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Editorial on the Research Topic
 The Pupil: Behavior, Anatomy, Physiology and Clinical Biomarkers



The pupil response is more than a simple light evoked reflex (1). At any moment, pupil diameter reflects the activity of complex neurological pathways to changes in the environmental illumination and autonomic activity through parasympathetic and sympathetic innervations (2). A mobile pupil also modulates retinal illumination and enhances visual performance by affecting the depth of focus and optical aberrations. This special issue brings together 110 co-authors from 17 countries across 24 original research articles and reviews, that together highlight the latest research on the afferent and efferent pupil control pathways in humans and animals and the influence of non-photic control factors on the pupil response, including cognition and attention, sleepiness, and circadian processing. It includes a significant focus on the non-invasive measurement of the pupil as a clinically important neurological marker of autonomic, midbrain, and central brain function. The publications are organized in this eBook according to studies describing the cognitive/sleep-related and light-evoked behavior of the pupil, the anatomy and physiology of pupillary responses, and clinical pupil biomarkers, and begins with the international Standards in Pupillography.


STANDARDS IN PUPILLOGRAPHY: Kelbsch et al.

The widespread application of pupillometry in basic and clinical measurements of humans and animals in ophthalmology, neurology, neuroscience, psychology, and chronobiology has necessitated the demand to introduce a set of recommendations and general standards. With this in mind, experts convened at the 32nd International Pupil Colloquium (IPC) in Morges Switzerland to discuss and prepare the first iteration of an international standard for pupillography (Kelbsch et al.). This living standard considers the procedures relating to data collection, processing and a minimum set of variables for reporting in publications. The guidelines cover specific applications, including the afferent pupil light response and conditions for differentiating the pupil light reflex initiated by rhodopsin-driven rod responses, opsin-driven cone responses, and/or melanopsin-driven ipRGC responses, the efferent pupillary pathway, pharmacological effects on the pupil, pupillography in psychology and psychiatry, and methods for evaluating sleepiness-related pupillary oscillations. The standard is applicable to measurements of the pupil in humans and animals and designed to facilitate its correct application and improve the comparability between studies.



THE PUPIL: LIGHT-EVOKED RESPONSES

In the past 20 years, it has been recognized that the pupillary light reflex is driven predominantly by a unique subset of intrinsically-photosensitive retinal ganglion cells (ipRGCs) that contain melanopsin and project to the pretectum, specifically the olivary pretectal nucleus (3, 4). Further, ipRGCs are strongly influenced by rod and cone inputs in addition to their slower, melanopsin-driven intrinsic responses (5, 6). Thus light-evoked pupillary responses are dependent on both spectral and temporal stimulus characteristics as well as on stimulus intensity (7).

Crippa et al. report original findings in an evaluation of chromatic pupil light responses under dark- and light-adapted conditions in healthy children aged 3–18 years; in their pediatric sample, the amplitude of the melanopsin-mediated pupil response was independent of age; together with previous evidence, melanopsin function is stable between the first and eight decades of life after which dysfunction becomes apparent. This contrasts with the earlier onset of age-related declines in rod and cone photoreceptor density, and highlights the value of measures of melanopsin-mediated pupil function as a clinical biomarker. The authors stratified their sample at 10 years of age and revealed the younger age group had smaller dark-adapted baseline pupil diameters and higher stimulus thresholds for evoking a criterion pupil response compared to the older pediatric group, with the older group being more similar to adults. Crippa et al. infer that the age-related threshold pupil response might reflect decreased retinal input to the olivary pretectal nucleus due to continuing post-natal retinal development in the younger cohort.

Bonmati-Carrion et al. evaluated the effects of extended (5 min) exposure to high irradiance monochromatic and bi-chromatic (polychromatic) stimuli on the pupil light reflex. Their novel evaluation of the pupil response to polychromatic lights was designed to differentially potentiate a change in the conformational state of the melanopsin photopigment; the pupil amplitudes were not however significantly different, indicating that any effect of the putative bistability of the melanopsin photopigment is not manifest in the pupil response under such conditions. On the other hand, the sustained post-illumination pupil response (PIPR) constriction amplitude increased when the monochromatic and polychromatic stimulus lights had higher levels of melanopsin excitation, consistent with literature reports.

Formalized by Estévez and Spekreijse (8) as a method to study the mechanisms of color and luminance processing, silent substitution is now widely applied in human visual neuroscience when pharmacological or transgenic manipulations are not applicable. As such, it is an essential technique for investigating photoreceptor control of the afferent pupillary response in humans, including in two original research articles reported in this special issue. Here, Spitschan and Woelders provide a tutorial on the silent substitution technique for generating metameric stimulus lights that preferentially activate one, or a combination of photoreceptor classes.

Using a multi-primary silent-substitution method to generate rod- and cone-pathway directed stimulus activations, Barrionuevo et al. quantified the summation characteristics of outer retinal photoreceptor inputs to the pupil control pathway. An electroretinogram (ERG) provided a direct measure of outer-retinal signaling and was recorded under the same conditions as the pupillary response. The authors observed that ERG and pupil measurements to photoreceptor-directed stimulus pairs of different temporal frequencies contained a response component at a frequency corresponding to the difference of the stimulus frequencies; this so-called beat response signifies the presence of non-linear rod and cone inputs to the pupil control pathway that originate in the outer retina.

To isolate interactions between melanopsin and the L-, M-, and S-cone-photoreceptor inputs to the afferent pupil light response in trichromatic humans, Zele et al. separated the component photoreceptor inputs using silent substitution and 5-primary photostimulation methods. The authors revealed the melanopsin-mediated pupil response signature as having a long latency and slow constriction velocity that remained sustained during and after stimulus exposure; cone mediated pupil responses had shorter latencies and faster constriction velocities to stimulus onset and rapidly redilated to baseline. Together, the inner and outer retina pupil signals combine additively to set a unified pupil diameter. Cone inputs control the tonic constrictions to variations in stimulus contrast and melanopsin inputs set the light adapted pupil diameter during prolonged light exposures.

The loci of gain-control processes within the pupil pathway that modulate constriction amplitude were identified by Carle et al. using their multifocal pupillographic objective perimetry (mfPOP) technique. The authors examined the pupil constriction to stimuli with different spatio-temporal densities originating from localized hemifields under monocular or binocular viewing. Pupil constriction amplitudes differed only when the signal density differed at the level of Edinger-Westphal nuclei (or later) but not in the retina and pretectal olivary nuclei, and for nasal and temporal hemifield stimulation this trend was present. They infer that pupillary gain controls are present in the Edinger-Westphal nucleus.



THE PUPIL: COGNITION/SLEEP

While many readers will be familiar with the constriction of the pupil that occurs with light, the pupil is also modulated by other factors including cognition, sleep, and arousal (9). For example, many studies have documented that pupil dilation accompanies mental effort or increased attention, while pupils constrict with sleepiness. Further, pupil dilation is seen when the subject experiences heightened vigilance and arousal. In their review article, Ebitz and Moore evaluated the pupil as a peripheral measure of cortical processing. They contend that top-down modulation of pupil diameter, whether it be due to shifts in visual attention or cognition, can cause an active filtering of the incoming light signal that gives rise to functional benefits. Following this, the Research Topic includes two original articles investigating top-down modulation on the pupil.

The effect of autonomic arousal on pupil size during presentation of human faces expressing different emotive content was investigated by Wang et al. In their study, activity of the sympathetic and parasympathetic branches of the autonomic nervous system were recorded concurrently with pupil size, using the galvanic skin response and heart rate. The authors reported a trial-by-trial fluctuation in pupil size prior to the presentation of the face that correlated with their sympathetic and parasympathetic measures. They infer that arousal levels involuntarily regulated by the autonomic nervous system can be indexed by pupil size.

In a study of the role of visual awareness on pupil constriction to scene images under conditions designed to influence top-down processing. Sperandio et al. modulated a person's awareness of images evoking the construct of perceived brightness, such as a picture of the sun. In their paradigm, visual awareness was altered using an interocular flash suppression paradigm. It was found that pupillary constrictions occurred in response to scenes containing images of the sun, but only when participants were visually aware of the image content. The authors suggest that extra-retinal pathways are driving these pupil responses.

The relationship between baseline pupil diameter and sleepiness was investigated by Daguet et al. in a demanding 56 h protocol that included a 36 h period of constant routine in dim light with enforced wakefulness. The baseline pupil diameters decreased linearly with time awake and had a superimposed sinusoidal rhythm wherein diameters were smallest in the morning and largest in the evening. Sleepiness also increased linearly with time awake due to an accumulation of sleep pressure, whereas the circadian drive for sleep followed a sinusoidal process that was phase shifted relative to the circadian variation in pupil diameter. Together these outcomes demonstrate that baseline pupil diameter is applicable as an index of sleepiness only at certain times of the day because of the interactions between the dual regulation of sleepiness by homeostatic and circadian processes.

Using virtual reality displays to generate rapid or gradual shifts in binocular disparity, Balaban et al. characterized the pupil responses and convergent or divergent movements required to resolve diplopia. The resultant eye movements and pupillary responses involved successive epochs of uncorrelated activity, coordinated near response activity and a coordinated opposite response pattern. The authors propose a system in which the disparity-driven ocular and pupillary responses are coordinated by the real-time interactive selection of different modes of a modified disparity controller with separate drives responsive to blur, binocular disparity and global luminance, and an additional three-state gain selection switch.



THE PUPIL: ANATOMY AND PHYSIOLOGY

The final efferent pathways controlling pupil diameter are comprised of both the parasympathetic and the sympathetic components of the autonomic nervous system. Parasympathetic postganglionic neurons project to the sphincter pupillae muscle of the iris to produce pupil constriction, while sympathetic postganglionic neurons project to the dilator pupillae muscle of the iris to produce pupil dilation (2). The development of the afferent pathways controlling the pupil light reflex have not previously been well-studied, and the predominant involvement of the ipRGCs in the reflex had only previously been addressed in rodents following ipRGC elimination (10). Here, Szabadi reviews the functional organization of the sympathetic pathways controlling the pupil with an emphasis on the anatomy and physiology of light-inhibited and light-stimulated pathways, sleep and arousal in nocturnal and diurnal species.

To investigate intrinsically photosensitive Retinal Ganglion Cell (ipRGC) mediation of the pupillary light reflex in Rhesus monkey, Ostrin et al. developed a melanopsin-directed immunotoxin that was delivered intravitreally. With increasing immunotoxin concentration, the pupil constriction to narrowband pulsed lights showed a progressive amplitude decrease and the PIPR was eliminated; at the highest concentration, flicker pupil responses were confined to irregular, transient constrictions. Taken together, the ipRGCs form the primary afferent pathway for mediating pulsed and flicker pupil response in non-human primates. The melanopsin-directed immunotoxin provides a new technique to the study the role of ipRGCs in circadian rhythms, and melanopsin contributions to image-forming visual functions in non-human primates.

The maturation of the pupillary response in two mouse models (C57BL/6 and Sv129S6) was evaluated by Kircher et al. Retinal structure was quantified using immunohistochemistry analysis and the functional PLR measures were combined with electroretinography. Age-related differences in transient and steady-stated pupil diameters were observed during early adulthood (1, 2, and 4 months). Developmental changes in the PLR in C57BL/6 mice were associated with differences in retinal sensitivity related to the rod and cone photoreceptors; in Sv129S6 mice, age-related changes in the PLR may involve variations within the central and/or peripheral pathways controlling the pupil. The authors infer that the circuitry associated with, rods, cones and ipRGCs reach functional maturity in the pupil pathways in adulthood (>2 months of age).



THE PUPIL: CLINICAL BIOMARKERS

Pupillometry outcomes provide clinical biomarkers of many ophthalmic and systemic diseases (11). Chromatic pupillometry is especially valuable due to its capacity to preferentially separate outer retinal (rod and cone-mediated) and inner retinal (melanopsin) responses in a single, objective, non-invasive pupil measurement (12). Rukmini et al. have reviewed chromatic pupillometry methods currently used for measuring inner and outer retinal photoreceptor function in ophthalmic disease. Further optimizations in these pupillometric technologies will lead to highly sensitive and accurate markers for use in disease detection and for monitoring progression, especially for they provide a direct measure of melanopsin-mediated ipRGC function. La Morgia et al. reviews the clinical studies of melanopsin retinal ganglion cell function in neurological and neuro-ophthalmic conditions, and emphasized its relevance as a biomarker in neurodegenerative disorders in which patients experience sleep and circadian dysfunction. Following this, Chougule et al. consider in their review a specialist application of the pupillary light response as a diagnostic indicator of Alzheimer's disease related effects on sympathetic and parasympathetic nervous system function, and in Parkinson's disease.

Omary et al. consider in their original clinical study the difficulty in diagnosing Horner's syndrome when topical pharmacological test results are inconclusive. A framework is introduced that uses surface electrical stimulation of the median nerve to accentuate the inter-ocular asymmetry of sympathetic innervation to the iris dilator and distinguish healthy from Horner's syndrome patients. In people with an ocular sympathetic deficit, anisocoria during the evoked pupil dilation is enhanced when electrical stimulation is combined with the pupillometry measurement at 2 s after light offset. Compared to a non-electric stimulation pupillometry paradigm, all patients with Horner's syndrome and those with pharmacologically induced Horner's syndrome demonstrate increased anisocoria, whereas in the in healthy participants there was no significant change in anisocoria.

In a retrospective analysis of the results from 660 pharmacological tests using topical administration of cocaine (2–10%) and apraclonidine (0.5–1.0%) in suspected cases of Horner's syndrome, Bremner determined the sensitivity of each drug test for detecting Horner's syndrome. Accounting for the pupil diameter in the dark and light, iris color and age, the sensitivity of apraclonidine for the detection of Horner's syndrome was 93% (criterion for abnormal: mydriasis ≥0.1 mm when measured in the dark), compared to 40% for cocaine (criterion for abnormal: mydriasis ≤ 0.5 mm when measured in the dark).

Dysfunctional ipRGCs can cause aberrant signaling of the ambient illumination to alter photoentrainment and mood in patients with seasonal affective disorder (SAD). Here, Feigl et al. quantified melanopsin function and light exposure in people with non-seasonal major depressive disorder who live in a sub-tropical environment. Compared to age-matched controls, people with major depression had similar melanopsin function and light exposure during a 2-weeks measurement period. The implication is that in seasonal and non-seasonal depressive disorders, the effect of light on mood is likely to be modulated by different pathomechanisms and/or involve different ipRGC subtypes.

To investigate cortical innervation of the pupil pathway via the insular cortex and prefrontal eye field, Peinkhofer et al. measured ipsilateral pupil light responses in a human clinical model with patients having localized ischemic infarcts in these brain areas. In both the patient and control groups, pupil diameter and constriction velocity were positively correlated, and within normal physiological limits. The absence of cortical input to the pupils due to localized damage in the insular cortex or prefrontal eye field therefore does not appear to affect pupil diameter or constriction velocity.

Naber et al. introduced a gaze-contingent flicker pupil perimetry method to objectively record pupil oscillations across the central visual field. In a clinical sample of patients with glaucoma or cerebral visual impairment, the pupil oscillation amplitudes were lower in visual areas having reduced sensitivity on standard automated perimetry. The outcomes provide the initial evidence of the potential diagnostic effectiveness of gaze-contingent flicker pupillometry in quantifying visual defects routinely evaluated in clinical settings using subjective visual perimetry.

As an indicator of autonomic function and trigeminal-vascular system activation in people with migraine, Cortez et al. measured the afferent-efferent pupillary light circuit using the edge-light pupil cycle time. This pupil cycle time was sufficiently sensitive so as to distinguish each migraine severity group from the non-headache controls. These findings reveal a potential opportunity for application of the edge-light test recorded under slit lamp examination as a simple test for detecting the earliest stages of peripheral trigeminal sensitization.

This special issue displays the diversity of the basic and clinical research currently undertaken to understand the behavior, anatomy and physiology of the pupil control pathway. The introduction of an international standard, and the development of new pupillometry methods will facilitate its widespread translation to clinical practices for the detection and monitoring of neurological disorders, for use as a biomarker in clinical trials for objective assessment of autonomic nervous system activity and as a direct measure of inner retinal (melanopsin) and outer retinal (rhodopsin and cone-opsin) mediated function. Studies show that melanopsin expressing ipRGCs form the primary afferent pathway for the pupil light response in mice (13) and primate (14, 15). The ipRGCs have reduced redundancy compared to conventional ganglion cells (5), are more resistant to age related decline than cells within the conical retinogeniculate pathways (16, 17), transmit information for image-forming vision (18) and for light dependent non-mage forming circadian and mood (19), and can be quantified directly in a single unitary measure, through pupillometry (12, 20). As a gateway to the central and peripheral nervous systems, the pupil has much to reveal to all those who study it.
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The number of research groups studying the pupil is increasing, as is the number of publications. Consequently, new standards in pupillography are needed to formalize the methodology including recording conditions, stimulus characteristics, as well as suitable parameters of evaluation. Since the description of intrinsically photosensitive retinal ganglion cells (ipRGCs) there has been an increased interest and broader application of pupillography in ophthalmology as well as other fields including psychology and chronobiology. Color pupillography plays an important role not only in research but also in clinical observational and therapy studies like gene therapy of hereditary retinal degenerations and psychopathology. Stimuli can vary in size, brightness, duration, and wavelength. Stimulus paradigms determine whether rhodopsin-driven rod responses, opsin-driven cone responses, or melanopsin-driven ipRGC responses are primarily elicited. Background illumination, adaptation state, and instruction for the participants will furthermore influence the results. This standard recommends a minimum set of variables to be used for pupillography and specified in the publication methodologies. Initiated at the 32nd International Pupil Colloquium 2017 in Morges, Switzerland, the aim of this manuscript is to outline standards in pupillography based on current knowledge and experience of pupil experts in order to achieve greater comparability of pupillographic studies. Such standards will particularly facilitate the proper application of pupillography by researchers new to the field. First we describe general standards, followed by specific suggestions concerning the demands of different targets of pupil research: the afferent and efferent reflex arc, pharmacology, psychology, sleepiness-related research and animal studies.

Keywords: clinical standards, pupillography, application of pupillography, stimulus characteristics, parameters of evaluation, analysis, pupillometry


INTRODUCTION

Otto Lowenstein and Irene Loewenfeld established a new era of pupil research with the development of infrared-video-pupillography (1). In the first instance, each single picture of the pupil was analyzed manually, before Lowenstein and Loewenfeld introduced the first on-line analysis with their newly constructed photoelectric pupillograph in 1947. It was not until the late seventies, when videotaping became possible, allowing recording of the pupil diameter continuously in darkness via infrared-videography with a combined computerized data analysis. Based on the knowledge of Irene Loewenfeld's outstanding life work (2), and particularly since the description of melanopsin expressing intrinsically photosensitive retinal ganglion cells (ipRGCs), there has been an increased interest and broader application of pupillography in ophthalmology as well as other fields including psychology and psychiatry.

IpRGCs, a subclass of retinal ganglion cells, are capable of detecting light directly via the photopigment melanopsin (3, 4), in addition to receiving input from the traditional extrinsic pathway via photoreceptors of the outer retina. Thus, the pupillary light reflex consists of rhodopsin-driven rod responses, opsin-driven cone responses and melanopsin-driven ipRGC responses (5–11). Depending on the stimulus paradigms, such as stimulus size, brightness, duration, and wavelength as well as background illumination and adaptation state of the retina, pupillary responses reflect these different response components.

Color pupillography currently plays an important role in different clinical and research areas. On the one hand, there is fundamental basic science being performed based on pupillographic animal studies with knockout models (12–14), but also on the cellular level (15, 16). On the other hand, there are pupillographic clinical studies in humans in order to better understand the pupil circuitry [e.g., (17, 18)] and the pathomechanism and remaining retinal functionality of certain diseases, e.g., glaucoma (19–23), Retinitis pigmentosa (9, 24–27), age-related macular degeneration (28–30), diabetes (31–33) or hereditary optic neuropathy (34). Furthermore, pupillography comes into use in clinical observational and therapy studies like gene therapy of hereditary retinal degenerations (35), studies on attention-modulation (36), in chronobiology [(37–39), for a review see (40)] and in psychopathology, psychiatric disorders and neurodegenerative conditions (41–45). Additionally, pupillography is indispensable in sleepiness-related research and the pupillographic sleepiness test (PST) has been developed into an objective measures of day time sleepiness (46, 47). In the last years, automated pupillography also found its way into the evaluation of patients in intensive care units, particularly using pupillary abnormalities in the management of severe traumatic brain injury as an indicator for an increased intracranial pressure (48) or in the management of analgesia (49, 50).

In all disciplines, one takes advantage of analyzing the pupil behavior and pupillary responses to specific stimuli: Pupil measurements are contactless, easily accessible, and objective, with only minor cooperation required from the examined participant.

The number of researchers studying the pupil is increasing, as are the number of publications, which increased almost exponentially over the past 50 years. In order to achieve a higher comparability of pupillographic studies worldwide and to increase the scientific weight of pupillography and pupil research, standards in pupillography regarding methodology including recording conditions, stimulus characteristics, as well as an agreement about parameters of evaluation are needed. Standards particularly facilitate the steps to perform a technically appropriate pupillographic procedure and to analyze and report the data properly, and pupillographic guidelines serve as a common basis for pupillography in scientific and clinical applications between different labs.

Visual electrophysiology, which allows for an objective evaluation of the visual pathway similar to pupillography, was confronted with similar requirements: Research groups started to develop sophisticated stimulus paradigms, leveraged by advances of technology and companies started to implement them into electrophysiological equipment. With the growing and widespread importance of visual electrophysiology for research and clinical routine, it became apparent that a common agreement of the principles of conducting visual electrophysiological tests was necessary in order to guarantee the comparability of results obtained in different labs, especially in clinical settings. The International Society for Clinical Electrophysiology of Vision (ISCEV)1 recognized the need for standardization at its founding in 1961 (51, 52), but it took until 1989 until the first standard for electroretinography was published (53). These standards describe a set of basic stimuli that should be recorded in electrophysiological tests performed clinically. Marmor and Zrenner, two of the authors of the standards, state: “This ensures that electrophysiologic testing will always produce a core of data that is recognizable and comparable everywhere, whether for clinical or research purposes. This program of standardization has been highly successful. Today, most publications using visual electrophysiology refer to these standards and the major manufacturers of clinical electroretinographic equipment have incorporated them into their stimulus protocols.” (54). Nowadays, standards are available for the different examination techniques in visual electrophysiology (55–59) which are accompanied by guidelines for calibration of stimulus and recording parameters (60) as well as a general guide to visual electrodiagnostic procedures (61). These standards and documents could serve as blueprints for analogous standards concerning stimulus and recording parameters of pupillography.

Initiated at the 32nd International Pupil Colloquium 2017 in Morges, Switzerland, the aim of this manuscript is to outline standards in pupillography based on current knowledge and experience of pupil experts in order to achieve greater comparability of pupillographic studies. It is divided into two major parts with general recommendations and specific application areas of pupillography:

I. Part: General standards for Pupillography

Data collection and processing

Reported/provided data

II. Part: Specific standards for Pupillography

1. The afferent pupillary pathway
	
1.1 Rod and cone photoreceptor contribution to the pupil light reflex

1.2 Melanopsin - The Post-Illumination Pupil Response (PIPR)

1.3 Special clinical applications

2. The efferent pupillary pathway

3. Pharmacology

4. Psychology and Psychiatry

5. Sleepiness-Related Pupillary Oscillations

6. Animals

The first part is concerned with general standards for pupillography which should be reported in any pupillographic study. It contains basic information about the pupillographic device, the adaptation status of the retina, the stimulus characteristic as well as general information about the examined species. The second part provides specific standards regarding the specific demands of different areas of pupil research: the afferent pupillary pathway, the efferent pupillary pathway, pharmacology, psychology and psychiatry, sleepiness-related research and animal studies. It begins with a description of appropriate stimulus characteristics, followed by a presentation of appropriate response analysis parameters.



I. PART: GENERAL STANDARDS FOR PUPILLOGRAPHY


Data Collection and Processing

In addition to time series data, all pupillographic recordings should include data based on the Minimum Information about a Neuroscience Investigation (MINI), published by the CARMEN consortium (62). These data allow for the interpretation and the evaluation of the data by independent readers and can facilitate later computational access and analysis. Table 1 gives an overview of these guidelines adapted for pupillography.



Table 1. Overview of the MINI recommendations of the CARMEN consortium (62) adapted for pupillography.
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Reported/Provided Data

Information on the following topics is essential and recommended being addressed in any paper containing typical experiments performed with pupillography.

Pupillographic Device

The pupillographic device should be sufficiently explained to allow replication. That requires primarily whether a commercially available device (including name, city, and country of producer) or a self-built pupillograph has been used. The different components should be outlined together with the characteristics of the device including spatial and temporal resolution of the camera and the method of measurement (direct vs. consensual vs. binocular measurement of the pupils). Moreover, the method of stimulus presentation should be reported as stimuli might be either presented as a full-field (Ganzfeld bowl, mini-Ganzfeld bowl/tube, Maxwellian view/glasses) or focally on a hemisphere (perimetry) or a flat monitor (campimetry). The respective distance between the examined participant's cornea and the presented stimulus' location is required.

Demographic Data

Information on the examined species is crucial; this includes whether human subjects or animals were tested and should always be accompanied by a statement of keeping the conditions of ethical standards according to the Declaration of Helsinki and animal standards. The age range is likewise required as information of the sex and specific features like clinically verified diseases or known genotypes. When comparing participants with a certain disease and healthy controls, information on which tests have been performed to verify the diagnosis should be given. The number of participants included is influenced by the design of the experiment and the requirements of the post-experiment statistical analysis. A prior power analysis will help to determine whether the number of participants included is sufficient to avoid Type I error. The health status of the participants should be reported; it is customary to do this in the form of inclusion and exclusion criteria. In the case of healthy volunteers, medication with potential influence on the pupillary responses should be excluded. Many drugs of different classes can affect the pupil, however, there are some general patterns. The most common offenders are drugs that interact with the sympathetic and parasympathetic innervations of the iris, either peripherally or centrally (Figure 4), and drugs that influence the level of arousal (63) due to the coupling between arousal and autonomic activity (64–66). Many drugs in overdose can induce non-specific effects, such as general CNS depression, leading to coma, or CNS over-excitation, leading to seizures. CNS depression is usually accompanied by miosis, and over-excitation by mydriasis. Table 2 gives an overview of selected topical and general medication potentially interfering with the pupillary responses. However, if patients are included, it may not be possible to exclude all these medication; in this case, all medication should be documented.



