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Abstract. Previous studies have shown that psychological arousal impacts 
motor performance during social-evaluative tasks by its influence on cortical 
dynamics, which can translate into motor performance enhancement. Although 
these findings have established critical links between performance under mental 
stress and elevated brain activity beyond that required for performance, there is 
still a need to further investigate brain connectivity during cognitive motor 
performance under such conditions. Here both electroencephalographic (EEG) 
and shooting performance were obtained in a shooting task under both 
performance-alone and competitive conditions. Network connectivity was 
assessed for the localized EEG sources. The results are consistent with those 
previously obtained and suggest elevated statistical dependencies and causal 
interactions between motor and non-motor areas during the competitive 
condition relative to performance-alone. Such network analysis provides a 
complementary approach to more traditional EEG derived metrics allowing for 
examining brain dynamics during cognitive motor performance under varying 
conditions of mental stress. 

Keywords: Brain connectivity, EEG Localization, Motor Cognition, 
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1 Introduction 

Some individuals are better able to perform under high pressure, while others fail to 
perform up to their skill and ability (i.e., choking under pressure [1]). For example, 
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social-evaluative stress such as competition often leads to significant fluctuations in 
the quality of motor performance [2]. In such situations, it has been reported that not 
only physiological factors (e.g., circulatory and electromyography) but also 
neurocognitive aspects (e.g., mental state and neural processes) play a critical role in 
the quality of motor performance [3–6]. Several studies have demonstrated that 
experts employ less verbal-analytical processing during skilled motor performance, 
resulting in attenuation of nonessential cognitive motor processes possibly due to a 
shift to reliance on subcortical structures and relative engagement of visuospatial 
processing [7]. A recent multilevel examination of motor performance and cortical 
dynamics under social-evaluative competitive pressure [8] found a loss of psycho-
motor efficiency during competitive performance; i.e. elevation of non-essential 
neural activity and cerebral cortical networking. Namely, during competition  
relative to a non-competitive (i.e., performance-alone) condition, each measure was 
respectively reported as dysfluency of the aiming trajectory, modestly elevated 
physiological responses, and increased cortico-cortical communication between  
motor and other brain regions, accompanied by relative desynchrony of high alpha 
power [8].  

Such performance changes may be a consequence of reinvestment, in which a 
performer focuses explicit attention and control to well learned motor skills during 
mental stress exposure, which, in turn, results in performance degradation [9]. Thus, 
the confluence of increased state anxiety and explicit self monitoring leads to 
conscious control of essential motor control processes such that the performer reverts 
from the advanced stage of automaticity to an earlier stage of effortful analysis where 
verbal-analytical processing interferes with the refinement of skilled action. In 
addition social evaluative pressure may also act to increase the cognitive-motor task 
difficulty or workload load during performance resulting in elevated neural effort 
during task execution [10]. Thus, it seems to be reasonable that increased cortical 
activation (especially in verbal temporal regions) could occur during social-evaluative 
competitive pressure and could disrupt psychomotor efficiency [5].  

To better understand how performance under competitive pressure relates to 
elevated neural activity beyond that required for performance, this study uses a novel 
EEG tomography techniques called low resolution brain electromagnetic tomography 
algorithm (LORETA) to identify the three dimensional (3D) distribution of the 
generating electric neuronal activity [11]. In LORETA, the source space is restricted 
to gray matter and the hippocampus as determined in the digitized probability atlas 
based on the Talairach human brain atlas (Brain Imaging Center, Montreal 
Neurological Institute (MNI)). Based on response similarity in such localized EEG 
sources, connectivity (e.g., structural, functional, or effective connectivity) analysis is 
processed to infer interregional communications between several brain regions. This 
study examined the EEG source distribution under competitive pressure as compared 
with non-competitive condition using LORETA, and to identify the brain connectivity 
from performers under varying conditions of mental stress by correlating cortical 
dynamics with motor performances. 
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2 Methods 

2.1 Data Acquisition 

Participants completed a dry fire (i.e., no ammunition) pistol shooting task under 
performance-alone (PA) and competitive (C) conditions while EEG and shooting 
performance were recorded. 

Subjects. Nineteen subjects (17 men and 2 women; age range of 18-38 years; mean 
and standard deviation age of 22 and 4.33), enrolled in the Reserve Officers’ Training 
Corps (ROTC) program, participated in the present study. All subjects were right-
hand dominant and right-eye dominant and reported no history of neurological or 
psychiatric disorders as well as psychotropic medications at the time of their 
participation in the study. In addition, all subjects met a minimum performance level 
for inclusion in to the study such that each participant had to hit the target 80% of the 
time or greater during a preliminary practice session consisting of 40 shots. Prior to 
testing, all participants granted their written informed consent in accordance with the 
protocol approved by the University of Maryland Institutional Review Board, and 
were also informed that they were free to withdraw from the study at any time. 

