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ABSTRACT

Rapid triage in military operations must reliably identify hidden neurological impairment
among soldiers who appear only slightly wounded. Mild to moderate traumatic brain
injury (TBI), concussion, blast-related injury and neurotoxic exposure can present with
subtle early signs that are easily missed under stress, time pressure and resource
constraints. Eye tracking and pupillometry are promising for early triage because they
probe brainstem, autonomic and oculomotor function, can be captured quickly with
deployable devices and provide quantitative, repeatable measures suitable for decision
support. This paper proposes a research program to develop an eye tracking-based,
explainable rule base with operational thresholds for early military triage.The goal is a
field-ready decision logic that estimates the likelihood of clinically relevant impairment,
including concussion or moderate TBI, severe TBI warning signs and cholinergic
neurotoxic syndromes, in walking-wounded soldiers and outputs a transparent high-,
medium- or low-risk recommendation aligned with medic workflows. The proposed
rapid assessment combines pupillary light reflex metrics, basic oculomotor screening
and short mobile cognitive-oculomotor tasks. Candidate rules are derived from clinical
and applied evidence and formalized as interpretable if-then statements with thresholds,
confidence flags and explicit handling of illumination, fatigue, stress, motion, partial
occlusion and medication confounds. Expected outputs include a prototype triage tool,
an initial threshold library for pupil and oculomotor features and a staged validation plan
with practical performance targets emphasizing high sensitivity for clinically relevant
TBI risk while maintaining operational specificity. Future work will establish normative
baselines, simulated field trials and prospective evaluations in training environments,
with iterative integration of other physiological measures where beneficial.

Keywords: Military triage, Traumatic brain injury, Concussion, Pupillometry, Pupillary light reflex,
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INTRODUCTION

Military medics often have to decide within minutes whether a soldier who
is able to walk and communicate can remain under observation, should be
removed from duty, or requires urgent evacuation. The most difficult cases
are not the visibly severe casualties, but the hidden neurological injuries
after blast, blunt head impact, acceleration-deceleration trauma or chemical
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exposure. These cases can present with headache, dizziness, confusion, light
sensitivity, balance disturbance, nausea, abnormal eye movements or subtle
pupil abnormalities while the casualty still appears operationally functional.
Current concussion screening and neurological examination remain
essential, but field use is constrained by noise, darkness, time pressure,
stress, protective equipment, mixed injury mechanisms and the need
for rapid prioritization. Military concussion tools such as MACE 2 were
designed to support deployed assessment, yet research on usability shows
that even accepted tools require training and can be perceived as complex in
operational settings (Khokhar et al., 2021). A deployable digital biomarker
system should therefore not replace the medic. It should add quantitative,
repeatable observations that can be interpreted quickly and transparently
together with history, symptoms, vital signs and tactical constraints.

Figure 1: Functional demonstrator for an eye-tracking-enabled ‘patient box’ for
rapid military triage: (a) patient box with integrated casualty position and sensor
infrastructure, (b) unmanned ground vehicle (UGV1) for mobile deployment', and
(c) close-up view of the internal eye-tracking (Tobii Pro Fusion/Spark) and tablet-
based assessment setup for pupillometry and oculomotor screening. (Credits: M.
Schneeberger, ChatGPT for image postprocessing; patient box by courtesy of Autoflug
GmbH).

In the envisaged operational concept, the eye-tracking triage module
is integrated into a protected patient box that can be transported by an
unmanned ground vehicle (UGV; see Figure 1). The patient box provides a
controlled and repeatable measurement environment for the injured soldier,
including a fixed head position, defined viewing geometry, a tablet display
and an eye tracker positioned close to the casualty’s face. This setup is

!Credit: Milrem Robotics, NATO Centre of Excellence for Military Medicine.
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intended to support rapid pupillometry and oculomotor screening during
evacuation or at a casualty collection point, while reducing variability caused
by hand-held operation, unstable posture, ambient light and movement. The
UGV-mounted patient box therefore links autonomous casualty transport
with objective neurological triage: while the soldier is physically protected
and moved out of the danger zone, eye-tracking-based biomarkers can be
collected to support early detection of traumatic brain injury, concussion or
other neurological impairment. This concept complements the paper’s aim of
developing deployable, explainable decision support for walking-wounded
or evacuated soldiers under military field conditions.