Table 2. Effect of drug treatment on the pupil.
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Adaptation State of the Retina

We recommend to report the background and room illuminance (Lux) during the measurements and, if applicable, the pre-dark or pre–light adaptation times to room illumination (light-adapted vs. dark-adapted vs. mesopic condition vs. no adaptation). With regard to dark adaptation times, Wang et al. showed a significantly increased transient and sustained contraction amplitude of the pupil light response during dark adaptation and consequently suggested a period of 20 min of dark adaptation for consistent pupil responses (67).

The first pupillary response in a series may be excluded from analysis, e.g., due to a larger response owing to the pre-stimulus state of relative dark adaptation. This has to be applied in a consistent way for all recordings and has to be reported in the methods.

Stimulus Characteristics

Particular importance is ascribed to the stimulus characteristics themselves to make an experiment transparent and comparable to others. These include the method of stimulus presentation (full-field stimulation vs. local stimulation) and, in the case of a local stimulation, the exact stimulus size.

Furthermore, information regarding the stimulus intensity, duration, inter-stimulus time and wavelength (color) should be reported. These parameters determine whether rhodopsin-driven rod responses, opsin-driven cone responses, or melanopsin-driven ipRGC responses are primarily elicited.

Baseline Diameter

For a reliable interpretation of the data and to facilitate replication of findings, the absolute pupil baseline diameter before the stimulation should be reported. This metric varies widely across participants with a characteristic decreasing pupil size with age (2) and hints for smaller pupil sizes in specific retinal diseases, e.g., in CNGA3-linked Achromatopsia (35). Further analyses should usually be based on relative values as pupillary responses are dependent on the initial baseline diameter, which should be obtained during a sufficiently long recording period to ensure a steady and reliable estimate. Such normalizations limit the effect of fluctuations in diameter and control for individual differences in pupil diameter, including senile miosis. To normalize pupillary responses, the absolute pupil diameter at any given time is converted to a relative pupil constriction amplitude in percent from baseline, e.g., by the following formula:

relative pupil constriction amplitude at time x = [(baseline pupil diameter – absolute pupil diameter at time x)/baseline pupil diameter] × 100.

For specific research questions, particularly in psychological experiments with additional behavioral or performance context and pharmacological studies, it might also be reasonable to evaluate the actual change in diameter; we discuss this issue in the specific chapters.




II. PART: SPECIFIC STANDARDS FOR PUPILLOGRAPHY

Beside the above mentioned general standards that we strongly encourage researchers to consider in a publication, specific standards for the different research areas and applications of pupillography are important. In the following, the proposed specific standards and suggested investigation strategies regarding suitable stimulus characteristics as well as appropriate response analysis parameters are presented.



1. THE AFFERENT PUPILLARY PATHWAY
 Authors: Carina Kelbsch, Andrew J. Zele, Beatrix Feigl And Helmut Wilhelm

The afferent pupillary pathway consists of the retinal photoreceptors, the bipolar cells, the retinal ganglion cells, the optic nerve and optic tract, ends at the olivary pretectal nuclei which connect to the Edinger Westphal nuclei where the efferent pathway begins (see Figure 1).


[image: image]

FIGURE 1. The pupillary pathway. The afferent pupillary pathway comprises the retinal photoreceptors, the bipolar cells and the retinal ganglion cells whose axons form the optic nerve. Temporal fibers run ipsilaterally while the nasal fibers cross to the contralateral side in the optic chiasm. Afterwards, they form the optic tract and synapse at the olivary pretectal nucleus therefrom connecting to both Edinger Westphal nuclei (blue continuous line). The efferent pathway from the Edinger Westphal nucleus to the pupillary sphincter via the ciliary ganglion is depicted in dashed lines.



The following variables influence the pupillary light response and should therefore be specified:

- Stimulus wavelength (nm; peak and bandwidth at half maximum)

- Stimulus irradiance (log photon.cm−2.s−1, W.m−2), stimulus luminance (cd.m−2) and/or stimulus illumination (Lux)

- Stimulus size (degrees visual angle) and shape (if not circular; e.g., quadrant)

- Stimulus localization/ fixation eccentricity (if not full-field)

- Stimulus duration (s) and frequency (Hz; for periodic temporal modulation)

- Background wavelength and irradiance (log photon.cm−2.s−1) or luminance (if not dark)

- Dark and light adaptation times (min)

- Inter-stimulus interval (s)

- Number of repetitions

To assess retinal function, specifically designed stimulation paradigms are required to stimulate the extrinsic pathway via rods and/or cones or the intrinsic pathway of melanopsin-expressing intrinsically photosensitive retinal ganglion cells (ipRGCs). In the following, we first provide recommendations for test stimulation protocols and analyses for objectively quantifying rod and cone photoreceptor inputs to the afferent pupillary pathway. These are based on an evaluation of modern approaches that we anticipate can provide a platform to facilitate the development of new protocols (Chapter 1.1). Then, we introduce a series of recommendations for the assessment of melanopsin inputs to the pupillary pathway (Chapter 1.2).


1.1 Rod and Cone Photoreceptor Contribution to the Pupil Light Reflex

Introduction

Human vision spans more than ~10 log of units of retinal illumination through the combined activity of rod and cone photoreceptors. In bright, photopic illumination, vision is initiated by the output of three different cone classes with overlapping absorption spectra and peak sensitivities at short wavelengths [S-cones: ~445 nm (corneal, 10° standard observer); ~420–430 nm (retinal)], medium wavelengths [M-cones: ~541 nm (corneal, 10° standard observer); ~530–534 nm (retinal)] and long wavelengths [L-cones: ~567 nm (corneal, 10° standard observer); ~561–563 nm (retinal)] (68–71). Rod photoreceptors [peak ~507 nm (corneal); ~491–498 nm (retinal)] initiate vision under dim, scotopic illumination and both the rods and cones are operational at intermediate, mesopic illuminations. In addition to their different spectral sensitivities, the rod and cone systems show different temporal, spatial and adaptation responses, and topographical retinal distributions. Taken together, their unique and combined contributions to vision (and the pupil light reflex) will vary with the spectral, temporal, spatial and adaptation characteristics of the stimulus conditions (72) and so differences in the stimulus conditions will be reflected in changes in the relative sensitivity of the two systems and their contributions to the pupil light reflex. Ultimately, spectral sensitivity measurements will be necessary to quantify the relative rod and cone contribution to the pupil light reflex for a particular set of stimulus conditions and analysis metrics as has been demonstrated for the pupil constriction during light stimulation (73) and the post-illumination pupil response, or PIPR (8, 74, 75).

Stimulus Characteristics

The separation and measurement of rod and/or cone contributions to the pupil has been assessed using techniques pioneered in visual psychophysics. A primary approach uses selective chromatic adaptation (76) with monochromatic test lights presented against monochromatic adapting background lights of different irradiances. The idea is that a background wavelength and irradiance can be chosen to desensitize (adapt) one or more photoreceptor classes, with the test wavelength chosen to bias the response to another photoreceptor class. The rod system has a higher luminous efficiency (V'λ) at shorter wavelengths than the cone pathway (Vλ), with this difference approaching zero at longer wavelengths (>650 nm) (77). Below cone threshold (~1 Troland), all stimulus wavelengths are mediated via rods (note that melanopsin contributions to vision and the pupil are still to be defined under scotopic illumination, but are believed to be negligible). In the mesopic and moderate photopic range (below rod saturation), no monochromatic light will isolate rods or cones, with the relative degree of separation dependent on the sensitivity of the two systems to the stimulus conditions. When possible, this should be estimated.

To favor detection to the rod system, Aguilar and Stiles (78) determined that a blue-green test stimulus (<490 nm) will provide a high ratio of rod to cone sensitivity; a red adapting background light (>610 nm) stimulates the cone system more than rods (a low ratio of rod to cone sensitivity) and reduces cone sensitivity. The stimulus light also entered the eye at the edge of the pupil to take advantage of the Stiles-Crawford (79) effect. To bias detection to the cone system, high irradiance adapting fields are required to saturate the rods, with the monochromatic test and field wavelengths reversed. When assessing the cone system, the stimulus properties, particularly the irradiance, size, duration and retinal eccentricity will influence the responsivity of the three primary post-receptoral pathways (80, 81). The success of selective chromatic adaptation is also limited by the assumption that the rod and cone systems are independent (the duplicity theory of vision), and this is not the case due to the rod and cone signals sharing the same post-receptoral neural pathways (72). For cone mediated pupillary responses, a high irradiance adapting field becomes problematic, as it drives the pupil into a relatively miotic state, reducing its dynamic range of movement to superimposed pedestal light stimuli. Therefore, there is usually a compromise between the background adapting field intensity and the level of rod suppression when attempting to isolate cone mediated pupillary responses.

Given that age-related changes in the optical media attenuate the stimulus corneal irradiance to modify pupillary responses, lens density should be estimated and controlled for in the study design [e.g., LOCS III; (82)]. However, an increase in lens density may also be partially compensated for by photoreceptor adaptation. The absorption of the stimulus light at the test wavelengths can be quantified (83, 84). It's necessary to highlight that when pupillary responses are measured with rods and cones in different states of sensitivity, this influences comparisons about the degree of rod and cone photoreceptor dysfunction detected in patients. Moreover, retinal and/or optic nerve disease can lead to a remodeling of the neural pathways (85) and so the level of photoreceptor separation may be dissimilar within and between patients and healthy control participants. Inferences about the relative degree of rod and cone dysfunction in disease are presumably possible when the two systems are measured under similar viewing conditions. Current research addresses this issue by using multiple-primary colorimetric techniques with the method of silent substitution (86–90). With this approach, specific photoreceptor classes (e.g., rods, cones, melanopsin) can be directly modulated to study the afferent pupillary response; it is evident that the pupillary responses from different photoreceptor classes vary in amplitude and phase depending on the photoreceptor input combination and so in the future these findings will be important for developing new approaches to isolate and separate rod, cone and melanopsin contribution to the pupillary response.

There are examples of chromatic pupillometry methodologies that provide initial efforts to separate rod and cone function through the careful control of the wavelength, irradiance, size and duration of the test stimuli; the degree of separation of rod and cone (and melanopsin) function that these conditions provide is still to be determined. At light levels below cone threshold, short wavelength lights are presented in the dark to bias the response to rods, with the PIPR amplitudes minimized under such conditions (9, 11, 35). To ensure maximal rod sensitivity, the pre-stimulus dark adaptation time should be at least 30 min (91); although this is not practical for all clinical protocols, shorter periods will influence the relative rod and cone sensitivity to the test stimuli. When using selective chromatic adaptation to bias pupil responses to the cone system, a red test stimulus (>610 nm) is presented against a blue background (< 490 nm) to suppress rod function (11); a 467 nm, 0.78 log cd.m−2 background has a similar scotopic luminance to a 30 cd.m−2 white background as used in the standard ISCEV protocol (11, 92). Quantal matched long (and short) wavelength test stimuli can be included in each condition as a control. Because the pupil diameter returns to the dark-adapted baseline faster than after photopic test stimuli, the inter-stimulus interval is shorter for scotopic test conditions. As mentioned previously, a bright adapting light can present its own problem with reducing the dynamic range of pupil movement due to the relatively miotic state induced by a bright adapting background. Furthermore, in light-adapted condition, pupillary measurements become noisier as light-induced oscillations may occur during the exposure to the background light (2).

Analysis

During presentation of a light stimulus with low melanopsin excitation, the pupil light reflex is mainly driven by extrinsic cone and rod inputs to ipRGCs. For these conditions, analysis metrics include the transient response, latency to constriction and maximum pupil constriction amplitude. Both, absolute (in mm) or relative amplitudes (in %) relative to the baseline pupil diameter can be used, but the relative pupil constriction amplitude should always be provided (see Part I, general standards). Another parameter is the maximal constriction velocity which is proportional to the amplitude. Additional information may be gained by measuring the latency to constriction, inversely correlated to stimulus brightness and size and the time to maximal constriction. For an overview of typical pupillographic analysis metrics as well as more detailed information regarding stimulation characteristics, please refer to the following chapter (Figure 2; 1.2 Melanopsin-The Post-Illumination Pupil Response, PIPR).
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FIGURE 2. Post-Illumination Pupil Response (PIPR) metrics. Consensual pupillary response to 1 s pulses (horizontal blue line at time 0; 465 nm blue, 637 nm red-the gray line represents the pre- and post-stimulus periods in the dark) measured in Maxwellian view (35.6° diameter stimulus; 15.1 log quanta.cm−2.s−1). Details of the pupil light response (PLR) and Post-Illumination Pupil Response (PIPR) metrics are described in the figure. Data are for a representative healthy observer (traces are the average of 3 repeats). Traces courtesy of Prakash Adhikari, Beatrix Feigl and Andrew J. Zele.



Application

Chromatic pupillometry has been applied in various forms in clinical studies, including those with patients with rod and cone dystrophies such as Retinitis Pigmentosa (9, 24–27, 93, 94) and achromatopsia (35, 95), as well as in animals, including canine (96, 97) and mouse (98). These paradigms quantify the PLR metrics (see also Figure 2; 1.2 Melanopsin-The Post-Illumination Pupil Response, PIPR) after exposure to test stimuli specified according to their:

(a) stimulus wavelength (e.g., narrow band chromatic lights, broadband white lights), duration, area, fixation eccentricity and the dark- and light-adaptation levels (and pre-adaptation durations) that are optimized to stratify the rod-cone cut-offs under conditions of dark and light adaptation (11, 35, 99–103) that bias pupil responses to either rods or cones based on their characteristic spatial and temporal summation (104). A rod-favoring-condition may include a dim, short wavelength stimulus (e.g., 4 ms; 0.01 Lux corneal illumination) after prolonged dark adaptation and cone-favoring-condition with a brighter long wavelength stimulus (e.g., 1000 ms; 28 Lux) after a 10 min period of light adaptation (35);

(b) increment pulses increasing in a step-wise pattern from high mesopic to low photopic luminances (1, 10, 100 cd.m−2; 45° diameter stimuli), which may be followed by a 30 s dark-period for additionally recording the Post-Illumination Pupil Response (95);

(c) a logarithmic increase in stimulus irradiance from 8.5 to ~14.5 log quanta (scotopic to photopic; full-field Ganzfeld stimuli) over a 2 min period, with 1 min pre- and post-stimulus periods of darkness (23);

(d) measurement of the peak-to-trough amplitude of the flicker (0.5 Hz) pupil response to blue test stimuli (with high melanopsin excitation) and red test stimuli (with low melanopsin excitation) (105), with the amplitude indicative of the level of interaction between the outer retina photoreceptors and inner retinal melanopsin, as calculated using the phase amplitude percentage (PAP) metric (28) that has application in disease detection (29, 44).



1.2 Melanopsin-The Post-illumination Pupil Response (PIPR) Authors: Andrew J. Zele, Beatrix Feigl, Yanjun Chen, Paul D. Gamlin and Randy Kardon

Introduction

In human and non-human primate retina, melanopsin-expressing intrinsically photosensitive Retinal Ganglion Cells (ipRGCs) stratify the inner and outer regions of the inner plexiform layer, encircle the foveal pit, and increase in dendritic field diameter with increasing eccentricity, independent of their soma size (7, 16, 106). Signals originating in outer retinal rod and cone photoreceptors are transmitted extrinsically to ipRGCs via synaptic connections with DB6 diffuse bipolar cells and dopaminergic amacrine cells (16, 107–109). With a morphology and functionality distinct from conventional retinal ganglion cells (7), ipRGCs project 1) via the retinohypothalamic tract to multiple brain regions (110) for non-image forming functions including to the suprachiasmatic nucleus, the endogenous biological clock, to synchronize biological and physiological processes to the 24-hour light-dark cycle (5, 6, 111–115), 2) the pretectal olivary nucleus in the midbrain to regulate pupil diameter (8, 110), and 3) the lateral geniculate nucleus of the thalamus (7, 16, 110) for image forming visual functions (90, 116–118).

A signature biomarker of human melanopsin function is the Post-Illumination Pupil Response (PIPR), the sustained pupil constriction after light offset (Figure 2). This PIPR follows a characteristic irradiance-response relationship (8, 11, 74) with a half-maximal constriction for a retinal irradiance of ~13.5 log photons.cm−2.s−1 (8); the largest sustained pupil constriction occurs at ~482 nm, the peak sensitivity of the melanopsin photopigment, as evidenced directly from spectral sensitivity measurements of the PIPR in humans (8, 28, 74) and non-human primates (8). Between light offset and ~1.7 s post-illumination, the peak sensitivity of the PIPR shifts to longer wavelengths to reflect major inputs from rhodopsin and melanopsin, with minor cone contributions (75).

Stimulus Characteristics

The following stimulus optimizations pertain to the measurement of the melanopsin-mediated PIPR measured in a darkened environment without immediate pre- or post-stimulus light adaptation. The optimal stimulus wavelength is nearer the melanopsin peak sensitivity (~482 nm), but any wavelength can produce PIPR amplitudes similar to the optimal wavelength by suitably scaling the irradiance according to the principle of univariance (119). Such alternate wavelength selections can be advantageous e.g., for limiting confounds from age-related lens attenuation. A long wavelength light (e.g., >635 nm) is typically included as a control to quantify non-specific autonomic factors, to measure extrinsic photoreceptor inputs to the pupil under conditions to which melanopsin has low sensitivity and to rule out the effect of lens attenuation.

Light output is ideally specified as the corneal or retinal irradiance using radiometric units (e.g., photon flux [log photons.cm−2.s−1] or irradiance [W.m−2]). Stimuli of different wavelengths need to apply the same irradiance for comparability. Radiometric units are preferred because the photopic relative luminous efficiency (V) is defined exclusively in terms of additive L+M cone function (120). The quantification of the light in terms of its melanopsin excitation, that is the alpha-opic lux (121) or relative cone Trolands (122) will facilitate comparison between radiometric and photometric units.

Luminance (cd.m−2) or corneal illumination (Lux), which are widely used in clinical applications, need to be combined with the stimulus wavelength.

Stimulus areas can be custom-selected to be full-field (e.g., Ganzfeld) or smaller focal-fields that localize responses to select visual field regions. The pupil pathway is presumed to integrate over larger retinal areas than image-forming vision (102, 123–126) and pupil measurements indicate that the PIPR follows a hill-of-vision with larger amplitudes in central than peripheral retina (127) which could be attributed to eccentricity related changes in ipRGC dendritic field density (7, 16, 106). Therefore, the select spatial stimulation of the PIPR will have advantages in the detection of early retinal dysfunction (21) due to the reduced number of ipRGCs [~3,000; (7)] compared to conventional ganglion cells [~1.5 million; (128)]. The PIPR has been assessed using stimulus durations ranging from 4 ms to 30 s (11, 74, 102), with 1 s test pulses (Figure 2) showing wide applicability due to their large, robust and repeatable PIPR amplitudes that are sustained for about 80 s with stimulus irradiances above 14 log photons.cm−2.s−1 (74). The PIPR duration should be considered when determining the inter-stimulus interval, as well as the recovery from after-images of the stimulus light. The PIPR is typically measured using increment pulses. The flicker pupillary response to sinusoidal test stimuli has a low pass characteristic with a peak amplitude at ~0.5 Hz and high frequency cut-off near approaching 9 Hz (86, 105, 129, 130). With such sinusoidal temporal modulations the PIPR amplitude is presumed to be dependent on stimulus irradiance, and independent of temporal frequency in the range of 0.2–4 Hz (105).

A natural pupil is subject to fluctuations in diameter due to variation in autonomic nervous system tone, accommodation and vergence eye movements, environmental factors (ambient light, sounds, etc.) and interval (attention and alertness that reflects central nervous system adrenergic outputs) (131). A problem in closed-loop pupillographic paradigms is that the pupil of the test eye changes size during light presentation and subsequently alter the retinal irradiance (11, 132, 133). This could be overcome by mydriasis (in consensual pupil recordings) or using an open-loop Maxwellian view pupillometry system (with or without mydriasis) that focuses the stimulus image within the plane of the pupil (134). However, in clinical trials both methods may rarely be practicable because mydriasis interferes with other essential ophthalmological tests and not all laboratories have access to Maxwellian view systems.

Analysis

Post-illumination pupil response metrics quantified from 1.8 s post-stimulus onwards in time will provide a direct measure of human melanopsin function (Figure 2), with variability being the key determinant for the particular choice of metric (74); analyses are conducted with reference to the pre-stimulus baseline pupil diameter recorded prior to stimulus onset to achieve a stable and robust estimate in millimeters (mm, absolute pupil diameter) or percentage (%, relative pupil constriction amplitude). Under light adapted conditions, the pupil receives significant melanopsin input (88). Commonly implemented PIPR metrics include the plateau PIPR (8, 9); the PIPR amplitude [e.g., a 1s window at a pre-set time, such as 6 s post-illumination; (11, 74)] that is set for a participant cohort and specific stimulus conditions by determining the largest difference between the long wavelength (control) and short wavelength (test) PIPR amplitudes for the control group during a moving 1 s window (44); the PIPR average during pre-specified time epochs including the early and late Area Under Curve (AUC) [e.g., 2–10 s or 10–30 s post-illumination; (26, 135, 136)]; the net PIPR is the difference between the long wavelength (control) and short wavelength (test) PIPR amplitudes (19, 137); the redilation velocity (20) and the PIPR duration (74). Of these metrics, the PIPR amplitude and plateau PIPR show the lowest coefficient of variation which indicates these two metrics are the most reliable from one test to another in the same participant (78). During presentation of a light stimulus with low melanopsin excitation, the pupil light reflex is mainly driven by extrinsic cone and rod inputs to ipRGCs and metrics such as the transient response, latency to constriction and maximum pupil constriction amplitude are considered for analysis of outer retinal function (95). IpRGCs also act to keep the pupil constricted during light stimulation (73, 138, 139). The Phase Amplitude Percentage (PAP) can be used to study the interaction between inner and outer retinal inputs to the phasic pupil response during sinusoidal light stimulation (28).

Application

IpRGCs are presumed to be relatively robust to aging, with functional studies showing stable PIPR responses into the seventh decade (137, 140), and histological studies of human retina showing ipRGCs density is stable until this age, with a loss in density and dendritic arborization of human ipRGCs after the age 70 (141). The stability of PIPR amplitude across much of the lifespan (after controlling for age-related lens attenuation) makes it an objective reference marker of ophthalmic function for applications in clinical aging studies. No effect of refractive errors ranging between +3.00 and −9.25 D on the melanopsin mediated PIPR amplitude could be shown (140).

The melanopsin mediated PIPR can be applied in clinical cohorts to detect and monitor the progression of ipRGC dysfunction in disease. IpRGC dysfunction has been observed in a variety of retinal and optic nerve diseases, in particular at early stages, including in glaucoma (19–23), diabetic retinopathy (31, 32, 142), age-related macular degeneration (29, 30), and ischemic optic neuropathy (143). IpRGC function is largely preserved in mitochondrial optic neuropathy (135, 144) and in Retinitis Pigmentosa (9, 24–27). Altered melanopsin-dependent pupillary responses are also evident in neurologic and psychiatric conditions including seasonal affective disorder (41, 45), multiple sclerosis (145) and Parkinson's disease (44). As a direct measure of melanopsin function, the technique also has widespread application in the assessment of ipRGC function in chronobiology (37, 39).



1.3 Special Clinical Applications

Pupillographic Swinging Flashlight Test

Examination of the afferent pupillary pathway is a routine test in clinical and basic science investigations to determine the functionality of the retina and optic nerve signaling to the brain in the healthy eye or in specific disease. The comparison of the pupil light response between both eyes with the so-called swinging flashlight test is the standard for screening and diagnosing unilateral or asymmetric neuroretinal deficits by revealing a relative afferent pupillary defect (RAPD). The swinging flashlight test was first described by Levatin (146) and further developed by Thompson (147), and can be either assessed by an experienced clinician using a flashlight and neutral density filters, or by using pupillography that compares the pupil constriction amplitudes of both eyes quantitatively. With automated pupillography a stimulus response curve can quantify the difference between both eyes objectively (148) as opposed to the manual swinging flashlight test that is subjective and introduces examiner bias. The amplitude of the pupillary response is proportional to the logarithm of the intensity of the test light. Assessing the RAPD automatically might particularly help in precisely monitoring possible therapeutic effects in optic nerve diseases or serve as a screening method for defects of the afferent pathway. Pupillographic and swinging flashlight evaluation with neutral density filters of the RAPD have been performed e.g., in glaucoma (149–151) showing that the severity of RAPD correlates with the magnitude of field defects. However, diseases of the afferent visual system do not necessarily equally affect the results of perimetry or the RAPD (152).

The pupillographic swinging flashlight test should test the entire afferent pathway, and a white, full-field stimulus is recommended (151). The optimum stimulus brightness should constrict the pupil by approximately one third of its diameter. Stimulus length can be in accordance with the manual clinical swinging flashlight test that is usually between 1 and 3 s. The inter-stimulus interval should have at least the same length to allow the pupil's redilation, i.e., equal pupillary baseline conditions should be ensured for all stimuli. Fluctuations of pupil size or physiological anisocoria may influence the measurement. The best approach is therefore to measure both pupils simultaneously. Through this approach, the direct, bilateral pupil reactions to light, and the direct and consensual unilateral pupil reaction to light can be compared. At least four repeat measurements are recommended using pupillography as it is with the manual swinging flashlight test. This eliminates the problem of short term fluctuations of pupil size. Using a Maxwellian view condition (see also Chapter 1.2. Melanopsin) overcomes the fluctuating pupil size and hence irregular retinal irradiance. However, Maxwellian view is not always available in a clinical practice and does not eliminate fluctuations within the sympathetic system causing variations of the constriction speed and amplitude. It is therefore inevitable to repeat stimulus presentation several times to assess the afferent visual system. Adaptation before testing has to be considered: dark adaptation enhances the pupil light response while light adaptation will attenuate it. It is therefore mandatory to provide equal background illumination and equal stimulation length and brightness for both eyes but also an equal inter-stimulus interval.

