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 This review evaluated how neuromuscular, perceptual-cognitive, neural, and 

training-related markers are associated with anticipation and decision-making 

in fencing, and identified consistency and methodological limitations. Scopus, 

PubMed, and ScienceDirect were searched using predefined PICOS-based 

terms. Of 114 records, 15 duplicates were removed, 99 records screened, 34 full 

texts assessed, and 22 reports included: 21 empirical studies and one narrative 

review for contextual synthesis. Study quality was appraised using the MMAT 

2018. Participant totals were not pooled because a verified cross-study count 

was unavailable and overlapping cohorts could cause double counting. Meta-

analysis was not defensible because outcomes, tasks, instruments, comparison 

groups, and reporting formats were heterogeneous; findings were synthesised 

narratively according to SWiM principles. Inter-rater kappa was not calculated 
and could not be reconstructed retrospectively. Expertise was associated with 

earlier muscle activation, more economical EMG coordination, faster or stable 

responses, stronger cortical preparation, and efficient visual search. Evidence 

for trainability remained limited. 
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Introduction 

Combat sports require athletes to integrate perception, anticipation, action selection, and motor execution 

under severe time pressure. Fencing is a particularly demanding open-skill combat sport because attacks, 

feints, parries, and counterattacks unfold within brief windows in which the athlete must interpret task-

relevant cues and translate them into accurate action (De Quel & Bennett, 2019). This makes fencing a useful 

model for studying perception-action expertise and decision-making. 

In this review, anticipation is operationalised as preparation for an action before the opponent's 

movement is fully observable. We treat this construct at several measurable levels: early postural or limb-
muscle activation, anticipatory postural adjustments, response and movement timing, response inhibition or 

amendment, gaze allocation, and neural markers of preparatory control. Perceptual-cognitive expertise refers 

to the efficient selection and interpretation of task-relevant information that supports an appropriate action. 

These definitions allow apparently different behavioural, neuromuscular, ocular, and neural measures to be 

considered within one framework without assuming that they represent the same mechanism. 

Previous fencing research has examined these components separately. Electromyography (EMG), 

kinematics, and ground-reaction forces have been used to characterise the lunge and flèche, while reaction-
time paradigms have compared experts with less-skilled fencers under different stimulus and response 
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conditions (Borysiuk & Bailey, 2007; Williams & Walmsley, 2000a). EEG and event-related-potential studies 

have addressed cortical preparation and executive control (Del Percio et al., 2007, 2008; Taddei et al., 2012; 

Bianco et al., 2017). Eye-tracking has also begun to examine visual-search behaviour in fencing referees 

(Babadi et al., 2021), but direct gaze measurement during live fencing remains uncommon. 

The central methodological gap is not the absence of individual measures, but the lack of integration 

across measurement levels and the limited ability to distinguish association from causation. Most studies use 

single-modality or laboratory tasks, small samples, and cross-sectional expertise contrasts. Consequently, it 
remains unclear whether peripheral preparatory activity, gaze behaviour, and cortical preparation are 

coordinated expressions of the same perception-action process or simply parallel correlates of expertise. 

Simultaneous recording of EMG, kinematics/force, gaze, and neural activity during representative fencing 
actions would be better suited to testing that relationship. The present systematic review therefore maps the 

available evidence across these modalities and explicitly evaluates its methodological strength and boundary 

conditions. 

A second gap concerns transfer and trainability. Although studies report expertise-related differences, 
relatively few examine longitudinal change or interventions, and wheelchair fencing introduces different 

neuromuscular constraints that limit direct extrapolation from able-bodied athletes (Borysiuk et al., 2020; 

Borysiuk et al., 2022b; Borysiuk et al., 2023). Evidence for eye-tracking, virtual reality, and AI-supported 
analysis is also much thinner than the literature on EMG and reaction time. A systematic synthesis is 

therefore needed to distinguish established correlates from promising but preliminary technologies. 

The practical rationale is equally important. Coaches increasingly have access to sensor-based feedback, 

reaction-light systems, gaze tracking, and immersive technologies, but these tools should be interpreted in 
proportion to the underlying evidence. A transparent systematic review can identify which markers are 

repeatedly associated with expertise, which findings are context-dependent, and which interventions have 

actually been tested rather than merely proposed. 

Accordingly, the review is structured around three research questions. RQ1 examines neuromuscular and 

physiological signatures of anticipation and response execution. RQ2 examines perceptual-cognitive 

processes and their neural correlates, including reaction, inhibition, gaze, and EEG/ERP measures. RQ3 

examines training and technology approaches that have been evaluated for improving anticipation and 
decision-making. The synthesis is deliberately association-focused and does not infer causality from cross-

sectional expertise contrasts. 

RQ1 concerns neuromuscular and physiological indicators, including EMG timing and coordination, 
postural adjustments, ground-reaction forces, kinematics, and response timing that differ across expertise 

levels. 

RQ2 concerns perceptual-cognitive processes and neural correlates, including visual search, decision 

accuracy, response inhibition, reaction-time control, EEG/ERP markers, and anticipatory cortical 

preparation. 

