
PupilMetrics Neuro — Drug Effect Monitor 
CNS Pharmacological Monitoring via Pupillary Light Reflex 

 

Vision 
 

Every drug that acts on the central nervous system leaves a fingerprint 

in the eye. 

 

The pupil is innervated by both branches of the autonomic nervous system 

— the sympathetic and parasympathetic — and the balance between these two 

systems determines pupil size, reactivity, and the pattern of response 

across repeated stimuli. CNS-active drugs shift that balance in 

predictable, measurable, and drug-class-specific ways. 

 

**The Drug Effect Monitor was built on a single clinical premise: the 

pupillary light reflex is the most accessible, non-invasive 

pharmacodynamic endpoint available in clinical medicine.** 

 

This module is designed for physicians who need objective, quantitative 

evidence of CNS drug effect — not for law enforcement, not for employment 

screening, and not to make accusations. It exists to help clinicians 

answer real clinical questions: 

 

- Is this patient's opioid dose producing the expected degree of CNS 

effect? 

- Is this patient's anesthesia wearing off appropriately after surgery? 

- Is the sedation level in the ICU appropriate, or is this patient over-

medicated? 

- Has this athlete's pain medication cleared sufficiently to permit a 

neurological exam that reflects their true baseline? 

- Is this patient's response to a new psychiatric medication producing 

measurable autonomic effects? 

 

The answer to each of these questions is visible in the pupil — if you 

have the right instrument to read it. 

 

 

The Science: Why the Pupil Is a Pharmacodynamic Sensor 

 

The Autonomic Nervous System Controls Pupil Size 

 

The iris contains two opposing muscle groups, each under separate 

neurological control: 

 

**Pupillary sphincter** — the circular muscle that constricts the pupil. 

- Innervated by the **parasympathetic division** via the Edinger-Westphal 

nucleus (midbrain) → oculomotor nerve (CN III) → ciliary ganglion → short 

ciliary nerves 

- Activated by: bright light, cholinergic drugs (acetylcholine, 

pilocarpine), opioids (via indirect parasympathomimetic mechanisms), and 

high parasympathetic tone 

- Neurotransmitter: **acetylcholine** (muscarinic M3 receptors on the 

sphincter) 



 

**Pupillary dilator** — the radial muscle that enlarges the pupil. 

- Innervated by the **sympathetic division** via hypothalamus → 

ciliospinal center of Budge (C8–T2) → superior cervical ganglion → long 

ciliary nerves 

- Activated by: darkness, emotional arousal, pain, stimulant drugs, and 

high sympathetic tone 

- Neurotransmitter: **norepinephrine** (alpha-1 adrenergic receptors on 

the dilator) 

 

At any moment, resting pupil size reflects the **competition** between 

these two opposing forces. This competition is exquisitely sensitive to 

exogenous drugs that alter neurotransmitter levels, receptor activation, 

or the central regulatory tone that controls both limbs. 

 

The PLR as a Dynamic Pharmacodynamic Window 

 

Resting pupil size captures a single snapshot of ANS balance. The 

**pupillary light reflex** captures something far more informative: the 

dynamic behavior of the entire reflex arc under a controlled 

perturbation. 

 

When a bright flash is delivered: 

1. Retinal ganglion cells fire → signal propagates via CN II to the 

pretectal nucleus (dorsal midbrain) 

2. The pretectal nucleus activates the Edinger-Westphal nucleus → 

parasympathetic outflow → sphincter constriction 

3. Simultaneously, sympathetic tone is reflexively inhibited (reciprocal 

innervation) 

4. After the flash, the sympathetic dilator reasserts tone → redilatation 

 

Each step in this sequence is quantifiable: 

- **Latency** — how fast the signal propagates (reflects brainstem 

processing speed) 

- **Constriction amplitude** — how much the parasympathetic can drive the 

sphincter (reflects efferent integrity) 

- **Constriction velocity** — the rate of the parasympathetic surge 

- **Redilatation velocity** — how quickly sympathetic tone recovers 

 

CNS-active drugs alter one or more of these parameters in mechanistically 

predictable ways. Measuring the full PLR waveform — not just pupil size — 

gives you a pharmacodynamic profile, not just a single data point. 