The eye provides a particularly attractive measurement window because
the pupil and oculomotor system are influenced by brainstem circuits, cranial
nerves, autonomic state, cortical attention systems and vestibular-ocular
integration. Quantitative pupillometry and eye tracking can measure pupil
size, pupillary light reflex (PLR), saccades, smooth pursuit, gaze stability,
nystagmus, convergence and task-linked visual-cognitive performance. This
creates a compact measurement set that is relevant for TBI and concussion,
but also for cholinergic neurotoxic exposure, where miosis and impaired
vision are prominent early signs.

The contribution of this paper is a structured concept for an explainable,
rule-based triage system. The overall system is designed within the European
EDF project IMEDCAP? as an explorative research component first, not for
immediate clinical deployment. The central design principle is conservative
decision support: the rule base should never make a definitive diagnosis of
TBI or toxic exposure. Instead, it should flag risk levels, report the features
that triggered the flag, document signal quality and medication confounds
and recommend operational next steps such as repeat testing, observation,
CBRN decontamination workflow or expedited evacuation.

RELATED WORK AND CONSIDERATIONS

Mild TBI (mTBI; Eapen et al., 2022) is difficult to diagnose because symptoms
can be transient, delayed or masked by adrenaline, pain, fatigue and mission
demands. The Military Acute Concussion Evaluation was created to help
deployed medics and corpsmen identify concussion, and the MACE 2 update
has been evaluated for usability, utility and provider confidence in military
health-care settings (Khokhar et al., 2021). However, deployed assessment
remains vulnerable to self-report, environmental disruption and examiner
variability. These limitations motivate additional objective signals that are
rapid, quantitative and compatible with a medic workflow.

Eye tracking in mTBI. A structured review by Stuart et al. (2020)
concluded that eye-movement assessment is promising in mTBI because
saccades, smooth pursuit, fixations and nystagmus can reflect distributed
neural systems, but also emphasized that protocols, instrumentation,
processing algorithms and confound reporting are not yet standardized.
This is directly relevant for military triage: a field system should avoid
a black-box score and should document the precise task, sampling rate,

*https://defence-industry-space.ec.europa.eu/system/files/2023-06/iMED CAP-Factsheet_ EDF22.pdf
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signal quality, luminance conditions and medication status behind each
recommendation.

Visual and ocular biomarkers. Acute military mTBI studies have found
that PLR velocity measures, near point of convergence and rapid number-
naming or visual tracking tasks can discriminate injured from control
participants. Capo-Aponte et al. (2018) reported that average constriction
velocity, average dilation velocity and re-dilation time were affected in acute
mTBI, and that dilation velocity and near point of convergence showed
comparatively high predictive value. Maruta et al. (2010) proposed visual
tracking synchronization as a concussion screening metric, while Murray et
al. (2020) demonstrated deficits in smooth pursuit and saccadic performance
after sport-related concussion. Vestibular/Ocular Motor Screening (VOMS)
research supports brief screening of smooth pursuit, saccades, convergence,
vestibular-ocular reflex and visual motion sensitivity, but symptom-
provocation scores alone remain partly subjective (Mucha et al., 2014).

Quantitative pupillometry. Automated infrared pupillometry has advanced
from intensive care monitoring to potential triage and mTBI applications.
In severe TBI, Neurological Pupil index (NPi), constriction velocity, dilation
velocity and latency have been associated with intracranial hypertension,
neurological deterioration or outcome (Jahns et al., 2019; El Ahmadieh et
al., 2021; Boulter et al., 2021). Recent mTBI studies support the potential
of quantitative pupillometry in subtle impairment detection and clinical
evolution tracking (Dengler et al., 2025; Mitschang et al., 2025). A key
translational problem is that hospital thresholds cannot simply be copied
into the field; they must be re-estimated under device-specific, illumination-
controlled and medication-aware conditions.

Neurotoxic  exposure. Organophosphate nerve agents inhibit
acetylcholinesterase and can produce a cholinergic syndrome involving
miosis, secretions, bronchospasm, fasciculations, seizures and respiratory
failure. Reviews of nerve-agent medicine emphasize that ocular findings,
especially miosis and impaired vision, may occur early and may persist after
exposure (Candiotti, 2017; Figueiredo et al., 2018). For example, VX is a
highly toxic organophosphate nerve agent. It belongs to the class of chemical
warfare agents that inhibit acetylcholinesterase, an enzyme needed to stop
nerve signalling at synapses and neuromuscular junctions. VX is operationally
important because it is persistent and can produce delayed systemic toxicity
after dermal exposure. Case literature and experimental ocular exposure
studies demonstrate that VX and sarin can produce ocular injury, long-lasting
miosis and impaired visual function (Nozaki et al., 1995; Egoz et al., 2017;
Gore et al., 2019). In a triage system, miosis alone is therefore insufficient:
the rule base must distinguish cholinergic toxicity patterns from opioid
analgesia, bright light, ocular trauma and prior antidote administration.