RQ3 concerns evaluated training and technology approaches, including perceptual training, reaction-time 

programmes, fatigue-related performance changes, and emerging virtual-reality or AI applications where 

empirical fencing evidence exists. 

RQ1: What neuromuscular and physiological signatures distinguish anticipation and response execution 

across fencers of differing expertise? 

RQ2: How do perceptual-cognitive processes and their neural correlates underpin anticipation and 

decision-making in fencing? 

RQ3: Which training and technological approaches have been evaluated for enhancing anticipation and 

decision-making in fencing, and what evidence supports them? 

 

Method 

Research Design and Framework 

This study is a systematic literature review (SLR) of empirical fencing research, reported according to 

PRISMA 2020 (Page et al., 2021). The review protocol was defined prospectively at the level of the research 
questions, PICOS concepts, eligibility criteria, and synthesis plan. Because this was a review rather than a 
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primary experiment, no participant-level power analysis or a priori sample-size calculation was applicable; 

the review sample was determined by the prespecified database search and eligibility process. The synthesis 

was structured around the three research questions and used a narrative approach because the included 
studies differed substantially in participants, fencing tasks, outcomes, instruments, and comparison 

structures. 

Search Strategy 

Prior to constructing the search string, the review questions were decomposed using the PICOS framework 

to ensure systematic identification of the key search concepts, as summarised in Table 1. 

Table 1. PICOS framework used to structure the search strategy. 

Element Specification for this review 

Population (P) Competitive fencers (foil, épée, sabre; able-bodied and wheelchair; novice to elite) 

Intervention / Interest 

(I) 

Anticipation, perceptual-cognitive demand, technical execution (lunge, flèche), and training 

or technological interventions 

Comparison (C) 
Expertise contrasts (elite vs novice), stimulus or load conditions, or pre- vs post-training 

(where applicable) 

Outcome (O) 
EMG / neuromuscular indices, ground reaction forces and kinematics, reaction / movement 
/ decision time, gaze and visual-search metrics, and EEG / ERP correlates 

Study design (S) 
Empirical quantitative studies (descriptive, non-randomised, experimental) and relevant 

narrative reviews 

Each PICOS element was translated into a cluster of keywords and synonyms, which were combined 

with Boolean operators. The exact search string is presented below. 

("fenc*" OR "épée" OR "epee" OR "foil" OR "sabre") AND ("anticipat*" OR "decision*" OR "reaction 

time" OR "perceptual-cognitive" OR "visual search") AND ("EMG" OR "electromyograph*" OR "EEG" OR 

"eye track*" OR "kinematic*" OR "ground reaction force") 

The search string was applied to Scopus TITLE-ABS-KEY fields and to the closest title/abstract fields 

available in PubMed and ScienceDirect. English-language peer-reviewed articles and reviews were eligible 

at the search stage. The search string was pilot-tested and refined for sensitivity and specificity; the final string 
reported here is the string used for the review. No additional boxing-related concept cluster was part of the 

final search string, so the previous wording implying that such a cluster was retained has been removed for 

consistency. 

Database and Information Sources 

Scopus, PubMed, and ScienceDirect were searched as complementary databases covering sport science, 
biomedical, and interdisciplinary literature. The records were exported, merged, and deduplicated before 

title/abstract screening. The review did not claim exhaustive coverage of all databases; this limitation is 

reflected in the Discussion. 

Eligibility Criteria 

Table 2. Inclusion and exclusion criteria. 

Criterion Inclusion Exclusion 

Population 
Competitive fencers (any weapon; able-bodied 

or wheelchair) 

Non-fencing samples or general-athlete samples 

without fencing data 

Focus 

Anticipation, decision-making, 

reaction/response, or their 

neuromuscular/neural correlates 

Studies without a target perceptual-cognitive or 

neuromuscular outcome 

Document type Peer-reviewed article or review 
Conference paper, erratum, book chapter, 

editorial, protocol 

Language English Non-English 

Data 
Primary empirical data or directly relevant 
synthesis 

Purely conceptual or opinion pieces without data 

Accessibility Full text retrievable Abstract only / not retrievable 

Study Selection Process 

Study selection followed the PRISMA sequence: 114 records were identified (Scopus n = 93, PubMed n = 
15, ScienceDirect n = 6); 15 duplicates were removed, leaving 99 records for title/abstract screening; 65 were 

excluded at screening; 34 full-text reports were sought and retrieved; and 12 were excluded at full text, leaving 

22 reports for synthesis. Full-text exclusions were: non-fencing/non-target sample (n = 5), review or 

conceptual paper without primary fencing data (n = 3), overlapping wheelchair-fencing data (n = 2), outcome 
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outside the target constructs (n = 1), and study protocol without outcome data (n = 1). Selection decisions 

were checked against the prespecified criteria. Inter-rater Cohen's kappa was not calculated in the original 

workflow, so no numerical agreement coefficient can be reported retrospectively without inventing data; this 

is now identified explicitly as a reporting limitation. 