 

How Drug Classes Alter the PLR 

 

CNS Depressants: Miosis and Suppressed Reactivity 

 

The defining pupillary signature of CNS depressant exposure is the 

combination of a **small resting pupil (miosis)** and **reduced PLR 

constriction amplitude**. Understanding why requires tracing the specific 

receptor mechanisms: 

 

**Opioids** (morphine, oxycodone, hydrocodone, hydromorphone, fentanyl, 

buprenorphine, methadone) 



 

Opioids bind μ-opioid receptors in the Edinger-Westphal nucleus and the 

locus coeruleus. The EW nucleus effect is paradoxical: opioids suppress 

inhibitory interneurons that normally hold the EW nucleus in check, 

resulting in *increased* tonic parasympathetic output to the sphincter — 

producing miosis. Simultaneously, opioids suppress sympathetic outflow 

from the locus coeruleus, removing opposing dilator drive. The net 

result: bilateral, dose-dependent miosis that is highly characteristic of 

opioid exposure. Because the resting parasympathetic tone is already 

elevated, the reserve for additional light-driven constriction is reduced 

— producing the characteristic suppressed PLR amplitude. 

 

This mechanism explains why opioid miosis is: (1) pinpoint and symmetric, 

(2) resistant to room-light variation, (3) proportional to dose over the 

therapeutic range, and (4) reversible with naloxone. 

 

**Benzodiazepines and Barbiturates** (diazepam, lorazepam, clonazepam, 

phenobarbital) 

 

These drugs potentiate GABA-A receptors throughout the brainstem and 

cortex, producing global CNS depression. The PLR effect is subtler than 

opioids: the primary finding is **slowing of PLR dynamics** — increased 

latency, reduced constriction velocity, and slower redilatation — rather 

than the marked miosis seen with opioids. Pupil size may be minimally 

affected at therapeutic doses. At sedating or anesthetic doses, combined 

sympathetic and parasympathetic depression produces a mid-position, 

poorly reactive pupil. 

 

**Alcohol (ethanol)** 

 

Ethanol acts at GABA-A, NMDA, and glycine receptors in a dose-dependent 

manner. At low doses (social drinking), the primary PLR effect is 

increased latency and modestly reduced velocity — reflecting impaired 

neural processing speed. At higher doses, progressive brainstem 

depression produces reduced amplitude and eventually loss of the PLR in 

severe intoxication. Chronic alcohol use produces cerebellar and 

brainstem damage that may persist as PLR slowing even after acute 

intoxication clears. 

 

**Cholinergic drugs** (pilocarpine eye drops, acetylcholinesterase 

inhibitors, organophosphates) 

 

Direct muscarinic agonism at the sphincter muscle produces marked miosis 

and near-abolition of PLR amplitude — the sphincter is already maximally 

contracted and cannot constrict further in response to light. 

Organophosphate toxicity (pesticide or nerve agent exposure) produces the 

most profound miosis clinically observable, with pupils often 1–2 mm in 

full room light. 

 

**Detection pattern in PupilMetrics Neuro:** Baseline pupil-iris ratio < 

22% combined with PLR constriction amplitude < 20% → classified as *CNS 

Depressant-Consistent*. 

 

 



CNS Stimulants: Mydriasis and Heightened Reactivity 

 

The defining pupillary signature of CNS stimulant exposure is a **large 

resting pupil (mydriasis)**, reflecting dominant sympathetic tone. 

 

**Amphetamines and related compounds** (amphetamine, dextroamphetamine, 

methamphetamine, MDMA, methylphenidate) 

 

These drugs act primarily by releasing catecholamines (norepinephrine and 

dopamine) from presynaptic terminals and blocking their reuptake. The 

peripheral effect on the pupillary dilator (via alpha-1 adrenergic 

stimulation) produces mydriasis. Central effects include elevated arousal 

and suppression of parasympathetic tone — reducing baseline PLR 

amplitude. The result is a large resting pupil with a paradoxically 

sluggish constriction response, because the dilator is pharmacologically 

activated and resists parasympathetic suppression. 

 

**Cocaine** 

 

Cocaine blocks the reuptake of norepinephrine, dopamine, and serotonin. 

Its peripheral alpha-1 sympathomimetic effect on the dilator produces 

reliable mydriasis. Cocaine's effect on the PLR is dose- and route-

dependent: topical cocaine applied to the eye produces reliable mydriasis 

(and is used clinically to diagnose Horner syndrome); systemic cocaine 

produces mydriasis through central and peripheral sympathomimetic 

mechanisms. 