Medication and physiological confounds. Pupil and oculomotor signals are
strongly influenced by immediate field medication and physiological status.
Opioids such as fentanyl or morphine can produce miosis and alter PLR,
especially in hypoxia or hypercarbia (Rollins et al., 2014). Sedatives and
antihistamines can modify arousal and pupil dynamics, while diazepam may
not produce the simple miosis expected from sedation alone (Hou et al.,2006).
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Atropine, used in nerve-agent treatment, is antimuscarinic and can create
mydriasis or a nonreactive pupil, thereby masking the original cholinergic
signal. Ketamine is useful for combat analgesia but may create nystagmus,
dissociation and unreliable cognitive-oculomotor task performance. A robust
triage system must therefore log all administered drugs and interpret the
ocular result as medication-adjusted risk, not as an isolated biomarker.

RAPID EYE-TRACKING TRIAGE PROTOCOL

The proposed assessment is designed for walking-wounded soldiers who
are hemodynamically stable enough for a short measurement but may
have hidden neurological impairment. The workflow is deliberately short.
It can be performed after immediate life threats have been addressed, during
observation, or at a casualty collection point. The intended sequence is:
confirm safety and basic responsiveness; record mechanism, symptoms and
medication; measure ambient illumination; conduct PLR; run oculomotor
tasks; performa 30-60 s cognitive-oculomotor task; and output an explainable
risk flag with recommended next action (Table 1). An NPi-equivalent
pupillary responsiveness index (NEPRI) is calculated from pupil diameter,
latency, constriction velocity, dilation velocity and inter-eye asymmetry. The
metric is conceptually inspired by the Neurological Pupil Index but does not
reproduce the proprietary NPi algorithm.”

Table 1: Candidate eye-tracking and pupillometry feature set for rapid military triage.

Module Primary Features Clinical/Operational ~ Quality and Confound
Meaning Controls
PLR / pupil  Baseline diameter, Brainstem/cranial Controlled or measured
size minimum diameter, nerve integrity, luminance; repeat
constriction amplitude, autonomic balance, both eyes; exclude
latency, constriction miosis/mydriasis, direct ocular trauma;
velocity, dilation severe neurological log opioids, atropine,
velocity, NEPRL, inter- ~ warning signs. anticholinergics and
eye asymmetry. chemical-antidote status.
Static and Difference in baseline  Focal neurological Use repeated
dynamic diameter, difference in  risk, third-nerve measurements; compare
anisocoria constriction amplitude  pathway compromise, with medic observation;

Gaze stability
/ fixation

or NEPRI between
eyes, unilateral fixed or
sluggish pupil.

Fixation dispersion,
square-wave intrusions,
nystagmus flags, blink
rate, tracking loss.

unilateral ocular
exposure, local eye
injury.
Vestibular-ocular
disturbance,
intoxication,
medication effects,
fatigue or poor
cooperation.

classify unilateral miosis
separately from unilateral
mydriasis.

Require minimum valid
gaze samples; mark

as confounded under
ketamine, vestibular
symptoms, smoke/dust or
eye irritation.

(Continued)
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Table 1: Continued.

Module Primary Features Clinical/Operational ~ Quality and Confound
Meaning Controls

Smooth Gain, phase lag, Cerebellar, vestibular, Avoid excessive target

pursuit catch-up saccades, cortical attention and  speed; normalize to
tracking error during  concussion-related device sampling rate and
horizontal/vertical/ oculomotor control.  calibration accuracy.
circular target motion.

Saccades / Latency, peak velocity, Frontal-executive Use short trials only; treat

antisaccades  dysmetria, direction control, attention, pain, shock and sleep
errors, corrective fatigue, concussion- deprivation as major
saccades, antisaccade  related slowed covariates.
inhibition errors. processing.