Full-Field Pupillography, Pupil Perimetry/Campimetry

Pupillography is not only useful for the determination of an intact afferent limb of the pupillary pathway but can be performed to determine retinal functionality in certain retinal diseases. There are two strategies, either full-field pupillography to assess the entire neuroretinal function [e.g., in Retinitis pigmentosa: (24–26), or CNGA3-linked Achromatopsia: (35)], or pupil perimetry (stimulus presentation on a hemisphere) / campimetry (stimulus presentation on a flat monitor) to assess focal neuroretinal defects (94, 153–155).

When using focal stimuli, pupil visual field maps can be derived (156). Stimulus size may vary between large hemifields to small 1° stimuli to map visual fields objectively. Stimuli are classically presented one after another or using a multifocal pattern strategy (33, 157, 158). Ideally, a stimulus has to be large or bright enough to elicit a reliable pupil response but should avoid causing stray light. A challenge in pupil perimetry can be unstable fixation. Therefore, stimulus length is usually shorter (around 200 ms) in pupil perimetry/campimetry than the stimulus length used in pupillographic swinging flashlight testing (1–3 s) to avoid the patients wandering eyes during stimulus presentation. Nevertheless, fixation is essential in perimetric strategies for an accurate stimulus presentation on the retina, thus a gaze-controlled strategy (e.g., via eye-tracking) is recommended, as it allows for a retinotopic stimulation regardless of fixation problems (153). As pupil measurements are objective, pupil perimetry/campimetry also helps in distinguishing real visual field defects from functional visual field loss and malingering (153–155).

Each laboratory using pupil perimetry/campimetry needs to establish normative values or use a commercially available device with an existing database of normative (age corrected) values. This is not only important in a clinical setting but also for basic science evaluations of the pupil.




2. THE EFFERENT PUPILLARY PATHWAY
 Author: Helmut Wilhelm


Introduction

The efferent pupillary pathways comprise the cholinergic pathway to the sphincter muscle and the adrenergic pathway to the dilator muscle of the iris. The cholinergic pathway begins in the dorsal region of the oculomotor nucleus complex (159). It runs with the third nerve through the cavernous sinus via the ciliary ganglion where the second order neurons, named short ciliary nerves, begin. Those reach the sphincter muscle through the subchoroidal space. Nerve fibers supplying the ciliary muscle underlying accommodation run together with the pupillomotor fibers. The sympathetic pathway begins in the hypothalamus, projects down the brainstem to the centrum ciliospinale at the level of Th1–Th3, follows the sympathetic chain to the superior cervical ganglion where the terminal neurons innervating the dilator muscle start (160). Their axons run without synapse through the ciliary ganglion and are called long ciliary nerves.



Stimulus Characteristics and Analysis in Clinical Applications

Pupillographic examinations of the efferent pupillary system have mainly the purpose to detect pathologies like oculosympathetic paresis (Horner syndrome), oculomotor nerve palsy, and tonic pupil (damage of the ciliary ganglion). Those diagnoses are usually based on clinical observation and pharmacological testing (cocaine or apraclonidine in Horner syndrome (161–165) or dilute pilocarpine in tonic pupil (166). Pupillography is not necessary to establish a reliable diagnosis. However, it may be helpful to distinguish Horner syndrome from simple anisocoria or other causes of anisocoria in so far that it can help to decide whether pharmacological testing is necessary or not (167).

Horner-Syndrome

In Horner syndrome, pupil dilation is slowed down. Because this condition is, with very few exceptions, unilateral, comparison of the dilation behavior of both pupils is the best approach. Clinical studies establishing cut-off values are not available. A video study revealed the amount of anisocoria 4 s after switching off the light as the best parameter to diagnose Horner syndrome (168). It is recommended to use a bright stimulus to achieve a maximal possible pupillary constriction and then abruptly switch off the light and record the pupil behavior (169). A suitable parameter describing dilation is the -redilation time in comparison between both eyes (169). This is the time between maximal constriction and the time point when of the constriction amplitude has been lost by redilation. The constriction amplitude is defined as the difference between baseline and pupil size with maximal constriction. Another possibility is to measure constriction speed or post-illumination response as described in the chapter about intrinsic photosensitive ganglion cells (Chapter 1.2). Which approach would best distinguish Horner syndrome from physiologic anisocoria has not yet been studied. Using dilation lag based on the measurement of the redilation time, a sensitivity of 70% and a specificity of 95% for diagnosing Horner syndrome by pupillography is possible (169). Figure 3 shows the typical dilation behavior of a Horner pupil.
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FIGURE 3. Pupil diameter (mm) measured in darkness after switching off a light stimulus over a time period of 20 s. The right eye (R) shows the typical quick redilation behavior of a healthy pupil while the left eye (L) reveals a dilation lag, typical for Horner syndrome. Data are taken from a patient with Horner syndrome in the left eye collected during standard care.



Independent from the parameters chosen, at least 3 tests per eye are necessary because pupil responses may vary and dilation lag might sometimes be detectable and sometimes not (170). Because a sympathetically denervated pupil dilates very slowly, it is recommended to extend the recording by at least 10 s or better 15 s after maximal constriction. Cocaine or apraclonidine testing (in children <1 year only cocaine) decides finally if Horner syndrome can be diagnosed.

Oculomotor Nerve Palsy and Neurological Emergency

In oculomotor nerve palsy, the accompanying outer eye muscle palsies determine the diagnosis. Oculomotor palsy limited to the pupil is extremely rare (171) and pupillography cannot contribute to the diagnosis. However, in the setting of raised intracranial pressure or uncal herniation or any other neurological emergency, pupillary light response is used to monitor the patients. There have been attempts to use pupillography instead of simple clinical observation to detect a light response (172). Indices based on pupillography have been used, but it is not yet clear if pupillography adds information additional to simple observation. By means of pupillography it may be easier to recognize a residual pupillary constriction in an emergency setting. By looking at the pupillogram it may be easier to decide whether a pupil has reacted to light or a random movement has been observed. The use of maximally bright light and at least 10 recordings per eye are recommended. Binocular recording has the advantage that afferent and efferent defects may be distinguished.

Tonic Pupil

The diagnosis of a tonic pupil is based on its clinical picture, reduced or absent response to light, preserved but slow near response and slow redilation. If the pupil is examined under magnification, small spontaneous segmental constrictions of the sphincter become visible (173). Also during near reaction, it may be observed that different parts of the sphincter react with different speed. The pupil is mostly not absolutely round but elliptically distorted. 0.1% pilocarpine constricts a tonic pupil and has less effect on a normal pupil.

It is possible to record both light and near response pupillographically (174). Constriction speed and amplitude are relevant parameters. By comparing to normal subjects, criteria for the diagnosis of a tonic pupil may be defined. This is especially helpful when diagnosing a bilateral condition (174). It can of course be used for precise measurement of pupillary diameter before and after pharmacological testing.

Diabetic Autonomic Neuropathy

Pupillary abnormalities in patients with diabetes have been found indicating sympathetic and parasympathetic dysfunction in comparison to healthy controls. While Dütsch et al. (175) could not reveal a difference between diabetes patients with and without cardiac autonomic neuropathies or peripheral neuropathies, Lerner et al. (176) found hints for reduced baseline pupil diameters and constriction amplitudes in patients with diabetes-related cardiac autonomic neuropathy compared to those without cardiac autonomic neuropathies. Consequently, when examining pupillary responses from a diabetes patient cohort, it is important to consider that they are not consequences of an underlying efferent neuropathy.

Although the diagnosis of efferent pupillary defects is a domain of clinical observation and pharmacological testing, pupillography might be a valuable supplement. It is important to be aware that any defects in the efferent pupillary pathway may change pupil movements and thus confound the interpretation of the pupil-based test in the assessment of the afferent pupillary pathway. For example, the pupil constriction in a pseudophakic eye may show a slower direct response (due to perturbation of the iris mechanics from the cataract surgery) thus leading to a misperception reduced pupillary response to light. Using consensual pupillary responses may provide a more precise measurement of the integrity of the afferent pathway if the efferent pupillary defect is a concern in the studied eye.




3. PHARMACOLOGY
 Author: Elemer Szabadi


Introduction

The anatomical and physiological features of the pupil make it eminently suitable for pharmacological studies. Its size (measured as diameter, or occasionally as area) is determined by the balance between two opposing smooth muscles in the iris that receive opposing sympathetic and parasympathetic innervations (Figure 4).
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FIGURE 4. Targets of drugs in the neuronal network controlling the pupil. The pupil is an aperture in a diaphragm, the iris. The size of the pupil reflects the interaction between the circular sphincter muscle and the radial dilator muscle. The sphincter receives a parasympathetic and the dilator a sympathetic output. Both autonomic outputs consist of serially linked preganglionic and postganglionic neurones that are under the influence of premotor autonomic neurones. The premotor neurones channel the influence of other brain structures (e.g., cortex) and light to the preganglionic neurones. Premotor neurones: SCN: suprachiasmatic nucleus (hypothalamus); PVN: paraventricular nucleus (hypothalamus); LC: locus coeruleus (brainstem: pons); OPN: olivary pretectal nucleus (pretectum). Preganglionic neurones: IML: intermediate lateral column (spinal cord); EWN: Edinger-Westphal nucleus (brainstem: midbrain). Postganglionic neurones: SCG: superior cervical ganglion; GC: ciliary ganglion. Arrows are neuronal connections, red arrows are excitatory connections with identified neurotransmitters (Glu, glutamate; NA, noradrenaline; Ach, acetylcholine). Drugs can be applied topically to the surface of the cornea to affect the iris and the noradrenergic and cholinergic neuro-effector junctions, or systemically when they can affect any part of the central neuronal network. It should be noted that topically applied drugs may get into the systemic circulation leading to systemic effects, and systemically applied drugs may also affect the iris directly.



The two serially connected pre- and postganglionic neurons are under the influence of a network of premotor autonomic neurons in the brainstem and diencephalon which channel all physiological and psychological stimuli, including the effect of light, to the pupil. Changes in pupil diameter brought about by these stimuli, including drugs modulating them, are directly available to visual and instrumental inspection, recording, measurement and quantitative analysis. Furthermore, the iris is accessible to topically applied drugs creating, together with the concomitant recording of pupillary changes, a unique in situ/in vivo pharmacological test system.

Not surprisingly, pharmacological studies of the pupil are abundant, both in humans and non-human animal species. The use of drugs can help in unraveling the central neuronal network controlling the pupil, and can also provide valuable information about the drugs themselves by establishing their effects in a well-defined physiological/pharmacological system. Reports on the effect of drugs on the pupil require documentation of parameters of light stimulation and method of recording, like in any other field of pupillography, together with information on the pharmacological aspects of the study (characteristics of the participants and drug(s) used, design, measurement of drug effects, data analysis). It is important that all methodological detail is provided not only to help the reader to evaluate the study but also to help further investigators to replicate the study.

In this chapter, we propose some guidelines that should be adhered to when publishing the effects of drugs on the pupil. It is hoped that adherence to these guidelines would help the reader to better evaluate the study and facilitate replication. These guidelines relate to the study of human participants. However, many of them are also applicable to the study of non-human subjects.



Specification and Stimulus Characteristics

Participants

If the study involves topical drug application, in addition to general information as number, age and sex, the color of the iris should be specified since pigment in the iris binds the applied drug leading to a reduction in the response (177).

Drugs

Topical application

A major issue in case of topical application is bioavailability of the drug that is largely determined by penetration through the cornea (178). Drugs can be applied to the surface of the eye in different forms (179). For pharmacological studies, drugs are used in aqueous or oily solutions. The formulation of the drug should be specified: it should be made clear whether the drug is used as a base or a salt. The vehicle should be specified: penetration through the cornea is usually better from oily solutions (180). Although the possibility of applying drugs to the surface of the eye as a continuous superfusion has been explored (181), the “blob” application in the form of eye drops has remained the common form. A calibrated micropipette should be used to apply a standard volume of solution (e.g., 10 μl) into the conjunctival sac. The molar concentration of the drug should be specified, together with the pH of the solution. It should be made clear whether any “penetration enhancer” [e.g., a local anesthetic; see (182)] has been used. Although topical application assumes that the effect of the drug is restricted to the eye to which the drug was applied, occasionally systemic effects can occur, affecting the fellow eye, and /or other parts of the body (183).

Systemic application

Drugs are usually administered orally, however, occasionally parenteral administration (e.g., infusion) is used (184). The formulation (base vs. salt) should be specified. Dosage per single oral dose, or concentration in infusion fluid and rate of infusion, should be specified. In single dose experiments pharmacokinetic evidence is needed to make sure that measurements coincide with the peak blood concentration of the drug.

Design

The design can vary according to the questions to be answered. It should aim at eliminating bias and contamination by procedural factors (e.g., practice effects). Therefore, it is common practice to use a double-blind design, and to allocate participants to sessions and treatments according to a balanced cross-over design. The index treatment should be compared with positive (i.e., a known treatment with the expected effect) and negative (placebo) controls. In the case of topical application, the fellow eye should receive treatment with artificial tear (i.e., placebo). However, if the measurements are taken in light, the response to the topical drug cannot be taken as the size of the drug-induced anisocoria, due to the operation of a consensual interaction between the pupils (185). Therefore, measurements should either be taken in darkness, or the response should be measured from the pre-treatment baseline in the index eye.

Apart from using positive and negative control treatments, it is also necessary to include a number of collateral measurements with expected effects in the relevant area. For example, if the potential sedative effect of a drug on the pupil is studied, non-pupillary effects of sedation can be included in the design [e.g., battery of visual analog scales, critical flicker fusion frequency; see (66)], or when potential sympatholytic or sympathomimetic effects on the pupil are investigated, non-pupillary sympathetic effects can be incorporated [e.g., changes in blood pressure and heart rate: see (186)]. The collateral evidence is important in corroborating the genuineness of the pupillary findings.



Recording of Pupillary Effects of Drugs

Recording in Darkness

Infrared technology allows recording pupil diameter changes in darkness. Although some limited information may be obtained by studying the effects of drugs on resting pupil diameter in the dark, more comprehensive information can be gained by investigating their effects on light-evoked pupillary function (see below). Spontaneous pupillary fluctuations in the dark are recorded using the Pupillographic Sleepiness Test (PST). The PST and the specific standards for its use are discussed later in this paper (see Chapter 5). This test is amenable for the detection of the sedative and alerting effects of drugs, and its two quantitative indices (Pupillary Unrest Index and total power of fluctuations) correlate well with non-pupillary measures of the level of arousal (66).

Recording in Presence of Light Stimulation

For pharmacological studies both static (resting pupil diameter) and dynamic (pupillary reflexes) pupillometry can be used. The methodological requirements for light stimulation are the same as for other pupillographic investigations and are described in detail in the general standards section.

For pharmacological studies, it is desirable to study the effects of drugs on resting pupil diameter at a number of luminance levels, for several reasons. Firstly, in this way we obtain a much larger data set that would yield greater statistical power. Secondly, light can set the baseline at different levels that in turn would be reflected in the size of the responses, a lower baseline favoring dilator responses and a higher baseline constrictor responses (187). It should be noted, however, that apart from its mechanistic effect of setting the baseline, light also has a more specific effect in the case of sympathetic drugs, potentiating sympatholytic and antagonizing sympathomimetic effects (188).

The pupillary light reflex is evoked by a brief light pulse and the darkness reflex by sudden withdrawal of illumination. For pharmacological studies, the light reflex response is divided into two parts, latency and amplitude reflecting parasympathetic activation, and recovery time sympathetic activation (189). The parameters of the darkness reflex response (initial velocity, amplitude) are indices of sympathetic activation (66). For the light reflex response, it is recommended to use a range of stimulus intensities: this would enable the construction of light intensity/amplitude, light intensity/latency and light intensity/75% recovery time curves. The large dataset obtained in this way yields enhanced statistical robustness.



Analysis

Baseline pupillary measures (resting pupil diameter, parameters of pupil reflexes) should be presented in absolute units. It may be appropriate to use percentage changes in responses (e.g., after the application of an antagonist) only if the absolute sizes of the unaffected responses are available. Full details of the statistical analysis should be provided (e.g., for analysis of variance, F ratios and degrees of freedom, and not only levels of significance).




4. PSYCHOLOGY AND PSYCHIATRY
 Authors: Stuart R. Steinhauer and Kathryn A. Roecklein


Introduction

Since the late 1950's, assessment of dynamic changes in the pupil (pupillography or pupillometry) have become a primary measure of increased cognitive and emotional activity (190–193). Both sympathetic and parasympathetic systems contribute to these pupillary modulations. The light reaction, which is primarily under parasympathetic control, can be reduced by emotional and cognitive activity. Suppression of the light reaction has been associated with fear and pain (194). Light can drive pupil constriction directly through the pupil light reflex, but also indirectly through retinal input to the suprachiasmatic nucleus and its pathways recruiting the dorsomedial hypothalamus and locus coeruleus, underlying wakefulness (193). Dilation in response to cognitive, effortful or emotional stimulation is mediated by both direct activation of the sympathetic system on dilator muscles of the iris, and by inhibition of the parasympathetic pathway leading to relaxation of the sphincter muscles (195–197). As in pure physiological experiments, the interaction of these systems may involve considerable reciprocal inhibition: the stimulation of one pathway is accompanied by decreased activity in the complementary pathway. The PIPR, described in Chapter 1, is a third type of pupil response potentially affected by psychological processes and is the dilation after illumination offset that persists as a function of melanopsin cell responses (8, 9).



Stimulus Characteristics

The characteristics of stimuli that elicit pupillary dilation, or that modify parameters of the light reaction, are related to virtually all sensory modalities, and are sensitive to different contextual states. Thus, in relation to psychology and psychophysiology, there are three essential domains that need to be considered [after Sutton (198)]: (1) the physiological response (in this case, modulation of the pupil), (2) stimulus characteristics, and (3) the contingencies for behavioral response and task demand. In contrast to absolute stimulation and analysis approaches employed in clinical ophthalmological work, psychological and neuropsychiatric research employing pupillary assessment does not involve any standardized paradigms and is more often related to the parameters of complex instructions and varying complexity in stimuli. Reporting characteristics discussed and adopted at the 1999 meeting of the International Colloquium on the Pupil (ICP99) are provided below and serve as standards for reporting.

Stimuli

In most non-psychological research, the varying stimulus element is light. For psychological studies, there are also changes in auditory and even more rarely, tactile or olfactory stimuli (the latter not discussed further). Light stimuli have their most direct effect in producing constriction of the pupil, but in psychological studies, complex visual stimuli are often used to convey different meanings. Thus, the classical digit span task involves presenting a series of auditory stimuli which are later repeated, but the same effect psychologically could be produced by presenting brief visual digits. Specific experiments may provide a visual background after which target stimuli are presented. When the difference between background and stimulus is significant, a light reaction may be produced, which confounds the accurate assessment of dilation to the task demands in several potential ways: the light reaction may be magnitudes of order greater than the dilation, or baseline from which the dilation is measured may be shifted. At the very least, the luminance of the display should be specified in candelas/square meter (cd.m−2; ICP99). For single discrete stimuli, it is often possible to report the wavelength in nanometers. This is more difficult when using complex pictures, which vary in brightness across the visual field. One approach to minimizing hue effects (and stimulation of different photoreceptors) is to transform pictures into gray scales (199). For example, when presenting words, numbers, or small figures, use of black stimuli on a gray background minimizes contrast effects, and using pre- and post-stimulus masks (a row of X's, then the target, then X's again) also tends to minimize contrast effects (200). In such cases, the size of the stimuli needs to be provided in degrees of visual angle (which can be calculated using actual size and distance from the display). Distance of the visual stimulus from the eye is a consideration, as very close stimuli will result in constriction of the pupil related to vergence and accommodation effects.

Similarly, auditory stimuli need to be specified in loudness and duration. For pure tones, frequency should be specified, though this is not practical for spoken words or other complex sounds. Except for abrupt transients (that can elicit orienting reflexes), rise and fall times for auditory stimuli are not so critical in pupillary studies as in electrophysiology.

Finally, there are interactions related to the illumination of the testing situation. Pupillary oscillations are always greater in the presence of increasing ambient light, which decreases signal-to-noise ratio. Thus, recording in darkness minimizes oscillations, though provides more emphasis on sympathetic activation than parasympathetic inhibition. In darkness, there may be a ceiling effect on maximum pupillary dilation.

Behavior

This aspect is related to the task demands in psychological experiments. The participant may be asked just to sit passively, but most studies involve an interaction based on instructions. There may be cues that instruct subjects to have different expectancies (which increases pre-stimulus diameter), or to remember and modulate responses to stimuli (remember and repeat; calculate; sort numbers; categorize). The parameters of procedures and instructions to subjects are critical to communicate to readers. It is not unusual to ascribe a complex psychological context to a task manipulation, but without knowing exactly what the subject is being asked, it is difficult to know whether the proposed construct has actually been implemented.

Minor instructional differences can have significant effects. For example, asking a subject to make a simple button press every time a tone occurs seems overtly simple, and results in a dilation beginning around 500 ms and peaking around 1,200–1,400 ms. If instead the subject is asked just to make a voluntary press every few seconds, the early portion of the response is seen, but with a smaller dilation that ends before 1,000 ms. Even the presence of an experimenter near the participant can influence pupillary findings (201).



Analysis

Initial Pupillary Recording and Data Reduction

Most current pupil and eye tracking devices have a minimum temporal resolution of 50 or 60 Hz, though some handheld devices use a slower sampling rate. As maximum frequency response of the pupil is <9 Hz, even a 20 Hz sampling rate is enough to capture critical aspects of pupillary oscillations. The pupil has a relatively large signal-to-noise ratio so that for most processing tasks, use of repeated conditions and averaging of the same condition provides a waveform that eliminates artifacts due to other factors, though only 5–10 repetitions of a condition may be necessary compared to the larger number of repetitions needed for event-related potentials and other physiological measures. In many studies, there may be up to 40 repetitions of a condition contributing to an average for an individual. Electrical noise, accuracy of edge detection of the pupil, and resolution of the recording device all may add some noise to the signal. The resolution of the recording system in mm should be specified—is it accurate to the nearest 0.02 or 0.05 mm or better? Some instruments provide a number that is confusing—the data file may give pupil diameter to the nearest 0.0001 mm, but this is not meaningful, it is a rounding error of the manufacturer. Most of the more accurate systems either provide direct measurement or a means for calibrating measurements to a known standard.

Preprocessing of the data to eliminate blinks or other artifacts is mandatory; short-duration artifacts can be corrected by linear interpolation between valid points (except at peaks and troughs of the signal). It is reasonable to filter pupillary data that have a high sampling rate (this can be easily performed by averaging of points around each original point, though peaks and troughs will be slightly attenuated). Filtering can be performed either before or after signal averaging. However, filtering and averaging can make determination of abrupt latency changes (time of light reaction or dark reaction onset) less precise.

The Parameters of the Light Reaction and PIPR

The parameters of the light reaction and PIPR are more clearly detailed in Chapter 1. For most psychological studies, the key measures will be prestimulus diameter (which can also be determined from onset of the light stimulus until the beginning of the light reaction), latency of the light reaction, and amplitude and latency of the light reaction. Other measures may include times to reach greatest constriction velocity, and times at which 50 or 75% of redilation are reached. Note that for very brief stimuli, there may be an incomplete light reaction (2), and for prolonged light stimuli, the pupil will begin to enlarge (pupillary escape) after the initial constriction.

Measures Related to Pupillary Dilation

Measures related to pupillary dilation are more complex and variable across studies as appropriate. The pupil may show a slowly increasing tonic change as working memory load is gradually increased, or phasic changes during the 1–2 s after presentation of more discrete stimuli. From the average response, it is somewhat standard to use a pre-stimulus average of 500–1,000 ms as a baseline diameter. Where a simple peak is observed, either amplitude of the peak (or simple average of a few points around the peak within a pre-specified range) may be calculated after subtracting the baseline diameter. In some experiments, the difference between baseline diameters by condition may be of interest. In experiments in which there is differential processing complexity, the peak may be delayed, as seen when sorting increasing numbers of digits (202) so that either amplitude or latency to peak may be of interest. In some experiments, including complex processing of emotional stimuli, there may be a prolonged dilation with no clear peak, resulting in a need for an average measurement over a prolonged interval rather than a specific peak. Measurement of dilation may be complicated by the occurrence of multiple peaks in the pupillary dilation waveform. When recordings are obtained in relatively bright conditions, there may be both an early dilation related to parasympathetic inhibition, as well as a later peak related to both parasympathetic inhibition and sympathetic activation.

Diameter/Change in mm vs. per Cent Change

The ICP99 standard was that pupil diameter in mm should be reported, rather than area or radius. There is also a question as to whether absolute measures of diameter or change in diameter should be reported, as compared to % change in baseline. Per cent change is often used in ophthalmologic practice to evaluate change across treatment conditions (e.g., % reduction of the light reaction due to pharmacological instillation). However, in psychological experiments, it is important to evaluate the actual change in diameter, since this may vary across conditions, as well as different baselines across conditions. Even where a rationale for using % change is presented, some reference to absolute pupil diameter and pupil change is necessary in order to replicate findings. Note that similar real changes in diameter will be underestimated for participants with larger initial diameter compared to smaller pupil diameter, a major problem in utilizing per cent change (203).

Statistical Analyses

Several alternative statistical approaches have been used. When comparing groups or variables within a group, t-tests or ANOVA models to evaluate differences in maximum constriction, peak dilation, or latency are most often appropriate. Often, there is interest in evaluating prolonged periods of pupillary activity rather than peak measures. A Principal Components Analysis (PCA) can be used to isolate orthogonally independent factors, which describe for each component how it is related to variation over the time of the waveform; factor scores may be derived which can then be subject to separate analyses (204). Another approach based on the Guthrie-Buchwald (205) procedure provides a minimum number of successive points that must all be significantly different across conditions (by t-test or ANOVA) to define post-hoc regions of significant effects (200). There has recently been increased interest in utilizing Bayesian statistics to define regions of significant differences.

Abbreviations

There is often much confusion in the pupillary literature associated with unique or uninformative abbreviations. Acceptable and readily recognized abbreviations include PLR (pupillary light reaction) or PIPR (post-illumination pupil response). All other abbreviations are recommended to be mnemonic as appropriate to a paper: for example PkDil or AvgDil communicates peak or average dilation (which still needs to be defined as the absolute value or difference from baseline). Beatty (206) had earlier introduced TEPR (task evoked pupillary response), but this is a confusing terminology as it referred to dilations, but could as easily be misinterpreted as a constriction response. Even PDR for pupillary dilation response is confusing and probably should be avoided.