EEG Measures. EEG data were acquired from 30 EEG channels (Fig. 1b) in 
accordance with the 10-20 system using a linked earlobes reference and a common 
ground on FPz with 2 bipolar electrooculography (EOG) channels (horizontal HEOG 
at the outer canthi of both eyes and vertical VEOG placed above and below the left 
eye over the orbicularis oculi muscle). The data were recorded with an online 
bandpass filter at 0.01-100 Hz and a sampling rate of 1000 Hz using SCAN 4.3.3 
(Compumedics Neuroscan, Charlotte, NC, USA). EEG baselines (1 min standing in 
shooting position without pistol) were collected prior to each session commencement. 

Shooting Tasks. A dry fire pistol shooting task was completed in a sound attenuated 
testing chamber, for which a prism technique based shooter training system, Noptel 
ST-2000 version 2.33 (Noptel Oy, Oulu, Finland), was used to monitor the shooting 
performance at 66 Hz: e.g., both the position of the instantaneous aiming point and 
the shot placement in mm on the target as well as shot score. Participants shot from a 
standing position 5 m (Fig. 1a) from an appropriately scaled target to maintain a 
proportionate diameter consistent with that of a standard competitive target at a 
distance of 50 feet (or 15.24 m). They held the pistol with their dominant (i.e., right) 
hand and had their nondominant (i.e., left) eye occluded. 

Two testing conditions (PA and C) were counterbalanced such that half of the 
participants engaged in PA followed by C, and the other half of them completed C 
first and then PA with a 15 min rest period in between to ensure a stable attention 
state and to minimize the adverse effects of fatigue. Participants were allowed 10  
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practice shots prior to each testing condition, and completed 40 self-paced shots (a 30 
s time constraint for each shot in condition C) during both PA and C conditions. In 
each shot (or trial), an electronic pulse was generated by the Noptel to mark the 
trigger pull in the continuous EEG recording, and visual feedback on shot placement 
on the target as well as shot score was provided after each shot. The shot location was 
recorded as the position of the aiming point on the target at the time of the trigger 
pull, and shot score was proportional to the proximity of the hit point from the 
bullseye: a maximum of 10 points at the bullseye, and 1 point at least touching the 
outermost ring. 

 

Fig. 1. (a), (c) A shooting performance was monitored using a prism technique based shooter 
training system during both PA and C conditions. During condition C, two participants took 
turns shooting at the target in a social evaluation environment by a superior officer and the 
opponent. b) 30 EEG electrode placements on the international 10-20 system. EOG, reference, 
and ground electrodes are not shown. 

Condition PA. Participants were not evaluated but instructed to remain focused and 
relaxed during this condition. Following the baseline measures and the practice shots, 
the first 20 shots for record (i.e., block 1) were executed followed by a 5 min break, 
and then the final 20 shots for record (i.e., block 2) were executed (Fig. 1a). 

Condition C. This condition involved the same order of measurements as PA, but 
included direct comparison of shooting performance to another study participant. Two 
participants took turns shooting at the target such that one shot while the other 
observed the opponent’s performance and the shooting order was alternated across 
trials (Fig. 1c). Participants were instructed to set the pistol down between each shot 
and to remain standing throughout the respective conditions. Scores were presented to 
the competitor after each trial (i.e. after both participants had taken one shot) and a 
winner of that trial was declared. Participants were explicitly informed of all of the 
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following testing rules to exert competitive pressures prior to task execution and were 
encouraged to win the competition: 

─ social evaluation by a superior officer who conspicuously took notes and evaluated 
the participants’ shooting stance and accuracy, 

─ financial loss or gain of 50 cents per round from a starting sum of $20; in the case 
of a tie, the sum at stake (i.e., $1) carried over to the next round; a dollar bonus or 
loss respectively for a bullseye or missing the target completely, 

─ a 30 s time constraint for each shot, beginning when the participant first grasped 
the pistol to initiate the shooting position, 

─ video camera recording, 
─ social responsibility as a team member; participants were placed on teams such that 

their score contributed to overall team score, both of which were displayed outside 
the ROTC field house. 

2.2 Data Analysis 

Preprocessed EEG data were localized by applying LORETA, and then statistical 
dependencies (e.g., cross-spectral connectivity) between localized EEG sources were 
investigated along with the co-registered shooting performance. 