Mobile Visual search time, Operationally relevant Keep task language-

cognitive- missed targets, gaze attention, scanning, independent and less

oculomotor  transition entropy, error executive control and than one minute; use

task correction, dual-task situational-awareness individual baseline when

slowing. proxy. available.

The protocol should be implemented with either a handheld quantitative
pupillometer, a mobile eye-tracking headset, eye-tracking glasses or a rugged
tablet/smartphone configuration with a controlled light stimulus.

For field use, the system should include an illuminance sensor, a short
calibration check, blink and occlusion detection, motion quality monitoring
and an explicit “repeat/invalid” state. If the measurement is unreliable, the
correct output is not a risk score but a quality-controlled instruction to repeat
under improved conditions or fall back to manual neurological assessment.

The triage protocol (Table 1) should maintain a separation between
three layers: raw observations, derived features and rule decisions. Raw
observations include pupil videos, gaze samples and illuminance. Derived
features include latencies, velocities and asymmetry indices. Rule decisions
only use derived features after signal-quality gates are passed. This separation
is crucial for scientific validation and medico-legal traceability.

EXPLAINABLE RULE BASE FOR FIELD TRIAGE

The initial rule base is intentionally transparent (Table 2). Each rule has four
fields: condition, evidence strength, confound handling and recommended
action. The thresholds in Table 3 are candidate implementation thresholds
for a proof-of-system study. They are not final diagnostic cut-offs and must
be calibrated by device, task, illumination and population. In operational use,
the rule base should prioritize sensitivity for severe risk while using repeated
testing and symptom context to preserve specificity.

A key design decision is that the system should output both a risk level and a
rationale. For example, a high-risk result might read: “High neurological risk:
left NEPRI below threshold; anisocoria increased on repeat measurement;
valid signal quality; no atropine or opioid documented.” A toxicology
result might read: “High CBRN-compatible ocular pattern: bilateral miosis
under measured low luminance plus secretions and exposure cluster; pupil
score treatment-confounded after atropine.” This wording supports medic
interpretation and prevents overclaiming.
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Table 2: Explainable rule base for high-, medium- and low-risk triage outputs.

Rule Family ~ Candidate If-Condition Risk Output Recommended Operational
Action
Severe TBI Any unilateral fixed/ High Expedited evacuation /
warning dilated pupil; absent PLR urgent clinician review. Do
in one eye; NEPRI <3.0 in not wait for cognitive task
one or both eyes; rapidly completion.
worsening anisocoria;
repeated vomiting, seizure,
deteriorating consciousness
or focal neurological deficit.
Concussion /  Reliable measurement plus ~ Medium to  Remove from duty, observe,
moderate TBI  abnormal PLR velocity or high repeat test after short
suspected latency relative to device interval, apply MACE 2/
baseline; abnormal smooth neurological exam and
pursuit or saccade control; escalate if symptoms evolve.
symptom provocation;
blast/head impact history;
cognitive-oculomotor task
below threshold.
Cholinergic Bilateral miosis or pinpoint ~ High if Activate CBRN/
neurotoxic pupils under non-bright light; systemic decontamination and medical
syndrome sluggish PLR; lacrimation/  signs present nerve-agent workflow. After
suspected rhinorrhea/salivation/ atropine/antidote, classify
sweating/bronchospasm/ pupil metrics as treatment-
fasciculations; multiple confounded.
similarly affected casualties
or CBRN context.
Localized Marked unilateral miosis or ~ Medium Protect responder,
ocular ocular pain/blurred vision decontaminate according
exposure after suspected chemical to protocol, repeat ocular
possible splash/vapor exposure assessment, monitor for
without clear TBI mechanism. systemic signs.
Medication-  Miosis after opioid/fentanyl/ Medium / Log medication and
confounded  morphine or hypoxia/ confounded respiratory status; do not
miosis hypercarbia without classify as nerve-agent
cholinergic secretions and exposure based on pupil size
without exposure cluster. alone.
Medication-  Mydriasis or weak PLR after Confounded Use history and systemic
confounded  atropine, anticholinergic signs; repeat later; do not use
mydriasis exposure, sympathomimetic, pupil thresholds as primary
/ PLR ocular drops or local eye neurological evidence.
suppression trauma.
Low apparent Reliable bilateral PLR and ~ Low Document result; return

ocular risk

oculomotor screen within
expected range, no red
flags, no symptoms, no
concerning mechanism and
no deterioration.

to observation pathway
only according to medic
judgement and local policy.
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The rule base also requires negative logic. An isolated abnormal pupil
finding should not be automatically treated as TBI or VX exposure. It should
trigger a structured check for illumination, ocular injury, contact lenses,
dust or smoke irritation, medications, hypoxia, intoxication, migraine, pre-
existing anisocoria and prior eye surgery. Only the combination of ocular
features, mechanism, systemic signs and signal quality should determine the
final triage flag (Table 3).

