eye-trackers in
motion-capture systems whilst, at the same time, advising researchers to carefully weigh
arguments concerning the fundamental trade-off between laboratory and field research. In any
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case, further advancements in mobile eye-tracking methodology
seemed advisable to allow for more significant amounts of gaze data
to increase the explanatory power of the inferred results (cf. also
Orquin and Holmgqvist, 2018).

Given the highly dynamic developments in sports technology over
recent years, the present review aims to complement the data reported
by Kredel et al. (2017) by updating the analysis for the time interval of
2016-2022, thereby especially focusing on the progress concerning
researched sports tasks, applied methods of gaze data collection and
analysis as well as derived gaze measures.

2. Methods

In line with the PRISMA guidelines (Shamseer et al., 2015), a
systematic review was conducted by searching the electronic
databases Web of Science, PubMed Central, SPORTDiscus, and
ScienceDirect for the keywords: eye tracking, gaze behavio*r, eye
movement, and visual search (February 2022). Studies on natural
dynamic visual behavior with gaze assignments on at least two
different areas of interest (AOIs) written in the English language
and published in peer-reviewed journals between 2016 and 2022
were included, whilst studies on perceptual training, using
occlusion paradigms or without the collection of eye-tracking data
were excluded. After removing duplicates from the initially
identified 491 articles, 387 studies were screened by two
independent raters leading to the exclusion of 260 additional
studies that were not sports-related (99), not based on eye-tracking
(90), actually not peer-reviewed (53) or not dealing with natural
dynamic gaze behavior (18). Assessing the full text of the remaining
127 records for eligibility resulted in a further exclusion of 96
articles that were not sports-related (41), conducted without
pre-defined AOIs (24), focused on non-natural or static gaze
behavior (19), actually not employing eye-tracking (11) or
researching perceptual learning (1). The remaining 31 articles were
finally included in the review.

3. Results

In the following paragraphs, the review results will be summarized

and contrasted with the review conducted by Kredel et al. (2017).

3.1. Publications

The 31 included studies are characterized in Table 1 by author
names and year of publication, researched sport, sample size,
visualization condition, viewing perspective, required motor response,
number of analyzed trials, applied eye-tracker type and sample rate
(ET), gaze-cue allocation method (GCA), number of pre-defined
areas of interest (NAOI) as well as derived gaze measures, namely
fixation durations (FD), number of fixations (NF), saccades (SA),
viewing times (VT) and gaze dynamics, either not related (DN) or
related (DE) to a specific event. In purely quantitative terms, the
number of scientific publications on natural gaze behavior in sports
has increased significantly in recent years (from 11 in 2007-2011 over
20in 2012-2016 to 28 in 2017-2021).
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3.2. Task

Despite the recent increase in the total number of studies, the
percentage of studies in game sports decreased from 87.1% (Kredel
etal, 2017) to 61.3% in the current review, which not only reflects a
broader range of researched sports but a marked focus on sports
referees’ or judges’ gaze behavior (22.6%). The sample sizes have
remained essentially constant (M=20.7, SD=10.3; compared to
M=20.6, SD=12.4 for 1976-2016). However, it apparently has
become standard practice to base gaze analyses not only on a fraction
of the sample but on all participants. Overall, the total of 1’131
researched participants in 2016 increased to a total of 1743
participants in 2022.

Regarding the experimental setting, a strong trend can be noticed
toward ensuring the results’ ecological validity. Compared to Kredel
etal. (2017), the percentage of studies in which gaze data was acquired
under natural field conditions rose from 39.4 to 62.5%. Above, a
natural viewing perspective was implemented in each of the more
current studies, meaning that the scenery was presented to the
participant as an evolving situation watched from a first-person
perspective, contrary to 11.9% with a third-person perspective in the
2017 review. The same trend holds for the required motor response.
The percentage of studies in which participants were asked to respond
naturally to the presented situations (as opposed to button presses,
verbal responses, etc.) increased from 60.7% for 1976-2016 to 83.9%
for the recent 5-year interval.

The resulting tendency towards an emphasis on ecological validity
is illustrated in summary in the left panel of Figure 1, in which the
studies included in the 2017 and the 2022 review are grouped
concerning the viewing conditions (field vs. lab) and response
requirements (natural vs. artificial), respectively, and depicted in
cumulation (thereby omitting a single publication in which no
response was demanded as well as the field/artificial category that
appeared only twice since 1976). Obviously, the portion of lab studies
with artificial responses stagnates over recent years whilst the number
of lab studies with natural responses, and more so, the number of field
studies with natural responses has remarkably grown.

3.3. Gaze analysis

Compared to the review conducted by Kredel et al. (2017), the
percentage of analyzed trials per participant slightly decreased from
82.3 t0 79.5% and the number of total trials performed per participant
considerably decreased from 41.5 (SD=49.1) to 30 (SD=22.9).
Assuming no substantial prolongation of the single trials and given
the substantial noise that gaze data is typically afflicted with, this
decrease is a profound surprise.

