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A B S T R A C T

Objectives: The present paper elucidates some cognitive mechanisms of expertise in sport that have emerged
from recent studies of three topics in psychology: motor imagery; flow and “clutch” states; and the “quiet eye”
phenomenon.
Design: A selective narrative review was conducted of research on the three preceding topics. Special con-
sideration was given to recent studies by European researchers on these topics.
Method: Following a brief overview of theoretical approaches to sport expertise, the paper examines certain
cognitive mechanisms of elite athletic performance that have emerged from recent studies of motor imagery;
flow and “clutch” states; and the “quiet eye” phenomenon. In the final section, conclusions are drawn about
theoretical progress in understanding the cognitive mechanisms of expertise in sport.
Results: The mechanisms underlying sport expertise reflect both task-specific and universal cognitive processes
(e.g., mental representations).
Conclusion: Considerable progress has been made in identifying the cognitive mechanisms underlying expertise
in sport but additional research is required to address certain unresolved issues in this field.

1. Introduction

We have long been fascinated by the achievements of “experts” -
people who appear to transcend human information processing con-
straints by producing consistently outstanding performance in a specific
field. Not surprisingly, research on expertise, or “the characteristics,
skills, and knowledge that distinguish experts from novices and less
experienced people” (Ericsson, 2018, pp. 3–4), has spawned a profusion
of research including scholarly handbooks (e.g., Ericsson, Hoffman,
Kozbelt, & Williams, 2018), a new journal (Journal of Expertise), special
editions of other journals (e.g., Campitelli, Connors, Bilalic, &
Hambrick, 2015) and popular science books (e.g., Syed, 2010).

Within this multidisciplinary field of inquiry, research on sport ex-
pertise (see history in Baker & Farrow, 2015) is important for both
theoretical and practical reasons. Theoretically, the study of expert
athletic performance provides an empirical window on how people’s
mental representations (i.e., their internal structures in long-term
memory [(LTM)] that correspond to objects, ideas or anything that the
brain is thinking about; Ericsson & Pool, 2016) guide skilled action. For
example, consider the “mind sport” (de Groot, 1946) of chess. Briefly,

Chase and Simon (1973) discovered that top chess players were better
than novices at encoding and recalling meaningful (but not random)
patterns of play from actual game situations. To explain this cognitive
advantage, Chase and Simon (1973) postulated that the experts’ su-
perior performance was facilitated by rapid and efficient retrieval from
LTM of “chunks” of chess knowledge accumulated through experience.
Technically, chunks may be defined as information-rich representations
of collections of elements that have strong ‘if-then’ associations with
each other (see also Poolton & Masters, 2014). Inspired by Chase and
Simon’s (1973) seminal discovery, Allard, Graham, and Paarsalu (1980)
showed that expert basketball players enjoyed an analogous superiority
over less skilled counterparts in recognizing and recalling patterns of
play from dynamic game situations – thereby raising the possibility that
similar mental representation mechanisms may underlie expertise in
different domains (chess, basketball). At a practical level, research on
expert-novice differences in sport is important because it offers the
promise (or “Holy Grail”; see Williams, Ford, Hodges, & Ward, 2018) of
early prediction of future athletic expertise as well as practical training
interventions (e.g., Dicks, Pocock, Thelwell, & van der Kamp, 2017).

Unfortunately, research on expertise in sport has been hampered by
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a variety of (i) semantic, (ii) methodological and (iii) conceptual pro-
blems. Firstly, at the semantic level, the meaning of the terms “elite”
and/or “expert” is unclear. For example, these terms have been applied
to samples of athletes ranging from inter-varsity performers (e.g.,
Steiner, Denny, & Stemmle, 2010) to Olympic champions (e.g., Grant;
Schempp, 2013). To resolve this confusion, Swann, Moran, and Piggott
(2015a) devised a precise classification system for expert athletes which
takes into account demographic factors such as their highest standard of
performance, their success at that level, and the amount of experience
that they have gained at that standard. Of course, the success of this
system will depend greatly on the extent to which expertise researchers
in sport report such demographic details in their studies. Secondly, at
the methodological level, a major challenge facing cognitive re-
searchers in sport is to develop rigorous ways of tracing the component
processes of expertise in athletes. In this regard, Farrow, Reid, Buszard,
and Kovalchik (2018) advocated the use of measures such as eye-
tracking technology (see also Moran, Campbell, & Ranieri., 2018) and
non-invasive three-dimensional motion capture systems to record ath-
letes’ action capabilities. The third problem afflicting expertise research
in sport - and the one which we shall tackle in this paper - is conceptual
and concerns the relative neglect of the cognitive mechanisms (i.e., “in-
teraction between basic cognitive processes”; Bilalic, 2017, p. 5) un-
derlying elite performance.

To illustrate this neglect, whereas a recent search of the PsycINFO
database using “expertise in sport” yielded 1164 ‘hits’, one for “me-
chanisms of expertise in sport” produced only 75 relevant studies.
Surprisingly, the term “mechanisms” is absent from the index of the
Routledge Handbook of Sport Expertise (Baker & Farrow, 2015) although
it is included in the more recent Cambridge Handbook of Expertise and
Expert Performance (Ericsson, , Hoffman, , Kozbelt, , & Williams, 2018).
From such strands of evidence, we conclude that sport psychology re-
searchers appear to be more concerned with the identification of ex-
pert-novice differences in athletes than with attempting to understand
the psychological processes that underlie them. We acknowledge,
however, that this latter quest is exceptionally difficult because as
Gobet (2018) noted, “the mechanisms underpinning expertise include
feedback loops, interact in nonlinear ways and often evolve as a func-
tion of time” (p. 50). In order to address this explanatory gap, the
present paper elucidates some cognitive mechanisms of expertise that
have emerged from recent studies of three topics in sport psychology:
namely, motor imagery; flow and “clutch” states; and the “quiet eye”
phenomenon (terms defined later). We chose these topics for three
reasons. Firstly, although they have attracted a plethora of research in
sport psychology, their underlying cognitive mechanisms remain lar-
gely unresolved. Secondly, research on these topics is important be-
cause it can serve as a bridge between sport psychology and related
fields such as cognitive psychology (see review by Moran, Guillot,
MacIntyre, & Collet, 2012) and cognitive neuroscience (Cheron, 2016;
Spering & Schutz, 2016). Finally, in accordance with the theme of this
special issue, several European research groups have played prominent
roles in investigating the three topics under scrutiny.

The paper is organised as follows. To begin with, we provide a brief
overview of theoretical approaches to sport expertise. Then, we address
three specific questions concerning the cognitive mechanisms under-
lying athletic expertise. Firstly, what light can research on motor ima-
gery shed on action representation in motor experts? Secondly, what
does the study of flow and “clutch” states reveal about the mechanisms
underlying expert performance? Thirdly, what cognitive mechanisms
underlie expert-novice differences in the perceptual phenomenon of
“quiet eye”? In the final section, we draw some conclusions about
theoretical progress in understanding the cognitive mechanisms of ex-
pertise in sport.

2. Overview of theoretical approaches to research on expertise in
sport

Research on expertise in sport is rooted in the cognitive paradigm in
psychology. A key theoretical debate within this paradigm is whether
human cognition is computational (i.e., our knowledge is stored in an
abstract format that is independent of any particular sensory modality)
or embodied (i.e., our knowledge is “grounded in, and simulated
through, sensorimotor activity”; Slepian, Weisbuch, Rule, & Ambady,
2011, p. 26). In recent years, the latter position has gained influence
with the discovery that many of the brain circuits that are responsible
for abstract thinking are inextricably linked to those that process sen-
sory experience. For example, the cognitive simulation process of
mental imagery (defined in the next section) shares certain mental re-
presentations, neural structures, and theoretical mechanisms with like-
modality perception and with motor preparation and execution (see
review by Moran et al., 2012). More precisely, mentally simulated and
executed actions activate many common brain areas such as the pos-
terior parietal, premotor, and supplementary motor cortex which are all
involved in the planning of movements (Munzert, Lorey, & Zentgraf,
2009). Theoretically, such evidence suggests that embodiment ap-
proaches are well-equipped to explain the mechanisms underlying
mental simulation. However, a note of caution is necessary in this re-
gard because despite its intuitive appeal, the embodied cognition
paradigm (Wilson, 2002) has been criticised for its vagueness and lo-
gical weaknesses in explaining cognitive phenomena (see review by
Goldinger, Papesh, Barnhart, Hansen, & Hout, 2016).