Quality Assessment 

Quality Assessment: The included reports were appraised with the Mixed Methods Appraisal Tool (MMAT), 

version 2018 (Hong et al., 2018), selected because it accommodates descriptive quantitative, non-randomised 

quantitative, and experimental designs within one appraisal framework. The five design-specific criteria were 
recorded as Yes, can't tell/Partial, or No. Criterion-level judgments were retained as the primary quality 

evidence; the descriptive totals shown in Table 3 are not treated as a formal global MMAT score, and no 

study was excluded solely on the basis of appraisal. The narrative review included in the 22-report corpus 
was retained only for contextual synthesis and was not used to support claims about effects in fencing 

participants. 

Table 3. MMAT quality-appraisal summary of the 22 included studies (Q1–Q5 = the five design-specific 

MMAT criteria). 

Study Design Q1 Q2 Q3 Q4 Q5 Total Rating 

Williams & Walmsley (2000a) 
Quant. non-

randomised 
1 1 1 0.5 1 4.5/5 (90%) High 

Williams & Walmsley (2000b) 
Quant. non-

randomised 
1 1 0.5 0.5 1 4/5 (80%) High 

Borysiuk & Bailey (2007) 
Quant. non-

randomised 
1 1 1 0.5 1 4.5/5 (90%) High 

Borysiuk & Waśkiewicz (2008) 
Quant. 

descriptive 
1 0.5 1 0.5 1 4/5 (80%) High 

Borysiuk (2008) 
Quant. non-

randomised 
1 1 1 0.5 0.5 4/5 (80%) High 

Taddei et al. (2012) 
Quant. non-

randomised 
1 1 1 1 1 5/5 (100%) High 

Zhang et al. (2015) 
Quant. non-

randomised 
1 1 1 0.5 1 4.5/5 (90%) High 

Balkó et al. (2016) 
Quant. non-

randomised 
1 1 1 0.5 1 4.5/5 (90%) High 

Gutiérrez-Davila et al. (2016) 
Quant. 

experimental 
1 1 1 1 1 5/5 (100%) High 

Bianco et al. (2017) 
Quant. non-

randomised 
1 1 1 1 1 5/5 (100%) High 

Balkó et al. (2018) 
Quant. non-

randomised 
1 1 1 0.5 1 4.5/5 (90%) High 

Borysiuk et al. (2018) 
Quant. non-

randomised 
1 1 0.5 0.5 1 4/5 (80%) High 

Borysiuk et al. (2019) 
Quant. 

descriptive 
1 1 1 0.5 1 4.5/5 (90%) High 

Borysiuk et al. (2020) 
Quant. 

descriptive 
1 0.5 1 0.5 1 4/5 (80%) High 

Babadi et al. (2021) 
Quant. non-
randomised 

1 1 1 1 1 5/5 (100%) High 

Akbaş et al. (2021) 
Quant. non-

randomised 
1 1 1 1 1 5/5 (100%) High 

Borysiuk et al. (2022a) 
Quant. 

descriptive 
1 1 0.5 0.5 1 4/5 (80%) High 

Kim et al. (2023) 
Quant. non-

randomised 
1 1 1 0.5 1 4.5/5 (90%) High 

Borysiuk et al. (2024) 
Quant. 

descriptive 
1 1 1 1 1 5/5 (100%) High 

Barañano-Alcaide et al. (2025) 
Quant. 

experimental 
1 1 1 1 1 5/5 (100%) High 

Teteris et al. (2025) 
Quant. non-rand. 

(pilot) 
1 1 0.5 0.5 1 4/5 (80%) High 

Borysiuk (2025) Narrative review 1 0.5 0.5 1 1 4/5 (80%) High 

Note. MMAT criterion-level judgments are the primary appraisal evidence; the arithmetic totals are descriptive summaries only and 

were not used as a stand-alone exclusion threshold. 
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Data Extraction Procedure 

Data extraction recorded authors, year, country, design, sample characteristics when reported, expertise 

level, weapon, measurement modality (EMG, kinematics/GRF, reaction/decision time, eye-tracking, or 

EEG/ERP), intervention or experimental manipulation, outcome indicators, and key findings. Participant 
numbers were retained at study level rather than summed across the corpus because overlapping cohorts 

could otherwise inflate an aggregate N. 

Bibliometric and Descriptive Analysis 

We have presented some descriptive bibliometric data in tabular and diagrammatic form that reflect temporal 

distribution, geographic origin, distribution of measurement approaches, and main thematic clusters. This is 
to help portray the main features of the evidence base and provide an analytical framework for the qualitative 

synthesis. Please read Figure 2-4 for more on that. 

