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ABSTRACT

Introduction: Marksmanship is a fundamental skill for all
servicemembers. However, the underlying neurophysiolog-
ical differences in performance among marksmen remain
unclear. Incorporating neurophysiological tracking such as
functional near-infrared spectroscopy (fNIRS) may identify
performance-based differences in prefrontal cortex (PFC) ac-
tivation during dynamic marksmanship scenarios. This study
examined cognitive load within the PFC during a simulated
dynamic marksmanship scenario in non-proficient and profi-
cient marksmen. Methods: Twenty-four participants (12 men,
12 women) wore an fNIRS device over their forehead during
a simulated stationary pistol marksmanship task (to determine
proficiency status) and a dynamic shoot/no-shoot course of
fire (COF) (to assess cognitive load). Relative concentrations
of oxyhemoglobin (HbO,), deoxygenated hemoglobin (deoxy-
genated Hb), and total hemoglobin (total Hb) were tracked to
quantify PFC activation differences in twelve proficient (>80 %
hit percentage) and twelve non-proficient (<80% hit percent-
age) marksmen. Results: No difference in completion time was
observed between groups during the dynamic COF (p=.34).
However, non-proficient marksmen showed 26.3% higher
HbO, (p=.02) and 42.1% higher total Hb (p<.01) in the PFC
compared to proficient marksmen. Conclusion: Tracking PFC
hemodynamic activity identified proficiency-based differences
in cognitive load during a dynamic COF. Applying fNIRS
during marksmanship-related tasks may be useful in develop-
ing stress resilience and mission readiness for servicemembers.

Kevworos: marksmanship; functional near-infrared
spectroscopy; cerebral hemodynamics; motor skills;
psychomotor performance; task performance and
analysis; military

Introduction

Marksmanship is a critical sensorimotor skill required for all
active duty servicemembers regardless of their military occupa-
tional specialty. Under dynamic marksmanship environments,
optimizing marksmanship performance requires complex cog-
nitive processes that are heavily influenced by the prefrontal
cortex (PFC)."? The PFC plays a crucial role in executive func-
tion, adaptive behavior, and higher-order cognitive processes

essential for proficient performance in dynamic marksmanship
scenarios.

The combined physical and psychological stress associated
with real-world operations has been shown to result in per-
ceptual distortions, tunnel vision, reduced fine motor skills,
and loss of situational awareness.>” We hypothesize that the
impaired marksmanship performance may be caused by exces-
sive strain on cognitive resources, leading to heightened PFC
activation as the servicemember is overwhelmed by competing
cognitive inputs, ultimately resulting in poor performance.®’
For example, Johnson and colleagues reported that 72% of the
performance variability in proficient marksmen was accounted
for by the activation over the frontal lobe, while only 37% of
performance variability was accounted for in non-proficient
marksman during a lethal force judgment exercise.!® Thus,
quantifying the degree of cognitive load during operational
tasks, such as marksmanship and lethal force decision-making,
remains critical, highlighting the need for knowledge prod-
ucts that can rapidly improve the operational performance of
non-proficient servicemembers.

Despite its importance, proficiency in marksmanship during
qualification courses generally consists of static assessments,
where individuals have the foreknowledge of the drills, tar-
gets, and distances they will be firing upon before being
evaluated." While this standardized approach is useful for
categorizing general proficiency levels in weapon handling, its
translation to real-world dynamic lethal force scenarios may
be limited.!>* To better quantify mission readiness in terms
of marksmanship ability, it is essential to look beyond perfor-
mance outcome metrics, such as hit percentage, and look into
the cognitive load associated with marksmanship tasks.'>-!”

Functional near-infrared spectroscopy (fNIRS) is a portable,
non-invasive neuroimaging technique that quantifies relative
changes in oxygenated hemoglobin (HbO,) and deoxygenated
hemoglobin (Hb) to infer neural activation in brain regions
associated with cognitive and motor tasks.'$2° Recently, fNIRS
has been applied to the prefrontal cortex (PFC) to identify dif-
ferences in hemodynamic activity during cognitive and dex-
terity tasks based on proficiency levels.?'=* It is effective for
tracking PFC activity, such as executive function, inhibitory
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control, working memory, and cognitive flexibility, which are
essential components during lethal force scenarios.?2¢ Due to
its portability and ability to handle motion artifacts, fNIRS has
advantages as an operational marker of cognitive load during
dynamic lethal force marksmanship compared to other phys-
iological-based wearable sensors such as heart rate,?”*® skin
conductance,” and electroencephalography.’® Thus, this study
examined the cognitive load of the PFC using fNIRS during a
simulated dynamic marksmanship scenario in non-proficient
and proficient marksmen.