3. Motor imagery practice and expertise

Mental imagery is a multimodal (i.e., involving different sensory
systems) cognitive simulation process that enables us to represent
perceptual information in our minds in the absence of actual sensory
input (Munzert et al., 2009). A key simulation process is “motor ima-
gery” - a dynamic mental state during which the mental representation
of a given motor movement is rehearsed in working memory without
any overt sensory input or motor output (Collet & Guillot, 2010). Per-
haps the most frequent application of this process in sport is “motor
imagery practice” (MIP) or the systematic use of imagery to rehearse
covertly a movement in one’s imagination without actually executing it
(Di Rienzo et al., 2016). This process has also been studied in psy-
chology as “mental practice” (Vandell, David, & Clugston, 1943),
“covert rehearsal” (Corbin, 1967), and “motor imagery training”
(Mizuguchi et al., 2013).

Since the 1890s, hundreds of experimental studies have demon-
strated the efficacy of MIP in improving skill-learning and skilled per-
formance in sport and other domains (Driskell, Copper, & Moran,
1994). In order to understand the mechanisms underlying these effects -
especially the discovery that expert performers tend to benefit more
from MIP than do novices - Jeannerod’s (1994, 2001, 2006) motor si-
mulation theory (MST) and research by Schack and colleagues (e.g.,
Frank, Land, Popp, & Schack, 2014; Schack & Mechsner, 2006) deserve
particular scrutiny.

Although space limitations preclude a detailed account of MST (but
see O’Shea & Moran, 2017), its central tenets may be summarised as
follows. Firstly, it postulates that motor imagery and action planning
share a common mental representation. Next, it proposes that the motor
system is part of a cognitive network that includes simulation processes
like motor imagery and action observation (AO). Interestingly, func-
tional magnetic resonance imaging (fMRI) research confirms that sev-
eral areas that are known to be involved in motor planning and motor
execution (e.g., supplementary motor cortex, premotor cortex) are ac-
tivated by MIP and AO (Hardwick, Caspers, Eickhoff, & Swinnen,
2017). Thirdly, Jeannerod (2001) postulated that actions involve a
covert stage during which they are prepared or simulated mentally. This
covert stage involves “a representation of the future, which includes the
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goal of the action, the means to reach it, and its consequences on the
organism and the external world. Covert and overt stages thus represent
a continuum, such that every overtly executed action implies the ex-
istence of a covert stage” (p. S103). Finally, MST argues that “motor
imagery … should involve, in the subject’s motor brain, neural me-
chanisms similar to those operating during the real action” (Jeannerod,
2001, pp. S103eS104) – the “functional equivalence” hypothesis (see
review by Moran et al., 2012). Thus, overt and imagined actions share a
motor representation of an intention to act. Whereas this intention is
converted into an actual physical movement in the case of overt actions,
it is not executed in the case of imagined actions. Explicitly endorsing a
“functional equivalence approach”, Holmes and Collins (2001) devel-
oped a theoretically based checklist (the PETTLEP approach; see critical
review by Wakefield, Smith, Moran, & Holmes, 2013) for the effective
implementation of motor imagery intervention in sport. The acronym
PETTLEP encapsulated seven practical issues to be considered when
designing MIP scripts and implementing imagery interventions for op-
timal efficacy in sport. To explain, “P” refers to the athlete’s physical
response to the sporting situation, “E” is the environment in which the
imagery is performed. “T” is the imagined task, “T” refers to timing (or
the pace at which the imagery is performed), “L” is a learning or
memory component of imagery, “E” refers to the emotions elicited by
the imagery and “P” designates the type of visual imagery perspective
used by the practitioner (either first person or third person; see earlier
in chapter). Overall, the PETTLEP model proposes that in order to
produce optimal “behavioural matching between imagery and action”
(Wakefield et al., 2013, p. 117), interventions should take into con-
sideration each of the preceding aspects of imagery. In their review of
this approach, these authors concluded that many “imagery interven-
tions based on PETTLEP principles tend to produce significant im-
provements in skill and strength performance relative to traditional
imagery interventions” (pp. 115–116).

3.1. Let us now consider how the study of mental representations and that of
MI can shed light on athletic expertise

According to Schack and Mechsner (2006), athletes’ mental re-
presentations of motor skills can be investigated fruitfully as LTM
structures that involve hierarchically organised clusters of “basic action
concepts” (BACs). These BACs resemble the cognitive chunking of body
postures and movements as tools for realizing action goals (Schack,
Essig, Frank, & Koester, 2014). Typically, they correspond to func-
tionally meaningful elements of a given skill. For example, in the case of
the tennis serve, they include “ball throw”, “bending the knee” and
“racket follow-through”. Thus, Schack and Mechsner (2006) discovered
that experts tennis players’ mental representations of the serve were
well matched with the functional demands of this skill. By contrast, the
cognitive representations of the serve among tennis novices were more
variable and less well matched with task demands. Subsequently,
Schack and colleagues demonstrated that motor imagery practice
modifies athletes’mental representations of actions. For example, Frank
et al. (2014) required novices to practise a golf putt mentally, physi-
cally, or in a combination of both modes of training over three days,
while a control group did not practise at all. Participants’ putting per-
formance and mental representation structures were tested before and
after the intervention and after a three-day retention interval. Results
showed that participants who had practiced mentally, either solely or in
combination with physical practice, revealed mental representation
structures that were more similar to those of experts than did partici-
pants who had not practised mentally. These findings confirm that MIP
helps to refine and elaborate athletes’ mental representations of action.
According to Wright et al. (2018), MIP “involves the generation of vi-
sual and kinaesthetic aspects of a movement and so may enhance an
individual's mental representation primarily by developing the sensory
consequences associated with different basic action concepts” (p. 119).
But how can we investigate athletes’ mental representations

experimentally? In addressing this question, Calmels, Elipot, and
Naccache (2018) used visual priming methodology to investigate pos-
sible differences in the mental representation of movements between
expert and novice gymnasts. In experimental psychology, “priming” is
the facilitation of the perception of a stimulus by previous experience
with a similar stimulus. In their study, Calmels et al. (2018) used static
visual stimuli that either implied (primed) or did not imply human
whole-body movements (gymnastics movements and static positions).
Specifically, they required participants to perform a response time task
in which they had to decide as quickly as possible whether a given
target image depicted either a gymnastics movement or a resting po-
sition. Results showed that priming facilitation effects were stronger in
the expert gymnasts than in matched controls, suggesting that these
experts “possess more refined representations than non-expert perfor-
mers” (p. 1547) – an interpretation that is consistent with the findings
of Schack and Mechsner (2006) discussed earlier.

What can the study of MI reveal about the brain mechanisms of
motor expertise? Two findings are notable – the first reveals some
general cortical activation differences between expert and novice per-
formers when using imagery while the second concerns the role of in-
dividual differences in MI ability. To explain, Wei and Luo (2010) in-
vestigated expert-novice differences in patterns of cerebral activation
during imagery of professional (a diving task) and simple (a basic
gymnastics task) motor skills. They found that the expert performers
displayed greater activation in the parahippocampal cortex (PHC;
which is associated with visuospatial processing and episodic memory;
Aminoff, Kveraga, & Bar, 2013) during imagery of professional skills
and more focused activity in the prefrontal regions in both tasks.
Building on this evidence, a review by Debarnot, Sperduti, Di Renzo, &
Guillot (2014) concluded that the brain plasticity that occurs during
MIP closely mimics that detected after physical practice of the same
motor skills. But imagery ability appears to play a key role in mod-
ulation of brain activity. Therefore, extrapolating from such evidence,
Debarnot, Sperduti, DiRienzo, and Guillot (2014) postulated that with
appropriate mental training, the pattern of cerebral activation that
occurs during imagery by “poor” (low-skilled) imagers and/or novice
athletes should improve to a level that is close to that recorded in
“good” (high-skilled) imagers. This intriguing hypothesis requires em-
pirical validation by future researchers.