Data Analysis and Synthesis 

Because the included studies were heterogeneous in design, tasks, constructs, measurement units, and 

reporting formats, quantitative pooling was not considered methodologically defensible. The synthesis 
therefore followed a structured narrative approach informed by the SWiM reporting principles (Campbell et 

al., 2020). Evidence was grouped by RQ and modality. When findings conflicted, priority was given to direct 

fencing tasks over indirect transfer tasks, empirical primary studies over narrative commentary, and findings 
replicated across independent samples; discordant findings were retained and discussed rather than vote-

counted. Effect sizes or forest plots were not generated where the source reports did not provide sufficiently 

compatible statistics for valid pooling. 

Reporting and Documentation 

The review followed PRISMA 2020 for reporting (Page et al., 2021). Figure 1 presents the exact 
identification, screening, eligibility, and inclusion counts, while Tables 3-5 present appraisal and study-level 

synthesis. The reporting distinguishes 22 included reports from the 21 empirical studies that provide 

participant-based findings. 

PRISMA 2020 Flow Diagram 

The PRISMA flow was: records identified = 114 (Scopus 93; PubMed 15; ScienceDirect 6); duplicates 
removed = 15; records screened = 99; records excluded at title/abstract = 65; full-text reports sought = 34; 

reports not retrieved = 0; reports assessed for eligibility = 34; full-text exclusions = 12; and reports included 

= 22. These counts are identical across the Methods, Results, and Figure 1. Because inter-rater decisions 
were not stored as a two-rater dataset, a retrospective kappa coefficient cannot be reconstructed. Likewise, 

an aggregate participant N is not presented because the extracted corpus did not preserve a verified non-

overlapping participant denominator. 
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Figure 1. PRISMA 2020 flow diagram of the study selection process (adapted from Page et al., 2021). 

  

Results and Discussions 

Study Selection Results 

The systematic search identified 114 records from Scopus (93), PubMed (15), and ScienceDirect (6). After 

removal of 15 duplicates, 99 unique records were screened by title and abstract, of which 65 were excluded. 
Thirty-four full-text reports were assessed; 12 were excluded for prespecified reasons, leaving 22 included 

reports. The corpus therefore comprises 21 empirical studies and one narrative review used only to 

contextualise eye-tracking evidence. The PRISMA counts are shown consistently in Figure 1. 

Descriptive Characteristics 
The 22 reports span 2000-2025 and 10 countries. Poland contributes nine reports, many from the same 
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Iran, South Korea, and Latvia. Most studies are cross-sectional or non-randomised expertise comparisons 

with relatively small samples. Only two reports were experimental comparisons and one was a 12-week pilot 

intervention. Because the review database did not preserve a verified non-overlapping participant 
denominator, participant counts are reported at study level where available rather than summed across 

studies. The study-level characteristics are provided in Table 4, and the modality/outcome classification is 

summarised in Table 5. The descriptive MMAT totals ranged from 80% to 100%: seven reports were 100%, 

seven were 90%, and eight were 80%. These arithmetic summaries are reported for transparency, while the 

design-specific criterion judgments remain the substantive appraisal evidence. 

Table 4. Summary of the 22 included studies (full titles; concise complete key findings). 

Title 
Author(s) 

(Year) 
Country Method Key findings 

Response timing and 

muscular coordination 

fencing: A comparison 
of elite and novice 

fencers 

Williams & 

Walmsley 
(2000a) 

New 
Zealand 

Expertise 

contrast; 
RT/MT + EMG 

Elite fencers showed faster, more 

consistent reaction and movement 

times than novices across target-
choice and lunge-distance 

conditions, with more economical 

muscular coordination. 

Response amendment in 

fencing: Differences 

between elite and novice 

subjects 

Williams & 

Walmsley 

(2000b) 

New 

Zealand 

Dual-response 

paradigm; 

RT/MT + EMG 

Under a dual-response amendment 

paradigm, elite fencers corrected 

ongoing responses faster and more 

accurately than novices, indicating 

superior online movement control. 

Influence of stimuli type 

on electromyography 

(EMG) signal, reaction 

and movement time in 

novice and advanced 

fencers 

Borysiuk & 

Bailey (2007) 
Poland/UK 

Expertise 

contrast; EMG 

+ RT/MT 

Stimulus modality shaped EMG, 

reaction and movement time; 

advanced fencers responded faster 

than novices, and tactile stimuli 

elicited the quickest responses. 

Information Processes, 

Stimulation and 

Perceptual Training in 
Fencing 

Borysiuk & 

Waśkiewicz 

(2008) 

Poland 

Information-

processing 

analysis 

Framed fencing skill acquisition 

through information-processing 

theory, arguing that multisensory 

perceptual training structures 
open-skill motor habits. 

Psychomotor reactions 

in fencing dependence of 

stimuli type 

Borysiuk 

(2008) 
Poland 

Stimulus-type 

comparison; 

RT/MT + EMG 

Reaction and movement time and 

EMG differed by stimulus type, 

with tactile stimulation fastest and 

advanced fencers outperforming 

beginners. 

Neural correlates of 

attentional and executive 

processing in middle-age 

fencers 

Taddei et al. 

(2012) 
Italy 

Cross-sectional; 

EEG/ERP 

Middle-aged fencers retained 

attentional and executive ERP 

components comparable to young 

adults, suggesting open-skill 

practice buffers age-related 

cognitive decline. 