On the other hand, the average sample rate raised in median
values from 30 Hz to 60 Hz. This is partly because recent studies have
used mobile eye-trackers with comparatively high-sample-rate
cameras (up to 200 Hz). However, these numbers should be interpreted
with caution as desirable reporting standards are still not obeyed in all
cases (leading to, e.g., mixed-up eye and scene camera sample rates or
sample rates not reported at all). When having a closer look at the
used eye-trackers, it becomes evident that — despite the noticeable
technological progress in mobile eye-tracking systems over the recent
years (with, e.g., higher sample rates and video resolutions, multiple
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TABLE 1 Overview of sports-related eye-tracking studies (2016—-2022).

Publication Task Gaze analysis Gaze measures
Author(s)/Year Condition View  Response ET GCA NF SA VT DN DE
Spitz et al. (2016) Soccer (R) 39/39 Lab st Artificial 20/20 s/120 Algorithmic 4 X - - - -
Zeuwts et al. (2016) Cycling 12/13 Lab+Field 1st Natural 550m/700 m m/50(30) Manual 5 - - - - -
Chia et al. (2017) Badminton 24/24 Field st Natural 27.6/30 m/30(—) Manual 6 X - X - -
Decroix et al. (2017) Slalom Skiing 11/27 Field st Natural 17/17 m/50(25) Manual 8 X - X - -
Schnyder et al. (2017) Soccer (R) 6/6 Field 1st Natural 36/36 m/120(60) Manual 7 X - - - X
Seifert et al. (2017) Climbing 18/18 Field 1st Natural 1 route m/60(30) Manual 40 X - - X -
Vansteenkiste et al. Cycling 27/34 Field st Natural 550m/700 m m/30(—) Manual 5 X - X - -
(2017)

Brimmell et al. (2018) Soccer 41/42 Lab 1st Natural 2/2 m/30(—) Manual 4 X - X - -
Del Campo et al. (2018) Soccer (R) 22/22 Lab 1st Natural 24/24 m/— Manual 2 X - X - -
Goh et al. (2018) Bowling 21/21 Field 1st Natural 10/10 m/25(—) Algorithmic 8 X - X - -
Hunfalvay and Murray Tennis (WC) 32/32 Lab Ist Natural 18/18 /60 Algorithmic 5 X - - - X
(2018)

Pizzera et al. (2018) Gymnastic (J) 35/35 Lab 1st Natural 19/21 $/300 Manual 5 X - - - -
Robertson et al. (2018) Judo (C) 20/22 Lab st Natural 2/24 m/30(—) Manual 9 X - X - -
Saenz-Moncaleano et al. Tennis 21/21 Field Ist Natural 40/40 m/60(—) Manual 4 - - - - X
(2018)

Van Maarseveen et al. Basketball 13/13 Field st Natural 12/36 m/24(-) Manual 9 X - X X -
(2018)

Kim et al. (2019) Archery 14/14 Lab 1st No 3/3 s/— Algorithmic 5 X X - - X
Vila-Maldonado et al. Volleyball 38/38 Lab st Artificial 34/36 m/— (—) Manual 8 X - X - -
(2019)

Aksum et al. (2020) Soccer 5/5 Field 1st Natural 16 min m/— (25) Manual 4 - - X - -
Bickmann et al. (2020) Soccer (E) 21/21 Lab st Natural 1 match s/120 Manual 9 X - - - -
Kato (2020) Kendo 20/20 Field 1st Natural 4/5 sess. m/60(—) Manual 6 X - X - -
Mitchell et al. (2020) Climbing (C) 6/6 Field 1st Artificial 12/12 m/60(—) Manual 3 X - X - -
Shearer et al. (2020) Team Sports 34/34 Lab 1st Artificial 11/11 s/120 Manual 3 X - - - -
Babadi Aghakhanpour Fencing (R) 28/28 Lab Ist Natural 50/50 m/60(—) Manual 4 X - - - -
etal. (2021)

Esteves et al. (2021) Basketball 10/10 Field 1st Natural 50/50 m/60(—) Manual 6 X - - - -
Klatt et al. (20212) Basketball (R) 8/9 Field 1st Natural 1 match m/200(120/30) = Manual 6 - X - - X
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in-situ

slides/videos, Field

just watching), number of trials (number of trials with gaze analysis/total number of trials),

The publications are specified by researched sport (R, referee; J, judge; WC, wheelchair; C, coach; E, e-sports), sample size (N: number of participants with gaze analysis/total number of participants), visualisation condition (Lab

investigation), viewing perspective (1st

natural action, artificial = verbal/button press/etc., no

agent on the field), required motor response (natural =

agent’s perspective, 3rd =

not reported), number of pre-defined areas of

ratings, algo. = algorithmic, —

not reported, in brackets: sample rate of scene camera), the gaze-cue allocation method (GCA, Manual