3.2. Cognitive mechanisms of flow and “clutch” performances in sport

The ability to ‘make it happen’, or to produce ‘clutch’ performances
(any performance increment or superior performance that occurs under
pressure circumstances; Otten, 2009, p. 584), is a hallmark of expertise
in sport and one which distinguishes truly elite performers from their
less skilled counterparts. In this section, we argue that the acquisition of
metacognitive knowledge (i.e., insights into, and control over, one’s
own mental processes; Moran & Toner, 2017) allows experts to flexibly
allocate their attentional resources in response to the wide range of
challenges they face in performance environments. One psychological
state underlying exceptional performance in sport is “flow” - an optimal
experience which can be brought about by engaging in challenging
activities that demand intense levels of concentration and which con-
tains clear goals and provides immediate feedback (Swann, Crust,
Keegan, Piggott, & Hemmings, 2015). As space limitations preclude a
comprehensive review of this topic, the present paper is necessarily
selective. Accordingly, it highlights a few recent studies by European
investigators (e.g., Swann and colleagues; and Harris and colleagues)
on the subjective experience of flow among athletes (e.g., see Swann,
Crust, Keegan, Piggott, & Hemmings, 2015) and of the cognitive me-
chanisms underlying its occurrence (see Harris, Vine, & Wilson, 2017a).
Thus, Harris, Vine, and Wilson (2017b) cited evidence demonstrating
how supervisory attentional and cognitive control systems of the brain
(including the fronto-parietal dorsal stream) are highly active during
the flow state. Intriguingly, recent experiments show that flow states
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require attentional effort and cannot be considered fully automatic. For
example, using a simulated driving task, Harris et al. (2017b) found
that the absorption that characteristically accompanies flow is based on
an efficient but effortful form of attention (as measured by peak ratings
of absorption, peak heart rate and reduced gaze variability). Harris
et al. (2017b) used eye-tracking technology to explore the role of ef-
fective attention control in flow states. Mediation analysis revealed a
small indirect effect of quiet eye (QE – see next section of paper) on
basketball free throw performance through flow score. The authors
argued that optimal QE may have enhanced flow thereby resulting in
improved shooting performance. Furthermore, they suggest that quiet
eye training that promotes goal-directed control may, in turn, “create
an attentional state that is conducive to flow” (Harris et al., 2017b, p.
346).

Similarly, qualitative research has shown that optimal performance
in sport is characterised by the flexible deployment of attentional re-
sources. To illustrate, Swann, Keegan, Crust, and Piggott (2016) con-
ducted interviews with professional golfers and discovered two dif-
ferent psychological states during excellent performance. One of these
was a flow-like state which they termed “letting it happen” and the
other was a state which they labelled “making it happen”. This latter
state was described as an intense state of optimal arousal during which
participants experienced a sense of heightened and effortful con-
centration. For example, one golfer revealed: ‘I made myself focus even
more on that last hole … I was trying a little bit harder to be intense’
(Swann et al., 2016, p. 108). The process of “making it happen” seems
to overlap with the phenomenon of “clutch” performance in sport
(Otten, 2009). This latter state is evident when an expert athlete suc-
ceeds at a point in competition where success or failure has a significant
impact on the outcome of the contest (Hibbs, 2010). Interestingly, sport
psychology researchers have only recently begun to explore the psy-
chological states underlying this phenomenon. Thus, Otten (2009) used
structural equation modelling to predict performance on a free throw
task and found that perceived control was the best predictor of per-
formance under pressure.

To gain a deeper understanding of the state of mind experienced by
athletes while excelling under pressure, Swann, Crust, and Vella
(2017a) interviewed participants from a range of sports about a recent
excellent performance (i.e., one in which they had achieved a high
place in competition). States of clutch and flow were reported and these
occurred in specific contexts and through separate processes. Flow ap-
peared to arise among athletes as a growth in confidence following a
good start to a competition. In contrast, clutch performance arose in
pressure contexts when athletes became aware that they had to raise
their game in response to the challenge. When this happened, they used
psychological strategies such as setting microgoals and using positive
self-talk. Although flow and clutch states were found to share a number
of characteristics (e.g., confidence, perception of control), clutch states
were distinguished by certain unique characteristics such as an increase
in maximal effort (rather than feelings of effortlessness) and the use of
conscious processing (rather than performing on automatic pilot).
Swann et al. (2017) argued that these findings challenge the traditional
assumption that there is only one ideal or optimal performance state
(e.g., Anderson, Hanrahan, & Mallet, 2014).

In a follow-up study, Swann et al. (2017b) interviewed athletes from
different sports about their subjective experiences of clutch perfor-
mances. Defining criteria of such performance included complete and
deliberate focus, intense effort, heightened awareness (including awareness
of self, self-monitoring), heightened arousal, absence of negative thoughts,
and automaticity of skills. Interestingly, the data from this study indicate
that both automatic and controlled processes may be involved in clutch
states. In stark contrast to earlier accounts of flow/peak performance,
Swann et al.’s findings (2017b) show that performing at one’s best often
requires increased effort rather than letting things happen; conscious
control rather than automated processing (see also Toner & Moran,
2014); intensity; and effortful concentration. Thus, athletes who

experienced a clutch state appear to have drawn on self-regulatory
processes in order to increase self-monitoring and to consciously invest
intense effort in their performance.

Swann and colleagues’ research has elucidated some of the cognitive
mechanisms of clutch states supporting excellent performance in sport.
In addition, their studies have identified various strategies which ath-
letes employ to induce clutch performances. For example, Swann et al.
(2017a) found that “open” goals (e.g., goals which are exploratory yet
still challenging; ‘See how well I can do’) were reported during flow,
whereas “fixed” goals (which include specific and challenging objec-
tives) were reported during clutch states. While fixed goals might in-
clude a golfer setting a particular score that he/she needs to achieve,
open goals are less structured and specific in nature (‘seeing how well I
can do’). In Swann et al.’s (2017a) study, fixed goals helped athletes to
increase their effort, intensity and concentration thereby allowing them
to maintain performance proficiency in a clutch situation. These qua-
litative findings have received support from a recent experimental
study in which participants performed a letter and number identifica-
tion task whilst either being prescribed “open” or specific goals
(Schweickle, Groves, Vella, & Swann, 2017). In line with the re-
searchers’ predictions, those participants prescribed open goals re-
ported higher levels of flow while those prescribed specific goals re-
ported higher levels of clutch. The authors concluded that specific goals
might be most appropriate when a competitor’s primary objective is to
win/perform better than one has before while open goals might serve a
greater benefit during training when one is seeking to enhance con-
fidence.

As Swann et al. (2017) acknowledged, flow occurs in contexts of
exploration, discovery and experimentation but clutch states may be
more influential during pressurized situations when a lot hinges on the
outcome of performance. Given the received wisdom in the expertise
literature that proceduralised action should be allowed to unfold
without interference from explicit processes, how might we explain the
finding that increasing the conscious resources one devotes to a task is
an important mediator of clutch performance? We regard skilled per-
formance as remaining open to strategic control and argue that experts
are accustomed to alternating between reflective and pre-reflective
modes of bodily awareness/processing in order to maintain or improve
their performance proficiency (see Toner, 2017; Toner, Montero, &
Moran, 2016). In fact, findings from a number of studies on the flow
phenomenon have shown that experts retain a keen and lucid sense of
the kinaesthetic sensations that accompany fluent and efficient move-
ment execution. For example, Bernier, Thienot, Codron, and Fournier
(2009) found that elite swimmers reported a heightened sense of bodily
awareness (e.g., tingling sensation in their muscles) during flow. Simi-
larly, Jackman, Fitzpatrick, Lane, and Swann (2017) reported that na-
tional hunt jockeys experienced altered physical perceptions during this
state. One of the defining features of the clutch state is that athletes
possess a heightened awareness of the situation and its demands
(Swann et al., 2017). Here, they appear to use afferent information as a
means of ensuring that performance is progressing according to plan or
as a signal that they are facing a particularly difficult challenge and that
they may need to switch from an automated to a controlled mode of
processing.

The findings from Swann and colleagues’ research suggest that op-
timal performance states are underpinned by the use of both automated
procedures and metacognitive knowledge. Clearly, experts possess a
wide breadth of declarative knowledge (contrary to claims that they are
afflicted by impoverished episodic recollections or “expertise-induced
amnesia”; Beilock & Carr, 2001) and “metacognitive” knowledge which
allows them to direct lower-order motor control. Metacognitive pro-
cesses enable experts to monitor, control and regulate strategies in
order to meet contextually-contingent demands that they encounter
during competitive performances (MacIntyre, Igou, Campbell, Moran, &
Matthews, 2014). MacIntyre et al. (2014) argued that metacognitive
control may be required when performers face difficult or previously
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un-encountered situations, when automatic processes fail to solve the
challenge, or when accessible information is considered inappropriate
for the task at hand. Such attentional control is crucial if experts are to
produce clutch performances. The capacity to flexibly allocate one’s
attentional resources is likely to distinguish those who excel from those
who ‘choke’ or under-perform under pressurized conditions. How could
we measure experts’ capacity to exert effective attentional control? One
possibility is to use electroencephalography (Cheron, 2016) and eye
tracking technology (Harris et al., 2017b; Moran, Campbell, & Ranieri,
2018) to measure task-relevant indices of attentional control while
experts perform complex tasks in pressure situations.