Application

Loewenfeld documented the two millennia history of pupillary movements in her dissertation (207) and epic tome on the pupil (2). The more sustained interest in psychological constructs was initiated after 1960 with studies of dilation in response to emotional stimuli (208) working memory tasks (209), orienting stimuli (210), and processing load (206), among others. Responses to orienting or novelty, emotionally salient, and simple feedback stimuli tend to peak at slightly after one second (193, 211–213). Mental effort or arousal responses which require greater processing time occur with greater peak latencies related to the complexity of the task, such as performing arithmetic (214), memorizing digits using working memory (202, 209), both positive and negatively salient arousal (199), reward processing (215), as well as numerous other types of cognitive or emotional processes (193). Convergent validity for pupillographic measures of arousal comes from correlation with psychophysiological measures of arousal such as skin conductance [e.g., (199)], and associations with pupillary and electrocortical activity [e.g., (211)]. Change in pupil diameter with alertness and sleepiness, including decreased diameter and increasing pupillary oscillations, are discussed in Chapter 5. Thus, pupillary assessment continues to be employed as a significant window on complex psychological processes (193). The pupil has been a strong investigative tool in psychopathology for over 70 years (particular schizophrenia and depression studies), with well documented decreased processing-related dilations in schizophrenia (204, 216, 217) and enhanced dilations to negatively valenced stimuli in depressed patients (200, 218, 219).

More recently, the PIPR has been evaluated among individuals with seasonal affective disorder (SAD), and is highlighted here in somewhat more detail. Initially, Roecklein et al. (41) found a reduced PIPR in SAD participants compared to nondepressed, nonseasonal participants. Laurenzo et al. (220) subsequently reported an attenuation of the PIPR in those with nonseasonal Major Depressive Disorder (MDD) compared to nondepressed controls, but only when using low intensity red and blue stimuli, and not under higher intensity chromatic stimuli. A seasonal variation was identified such that high intensity blue light responses in the post-illumination period were more pronounced during longer photoperiods (220). This is in contrast to the findings of Roecklein et al. (under review) presented in this issue. In a study of Age-Related Macular Degeneration (AMD) and healthy controls, AMD was associated with depression, but the PIPR was not correlated with depression (30). Depression was measured with a short self-report questionnaire and mean scores for both groups were below the cutoff of 16 indicating that the AMD group was, on average, not reporting symptoms of clinical depression. All individuals in this study were below self-report threshold on a screening implement for seasonal affective disorder. Münch et al. (221) reported a larger PIPR in winter in individuals without cataracts, and low levels of depression which is consistent with the seasonal variation found by Roecklein et al. (under review) in the present issue. Discrepancies, while few, in the emerging literature attempting to evaluate melanopsin cell responses to light in seasonal and nonseasonal depression have largely motivated the above review of melanopsin oriented pupillometry methods. Because light can impact both mood and learning and memory processes through melanopsin pathways (222), future work may employ the PIPR in studies on learning and memory as well as depression.




5. SLEEPINESS-RELATED PUPILLARY OSCILLATIONS
 Authors: Barbara J. Wilhelm, Kathryn A. Roecklein and Tobias Peters


Introduction

Oscillations of pupil diameter in darkness related to sleepiness of a subject were first described by Lowenstein et al. (223) and called “fatigue waves” at that time. Today, there is a differentiation between sleepiness (related to either quantity or quality of sleep) and fatigue (not necessarily related to sleep, but also evocable by physical or psychological exhaustion) in sleep research and sleep medicine. Therefore, the terms “sleepiness waves” and “sleepiness-related oscillations” are preferable because fatigue does not result in oscillations in pupil diameter. Lowenstein et al. (223) confirmed the central nervous system origin of sleepiness-related oscillations of pupil diameter in darkness using pharmacological experiments. Subsequently, Yoss et al. used the Lowenstein device clinically in the diagnosis and treatment of patients with narcolepsy and developed a classification of pupillary oscillations related to eye lid movements and EEG signs of increased sleepiness (224, 225). In the following two decades few clinical applications emerged due to complicated apparatuses and a lack of automation (226, 227). The pupillographic sleepiness test (PST) developed by Lüdtke et al. (228) utilized modern technical possibilities regarding recording, image analysis, artifact elimination and automated analysis. Classical test quality criteria of the PST have been evaluated and are adequate (229–231). The PST is now established and widely used in sleep research and sleep medicine as well as in psychology (232–234).



Experimental Conditions for the Pupillographic Sleepiness Test

Darkness

Light is the major contributing factor of the pupil diameter. To capture measures of autonomic arousal, all light sources need to be excluded (235). Therefore, infrared goggles are used for the recording of sleepiness-related pupillary oscillations. Depending on individual face shape such goggles may not be completely light-tight and for this reason the examination room should be as dark as possible (in the mesopic range, i.e., below 3 cd.m−2) and the illumination level needs to be quantified. Infrared indicators can be used for orientation.

Silence

It is important to protect the subject from acoustic influences in a silent room with sound dampening or by the use of noise canceling headphones. During the recording period communication with the participant is prohibited and the examiner is meant to be silent during examination.

Temperature

Room temperature needs to be comfortable because cold temperatures stimulate the sympathetic nervous system and may have an alerting effect. In addition, high temperatures may result in higher pupillary unrest index (PUI) due to reduced alertness. Stable room temperature between 68 and 72°F (20–23°C) is ideal.

Time of Day

Normative values for the PST have been collected during the first half of the day [8 a.m. to 1 p.m.; (231)]. Patients with obstructive sleep apnea show their highest sleepiness values during this timeframe. For hospital use, this time frame is recommended to allow for comparison with the reference values.

Medication

Topical medication (eye drops) with effects on pupil size should be avoided prior to testing. In addition, systemic medications with psychoactive or alerting effects or influence on the sympathetic/parasympathetic nervous system should be avoided if feasible or documented. The PST can also be used to quantify improvement in sleepiness due to a therapeutic regimen when measured pre-treatment and post-treatment.

Caffeine and Nicotine Consumption

Participants should be reminded to abstain from caffeine for 8–10 h prior to testing (236). However, this recommendation may be relaxed in field studies to avoid withdrawal effects or poor compliance. Nicotine has a minimal impact on the PUI and performing the PST 1 h after the last use of tobacco or nicotine products is sufficient (237).

Preparation and Standardized Instruction of the Participant

Reference values have been collected previously only after a 10 min period of sedentary rest to minimize any impact of physical activity on the PST (238). The following verbal instructions have been provided in past studies, including those reporting normative PUI values, and are provided here to be used broadly in future studies as a standardized set of instructions prior to recording the PST.

“The measurement will last 11 min. During the recording it will be dark and quiet in the room. We will not talk to you before the recording is completed. Please look in the direction of the red fixation light; you do not need to focus on it.

You may want to avoid thinking about problems or plans for your day, or about difficult issues in your life. Just look straight ahead and relax. We will now adjust the camera and we will inform you when the recording is about to start.”

Preliminary Pupil Examination

Before the pupillographic sleepiness test is started, a basic pupil examination (160) should be performed with a flashlight or other light source to make sure that the recorded pupil shows normal and unrestricted mobility.

Test Duration and Interval of Consecutive Measurements

The standard test duration, which also has been used when collecting normative values, is 11 min of recording (230, 233). In the case of series of recordings an interval of 2 h is recommended to avoid possible sequence effects.

Data Surveillance During the Recording

Because participants may fall asleep, or the camera may need to be adjusted if data loss occurs, experimenters should monitor data acquisition continuously either in the same room or from outside of the testing room via monitor to ensure the quality of the recording.

Falling Asleep

If a participant falls asleep during testing, we recommend that the experimenter provides a brief acoustic signal if the participant does not awaken in 20 s. A louder or longer signal should be used if the first is unsuccessful, and a verbal request to open the eyes may be delivered by the examiner, if ultimately necessary. We recommend that all such sleep events should be documented, and that a test with multiple sleep events should be considered as pathological and/or as excessive sleepiness.

Subjective Rating of Sleepiness

The Stanford Sleepiness Scale or the Karolinska Sleepiness Scale assess self-reported sleepiness and can be included to determine the degree of awareness or insight into the degree of sleepiness retrospectively after recording in the clinical setting.

The Suggested Experimental Order of Procedures Is:

1. 10 min of physical rest

2. Preliminary pupil examination

3. Assessment of medication, caffeine, and nicotine use; entry into database

4. PST recording for 11 min

5. Subjective sleepiness scale.



Analysis

Before analysis of a recording, high frequency noise (e.g., due to blinks) is excluded and, for missing values, a linear interpolation is applied which is standard in pupillographic recordings in general (239). Parameters of evaluation may be gained by Fast Fourier Transformation (FFT) or calculation of the Pupillary Unrest Index (PUI). FFT normally is characterized by the amplitude spectrum (or “power”) in the frequency range ≤0.8 Hz (228). The PUI is the sum of the absolute changes in pupil diameter over the time of recording and is given in mm/min (230). For statistical analysis the natural logarithm of the PUI is recommended due to its normal distribution in larger samples (231).



Data Reporting Recommendations

a) Participants

Besides general aspects as age and sex (see general standards Part I), the time lag to the consumption of nicotine and caffeine should be provided.

In addition: sleep habits, method of assessing sleep behavior during the days before the recording (e.g., diary, actigraphy), use of alerting or sedative medication.

b) Technical information on test system, camera (video frequency in hertz), sampling rate, image analysis.

c) Method of artifact management. Specify methods for blink removal.

d) General conditions of the pupillographic sleepiness

Information on all conditions listed above should be provided. Deviations from these standard conditions should be described and substantiated.

e) Pupil parameters (averages of the recording period): pupil size (absolute), Pupillary Unrest Index (PUI, absolute and ln) and interpolation rate should be given for the investigated sample.

f) Classification of test result in normal, suspicious or pathological, according to the “green (±1 SD), yellow (between 1 and 2 SD) or red (above 2 SD)” flag in relation to normative sample (231).

g) Number of recordings with sleep events, if occurred. Such recordings should be classified as pathological, regardless of PUI value.




6. ANIMALS
 Author: Paul D. Gamlin


Introduction

Pupillary responses in animals, as in humans, are driven by the parasympathetic and sympathetic components of the autonomic nervous system (131), and are studied for a number of reasons. First, animals serve as potential models for humans for understanding the retinal and central processing of pupillary control signals, both those driven by light and those modulated by eye movements, attention, or cognition. Second, pupillary responses can be used to assess animal models of retinal degeneration. Third, pupillary responses can be used to assess autonomic function. Fourth, the discovery of intrinsically photosensitive retinal ganglion cells (ipRGCs) and their contribution to a non-image forming visual system that drives pupillary responses, entrains circadian rhythms, and can affect sleep and mood has resulted in the pupil being studied as a surrogate for, or to complement, studies of these other systems. Indeed, all mammals studied to date show pupillary responses consistent with rod, cone, and melanopsin driven responses [e.g., (6, 8, 13, 96, 97, 240)].

In this chapter, we propose some standards that should be followed when studying pupillary responses in animals.



Stimulus Characteristics

In studies of light-evoked pupillary responses, it is important to fully characterize the visual stimulus. Authors should specify: (1) the spectral content or the light source, and provide either the corneal or estimated retinal irradiance (121); (2) the spatial extent and retinal locus of the stimulus; (3) the duration of the stimulus; (4) the duration of recording–ensuring that a period of time prior to the stimulus is recorded for baseline purposes; (5) whether the stimulus is binocular or monocular; (6)whether either pupil is dilated pharmacologically; (7) whether pupil responses are measured monocularly or binocularly; (8) whether direct or consensual pupil responses were measured.



Restraint

In many cases, animals will be restrained by either physical or chemical means. Each approach presents a challenge to reliable measurements of the pupil. In the case of physical restraint, whether it consists of body and head restraint, or just head restraint, animals must undergo significant acclimation, usually with positive reward, such that their stress responses are minimal when pupillary measurements are taken. Failure to do so will result in increased sympathetic tone, and unreliable measurement of resting state pupil diameters and light-evoked responses. In case of chemical restraint, the challenges are greater, and the ability to compare results between laboratories will rely heavily on the use of the same chemical restraint protocol. Further, the results obtained under chemical restraint are unlikely to match those that would be obtained from a physically restrained, but relaxed animal.



Species Specific Recommendations

Monkeys

Sedated Protocol

In some cases, pupillary responses can be studied in sedated monkeys. Animals in such studies will not require the surgically implanted head holder that is generally used for studies in alert monkeys. For this procedure, one acceptable protocol is as follows: animals are lightly anesthetized (heart rate maintained at awake levels) using intramuscular injections of a low dose of anesthetic (<10 mg/kg ketamine and 0.1 mg/kg acepromazine) with supplementation as needed to maintain anesthesia. If the heart rate is seen to decrease, this is a sign that the level of anesthesia is too deep and will result in suppressed pupillary responses. The head of the animal is stabilized by a bite bar and head holder.

Alert Protocol

In almost all cases, monkeys will be chair-trained, will receive a surgically implanted head holder, and will be extensively acclimated to head fixation for periods of up to a few hours while viewing visual targets for liquid or food reward. Such procedures have been used in studies of the pupillary light reflex in macaques [e.g., (8)] and cognition [reviewed by Binda and Gamlin (241)].

For open-loop studies of the pupillary light reflex, either the stimuli should be presented to one eye in which the pupil has been dilated, or the stimulus duration should be brief enough to ensure that it is extinguished prior to pupil constriction. For closed-loop experiments, in which pupil constriction alters retinal irradiance, no such limitations are necessary. In general, pupil diameters should be measured in both eyes under infrared illumination using video cameras. For open-loop experiments, the pupil of one eye will be dilated with 1.0% tropicamide and 2.5% phenylephrine. Therefore, pupillary responses elicited by stimuli presented to this eye are measured by evaluating the consensual pupil response of the fellow eye. Animals fixate with the fellow eye on a target presented on a computer monitor. Pupil diameter in the fellow eye is monitored continuously. After a period of fixation, a stimulus is presented to the eye with the dilated pupil. The duration, extent, intensity, and spectral content of the stimulus will be appropriately varied for the planned experiment. The stimulus is then extinguished, and the participant maintains fixation for up to 30 s (8).

For studies of cognitively-related pupil responses, very similar procedures to the above are followed. The animal is head-fixed performing a behavioral task for water or food. In general, pupil diameters are measured by the eye movement systems used in these experiments. If the pupil is to be measured at anything other than primary position, then the investigator should try to calibrate pupil measurements throughout the range of expected eye movements, and should not rely solely on the cosine correction factors that are often used by these systems.

For these alert monkey protocols to yield reliable data, it is essential that the animal is fully acclimated to both the required head fixation and the task, and be actively engaged in the required task. Pupillary hippus and signs of sleepiness should be monitored since, as in humans, these will affect resting pupil diameter and light-evoked pupillary responses.

Dogs

While it is feasible to measure resting pupil diameter in conscious dogs (96), studies of light-evoked pupillary responses generally use chemical restraint. In an early study, dogs were mildly sedated with medetomidine administered intramuscularly in a dose of 5 micrograms/kg body weight (240). In later studies, this level of sedation was found to be unsuitable for more extensive pupil light reflex testing. Whiting and colleagues (96) evaluated five different chemical restraint protocols for measurement of the pupillary light reflex in purpose–bred long-haired miniature Dachshunds. They found that 5 μg/kg dexmedetomidine provided them with insufficient restraint to place a speculum, while higher doses of dexmedetomidine alone (35 μg/kg) or dexmedetomidine/ketamine (18 μg/kg/3.5 mg/kg) or dexmedetomidine/butorphanol (5 μg/kg/0.17 mg/kg) resulted in large spontaneous fluctuations in pupil size. Therefore, they recommended the following protocol: Dexmedetomidine (20–25 lg/kg IM) is given 30 min before induction of anesthesia with propofol (intravenous [IV] to effect, 1.49 ± 0.59 mg/kg [mean ± SD]). Dogs are intubated with a cuffed endotracheal tube and restraint maintained with 1.5% isoflurane in oxygen. This protocol is similar to that used recently by Yeh and colleagues in both wild type dogs, and dogs with retinal and optic nerve disease (97). In this study, animals were first premedicated using acepromazine, at an intravenous dose of 0.02 mg/kg and induced with propofol given intravenously to effect (starting dose, 4 mg/kg). The dogs were then intubated, and general anesthesia was maintained with 2–3% isoflurane in oxygen. The differences between the two studies in the propofol and isoflurane doses used may result from the different breeds of dog used in these studies.

Mice

PLR testing can be conducted in completely awake mice without the use of general anesthetic or sedation. The mice are initially habituated to extensive handling with food rewards, in order for them to remain calm during recording [e.g., (242)]. Acclimated animals can be lightly held by the scruff of the neck to ensure they are correctly positioned during pupil measurements without increased stress (S. Hattar, Personal communication). In most studies, the steady state pupil diameter (~30 s light) is measured. Prior to stimulation, animals are usually dark adapted for 1 h. For ease of measurement, one eye is usually exposed to the stimulus while the consensual pupil response is measured. Animals can also be acclimated to head fixation [e.g., (243, 244)], and similar procedures followed for measurement of the pupillary light reflex.




FINAL REMARKS

The authors understand these standards in pupillography as a “living” standard; new insights in retinal and pupillary circuitries as well as in stimulation and response analysis parameters of future projects will consequently be amended.



AUTHOR CONTRIBUTIONS

The introduction and I. Part were written by CK and TS; II. Part: 1. CK, AZ, BF, HW, YC, PG, RK; 2. HW; 3. ES; 4. SS, KR; 5. BW, KR, TP; 6. PG. Additional details are included within the manuscript sub-parts. All authors critically reviewed the manuscript.



FUNDING

This project was supported in part by an unrestricted research grant from Research to Prevent Blindness, Inc. to the Department of Ophthalmology and Visual Sciences at the University of Wisconsin (YC). Australian Research Council Discovery Projects ARC-DP170100274 (AZ and BF); Australian Research Council Future Fellowship ARC-FT180100458 (AZ). Department of Veterans Affairs Rehabilitation Research and Development Division, Department of Defense (Chronic Effects of Neurotrauma Consortium, CENC) and National Eye Institute (RK). United States Public Health Service Grant MH55762 and Dept. of Veterans Affairs (SS). This project was also supported by Egon Schumacher-Stiftung, Barnstorf, Germany, a private foundation without commercial interest (CK, TS, TP, BW, and HW). The views expressed in this article are those of the authors and do not necessarily reflect the position or policy of the Department of Veterans Affairs or the United States government.



ACKNOWLEDGMENTS

We thank the Organizing Committee of the 32nd International Pupil Colloquium 2017 in Morges, Switzerland, where the foundation of this joint project was laid.

We thank Dipl. Ing. Irena Stingl for her graphical support with the Figures 1, 3.

We are grateful to Mr. R.W. Langley for drawing Figure 4.



FOOTNOTES

1https://iscev.wildapricot.org/



REFERENCES

 1. Lowenstein O, Loewenfeld IE. Electronic pupillography; a new instrument and some clinical applications. AMA Arch Ophthalmol. (1958) 59:352–63 doi: 10.1001/archopht.1958.00940040058007

 2. Loewenfeld I.E. The Pupil: Anatomy, Physiology, and Clinical Applications. Detroit, MI: Wayne State University Press (1993).

 3. Provencio I, Rodriguez IR, Jiang G, Hayes WP, Moreira EF, Rollaq MD. A novel human opsin in the inner retina. J Neurosci. (2000) 20:600–5. doi: 10.1523/JNEUROSCI.20-02-00600.2000

 4. Qiu X, Kumbalasiri T, Carlson SM, Wong KY, Krishna V, Provencio I, et al. Induction of photosensitivity by heterologous expression of melanopsin. Nature (2005) 433:745–9. doi: 10.1038/nature03345

 5. Berson DM, Dunn FA, Takao M. Phototransduction by retinal ganglion cells that set the circadian clock. Science (2002) 295:1070–3. doi: 10.1126/science.1067262

 6. Hattar S, Lucas RJ, Mrosovsky N, Thompson S, Douglas RH, Hankins MW, et al. Melanopsin and rod-cone photoreceptive systems account for all major accessory visual functions in mice. Nature (2003) 424:76–81. doi: 10.1038/nature01761

 7. Dacey DM, Liao HW, Peterson BB, Robinson FR, Smith VC, Pokorny J, et al. Melanopsin expressing ganglion cells in primate retina signal colour and irradiance and project to the LGN. Nature (2005) 433:749–54. doi: 10.1038/nature03387

 8. Gamlin PD, McDougal DH, Pokorny J, Smith VC, Yau KW, Dacey DM. Human and macaque pupil responses driven by melanopsin-containing retinal ganglion cells. Vis Res. (2007) 47:946–54. doi: 10.1016/j.visres.2006.12.015

 9. Markwell EL, Feigl B, Zele AJ. Intrinsically photosensitive melanopsin retinal ganglion cell contributions to the pupillary light reflex and circadian rhythm. Clin Exp Optom. (2010) 93:137–49. doi: 10.1111/j.1444-0938.2010.00479.x

 10. Schmidt TM, Do MTH, Dacey D, Lucas R, Hattar S, Matynia A. Melanopsinpositive intrinsically photosensitive retinal ganglion cells:from form to function. J Neurosci. (2011) 31:16094–101. doi: 10.1523/JNEUROSCI.4132-11.2011

 11. Park JC, Moura AL, Raza AS, Rhee DW, Kardon RH, Hood DC. Toward a clinical protocol for assessing rod, cone, and melanopsin contributions to the human pupil response. Invest Ophthalmol Vis Sci. (2011) 52:6624–35. doi: 10.1167/iovs.11-7586

 12. Lucas RJ, Douglas RH, Foster RG. Characterization of an ocular photopigment capable of driving pupillary constriction in mice. Nat Neurosci. (2001) 4:621–6. doi: 10.1038/88443

 13. Lucas RJ, Hattar S, Takao M, Berson DM, Foster RG, Yau KW. Diminished pupillary light reflex at high irradiances in melanopsin-knockout mice. Science (2003) 299:245–7. doi: 10.1126/science.1077293

 14. Lall GS, Revell VL, Momiji H, Al Enezi J, Altimus CM, Güler AD, et al. Distinct contributions of rod, cone, and melanopsin photoreceptors to encoding irradiance. Neuron (2010) 66:417–28. doi: 10.1016/j.neuron.2010.04.037

 15. Graham DM, Wong KY, Shapiro P, Frederick C, Pattabiraman K, Berson DM. Melanopsin ganglion cells use a membrane-associated rhabdomeric phototransduction cascade. J Neurophysiol. (2008) 99:2522–32. doi: 10.1152/jn.01066.2007

 16. Liao HW, Ren X, Peterson BB, Marshak DW, Yau KW, Gamlin PD, et al. Melanopsin-expressing ganglion cells on macaque and human retinas form two morphologically distinct populations. J Comp Neurol. (2016) 524:2845–72. doi: 10.1002/cne.23995

 17. Kelbsch CB, Maeda F, Strasser T, Peters TM, Wilhelm BJC, Wilhelm HM. Color pupillography in dorsal midbrain syndrome. J Neuroophthalmol. (2017) 37:247–52. doi: 10.1097/WNO.0000000000000527

 18. Maeda F, Kelbsch C, Straßer T, Skorkovská K, Peters T, Wilhelm B, et al. Chromatic pupillography in hemianopia patients with homonymous visual field defects. Graefes Arch Clin Exp Ophthalmol. (2017) 255:1837–42. doi: 10.1007/s00417-017-3721-y

 19. Kankipati L, Girkin CA, Gamlin PD. The post-illumination pupil response is reduced in glaucoma patients. Invest Ophthalmol Vis Sci. (2011) 52:2287–92. doi: 10.1167/iovs.10-6023

 20. Feigl B, Mattes D, Thomas R, Zele AJ. Intrinsically photosensitive (melanopsin) retinal ganglion cell function in glaucoma. Invest Ophthalmol Vis Sci. (2011) 52:4362–7. doi: 10.1167/iovs.10-7069

 21. Adhikari P, Zele AJ, Thomas R, Feigl B. Quadrant field pupillometry detects melanopsin dysfunction in glaucoma suspects and early glaucoma. Sci Rep. (2016) 6:33373. doi: 10.1038/srep33373

 22. Kelbsch C, Maeda F, Strasser T, Blumenstock G, Wilhelm B, Wilhelm H, et al. Pupillary responses driven by ipRGCs and classical photoreceptors are impaired in glaucoma. Graefes Arch Clin Exp Ophthalmol. (2016) 254:1361–70. doi: 10.1007/s00417-016-3351-9

 23. Najjar RP, Sharma S, Atalay E, Rukmini AV, Sun C, Lock JZ, et al. Pupillary responses to full-field chromatic stimuli are reduced in patients with early-stage primary open-angle glaucoma. Ophthalmology (2018) 125:1362–71. doi: 10.1016/j.ophtha.2018.02.024

 24. Kardon R, Anderson SC, Damarjian TG, Grace EM, Stone E, Kawasaki A. Chromatic pupillometry in patients with retinitis pigmentosa. Ophthalmology (2011) 118:376–81. doi: 10.1016/j.ophtha.2010.06.033

 25. Lorenz B, Strohmayr E, Zahn S, Friedburg C, Kramer M, Preising M, et al. Chromatic pupillometry dissects function of the three different light-sensitive retinal cell populations in RPE65 deficiency. Invest Ophthalmol Vis Sci. (2012) 53:5641–52. doi: 10.1167/iovs.12-9974

 26. Kelbsch C, Maeda F, Lisowska J, Lisowski L, Strasser T, Stingl K, et al. Analysis of retinal function using chromatic pupillography in retinitis pigmentosa and the relationship to electrically evoked phosphene thresholds. Acta Ophthalmol. (2017) 95:e261–9. doi: 10.1111/aos.13259

 27. Kawasaki A, Crippa SV, Kardon R, Leon L, Hamel C. Characterization of pupil responses to blue and red light stimuli in autosomal dominant retinitis pigmentosa due to NR2E3 mutation. Invest Ophthalmol Vis Sci. (2012) 53:5562–9. doi: 10.1167/iovs.12-10230