= stationary, —=

mobile, s

applied eye-tracker (ET, type and sample rate in Hz, m

measured,

gaze dynamics related to a specific event, x

gaze dynamics not related to a specific event, DE=

viewing times, DN =

saccades, VT =

=number of fixations, SA =

fixation durations, NF

interest for gaze allocation (NAOI), as well as collected gaze measures (FD

not measured).
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cameras per eye, and slippage correction) — most studies relied on
comparably old technology with low specifications. Virtually never
reported was a comprehensive set of data quality measures, as already
proposed by Holmqvist et al. (2012), rendering further quality
comparisons considerably more difficult, if not impossible.

The same absence of marked progress is revealed when
considering the total number of analyzed frames per study - roughly
estimated from the numbers of included participants, trials per
participant, and eye-tracker sample rates as specified in the respective
papers and assuming the analysis of a 2-s interval per trial (which, due
to circumstances, can only be done for publications in which all these
details are specified). The resulting numbers are depicted in the right
panel of Figure 1 as a function of the year of publication, the applied
eye-tracker, and the required motor response — again omitting a
category that appeared only twice since 1976, namely stationary/
natural. The use of stationary eye-trackers that feature high sample
rates and thus remarkably raise the number of analyzed frames seems
to mark a distinct episode lasting from 2010 to 2016. This turn away
in more recent years can probably be best ascribed to the inevitable
costs of stationary (and especially head-fixed) eye-tracking, namely,
the reduction of ecological validity, as already discussed above.
Likewise, no positive tendency is revealed for studies in which mobile
eye-trackers came into operation, but artificial motor responses were
required. In contrast, regarding mobile eye-tracking studies with
natural responses, a slight increase can be noticed that not only refers
to the total number of studies over consecutive 5-years intervals but
also to the total number of analyzed frames. When calculating a linear
trend for these investigations, this number increased from about
10000 frames in 1990 to about 55’000 frames in 2022, corresponding
to an annual increase of about 1’000 analyzed frames per study.
However, compared to the depicted studies in which stationary
eye-trackers allowed for more than 1 million analyzed frames per
study, these numbers still fall short by orders of magnitude.

Regarding the number of AOIs reported in the papers included in
the present review, the current gaze point was allocated to about eight
predefined AOIs (M=8.2, SD=7.7), a number that pretty much
matches the count over the previous time interval (M=6.8, SD=3.1).
Details of gaze-cue allocation (GCA) were only elliptically reported
and therefore remain difficult to interpret. Some studies (e.g., Sienz-
Moncaleano et al., 2018) seem to employ algorithmic event-detection
algorithms (e.g., for fixations) first, and assign AOIs to events in a
second step (leading to a significant reduction of manual work), whilst
others (e.g., Van Maarseveen et al., 2018) perform a frame-by-frame
GCA and classify fixations downstream based on these categorial
allocations, obviously omitting detailed spatial characteristics of gaze
locations. Some ignore these - perceptually relevant — event detections
altogether or even redefine standard definitions (e.g., Loiseau-Taupin
etal, 2021). Nevertheless, decent progress can be noticed concerning
an algorithmic rather than a manual approach to GCA as - compared
to the 8.3% reported by Kredel et al. (2017) - an algorithmic approach
has been pursued in 16.1% of studies over more recent years. However,
for three of the total five studies with an algorithmic GCA, the
automation was at the expense of accepting a stationary collection of
gaze data (Spitz et al., 2016; Hunfalvay and Murray, 2018; Kim et al.,
2019). Still, the remaining two studies with a completely automated
GCA (Goh et al,, 2018; Krabben et al., 2022) represent significant
progress in terms of algorithmic analyses of mobile eye-tracking data
in sports-related settings (from 0% in 2017 to 8.0% more recently).
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FIGURE 1

Cumulated number of studies published 1976-2021, assigned by the external validity to the categories “field/natural,” “lab/natural,” and “lab/artificial”
(left) and estimated total numbers of analyzed frames per study as a function of year of publication (1993-2022), applied eye tracker (stationary vs.
mobile), and required motor response (artificial vs. natural) (right, please note the log scale of the vertical axis).
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3.4. Gaze measures

Regarding derived gaze measures, Kredel et al. (2017) report no
significant trends when comparing studies conducted either in 1976
2000 or 2001-2016. This picture seems to have considerably changed
over more recent years. More precisely, comparing the past with the
recent study pool, a remarkable drop in the percentage of studies is
revealed that report overall viewing times (V'T; from 88.3 to 48.4%;
for a respective critique, see Orquin and Holmqvist, 2018) or gaze
dynamics without relating the gaze behavior to specific events (DN;
from 33.3 to 6.5%). Whilst this decrease can probably be best ascribed
to the mostly nominal informative value of these two variables in
dynamic settings, the additionally observed decrease in the analysis
of saccades (SA; from 25.0 to 6.5%) sparks hope that also in sports-
related studies the technological limitations of low sample-rate
eye-tracking devices concerning saccade analyses slowly become
respected or, at least, the established nomenclature is applied
more consistently.