 

**Anticholinergic drugs** (atropine, scopolamine, diphenhydramine, 

oxybutynin, many psychiatric medications) 

 

These drugs block muscarinic acetylcholine receptors on the sphincter, 

eliminating parasympathetic drive. The result is **pharmacological 

mydriasis** — often extreme (8–9 mm) — and near-complete abolition of the 

PLR, because the sphincter cannot respond to cholinergic stimulation 

regardless of how much the EW nucleus fires. This is the mechanism 

underlying the classic "dilating drops" used by ophthalmologists 

(tropicamide, cyclopentolate) and the mydriasis seen in overdose with 

tricyclic antidepressants or antihistamines. 

 

**Detection pattern in PupilMetrics Neuro:** Baseline pupil-iris ratio > 

38% → classified as *CNS Stimulant-Consistent*. 

 

 

The 3-Trial Protocol: Why Repetition Reveals What a Single Measurement 

Cannot 

 

A single PLR measurement captures the pharmacological state at one moment 

but cannot distinguish drug effect from individual baseline variation. 

The **3-trial habituation protocol** transforms a single measurement into 

a dynamic pattern — and that pattern carries information that no single 

datapoint can. 

 

 

 



The Habituation Reflex 

 

In a healthy, unmedicated brain, the PLR amplitude decreases slightly 

across repeated identical stimuli — a phenomenon called **habituation**. 

This is not pupil fatigue; it is active cortical modulation. The 

prefrontal cortex and superior colliculus progressively attenuate 

brainstem reflex circuits when stimuli are predictable and benign — an 

evolutionarily conserved mechanism that prevents attentional saturation. 

 

Quantitatively, a healthy brain habituates by **0–15% across three 

trials** (measured as a reduction in constriction amplitude from Trial 1 

to Trial 3, normalized to Trial 1). 

 

**CNS depressants disrupt this modulation in a specific direction:** they 

produce *excessive habituation* (>30%). The mechanism is cortical 

suppression — when frontal inhibitory circuits are pharmacologically 

depressed, the descending attenuation signal to the brainstem becomes 

exaggerated, causing the PLR amplitude to collapse across trials faster 

than it would in an unmedicated state. The PLR may disappear almost 

entirely by Trial 3 in significant opioid or sedative exposure. 

 

**CNS stimulants disrupt habituation in the opposite direction:** they 

produce *sensitization* (negative habituation index — amplitude increases 

across trials). Elevated arousal maintains cortical vigilance and 

prevents the normal attenuation, sometimes producing an augmented reflex 

arc by Trial 3. 

 

The Habituation Index 

 

PupilMetrics Neuro computes the habituation index as: 

 

**HI = (Trial 1 constriction − Trial 3 constriction) / Trial 1 

constriction × 100%** 

 

| Range | Interpretation | 

|-------|---------------| 

| Negative | Sensitization — amplitude paradoxically increased; 

consistent with stimulant effect or heightened arousal | 

| 0–15% | Normal cortical modulation | 

| 15–30% | Moderate habituation — warrants monitoring | 

| >30% | Excessive habituation — consistent with CNS depression or 

significant fatigue | 

 

Protocol Design Rationale 

 

The specific parameters of the Drug Effect Monitor protocol were chosen 

to maximize sensitivity to pharmacological state while maintaining 

clinical practicality: 

 

**3-second dark baseline per trial** — identical to the standard PLR 

protocol. Allows the pupil to reach its true dark-adapted diameter, 

maximizing the dynamic range for constriction measurement and 

establishing a valid baseline for the pupil-iris ratio. 

 



**500 ms flash duration** — longer than the standard diagnostic flash 

(200 ms) to ensure reliable pupil capture even in pharmacologically 

suppressed states where the initial constriction may be sluggish or 

delayed. 

 

**7-second recovery window** — extended from the standard 2.6 seconds to 

capture redilatation kinetics, which are particularly informative for 

distinguishing opioid effect (slow, sluggish redilatation) from stimulant 

effect (rapid, sometimes hypersynchronous redilatation). 

 

**2-minute rest between trials** — the minimum interval required for full 

sympathetic recovery to the dark-adapted baseline. Shorter intervals 

result in incomplete redilatation and artificially depressed Trial 2 and 

3 baselines, contaminating the habituation index. 