Methods

Participants

Twenty-four healthy participants (12 men and 12 women)
participated in the study (Table 1). All participants were self-
reported novice marksmen (<5 hours of marksmanship prac-
tice per month) and demonstrated the fundamental knowledge
and skillset to safely handle and discharge the inert pistol used
throughout the study. Additionally, all participants had normal
or corrected-to-normal vision and were free from any muscu-
loskeletal injuries or neuromuscular disorders that would limit
their pistol handling. Prior to enrolling in the study, all partic-
ipants gave informed consent, filled out a health history ques-
tionnaire, and verified that they abstained from alcohol and
caffeine consumption for 12 hours before the marksmanship
testing. This study complied with the tenets of the Declara-
tion of Helsinki and was approved by the Institutional Review
Board (2004812).

The single-visit, within-subject design was used to assess the
feasibility of fNIRS applied to the PFC to assess proficien-
cy-based differences in cognitive load during a simulated
close-quarters shoot/no-shoot marksmanship task (Figure 1).
The laboratory visit began with sensor placement of the fNIRS
equipment on the participant’s forehead, followed by an in-
troduction to the marksmanship simulator and the inert pistol
used during the marksmanship tasks. During the familiariza-
tion period, each participant performed 5-10 practice shots
on a projected target displayed at 3.04m, which allowed the
participants to become comfortable with the recoil of the inert
pistol and served to calibrate their shot dispersion pattern to
the marksmanship simulator.

Following the practice shots, each participant transitioned to a
stationary marksmanship task used to quantify marksmanship
proficiency. The stationary marksmanship task was adapted
from the U.S. Army Pistol Qualification Course Table IV.3!

TABLE 1 Participant Characteristics

Group; mean (SD)*
Proficient Non-proficient
marksmen; marksmen;
Characteristic n=12 n=12
Sex
Male 8
Female 4 8
Age,y 27.3 (6.1) 23.3(5.7)
Height, cm 163.4 (37.6) | 171.2(7.3)
Weight, kg 77.4 (25.4) 68.6 (11.0)
BMI, kg/m?* 26.3 (3.6)" 23.4 (3.0)
Resistance training, h/wk 4.3 (2.3) 3.2 (1.8)
Aerobic (cardio) training, h/wk 2.5 (1.7) 3.3(24)
Marksmanship
Stationary hit percentage 86.7 (7.8)1 42.5 (18.7)
Dynamic time to completion,s | 141.9 (31.0) 163.8 (71.6)

*Unless otherwise specified.
*Significantly greater at p<.035.

It required participants to fire single shots upon 10 station-
ary human-silhouette (E-1) targets, presented individually or
in doublets across nine engagement scenarios. Each target
was projected at simulated distances ranging from 7-31 me-
ters, with an exposure time of five seconds per scenario and
a two-second shot delay between scenarios (Appendix A).
Overall marksmanship performance was assessed by quanti-
fying the number of hits on target. If a participant hit eight
or more targets (280% hit percentage), they were allocated
into a “proficient” marksmen group, which is a hit percentage
rate between sharpshooter and expert level marksmen status.’!
Alternatively, if a participant hit less than eight targets (<80%
hit percentage) they were allocated into a “non-proficient”
marksmen group (Figure 1). Participants did not receive spe-
cific feedback regarding their overall performance and were
blinded to their group allocation.

Following the stationary marksmanship task, each participant
transitioned to a dynamic close-quarters shoot/no-shoot task
that projected friendly and non-friendly human-silhouette tar-
gets in randomized order (Figure 1). The dynamic nature of the
course simulated the participant moving through an office en-
vironment, while randomized friendly and non-friendly targets
were projected onto the screen, either as stationary targets or
targets that moved vertically or horizontally behind barriers.
Each non-friendly target was randomized to be knocked down
with 1-3 shots on target, and each non-friendly target had to
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be knocked down to allow the participant to continue through
the course. After completing both marksmanship tasks, the in-
ert pistol was holstered, the fNIRS sensors were removed, and
the study visit was completed.