Shooting Data. The time for each shot started around -4 s before trigger pull, which 
corresponds to time zero. Participants performed motionless precision aiming tasks, 
allowing for minimal artifacts up to the time of the trigger pull. Aiming variability 
was quantified as the standard deviation of the tangential displacement of the shot 
placement with respect to the position of the aiming point at 3 s prior to trigger pull 
(instead of 4 s to minimize artifacts). In addition, mean shooting scores across shots 
for each subject on each condition were computed. 

EEG Data. Ocular artifacts were reduced from the EEG data by employing a 
regression procedure with artifact averaging method using SCAN 4.3.3: a positive 
deflection with the trigger threshold of 10 % from the maximum artifact voltage, and 
20 and 400 for minimum sweeps and the sweep duration in ms, respectively. The 
EEG data were then visually inspected to reject any trials that still contained 
significant artifacts, and were bandpass filtered by a bidirectional Butterworth filter 
between 3 to 50 Hz with a 24 dB/octave rolloff. Next, the continuous EEG data were 
partitioned to have a 3 s period of EEG data points prior to trigger pull (as shooting 
data) in each trial, and then each trial was baseline corrected and linear detrended. 
Finally, every trial was decimated to 100 Hz by applying a lowpass Chebyshev type I 
filter with a cutoff frequency of 40 Hz for antialiasing and then resampled by a factor 
of 10 in MATLAB R2012b (MathWorks, Natick, MA, USA). 

Based on the preprocessed EEG data, 3D cortical distribution of current density 
with the properties of small localization bias and low spatial resolution was  
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determined using standardized LORETA (sLORETA) version 20081104 [11] as well 
as the Brainstorm 3.1 [12]. More precisely, a realistic head model was designed using 
the MNI152 template [13] as determined by the probabilistic Talairach atlas [14, 15] 
and symmetric boundary element method [16]. The standard electrode positions on 
the MNI152 scalp were adjusted with the fiducial points by manual inspection. The 
noise level in the EEG recordings prior to the aiming period was also estimated as the 
regularized full noise covariance matrix per subjects, so that the source reconstruction 
could be more accurate. Next, the intracerebral volume was partitioned in 15182 
LORETA voxels at 4 mm spatial resolution so that sLORETA voxels could represent 
the electric activity at each dipole grids in neuroanatomic MNI space as the exact 
magnitude of the estimated current density with the signal to noise ratio of 3 dB. 
These 15182 voxels were then corrected to have an orientation that is close to the 
normal to the cortex, and finally 15028 voxels were estimated. In addition, the EEG 
cross-spectral matrix was computed to examine sLORETA voxels that generated the 
oscillatory activity in the delta (1-4 Hz), theta (4-8 Hz), alpha (8-13 Hz), beta (13-30 
Hz) rhythms. 

Finally, the connectivity pattern analyses were performed to study the 
interconnectivity of the information processing elements between different cortical 
regions. The information processing units were calculated by averaging the source 
signals within a specific region of interest (ROI) for each orientation separately, and 
then taking the first component of the principal component analysis decomposition. 
The ROIs were defined based on 200 functionally distinct regions (100 ROIs in each 
hemisphere) using sources clustering method, in which each source was assigned to a 
single ROI in terms of closest distance to the center of mass of each ROI. The 
connectivity patterns between these ROIs were computed by means of two measures 
of N×N coherence and N×N phase locking value, and then such connectivity 
measures were averaged across subjects per each condition. 

3 Results 

EEG Localization. In the first step, a forward model of the head was computed to 
explain how cortical sources could influence the values on the EEG sensors. The 
estimated sources were standardized to minimize between-subject variability, and 
then averaged across subjects per each condition (Fig. 2). Considering PA as a 
reference case, relatively higher cortical source activations were more widely 
dispersed across cortical regions in C. Particularly, such activations were distributed 
apparently on both left fronto-temporal and right occipito-parieto-temporal areas 
during C, In addition, greater lateral temporal and lower medial central source 
activations respectively associated with alpha and beta rhythms were observed from 
the best who achieved minimum aiming variabilities in both conditions (1.9322 and 
2.007 in PA and C) compared to the worst performer [4, 8], whose aiming 
variabilities were 4.0418 and 4.8819 in PA and C, respectively (Fig. 3). 
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Fig. 2. Grand average EEG sources for both (a) PA and (b) C conditions respectively in each 
row. Each column displays the grand average of standardized cortical activations across 
subjects from left and top view, respectively; right view images are reversed as mirror images 
of left view images since each plot was drawn in 3D orthogonal sliced coordinates. (c) EEG 
source activations having p < 0.10 between two conditions were depicted. 

 

Fig. 3. Exemplar source activations in alpha (8-13 Hz; 1st and 3rd columns) and beta (13-30 Hz; 
2nd and 4th columns) rhythms from best (1st and 2nd columns) and worst (3rd and 4th columns) 
performers under PA (1st row) and C (2nd row) conditions. 