In contrast, two further gaze measures continue to be reported in
most publications, namely the number of fixations (NF; from 85.0 to
74.2%) as well as fixation durations (FD; from 88.3 to 93.5%).
Depending on their definition (cf. Hessels et al., 2018), these measures
can be automatically derived from the raw gaze data in a relatively
straightforward manner by applying event-detection algorithms (e.g.,
IVT, but refer to Andersson et al., 2017, for a performance evaluation
of different algorithms and specific caveats before their application,
especially in mobile settings).

The most pronounced increase, however, pertains to the
calculation of variables that specify aspects of gaze dynamics related
to specific events, which essentially means that GCA is aligned to
specifics of temporal movement or situational unfolding (DE; from
23.3 to 35.5%). This trend is further underlined by the fact that this
statement applies to the most recently conducted seven studies
included in the present review, obviously reflecting a significant
growth of scientific interest in event-related spatiotemporal dynamics
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of natural gaze behavior in sports, or — in more psychological terms
- in the dynamic coupling of visual perception and action.

4. Discussion

Compared to the Kredel et al. (2017) review for the period from
1976-2016, the present update has revealed three relevant trends.
First, a generally growing scientific interest in the field of research was
observed. Second, aspects of ecological validity seem to become
increasingly important, which is reflected by a growing fraction of
studies in which gaze data is gathered under the natural, first-person
viewing conditions of the field, and natural motor responses are
required, which, in turn, calls for a preferable use of mobile
eye-trackers that allow for (more or less) unconstrained behavior.
Third, whilst the scientific interest in more general aspects of gaze
behavior (e.g., overall viewing times) seems to diminish, a trend
becomes evident towards focusing on gaze measures that specify
spatiotemporal aspects of gaze dynamics by event-based GCA or
higher-order classification into visual strategies.

In contrast, the progress with respect to the applied eye-tracking
technology seems to be limited. Foremost, common reporting
guidelines as proposed already 10years ago and recently detailed by
the mainstream eye-tracking community (Holmqvist et al., 2022) are
still not comprehensively employed in sports-related studies. This,
however, seems of utmost importance, especially due to the significant
error potential associated to mobile eye-tracking in dynamic situations
(Niehorster et al., 2020; Hooge et al., 2022). Without increasing the
quality of the reporting and the underlying measurement process, the
formulated quest for a larger amount of gaze data per study would fall
considerably short, as just employing a faster eye-tracker cannot solve
potential inherent data quality issues.

Nonetheless, the total number of analyzed frames per study does
also not show a remarkable increase such that the 55000 frames
currently analyzed in mobile eye-tracking studies with natural motor
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responses still do not reach the standard for studies in which stationary
eye-trackers were applied. One obvious solution to this problem - as
already suggested by Kredel et al. (2017) - can be found in a more
pronounced use of eye-tracking technology that allows for an
algorithmic analysis of larger amounts of gathered gaze data. Applying
appropriate event detection algorithms on high-sample-rate raw eye
data, eye movements can be objectively and precisely classified (e.g.,
into fixations, saccades, or smooth pursuit). Beyond, concerning
GCA, we currently identify four distinct approaches:
(1) manual gaze/event-to-AOI-mapping using raw scene
camera images,
(2) automated gaze/event-to-AOI-mapping using pose estimation
on scene camera images,
(3) automated gaze/event-to-AOI-mapping using motion-capture
integration and natural visual scenes,
(4) automated gaze/event-to-AOI-mapping using motion-capture
integration and artificially rendered visual scenes.

While (1) has been the de facto standard in mobile sports-related
eye-tracking studies from the beginning, this approach has been
refined by firstly employing event-detection algorithms on high-
sample-rate eye-tracking data, and, in a second step, allocating these
events to AOIs captured by a lower sample-rate scene camera. At the
cost of losing cue-related scan paths, this leads to a significant
reduction of workload while maintaining temporal precision for
event-detection. Approach (2) can be seen as an extension to (1),
which both seem particularly suited for unconstrained field studies.
Employing algorithms for visual scene understanding (for a recent
review on human pose estimation see Kumar et al., 2022), the
manual AOI assignment in (1) is substituted by automated
approaches in (2). While these two approaches dramatically
economize the gaze analysis process and (2) also increase the
objectivity of the GCA, two further advantages are specifically
achieved by motion-capture integration, that is, (a) the possibility to
add AOIs that do not appear in the currently analyzed video frame
(e.g., the location where a tennis ball will be hit by the racket), and
(b) a synchronized recording of the participant’s movements, which
allows relating the algorithmic gaze analysis to action events (e.g.,
the moment of response initiation). While approach (3) emphasizes
external validity by presenting natural visual scenes, where, for
instance, real opponents’ limbs are motion-tracked, (4) employs
artificially rendered visual scenes to maximize experimental control.
By displaying either video content with previously identified
trajectories of crucial AOIs or computer-generated visual scenes
(e.g., leveraging game engines, where object trajectories are known
a priori), both approaches allow a fully automated gaze-vector-based
GCA as already proposed by Kredel et al. (2010, 2015). Both
approaches could be scaled to constrained field research by using
LPM- or IMU-based motion-capture, even if they seem particularly
suited for constrained lab research. Employing head-mounted AR/
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VR displays with integrated eye-trackers can be seen as special cases
for (3) or (4), having identical advantages, but currently still the
apparent drawbacks of head-mounted high-mass and high-inertia
devices for dynamic sports tasks.