Enhanced response 

inhibition in experienced 

fencers 

Zhang et al. 

(2015) 
China 

Group 

comparison; 

response 

inhibition 

Experienced fencers showed 

enhanced response inhibition 

versus non-athletes, indicating 

training-related gains in 

suppressing prepotent responses. 
The influence of 

different performance 

level of fencers on 

muscular coordination 

and reaction time during 

the fencing lunge 

Balkó et al. 

(2016) 
Czech Rep. 

Level 

comparison; 

EMG + RT 

Higher-level fencers exhibited 

shorter reaction times and distinct 

muscular coordination during the 

lunge relative to lower-level 

fencers. 

Time required to initiate 

a defensive reaction to 

direct and feint attacks in 

fencing 

Gutiérrez-

Davila et al. 

(2016) 

Spain 

Experimental; 

kinematics + 

decision timing 

Fencers were slower to initiate 

defence against feints than direct 

attacks; feints delayed detection of 

the just-noticeable difference, 

quantifying the cost of deception. 
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Title 
Author(s) 

(Year) 
Country Method Key findings 

Different proactive and 

reactive action control in 

fencers’ and boxers’ 

brain 

Bianco et al. 

(2017) 
Italy 

Group 

comparison; 

EEG/ERP 

Fencers and boxers showed 

distinct proactive versus reactive 

cortical control; fencing was 

associated with stronger 

anticipatory (proactive) 

preparation. 

Relationship between the 

armed arm's motor 

response and muscle 

activation time during 

the lunge in fencers of 

varied ability 

Balkó et al. 

(2018) 
Czech Rep. 

Ability 

comparison; 

surface EMG 

Armed-arm muscle activation 

timing during the lunge varied 

with ability; more skilled fencers 

showed more efficient agonist–

antagonist sequencing. 

Fencing Flèche 

performed by elite and 
novice épéeists 

depending on type of 

perception 

Borysiuk et al. 

(2018) 
Poland 

Expertise 
contrast; EMG 

+ kinematics 

Flèche movement patterns differed 

between elite and novice épéeists 
and depended on whether visual or 

tactile perception guided the 

action. 

Flèche versus lunge as 

the optimal footwork 

technique in fencing 

Borysiuk et al. 

(2019) 
Poland 

Competition 

analysis; 

effectiveness 

In competition analysis, the flèche 

produced greater attacking 

effectiveness than the lunge, 

informing evidence-based 

technique selection. 

Neuromuscular, 

Perceptual, and 

Temporal Determinants 

of Movement Patterns in 

Wheelchair Fencing: 

Preliminary Study 

Borysiuk et al. 

(2020) 
Poland 

Preliminary; 

EMG + 

kinematics 

Wheelchair-fencing lunge patterns 

were shaped by neuromuscular, 

perceptual and temporal 

determinants and differed across 

disability categories A and B. 

Comparison of Visual 

Search Behavior and 

Decision-making 
Accuracy in Expert and 

Novice Fencing Referees 

Babadi et al. 
(2021) 

Iran 

Expertise 

contrast; eye-
tracking 

Expert fencing referees used fewer, 

longer fixations and achieved 

higher decision-making accuracy 
than novices, evidencing gaze-

based perceptual-cognitive 

expertise. 

Two Aspects of 

Feedforward Control 

During a Fencing Lunge: 

Early and Anticipatory 

Postural Adjustments 

Akbaş et al. 

(2021) 
Poland 

Expertise 

contrast; 

posturography 

Expertise modulated early and 

anticipatory postural adjustments 

preceding the lunge, reflecting 

refined feedforward control in 

skilled fencers. 

EMG structure, ground 

reaction forces as 

anticipatory indicators of 

the fencing lunge 

effectiveness 

Borysiuk et al. 

(2022a) 
Poland 

Cross-sectional; 

EMG + GRF 

EMG onset and ground reaction 

forces during the preparatory 

phase served as anticipatory 

indicators of straight-lunge 

effectiveness in épée. 

Low Activation of Knee 

Extensors and High 

Activation of Knee 

Flexors in Female 

Fencing Athletes Is 
Related to the Response 

Time during the Marche-

Fente 

Kim et al. 

(2023) 

South 

Korea 

Cross-sectional; 

EMG + RT 

In female fencers, lower knee-

extensor and higher knee-flexor 

activation related to response time 

during the marche-fente, revealing 
muscle-specific timing 

determinants. 

The phenomenon of 

anticipation in fencing. 

An applicability 

approach 

Borysiuk et al. 

(2024) 
Poland 

Cross-sectional; 

EMG + GRF + 

mocap 

Anticipatory EMG activation 

preceded vertical ground-reaction 

force by ~15–30 ms during the 

lunge; the preparatory period was 

decisive for lunge effectiveness. 

Analysis of the effect of 

fatigue in fencing using 

reaction time lights 

Barañano-

Alcaide et al. 