 28. Feigl B, Zele AJ. Melanopsin-expressing intrinsically photosensitive retinal ganglion cells in retinal disease. Optom Vis Sci. (2014) 91:894–903. doi: 10.1097/OPX.0000000000000284

 29. Maynard ML, Zele AJ, Feigl B. Melanopsin-mediated post-illumination pupil response in early age-related macular degeneration. Invest Ophthalmol Vis Sci. (2015) 56:6906–13. doi: 10.1167/iovs.15-17357

 30. Maynard ML, Zele AJ, Kwan AS, Feigl B. Intrinsically photosensitive retinal ganglion cell function, sleep efficiency and depression in advanced age-related macular degeneration. Invest Ophthalmol Vis Sci. (2017) 58:990–6. doi: 10.1167/iovs.16-20659

 31. Feigl B, Zele AJ, Fader SM, Howes AN, Hughes CE, Jones KA, et al. The post-illumination pupil response of melanopsin-expressing intrinsically photosensitive retinal ganglion cells in diabetes. Acta Ophthalmol. (2012) 90:e230–4. doi: 10.1111/j.1755-3768.2011.02226.x

 32. Park JC, Chen YF, Blair NP, Chau FY, Lim JI, Leiderman YI, et al. Pupillary responses in non-proliferative diabetic retinopathy. Sci Rep. (2017) 7:44987. doi: 10.1038/srep44987

 33. Sabeti F, Nolan CJ, James AC, Jenkins A, Maddess T. Multifocal pupillography identifies changes in visual sensitivity according to severity of diabetic retinopathy in Type 2 Diabetes. Invest Ophthalmol Vis Sci. (2015) 56:4504–13. doi: 10.1167/iovs.15-16712

 34. Kawasaki A, Collomb S, Léon L, Münch M. Pupil responses derived from outer and inner retinal photoreception are normal in patients with hereditary optic neuropathy. Exp Eye Res. (2014) 120:161–6. doi: 10.1016/j.exer.2013.11.005

 35. Lisowska J, Lisowski L, Kelbsch C, Maeda F, Richter P, Kohl S, et al. Development of a chromatic pupillography protocol for the first gene therapy trial in patients with CNGA3-linked achromatopsia. Invest Ophthalmol Vis Sci. (2017) 58:1274–82. doi: 10.1167/iovs.16-20505

 36. Binda P, Straßer T, Stingl K, Richter P, Peters T, Wilhelm H, et al. Pupil response components:attention-light interaction in patients with Parinaud's syndrome. Sci Rep. (2017) 7:10283. doi: 10.1038/s41598-017-10816-x

 37. Münch M, Léon L, Crippa SV, Kawasaki A. Circadian and wake-dependent effects on the pupil light reflex in response to narrow-bandwidth light pulses. Invest Ophthalmol Vis Sci. (2012) 53:4546–55. doi: 10.1167/iovs.12-9494

 38. Münch M, Léon L, Collomb S, Kawasaki A. Comparison of acute non-visual bright light responses in patients with optic nerve disease, glaucoma and healthy controls. Sci Rep. (2015) 5:15185. doi: 10.1038/srep15185

 39. Zele AJ, Feigl B, Smith SS, Markwell EL. The circadian response of intrinsically photosensitive retinal ganglion cells. PLoS ONE (2011) 6:e17860. doi: 10.1371/journal.pone.0017860

 40. Lazzerini Ospri L, Prusky G, Hattar S. Mood, the circadian system, and melanopsin retinal ganglion cells. Annu Rev Neurosci. (2017) 40:539–56. doi: 10.1146/annurev-neuro-072116-031324

 41. Roecklein K, Wong P, Ernecoff N, Miller M, Donofry S, Kamarck M, et al. The post illumination pupil response is reduced in seasonal affective disorder. Psychiatry Res. (2013) 210:150–8. doi: 10.1016/j.psychres.2013.05.023

 42. Münch M, Kourti P, Brouzas D, Kawasaki A. Variation in the pupil light reflex between winter and summer seasons. Acta Ophthalmol. (2016) 94:e244–6. doi: 10.1111/aos.12966

 43. Granholm EL, Panizzon MS, Elman JA, Jak AJ, Hauger RL, Bondi MW, et al. Pupillary Responses as a biomarker of early risk for Alzheimer's disease. J Alzheimers Dis. (2017) 56:1419–28. doi: 10.3233/JAD-161078

 44. Joyce DS, Feigl B, Kerr G, Roeder L, Zele AJ. Melanopsin-mediated pupil function is impaired in Parkinson's disease. Sci Rep. (2018) 8:7796. doi: 10.1038/s41598-018-26078-0

 45. Feigl B, Ohja G, Hides L, Zele AJ. Melanopsin function and light exposure in non-seasonal, major depressive disorder. Front. Neurol. (2018) 9:764. doi: 10.3389/fneur.2018.00764

 46. Wilhelm H, Lüdtke H, Wilhelm B. Pupillographic sleepiness testing in hypersomniacs and normals. Graefes Arch Clin Exp Ophthalmol. (1998) 236:725–9.

 47. Wilhelm B, Bittner E, Hofmann A, Koerner A, Peters T, Lüdtke H, Wilhelm H. Short- term reproducibility and variability of the pupillographic sleepiness test. Am J Hum Biol. (2015) 27:862–6. doi: 10.1002/ajhb.22726

 48. Chen JW, Gombart ZJ, Rogers S, Gardiner SK, Cecil S, Bullock RM. Pupillary reactivity as an early indicator of increased intracranial pressure:the introduction of the Neurological Pupil index. Surg Neurol Int. (2011) 2:82. doi: 10.4103/2152-7806.82248

 49. Paulus J, Roquilly A, Beloeil H, Théraud J, Asehnoune K, Lejus C. Pupillary reflex measurement predicts insufficient analgesia before endotracheal suctioning in critically ill patients. Crit Care (2013) 17:R161. doi: 10.1186/cc12840

 50. Lukaszewicz AC, Dereu D, Gayat E, Payen D. The relevance of pupillometry for evaluation of analgesia before noxious procedures in the intensive care unit. Anesth Analg (2015) 120:1297–300. doi: 10.1213/ANE.0000000000000609

 51. Wouters K. INTERNATIONAL SOCIETY FOR CLINICAL ELECTRORETINOGRAPHY (ISCERG). Acta Ophthalmol Suppl. (1962) 40:264–8. doi: 10.1111/j.1755-3768.1962.tb00330.x

 52. Tweel LH. Some proposals for standardization of ERG equipment. Acta Ophthalmol Suppl. (1962) 40:87–96.

 53. Marmor MF, Arden GB, Nilsson SEG, et al. Zrenner E. Standard for clinical electroretinography. Arch Ophthalmol. (1989) 107:816–9.

 54. Heckenlively JR, Arden GB editors. Principles and Practice of Clinical Electrophysiology of Vision. 2nd ed. Cambridge:MIT Press (2006). p. 1016.

 55. McCulloch DL, Marmor MF, Brigell MG, Hamilton R, Holder GE, Tzekov R, et al. ISCEV Standard for full-field clinical electroretinography (2015 update). Doc Ophthalmol. (2015) 130:1–12. doi: 10.1007/s10633-014-9473-7

 56. Hood DC, Bach M, Brigell M, Keating D, Kondo M, Lyons JS, et al. ISCEV standard for clinical multifocal electroretinography (mfERG) (2011 edition). Doc Ophthalmol. (2012) 124:1–13. doi: 10.1007/s10633-011-9296-8

 57. Bach M, Brigell MG, Hawlina M, Holder GE, Johnson M a, McCulloch DL, et al. ISCEV standard for clinical pattern electroretinography (PERG):2012 update. Doc Ophthalmol. (2013) 126:1–7. doi: 10.1007/s10633-012-9353-y

 58. Odom JV, Bach M, Brigell M, Holder GE, McCulloch DL, Mizota A, et al. ISCEV standard for clinical visual evoked potentials:(2016 update). Doc Ophthalmol. (2016) 133:1–9. doi: 10.1007/s10633-016-9553-y

 59. Constable PA, Bach M, Frishman LJ, Jeffrey BG, Robson AG. ISCEV Standard for clinical electro-oculography (2017 update). Doc Ophthalmol. (2017) 134:1–9. doi: 10.1007/s10633-017-9573-2

 60. Brigell M, Bach M, Barber C, Kawasaki K, Kooijman A. Guidelines for calibration of stimulus and recording parameters used in clinical electrophysiology of vision. Calibration Standard Committee of the International Society for Clinical Electrophysiology of Vision (ISCEV). Doc Ophthalmol. (1998) 95:1–14. doi: 10.1023/A:1001724411607

 61. Robson AG, Nilsson J, Li S, Jalali S, Fulton AB, Tormene AP, et al. ISCEV guide to visual electrodiagnostic procedures. Doc Ophthalmol. (2018) 136:1–26. doi: 10.1007/s10633-017-9621-y

 62. Gibson F, Overton P, Smulders T, Schultz S, Eglen S, Ingram C, et al. Minimum Information About A Neuroscience Investigation (MINI): Electrophysiology (2009). Aailable online at: http://precedings.nature.com/documents/1720/version/2/files/npre20091720-2.pdf

 63. Szabadi E. Neuronal networks regulating sleep and arousal:effect of drugs. In: Guglietta A, editor. Drug Treatment of Sleep Disorders (Cham: Springer), p. 25–70.

 64. Szabadi E. The integrated control of arousal and pupil function:role of the noradrenergic locus coeruleus. Neuro-opthalmol Jpn. (2008) 25:176–89.

 65. Samuels ER, Hou RH, Langley RW, Szabadi E, Bradshaw CM. Comparison of pramipexole and modafinil on arousal, autonomic, and endocrine functions in healthy volunteers. J Psychopharmacol. (2006) 20:756–70. doi: 10.1177/0269881106060770

 66. Hou RH, Samuels ER, Langley RW, Szabadi E, Bradshaw CM. Arousal and the pupil:why diazepam-induced sedation is not accompanied by miosis. Psychopharmacology (2007) 195:41–50. doi: 10.1007/s00213-007-0884-y

 67. Wang B, Shen C, Zhang L, Qi L, Yao L, Chen J, et al. Dark adaptation-induced changes in rod, cone and intrinsically photosensitive retinal ganglion cell (ipRGC) sensitivity differentially affect the pupil light response (PLR). Graefes Arch Clin Exp Ophthalmol. (2015) 253:1997–2005. doi: 10.1007/s00417-015-3137-5

 68. Smith VC, Pokorny J. Spectral sensitivity of the foveal cone photopigments between 400 and 500 nm.Visi Res. (1975) 15:161–71. doi: 10.1016/0042-6989(75)90203-5

 69. CIE 170–1:2006. Fundamental Chromaticity Diagram With Physiological Axes–Part 1. (2006). ISBN:978 3 901906 46 6.

 70. Schnapf JL, Kraft TW, Nunn BJ, Baylor DA. Spectral sensitivity of primate photoreceptors. Vis Neurosci. (1988) 1:255–61. doi: 10.1017/S0952523800001917

 71. Bowmaker JK, Dartnall HJ. Visual pigments of rods and cones in a human retina. J Physiol. (1980) 298:501–11 doi: 10.1113/jphysiol.1980.sp013097

 72. Zele AJ, Cao D. Vision under mesopic and scotopic illumination. Front Psychol. (2015) 5:1594. doi: 10.3389/fpsyg.2014.01594

 73. McDougal DH, Gamlin PD. The influence of intrinsically-photosensitive retinal ganglion cells on the spectral sensitivity and response dynamics of the human pupillary light reflex. Vis Res. (2010) 50:72–87. doi: 10.1016/j.visres.2009.10.012

 74. Adhikari P, Zele AJ, Feigl B. The post-illumination pupil response (PIPR). Invest Ophthalmol Vis Sci. (2015) 56:3838–49. doi: 10.1167/iovs.14-16233

 75. Adhikari P, Feigl B, Zele AJ. Rhodopsin and melanopsin contributions to the early redilation phase of the post-illumination pupil response (PIPR). PLoS ONE (2016) 11:e0161175. doi: 10.1371/journal.pone.0161175

 76. Stiles WS. Color vision:the approach through increment threshold sensitivity. Proc Natl Acad Sci USA. (1959) 45:100–14. doi: 10.1073/pnas.45.1.100

 77. Roufs JAJ. Light As a True Visual Quantity :Principles of Measurement, Vol. 41. Paris: Commission Internationale de l'Éclairage (1978).

 78. Aguilar M, Stiles WS. Saturation of the rod mechanism of the retina at high levels of stimulation. Optica Acta (1954) 1:59–65. doi: 10.1080/713818657

 79. Stiles WS, Crawford BH. The luminous efficiency of rays entering the eye pupil at different points. Proc R Soc Lond B (1933) 112:428–50. doi: 10.1098/rspb.1933.0020

 80. King-Smith PE, Carden D. Luminance and opponent-color contributions to visual detection and adaptation and to temporal and spatial integration. J Opt Soc Am. (1976) 66:709–17. doi: 10.1364/JOSA.66.000709

 81. Sperling HG, Harwerth RS. Red-green cone interactions in the increment-threshold spectral sensitivity of primates. Science (1971) 172:180–4. doi: 10.1126/science.172.3979.180

 82. Chylack LT Jr, Wolfe JK, Singer DM, Leske MC, Bullimore MA, Bailey IL, et al. The lens opacities classification system III. The longitudinal study of cataract study group. Arch Ophthalmol. (1993) 111:831–6. doi: 10.1001/archopht.1993.01090060119035

 83. Pokorny J, Smith VC. How much light reaches the retina? In: Cavonius editor. Colour Vision Deficiencies XIII. 59:491–511. Dordrecht: Kluwer Academic Publishers. (1997).

 84. van de Kraats J, van Norren D. Optical density of the aging human ocular media in the visible and the UV. J Opt Soc Am A Opt Image Sci Vis. (2007) 24:1842–57. doi: 10.1364/JOSAA.24.001842

 85. Jones BW, Kondo M, Terasaki H, Lin Y, McCall M, Marc RE. Retinal remodeling. Jpn J Ophthalmol. (2012) 56:289–306. doi: 10.1007/s10384-012-0147-2

 86. Barrionuevo PA, Nicandro N, McAnany JJ, Zele AJ, Gamlin P, Cao D. Assessing rod, cone, and melanopsin contributions to human pupil flicker responses. Invest Ophthalmol Vis Sci. (2014) 4;55:719–27. doi: 10.1167/iovs.13-13252

 87. Barrionuevo PA, Cao D. Luminance and chromatic signals interact differently with melanopsin activation to control the pupil light response. J Vis. (2016) 16:29. doi: 10.1167/16.11.29

 88. Tsujimura S, Ukai K, Ohama D, Nuruki A, Yunokuchi K.Contribution of human melanopsin retinal ganglion cells to steady-state pupil responses. Proc Biol Sci. (2010) 277:2485–92. doi: 10.1098/rspb.2010.0330

 89. Tsujimura S, Tokuda Y.Delayed response of human melanopsin retinal ganglion cells on the pupillary light reflex. Ophthalmic Physiol Opt. (2011) 31:469–79. doi: 10.1111/j.1475-1313.2011.00846.x

 90. Zele AJ, Feigl B, Adhikari P, Maynard ML, Cao D. Melanopsin photoreception contributes to human visual detection, temporal and colour processing. Sci Rep. (2018) 8:3842. doi: 10.1038/s41598-018-22197-w

 91. Hecht S, Haig C, Wald G. THE DARK ADAPTATION OF RETINAL FIELDS OF DIFFERENT SIZE AND LOCATION. J Gen Physiol. (1935) 19:321–37. doi: 10.1085/jgp.19.2.321

 92. Marmor MF, Fulton AB, Holder GE, Miyake Y, Brigell M, Bach M. International society for clinical electrophysiology of vision. ISCEV Standard for full-field clinical electroretinography (2008 update). Doc Ophthalmol. (2009) 118:69–77. doi: 10.1007/s10633-008-9155-4

 93. Birch EE, Birch DG. Pupillometric measures of retinal sensitivity in infants and adults with retinitis pigmentosa. Vis Res. (1987) 27:499–505. doi: 10.1016/0042-6989(87)90034-4

 94. Chibel R, Sher I, Ben Ner D, Mhajna MO, Achiron A, Hajyahia S, et al. Chromatic multifocal pupillometer for objective perimetry and diagnosis of patients with retinitis pigmentosa. Ophthalmology (2016) 123:1898–911. doi: 10.1016/j.ophtha.2016.05.038

 95. Kardon R, Anderson SC, Damarjian TG, Grace EM, Stone E, Kawasaki A. Chromatic pupil responses:preferential activation of the melanopsin-mediated versus outer photoreceptor-mediated pupil light reflex. Ophthalmology (2009) 116:1564–73. doi: 10.1016/j.ophtha.2009.02.007

 96. Whiting RE, Yao G, Narfström K, Pearce JW, Coates JR, Dodam JR, et al. Quantitative assessment of the canine pupillary light reflex. Invest Ophthalmol Vis Sci. (2013) 54:5432–40. doi: 10.1167/iovs.13-12012

 97. Yeh CY, Koehl KL, Harman CD, Iwabe S, Guzman JM, Petersen-Jones SM, et al. Assessment of rod, cone, and intrinsically photosensitive retinal ganglion cell contributions to the canine chromatic pupillary response. Invest Ophthalmol Vis Sci. (2017) 58:65–78. doi: 10.1167/iovs.16-19865

 98. Kostic C, Crippa SV, Martin C, Kardon RH, Biel M, Arsenijevic Y, et al. Determination of rod and cone influence to the early and late dynamic of the pupillary light response. Invest Ophthalmol Vis Sci. (2016) 57:2501–8. doi: 10.1167/iovs.16-19150

 99. Berman SM, Fein G, Jewett DL, Saika G, Ashford E. Spectral determinants of steady-state pupil size with full field of view. J Illum Eng Soc. (1992) 21:3–13. doi: 10.1080/00994480.1992.10747995

 100. Crawford BH. The dependence of pupil size upon external light stimulus under static and variable conditions. Proc Roy Soc B. (1936) 121:376–95 doi: 10.1098/rspb.1936.0072

 101. De Groot SG, Gebhard JW. Pupil size as determined by adapting luminance. J Opt Soc Am. (1952) 42:492–5. doi: 10.1364/JOSA.42.000492

 102. Lei S, Goltz HC, Chandrakumar M, Wong AM. Test-retest reliability of hemifield, central-field, and full-field chromatic pupillometry for assessing the function of melanopsin-containing retinal ganglion cells. Invest Ophthalmol Vis Sci. (2015) 56:1267–73. doi: 10.1167/iovs.14-15945

 103. Winn B, Whitaker D, Elliott DB, Phillips NJ. Factors affecting light-adapted pupil size in normal human subjects. Invest Ophthalmol Vis Sci. (1994) 35:1132–7.

 104. Barlow HB.Temporal and spatial summation in human vision at different background intensities. J Physiol. (1958) 141:337–50.

 105. Joyce DS, Feigl B, Cao D, Zele AJ. Temporal characteristics of melanopsin inputs to the human pupil light Reflex. Vision Res. (2015)107:58–66. doi: 10.1016/j.visres.2014.12.001

 106. Nasir-Ahmad S, Lee SC, Martin PR, Grünert U. Melanopsin-expressing ganglion cells in human retina:Morphology, distribution, and synaptic connections. J Comp Neurol. (2017) 527:312–27. doi: 10.1002/cne.24176

 107. Jusuf PR, Lee SC, Hannibal J, Grünert U. Characterization and synaptic connectivity of melanopsin-containing ganglion cells in the primate retina. Eur J Neurosci. (2007) 26:2906–21. doi: 10.1111/j.1460-9568.2007.05924.x

 108. Grünert U, Jusuf PR, Lee SC, Nguyen DT. Bipolar input to melanopsin containing ganglion cells in primate retina. Vis Neurosci. (2011) 28:39–50. doi: 10.1017/S095252381000026X

 109. Joo HR, Peterson BB, Dacey DM, Hattar S, Chen SK. Recurrent axon collaterals of intrinsically photosensitive retinal ganglion cells. Vis Neurosci. (2013) 30:175–82. doi: 10.1017/S0952523813000199

 110. Hannibal J, Kankipati L, Strang CE, Peterson BB, Dacey D, Gamlin PD. Central projections of intrinsically photosensitive retinal ganglion cells in the macaque monkey. J Comp Neurol. (2014) 522:2231–48. doi: 10.1002/cne.23555

 111. Brainard GC, Hanifin JP, Greeson JM, Byrne B, Glickman G, Gerner E, Rollag MD. Action spectrum for melatonin regulation in humans:evidence for a novel circadian photoreceptor. J Neurosci. (2001) 21:6405–12. doi: 10.1523/JNEUROSCI.21-16-06405.2001

 112. Gooley JJ, Lu J, Chou TC, Scammell TE, Saper CB. Melanopsin in cells of origin of the retinohypothalamic tract. Nat Neurosci. (2001) 4:1165. doi: 10.1038/nn768

 113. Lucas RJ, Freedman MS, Muñoz M, Garcia-Fernández JM, Foster RG. Regulation of the mammalian pineal by non-rod, non-cone, ocular photoreceptors. Science (1999) 284:505–7.

 114. Hannibal J, Hindersson P, Ostergaard J, Georg B, Heegaard S, Larsen PJ, et al. Melanopsin is expressed in PACAP-containing retinal ganglion cells of the human retinohypothalamic tract. Invest Ophthalmol Vis Sci. (2004) 45:4202–9. doi: 10.1167/iovs.04-0313

 115. Panda S, Provencio I, Tu DC, Pires SS, Rollag MD, Castrucci AM, et al. Melanopsin is required for non-image-forming photic responses in blind mice. Science (2003) 301:525–7. doi: 10.1126/science.1086179

 116. Brown TM, Tsujimura S, Allen AE, Wynne J, Bedford R, Vickery G, et al. Melanopsin-based brightness discrimination in mice and humans. Curr Biol. (2012) 22:1134–41. doi: 10.1016/j.cub.2012.04.039

 117. Spitschan M, Bock AS, Ryan J, Frazzetta G, Brainard DH, Aguirre GK. The human visual cortex response to melanopsin-directed stimulation is accompanied by a distinct perceptual experience. Proc Natl Acad Sci USA. (2017) 114:12291–6. doi: 10.1073/pnas.1711522114

 118. Zele AJ, Adhikari P, Feigl B, Cao D. Cone and melanopsin contributions to human brightness estimation. J Opt Soc Am A Opt Image Sci Vis. (2018) 35:B19–25. doi: 10.1364/JOSAA.35.001783

 119. Rushton WAH. Review lecture. Pigments and signals in colour vision. J Physiol. (1972) 220:1–31.

 120. Lennie P, Pokorny J, Smith VC. Luminance. J Opt Soc Am A. (1993) 10:1283–93. doi: 10.1364/JOSAA.10.001283

 121. Lucas RJ, Peirson SN, Berson DM, Brown TM, Cooper HM, Czeisler CA, et al. Measuring and using light in the melanopsin age. Trends Neurosci. (2014) 37:1–9. doi: 10.1016/j.tins.2013.10.004

 122. Cao D, Nicandro N, Barrionuevo PA. A five-primary photostimulator suitable for studying intrinsically photosensitive retinal ganglion cell functions in humans. J Vis. (2015) 15:15.1.27. doi: 10.1167/15.1.27

 123. Ferree CE, Rand G, Harris ET. Intensity of light and area of illuminated field as interacting factors in size of pupil. J Exp Psychol. (1933) 16:408–422. doi: 10.1037/h0072100

 124. Stanley PA, Davies AK. The effect of field of view size on steady-state pupil diameter. Ophthalmic Physiol Opt. (1995) 15:601–3. doi: 10.1016/0275-5408(94)00019-V

 125. Atchison DA, Girgenti CC, Campbell GM, Dodds JP, Byrnes TM, Zele AJ. Influence of field size on pupil diameter under photopic and mesopic light levels. Clin Exp Optom. (2011) 94:545–8. doi: 10.1111/j.1444-0938.2011.00636.x

 126. Park JC, McAnany JJ. Effect of stimulus size and luminance on the rod-, cone-, and melanopsin-mediated pupillary light reflex. J Vis. (2015) 15:13. doi: 10.1167/15.3.13

 127. Joyce DS, Feigl B, Zele AJ. Melanopsin-mediated post-illumination pupil response in the peripheral retina. J Vis. (2016) 16:5. doi: 10.1167/16.8.5

 128. Curcio CA, Allen KA. Topography of ganglion cells in human retina. J Comp Neurol. (1990) 300:5–25. doi: 10.1002/cne.903000103

 129. Stark L. Biological rhythms, noise, and asymmetry in the pupil-retinal control system. Ann N Y Acad Sci. (1962) 98:1096–108 doi: 10.1111/j.1749-6632.1962.tb30621.x

 130. Clarke RJ, Zhang H, Gamlin PD. Characteristics of the pupillary light reflex in the alert rhesus monkey. J Neurophysiol. (2003) 89:3179–89. doi: 10.1152/jn.01131.2002

 131. McDougal DH, Gamlin PD. Autonomic control of the eye. Comp Physiol. (2015) 5:439–73. doi: 10.1002/cphy.c140014

 132. Miller SD, Thompson HS. Edge-light pupil cycle time. Br J Ophthalmol. (1978) 62:495–500. doi: 10.1136/bjo.62.7.495

 133. Troland LT. On the measurement of visual sensation intensities. J Exp Psychol. (1917). 2:1–34. doi: 10.1037/h0071652

 134. Westheimer G. The Maxwellian view. Vis Res. (1966) 6:669–82. doi: 10.1016/0042-6989(66)90078-2

 135. Kawasaki A, Herbst K, Sander B, Milea D. Selective wavelength pupillometry in Leber hereditary optic neuropathy. Clin Exp Ophthalmol. (2010) 38:322–4. doi: 10.1111/j.1442-9071.2010.02212.x

 136. Herbst K, Sander B, Milea D, Lund-Andersen H, Kawasaki A. Test-retest repeatability of the pupil light response to blue and red light stimuli in normal human eyes using a novel pupillometer. Front Neurol. (2011) 2:10. doi: 10.3389/fneur.2011.00010

 137. Kankipati L, Girkin CA, Gamlin PD. Post-illumination pupil response in subjects without ocular disease. Invest Ophthalmol Vis Sci. (2010) 51:2764–9. doi: 10.1167/iovs.09-4717

 138. Gooley JJ, Ho Mien I, St Hilaire MA, Yeo SC, Chua EC, van Reen E, et al. Melanopsin and rod-cone photoreceptors play different roles in mediating pupillary light responses during exposure to continuous light in humans. J Neurosci. (2012) 32:14242–53. doi: 10.1523/JNEUROSCI.1321-12.2012

 139. Zele AJ, Feigl B, Adhikari P, Cao D. IOVS e-abstract 5036-A0232 (2018).

 140. Adhikari P, Pearson CA, Anderson AM, Zele AJ, Feigl B. Effect of age and refractive error on the melanopsin mediated post-illumination pupil response (PIPR). Sci Rep. (2015) 5:17610. doi: 10.1038/srep17610

 141. Esquiva G, Lax P, Pérez-Santonja JJ, García-Fernández JM, Cuenca N. Loss of melanopsin-expressing ganglion cell subtypes and dendritic degeneration in the aging human retina. Front Aging Neurosci. (2017) 9:79. doi: 10.3389/fnagi.2017.00079

 142. Obara EA, Hannibal J, Heegaard S, Fahrenkrug J. Loss of melanopsin-expressing retinal ganglion cells in patients with diabetic retinopathy. Invest Ophthalmol Vis Sci. (2017) 58:2187–92. doi: 10.1167/iovs.16-21168

 143. Herbst K, Sander B, Lund-Andersen H, Wegener M, Hannibal J, Milea D. Unilateral anterior ischemic optic neuropathy:chromatic pupillometry in affected, fellow non-affected and healthy control eyes. Front Neurol. (2013) 4:52. doi: 10.3389/fneur.2013.00052

 144. Ba-Ali S, Lund-Andersen H. Pupillometric evaluation of the melanopsin containing retinal ganglion cells in mitochondrial and non-mitochondrial optic neuropathies. Mitochondrion (2017) 36:124–9. doi: 10.1016/j.mito.2017.07.003

 145. Meltzer E, Sguigna PV, Subei A, Beh S, Kildebeck E, Conger D, et al. Retinal architecture and melanopsin-mediated pupillary response characteristics: a putative pathophysiologic signature for the retino-hypothalamic tract in multiple sclerosis. JAMA Neurol. (2017) 74:574–82. doi: 10.1001/jamaneurol.2016.5131

 146. Levatin P. Pupillary escape in disease of the retina or optic nerve. Arch Ophthalmol. (1959) 62:768–79. doi: 10.1001/archopht.1959.04220050030005

 147. Thompson HS. Afferent pupillary defects. Pupillary findings associated with defects of the afferent arm of the pupillary light reflex arc. Am J Ophthalmol. (1966) 62:860–73.