Hemodynamic Monitoring of the Prefrontal Cortex

To quantify changes in hemodynamics within the PFC, a con-
tinuous wave fNIRS probe (PortaLite MKIL. Artinis Medical
System, Elst, Utrecht, The Netherlands) was placed 2cm above
the right eyebrow for each participant and adhered to the skin
using hypoallergenic double-sided tape. To further secure the
sensor to the participant’s head and protect the sensor from
contamination by ambient light exposure, the sensor was
wrapped with a black disposable foam elastic bandage around
the participant’s head (3M Corporation, St. Paul, MN, USA).
The fNIRS sensor consisted of three light-emitting diodes and
two detectors, placed at inter-optode distances of 2.9, 3.5, and
4.1cm for the three long channels and 0.70, 0.80, and 0.74cm
for the three short channels. The control unit was synced to a
laboratory desktop (HP Envy Desktop. HP Inc., Palo Alto, CA)
via a Bluetooth dongle and placed in a belt bag secured to the
participant’s hip. All fNIRS-derived hemodynamic concentra-
tions (HbO,, deoxygenated Hb, and total Hb) were collected
at a sampling frequency of 25Hz and telemetrically sent to the
desktop and visualized using Oxysoft software (version 3.4,
Artinis Medical Systems B.V., Elst, Utrecht, The Netherlands).

Stationary and Dynamic Shoot/No-Shoot

Marksmanship Tasks

The screening protocol and the shoot/no-shoot course of fire
(COF) were performed using an inert recoil-enabled Glock 17
pistol (Laser Ammo Ltd., Great Neck, NY), equipped with a
custom drop-in barrel. The barrel was customized to have an
infrared SureStrike vibration-activated laser integrated into
the end of the barrel. To simulate recoil, pressurized green
gas (Elite Force Airsoft, Fort Smith, AR) was loaded into the
hollow magazine chamber before being inserted into the mag-
azine housing. The screening protocol was a custom design
course built into the “M-Range” software add-on using the
Smokeless Range 2.0 Judgmental and Marksmanship Shoot-
ing Simulator (Laser Ammo Ltd., Great Neck, NY). Similarly,
the shoot/no-shoot COF was also performed using the Smoke-
less Range simulator; however, a pre-designed course in the
Tactical Targets software (standardized Course #6) was used.

During both the screening and shoot/no-shoot COF, each par-
ticipant stood approximately 3.05m from a white wall with a
projected display area corresponding to 1.83x2.74m (View-
Sonic Home theater PA503S DLP Projector. ViewSonic Inc.,
Brea, CA, USA). To assess target hits and misses and display
the total number of shots fired, a short-throw camera (Laser
Ammo Ltd., Great Neck, NY) was mounted behind the pro-
jector and calibrated to detect the appropriate display area.
Prior to completing the stationary marksmanship task and the
shoot/no-shoot COF, the marksmanship simulator was cali-
brated to adjust for light fluctuations and screen parameters.

Hemodynamic Processing

Throughout the entire visit, the relative concentration values of
HbO,, deoxygenated Hb, and total Hb were calculated using
the modified Beer-Lambert law equation using Oxysoft (ver-
sion 3.4, Artinis Medical Systems B.V., Elst, The Netherlands)
with the differential pathlength factor calculated based on a
standardized age-based equation.?? The fNIRS data obtained

during the dynamic shoot/no-shoot task was segmented out
from the total visit based on the time duration of the task. The
data was then filtered for Mayer waves, respiration, and heart
pulsation through the examination of the power density spec-
trum and by applying a low pass filter at 0.14Hz.