(2025) 

Spain 

Fatigue 

experiment; RT 

+ HR/SpO2 

Fencing-induced physical and 

mental fatigue lengthened reaction 

time to light stimuli, linking 

autonomic load (heart rate, oxygen 
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Title 
Author(s) 

(Year) 
Country Method Key findings 

saturation) to perceptual-motor 

slowing. 

Application of the 

Vienna Test System to 

Measure Training-
Induced Changes in 

Choice Reaction Time in 

U20 Fencers: A 12-

Week Training Program 

Pilot Study 

Teteris et al. 

(2025) 
Latvia 

12-week pilot; 

choice RT (VTS) 

A 12-week reaction-training 
programme improved choice 

reaction time in U20 fencers, 

supporting the trainability of 

cognitive-motor speed. 

Eye-Tracking Analysis 

of Perceptual-Cognitive 

Processes in Combat 

Sports: A Narrative 

Review 

Borysiuk 

(2025) 
Poland 

Narrative 

review; eye-

tracking 

Synthesised eye-tracking findings 

in combat sports, concluding that 

expert gaze is more efficient and 

anticipatory, and proposing 

practical perceptual-training 

guidelines. 

Table 5. Summary of the 22 included studies (full titles; concise complete key findings). 

Author(s) (Year) Country 
Theme 

(RQ) 
Measurement modality Primary outcome 

Williams & Walmsley 

(2000a) 

New 

Zealand 
RQ1 RT/MT; EMG RT/MT, accuracy 

Williams & Walmsley 

(2000b) 

New 

Zealand 
RQ2 RT/MT; EMG Amendment time, accuracy 

Borysiuk & Bailey (2007) Poland/UK RQ2 EMG; RT/MT RT/MT, EMG onset 

Borysiuk & Waśkiewicz 

(2008) 
Poland RQ3 Perceptual training Skill-acquisition model 

Borysiuk (2008) Poland RQ2 RT/MT; EMG RT/MT, EMG 

Taddei et al. (2012) Italy RQ2 EEG/ERP ERP amplitude/latency 
Zhang et al. (2015) China RQ2 Behavioural inhibition Inhibition performance 

Balkó et al. (2016) Czech Rep. RQ1 EMG; RT RT, muscle timing 

Gutiérrez-Davila et al. 

(2016) 
Spain RQ1 Kinematics; decision Defensive-reaction time 

Bianco et al. (2017) Italy RQ2 EEG/ERP Cortical preparation 

Balkó et al. (2018) Czech Rep. RQ1 EMG Muscle activation time 

Borysiuk et al. (2018) Poland RQ1 EMG; kinematics Movement pattern 

Borysiuk et al. (2019) Poland RQ1 Kinematics Attack effectiveness 

Borysiuk et al. (2020) Poland RQ1 EMG; kinematics Movement pattern 

Babadi et al. (2021) Iran RQ2 Eye-tracking Fixations, decision accuracy 

Akbaş et al. (2021) Poland RQ1 Posturography Postural-adjustment onset 

Borysiuk et al. (2022a) Poland RQ1 EMG; GRF EMG/GRF anticipation 

Kim et al. (2023) 
South 

Korea 
RQ1 EMG; RT Muscle activation, RT 

Borysiuk et al. (2024) Poland RQ1 EMG; GRF; mocap 
Anticipatory EMG–GRF 

lag 

Barañano-Alcaide et al. 

(2025) 
Spain RQ3 RT; HR/SpO2 RT under fatigue 

Teteris et al. (2025) Latvia RQ3 Choice RT (VTS) Choice RT change 

Borysiuk (2025) Poland RQ2 Eye-tracking Gaze-efficiency synthesis 
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Figure 2. Annual and cumulative distribution of the 22 included fencing studies (2000–2026). 

 

Figure 3. Coverage of measurement modalities across included studies; studies may employ more than one 

modality. 

 

Figure 4. Thematic clusters derived from the 22 included studies; bubble area is proportional to the number 

of studies. 
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Thematic Synthesis 
Findings for RQ1 - Neuromuscular and physiological determinants 

Eleven empirical reports addressed neuromuscular or biomechanical determinants of anticipation and 

response execution. Across expertise-comparison studies, the clearest pattern was not simply faster 
movement, but earlier and better-organised preparation. Williams and Walmsley (2000a, 2000b), Borysiuk 

and Bailey (2007), Borysiuk (2008), Balkó et al. (2016, 2018), Borysiuk et al. (2018), Kim et al. (2023), and 

Borysiuk et al. (2022a, 2024) collectively indicate that skilled fencers show earlier muscle activation, more 

economical agonist-antagonist sequencing, faster responses, or better response amendment. Borysiuk et al. 
(2024) reported an anticipatory EMG lead of approximately 15-30 ms relative to vertical ground-reaction 

force, linking the preparatory phase to successful lunge execution. Importantly, these studies demonstrate 

associations between expertise and preparation, not a causal effect of expertise on muscle timing. 