Brain Connectivity. Next, functional connectivity was computed from a clustered set 
of ROIs into prefrontal, frontal, temporal, parietal, and occipital regions in both left 
and right hemispheres (Fig. 4). Coherence results were similar in both conditions, but 
did reveal a tendency such that lower frequency bands were more globally connected 
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and higher frequency bands were more locally and anteriorly connected. Conversely, 
phase locking value could discriminate two conditions apparently in each frequency. 
Particularly, as similar to the sources distribution results, fronto-temporal and  
fronto-parietal connections associated with alpha rhythm were disconnected. Also, 
fronto-temporal, fronto-parietal, and occipito-parieto-temporal connections were 
attenuated in the beta frequency. 

 

Fig. 4. Functional neural connectivity measures based on (a) N×N coherence and (b) N×N 
phase locking value for grand average ROIs per each condition. (c) All ROI groups were 
depicted in a polar grid, where each dot represented a distinct ROI. C-PA: C vs. PA, Left: Left 
hemisphere, Right: Right hemisphere, PF: Prefrontal, F: Frontal, T: Temporal, P: Parietal, O: 
Occipital regions. 

4 Discussion 

This study offered a multi-level examination of motor performance and cortical 
dynamics under competitive pressure. Previous studies have reported alpha power 
synchrony during expert marksmanship was positively related to performance and has 
been interpreted as quiescence of cognitive analysis during non-evaluative conditions 
[7, 10]. However, few studies have examined the impact of social evaluative mental 
stress on cortical dynamics during goal oriented motor behavior; to our knowledge, no 
studies exist where network connection analysis was performed to elucidate the 
functional relationship between brain regions under such competitive pressure 
condition. In the present study we examined how direct competition accompanied by 
a modest increase in mental stress perturbs cortical processes and influences the 
quality of motor performance. 

Similar to our previous studies, the competitive condition increased the neural 
processing workload and resulted in heightened cortical activity across all of the 
topographical regions [10]. The elevation in cortico-cortical communication involved 
heightened connection between numerous non-motor regions with the motor planning 
region, suggesting a loss of psychomotor efficiency during social evaluation. The 
frontal input may be explained by elevated executive effort to inhibit task-irrelevant 
stimuli associated with the competition, while the central and parietal communication 
could be explained by additional effort in the motor and visuo-spatial domains. 
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Our results also indicated that competition produced behavioral changes in the 
fluency of motor performance, and source activations as well as functional 
connectivity were related to aiming variability, but no difference in shooting score 
(not shown in the results). Importantly examination of the best performer compared to 
the worst performer revealed a significant increase in left temporal alpha power 
during competition whereas the worst performer did not reveal a significant change in 
alpha. This is consistent with previous studies that have reported that the left temporal 
activity, associated with verbal-analytical processes, progressively decreases 
(reflected by increasing alpha synchrony in left temporal) during the aiming period of 
expert shooting up to the time of the trigger pull [17] and during the practice phase for 
motor skill acquisition [7]. Interestingly the best performer also did better during 
competition compared to performance alone, demonstrating the adaptive profile of 
alpha synchrony in left temporal region during competition [6]  and supporting the 
notion of arousal-dependent performance facilitation to promote psychomotor 
efficiency [4].  In addition the lack of significant alpha synchrony in the left temporal 
region of the worst performer is consistent with the reinvestment hypothesis in which 
maladaptive self-talk (left temporal activation) infers with motor performance and 
results in neuromotor noise (elevated beta response in competition compared to 
performance alone).   

Lastly the phase locking value results suggest competitive pressure can perturb the 
neural processes of the performer beyond that required simply to execute the pure 
motoric demands of a task because of the increase magnitude of the cortico-cotical 
communication across the alpha and beta frequency bands. Thus social evaluation 
may promote non-essential cortical activity, resulting in the degradation of motor 
efficiency in the form of nonessential limb movement (i.e., dysfluency of the aiming 
trajectory). Such a state could alter the motor preparatory processes (i.e., aiming) and 
the quality of the motor behavior, while the reduction in efficiency did not result in a 
change in performance outcome (as measure by shooting score). 

In summary, the results revealed that competition introduced an increase in activity 
in the central nervous system, which introduced elevated non-essential neural activity 
to the visuo-motor processes, and then such a loss of psychomotor efficiency resulted 
in dysfluency of the aiming movement during competition. Since motor performance 
typically occurs under a variety of situations where workload demands and mental 
stress may perturb behavior, it appears useful to examine EEG functional connectivity 
and source distribution to aid in the assessment of performance optimization 
approaches and promote resilience to motor task inference.  
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