To sum up, approaches as proposed in (2), (3) or (4) would allow
for a substantial increase in analyzed gaze data per study without
corrupting the ecological validity of test conditions and the internal
validity of the measurements. This would not only enhance the
generalizability of the obtained results; a respective increase would
more so create conditions for a critical re-examination of findings on
potential differences in gaze behavior that are overall accepted in
literature but ultimately based on relatively small sample sizes. For
instance, the general belief that expert athletes are distinguished by a
comparatively “quiet” gaze behavior with fewer fixations of longer
durations (¢f Mann et al., 2007; Gegenfurtner et al., 2011) - that has
been questioned in recent reviews and meta-analyses (Klostermann
and Moeinirad, 2020; Silva et al, 2022) - would be open to an
empirical test when pursuing those algorithmic approaches. We thus
would like to conclude that the application of reporting standards and
reliable high-sample-rate mobile eye-trackers with algorithmic
analysis of a more significant amount of gathered gaze data will be the
decisive step forward in future research on the dynamics of natural
gaze behavior in sports.

Author contributions

All authors listed have made a substantial, direct, and
intellectual contribution to the work and approved it for publication.

Funding

Open access funding by University of Bern.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Andersson, R., Larsson, L., Holmgqvist, K., Stridh, M., and Nystrom, M. (2017). One
algorithm to rule them all? An evaluation and discussion of ten eye movement event-
detection algorithms. Behav. Res. Methods 49, 616-637. doi: 10.3758/s13428-016-0738-9

*Babadi Aghakhanpour, N., Abdoli, B., Farsi, A., and Moeinirad, S. (2021).
Comparison of visual search behavior and decision-making accuracy in expert and

frontiersin.org


https://doi.org/10.3389/fpsyg.2023.1130051
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://doi.org/10.3389/fpsyg.2020.562995
https://doi.org/10.3389/fpsyg.2020.562995
https://doi.org/10.3758/s13428-016-0738-9

Kredel et al.
novice fencing referees. Optom. Vis. Sci. 98, 783-788. doi: 10.1097/
OPX.0000000000001726

Bard, C., and Fleury, M. (1976). Analysis of visual search activity during sport problem
situations. J. Hum. Mov. Stud. 3, 214-222.

*Bickmann, P., Wechsler, K., Rudolf, K., Tholl, C., Frobése, I., and Grieben, C. (2020).
Gaze behavior of professional and non-professional eSports players in FIFA 19. Int. .
Gaming Comput.-Mediat. Simul. 12, 1-17. doi: 10.4018/IJGCMS.2020070101

Brimmell, J., Parker, J., Wilson, M. R., Vine, S. J., and Moore, L. J. (2018). Challenge
and threat states, performance, and attentional control during a pressurized soccer
penalty task. Sport Exerc. Perform. Psychol. 8, 63-79. doi: 10.1037/spy0000147

*Chia, J. S., Burns, S. E, Barrett, L. A., and Chow, J. Y. (2017). Increased complexities
in visual search behavior in skilled players for a self-paced aiming task. Front. Psychol.
8:987. doi: 10.3389/fpsyg.2017.00987

*Decroix, M., Wazir, M. R. W. N., Zeuwts, L., Deconinck, E E, Lenoir, M., and
Vansteenkiste, P. (2017). Expert-non-expert differences in visual behavior during alpine
slalom skiing. Hum. Mov. Sci. 55, 229-239. doi: 10.1016/j.humov.2017.08.012

*Del Campo, V. L., Farifias, A. C., Marquez, E. J. D., and Martin, J. M. (2018). The
influence of refereeing experiences judging offside actions in football. Psychol. Sport
Exerc. 37, 139-145. doi: 10.1016/j.psychsport.2018.03.004

*Esteves, P. T., Arede, ]., Travassos, B., and Dicks, M. (2021). Gaze and shoot: examining
the effects of player height and attacker-defender interpersonal distances on gaze behavior
and shooting accuracy of elite basketball players. Rev. de Psicol. del Deporte 30, 1-8.