Table 3: Candidate operational threshold library for proof-of-system implementation.

Candidate Interpretation Field Limitation Evidence Anchor

Threshold

NEPRI <3.0 Abnormal or Do not transfer Shoyombo et al.,
sluggish PLR in uncritically between 2018; Boulter et
many automated devices; use as high- al., 2021
pupillometry systems.  salience warning only

until locally validated.
Constriction Slowed response, Affected by baseline Shoyombo et

velocity <0.8-1.0
mm/s

Anisocoria

>=1.0 mm or
increasing inter-eye
asymmetry
Bilateral diameter
<2.0 mm outside
bright photopic
light

Diameter >6.0 mm
in room light or
>8.0 mm extreme

Smooth pursuit
gain/phase error
outside baseline

Saccade latency/
error increase or
antisaccade failure

possible brainstem/
autonomic impairment
or medication effect.

Potential focal
neurological warning,
ocular trauma or
unilateral exposure.
Miosis; compatible
with cholinergic
exposure or opioid
effect.

Mydriasis; may indicate
severe neurological
process, anticholinergic
drug or sympathetic
arousal.

Concussion-related
oculomotor control

deficit.

Cognitive-oculomotor
impairment, fatigue or
frontal-executive load.

pupil size, light stimulus,
opioids and sedation.

Repeat and compare
with history; physiologic
anisocoria exists.

Requires illuminance and
medication context; not
diagnostic alone.

Atropine and ocular
drops can invalidate
toxicology/TBI
interpretation.

Needs calibration and
stable target; exclude
ketamine/nystagmus as
primary cause.

Interpret with sleep
deprivation, pain and
stress covariates.

al., 2018; Capo-
Aponte et al.,
2018

El Ahmadieh et
al., 2021; Boulter
etal., 2021

Figueiredo et al.,
2018; Rollins et
al., 2014

Candiotti, 2017;
Hou et al., 2006

Murray et al.,
2020; Stuart et al.,
2020

Maruta et al.,
2010; Stuart et al.,
2020

IMMEDIATE FIELD MEDICATION AND MEASUREMENT IMPACT

Military casualties may receive analgesics, sedatives, antiemetics, antibiotics,
tranexamic acid or CBRN antidotes before or between eye measurements.
The triage system must therefore record medication time stamps and
classify each feature as valid, confounded or uninterpretable. The central
principle is simple: medication affects the eye and central nervous system-
based performance, but the effect is itself useful contextual information if
documented (see Table 4).
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ENVISAGED PROOF-OF-SYSTEM

The envisioned proof-of-system consists of a rugged measurement module, a
local rule engine and a medic-facing user interface. The measurement module
captures bilateral pupil videos, gaze samples, device motion, illuminance
and timestamps for clinical events. The rule engine performs signal quality
checks, extracts features, evaluates rules and produces a transparent triage
card. The user interface shows risk level, evidence features, confound flags,
recommended next action and a countdown for repeat measurement if
needed.

The proof-of-system should work offline and store all raw and derived
data for later audit. It should use secure case identifiers, minimal manual
input and an event log for injury mechanism, symptoms, medication and
CBRN context. A typical triage card should fit on one screen: patient ID, time
since event, measurement quality, high-risk triggers, medication confounds,
recommended action and whether a repeat test is advised. For research use,
the same data structure supports blinded validation against clinical diagnosis,

MACE 2, neuroimaging, symptom evolution and return-to-duty decisions.

Table 4: Field medication and physiological confound handling for ocular triage.

Immediate Factor

Expected Influence on
Eye/Cognition

Risk for Screening
Logic

Rule-Base Handling

Opioids: fentanyl,
morphine, related
analgesics

Ketamine

Benzodiazepines:
diazepam,
midazolam

Atropine /
antimuscarinic
antidote

Oximes:
pralidoxime,
obidoxime, HI-6
depending on
doctrine

Miosis, smaller baseline
diameter, reduced
amplitude/velocity;
respiratory depression
can add hypoxia/
hypercarbia effects.
Nystagmus, diplopia,
dissociation, altered
attention and task
cooperation; possible
sympathetic activation.