Convergent kinematic and postural findings reinforce the timing interpretation. Akbaş et al. (2021) 
identified earlier anticipatory postural adjustments before the lunge, while Borysiuk et al. (2018) reported 

perception-dependent differences in the flèche and Borysiuk et al. (2019) reported greater competition 

effectiveness for flèche than lunge under the studied conditions. Gutiérrez-Davila et al. (2016) further showed 

that defensive responses are slower to feints than direct attacks, highlighting the cost of deceptive 
information. Wheelchair-fencing findings (Borysiuk et al., 2020) indicate that disability category alters 

movement organisation and therefore limits direct extrapolation from able-bodied fencing. 

Findings for RQ2 - Perceptual-cognitive processes and neural correlates 

Seven empirical studies and one narrative review addressed perceptual-cognitive and neural correlates. 

Reaction-time evidence shows that stimulus modality influences response speed and that experienced fencers 

generally respond faster across tested conditions (Borysiuk & Bailey, 2007; Borysiuk, 2008). Williams and 

Walmsley (2000b) found superior online response amendment in elite fencers, while Zhang et al. (2015) 
reported stronger response inhibition in experienced fencers. EEG/ERP studies provide convergent evidence 

for anticipatory and executive preparation: Bianco et al. (2017) reported stronger proactive cortical control 

in fencers, and Taddei et al. (2012) observed preserved attentional and executive ERP characteristics in 

middle-aged fencers. 

The eye-tracking evidence is more limited. Babadi et al. (2021) found that expert fencing referees used 

fewer, longer fixations while achieving higher decision accuracy than novice referees. Borysiuk (2025) 

synthesised related combat-sport evidence and proposed perceptual-training implications, but this review is 
contextual rather than a new empirical fencing sample. Direct, simultaneous measurement of gaze during 

authentic fencing exchanges remains rare, so the current evidence cannot establish a direct pathway from 

visual fixation to muscle preparation. Future multimodal studies should therefore test ocular, neural, and 

neuromuscular signals within the same fencing task. 

Findings for RQ3 - Training and technological interventions 

Three reports addressed training or technology-related questions. Teteris et al. (2025) reported improved 

choice reaction time after a 12-week training programme in U20 fencers, providing preliminary longitudinal 
evidence for trainability. Barañano-Alcaide et al. (2025) found slower reaction time following fencing-related 

physical and mental fatigue, suggesting that training load and readiness can influence decision speed. 

Borysiuk and Waśkiewicz (2008) proposed multisensory perceptual training from an information-processing 

perspective. By contrast, virtual-reality and AI applications remain preliminary within fencing: related 
technologies are discussed in the literature, but no included empirical fencing study evaluated an AI-based 

system, and the cited 2026 VR work is a protocol rather than an outcome study. 

Comparative and Critical Analysis 

The comparative synthesis incorporated 19 empirical reports spanning reaction time/EMG, EEG/ERP, 

kinematics and ground-reaction forces, posturography, eye-tracking, fatigue, and training paradigms 
(Williams & Walmsley, 2000a, 2000b; Borysiuk & Bailey, 2007; Borysiuk, 2008; Taddei et al., 2012; Zhang 

et al., 2015; Balkó et al., 2016; Gutiérrez-Davila et al., 2016; Bianco et al., 2017; Balkó et al., 2018; Borysiuk 

et al., 2018, 2019, 2020, 2022a, 2024; Babadi et al., 2021; Akbaş et al., 2021; Kim et al., 2023; Barañano-

Alcaide et al., 2025; Teteris et al., 2025). The framework was applied only when a report directly examined 

fencing participants or directly analysed fencing performance. Narrative reviews were used for conceptual 
context but not counted as empirical confirmation. Across these studies, the strongest convergence is around 

earlier preparation and efficient response control; evidence for gaze and intervention effects is more tentative. 
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Discussion 

Taken together, the evidence supports a multimodal account of fencing expertise: anticipation is expressed 

through earlier and better-organised muscle recruitment, efficient visual search, faster or more stable response 

control, and proactive cortical preparation. These domains should be regarded as correlated components of 
a perception-action system rather than as independent causal determinants. The evidence is strongest for 

expertise contrasts in laboratory or controlled fencing tasks and weakest for causal claims about long-term 

learning or competitive transfer. 

The findings extend perception-action models of combat-sport expertise (De Quel & Bennett, 2019) by 
showing that anticipatory control can be indexed at several measurable levels. The observed EMG-GRF lead 

reported by Borysiuk et al. (2024) is consistent with a preparatory feedforward interpretation, while the 

EEG/ERP literature suggests that central preparation also differentiates experienced performers. These links 

remain inferential because simultaneous multimodal recordings during live fencing are scarce. 

For practice, coaches should emphasise multisensory perceptual and reaction training, monitor fatigue-

related slowing, and use sensor feedback cautiously as an adjunct rather than a substitute for performance 

judgement. The present evidence supports EMG, force, gaze, and reaction-time measures as potentially 
informative indicators, but their reliability and transfer to competition have not been demonstrated uniformly 

across studies. The 12-week pilot provides preliminary support for trainability, not definitive evidence of 

durable transfer. 