3.3. Cognitive mechanisms of quiet eye: the promise of electrooculography
and pupillometry

It has long been known that efficient gaze behaviour facilitates
anticipation and skilled behaviour in athletes (Winograd, 1942). For
example, Mann, Spratford, and Abernethy (2013) found that world-
class cricket batters use eye movement strategies to predict the location
at which their bats would hit the ball. Since the mid 1970s, over 60
studies have used eye tracking technology to investigate various aspects
of gaze behaviour in sport (Kredel, Vater, Klostermann, & Hossner,
2017). One such aspect is “quiet eye” (Vickers, 1996, 2016) - a dis-
tinctive pattern of gaze behaviour that is evident among expert per-
formers prior to skill execution in aiming (target-based) sports. Briefly,
Vickers (1996) reported that prior to free throw shooting, expert bas-
ketball players displayed significantly longer durations of final fixation
on targets than did near-expert counterparts. This pattern of visual
behaviour was named the “quiet eye” period (commonly abbreviated to
“quiet eye”; QE) and designates “a final fixation or tracking gaze that is
located on a specific location or object in the visuomotor workspace
within 3° of visual angle (or less) for a minimum of 100ms” (Vickers,
2007, p. 11) prior to the onset of a critical movement. QE can last
between 300 and 2000ms depending on the sport. QE effects have been
reported in many sports such as basketball (Rienhoff, Fischer, Strauss,
Baker, & Schorer, 2015) and golf (Klostermann, Kredel, & Hossner,
2014a). A frequent finding is that successful aiming is related to longer
QE durations than is unsuccessful aiming (Klostermann, Kredel, &
Hossner, 2018). Also, expert athletes show longer QE durations than do
less skilled counterparts (Sáenz-Moncaleano, Basevitch, & Tenenbaum,
2018)). At first glance, this classical association of longer QE durations
with increasing motor expertise is an “efficiency paradox” as it appears
to contradict the speed and efficiency that typically defines expert
performance. However, Vickers’ (2011) pre-programming of action
hypothesis postulates that the longer duration of QE among experts
than novices reflects the extended time required to programme and
fine-tune a response. This hypothesis seems circular, however, because
it lacks an independent measure of the cognitive processing that it
purports to explain. A more recent explanation comes from
Klostermann and Hossner’s (2018) “inhibition hypothesis”. Briefly, this
hypothesis proposes that as a result of extensive experience, expert
athletes develop elaborate “task solution” mental workspaces. Conse-
quently, they may require a relatively long QE period in order to shield
the chosen (optimal) task solution from very similar, but less successful,
variants of it.

What cognitive mechanisms underlie QE effects? Vickers (2009)
speculated that attentional processes are crucial to it, when referring to
“the time needed to process cognitively the information that is being
fixated or tracked and to focus attention on the demands of the task” (p.
283, our italics). Subsequently, several groups of European researchers
(e.g., Ducrocq, Wilson, Smith, & Derakshan, 2017; Ducrocq, Wilson,
Vine, & Derakshan, 2016) have investigated the role of attention in QE.
For example, Ducrocq et al. (2017) studied the effects of attentional
control training on proficiency in tennis volleying. Results revealed
significant benefits of such training in extending QE (i.e., inducing a
later offset) and in improving tennis performance in high-pressure

conditions. In a similar vein, Walters-Symons, Wilson, and Vine (2017)
identified “a link between QE and the allocation of attentional re-
sources to the task (effort)” (p. 21). Interestingly, Harris, Vine, and
Wilson (2017c) explored the link between QE and the occurrence of
flow. Specifically, they provided preliminary evidence that “flow may
be preceded by changes in visual attention, suggesting that further in-
vestigation of visual attention may elucidate the cognitive mechanisms
behind flow experience’ (p. 343).

In the past, an impediment to research on attentional processes
underlying QE was the absence of an objective measure of mental re-
source allocation or cognitive effort (Gallicchio, Cooke, & Ring, 2018).
However, two potential solutions to this problem have emerged from
recent research on objective psychophysiological measures – especially,
electrooculography (EOG; which measures time-varying changes in the
electric dipoles of the eyes, Gallicchio et al., 2018) and pupillometry (or
the objective measurement of continuous, task-evoked changes in the
diameter of the pupil of the eye as a function of cognitive processing;
Laeng, Sirois, & Gredebäck, 2012; Freeman and Mathôt, 2018). To il-
lustrate the former, Gallicchio et al. (2018) demonstrated the utility of
EOG in studying QE and expertise in golf putting. They found that vi-
sual information was actively processed only after movement initiation
- raising some doubts on the long-standing hypothesis that QE is a
correlate of motor programming (Vickers, 1996). This finding is in line
with that of Klostermann, Kredel, and Hossner (2014b) who demon-
strated a relationship between the performance enhancing effects of
experimentally controlled long QE durations and visual information
processing.

Turning to pupillometry, research suggests that pupil dilation re-
sponses can provide a valid and reliable index of the ‘intensity’ of
mental activity or “attentional effort” (Moran et al., 2016). Typically,
larger pupil diameters reflect increased attentional resource allocation
on the part of the perceiver. When expressed relative to a baseline,
these task-evoked changes serve as an objective index of cognitive ac-
tivity. Indeed, task related fluctuations in pupil diameter are associated
with activity in the dorsal attention network (DAN), dorsolateral pre-
frontal cortex (DLPFC), thalamus, and superior colliculus (SC) (Alnæs
et al., 2014). Interestingly, Campbell, Toth, and Brady (2018a) used
pupillometry measures to show that during mental rotation of abstract
images, females display larger increases in pupil diameter, hence ex-
erting significantly more cognitive resources than males in order to
achieve a similar level of performance. In sport and performance psy-
chology, European researchers have shown that pupillometry can elu-
cidate expert-novice differences in attentional effort during QE (see
Campbell et al., 2018b; Moran et al., 2016; O'Shea & Moran, 2016,
O'Shea & Moran, 2018). These studies revealed that pupil dilation (an
index of attentional effort) increases steeply during QE. This finding
suggests that visual search involves little effort in the initial stages but
increased effort as the task progresses towards an appropriate response
decision. Clearly, it would be interesting to investigate this hypothesis
using laboratory simulations of sport decision-making situations.