 148. Wilhelm B, Lüdtke H, Peters T, Schmid R, Wilhelm H, Zrenner E. [Automated swinging flashlight test in patients with optic nerve diseases] German. Klin Monbl Augenheilkd. (2001) 218:21–5. doi: 10.1055/s-2001-11256

 149. Jonas JB, Zach FM, Naumann GO. Quantitative pupillometry of relative afferent defects in glaucoma. Arch Ophthalmol. (1990)108:479–80. doi: 10.1001/archopht.1990.01070060025009

 150. Schiefer U, Dietzsch J, Dietz K, Wilhelm B, Bruckmann A, Wilhelm H, et al. Associating the magnitude of relative afferent pupillary defect (RAPD) with visual field indices in glaucoma patients. Br J Ophthalmol. (2012) 96:629–33. doi: 10.1136/bjophthalmol-2011-300776

 151. Ozeki N, Yuki K, Shiba D, Tsubota K.Pupillographic evaluation of relative afferent pupillary defect in glaucoma patients. Br J Ophthalmol. (2013) 97:1538–42. doi: 10.1136/bjophthalmol-2013-303825

 152. Kardon RH, Haupert CL, Thompson HS. The relationship between static perimetry and the relative afferent pupillary defect. Am J Ophthalmol. (1993) 115:351–6. doi: 10.1016/S0002-9394(14)73587-1

 153. Stingl K, Peters T, Strasser T, Kelbsch C, Richter P, Wilhelm H, et al. Pupillographic campimetry:an objective method to measure the visual field. Biomed Tech (Berl). (2018) 63:729–34. doi: 10.1515/bmt-2017-0029

 154. Skorkovská K, Wilhelm H, Lüdtke H, Wilhelm B. How sensitive is pupil campimetry in hemifield loss? Graefes Arch Clin ExpOphthalmol. (2009) 247:947–53. doi: 10.1007/s00417-009-1040-7

 155. Schmid R, Luedtke H, Wilhelm BJ, Wilhelm H. Pupil campimetry in patients with visual field loss. Eur J Neurol. (2005) 12:602–8. doi: 10.1111/j.1468-1331.2005.01048.x

 156. Naber M, Roelofzen C, Fracasso A, Bergsma DP, van Genderen M, Porro GL, et al. Gaze-contingent flicker pupil perimetry detects scotomas in patients with cerebral visual impairments or glaucoma. Front Neurol. (2018) 9:558. doi: 10.3389/fneur.2018.00558

 157. Maddess T, Bedford SM, Goh XL, James AC. Multifocal pupillographic visual field testing in glaucoma. Clin Exp Ophthalmol. (2009) 37:678–86. doi: 10.1111/j.1442-9071.2009.02107.x

 158. Sabeti F, Maddess T, Essex RW, Saikal A, James AC, Carle CF. Multifocal pupillography in early age-related macular degeneration. Optom Vis Sci. (2014) 91:904–15. doi: 10.1097/OPX.0000000000000319

 159. Horn AK, Eberhorn A, Hartig W, Ardeleanu P, Messoudi A, Buttner-Ennever JA. Perioculomotor cell groups in monkey and man defined by their histochemical and functional properties:reappraisal of the Edinger-Westphal nucleus. J Comp Neurol. (2008) 507:1317–35. doi: 10.1002/cne.21598

 160. Wilhelm H. Disorders of the pupil. Handb Clin Neurol. (2011) 102:427–66. doi: 10.1016/B978-0-444-52903-9.00022-4

 161. Brown SM. The utility of 0.5% apraclonidine in the diagnosis of horner syndrome. Arch Ophthalmol. (2005) 123:578; author reply. doi: 10.1001/archopht.123.4.578-a

 162. Chen PL, Hsiao CH, Chen JT, Lu DW, Chen WY. Efficacy of apraclonidine 0.5% in the diagnosis of Horner syndrome in pediatric patients under low or high illumination. Am J Ophthalmol. (2006) 142:469–74. doi: 10.1016/j.ajo.2006.04.052

 163. Martin GC, Aymard PA, Denier C, Seghir C, Abitbol M, Boddaert N, et al. Usefulness of cocaine drops in investigating infant anisocoria. Eur J Paediatr Neurol. (2017) 21:852–7. doi: 10.1016/j.ejpn.2017.07.020

 164. Morales J, Brown SM, Abdul-Rahim AS, Crosson CE. Ocular effects of apraclonidine in Horner syndrome. Arch Ophthalmol. (2000) 118:951–4. doi: 10.1001/pubs.Ophthalmol.-ISSN-0003-9950-118-7-ecs90240

 165. Kardon RH, Denison CE, Brown CK, Thompson HS. Critical evaluation of the cocaine test in the diagnosis of Horner's syndrome. Arch Ophthalmol. (1990) 108:384–7. doi: 10.1001/archopht.1990.01070050082036

 166. Thompson HS. Adie's syndrome:some new observations. Trans Am Ophthalmol Soc. (1977) 75:587–626.

 167. Bremner F, Smith S. Pupillographic findings in 39 consecutive cases of harlequin syndrome. J Neuroophthalmol. (2008) 28:171–7. doi: 10.1097/WNO.0b013e318183c885

 168. Krzizok T, Gräf M, Klaus S. Foto- und videographische Messungen des Dilatationsdefizits zur Differentialdiagnose beim Horner-Syndrom. Ophthalmologe (1995) 92:125–31.

 169. Smith SA, Smith SE. Bilateral Horner's syndrome:detection and occurrence. J Neurol Neurosurg Psychiatry (1999) 66:48–51. doi: 10.1136/jnnp.66.1.48

 170. Crippa SV, Borruat FX, Kawasaki A. Pupillary dilation lag is intermittently present in patients with a stable oculosympathetic defect (Horner syndrome). Am J Ophthalmol. (2007) 143:712–5. doi: 10.1016/j.ajo.2006.10.049

 171. Wilhelm H, Klier R, Wilhelm B, Tóth B. Isolated internal ophthalmoplegia as sign of a third nerve palsy. Neuroophthalmology (1995) 15:211–5.

 172. Papangelou A, Zink EK, Chang WW, Frattalone A, Gergen D, Gottschalk A, et al. Automated pupillometry and detection of clinical transtentorial brain herniation: a case series. Mil Med. (2018) 183:e113–21. doi: 10.1093/milmed/usx018

 173. Thompson HS. Segmental palsy of the iris sphincter in Adie's syndrome. Arch Ophthalmol. (1978) 96:1615–20. doi: 10.1001/archopht.1978.03910060249012

 174. Bremner FD, Smith SE. Bilateral tonic pupils: holmes adie syndrome or generalised neuropathy? Br J Ophthalmol. (2007) 91:1620–3. doi: 10.1136/bjo.2007.118968

 175. Dütsch M, Marthol H, Michelson G, Neundörfer B, Hilz MJ. Pupillography refines the diagnosis of diabetic autonomic neuropathy. J Neurol Sci. (2004) 222:75–81. doi: 10.1016/j.jns.2004.04.008

 176. Lerner AG, Bernabé-Ortiz A, Ticse R, Hernandez A, Huaylinos Y, Pinto ME, et al. CRONICAS Cohort Study Group. Type 2 diabetes and cardiac autonomic neuropathy screening using dynamic pupillometry. Diabet Med. (2015) 32:1470–8. doi: 10.1111/dme.12752

 177. Anderson HA, Bertrand KC, Many RE, Hu Y-S, Fern KD. A comparison of two drug combinations for dilating dark irides. Optom. Vis. Sci. (2010) 87, 120–4. doi: 10.1097/OPX.0b013e3181cc8da3

 178. Mishima S. Clinical pharmacokinetics of the eye. Invest. Ophthalmol Vis Sci. (1981) 21:504–41.

 179. Baranowski P, Karolewicz B, Gada M, Pluta J. Ophthalmic drug dosage forms:characterisation and research methods. ScientificWorldJournal (2014) 2014:861904. doi: 10.1155/2014/861904

 180. Smith SA, Smith SE, Lazare R. An increased effect of pilocarpine on the pupil by application of the drug in oil. Br. J. Ophthalmol. (1978) 62:314–17. doi: 10.1136/bjo.62.5.314

 181. Birmingham AT, Galloway NR, Spencer SA. A comparison of the pupilloconstrictor effect of pilocarpine solution administered to the conjunctival sac as a single drop or as a continuous infusion in normal subjects. Br. J. Ophthalmol. (1976) 60:568–72. doi: 10.1136/bjo.60.8.568

 182. Ghose S, Garodia VK, Sachdev MS, Kumar H, Biswas NR, Pandey RM. Evaluation of potentiating effect of a drop of lignocaine on tropicamide-induced mydriasis. Invest Ophthalmol Vis Sci. (2001) 42, 1581–1585.

 183. Farkouh A, Frigo P, Czejka M. Systemic side effects of eye drops:a pharmacokinetic perspective. Clin Opthalmol. (2016) 10:2433–41. doi: 10.2147/OPTH.S118409

 184. Tavernor SJ, Abduljawad KAJ, Langley RW, Bradshaw CM, Szabadi E. Effects of pentagastrin and the cold pressor test on the acoustic startle response and pupillary function in man. J Psychopharmacol. (2000) 14:387–94. doi: 10.1177/026988110001400407

 185. Theofilopoulos N, Longmore J, Kerr FA, Szabadi E, Bradshaw CM. Consensual pupillary responses to mydriatic and miotic drugs. Br J Clin Pharm. (1988) 26:697–702.

 186. Hou RH, Freeman C, Langley RW, Szabadi E, Bradshaw CM. Does modafinil activate the locus coeruleus in man? Comparison of modafinil and clonidine on arousal and autonomic functions in human volunteers. Psychopharmacology (Berl) (2005) 181:537–49. doi: 10.1007/s00213-005-0013-8

 187. Szabadi E. The influence of the baseline on the size of pharmacological responses:a theoretical model. Br J Clin Pharmacol. (1977) 61, 492–3.

 188. Phillips MA, Szabadi E, Bradshaw CM. Comparison of the effects of clonidine and yohimbine on pupillary diameter at different illumination levels. Br J Clin Pharmacol. (2000) 50:65–8. doi: 10.1046/j.1365-2125.2000.00225.x

 189. Bitsios P, Szabadi E, Bradshaw CM. Comparison of the effects of venlafaxine, paroxetine and desipramine on the pupillary light reflex in man. Psychopharmacology (Berl) (1999) 143:286–92.

 190. Beatty J, Lucero-Wagoner B. The pupillary system. In: Cacioppo JT, Tassinary LG, Berntson GG editors. Vol. 2, Handbook of Psychophysiology. New York, NY: Cambridge University Press (2000). p. 142–62.

 191. Janisse M-P. editor. Pupillary Dynamics and Behavior. New York, NY: Plenum Press (1974).

 192. Janisse M-P. Pupillometry: The Psychology of the Pupillary Response. Washington, DC: Hemisphere Publishing (1977).

 193. Mathôt S. Pupillometry: psychology, physiology, and function. J Cogn. (2018) 1:16. doi: 10.5334/joc.18

 194. Szabadi E. Modulation of physiological reflexes by pain:role of the locus coeruleus. Front Integr Neurosci. (2012) 6:94. doi: 10.3389/fnint.2012.00094

 195. Löwenstein O. Pupillary reflex shapes and topical clinical diagnosis. Neurology (1955) 5:631–44.

 196. Steinhauer SR, Hakerem G. The pupillary response in cognitive psychophysiology and schizophrenia. Ann N Y Acad Sci. (1992) 658:182–204. doi: 10.1111/j.1749-6632.1992.tb22845.x

 197. Steinhauer SR, Siegle GJ, Condray R, Pless M. Sympathetic and parasympathetic innervation of pupillary dilation during sustained processing. Int J Psychophysiol. (2004) 52:77–86. doi: 10.1016/j.ipsycho.2003.12.005

 198. Sutton S. The specification of psychological variables in an average evoked potential experiment. In: Donchin E, Lindsley DB editors. Average Evoked Potentials:Methods, Results and Evaluations. Washington, DC: U.S. Government Printing Office (1969). pp. 237–62.

 199. Bradley MM, Miccoli L, Escrig MA, Lang PJ. The pupil as a measure of emotional arousal and autonomic activation. Psychophysiology (2008) 45:602–7. doi: 10.1111/j.1469–8986.2008.00654.x

 200. Siegle GJ, Steinhauer SR, Thase ME. Pupillary assessment and computational modeling of the Stroop task in depression. Int J Psychophysiol. (2004) 52:63–76. doi: 10.1016/j.ijpsycho.2003.12.010

 201. Hess EH, Seltzer AL, Shlien JM. Pupil response of hetero-and homosexual males to pictures of men and women: a pilot study. J Abnorm Psychol. (1965) 70:165–8. doi: 10.1037/h0021978

 202. Siegle GJ, Steinhauer SR, Stenger V, Konecky R, Carter CS. Use of concurrent pupil dilation assessment to inform interpretation and analysis of fMRI data. Neuroimage (2003) 20:114–24. doi: 10.1016/S1053-8119(03)00298-2

 203. Mathôt S, Fabius J, Van Heusden E, Van der Stigchel S. Safe and sensible preprocessing and baseline correction of pupil-size data. Behav Res Methods (2018) 50:94–106. doi: 10.3758/s13428-017-1007-2

 204. Granholm E, Verney SP. Pupillary responses and attentional allocation problems on the backward masking task in schizophrenia. Int J Psychophysiol. (2004) 52:37–51. doi: 10.1016/j.ijpsycho.2003.12.004

 205. Guthrie D, Buchwald JS. Significance testing of difference potentials. Psychophysiology (1991) 28:240–44. doi: 10.1111/j.1469-8986.1991.tb00417.x

 206. Beatty J. Task-evoked pupillary responses, processing load, and the structure of processing resources. Psychol Bull. (1982) 91:276–92. doi: 10.1037/0033–2909.91.2.276

 207. Loewenfeld IE. Mechanisms of reflex dilatation of the pupil. Doc Ophthalmol. (1958) 12:185–448. doi: 10.1007/BF00913471

 208. Hess EH, Polt JM. Pupil size as related to interest value of visual stimuli. Science (1960) 132:349–50. doi: 10.1126/science.132.3423.349

 209. Kahneman D, Beatty J. Pupil diameter and load on memory. Science (1966) 154:1583–5. doi: 10.1126/science.154.3756.1583

 210. Sokolov YN. Perception and the Conditioned Reflex. Translated by S.W. Waydenfeld. Oxford: Pergamon Press (1963).

 211. Friedman D, Hakerem G, Sutton S, Fleiss JL. Effect of stimulus uncertainty on the pupillary dilation response and the vertex evoked potential. Electroencephal Clin Neurophysiol. (1973) 34:475–84. doi: 10.1016/0013–4694(73)90065–5

 212. Wang C, Boehnke SE, Itti L, Munoz DP. Transient pupil response is modulated by contrast-based saliency. J Neurosci. (2014) 34:408–17. doi: 10.1523/JNEUROSCI.3550–13.2014

 213. Wang C, Munoz DP. Modulation of stimulus contrast on the human pupil orienting response. Eur J Neurosci. (2014) 40:2822–32. doi: 10.1111/ejn.12641

 214. Hess EH, Polt JM. Pupil size in relation to mental activity during simple problem-solving. Science (1964) 143:1190–2. doi: 10.1126/science.143.3611.1190

 215. Aston-Jones G, Cohen JD. An integrative theory of locus coeruleus-norepinephrine function:adaptive gain and optimal performance. Ann Rev Neurosci. (2005) 28:403–50. doi: 10.1146/annurev.neuro.28.061604.135709

 216. Steinhauer SR, Hakerem G, Spring BJ. The pupillary response as a potential indicator of vulnerability to schizophrenia. Psychopharmacol Bull. (1979) 15:44–45.

 217. Granholm E, Morris SK, Sarkin AJ, Asarnow RF, Jeste DV. Pupillary responses index overload of working memory resources in schizophrenia. J Abnorm Psychol. (1997) 106:458–67. doi: 10.1037/0021-843X.106.3.458

 218. Siegle GJ, Granholm E, Ingram RE, Matt GE. Pupillary response and reaction time measures of sustained processing of negative information in depression. Biol Psychiatry (2001) 49:624–36. doi: 10.1016/S0006-3223(00)01024-6

 219. Siegle GJ, Steinhauer SR, Carter CS, Ramel W, Thase ME. Do the seconds turn into hours? Relationships between sustained pupil dilation in response to emotional information and self reported rumination. Cogn Therapy Res. (2003) 27:365–83. doi: 10.1023/A:1023974602357

 220. Laurenzo SA, Kardon R, Ledolter J, Poolman P, Schumacher AM, Potash JB, et al. Pupillary response abnormalities in depressive disorders. Psychiatry Res. (2016) 246:492–9. doi: 10.1016/j.psychres.2016.10.039

 221. Münch M, Ladaique M, Roemer S, Hashemi K, Kawasaki A. Melanopsin-mediated acute light responses measured in winter and in summer:seasonal variations in adults with and without cataracts. Front Neurol. (2017) 8:464. doi: 10.3389/fneur.2017.00464

 222. LeGates TA, Altimus CM, Wang H, Lee HK, Yang S, Zhao H, et al. Aberrant light directly impairs mood and learning through melanopsin-expressing neurons. Nature (2012) 491:594–8. doi: 10.1038/nature11673

 223. Lowenstein O, Feinberg R, Loewenfeld IE. Pupillary movements during acute and chronic fatigue. Invest Ophthalmol Vis Sci. (1963) 2:138–57.

 224. Yoss RE, Moyer NJ, Ogle KN. The pupillogram and narcolepsy. A method to measure decreased levels of wakefulness. Neurology (1969) 19:921–28. doi: 10.1212/WNL.19.10.921

 225. Yoss RE, Moyer NJ, Hollenhorst RW. Pupil size and spontaneous pupillary waves associated with alertness, drowsiness, and sleep. Neurology (1970) 20:545–54. doi: 10.1212/WNL.20.6.545

 226. Schmidt HS, Jackson EI, Knopp W. Electronic pupillography (EPG): objective assessment of sleepiness and differentiation of disorders of excessive somnolence. Sleep Res. (1981) 10:48.

 227. Merritt SL, Keegan AP, Mercer PW. Artifact management in pupillometry. Nurs Res. (1994) 43:56–9. doi: 10.1097/00006199-199401000-00012

 228. Lüdtke H, Wilhelm B, Adler M, Schaeffel F, Wilhelm H. Mathematical procedures in data recording and processing of pupillary fatigue waves. Vis Res. (1998) 38:2889–96.

 229. Weeß H-G, Sauter C, Geisler P, Böhning W, Wilhelm B, Rotte M, et al. Vigilanz, Einschlafneigung, Daueraufmerksamkeit, Müdigkeit, Schläfrigkeit-Diagnostische Instrumentarien zur Messung müdigkeits- und schläfrigkeitsbezogener Prozesse und deren Gütekriterien. Somnologie (2000) 4:20–38. doi: 10.1046/j.1439-054x.2000.00116.x

 230. Wilhelm B, Wilhelm H, Lüdtke H, Streicher P, Adler M. Pupillographic assessment of sleepiness in sleep-deprived healthy subjects. Sleep (1998) 21:258–65.

 231. Wilhelm B, Körner A, Heldmaier K, Moll K, Wilhelm H, Lüdtke H. Normwerte des pupillographischen Schläfrigkeitstests für Frauen und Männer zwischen 20 und 60 Jahren. Somnologie (2001) 5:115–20. doi: 10.1046/j.1439-054X.2001.01156.x

 232. Regen F, Dorn H, Danker-Hopfe H. Association between pupillary unrest index and waking electroencephalogram activity in sleep-deprived healthy adults. Sleep Med. (2013) 14:902–12. doi: 10.1016/j.sleep.2013.02.003

 233. Wilhelm B, Neugebauer P, Lüdtke H, Hohenstein E, Ederle K, Wilhelm H. Pupillographischer Schläfrigkeitstest zur Therapiekontrolle beim Schlafapnoe-Syndrom nach drei Monaten nächtlicher Beatmung. Somnologie (1999) 3:53–56.

 234. Urschitz MS, Heine K, Brockmann PE, Peters T, Durst W, Poets CF, et al. Subjective and objective daytime sleepiness in schoolchildren and adolescents:results of a community-based study. Sleep Med. (2013) 14:1005–12. doi: 10.1016/j.sleep.2013.05.014

 235. Warga M, Lüdtke H, Wilhelm H, Wilhelm B. How do spontaneous pupillary oscillations in light relate to light intensity? Vis Res. (2009) 49:295–300. doi: 10.1016/j.visres.2008.09.019

 236. Wilhelm B, Stuiber G, Lüdtke H, Wilhelm H. The effect of caffeine on spontaneous pupillary oscillations. Ophthalmic Physiol Opt. (2014) 34:73–81. doi: 10.1111/opo.12094

 237. Heneka C, Lüdtke H, Wilhelm B. Effects of nicotine on the results of the pupillographic sleepiness test (PST) in normal healthy subjects. Somnologie (2003) 7(Suppl. 1):69. doi: 10.1002/ajhb.22326

 238. Möller M, Schläfke ME, Schäfer T. On the influence of pretest conditions on the reproducibility of the pupillographic sleepiness test. Somnologie (2002) 6:75–8. doi: 10.1046/j.1439-054X.2002.02179.x

 239. Steinhauer SR, Condray R, Kasparek A. Cognitive modulation of midbrain function:task-induced reduction of the pupillary light reflex. Int J Psychophysiol. (2000) 39:21–30. doi: 10.1016/S0167-8760(00)00119-7

 240. Grozdanic SD, Matic M, Sakaguchi DS, Kardon RH. Evaluation of retinal status using chromatic pupil light reflex activity in healthy and diseased canine eyes. Invest Ophthalmol Vis Sci. (2007) 48:5178–83. doi: 10.1167/iovs.07-0249

 241. Binda P, Gamlin PD. Renewed attention on the pupil light reflex. Trends Neurosci. (2017) 40:455–7. doi: 10.1016/j.tins.2017.06.007

 242. Mohan K, Harper MM, Kecova H, Ye EA, Lazic T, Sakaguchi DS, et al. Characterization of structure and function of the mouse retina using pattern electroretinography, pupil light reflex, and optical coherence tomography. Vet Ophthalmol. (2012) 15(Suppl. 2):94–104. doi: 10.1111/j.1463-5224.2012.01034.x

 243. Cahill H, Nathans J. The optokinetic reflex as a tool for quantitative analyses of nervous system function in mice:application to genetic and drug-induced variation. PLoS ONE (2008) 3:e2055. doi: 10.1371/journal.pone.0002055

 244. Somasundaram P, Wyrick GR, Fernandez DC, Ghahari A, Pinhal CM, Simmonds Richardson M, et al. C-terminal phosphorylation regulates the kinetics of a subset of melanopsin-mediated behaviors in mice. Proc Natl Acad Sci USA. (2017) 114:2741–6. doi: 10.1073/pnas.1611893114

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Kelbsch, Strasser, Chen, Feigl, Gamlin, Kardon, Peters, Roecklein, Steinhauer, Szabadi, Zele, Wilhelm and Wilhelm. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.