Gegenfurtner, A., Lehtinen, E., and Silj6, R. (2011). Expertise differences in the
comprehension of visualizations: a meta-analysis of eye-tracking research in professional
domains. Educ. Res. Rev. 23, 523-552. doi: 10.1007/s10648-011-9174-7

*Goh, W. X, Lim, B. H., Wylde, M. J., Macnaughton, M., Chow, J. Y., and Lee, M. J.
(2018). Pre-movement and during-movement visual search behaviors vary depending
on expertise and anxiety levels in ten-pin bowling. J. Sports Sci. 36, 2076-2086. doi:
10.1080/02640414.2018.1436764

Hessels, R. S., Niehorster, D. C., Nystréom, M., Andersson, R., and Hooge, I. T. C.
(2018). Is the eye-movement field confused about fixations and saccades? A survey
among 124 researchers. R. Soc. Open Sci. 5:180502. doi: 10.1098/rs0s.180502

Holmgqvist, K., Nystrom, M., and Mulvey, E (2012). “Eye tracker data quality: what it is and
how to measure it” in Proceedings of the symposium on eye tracking research and applications.
ed. S. N. Spencer (New York, NY, USA: Association for Computing Machinery), 45-52.

Holmgyist, K., Orbom, S. L., Hooge, L. T. C., Niehorster, D. C., Alexander, R. G.,
Andersson, R,, et al. (2022). Eye tracking: empirical foundations for a minimal reporting
guideline. Behav. Res. Methods 55, 364-416. doi: 10.3758/s13428-021-01762-8

Hooge, 1. T. C., Niehorster, D. C., Hessels, R. S., Benjamins, J. S., and Nystrom, M.
(2022). How robust are wearable eye trackers to slow and fast head and body
movements? Behav. Res. Methods, 1-15. doi: 10.3758/s13428-022-02010-3

*Hunfalvay, M., and Murray, N. (2018). The effect of prior tennis experience on
wheelchair tennis players’ visual search. Adapt. Phys. Act. Q. 35, 329-341. doi: 10.1123/
apaq.2017-0117

*Kato, T. (2020). Using “enzan no metsuke” (gazing at the far mountain) as a visual
search strategy in kendo. Front. Sports Act. Living 2:40. doi: 10.3389/fspor.2020.00040

*Kim, Y., Chang, T., and Park, I. (2019). Visual scanning behavior and attention
strategies for shooting among expert versus collegiate Korean archers. Percept. Mot. Skills
126, 530-545. doi: 10.1177/0031512519829624

*Klatt, S., Noél, B., Nicklas, A., Schul, K., Seifriz, E, Schwarting, A., et al. (2021a). Gaze
behavior and positioning of referee teams during three-point shots in basketball. Appl.
Sci. 11:6648. doi: 10.3390/app11146648

*Klatt, S., Noél, B., Schwarting, A., Heckmann, L., and Fasold, E. (2021b). Adaptive
gaze behavior and decision making of penalty corner strikers in field hockey. Front.
Psychol. 12:674511. doi: 10.3389/fpsyg.2021.674511

Klostermann, A., and Moeinirad, S. (2020). Fewer fixations of longer duration? Expert gaze
behavior revisited. Ger. J. Exerc. Sport Res. 50, 146-161. doi: 10.1007/s12662-019-00616-y

*Krabben, K., Mann, D., Lojanica, M., Mueller, D., Dominici, N., van der Kamp, J., et al.
(2022). How wide should you view to fight? Establishing the size of the visual field necessary
for grip fighting in judo. J. Sports Sci. 40, 236-247. doi: 10.1080/02640414.2021.1987721

Kredel, R., Klostermann, A., and Hossner, E.-J. (2010). “Echtzeitregistrierung von
Blickbewegungen in virtueller Umgebung” in Bewegung und Leistung - Sport, Gesundheit &
Alter. eds. K. Mattes and B. Wollesen (Hamburg, Germany: Deutsche Vereinigung fiir
Sportwissenschaft), 116.

Kredel, R., Klostermann, A., and Hossner, E.-]. (2015). “Automated vector-based gaze
analysis for perception-action diagnostics” in Advances in visual perception research. ed.
T. Heinen (New York, NY: Nova Science), 45-59.