After filtering the data, the hemodynamic signals (HbO,, de-
oxygenated Hb, and total Hb) from each of the three long
channels (2.9, 3.5, and 4.1mm) were averaged together to rep-
resent one regional relative concentration value of HbO,, de-
oxygenated Hb, and total Hb of the PFC. To quantify the time
course of changes during the dynamic shoot/no-shoot task, the
relative concentration values were bin-averaged into quartiles
based on the total duration of the dynamic shoot/no-shoot
marksmanship task (Table 1). The segmentation, filtering, and
analysis of the fNIRS-derived hemodynamic response during
the dynamic shoot/no-shoot task were performed offline using
custom-built LabView programs (LabView Professional 2022,
NI, Austin, TX).

Statistical Methods

For participant characteristics, marksmanship screening score,
and total time of COF, an independent # test was performed to
compare groups. For fNIRS parameters, a linear mixed effects
model (LMM) with fixed effects for the marksmanship group
(proficient marksmen and non-proficient marksmen) and
time (Q,, Q,, Q,, and Q,) with random effects for intercept
and participant were performed. Accounting for participant
differences across all groups as a composite allowed for the
examination of group differences across the time course of the
shoot/no-shoot task.

For all LMMs, post hoc analyses using Fisher’s Least Signifi-
cant Difference (LSD) were used on all pairwise comparisons.
The effect sizes for independent ¢ tests were calculated using
Cohen’s d with allocated benchmarks consisting of small
(d=.2), medium (d=.5), and large (d=.8).3* All analyses were
conducted using SPSS (version 29, IBM SPSS Inc., Chicago,
IL), and an alpha level p<.05 was considered statistically sig-
nificant for all comparisons.

Results

There were no significant differences between age, height,
weight, resistance training, aerobic training, and time to com-
plete the dynamic marksmanship task between marksmanship
groups (d=.28-.68; p=.08-.24). There was a significant dif-
ference in body mass index (BMI) between groups, indicating
the proficient marksmanship group had a higher BMI than
the non-proficient marksmanship group (d=.90; p=.04) (Table
1). For the stationary marksmanship task, the average hit per-
centage for the proficient marksmanship group (86.7%) was
significantly greater than the non-proficient marksmanship
group (42.5%) (d=3.09; p<.001).

There was no significant group-by-time interaction, nor main
effect for time for HbO, (Table 2). However, a significant dif-
ference in group indicated that the non-proficient marksmen
had a 26.3% greater HbO, response on average than the profi-
cient marksmen throughout the dynamic marksmanship COF
(Figure 2A). For deoxygenated Hb, there was no significant
group-by-time interaction nor main effects for time or group
(Table 2). For total Hb, there was no significant group-by-
time interaction nor main effect for time (Table 2; Figure 2B).
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TABLE 2 [nteraction and Main Effect Results Based on the Mixed Effects Model Performed on fNIRS-derived Hemodynamic Responses

During the Dynamic Shoot/No-Shoot Marksmanship Task

fNIRS-derived Hemodynamic Responses of the Prefrontal Cortex

HbO,, uM Deoxygenated Hb, uM Total Hb, pM
Effect F P value F P value F P value
Group F,y,,=5.88 0.017 F, (=297 0.089 F, =738 0.008
Time Fy0=2.67 0.052 F,,=0.33 0.806 F,=1.23 0.305
Group x time F, =034 0.992 F,,=0.05 0.983 F, =03 0.992
fNIRS = functional near-infrared spectroscopy.
G(OUQI ps 0.017 Group: p = 0.089 Group: p = 0.008
FIGURE 2 Functional near-infrared A. Time.p =002 B. Time: p = 0.806 C. Time: p = 0.305

Group x Time: p = 0.992
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*Significant main effect for group in which non-proficient > proficient (p<.05).

There was, however, a significant difference in group which
indicated that on average, the non-proficient marksmen had
a 42.1% greater total Hb response than the proficient marks-
men throughout the dynamic marksmanship COF (Figure 2C).