THE PUPIL: LIGHT-EVOKED RESPONSES











	
	ORIGINAL RESEARCH
published: 17 August 2018
doi: 10.3389/fneur.2018.00669






[image: image2]

Chromatic Pupillometry in Children


Sylvain V. Crippa1,2, Fatima Pedrosa Domellöf3 and Aki Kawasaki1*


1Neuro-Ophthalmology Unit, Jules-Gonin Eye Hospital, University of Lausanne, Lausanne, Switzerland

2Group for Retinal Disorder Research, Jules-Gonin Eye Hospital, University of Lausanne, Lausanne, Switzerland

3Ophthalmology, Department of Clinical Science, Umeå University, Umeå, Sweden

Edited by:
Paul Gamlin, University of Alabama at Birmingham, United States

Reviewed by:
Beatrix Feigl, Queensland University of Technology, Australia
 Dan Milea, Singapore National Eye Center, Singapore
 Dingcai Cao, University of Illinois at Chicago, United States

* Correspondence: Aki Kawasaki, aki.kawasaki@fa2.ch

Specialty section: This article was submitted to Neuro-Ophthalmology, a section of the journal Frontiers in Neurology

Received: 14 April 2018
 Accepted: 26 July 2018
 Published: 17 August 2018

Citation: Crippa SV, Pedrosa Domellöf F and Kawasaki A (2018) Chromatic Pupillometry in Children. Front. Neurol. 9:669. doi: 10.3389/fneur.2018.00669



Chromatic pupillometry is a technique that is increasingly used to assess retinal disorders. As age may be one of the various factors which can influence the pupillary light reaction, this study aimed to evaluate the pupil responses to colored light stimuli in the pediatric population. Fifty-three children with normal vision and without any history of ocular disorders were tested with a portable pupillometer. Four test sequences were used: five dim blue (470 nm) stimuli presented in half log steps ranging from −3.15 to −1.15 log cd/m2 after 3 min of dark adaptation, five red (622 nm) stimuli of −1.15, −0.7, −0.15, 0.3, and 0.85 log cd/m2 after 1 min light adaptation, one bright blue stimulus of 2.2 log cd/m2 and one bright red of 2 log cd/m2. The results were grouped by age: a younger group included 27 children aged from 3 to 10 years old and an older group included 26 from 10 and 1 month to 18 years old. The younger group had a smaller pupil diameter after dark adaptation compared with the older group. A linear regression defining the photopic threshold showed that younger subjects had a higher threshold, e.g., needed a brighter red stimulus to evoke a threshold pupil response comparable that of subjects. Age thus seems to influence outer retinal sensitivity at least as evaluated by the pupillary photopic threshold intensity. The post-illumination pupillary reaction was used as a marker of intrinsic melanopsin activity and did not show any difference between the two age groups.

Keywords: pupil, chromatic pupillometry, children, pupillary light reaction, growth


INTRODUCTION

The use of colored light stimuli under conditions of dark and light adaptation facilitates rod versus cone mediation of retinal light signaling. More than 3 decades ago, Drs Lowenstein and Loewenfeld were recording the pupil response to focal green light flashes presented parafoveally at sub-photopic intensities to define the response curve of rods (1). In 1987, Birch and Birch (2) described a method using the steady-state pupil diameter after dark adaptation to determine the pupillometric threshold of rods, both in normal eyes and in eyes with retinal degeneration. The threshold was the retinal illumination necessary to evoke a criterion pupil response (defined as a decrease in pupil size by 1.0 mm). Adults with retinitis pigmentosa with reduced scotopic amplitude on electroretinography had elevated pupillometric rod threshold (mean 2.23 log units). Patients with nondetectable responses on electroretinography had pupil thresholds 3.27 log units higher than controls.

These early pioneering works which measured the pupil response to colored light stimuli under conditions of dark- and light-adaptation were the basis for quantifying rod and cone activity from the pupil light reflex. The discovery of the photopigment melanopsin and the identification of a non-rod, non-cone retinal photoreceptor have renewed interest in the pupil as a biomarker and have demonstrated that examination of the post-stimulus pupillary dynamics provides additional information about retinal light sensitivity.

In the 1960s, Bouma described that the steady-state pupil size that was largely determined by the scotopic spectral sensitivity using a large test field (3). Notably, he defined the pupil size against the intensity for different wavelengths and extracted the static pupillary sensitivity curve showing a peak at 490 nm. This is remarkably similar to the spectral sensitivity curve of melanopsin.

In terms of afferent pupillary signaling from the retina, melanopsin appears to be the predominant contribution for steady state pupil size and for sustained pupillary constriction following light stimulus offset. Various methods have been described to quantify this post-illumination pupil response (PIPR) which has a spectral sensitivity matching that of melanopsin (4–7).

Pupillometry using colored light stimulation has technologically advanced since the early experiments of the 60s and 70s. Chromatic pupillometry is now available as a small desktop or portable model (8–10). The simplicity of the technique broadens the patient population to be tested and is thus well-suited for use in patients with limited mobility. However, testing protocols still tend to be longer than most typical clinical tests and the dark adaptation needed to improve rod sensitivity could be difficult in patients with limited comprehension or attention span, such as patients with cognitive decline and young children. Yet it is the pediatric population in whom chromatic pupillometry may be a potentially important tool to evaluate outer and inner retinal activity in a variety of retinal and neurologic disorders (11).

Portable chromatic pupillometry for children may be an alternative to electroretinography for assessing photoreceptor function. The distinct advantage of pupillometry is that electrodes are not necessary. One foreseeable application is the school vision screening test. The ease of portable pupillometry permits on-site testing of children who fail the screening test. Chromatic pupillometry may also be used to monitor children with retinal degenerative disorders. In patients with endstage photoreceptor degeneration, chromatic pupillometry has been shown to be more sensitive than full-field electroretinography in detecting residual levels of cone function (12). Conversely chromatic pupillometry has promise as a tool to detect recovery of photoreceptor function in children who undergo gene therapy who are still too young to provide reliable responses to subjective tests of vision.

Thus, this pilot study was undertaken to evaluate chromatic pupillometry in children using a portable pupillometer.



SUBJECTS AND METHOD

The study was conducted according to the tenets of the Declaration of Helsinki and received authorization from the Regional Ethical Review Board for human research. Because study participants were under-age minors, one parent of each subject provided oral and written informed consent for participation in the study. Healthy children from families and acquaintances of the staff of the eye clinic of the University Hospital of Umeå (NUS) in Umeå were invited to participate in the study. Premature birth, a history of ocular trauma or diagnosis, use of ophthalmic or systemic medications were exclusionary criteria. Visual acuity, a Donders confrontation test, microscopic examination of anterior segment and examination of the macula and optic nerve head with 90D lens was performed and were normal for all children included in the study. No child was wearing glasses for refractive error at the time of the study. Refraction with cyclopentolate was not performed. Fifty-three children aged 3–18 years old were included. Because the axial length of the eye reaches its adult size at 10 years of age (13), the children were divided into two groups: those aged 10 years or less, here forth called the younger group and those over age 10 years called the older group. Detailed information was provided to the child and the accompanying parent prior to the recordings. The smaller children were given the opportunity to explore the environment and to “test” the different steps of the procedure before starting.

Pupil recordings were made using the IDMed Neurolight (Marseille, France) portable device. The light source is composed of three trichromatic light emitting diodes with a 6 log unit range of intensity placed in a kurbisfeld. For this study, only the blue (470 nm) and red (622 nm) lights were used. In this kurbisfeld, an infrared camera records the pupil continuously at 67 Hz with telecentric optics. A touchscreen graphical user interface is situated on the back of the stimulation chamber. It allows the examiner to enter the name of the subject and to select the pre-programmed stimulus sequence. This touchscreen offers a window where the pupil image is shown continuously during the recording. An occlusive rubber ocular is placed over the eye to be tested and the subject is instructed to look straight ahead. The examiner may stabilize head movement by placing a hand gently on the subject's forehead. In this study, the right eye was the tested eye.

We developed four test sequences (Supplemental Figure 1), modified from a previously-described stimulus protocol which was used to evaluate photoreceptor function in patients with rod-cone degeneration due to NR2E3 mutation (14). The relatively short times for dark and light adaptation in this study were selected from pre-study trial-and-error experiences noting child comfort and cooperation as well as the practicality of pupil testing in a clinical outpatient setting. We have retained the naming of the stimulus light sequence as “scotopic” and “photopic” for those following dark and light adaptation respectively. For this study, we use these light sequences with shortened adaptation times to grossly assess outer photoreceptor function: the scotopic sequence with blue lights biased toward rod function and the photopic sequence with red lights biased to cone function. We acknowledge that the shortened adaptation times used in this study are, however, not standard and not validated for true measuring of rod and cone function.

The first test sequence is performed after dark adaptation. For dark adaptation in this study, both eyes of the child are covered with sticky patches and the child sits quietly, accompanied by a parent if needed, in a dark, windowless room (0 cd/m2) for 3 min. The testing is performed in darkness as the pupilometer is placed over the right eye and the left (non-tested) eye remains under occlusion with a sticky patch. The pupil recording is started and the scotopic test sequence begins with 5 s of darkness (0 log cd/m2) followed by a series of five stimulations from a dim blue light having an intensity from −3.15 to −1.15 log cd/m2, in increasing half log steps. Each stimulation is 1 s in duration. The inter-stimulus interval is 3 s as this had been previously determined to be sufficient time to permit the pupil to return to baseline size before the arrival of the next light stimulus. The pupillometer is then removed from the right eye, the occlusive patch is removed from the left eye and the room light is turned on (900 lux) to start light adaptation for 1 min before the second test sequence. The second test sequence (photopic sequence) also begins with pupil recording during 5 s of darkness (0 log cd/m2) which is followed by a series of 5 stimulations from a red light having an intensity starting at −1.15 followed by −0.7, −0.15, 0.3, and 0.85 log cd/m2. Each stimulation is 1 s in duration and the inter-stimulus interval is 3 s. The eyes are again light adapted for 1 min before the third and before the fourth pupil tests sequences, each of which consists of a single light stimulation (1 s) having a high intensity and recording the pupillary response during the light stimulus and for 20 s in darkness after the light stimulus. The prolonged post-light recording of the pupil allows determination of the post-illumination pupil response (see PIPR calculation below). For the third test sequence, the stimulus is a blue light 160 cd/m2 and for the fourth test sequence, a red light stimulus 102 cd/m2, respectively 2.2 and 2 log cd/m2. In sum, the full protocol of this study consists of 12 stimuli divided into four test sequences; two with 5 stimuli and two with a single stimulus.

The pupil recordings were qualitatively assessed for validity of recording after each of the 4 testing sequences. For the first and second test sequences, pupil recordings having artifacts other than rapid blinks which occurred during 2 s of light stimulus onset were considered invalid responses and were removed from further analysis.

Scotopic and photopic test sequences having less than 4 valid responses out of five stimuli were considered invalid recordings. In cases where the first recording was deemed invalid, a second recording of the same test sequence was performed on the same eye (data not shown).

The pupil data were exported and analyzed in a spreadsheet (Microsoft Excel 2010; Microsoft, Redmond, WA). Blink artifacts were removed from the raw pupil tracings with a customized semi-automated filter function. The baseline pupil size (diameter) was determined from the first test sequence following dark-adaption and defined as the mean diameter during 250 ms just before the first light stimulus. This baseline pupil size was used to determine the pupil contraction amplitude. The maximal contraction amplitude is reported in this study as the maximal decrease in pupil size (in %) within 2 s of the light stimulus onset and calculated by the following formula: % maximal contraction amplitude at time x = ([baseline pupil diameter minus pupil diameter at time x]/[baseline pupil diameter]) × 100. A criterion level of 5% contraction amplitude was applied to distinguish evoked pupil responses from random noise.

The post illumination pupil response (PIPR) (7, 15) was calculated for the two last test sequences (single stimulus sequences having either a blue light or a red light). The PIPR (in %) was calculated as following: 100 – ([mean pupil diameter between 5.75 and 6.25 s after termination of the light stimulus/baseline pupil diameter] × 100) (6). The PIPR is a clinical marker of the melanopsin contribution to the pupil light response and is generally greater following a blue light stimulus compared to a red light stimulus as melanopsin has relatively poor sensitivity to long wavelength light (7).

Outcome parameters were compared using student t-test for normalized data. The significance threshold was defined as ≤0.05.



RESULTS

In the younger group (<10 years old) there were 9 boys and 18 girls and in the older group (>10 and <18 years old), 13 girls and 13 boys. The ages of children in the younger group ranged from 3 years and 4 months old to 10 years old (mean ± SD: 80 ± 23 months; the oldest of this group had her recording during her 10th anniversary month) and the older group were aged from 10 years and 1 month old to 17 years old and 10 months (153 ± 26 months).

The first test sequence was valid in every subject except two; one in the younger group and one in the older. For the second photopic test sequence, three children in the younger group had an invalid recording. For the two last test sequences, the older group had no difficulties, but four in the younger group had invalid recording due to prolonged eye closure: one with the bright blue stimulus of the third test sequence and three with both bright red and blue sequences.

All subjects had at least two valid sequences for analysis except one 9 year old subject who only had the 1st sequence deemed valid. Forty-five subjects could complete the full protocol (four test sequences); these were 21 of 27 (78%) in the younger group and 25 of 26 (96%) in the older group.


Pupil Size

The younger group showed a significantly smaller baseline pupil size, 7.2 ± 0.8 mm compared to the older group of 7.6 ± 0.8 mm (p = 0.03).



Contraction Amplitude

In the scotopic test sequence, the pupil contraction amplitude increased with increasing stimulus intensity for both subject groups (Figure 1). This relationship appeared to be linear with a mean individual coefficient of determination of r2 = 0.92 ± 0.07 (0.92 ± 0.07 for the younger group and 0.93 ± 0.07 for the older group; p = 0.59). The slopes were compared and considered as equal (p = 0.61).
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FIGURE 1. Maximal contraction amplitude to dim blue lights (scotopic test sequence) for 52 subjects (26 in younger group and 26 in older group). The mean contraction amplitude for younger (open diamonds) and older (closed squares) groups is plotted as a regression line across a range of intensities. The dashed line is the younger group; the solid line is the older group. The dotted line represents the threshold (5%) for defining an evoked pupil response.



For the photopic test sequence, the contraction amplitude increased with increasing stimulus intensity for both groups. This relationship appeared to be linear with a mean individual coefficient of determination of r2 = 0.88 ± 0.10 (0.86 ± 0.11 for the younger group and 0.90 ± 0.10 for the older group; p = 0.23); the slopes were compared and considered as equal (p = 0.91; Figure 2). Only one subject aged 6 years in the younger group had an observable pupil reaction (defined as >5% decrease in pupil diameter) to the dimmest red stimulus having intensity of −1.15 log cd/m2 whereas seven older subjects clearly show an evoked response at this dimmest red light stimulus. This and the generally lower pupil responses in the younger group suggest that threshold intensity for a pupil contraction to red light stimulation under conditions of light adaptation is slightly higher for younger children and overall retinal light sensitivity is lower.
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FIGURE 2. Maximal contraction amplitude to dim red lights (photopic test sequence) for 50 subjects (24 in younger group and 26 in older group). The mean contraction amplitude for younger (open triangles) and older (closed triangles) groups is plotted as a regression line across a range of intensities. The dashed line is the younger group; the solid line is the older group. The dotted line represents the threshold (5%) for defining an evoked pupil response.





Threshold

From the regression lines determined for the scotopic and photopic test sequences, the threshold intensity could be extrapolated to the intercept at y = 5 which is the dimmest stimulus that produces a 5% pupil contraction. Only subjects with at least on 4 out of 5 valid stimuli were considered for this analysis. Twenty-six of 27 the younger group were included for the scotopic test sequence and 24 of 27 for the photopic test sequence. For the older group, these were 25 of 26 and 26 of 26 for the scotopic and photopic test sequences, respectively.

The mean threshold intensity for the scotopic test sequence is −3.75 ± 0.96 log cd/m2 for the younger group and −4.14 ± 1.03.log cd/m2 for the older group (p = 0.17) and for the photopic test sequence, the mean threshold is −0.77 ± 0.25 log cd/m2 for the younger group and −1.17 ± 0.48 log cd/m2 for the older group (p = <0.01; Figure 3).
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FIGURE 3. Dot plot of the threshold for 26 subjects of the younger group and 26 from the older one. Threshold intensity is the light intensity needed to produce a 5% contraction amplitude using a regression line. See Figures 1, 2. Horizontal bars represent the mean for younger (open symbols) and older (closed symbols) groups.





PIPR

The post-illumination pupil response for the third test sequence (single blue light stimulus) was larger (10.47 ± 7.04%), i.e., pupil size remained smaller after light offset, compared to that for the fourth test sequence having a single red light stimulus (2.45 ± 4.52%). This difference was statistically significant (p = <0.01). The older group showed a larger blue light PIPR in response (11.09 ± 7.92%) compared to younger group (9.75 ± 5.92%) but the difference was not statistically significant (p = 0.51). For the PIPR to bright red light, the older group showed a larger PIPR (2.97 ± 3.98%) compared to the younger group: 1.91 ± 5.05%; but again, the difference was not significant (p = 0.42; Figure 4).
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FIGURE 4. PIPR to blue light for 23 subjects in younger group and 26 subjects in older group and PIPR to red light for 24 in younger group and 26 in older group. Horizontal bars show the mean. Subjects in the younger group are shown in open diamond for the blue stimulation and open triangle for the red one. Those in the older group are respectively shown as closed squares and closed triangles.



The PIPR in response to the last red light test sequence for all children was expectedly very small (mean 2.45 ± 4.52%), and this is consistent with results from other studies made with primates and adult humans (6, 15, 16) The bright red light test sequence PIPR generally serves as a control stimulus in which melanopsin stimulation is presumed to be null-to-minimal. In order to relate the melanopsin contribution from the blue light stimulus to the control response, we also evaluated difference in between the blue light PIPR and the red light PIPR (difference PIPR). There is no difference in the difference PIPR between the younger groups (7.59 ± 8.81%) and the older group (8.21 ± 8.01%; p = 0.80).




DISCUSSION

This study used a portable, hand-held device to record the pupil response to a range of chromatic light stimuli in children. The ages of the children ranged from 3 years and 4 months to 17 years and 10 months old. The dark and light adaptation times were reduced in order to enhance subject cooperation. The two light-adapted test sequences using a single bright stimulus, one blue and one red, showed the most artifacts in the younger group. Three children for whom a valid recording was not possible in these two test sequence were aged of 6 years and 11 months, 8 years and 9 months, and 9 years and 8 months; showing that nonetheless the youngest of the participants (aged 3 years and 4 months) could cooperate enough to complete tests sequences with bright lights and a long post stimulus dark period.

The mean scotopic baseline pupil diameter was larger in the older group compared to the younger group; respectively a pupillary diameter of 7.2 ± 0.8 mm for the younger and 7.6 ± 0.8 mm for the older group (p = 0.03). This finding is consistent with the published literature (1, 17, 18).

From linear regression analysis, the intensity for a threshold pupil response (threshold intensity) was determined. We found the scotopic threshold showed a tendency to be higher in the younger group compared to the older group (−3.75 ± 0.96 log cd/m2 vs. −4.14 ± 1.03 log cd/m2, respectively, p = 0.17). The range of scotopic threshold values of the older group of children in this study were similar to those of adults (−4.7 ± 0.4 log cd/m2) who were tested with a ganzfeld stimulator and more rigorous protocol of light and dark adaptation (14).

The similarity in threshold intensity between children tested with the portable pupillometer and previously reported values in adults suggest that the abbreviated testing protocol of this study may be sufficient to assess rod-weighted pupil responses. For the threshold intensity of the photopic test sequence, we found a higher threshold in the younger group (−0.79 ± 0.28 log cd/m2) compared to the older group (−1.17 ± 0.48 log cd/m2) and this difference was significant (p = <0.01). Our finding that younger children have a higher scotopic and photopic threshold intensity may have importance when interpreting results of chromatic pupillometry for clinical purposes in children.

While it is beyond the scope of this study to examine the reason behind this age-related difference in threshold values, we may postulate on several possibilities for why the younger group requires a greater light intensity to evoke a minimum 5% pupillary contraction. These include: decreased neural signal from the retina to the olivary pretectal nucleus, greater supranuclear inhibition of the afferent pupillomotor signal at the level of the olivary pretectal nucleus, lesser neural signal from the Edinger-Westphal nucleus or greater mechanical resistance to pupillary movement at the level of the iris. We favor the first emitted hypothesis that decreased retinal light sensitivity related to ongoing postnatal retinal development is the basis for the higher thresholds seen in younger children. Anatomic and functional studies provide some support data (19–21).

From a histopathologic study, cone density at the fovea is 108,400/mm2 at age 3.8 years which is still far under the density of 208,200/mm2 in adults (19, 20). However, cone packing is completed before age 10 years after which the fovea attains its adult characteristics. From an electrophysiologic study, it has been shown that the rod and cone response (b-wave amplitude) increases between age 1 and 20 years with peak values occurring between age 10 and 20 years (21). Specifically, the rod b-wave median amplitude was 45% higher in children aged 10–20 years compared to those aged 1–10 years. Similarly the cone b-wave median amplitude and the cone a-wave median amplitude by electroretinography were larger in the older group by 21 and 26%, respectively. These anatomic and functional studies suggest that the outer retina in children under age 10 is still developing and is yet less light sensitive than a fully mature one.

In all four test sequences the older group had a larger pupillary contraction compared to the younger group. In the scotopic test sequence, the pupil contraction amplitude increased with increasing stimulus intensity for younger and older groups (Figure 1). This relationship appeared to be linear for both groups (younger group: slope 14.73 ± 5.19, r2 = 0.92 ± 0.07; older group: slope 14.87 ± 3.0, r2 = 0.93 ± 0.07). There was no difference in the slope or the variance between the two groups (p = 0.61 and p = 0.59, respectively).

For the photopic test sequence, the contraction amplitude increased with increasing stimulus intensity for younger and older groups (Figure 2). This relationship appeared to be linear for both groups (younger group: slope 12.11 ± 3.68, r2 = 0.86 ± 0.11; older group: slope 11.66 ± 2.35, r2 = 0.90 ± 0.10). There was no difference in the slope or the variance between the two groups, p = 0.91 and p = 0.23, respectively. Only one subject aged 6 years in the younger group had an observable pupil reaction (defined as >5% decrease in pupil diameter) to the dimmest red stimulus having intensity of −1.15 log cd/m2 whereas seven older subjects clearly show an evoked response at this dimmest red light stimulus. This and the generally lower pupil responses in the younger group suggest that threshold intensity for a pupil contraction to red light stimulation under conditions of light adaptation is slightly higher for younger children and overall retinal light sensitivity is lower.

The blue light PIPR in this study was relatively small, suggesting suboptimal stimulation of melanopsin. We selected the intensities for these two test sequences in part from a widely shared methodology (6) and in part from consideration for light tolerance in children. There were no differences between the two age groups in the PIPR determined from the single stimulus sequences. This is contrary to the age-related differences observed with the scotopic and photopic sequences. We can postulate that the absence of an age effect on PIPR indicates that melanopsin-mediated phototransduction matures early in human development. It is also possible that the PIPR determined by this methodology is not sensitive enough to detect developmental changes in melanopsin light sensitivity (22). For purposes of using PIPR as a clinical biomarker of melanopsin activity, we suggest that a larger population of children be tested so that trends in PIPR as a function of age can be verified as absent or present.

Overall, we found that portable pupillometry using four short test sequences permits, in children as young as age 3 years, a valid recording of pupil responses to light stimuli biased to favor one photoreceptive element: rods or cones or melanopsin. Ocular development, estimated by age, seems to influence outer retinal sensitivity at least as evaluated by the pupillary and in general, supports lower threshold intensity (greater light sensitivity of the outer retina) in children after age 10 years. The melanopsin sensitivity estimated from the blue light PIPR was not influenced by age.
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Supplemental Figure 1. Graphical presentation of the full pupil protocol consisting of four test sequences. Each numbered line represents one of the four test sequences. The 1st test sequence starts after 3 min of dark adaptation (DA; 0 lux) whereas the following 3 sequences start after 1 min of light adaptation (LA; 900 lux). The pupil recording is represented by the x axis; the scale bar equals 1 s. Each pupil recording starts with 5 s of darkness before the first light stimulus is presented. The vertical bars represent the light stimuli; the intensity is given above each stimulus and each stimulus is 1 s in duration. The inter-stimulus interval for sequences 1 and 2 is 3 s. Recording during non-stimulus segments occurs in darkness (0 lux).
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Effect of Single and Combined Monochromatic Light on the Human Pupillary Light Response
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The pupillary light reflex (PLR) is a neurological reflex driven by rods, cones, and melanopsin-containing retinal ganglion cells. Our aim was to achieve a more precise picture of the effects of 5-min duration monochromatic light stimuli, alone or in combination, on the human PLR, to determine its spectral sensitivity and to assess the importance of photon flux. Using pupillometry, the PLR was assessed in 13 participants (6 women) aged 27.2 ± 5.41 years (mean ± SD) during 5-min light stimuli of purple (437 nm), blue (479 nm), red (627 nm), and combinations of red+purple or red+blue light. In addition, nine 5-min, photon-matched light stimuli, ranging in 10 nm increments peaking between 420 and 500 nm were tested in 15 participants (8 women) aged 25.7 ± 8.90 years. Maximum pupil constriction, time to achieve this, constriction velocity, area under the curve (AUC) at short (0–60 s), and longer duration (240–300 s) light exposures, and 6-s post-illumination pupillary response (6-s PIPR) were assessed. Photoreceptor activation was estimated by mathematical modeling. The velocity of constriction was significantly faster with blue monochromatic light than with red or purple light. Within the blue light spectrum (between 420 and 500 nm), the velocity of constriction was significantly faster with the 480 nm light stimulus, while the slowest pupil constriction was observed with 430 nm light. Maximum pupil constriction was achieved with 470 nm light, and the greatest AUC0−60 and AUC240−300 was observed with 490 and 460 nm light, respectively. The 6-s PIPR was maximum after 490 nm light stimulus. Both the transient (AUC0−60) and sustained (AUC240−300) response was significantly correlated with melanopic activation. Higher photon fluxes for both purple and blue light produced greater amplitude sustained pupillary constriction. The findings confirm human PLR dependence on wavelength, monochromatic or bichromatic light and photon flux under 5-min duration light stimuli. Since the most rapid and high amplitude PLR occurred within the 460–490 nm light range (alone or combined), our results suggest that color discrimination should be studied under total or partial substitution of this blue light range (460–490 nm) by shorter wavelengths (~440 nm). Thus for nocturnal lighting, replacement of blue light with purple light might be a plausible solution to preserve color discrimination while minimizing melanopic activation.
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INTRODUCTION

The pupillary light reflex (PLR) is a neurological reflex characterized by a reduction in pupil diameter in response to an increase in retinal illumination, as well as the subsequent redilation of the pupil after light cessation. Its main function is to increase the depth of field and image sharpness in bright light conditions.