Kredel, R., Vater, C., Klostermann, A., and Hossner, E.-J. (2017). Eye-tracking
technology and the dynamics of natural gaze behavior in sports: a systematic review of
40 years of research. Front. Psychol. 8:1845. doi: 10.3389/fpsyg.2017.01845

Kumar, P, Chauhan, S., and Awasthi, L. K. (2022). Human pose estimation using deep
learning: review, methodologies, progress and future research directions. Int. J.
Multimed. Info. Retr. 11, 489-521. doi: 10.1007/s13735-022-00261-6

Frontiers in Psychology

10.3389/fpsyg.2023.1130051

*Loiseau-Taupin, M., Ruffault, A., Slawinski, J., Delabarre, L., and Bayle, D.
(2021). Effects of acute physical fatigue on gaze behavior and performance during
a badminton game. Front. Sports Act. Living 3:725625. doi: 10.3389/
fspor.2021.725625

Mann, D. T,, Williams, A. M., Ward, P,, and Janelle, C. M. (2007). Perceptual-cognitive
expertise in sport: a meta-analysis. J. Sports Exerc. Physiol. 29, 457-478. doi: 10.1123/
jsep.29.4.457

Mitchell, J., Maratos, E. A., Giles, D., Taylor, N., Butterworth, A., and Sheffield, D.
(2020). The visual search strategies underpinning effective observational analysis in the
coaching of climbing movement. Front. Psychol. 11:1025. doi: 10.3389/fpsyg.2020.01025

Murray, N. P, and Hunfalvay, M. (2016). A comparison of visual search strategies of
elite and non-elite tennis players through cluster analysis. J. Sports Sci. 35, 241-246. doi:
10.1080/02640414.2016.1161215

Niehorster, D. C., Santini, T., Hessels, R. S., Hooge, I. T. C., Kasneci, E., and
Nystrém, M. (2020). The impact of slippage on the data quality of head-worn eye
trackers. Behav. Res. Methods 52, 1140-1160. doi: 10.3758/s13428-019-01307-0

Orquin, J. L., and Holmgqyvist, K. (2018). Threats to the validity of eye-movement
research in psychology. Behav. Res. Methods 50, 1645-1656. doi: 10.3758/
513428-017-0998-z

*Pizzera, A., Moller, C., and Plessner, H. (2018). Gaze behavior of gymnastics judges:
where do experienced judges and gymnasts look while judging? Res. Q. Exerc. Sport 89,
112-119. doi: 10.1080/02701367.2017.1412392

*Robertson, P. ], Callan, M., Nevison, C., and Timmis, M. A. (2018). Is visual search
strategy different between level of judo coach when acquiring visual information from
the preparation phase of judo contests? Int. J. Sports Sci. Coach. 13, 186-200. doi:
10.1177/1747954117737275

*Rosker, J., and Majcen Rosker, Z. (2021a). Correlations between gaze fixations to
different areas of interest are related to tennis serve return performance in two
different  expert groups. Int. J.  Perform. 21, 1149-1161. doi:
10.1080/24748668.2021.1979840

*Rosker, J., and Majcen Rosker, Z. (2021b). Skill level in tennis serve return is related
to adaptability in visual search behavior. Front. Psychol. 12:689378. doi: 10.3389/
fpsyg.2021.689378

*Séenz-Moncaleano, C., Basevitch, L., and Tenenbaum, G. (2018). Gaze behaviors
during serve returns in tennis: a comparison between intermediate-and high-skill
players. J. Sport Exerc. Psychol. 40, 49-59. doi: 10.1123/jsep.2017-0253

*Schnyder, U., Koedijker, J. M., Kredel, R., and Hossner, E.-J. (2017). Gaze behavior
in offside decision-making in football. Ger. J. Exerc. Sport Res. 47, 103-109. doi: 10.1007/
512662-017-0449-0

*Seifert, L., Cordier, R., Orth, D., Courtine, Y., and Croft, J. L. (2017). Role of route
previewing strategies on climbing fluency and exploratory movements. PLoS One
12:¢0176306. doi: 10.1371/journal.pone.0176306

Shamseer, L., Moher, D., Clarke, M., Ghersi, D., Liberati, A., Petticrew, M., et al.
(2015). Preferred reporting items for systematic review and meta-analysis protocols
(PRISMA-P) 2015. BM] 349:g7647. doi: 10.1136/bmj.g7647

*Shearer, D. A., Leeworthy, S., Jones, S., Rickards, E., Blake, M., Heirene, R. M., et al.
(2020). There is an “eye” in team: exploring the interplay between emotion, gaze
behavior, and collective efficacy in team sport settings. Front. Sports Act. Living 2:18. doi:
10.3389/fspor.2020.00018

Silva, A. E, Afonso, J., Sampaio, A., Pimenta, N., Lima, R. E, de Oliveira Castro, H.,
et al. (2022). Differences in visual search behavior between expert and novice team
sports athletes: a systematic review with meta-analysis. Front. Psychol. 13:1001066. doi:
10.3389/fpsyg.2022.1001066

Spitz, J., Put, K., Wagemans, J., Williams, A. M., and Helsen, W. E. (2016). Visual search
behaviors of association football referees during assessment of foul play situations. Cogn.
Res. Princ. Implic. 1:12. doi: 10.1186/s41235-016-0013-8