Sedation, slower
responses, impaired
cognition; pupil effects
may be complex rather
than simple miosis.

Mydriasis, reduced or
absent PLR, tachycardia,
dry mucosa; reverses
cholinergic miosis.

Reactivation of
acetylcholinesterase;
indirect normalization
of cholinergic signs may
occur.

Can mimic nerve-
agent miosis and
reduce PLR-based
sensitivity.

Can corrupt
smooth pursuit,
fixation and
cognitive-
oculomotor
features.

Can mimic
cognitive slowing
or low arousal
after TBL.

Can mask the
diagnostic value
of pupil size

after nerve-agent
treatment.
Changing
physiology
during repeated
measurement may
alter trends.

Medication-
confounded miosis
flag; require respiratory
status and cholinergic
systemic signs before
toxicology escalation.

Use PLR with caution;
mark oculomotor/
cognitive modules
confounded for a

time window after
administration.

Prioritize PLR and red
flags; classify cognitive
task as medication-
confounded.

After atropine, do not
use miosis absence to
rule out exposure; rely
on pre-treatment record
and systemic signs.

Log dose time; analyze
trend as treated state
rather than baseline.

(Continued)
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Table 4: Continued.

Immediate Factor ~ Expected Influence on  Risk for Screening Rule-Base Handling

Eye/Cognition Logic
Naloxone Reversal of opioid- Rapid pupil and ~ Mark before/after
induced miosis and arousal shift naloxone separately
respiratory depression.  can look like and reassess after
neurological stabilization.
improvement.
Antiemetics, Variable sedation or Can alter pupil and Medication inventory
antihistamines, anticholinergic/mydriatic task performance. and repeated
anticholinergic effects. measurement required.
ocular exposure
Non-drug Autonomic arousal, May reduce Record vital signs
physiological altered pupil size, slowed specificity if and context;
confounds: pain, cognition, unstable unmodeled. use multimodal
shock, hypoxia, fixation. convergence rather
hypercarbia, fatigue, than a single feature.

stress

The technical architecture should remain modular. A clinical-grade
pupillometer can be used as a reference standard in laboratory and clinical
studies, while deployable devices can be evaluated against it. Eye-tracking
glasses or headset-integrated eye tracking can add gaze and oculomotor tasks
when conditions allow. A tablet-only mode can run cognitive-oculomotor
tasks and provide a lower-confidence fallback when direct PLR hardware is
unavailable.

Human-factors design is central. The medic must not be required to interpret
raw curves. The system should display simple statements such as “repeat
because blink/illumination quality was poor,” “high-risk pupil asymmetry,”
or “miosis present but opioid documented.” The rationale should be visible
enough for trust but brief enough for stress and time pressure. In training
and debriefing settings, a detailed view can show pupil curves, gaze traces
and rule evaluation history.

Table 5: Proposed research roadmap and measurable KPls.

Phase Core Activity Deliverable Primary KPIs

Phase 1: Structured review, Versioned rule Coverage of >=90%

Evidence and expert workshops, library, feature of selected high-

rule ontology mapping of ocular signs  dictionary, salience features; expert
to TBI, concussion and confound agreement on rule
neurotoxic syndromes. taxonomy, ethical wording; documented

safety concept. contraindications.

Phase 2: Collect healthy-soldier Reference Valid data rate >=90%;

Normative and  baselines under controlled distributions, test-retest ICC >=0.75

device baselines luminance, fatigue and device correction  for core PLR features;
movement conditions; factors, quality acquisition time <=3 min.
compare devices. thresholds.

(Continued)
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Table 5: Continued.

Phase Core Activity Deliverable Primary KPIs

Phase 3: Clinical Controlled concussion/  Initial sensitivity/  Sensitivity target >=0.90

and training mTBI cohorts, simulated ~ specificity for red-flag/high-risk

validation blast/head-impact history, estimates and classification; AUC target
comparison to MACE threshold >=0.80 for mTBI risk
2, VOMS, clinician refinement. model; false invalid rate
assessment and follow-up. <15%.