Discussion

This study investigated the feasibility of using fNIRS to as-
sess cognitive load differences between proficient and non-
proficient marksmen during a dynamic shoot/no-shoot pistol
marksmanship task. The results indicated that non-proficient
marksmen exhibited significantly higher levels of PFC ac-
tivation (as indicated by a 26.3% greater HbO, and 42.1%
greater total Hb relative to proficient marksmen), while de-
oxygenated Hb remained unchanged (Figure 2A-C). Despite
no significant differences in completion time during the shoot/
no-shoot pistol marksmanship task (p=.34), the increased PFC
activation in the non-proficient group suggests a greater ox-
ygenated blood flow requirement to support neural activity
in the PFC, which may be indicative of heightened cognitive
effort.33

These findings align with those of Ortiz and colleagues who
reported elevated total Hb in the PFC of non-proficient drone
pilots, linking greater PFC activation to increased cognitive de-
mands relative to proficient pilots.* Additionally, Ortiz et al.
also found that as proficiency increased, there was an inverse
relationship between PFC total Hb and self-confidence in the
task supporting the neural efficiency hypothesis, where more
proficient individuals optimize cognitive resources more effi-
ciently.** Similarly, comparative fNIRS studies across various
domains including medical simulations,’”*! aviation,*>* and
laboratory-based cognitive tasks?>* consistently show that nov-
ices and low performers routinely exhibit greater PFC activation
due to increased cognitive load and reduced task automation
in both males and females.?>?* Zohdi and colleagues (2023)
found that individuals classified as low performers during a
verbal fluency task had greater PFC activation (i.e., elevated

HbO,) than moderate and good performers.?? Likewise, Leff et
al. and Nemani et al. reported greater HbO, responses in the
PFC of novice medical students during fine motor skill tasks
(knot tying and pattern cutting)*®* than expert practitioners.
Additionally, Mark et al. demonstrated that individuals who
underwent neuroadaptive flight training exhibited reduced
cognitive workload (i.e., reduced HbO,) during a dynamic
flight task relative to novice individuals.** Collectively, these
findings reinforce the notion that greater PFC activation in less
proficient individuals reflects an increased reliance on cognitive
resources, which may contribute to reduced neural flexibility
and constrained task performance in high-stakes environments
or occupational settings.?3¢3%3%% In marksmanship, where
rapid threat discrimination and precision are critical, reduced
PFC activation in more proficient marksmen may indicate a
greater ability to streamline cognitive processes, thereby miti-
gating performance decrements.

This feasibility study quantified hemodynamic differences in
individuals stratified by performance during a marksmanship
task and used the outcomes as a physiological indication of
cognitive load. Despite the prominence of HbO, being reported
in cognitive workload studies, the optimal fNIRS-derived
marker to represent neural activity between HbO,, deoxygen-
ated Hb, or total Hb remains unclear, according to Luke and
colleagues (preprint).* However, HbO, has been suggested to
be more sensitive to task-related changes than deoxygenated
Hb and shows greater test-retest reliability.** Moreover, total
Hb, which represents the sum of HbO, and deoxygenated Hb,
is less susceptible to extracerebral contamination and serves
as a useful proxy measure of cerebral blood flow.** Given
that this is one of the first studies to apply fNIRS to quantify
cognitive load during a marksmanship task, we propose that
HbO, and total Hb are the most sensitive indicators of in-
creased cognitive load during dynamic pistol marksmanship,
with differences in cortical activity based on proficiency lev-
els aligning with the neural efficiency hypothesis (i.e., reduced
PEC activity in more skilled marksmen).>*
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Beyond fNIRS-based applications, previous investigations into
brain activity during rifle and pistol marksmanship tasks have
used electroencephalography (EEG) to assess neural activity
based on proficiency level (for a comprehensive review, refer
to Martins and colleagues).*” Decreased cortical activity has
been linked to higher accuracy in stationary pistol marksman-
ship tasks,** and higher PFC coherence has been observed
in proficient rifle shooters.?” Additionally, global increases in
theta, beta, and gamma power within the temporal and parietal
regions during the shooting preparation stage (i.e., 6s before
the shot) have been observed in proficient marksmen compared
to less proficient marksmen and have been associated with im-
proved attentional focus in skilled marksmen.’*! While differ-
ent brain regions were highlighted in these studies, our fNIRS
findings within the PFC align with these results, suggesting that
proficient marksmen manage the demands of dynamic shooting
tasks more efficiently than non-proficient marksmen (Figure 2).
In the context of neuroimaging techniques, EEG is inherently
more susceptible to motion artifacts within the head and up-
per body, which limits its applications to field applications that
require dynamic movements or tactical engagements.’* In con-
trast, fNIRS allows for natural movement, typically is smaller
in size, and can be deployed in more real-world environments.*
Thus, integrating fNIRS for military applications may be a ro-
bust and applicable neuroimaging technique for monitoring
warfighter performance in training.