 

**3 trials total** — the minimum number required to compute a 

statistically meaningful habituation index. Research on PLR habituation 

consistently shows that T1→T2 captures initial reflex damping while T2→T3 

characterizes the sustained trajectory — both patterns are needed for a 

complete pharmacodynamic profile. 

 

 

What the System Reports — and What It Does Not 
 

What PupilMetrics Neuro Reports 

 

The Drug Effect Monitor produces: 

 

1. **Per-trial metrics** — baseline pupil-iris ratio (resting ANS 

balance), constriction amplitude (parasympathetic efferent integrity), 

and PLR detected (yes/no based-on amplitude > 3 percentage points and 

constriction > 10%) 

 

2. **Cross-trial waveform overlay** — three PLR curves displayed on a 

single timeline, allowing direct visual comparison of waveform shape, 

onset timing, constriction depth, and redilatation kinetics across trials 

 

3. **Habituation index** — the T1→T3 trajectory with interpretation 

 

4. **Pattern classification** — one of four outputs: 

   - *CNS Depressant-Consistent*: small baseline + suppressed amplitude 

   - *CNS Stimulant-Consistent*: large baseline pupil 

   - *No Significant CNS Effect Detected*: metrics within normal range 

   - *Indeterminate*: borderline values or insufficient signal quality 

 

5. **Medication interference flags** — every positive pattern is 

immediately accompanied by a list of prescribed medications that produce 

indistinguishable findings 

 

 

 

 

 

 



What PupilMetrics Neuro Does Not Report 
 

**The system does not identify specific drugs.** A miotic, hypo-reactive 

pupil pattern with a habituation index of 45% is consistent with: 

 

- Morphine 15 mg/4hr for post-operative pain 

- Methadone 80 mg/day for opioid use disorder treatment 

- Buprenorphine 8 mg for medication-assisted treatment 

- Diphenhydramine 50 mg taken OTC for insomnia 

- Pilocarpine eye drops for glaucoma 

- A patient who slept 3 hours and is exhausted 

 

These are physiologically indistinguishable at the pupillary level. The 

pattern is a pharmacodynamic signal — the clinical context is entirely 

the physician's domain. 

 

This is not a limitation of the system. It is the correct scientific 

position, and it is hardcoded into every result screen. 

 

Clinical Applications: 

 

### Anesthesia and Post-Operative Care 

 

Pupillometry is increasingly used in anesthesia to guide opioid dosing 

and to assess depth of analgesia. A fully anesthetized patient has a mid-

dilated, unresponsive pupil (combined sympathetic and parasympathetic 

depression). As anesthesia lightens, the PLR returns — but the speed and 

amplitude of that return depend heavily on residual opioid load. 

 

The Drug Effect Monitor provides anesthesiologists and PACU nurses with a 

quantitative, bedside-compatible tool to assess whether a patient 

recovering from anesthesia has sufficient PLR recovery to indicate 

neurological readiness — distinct from and complementary to standard 

arousal scoring. 

 

### Pain Management and Opioid Titration 

 

In chronic pain patients on long-term opioid therapy, the pupillary 

response to the morning opioid dose provides a direct pharmacodynamic 

readout of drug effect. Serial monitoring with PupilMetrics Neuro allows 

physicians to: 

 

- Establish an individual pharmacodynamic baseline 

- Detect tolerance development (loss of miotic response at the same dose) 

- Identify unexpectedly high CNS load (possible opioid diversion reversal 

or unreported co-ingestion) 

- Document dose-effect relationships for medicolegal purposes 

 

### Addiction Medicine 

 

Buprenorphine and methadone produce measurable pupillary effects at 

therapeutic doses. In medication-assisted treatment programs, PLR 

monitoring provides an objective surrogate marker of medication adherence 



and dose adequacy — without requiring urine drug screens, which test for 

presence rather than pharmacodynamic effect. 

 

### Neurocritical Care and ICU Sedation Monitoring 

 

In mechanically ventilated patients, the PLR provides a continuous window 

into brainstem function and autonomic tone that does not require patient 

cooperation. The habituation index across serial assessments provides a 

dynamic measure of sedation depth that complements clinical sedation 

scales (RASS, SAS) and electrophysiological monitoring. 