*Van Biemen, T., Oudejans, R. R. D., Savelsbergh, G. J. P,, Zwenk, E, and Mann, D. L.
(2022). Into the eyes of the referee: a comparison of elite and sub-elite football referees’
on-field visual search behavior when making foul judgements. Int. J. Sports Sci. Coach.
[Online first]. 18, 78-90. doi: 10.1177/17479541211069469

*Van Maarseveen, M. ], Savelsbergh, G. J., and Oudejans, R. R. (2018). In situ
examination of decision-making skills and gaze behavior of basketball players. Hum.
Mov. Sci. 57, 205-216. doi: 10.1016/j.humov.2017.12.006

*Vansteenkiste, P, Zeuwts, L., van Maarseveen, M., Cardon, G., Savelsbergh, G., and
Lenoir, M. (2017). The implications of low quality bicycle paths on the gaze behavior of
young learner cyclists. Transp. Res. Part F Traffic Psychol. Behav. 48, 52-60. doi: 10.1016/j.
trf.2017.04.013

*Vila-Maldonado, S., Saez-Gallego, N. M., Garcia-Lopez, L. M., and Contreras, O. R.
(2019). Influence of visual behavior on decision making in volleyball blocking. Rev. Int.
Med. Cienc. Act. Fis. Deporte 19, 489-504. doi: 10.15366/rimcafd2019.75.007

*Zeuwts, L., Vansteenkiste, P, Deconinck, F, van Maarseveen, M., Savelsbergh, G.,
Cardon, G., et al. (2016). Is gaze behavior in a laboratory context similar to that in real-
life? A study in bicyclists. Transp. Res. Part F Traffic Psychol. Behav. 43, 131-140. doi:
10.1016/j.trf.2016.10.010

frontiersin.org


https://doi.org/10.3389/fpsyg.2023.1130051
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://doi.org/10.1097/OPX.0000000000001726
https://doi.org/10.1097/OPX.0000000000001726
https://doi.org/10.4018/IJGCMS.2020070101
https://doi.org/10.1037/spy0000147
https://doi.org/10.3389/fpsyg.2017.00987
https://doi.org/10.1016/j.humov.2017.08.012
https://doi.org/10.1016/j.psychsport.2018.03.004
https://doi.org/10.1007/s10648-011-9174-7
https://doi.org/10.1080/02640414.2018.1436764
https://doi.org/10.1098/rsos.180502
https://doi.org/10.3758/s13428-021-01762-8
https://doi.org/10.3758/s13428-022-02010-3
https://doi.org/10.1123/apaq.2017-0117
https://doi.org/10.1123/apaq.2017-0117
https://doi.org/10.3389/fspor.2020.00040
https://doi.org/10.1177/0031512519829624
https://doi.org/10.3390/app11146648
https://doi.org/10.3389/fpsyg.2021.674511
https://doi.org/10.1007/s12662-019-00616-y
https://doi.org/10.1080/02640414.2021.1987721
https://doi.org/10.3389/fpsyg.2017.01845
https://doi.org/10.1007/s13735-022-00261-6
https://doi.org/10.3389/fspor.2021.725625
https://doi.org/10.3389/fspor.2021.725625
https://doi.org/10.1123/jsep.29.4.457
https://doi.org/10.1123/jsep.29.4.457
https://doi.org/10.3389/fpsyg.2020.01025
https://doi.org/10.1080/02640414.2016.1161215
https://doi.org/10.3758/s13428-019-01307-0
https://doi.org/10.3758/s13428-017-0998-z
https://doi.org/10.3758/s13428-017-0998-z
https://doi.org/10.1080/02701367.2017.1412392
https://doi.org/10.1177/1747954117737275
https://doi.org/10.1080/24748668.2021.1979840
https://doi.org/10.3389/fpsyg.2021.689378
https://doi.org/10.3389/fpsyg.2021.689378
https://doi.org/10.1123/jsep.2017-0253
https://doi.org/10.1007/s12662-017-0449-0
https://doi.org/10.1007/s12662-017-0449-0
https://doi.org/10.1371/journal.pone.0176306
https://doi.org/10.1136/bmj.g7647
https://doi.org/10.3389/fspor.2020.00018
https://doi.org/10.3389/fpsyg.2022.1001066
https://doi.org/10.1186/s41235-016-0013-8
https://doi.org/10.1177/17479541211069469
https://doi.org/10.1016/j.humov.2017.12.006
https://doi.org/10.1016/j.trf.2017.04.013
https://doi.org/10.1016/j.trf.2017.04.013
https://doi.org/10.15366/rimcafd2019.75.007
https://doi.org/10.1016/j.trf.2016.10.010

	Eye-tracking technology and the dynamics of natural gaze behavior in sports: an update 2016–2022
	1. Introduction
	2. Methods
	3. Results
	3.1. Publications
	3.2. Task
	3.3. Gaze analysis
	3.4. Gaze measures

	4. Discussion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