While this study provides novel insights into proficiency-based
differences in PFC activation during dynamic marksmanship
tasks, several limitations should be acknowledged. First, the
sample consisted of civilians who would be considered novice
marksmen, which may limit the generalizability of these find-
ings to experienced shooters such as Special Operations Forces.
While our findings align with the neural efficiency hypothesis,
future research should include a broader range of expertise lev-
els to determine whether similar trends exist in elite marksmen
and servicemembers operating under high-stress conditions.

Second, although the study was designed to stratify partici-
pants based on marksmanship performance, it did not spe-
cifically account for potential sex-related differences in PFC
activation, and as a result, the man-to-woman ratio differed
between groups (proficient: 8 men / 4 women, non-proficient:
4 men / 8 women). Prior literature suggests that sex-based
differences in PFC activation may exist during cognitive and
motor tasks, potentially influencing the fNIRS-derived hemo-
dynamic outcomes.””* However, our statistical approach
accounted for inter-individual variability by including the in-
tercept as random factors, and sex differences were not an-
ticipated to systematically impact marksmanship performance
in this context. Future studies should consider balancing sex
distribution across proficiency levels to clarify its influence on
PFC activity during marksmanship.

Last, this study observed distinct patterns of PFC activation,
as reflected in fNIRS-derived hemodynamic variables, between
individuals stratified by proficiency level; however, causality
cannot be definitively established. While greater cognitive load
in non-proficient marksmen may indicate inefficient neural
processing, it remains unclear whether skilled marksmen nat-
urally exhibit lower cognitive load due to experience-driven
efficiency. To determine any potential causality, future research
should employ interventional studies that systematically increase
or decrease PFC activation while measuring marksmanship

outcomes. If cognitive training (e.g., neurostimulation, work-
ing memory enhancement) leads to improved accuracy, faster
reaction times and better decision-making, it would suggest a
direct causal link between PFC function and marksmanship
ability.

Moving forward, fNIRS has the potential to be a field-ready
physiological tool for real-time biofeedback, enabling the
identification of performance-based differences in individuals
during tasks specific to the military. In the context of the current
findings, fNIRS could be integrated into marksmanship train-
ing tasks where individuals who are low performers (despite
standard training) may benefit from incorporating cognitive
load management techniques (such as autonomic regulation,
time pressure management, and selective attention training, to
promote more efficient PFC regulation).!®** For example, tacti-
cal breathing has been shown to improve tactical performance
when used as a relaxation technique; however, the hemo-
dynamic responses of the PFC have not been investigated.’®’
Understanding the psychophysiological responses leading to
poor tactical performance can be used to develop individual-
ized training programs that target the deficit limiting perfor-
mance. Future interventions could modulate PFC activity (such
as cognitive training or neuromodulation) to assess their direct
impact on marksmanship performance. Clarifying whether en-
hancing PFC efficiency translates to operational improvements
would provide valuable insight for training strategies.

Conclusion

Understanding group differences in PFC activation during
marksmanship tasks can provide critical insight into the neu-
ral and neurovascular mechanisms underlying superior per-
formance in military personnel. This study supports the use
of fNIRS-based technology as a tool for identifying cognitive
load differences in marksmen with differing proficiency levels.
Incorporating fNIRS as a physiological biofeedback tool can
be useful for developing more comprehensive marksmanship
training regimens that improve marksmanship skills and en-
hance cognitive resilience, leaving servicemembers better pre-
pared for real-world operations.
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APPENDIX A

TABLE VI Practice engagements 1 through 9, Standing, Baseline

Engagement Target type Range, m Exposure time, s
1 E-type 7 right 5
2 E-type 12.5 5
3 E-type 23 N
4 E-type 31 S
N E-type 10 N
6 E-type 16.5 S
7 E-type 27 N
8 E-type 7 right 5
9 E-type 10 g

E-type 12.5

Note: There is a 2-second delay between all target engagements throughout this table. At the end
of engagement 9, A 10-second delay is integrated for a magazine change.
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