Phase 4: CBRN- Use historical clinical Toxicology rule Correct differentiation

compatible data, toxicology cases, validation plan of opioid-confounded

validation safe simulation, manikin/ and exposure- miosis vs cholinergic

without harmful training scenarios and context logic. pattern in simulation;

exposure non-exposure surrogate clear treatment-
datasets. confounded state after

atropine.

Phase 5: Casualty collection Operational Median end-to-end

Simulated field  point exercises with usability results, = workflow <=4 min;

trials protective gear, variable ~ workload analysis, medic usability score
illumination, noise, sweat, robustness metrics. target >=80/100; repeat-
dust, motion and time test success >80%.
pressure.

Phase 6: Prospective blinded Locked algorithm, High-risk sensitivity

Prospective evaluation in training/ validation report, maintained; specificity

operational deployment-adjacent deployment acceptable for evacuation

study settings with outcome requirements. burden; no undocu-
adjudication. mented black-box

overrides.

RESEARCH ROADMAP AND KPI FRAMEWORK

The research roadmap (Table 5) follows a staged translational pathway from
evidence synthesis to normative baselines, technical validation, simulated
field deployment and prospective operational evaluation. Because the
final use case is high-stakes triage, development should emphasize safety,
repeatability, explainability and integration with existing military medical
workflows. The proposed key performance indicators (KPIs) were selected
to capture complementary aspects of technical feasibility, diagnostic validity
and operational usability under realistic military field conditions.

The KPI framework distinguishes technical KPIs from clinical and
operational KPIs. Technical KPIs include valid sample percentage, calibration
success, illuminance logging, blink and occlusion rates, repeatability, device
agreement and time to result. Clinical KPIs include sensitivity, specificity,
negative predictive value for severe warning signs, AUC for mTBI risk and
accuracy of toxicology pattern classification. Operational KPIs include medic
workload, trust, interpretability, repeat-test feasibility, battery life, cleaning
time, glove compatibility, offline functionality and integration into casualty
documentation.
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Thresholds should be derived conservatively and refined iteratively.
The initial rule library should use expert-defined thresholds and confidence
flags and be refined using Bayesian or mixed-effects models accounting for
baseline, device, luminance, medication, fatigue and injury class. A final
deployable rule set should be locked only after prospective validation. Until
then, all thresholds should be labelled “research candidate” in the software
and manuscript.

Je—
Loteyer 31 Rghteye: 29
Controls
+ o 5598 + Veopscs.
e
o e oot U Mk o < pry——
High MEWS risk O . B rewe
I 145 . 2 39.0
Q, oz @ s @ e
Heart Rate [bpm]
s 951 » 81 54
10 o~ oo B w o mews
" il 9] 106/62 7
S 59 3.8
= P 93 it
i P L, T 5
-
- R e
Fee——
»
-
'
JR———
s
“
- -
=
»
=
i « »

Figure 2: Sketch of telemedical eye-tracking triage interface for military casualty
assessment: (a) audio-visual communication between a remote medical expert and
an injured soldier, including integrated pupil-diameter readout from Tobii Pro Fusion/
Spark eye-tracker; (b) medic-facing monitoring dashboard showing MEWS risk, vital
parameters, pupil-diameter trends and live patient-box camera views. (Credits: a. D.
Maurer, b. D.Tomasevi¢ & F Haid; ChatGPT for image post-processing).

Figure 2 illustrates the intended user interface concept for remote, eye-
tracking-supported triage in military medical evacuation.

The audio-visual interface in Figure 2a enables a medical expert to
communicate with the casualty or the local medic while simultaneously
inspecting the soldier’s condition and basic pupillometry values.
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The dashboard in Figure 2b extends this concept by combining vital signs,
MEWS-based risk indication, medication and injury history, pupil-diameter
trends and live views from the patient box. Together, these views support
a telemedical workflow in which ocular biomarkers are not interpreted in
isolation but are embedded into a broader clinical and operational decision-
support environment.

DISCUSSION

The proposed system addresses a practical gap between traditional
neurological screening and the need for rapid, data-supported decisions
in austere military settings. Eye tracking and pupillometry are attractive
because they can be fast, non-invasive and repeatable, and because the eye
is linked to brainstem reflexes, cortical attention and autonomic state. Yet
these same strengths create a risk of overinterpretation. Pupil diameter is not
a disease-specific marker; it is a physiological signal shaped by light, arousal,
medication, pain, hypoxia and ocular factors. The rule base must therefore
be explainable and context-aware.