3.4. Conclusions about mechanisms of expertise: the importance of different
levels of analysis

In this paper, we explored some insights into the cognitive me-
chanisms (especially mental representational and attentional processes)
underlying expertise that have emerged from recent research (largely
European) on motor imagery practice; flow and “clutch” states asso-
ciated with exceptional athletic performance; and the visual attentional
phenomenon of quiet eye. Although sport expertise may be regarded as
“task and sport specific” (Farrow et al., 2018, p. 239), it is supported by
certain universal cognitive mechanisms of memory. For example, as
Bilalic (2017) argued, “all experts, without exception, employ their
LTM to circumvent inherent cognitive and neural limitations” (p. 225).
But how can we resolve this apparent contradiction between mechanism
specificity and mechanism universality when attempting to explain the
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cognitive processes that underlie athletic expertise? In attempting to
answer this question, the ‘levels of analysis’ approach pioneered by
Marr (1982), a seminal figure in computational neuroscience, may be
helpful. We acknowledge, however, that some expertise researchers in
sport psychology informally use similar approaches already. For ex-
ample, in their analysis of the practice experiences that shape the de-
velopment of expert performance in sport, Williams et al. (2018) dis-
tinguished between the “macro level” (practice history profiles) and the
“mirco-level” (deliberate practice). So what does Marr’s (1982) theo-
retical approach involve and why is it relevant to the present review?
Briefly, in his posthumously published book, Vision, Marr (1982) dis-
tinguished between three different levels of analysis or explanation of
complex information processing systems: the what/why level (which
concerns the purpose of the computational processes under investiga-
tion), the how level (which concerns how information is represented),
and the physical realization or hardware level (which concerns how
computational processes are neurally implemented). In the case of sport
expertise, the computational level of analysis is concerned with the
question of how expert athletes produce consistently exceptional per-
formance in a particular domain. Interestingly, a recent study by
Kilteni, Anderson, Houbbrg, and Ehrsson (2018) investigated the
“computational equivalence” between imagined (imagined self-touch)
and real (actual tactile sensations) actions. The specific question ex-
amined was whether or not the brain’s internal forward models predict
the sensory consequences of imagined movements as they do for exe-
cuted movements. Results showed that imagined self-touch is atte-
nuated just as real self-touch is and that such MI-induced attenuation
adheres to the same spatio-temporal principles as does the attenuation
produced by executed movements. Kilteni et al. (2018) concluded that
MI recruits forward models to predict the sensory consequences of
imagined movements. Next, representational level analysis specifies the
processes or mechanisms by which this performance is executed. In
sport expertise, whereas some of these mechanisms may be task- or
sport-specific (e.g., experts’ declarative knowledge of their specialist
domain), other mechanisms (e.g., the speed with which they can bypass
working memory limitations in retrieving “condition-action” chunks
from memory) may be universal. Finally, the neural implementational
level of analysis refers to the way in which underlying mechanisms are
instantiated by the brain. For example, consider the neurobiology of
some of the adaptations induced by athletic expertise. Thus, Wei,
Zhang, Jiang, and Luo (2011) used cortical thickness measurement to
investigate the neuroanatomical changes that occur among expert di-
vers as a result of their training experience. Results revealed three
cortical regions with significantly increased cortical thickness in the
expert divers. These regions included the left superior temporal sulcus,
the right orbitofrontal cortex and the right parahippocampal gyrus.
Based on such evidence, Wei et al. (2011) concluded that extensive
training produces measurable structural changes in the brains of divers.
More generally, we propose that the use of a formal “levels of analysis”
approach may help expertise researchers to clarify the conceptual status
of their empirical work. This approach seems particularly suitable for a
multidisciplinary field like sport expertise where research is conduced
on individual differences in psychological processes; cognitive re-
presentations and mechanisms; neurobiological adaptations; different
types of practice regimes; and a mosaic of different socio-cultural fac-
tors and developmental pathways. To conclude, we recommend that a
“levels of analysis” approach should be adopted more frequently by
expertise researchers to disentangle different purported explanations of
elite athletic performance.

Conflicts of interest

The authors wish to report that they have no conflict of interest to
declare for this manuscript.

References

Allard, F., Graham, S., & Paarsalu, M. E. (1980). Perception in sport: Basketball. Journal of
Sport Psychology, 2, 14–21. https://doi.org/10.1123/jsp.2.1.14.

Alnæs, D., Sneve, M. H., Espeseth, T., Endestad, T., van de Pavert, S., & Laeng, B. (2014).
Pupil size signals mental effort deployed during multiple object tracking and predicts
brain activity in the dorsal attention network and the locus coeruleus. Journal of
Vision, 14, 1–20. https://doi.org/10.1167/14.4.1.

Aminoff, E. M., Kveraga, K., & Bar, M. (2013). The role of the parahippocampal cortex in
cognition. Trends in Cognitive Sciences, 17, 379–390. https://doi.org/10.1016/j.tics.
2013.06.009.

Anderson, R., Hanrahan, S. J., & Mallett, C. J. (2014). Investigating the optimal psy-
chological state for peak performance in Australian elite athletes. Journal of Applied
Sport Psychology, 26, 318–333. https://doi.org/10.1080/10413200.2014.885915.

Baker, J., & Farrow, D. (2015). A [very brief] review of the historical foundations of sport
expertise: An introduction to the handbook. In J. Baker, & D. Farrow (Eds.). Routledge
handbook of sport expertise (pp. 1–8). New York: Routledge.

Beilock, S. L., & Carr, T. H. (2001). On the fragility of skilled performance: What governs
choking under pressure? Journal of Experimental Psychology: General, 130, 701–725.
https://doi.org/10.1037/0096-3445.130.

Bernier, M., Thienot, E., Codron, R., & Fournier, J. F. (2009). Mindfulness and acceptance
approaches in sport performance. Journal of Clinical Sport Psychology, 3, 320–333.
https://doi.org/10.1123/jcsp.3.4.320.

Bilalic, M. (2017). The neuroscience of expertise. Cambridge, UK: Cambridge University
Press.

Calmels, C., Elipot, M., & Naccache, L. (2018). Probing representations of gymnastics
movements: A visual priming study. Cognitive Science, 42, 1529–1551. https://doi.
org/10.1111/cogs.12625.

Campbell, M. J., Moran, A. P., Bargary, N., Surmon, S., Bressan, L., & Kenny, I. C. (2018b).
Pupillometry during golf putting: A new window on the cognitive mechanisms un-
derlying quiet eye. October 1 Sport, Exercise, and Performance Psychology. Advance
online publication https://doi.org/10.1037/spy0000148.

Campbell, M. J., Toth, A. J., & Brady, N. (2018a). Illuminating sex differences in mental
rotation using pupillometry. Biological Psychology. https://doi.org/10.1016/j.
biopsycho.2018.08.003.

Campitelli, G., Connors, M. H., Bilalić, M., & Hambrick, D. Z. (2015). Psychological
perspectives on expertise. Frontiers in Psychology, 6, 258. https://www.ncbi.nlm.nih.
gov/pmc/articles/PMC4354238/.

Chase, W. G., & Simon, H. A. (1973). Perception in chess. Cognitive Psychology, 4, 55–81.
https://doi.org/10.1016/0010-0285(73)90004-2.

Cheron, G. (2016). How to measure the psychological “flow”? A neuroscience perspec-
tive. Frontiers in Psychology, 7, 1823. https://doi.org/10.3389/fpsyg.2016.01823.

Collet, C., & Guillot, A. (2010). Autonomic nervous system activities during imagined
movements. In A. Guillot, & C. Collet (Eds.). The neurophysiological foundations of
mental and motor imagery (pp. 95–108). Oxford: Oxford University Press.

Corbin, C. B. (1967). The effects of covert rehearsal on the development of a complex
motor skill. The Journal of General Psychology, 76, 143–150 psycnet.apa.org/record/
1967-08297-001.

Debarnot, U., Sperduti, M., DiRienzo, F., & Guillot, A. (2014). Expert bodies, expert
minds: How physical and mental training shape the brain. Frontiers in Human
Neuroscience, 8, 280. https://doi.org/10.3389/fnhum.2014.00280.

Di Rienzo, F., Debarnot, U., Daligault, S., Saruco, E., Delpuech, C., Doyon, J., ... Guillot, A.
(2016). Online and offline performance gains following motor imagery practice: A
comprehensive review of behavioral and neuroimaging studies. Frontiers in Human
Neuroscience, 10, 315. https://doi.org/10.3389/fnhum.2016.00315.

Dicks, M., Pocock, C., Thelwell, R., & van der Kamp, J. (2017). A novel on-field training
intervention improves novice goalkeeper penalty kick performance. The Sport
Psychologist, 31, 129–133. https://doi.org/10.1123/tsp.2015-0148.

Driskell, J. E., Copper, C., & Moran, A. (1994). Does mental practice enhance perfor-
mance? Journal of Applied Psychology, 79, 481–492.

Ducrocq, E., Wilson, M., Smith, T. J., & Derakshan, N. (2017). Adaptive working memory
training reduces the egatuive impact of anxiety on comeitive motor performance.
Journal of Sport & Exercise Pschology, 39, 412–422. https://doi.org/10.1123/jsep.
2017-0217.

Ducrocq, E., Wilson, M., Vine, S., & Derakshan, N. (2016). Training attentional control
improves cognitive and motor task performance. Journal of Sport & Exercise
Psychology, 38, 521–533. https://doi.org/10.1123/jsep.2016-0052.

Ericsson, K. A. (2018). An introduction to the second edition of the Cambridge handbook
of expertise and expert performance: Its development, organisation, and content. In
K. A. Ericcson, R. R. Hoffman, A. Kozbelt, & A. M. Williams (Eds.). The Cambridge
handbook of expertise and expert performance (pp. 3–20). (2nd ed.). , UK: Cambridge
University Press.