The principal contribution of this review is methodological integration: it places 21 empirical studies 

within one framework while preserving differences between neuromuscular, cognitive, ocular, and neural 

outcomes. This approach avoids treating all measures as interchangeable and makes the evidence gaps more 

explicit. In particular, there is a clear asymmetry between the relatively mature EMG/reaction-time literature 
and the much smaller evidence base for ecological eye-tracking, synchronized neural recording, and 

technology-assisted interventions. 

Boundary conditions and generalizability require explicit caution. Most evidence comes from small, 
selected samples of competitive fencers, often comparing elite or experienced athletes with novices under 

controlled conditions. Weapon type, task structure, fatigue state, disability category, sex, age, and 

competitive context are not uniformly represented. Wheelchair-fencing studies cannot be assumed to 

replicate the neuromuscular organisation of able-bodied fencing, and referee gaze behaviour cannot be 
treated as equivalent to a fencer's gaze during attack or defence. Measurement reliability also differs across 

EMG, EEG/ERP, force, kinematic, and eye-tracking protocols, limiting direct cross-study comparability. 

Three substantive evidence gaps remain. First, direct eye-tracking during authentic fencing exchanges is 
rare, leaving the visual basis of anticipation incompletely specified. Second, longitudinal and randomised 

intervention studies remain scarce, so the trainability and transferability of anticipation and decision-making 

cannot yet be estimated with high confidence. Third, although AI and computer-vision methods are 

increasingly discussed in sport, no included empirical fencing study evaluated an AI-based system for 
anticipation, decision-making, or officiating. These gaps define priorities for future work rather than 

established capabilities of current technology. 

Several methodological limitations of the review also affect interpretation. The search was restricted to 
three databases and English-language publications, which can omit relevant studies. The corpus is 

geographically concentrated, with nine reports from Poland and many neuromuscular studies originating 

from one research group, raising concerns about independent replication. The inclusion of heterogeneous 

designs prevented defensible quantitative pooling, and the original screening process did not preserve two-
rater decisions, so Cohen's kappa could not be computed retrospectively. The absence of a verified, non-

overlapping participant denominator also means that an aggregate N would risk double counting participants 

from related cohorts. These limitations are reported explicitly rather than replaced by reconstructed statistics. 

Future studies should synchronise EMG, force or pressure, kinematics, gaze, and EEG during 

representative fencing actions; use multisite samples and preregistered longitudinal or randomised designs; 

and report sufficient statistics for effect-size calculation. Where interventions are studied, researchers should 

distinguish immediate reaction-time gains from transfer to opponent-based decision-making and 
competition. Machine-learning approaches should also be evaluated for predictive validity, interpretability, 

fairness, and human autonomy before being proposed as coaching or officiating systems. 

In direct response to the research questions, RQ1 is supported by convergent evidence that expertise is 
associated with earlier preparatory muscle activation, more efficient EMG coordination, and altered postural 
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or force regulation. RQ2 is supported by evidence for faster response control, stronger inhibition, more 

efficient gaze behaviour, and greater proactive cortical preparation. RQ3 is supported only preliminarily: 

reaction-time training and fatigue monitoring show actionable associations, while evidence for VR and AI 
in fencing remains insufficient for strong effectiveness claims. These conclusions are deliberately framed at 

the level of association and evidence strength rather than causality. 

 

Conclusions 

This PRISMA 2020 review of 22 reports (21 empirical studies and one narrative review used for context) 

indicates that fencing anticipation and decision-making are distributed across neuromuscular, perceptual-
cognitive, ocular, and neural processes. The most consistent empirical pattern is that higher expertise is 

associated with earlier preparatory activation, more efficient muscular coordination, faster or more stable 

response control, and stronger proactive preparation. Evidence for efficient gaze behaviour is promising but 

sparse, and intervention evidence is still preliminary. The criterion-level MMAT appraisal showed generally 
strong reporting with some partial or unclear judgments; these appraisal findings were used to temper 

interpretation rather than to exclude studies by an arbitrary total score. No quantitative meta-analysis or 

forest plot was produced because outcome definitions, tasks, and reported statistics were insufficiently 
compatible for defensible pooling. A structured narrative synthesis consistent with SWiM principles was 

therefore used, with explicit rules for handling conflicting evidence. The review is limited by small and 

heterogeneous samples, predominantly cross-sectional designs, restricted database and language coverage, 

geographic and laboratory concentration, scarce real-world multimodal recording, absence of a verified 
aggregate participant denominator, and lack of retrospective inter-rater kappa data. Future research should 

prioritise multisite replication, longitudinal and randomised intervention studies, simultaneous EMG-force-

kinematics-gaze-EEG measurement, and appropriately reported effect sizes. AI-based analysis should be 
evaluated empirically rather than treated as an established capability. Overall, current evidence supports a 

multimodal framework for fencing expertise, but not a single causal mechanism. 
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