The most promising near-term application is not a definitive diagnosis
of concussion or nerve-agent poisoning, but risk stratification of walking-
wounded soldiers. A low-risk output can support observation and
documentation but should not authorize return to duty without policy-based
medical judgement. A medium-risk output can trigger repeat assessment,
MACE 2, VOMS or observation. A high-risk output should prioritize
evacuation, urgent clinician review or CBRN workflow when systemic signs
and exposure context support it.

The proposed rule-based approach has advantages over a purely machine-
learning classifier in early development. It allows domain experts to inspect
the logic, enables medics to understand why a flag appeared and supports
incremental validation. Machine learning may still be valuable for feature
extraction, signal-quality assessment and threshold refinement, but final
triage output should remain interpretable, auditable and overridable by the
medic.

A further advantage is compatibility with multimodal sensing. Future
versions can include heart rate, HRV, electrodermal activity, SpO2,
respiration, inertial data and speech features. These signals should not be
added for complexity alone. They should be integrated only when they
reduce ambiguity: for example, SpO2 and respiratory rate can help separate
opioid-related miosis with respiratory compromise from cholinergic toxicity;
HR/EDA can help contextualize stress; and inertial data can identify motion-
corrupted eye tracking.

LIMITATIONS, ETHICS AND OPERATIONAL SAFETY

Several limitations must be addressed before deployment. First, ocular
metrics in mTBI are promising but not yet standardized across devices
and protocols. Second, thresholds derived from hospital or sports studies
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may not generalize to soldiers, night conditions, blast environments or
protective equipment. Third, medication can directly alter pupil physiology
and cognitive-oculomotor performance. Fourth, neurotoxic exposure cannot
ethically be validated through harmful human exposure; validation must rely
on safe simulation, historical data, animal/experimental evidence and clinical
toxicology cases.

Operational safety requires that the system be framed as decision support.
It must not delay life-saving interventions, decontamination, airway
management, haemorrhage control or evacuation. It must not recommend
antidote administration, doses or battlefield treatment steps. Instead, it
should identify patterns compatible with TBI or cholinergic toxicity and
prompt the appropriate established medical or CBRN pathway. The medic
remains responsible for triage decisions, supported by clear evidence, quality
flags and documented uncertainty.

Privacy and governance are also important. Eye videos and gaze traces
are biometric and potentially sensitive. Data storage should be minimized,
encrypted and separated from personal identifiers when possible. Research
use should require ethics approval, informed consent where feasible, and
clear handling of incidental clinical findings. For operational settings,
governance must define who can view raw data, how long it is retained and
how algorithm changes are controlled.

Figure 3: Patient Evacuation Control Centre (PECC) concept for integrated resource
management, military triage, continuous patient care via bidirectional audio-video
communication and patient monitoring, with human-in-the-loop medical robot
intervention control (Developed by the IMEDCAP consortium; Credit: M. Schneeberger,
ChatGPT for image post-processing).

CONCLUSIONS AND OUTLOOK

This paper proposes a research program for rapid military triage using eye
tracking and pupillometry as explainable digital biomarkers for hidden
neurological impairment. The concept focuses on walking-wounded soldiers
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after blast, head impact or suspected neurotoxic exposure, where subtle signs
can be missed under operational pressure. The proposed system combines
PLR, pupil size, anisocoria, gaze stability, smooth pursuit, saccades and
short cognitive-oculomotor tasks with a transparent rule base and explicit
medication/confound handling.

The main expected outcome is not a single diagnostic score, but a defensible
triage recommendation with an auditable rationale: high risk, medium risk,
low risk or invalid/confounded. The research roadmap emphasizes staged
validation, normative baselines, simulated field trials and prospective
evaluation. If validated, the approach could improve early recognition of
TBI warning signs, support CBRN-compatible ocular screening, reduce
missed impairment among walking wounded and provide a foundation for
integration with broader physiological monitoring in military medicine.

Figure 3 illustrates the envisioned Patient Evacuation Control Centre
(PECC) as an integrated command environment for resource management,
military triage, continuous patient care, patient monitoring and human-in-
the-loop medical robot intervention control. By fusing patient, platform,
reconnaissance and mission information into a common operational picture,
the PECCenablessimultaneous managementof multiple casualties, telemedical
supervision and evidence-based control of distributed autonomous medical
assets.
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