Ericsson, K. A., Hoffman, R. R., Kozbelt, A., & Williams, A. M. (Eds.). (2018). The
Cambridge handbook of expertise and expert performance(2nd ed.). UK: Cambridge
University Press.

Ericsson, K. A., & Pool, R. (2016). Peak: How all of us can achieve extraordinary things.
London: Vintage.

Farrow, D., Reid, M., Buszard, T., & Kovalchik, S. (2018). Charting the development of
sport expertise: Challenges and opportunities. International Review of Sport and
Exercise Psychology. https://doi.org/10.1080/1750984X.2017.1290817.

Frank, C., Land, W. M., Popp, C., & Schack, T. (2014). Mental representation and mental
practice: Experimental investigation on the functional links between motor memory
and motor imagery. PLoS One, 9, e95175. https://doi.org/10.1371/journal.pone.
0095175.

Freeman, W. H., & Mathôt, S. (2018). Pupillometry: Psychology, physiology, and

A. Moran et al. Psychology of Sport & Exercise 42 (2019) 8–15

13

https://doi.org/10.1123/jsp.2.1.14
https://doi.org/10.1167/14.4.1
https://doi.org/10.1016/j.tics.2013.06.009
https://doi.org/10.1016/j.tics.2013.06.009
https://doi.org/10.1080/10413200.2014.885915
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref5
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref5
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref5
https://doi.org/10.1037/0096-3445.130
https://doi.org/10.1123/jcsp.3.4.320
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref8
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref8
https://doi.org/10.1111/cogs.12625
https://doi.org/10.1111/cogs.12625
https://doi.org/10.1037/spy0000148
https://doi.org/10.1016/j.biopsycho.2018.08.003
https://doi.org/10.1016/j.biopsycho.2018.08.003
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4354238/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4354238/
https://doi.org/10.1016/0010-0285(73)90004-2
https://doi.org/10.3389/fpsyg.2016.01823
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref15
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref15
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref15
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref16
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref16
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref16
https://doi.org/10.3389/fnhum.2014.00280
https://doi.org/10.3389/fnhum.2016.00315
https://doi.org/10.1123/tsp.2015-0148
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref20
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref20
https://doi.org/10.1123/jsep.2017-0217
https://doi.org/10.1123/jsep.2017-0217
https://doi.org/10.1123/jsep.2016-0052
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref23
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref23
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref23
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref23
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref23
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref24
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref24
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref24
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref25
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref25
https://doi.org/10.1080/1750984X.2017.1290817
https://doi.org/10.1371/journal.pone.0095175
https://doi.org/10.1371/journal.pone.0095175


function. Journal of Cognition, 1, 16. https://doi.org/10.5334/joc.18.
Gallicchio, G., Cooke, A., & Ring, C. (2018). Assessing ocular activity during performance

of motor skills using electrooculography. Psychophysiologye13070. https://doi.org/
10.1111/psyp.13070.

Gobet, F. (2018). The future of expertise: The need for a multidisciplinary approach.
Journal of Expertise, 1(1–7) ISSN 2573-2773.

Goldinger, S. D., Papesh, M. H., Barnhart, A. S., Hansen, W. A., & Hout, M. C. (2016). The
poverty of embodied cognition. Psychonomic Bulletin, 23, 959–978. https://doi.org/
10.3758/s13423-015-0860-1.

Grant, M. A., & Schempp, P. G. (2013). Analysis and description of Olympic gold med-
alists' competition-day routines. The Sport Psychologist, 27, 156–170. https://doi-org.
ucd.idm.oclc.org/10.1123/tsp.27.2.156.

de Groot, A. D. (1946). Het denken van den schaker. Amsterdam: Noord Hollandsche.
Hardwick, R. M., Caspers, S., Eickhoff, S. B., & Swinnen, S. P. (2017). Neural correlates of

motor imagery, action observation, and movement execution: A comparison across
quantitative meta-analysis. bioRxiv, 1–50. https://doi.org/10.1101/198432.

Harris, D. J., Vine, S. J., & Wilson, M. R. (2017a). Neurocognitive mechanisms of the flow
state. Progress in Brain Research, 234, 221–243. https://doi.org/10.1016/bs.pbr.2017.
06.012.

Harris, D. J., Vine, S. J., & Wilson, M. R. (2017b). Flow and quiet eye: The role of at-
tentional control in flow experience. Cognitive Processing, 18, 343–347. https://doi.
org/10.1007/s10339-017-0794-9.

Harris, D. J., Vine, S. J., & Wilson, M. R. (2017c). Is flow really effortless? The complex
role of effortful attention. Sport, Exercise, and Performance Psychology, 6, 103–114.
https://doi.org/10.1037/spy0000083.

Hibbs, D. (2010). A conceptual analysis of clutch performances in competitive sports.
Journal of the Philosophy of Sport, 37, 47–59. https://doi.org/10.1080/00948705.
2010.9714765.

Holmes, P., & Collins, D. (2001). The PETTLEP approach to motor imagery: A functional
equivalence model for sport psychologists. Journal of Applied Sport Psychology, 13,
60–83. https://doi.org/10.1080/10413200109339004.

Jackman, P. C., Fitzpatrick, G., Lane, A., & Swann, C. (2017). Exploring bodily sensations
experienced during flow states in professional national hunt jockeys: a connecting
analysis. Qualitative Research in Sport, Exercise and Health, 1–14. (in press) https://doi.
org/10.1080/2159676X.2017.1380693.

Jeannerod, M. (1994). The representing brain: Neural correlates of motor intention and
imagery. Behavioural & Brain Sciences, 17, 187–202.

Jeannerod, M. (2001). Neural simulation of action: A unifying mechanism for motor
cognition. NeuroImage, 14, S103–S109. https://www.ncbi.nlm.nih.gov/pubmed/
11373140.

Jeannerod, M. (2006). Motor cognition. New York: Oxford University Press.
Kilteni, K., Anderson, B. I., Houbbrg, C., & Ehrsson, H. H. (2018). Motor imagery involves

predicting the sensory consequences of the imagined movement. Nature
Communications, 9, 1617. https://doi.org/10.1038/s41467-018-03989-0.

Klostermann, A., & Hossner, E. J. (2018). The quiet eye and motor expertise: Explaining
the “efficiency paradox”. Frontiers in Psychology, 9, 104. https://doi.org/10.3389/
fpsyg.2018.00104.

Klostermann, A., Kredel, R., & Hossner, E. J. (2014a). On the interaction of attentional
focus and gaze: The quiet eye inhibits focus-related performance decrements. Journal
of Sport & Exercise Psychology, 36, 392–400. https://doi.org/10.1123/jsep.2013-
0273.

Klostermann, A., Kredel, R., & Hossner, E. J. (2014b). The quiet eye without a target: The
primacy of visual information processing. Journal of Experimental Psychology: Human
Perception and Performance, 40, 2167–2178. https://doi.org/10.1037/a0038222.

Klostermann, A., Kredel, R., & Hossner, E. J. (2018). Quiet eye and motor performance:
The longer the better? Journal of Sport & Exercise Psychology, 40, 82–91. https://doi.
org/10.1123/jsep.2017-0277.

Kredel, R., Vater, C., Klostermann, A., & Hossner, E.-J. (2017). Eye-tracking technology
and the dynamics of natural gaze behavior in sports: A systematic review of 40 years
of research. Frontiers in Psychology, 8, 1845. https://doi.org/10.3389/fpsyg.2017.
01845.

Laeng, B., Sirois, S., & Gredebäck, G. (2012). Pupillometry: A window to the pre-
conscious? Perspectives on Psychological Science, 7, 18–27. https://doi.org/10.1177/
1745691611427305.

MacIntyre, T. E., Igou, E. R., Campbell, M. J., Moran, A. P., & Matthews, J. (2014).
Metacognition and action: A new pathway to understanding social and cognitive
aspects of expertise in sport. Frontiers in Psychology, 5, 1155. https://doi.org/10.
3389/fpsyg.2014.01155.

Mann, D. L., Spratford, W., & Abernethy, B. (2013). The head tracks and gaze predicts:
How the world's best batters hit a ball. PLoS One, 8, e58289. https://doi.org/10.
1371/journal.pone.0058289.