 

### Sports Medicine and Concussion Clearance 

 

A critical practical problem in sports medicine is the neurological 

assessment of an athlete who is on pain medication. A concussed athlete 

prescribed hydrocodone for cervicogenic pain will have a 

pharmacologically suppressed PLR that is indistinguishable — on a single 

measurement — from a PLR suppressed by brainstem injury. The Drug Effect 

Monitor addresses this by: 

 

1. Running the full pharmacological pattern classification 

2. If a CNS depressant pattern is detected, flagging the medication 

interference list 

3. Alerting the clinician that the standard PLR assessment may be 

confounded and should be repeated after medication clearance 

 

### Clinical Research 

 

For researchers investigating CNS pharmacology, the Drug Effect Monitor 

provides a non-invasive, repeatable pharmacodynamic endpoint with 

millisecond-resolution waveform data, machine-exportable metrics, and a 

standardized protocol that eliminates the baseline contamination 

artifacts that plagued earlier pupillometry research. 

 

The Ethical Framework 
 

The Drug Effect Monitor was conceived within a specific ethical boundary, 

and that boundary is structurally enforced in the software. 

 

Objective pupillometry carries significant dual-use risk. A tool capable 

of detecting CNS depressant patterns could, in the wrong hands, be used 

to screen employees, test athletes, or generate legal evidence of 

intoxication. PupilMetrics Neuro is designed to prevent these misuses 

through: 

 

1. **Mandatory medication flags** — every CNS depressant or stimulant 

pattern result is immediately accompanied by a list of prescription 

medications that produce identical findings. There is no display of the 

pattern without the confounders. 

 

2. **Explicit disclaimer** — every results screen carries a non-

dismissible clinical use disclaimer that explicitly states this tool is 

not validated for drug screening, law enforcement, or employment 

purposes. 



3. **Clinical context framing** — the system presents a *pharmacodynamic 

pattern*, not a drug identification. The interpretation belongs to the 

physician. 

 

4. **No logging of pattern results** — the current implementation does 

not store pattern classifications in the scan database. PLR waveform data 

is the measurable output; the clinical interpretation is transient. 

 

The pupil does not lie about pharmacological state. That is precisely why 

the framework around interpreting it must be built with care. 

 

Technology Notes 

 

The Drug Effect Monitor runs on the same technical infrastructure as the 

standard PLR module: 

 

- **Dino-Lite digital iriscope** via the 32-bit C# COM bridge — provides 

frame capture and LED control 

- **Real wall-clock timestamps** in frame filenames — identical to the 

standard PLR; solves the 11 fps actual / 30 fps nominal frame rate 

problem inherent to USB COM-based capture 

- **5-point median smoothing** applied to the pupil-ratio series before 

baseline and post-flash metric extraction — eliminates single-frame blink 

or detection artifacts 

- **PLR detection threshold** — magnitude > 3 percentage points AND 

constriction > 10% of baseline; below this threshold, the trial is marked 

as non-detected (not as zero, preserving interpretability) 

- **2-minute inter-trial rest** enforced by countdown timer (with 

clinician-override option) — ensures valid redilatation to dark-adapted 

baseline before each subsequent trial 

 

A Note on Scientific Grounding 

 

The use of pupillometry as a pharmacodynamic endpoint for CNS drug 

effects was pioneered by clinical researchers in the late 1990s and early 

2000s, who recognized that objective PLR measurement could provide a non-

invasive surrogate for CNS opioid effect. Subsequent work confirmed 

pupillary metrics as reliable pharmacodynamic endpoints for opioids, 

benzodiazepines, and stimulants across acute and chronic dosing 

paradigms. 

 

PupilMetrics Neuro brings this research into an integrated clinical 

workflow. The pattern classification thresholds used in this module 

(baseline < 22% for depressant, > 38% for stimulant; habituation bands of 

0–15% / 15–30% / >30%) represent reasonable clinical heuristics derived 

from the pupillometry literature. They are not FDA-cleared diagnostic 

criteria, and all outputs require physician interpretation in the full 

clinical context. 

 

The goal is not to replace clinical judgment. It is to give clinical 

judgment a quantitative foundation. 

 

*PupilMetrics Neuro — Drug Effect Monitor — developed at CNRI.* 

*Built to measure pharmacological state, not to make accusations. * 