Marr, D. (1982). Vision. San Francisco, CA.
Mizuguchi, N., Nakata, H., Hayashi, T., Sakamoto, M., Muraoka, T., Uchida, Y., &

Kanosue, K. (2013). Brain activity during motor imagery of an action with an object:
A functional magnetic resonance imaging study. Neuroscience Research, 76, 150–155.
https://doi.org/10.1016/j.neures.2013.03.01.

Moran, A., Campbell, M., & Ranieri, D. (2018). Implications of eye tracking technology
for applied sport psychology. Journal of Sport Psychology in Action. https://doi.org/10.
1080/21520704.2018.1511660.

Moran, A., Guillot, A., MacIntyre, T., & Collet, C. (2012). Re-imagining motor imagery:
Building bridges between cognitive neuroscience and sport psychology. British
Journal of Psychology, 103, 224–247. https://doi.org/10.1111/j.2044-8295.2011.
02068.x.

Moran, A., Quinn, A., Campbell, M., Rooney, B., Brady, N., & Burke, C. (2016). Using
pupillometry to evaluate attentional effort in quiet eye: A preliminary investigation.
Sport, Exercise, and Performance Psychology, 5, 365–376. https://doi.org/10.1037/

spy0000066.
Moran, A., & Toner, J. (2017). A critical introduction to sport psychology (3rd ed.). London:

Routledge.
Munzert, J., Lorey, J., & Zentgraf, J. (2009). Cognitive motor processes: The role of motor

imagery in the study of motor representations. Brain Research Reviews, 60, 306–326.
https://www.ncbi.nlm.nih.gov/pubmed/19167426.

Otten, M. (2009). Choking vs. clutch performance: A study of sport performance under
pressure. Journal of Sport & Exercise Psychology, 31, 583–601. https://doi.org/10.
1123/jsep.31.5.583.

O'Shea, H., & Moran, A. (2016). Chronometric and pupil-size measurements illuminate
the relationship between motor execution and motor imagery in expert pianists.
Psychology of Music, 44, 1289–1303. https://doi.org/10.1177/0305735615616286.

O'Shea, H., & Moran, A. (2017). Does motor simulation theory explain the cognitive
mechanisms underlying motor imagery? A critical review. Frontiers in Human
Neuroscience, 11, 72. https://doi.org/10.3389/fnhum.2017.00072.

O'Shea, H., & Moran, A. (2018). To go or not to go? Pupillometry elucidates inhibitory
mechanisms in motor imagery. Journal of Cognitive Psychology, 30, 466–483. https://
doi.org/10.1080/20445911.2018.1461104.

Poolton, J., & Masters, R. (2014). Chunking/dechunking. In R. C. Eklund, & G.
Tenenbaum (Vol. Eds.), Encyclopedia of sport and exercise psychology: Vol. 1, (pp. 129–
130). New York: SAGE.

Rienhoff, R., Fischer, L., Strauss, B., Baker, J., & Schorer, J. (2015). Focus of attention
influences quiet-eye behaviour: An exploratory investigation of different skill levels
in female basketball players. Sport, Exercise, & Performance Psychology, 4, 62–74.
https://doi.org/10.1037/spy0000031.

Sáenz-Moncaleano, C., Basevitch, I., & Tenenbaum, G. (2018). Gaze behaviors during
serve returns in tennis: A comparison between intermediate-and high-skill players.
Journal of Sport & Exercise Psychology, 20, 1–11. https://doi.org/10.1123/jsep.2017-
0253.

Schack, T., Essig, K., Frank, C., & Koester, D. (2014). Mental representation and motor
imagery training. Frontiers in Human Neuroscience, 8, 328. https://doi.org/10.3389/
fnhum.2014.00328.

Schack, T., & Mechsner, F. (2006). Representation of motor skills in human long-term
memory. Neuroscience Letters, 391, 77–81. https://doi.org/10.1016/j.neulet.2005.10.
009.

Schweickle, M., Groves, S., Vella, S. A., & Swann, C. (2017). The effects of open vs.
specific goals on flow and clutch states in a cognitive task. Psychology of Sport and
Exercise, 33, 45–54. https://doi.org/10.1016/j.psychsport.2017.08.002.

Slepian, M. L., Weisbuch, M., Rule, N. O., & Ambady, N. (2011). Tough and tender:
Embodied categorization of gender. Psychological Science, 22, 26–28. https://doi.org/
10.1177/0956797610390388.

Spering, M., & Schutz, A. C. (2016). How eye movements improve vision and action –
comment on Vickers. Current Issues in Sport Science, 1, 100. https://doi.org/10.
15203/CISS_2016.100.

Steiner, H., Denny, K., & Stemmle, P. (2010). Adaptive styles in elite collegiate athletes:
The role of activation and self-regulation. Personality and Mental Health, 4, 163–171.
https://doi.org/10.1002/pmh.120.

Swann, C., Crust, L., Jackman, P., Vella, S. A., Allen, M. S., & Keegan, R. (2017a).
Psychological states underlying excellent performance in sport: Toward an integrated
model of flow and clutch states. Journal of Applied Sport Psychology, 29, 375–401.
https://doi.org/10.1080/10413200.2016.1272650.

Swann, C., Crust, L., Jackman, P., Vella, S. A., Allen, M. S., & Keegan, R. (2017b).
Performing under pressure: Exploring the psychological state underlying clutch
performance in sport. Journal of Sports Sciences, 35, 2272–2280. https://doi.org/10.
1080/02640414.2016.1265661.

Swann, C., Crust, L., Keegan, R., Piggott, D., & Hemmings, B. (2015). An inductive ex-
ploration into the flow experiences of European Tour golfers. Qualitative Research in
Sport, Exercise and Health, 7, 210–234. https://doi.org/10.1080/2159676X.2014.
926969.

Swann, C., Crust, L., & Vella, S. A. (2017). New directions in the psychology of optimal
performance in sport: Flow and clutch states. Current Opinion in Psychology, 16,
48–53. https://doi.org/10.1016/j.copsyc.2017.03.032.

Swann, C., Keegan, R., Crust, L., & Piggott, D. (2016). Psychological states underlying
excellent performance in professional golfers: “Letting it happen” vs.“making it
happen”. Psychology of Sport and Exercise, 23, 101–113. https://doi.org/10.1016/j.
psychsport.2015.10.008.

Swann, C., Moran, A., & Piggott, D. (2015a). Defining elite athletes: Issues in the study of
expert performance in sport psychology. Psychology of Sport and Exercise, 16, 3–14.
https://doi.org/10.1016/j.psychsport.2014.07.004.

Syed, M. (2010). Bounce: How champions are made. London: Fourth Estate (a division of
HarperCollins).

Toner, J. (2017). Habitual reflexivity and skilled action. Body & Society, 23, 3–26. https://
doi.org/10.1177/1357034X17736371.

Toner, J., Montero, B., & Moran, A. (2016). Reflective and prefreflective bodily awareness
in skilled action. Psychology of Consciousness: Theory, Research, and Practice, 3,
303–315. https://doi.org/10.1037/cns0000090.

Toner, J., & Moran, A. (2014). In praise of conscious awareness: A new framework for the
investigation of ‘continuous improvement’ in athletes. Frontiers in Psychology:
Cognition, 5, 769. https://doi.org/10.3389/fpsyg.2014.00769.

Vandell, R. A., Davis, R. A., & Clugston, H. A. (1943). The function of mental practice in
the acquisition of motor skills. The Journal of General Psychology, 29, 243–250 psy-
cnet.apa.org/record/1944-01359-001.

Vickers, J. N. (1996). Visual control when aiming at a far target. Journal of Experimental
Psychology: Human Perception and Performance, 22, 342–354. https://doi.org/10.
1037/0096-1523.22.2.342.

Vickers, J. N. (2007). Perception, cognition and decision training: The quiet eye in action.

A. Moran et al. Psychology of Sport & Exercise 42 (2019) 8–15

14

https://doi.org/10.5334/joc.18
https://doi.org/10.1111/psyp.13070
https://doi.org/10.1111/psyp.13070
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref30
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref30
https://doi.org/10.3758/s13423-015-0860-1
https://doi.org/10.3758/s13423-015-0860-1
https://doi-org.ucd.idm.oclc.org/10.1123/tsp.27.2.156
https://doi-org.ucd.idm.oclc.org/10.1123/tsp.27.2.156
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref33
https://doi.org/10.1101/198432
https://doi.org/10.1016/bs.pbr.2017.06.012
https://doi.org/10.1016/bs.pbr.2017.06.012
https://doi.org/10.1007/s10339-017-0794-9
https://doi.org/10.1007/s10339-017-0794-9
https://doi.org/10.1037/spy0000083
https://doi.org/10.1080/00948705.2010.9714765
https://doi.org/10.1080/00948705.2010.9714765
https://doi.org/10.1080/10413200109339004
https://doi.org/10.1080/2159676X.2017.1380693
https://doi.org/10.1080/2159676X.2017.1380693
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref41
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref41
https://www.ncbi.nlm.nih.gov/pubmed/11373140
https://www.ncbi.nlm.nih.gov/pubmed/11373140
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref43
https://doi.org/10.1038/s41467-018-03989-0
https://doi.org/10.3389/fpsyg.2018.00104
https://doi.org/10.3389/fpsyg.2018.00104
https://doi.org/10.1123/jsep.2013-0273
https://doi.org/10.1123/jsep.2013-0273
https://doi.org/10.1037/a0038222
https://doi.org/10.1123/jsep.2017-0277
https://doi.org/10.1123/jsep.2017-0277
https://doi.org/10.3389/fpsyg.2017.01845
https://doi.org/10.3389/fpsyg.2017.01845
https://doi.org/10.1177/1745691611427305
https://doi.org/10.1177/1745691611427305
https://doi.org/10.3389/fpsyg.2014.01155
https://doi.org/10.3389/fpsyg.2014.01155
https://doi.org/10.1371/journal.pone.0058289
https://doi.org/10.1371/journal.pone.0058289
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref53
https://doi.org/10.1016/j.neures.2013.03.01
https://doi.org/10.1080/21520704.2018.1511660
https://doi.org/10.1080/21520704.2018.1511660
https://doi.org/10.1111/j.2044-8295.2011.02068.x
https://doi.org/10.1111/j.2044-8295.2011.02068.x
https://doi.org/10.1037/spy0000066
https://doi.org/10.1037/spy0000066
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref58
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref58
https://www.ncbi.nlm.nih.gov/pubmed/19167426
https://doi.org/10.1123/jsep.31.5.583
https://doi.org/10.1123/jsep.31.5.583
https://doi.org/10.1177/0305735615616286
https://doi.org/10.3389/fnhum.2017.00072
https://doi.org/10.1080/20445911.2018.1461104
https://doi.org/10.1080/20445911.2018.1461104
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref64
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref64
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref64
https://doi.org/10.1037/spy0000031
https://doi.org/10.1123/jsep.2017-0253
https://doi.org/10.1123/jsep.2017-0253
https://doi.org/10.3389/fnhum.2014.00328
https://doi.org/10.3389/fnhum.2014.00328
https://doi.org/10.1016/j.neulet.2005.10.009
https://doi.org/10.1016/j.neulet.2005.10.009
https://doi.org/10.1016/j.psychsport.2017.08.002
https://doi.org/10.1177/0956797610390388
https://doi.org/10.1177/0956797610390388
https://doi.org/10.15203/CISS_2016.100
https://doi.org/10.15203/CISS_2016.100
https://doi.org/10.1002/pmh.120
https://doi.org/10.1080/10413200.2016.1272650
https://doi.org/%2010.1080/02640414.2016.1265661
https://doi.org/%2010.1080/02640414.2016.1265661
https://doi.org/10.1080/2159676X.2014.926969
https://doi.org/10.1080/2159676X.2014.926969
https://doi.org/10.1016/j.copsyc.2017.03.032
https://doi.org/10.1016/j.psychsport.2015.10.008
https://doi.org/10.1016/j.psychsport.2015.10.008
https://doi.org/10.1016/j.psychsport.2014.07.004
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref79
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref79
https://doi.org/10.1177/1357034X17736371
https://doi.org/10.1177/1357034X17736371
https://doi.org/10.1037/cns0000090
https://doi.org/10.3389/fpsyg.2014.00769
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref83
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref83
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref83
https://doi.org/10.1037/0096-1523.22.2.342
https://doi.org/10.1037/0096-1523.22.2.342
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref85


Champaign, Ill: Human Kinetics.
Vickers, J. N. (2009). Advances in coupling perception and action: The quiet eye as a

bidirectional link between the gaze, attention, and action. Progress in Brain Research,
174, 279–288. https://doi.org/10.1016/S0079-6123(09)01322-3.

Vickers, J. N. (2011). Mind over muscle: The role of gaze control, spatial cognition, and
the quiet eye in motor expertise. Cognitive Processing, 12, 219–222. https://doi.org/
10.1007/s10339-011-0411-2.

Vickers, J. N. (2016). Origins and current issues in quiet eye research. Current Issues in
Sport Science, 1, 101. https://doi.org/10.15203/CISS_2016.101.

Wakefield, C. J., Smith, D., Moran, A., & Holmes, P. (2013). Functional equivalence or
behavioural matching? A critical reflection on 15 years of research using the
PETTLEP model of motor imagery. International Review of Sport and Exercise
Psychology, 6, 105–121. https://doi.org/10.1080/1750984X.2012.724437.

Walters-Symons, R. M., Wilson, M. R., & Vine, S. J. (2017). The quiet eye supports error
recovery in golf putting. Psychology of Sport and Exercise, 31, 21–27. https://doi.org/
10.1016/j.psychsport.2017.03.012.

Wei, G., & Luo, J. (2010). Sport expert's motor imagery: Functional imaging of profes-
sional motor skills and simple motor skills. Brain Research, 1341, 52–62. https://doi.

org/10.1016/j.brainres.2009.08.014.
Wei, G., Zhang, Y., Jiang, T., & Luo, J. (2011). Increased cortical thickness in sports

experts: A comparison of diving players with the controls. PLoS One, 6, e17112.
https://doi.org/10.1371/journal.pone.0017112.

Williams, A. M., Ford, P. R., Hodges, N. J., & Ward, P. (2018). Expertise in sport:
Specificity, plasticity, and adaptability in high-performance athletes. In K. A.
Ericsson, R. R. Hoffman, A. Kozbelt, & A. M. Williams (Eds.). The Cambridge handbook
of expertise and expert performance (pp. 653–673). Cambridge, UK: Cambridge
University Press.

Wilson, M. (2002). Six views of embodied cognition. Psychonomic Bulletin & Review, 9,
625–636. https://link.springer.com/article/10.3758/BF03196322.

Winograd, S. (1942). The relationship of timing and vision to baseball performance.
Research Quarterly. American Association for Health, Physical Education and Recreation,
13, 481–493.

Wright, D. J., Wood, G., Eaves, D. L., Bruton, A. M., Frank, C., & Franklin, Z. C. (2018).
Corticospinal excitability is facilitated by combined action observation and motor
imagery of a basketball free throw. Psychology of Sport and Exercise, 39, 114–120.
https://doi.org/10.1016/j.psychsport.2018.08.006.

A. Moran et al. Psychology of Sport & Exercise 42 (2019) 8–15

15

http://refhub.elsevier.com/S1469-0292(18)30543-0/sref85
https://doi.org/10.1016/S0079-6123(09)01322-3
https://doi.org/10.1007/s10339-011-0411-2
https://doi.org/10.1007/s10339-011-0411-2
https://doi.org/10.15203/CISS_2016.101
https://doi.org/10.1080/1750984X.2012.724437
https://doi.org/10.1016/j.psychsport.2017.03.012
https://doi.org/10.1016/j.psychsport.2017.03.012
https://doi.org/10.1016/j.brainres.2009.08.014
https://doi.org/10.1016/j.brainres.2009.08.014
https://doi.org/10.1371/journal.pone.0017112
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref94
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref94
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref94
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref94
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref94
https://link.springer.com/article/10.3758/BF03196322
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref96
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref96
http://refhub.elsevier.com/S1469-0292(18)30543-0/sref96
https://doi.org/10.1016/j.psychsport.2018.08.006

	Exploring the cognitive mechanisms of expertise in sport: Progress and prospects
	Introduction
	Overview of theoretical approaches to research on expertise in sport
	Motor imagery practice and expertise
	Let us now consider how the study of mental representations and that of MI can shed light on athletic expertise
	Cognitive mechanisms of flow and “clutch” performances in sport
	Cognitive mechanisms of quiet eye: the promise of electrooculography and pupillometry
	Conclusions about mechanisms of expertise: the importance of different levels of analysis

	Conflicts of interest
	References