Rods and cones were the only known mammal photoreceptors until the discovery of melanopsin (1), a photopigment with a peak of sensitivity (λmax) at 480 nm, which is expressed in the intrinsically photosensitive retinal ganglion cells (ipRGCs) (2). These ipRGCs project to the suprachiasmatic nuclei (SCN), the circadian pacemaker, and other non-image forming brain areas, such as the olivary pretectal nucleus (OPN), a control center for the PLR (3–7). Thus, ipRGCs participate in a common pathway for the PLR and other processes such as circadian entrainment, either by themselves (intrinsically) or through their connections with the outer retinal photoreceptors (extrinsically), the most efficient wavelengths (humans, λmax 446–477 nm) to both entrain the circadian timing system and inhibit melatonin synthesis (8, 9) being those closer to the maximal sensitivity for ipRGCs. In addition, a relationship between circadian status and PLR has recently been reported (10), indicating a complex inverse relationship between both systems. Once this common pathway and its interactions are further studied, it may be plausible to assess the effect of different lights on the human circadian system through their effects on the PLR.

The human PLR follows a general dynamic (11–14), that can be affected by the intensity, spectral composition (15, 16) and duration of the light stimulus. When the stimulus starts, the pupil shows a rapid constriction until it reaches a minimum size (maximal constriction amplitude). After this early transient response, a pupillary re-dilatation occurs (escape), reaching a more sustained state of partial pupil constriction, which lasts until the end of the light stimulus (17) as well as after termination (post-illumination pupil response, PIPR) (12). According to some studies in primates and humans, the early transient pupil constriction is predominantly driven by cones, while control of the sustained and persistent PIPR seems to correspond to a melanopsin-mediated intrinsic response (12, 18–20). Recent studies, however, have suggested that the outer retinal photoreceptors could also participate in this sustained (21–23) and post-illumination pupil response (PIPR) (24, 25). Despite some limitations of pupillometry, it is possible to infer rod and cone function and the intrinsic activation of ipRGCs independently by analyzing the transient, sustained, and persistent (or PIPR) pupillary response to light stimuli of different wavelengths, intensities, and durations (17).

Apart from their relative specificity on the PLR dynamics, each human retinal photoreceptor exhibits different wavelength sensitivities, based on their corresponding photopigments: λmax 498 nm for rods, λmax 420 nm for S-cones, λmax 530 nm for M-cones, λmax 559 nm for L-cones (26). The maximum sensitivity for melanopsin-containing ipRGCs has been established at 480 nm (2, 6, 27), although other PLR studies in humans indicate peak sensitivities around 490 nm (28), based on ocular photoresponses. In primates intensity thresholds for each photoreceptor are also different, being higher for ipRGCs (~10–11 log quanta/cm2/s) (23, 29) than for the classical photoreceptors [cones 2.30 log quanta/cm2/s; rods 1.70 log quanta /cm2/s, at the cornea level (30)]. Furthermore, it has been proposed that melanopsin's spatial conformation and thus its wavelength sensitivity can switch back from the M to R state by absorbing longer wavelength photons, so-called melanopsin bistability (31, 32). This has also been associated with the PLR, exhibiting increased pupil constriction when the light stimulus was preceded by longer wavelength light (32). Tristability (with two silent and one signaling state) has also been suggested as a mechanism for ipRGC to integrate both time and wavelength (33). However, not all studies have been able to demonstrate this long wavelength potentiation of blue light responses (34, 35), while some studies have proposed the existence of retinal pigment epithelium (RPE)-derived regeneration in melanopsin (36, 37), which could be interpreted as a complementary mechanism [reviewed in (38)].

The study of possible interactions between two monochromatic wavelengths when administered simultaneously, as well as assessment of PLR sensitivity over a high resolution short wavelength range will help to provide knowledge on the effect of polychromatic lights on the PLR.

The aim of this study was thus to achieve a more precise picture of the effects of 5-min monochromatic light stimuli, alone or in combination [long (red) combined with short (blue and purple) wavelength lights], on the human PLR (including PIPR), to determine its spectral sensitivity and to confirm the importance of photon flux as a determinant of the human PLR.

Based on previous knowledge, we hypothesized that blue or purple light would produce different responses when combined with red light as a result of melanopsin bistability, probably increasing the sustained response (greater amplitude) due to the conformational change of melanopsin by red light. Regarding monochromatic short wavelength light, we expected greater pupillary responses under the 460–490 nm light range, and under higher light intensities.



MATERIALS AND METHODS


Participants

This study was approved by the University of Surrey Ethics Committee. Volunteers received appropriate information about the study protocol, signed a written informed consent form (in compliance with the Declaration of Helsinki) before being enrolled and were compensated for their participation.

In both experimental conditions participants were healthy, non-smoking volunteers: 13 (6 women) between 19 and 35 years (27.2 ± 5.41 years, mean ± SD) for Study A, and 15 (8 women) between 19 and 35 years (25.7 ± 8.90 years) for Study B. Data from three participants from Study A were excluded from analysis because of very noisy PLR signals that were not interpretable.

All participants declared no medical or mental health disorders and were not taking any medication that could affect circadian rhythms, according to the general health questionnaires completed during the screening period. None of them were shift workers nor had crossed more than two time zones in the 2 months prior to study admission. They kept regular sleep-wake cycles with no reported sleep disorders (Pittsburgh Sleep Quality Index ≤ 5) (39), and were not extreme morning or evening types (40). A full ophthalmic examination including uncorrected vision, near vision corrected, ophthalmoscopy, pupil reactions, Henson Field Test, refraction, intra-ocular pressure, oculomotor status, stereo acuity, accommodation, and color vision by the Ishihara test, was performed to confirm they all were free from any ocular disorders.



Pre-study Measurements

The protocol used was similar to that previously described (41) with participants maintaining a regular, actigraphically (AWL, Cambridge Neurotechnology, UK) monitored sleep/wake schedule for at least 7 days before and throughout the in-laboratory sessions. For 72 h before and during each laboratory session, participants refrained from caffeinated drinks, alcohol, excessive exercise, bright lights, and non-steroidal anti-inflammatory drug intake.



In-laboratory Protocol

Protocol for Light Stimuli Presentation

A randomized, within-subject design was performed. In both experimental conditions A and B, all the sessions were carried out in the morning. In Study A (Figure 1A) the participants (3 per session) arrived at the laboratory and remained seated in dim light (< 5 lux) for 30 min in order to progressively adapt their vision to the dark conditions. Then, he or she received a drop of tropicamide [Minims Tropicamide (1.0%, Chauvin Pharmaceuticals, Romford, UK)] in the right eye to dilate the pupil. After that, the participant remained in darkness (0 lux + eye mask) for an hour prior to pupil recording in order to avoid any confounding effect due to prior light exposures (42). Once this dark adaptation schedule was completed, pupil recording started. For this, the left non-dilated pupil was recorded [220 frames per second] in darkness for 60 s to obtain a baseline, which was later used as a control to normalize the pupil diameter. Then, the light source was turned on and the right eye (pupil dilated) received a light stimulus for 5 min (Figure 1A) while recording the left pupil, thus assessing the consensual reflex. Only one light condition was tested per laboratory session.
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FIGURE 1. In-laboratory protocol for Study A (A) and Study B (B). The drop symbol shows the time when the pupil dilator was administered. The up arrows point to the duration (mins) of the shorter periods.



The protocol for light stimuli presentation and administration of tropicamide in Study B is shown in Figure 1B and has been detailed in a previous study (10). The pupillary recording followed the same protocol as described for Study A, except that pupil recording continued for 60 s after light offset.

Light Stimuli Characteristics

A 5-min light stimulus was administered to the participant's right eye (dilated) through a specially constructed Ganzfeld sphere (Apollo Lighting, Leeds, UK) coated with white reflectance paint (WRC-680 Labsphere, Pro-Lite Technology, Bedfordshire, UK) to produce patternless illumination. An ultra high-pressure mercury lamp (Focus 100LS3, 100 W, Philips Lighting, Eindhoven, The Netherlands) illuminated the sphere via a fiber optic cable connected to a light box (10, 35, 41)

In Study A, monochromatic light (purple, blue, and red) was produced using narrow bandwidth interference filters (Coherent Ealing Europe Ltd., Watford, UK) peaking at 440, 480, and 630 nm (half maximal bandwidth of 10 nm), respectively. The spectra measured at eye level, exhibited peaks at 437, 479, and 627 nm (Figure 2A), respectively, as measured by a calibrated spectrometer (Ocean Optics BV, Dunedin, Florida, USA). Light irradiances were adjusted using neutral density filters (0.10, 0.60, 0.90) (Kodak, Hemel Hempsted, UK) and were verified at the participant's eye level (cornea) using a calibrated radiometer (R203, Macam Photometrics Ltd., Livingston, Scotland) before and after each light exposure.
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FIGURE 2. Light wavelengths tested in Study A and their corresponding photon fluxes (A), and normalized spectra (B).



Purple (437 nm), blue (479 nm), and red (627 nm) monochromatic lights were administered alone or in combination [monochromatic purple + monochromatic red (PR) and monochromatic blue + monochromatic red (BR)] (Figures 2A,B). Both purple and blue lights were administered at photopic light intensities of 1.2 × 1013 photons/cm2/s (13.1 log quanta/cm2/s), while 5 x 1013 photons/cm2/s (13.7 log quanta/cm2/s) was selected for red light administration (Figure 2A). The photon densities for each light stimulus were chosen based on the previously determined irradiance response curves to monochromatic light for melatonin suppression (8, 9). In addition, since bistability was demonstrated in human PLR experiments using a higher irradiance of red light (32), a similar decision was made for the current study.

In Study B, 9 × 10 nm increment monochromatic lights (420, 430, 440, 450, 460, 470, 480, 490, and 500 nm), each with a half maximal bandwidth of 7 nm, were obtained using a Bentham M300 monochromator (Figures 3A,B). Technical characteristics of this system have been previously described (10). Due to the narrower spectral range selected and the wavelength dependent grating response of the monochromator, the photon densities tested (Figure 3A) were 10-fold lower than the ones achieved in Study A (Figure 2A). The achieved photon density was approximately 11.9 log quanta/cm2/s at the level of the cornea. Considering a 0.3 correction for optical media, all the photon fluxes tested would have been applied above 11 log quanta/cm2/s, thus being above the photopic threshold (43) and within the limits for melanopsin activation (18). Identical photon fluxes could not be obtained for all the wavelengths tested due to technical limitations of the instrumentation. Some data from Study B have already been published as part of a previous study in which they were correlated with different aspects of the circadian system (10).
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FIGURE 3. Light wavelengths tested in Study B and their corresponding photon fluxes (A), and normalized spectra (B).



The tested range of wavelengths were selected according to previous studies on short wavelength sensitivity of the human circadian system (8, 9, 44–46). In addition, assessing the effects of wavelengths shorter than the melanopsin λmax peak on the PLR could help to clarify the role of very short wavelength light.

Since two of the lights in Study A and B were almost identical in terms of maximum spectral emission (peak at 437 nm in Study A vs. 440 nm in Study B and peak at 479 nm in Study A vs. 480 nm in Study B), comparison between a higher (1.2 × 1013 photons/cm2/s) and a lower (8–9 × 1011 photons/cm2/s) photon density at those wavelengths was performed.

Pupil Recording

To assess the consensual PLR, a pupillometer system was used. The pupil size was tracked from the infrared illuminated (left) eye through a video pupil tracking system (ViewPoint Eye Tracker®, Arrington Research Inc., Scottsdale, AZ). The researcher helped the participants to be seated in front of the sphere in darkness, resting their forehead and chin on the pupillometer system support while the left eye was focussed by the infrared camera. The system recorded 220 data per second [see (10) for further technical details].



Data Analysis

Data Pre-processing

Pupil diameter was analyzed using software specifically designed by the Chronobiology Laboratory and the Artificial Intelligence Group at the University of Murcia (Pupilabware®), as already described (10). This processing included the determination of baseline (mean pupil diameter during the 60 s in darkness prior to the light stimulus) and normalized pupil size (NPS), i.e., ratio of the measured pupil diameter divided by the baseline pupil size.

Primary Pupil Outcome Parameters

Minimum diameter (expressed as relative maximum rapid pupil constriction), time to minimum (time required to achieve the relative maximum rapid pupil constriction), velocity of pupil constriction as [image: image] and area under the curve ([image: image]), where t0 is the initial time point of pupil response and t1 is the end time, 100 is the baseline pupil size, and NPS is normalized pupil size. Two AUCs were calculated: AUC0−60, corresponding to the first minute of light exposure and AUC240−300 that corresponds to the last minute of light exposure within a 5 min light stimulus. AUC was expressed as “arbitrary units” (A.U./AU) (Figure 4). Pupil diameter 6-s after light offset (6-s PIPR) was calculated in Study B.
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FIGURE 4. Parameters assessed for PLR. 1: Maximum constriction; 2: Area under the curve from 0 to 60 s of light exposure (AUC0−60, yellow); 3: Area under the curve from 240 to 300 s of light exposure (AUC240−300, red), expressed in A.U.; 4: Time from light onset to the minimum pupil diameter reached during constriction; 5: 6-s PIPR. Gray areas indicate lights off.



Statistical Analysis

All statistical analyses were carried out using SPSS 25 (SPSS Inc., Chicago, IL, USA). When not all participants received all light conditions, missing parameters were replaced by the average parameter under that light condition. For parameters that did not have a normal distribution Friedman's non-parametric test for related samples (post-hoc Wilcoxon) was performed instead of repeated measures ANOVA (Bonferroni post-hoc). The significance level was set at p < 0.05. Bonferroni correction was applied after post-hoc pairwise comparisons. When only two conditions were compared, a paired or unpaired Student's t-test (or Mann-Whitney U) was performed. All the results were expressed as mean ± standard error of the mean (SEM).



Photoreceptor Activation

The photoreceptor activation was assessed for each light condition using the Irradiance Toolbox (v1.), developed by Lucas et al. (47), that calculates the α-opic lux parameter, which in turn represents the excitation of each of the 5 photoreceptors under different light spectra. This calculation is based on the estimated sensitivity curves for each photoreceptor (47). Both absolute values (obtained directly from the toolbox) and the relative and absolute contribution for each photoreceptor were assessed.




RESULTS


Study A

Monochromatic purple (437 nm; n = 3), blue (479 nm; n = 9), and red (627 nm; n = 8) light stimuli and the combinations “purple + red” (PR; n = 7) and “blue + red” (BR; n = 9), were tested (photon densities indicated in Figure 2A). Figures 5A,B show the average pupil recordings for each light condition. As expected, under all tested light conditions, pupil constriction reached its minimum relative diameter within the first 10-s after light onset (transient response) (Figure 5C), re-dilating in a rapid manner during the following 50-s (escape), followed by the sustained part (steady state photoequilibrium) of the PLR.
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FIGURE 5. Average pupil recordings (A) for purple (437 nm; n = 3), blue (479 nm; n = 9), and red (627 nm; n = 8) light at 1.2 × 1013 photons/cm2/s (purple and blue), and 5.13 × 1013 photons/cm2/s (red), and (B) for purple + red (PR; n = 7) and blue + red (BR; n = 9) at 6.33 × 1013 photons/cm2/s. SEM bars have been omitted for clarity. Averaged first 10 s of pupil constriction (C) with error bars omitted for clarity.



There were no significant differences in the maximum pupil constriction following the light stimuli. Constriction under blue 479 nm light (57.5 ± 3.7%) > red 627 nm light (54.4 ± 2.3%) ≈ purple 437 nm light (54.2 ± 3.7%). Although the time needed to reach the minimum diameter tended to be shorter under the blue light condition, there were no significant differences between the different light stimuli. The velocity of pupil constriction, however, was significantly faster (one-way repeated measures ANOVA, F = 51.168, df = 2.065, p < 0.001) with blue light (27.9 ± 10.3%/s) than with the red (14.6 ± 1.7%/s) and purple (15.7 ± 1.1%/s) light (Bonferroni post-hoc test, p < 0.001).

The AUC of two PLR periods (first, AUC0−60, and last, AUC240−300, minute of light exposure) was calculated (Figure 6A), to evaluate the transient and sustained response, respectively. As expected AUC0−60 was always higher (thus, smaller diameter during the transient response) than the AUC240−300 for all light conditions (Wilcoxon post-hoc, p < 0.017). There were no significant differences in the AUC0−60 (transient response) between the light conditions, with the highest value found under the blue + red light condition (2,720 ± 223 A.U.). Similarly, in the sustained response (AUC240−300) there were no significant differences between the different light conditions (although significant overall effect, Friedman's test, χ2 = 10.8, df = 4, p = 0.029), although blue light alone or in combination tended to produce a more sustained higher amplitude response (blue, 1,908 ± 241 A.U.; blue + red, 2,076 ± 260) than purple (purple 1,350 ± 191 A.U.; purple + red 1,740 ± 222 A.U.) or red (1,456 ± 311 A.U.) light wavelengths.
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FIGURE 6. Area under the curve (AUC, expressed in A.U.) during two time windows: from 0 to 60 s of light exposure (0–60 s; first minute of light exposure, in yellow) and from 240 to 300 s of light exposure (240–300 s; last minute of 5-min light exposure, in red). Two-way repeated measures ANOVA showed an overall significant difference between 0–60 and 240–300 s (p < 0.05), but not between wavelengths nor interaction between both factors. Paired-sample t-tests revealed significant differences (indicated by *) between AUC0−60 and AUC240−300 under all the light conditions (p < 0.05) (A). Activation of the different photoreceptors under each light condition used, assessed by the α-opic lux parameter calculated by the Irradiance toolbox (47) (B). P indicates purple (437 nm; n = 3); B indicates blue (479 nm; n = 9); R indicates red (627 nm; n = 8); PR indicates purple + red (n = 7); and BR indicates blue + red (n = 9).



The retinal photoreceptor excitations were obtained for each light condition (Figure 6B) by calculating the α-opic lux parameter, a parameter which represents each photoreceptor excitation [Irradiance Toolbox (47)]. In the case of purple light, the highest activation was for S-cones (67.3 cyanopic lux, absolute value; 68.4% of the total), while for blue light, melanopic excitation was highest (39.0 melanopic lux, absolute value; 35.2% of the total). For red light, as expected, the predominant excitation corresponded to L-cones (41.8 erythropic lux, absolute value; 78.7% of the total) with less excitation of M-cones (10.7 chloropic lux, absolute value; 20.1% of the total). Rod activation was also highest under blue light, both alone (B) (27.7 rhodopic lux, absolute value; 25% of the total) and in combination with red light (BR) (28.2 rhodopic lux, absolute value; 17.2% of the total).



Study B

Nine monochromatic light stimuli in 10 nm increments peaking between 420 and 500 nm were tested (peaks of emission at 420 (n = 15), 430 (n = 14), 440 (n = 15), 450 (n = 15), 460 (n = 15), 470 (n = 15), 480 (n = 13), 490 (n = 14), and 500 (n = 13) nm) at the photon densities indicated in the Table (Figure 3A). The average PLR for each light condition is shown in Figure 7 (for clarity, the nine wavelengths tested have been represented in two separate graphs, Figures 7A,B). As expected, typical PLR dynamics were obtained in all cases, reaching the maximum pupil constriction within the first 10-s of light exposure (Figure 7C).
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FIGURE 7. Average pupil recordings at 420 nm (n = 15), 440 nm (n = 15), 460 nm (n = 15), 480 nm (n = 13), and 500 nm (n = 13) light (A) and at 430 nm (n = 14), 450 nm (n = 15), 470 nm (n = 15), and 490 nm (n = 14) light (B). SEM bars have been omitted for clarity. See Methods and Figure 3A for photon flux details of the light stimuli. Averaged first 10 s of pupil constriction (C) with error bars omitted for clarity.



The maximum relative rapid pupil constriction under the light stimuli was achieved with the longer light wavelengths (one-way repeated measures ANOVA, F = 5.204, df = 5.841, p < 0.001), reaching the greatest pupil constriction at 470 nm (50.2 ± 1.6%), and the smallest constriction at 430 nm (42.7 ± 1.9%). According to pairwise comparisons (Bonferroni post-hoc, p < 0.05), only the constriction at 430 nm (not at 420 nm nor 440 nm) was significantly smaller than that found at 470 nm (50.2 ± 1.6%), 480 nm (49.9 ± 1.8%), 490 nm (49.4 ± 1.8%), and 500 nm (49.7 ± 1.2 %).

It took less time to reach the minimum pupil diameter with 480 nm (3.7 ± 0.2 s) and 490 nm (3.8 ± 0.4 s) light than with 420 nm (4.6 ± 0.5 s) light, although these differences were not statistically significant. However, the velocity of constriction was different (Friedman test, χ2 = 29.417, df = 8, p < 0.001) with the 480 nm light stimulus eliciting the most rapid pupil constriction (14.3 ± 0.9%/s), while the slowest pupil constriction was observed with 430 nm light (9.9 ± 1.1%/s) (Wilcoxon post-hoc, p = 0.002).

Regarding the AUC (A.U.) during the transient (first minute of light exposure, AUC0−60), and sustained response (last minute of light exposure, AUC240−300) (Figure 8A), again as expected, AUC0−60 was always greater than AUC240−300 for all light conditions and wavelengths (Wilcoxon post-hoc, p = 0.001), although an interaction between both factors was evident (p = 0.032). Accordingly, transient and sustained responses were analyzed separately. The transient response (AUC0−60) tended to increase from 420 nm (1,517 ± 141 A.U.) to 490 nm (2,007 ± 147 A.U.), decreasing again at 500 nm (1,778 ± 108 A.U.) (one-way repeated measures ANOVA, F = 4.861, df = 8, p < 0.001). By contrast the greatest AUC240−300 occurred with 460 nm (880 ± 131 A.U.) and 480 nm (838 ± 100 A.U.) light (Friedman test, χ2 = 17.102, df = 8, p = 0.029), the latter being significantly different when compared to the 420 nm light stimulus (lowest, with 567 ± 100 A.U.) (Wilcoxon post-hoc, p = 0.005).
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FIGURE 8. Area under the curve (AUC, expressed in A.U.) over two time windows: from 0 to 60 s of light exposure (0–60 s; first minute of light exposure, in yellow) and from 240 to 300 s of light exposure (240–300 s; last minute of light exposure, in red). Paired-sample t-tests revealed significant differences between AUC0−60 and AUC240−300 for all the wavelengths tested (p < 0.05). Two-way repeated measures ANOVA showed an overall significant difference between 0–60 and 240–300 s (p < 0.001), wavelength (p < 0.001), and a significant interaction between both factors for all light conditions. ¥ indicates statistically significant differences (Wilcoxon post-hoc, p ≤ 0.001) in AUC0−60 vs. 430 nm. °indicates a statistically significant differences (Wilcoxon post-hoc, p < 0.005) in AUC240−300 vs. 420 nm. Plots of the ipRGC and rod normalized sensitivities are superimposed (A). Activation of the different photoreceptors according to each light tested, determined by the α-opic lux parameter calculated by the Irradiance toolbox (47) (B).



The 6-s PIPR could only be measured in Study B, since no recording of the post-illumination response was performed in Study A. The pupil constriction 6 s after the end of light stimulus was greater at the longer wavelengths within the 420–500 nm range (Friedman test, χ2 = 17.227, df = 8, p = 0.028), being maximum at 490 nm (6.82 ± 1.88%) vs. the minima at 420 (1.61 ± 1.93%) (Wilcoxon post-hoc, p = 0.001) and 440 nm (1.37 ± 1.82%).

Retinal photoreceptor activation was assessed [Irradiance Toolbox, (47)] as shown in Figure 8B. Melanopic activation was lowest when exposed to 420 nm (0.3 melanopic lux, absolute value; 8.7%), increasing at every exposure, reaching its peak at 490 nm light (2.6 melanopic lux, absolute value; 38.2%), after which it decreased again at 500 nm (2.4 melanopic lux, absolute value; 35.5%), thus showing the same pattern as the transient response (AUC0−60) (R = 0.924, p < 0.01). There was also a significant correlation between the sustained response (AUC240−300) and melanopic activation (R = 0.699, p = 0.036).



Photon Flux Comparison

The effect of light intensity on the PLR was compared for purple (~440 nm) and blue (~480 nm) light considering the highest (Study A, 1.2 × 1013 photons/cm2/s or ~13 log quanta/cm2/s) and lowest (Study B, 8 × 1011 and 9.2 × 1011 photons/cm2/s, respectively or ~12 log quanta/cm2/s) photon fluxes.

Figure 9 represents the average PLR recording for each wavelength (Figure 9A, purple light; Figure 9B, blue light) at ~13 log quanta/cm2/s and ~12 log quanta/cm2/s photon fluxes. As expected, higher photon fluxes produced a greater transient and sustained pupillary constriction for both wavelengths than lower photon fluxes. The rapid pupil constriction was greater at higher compared to lower photon fluxes for both purple (54.2 ± 3.7 vs. 46.8 ± 2.3%, differences not statistically significant) and blue (57.5 ± 3.7 vs. 49.9 ± 1.8%, Mann-Whitney U test, Z = −2.147, p = 0.032) lights (Figure 9, central panel). Also as expected, it tended to take less time to reach the minimum pupil diameter under higher compared to lower photon flux for both purple (3.75 ± 0.62 vs. 4.10 ± 0.40 s) and blue (3.58 ± 1.36 vs. 3.74 ± 0.24 s) light conditions, although the differences did not reach statistical significance.
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FIGURE 9. Average PLR recordings under purple light (~440 nm) at 9.2 × 1011 photons/cm2/s (~12 log quanta/cm2/s, discontinuous line) and 1.2 × 1013 photons/cm2/s (~13 log quanta/cm2/s, continuous line) (A). Average PLR recordings under blue light (~480 nm) at 8.0 × 1011 photons/cm2/s (~12 log quanta/cm2/s, discontinuous line) and 1.2 × 1013 photons/cm2/s (~13 log quanta/cm2/s, continuous line) (B). Error bars indicate SEM. Averaged first 10 s of pupil constriction are shown in the central panel.



The integrative parameter “velocity of constriction” was significantly faster under higher photon fluxes for blue light (27.9 ± 10.3 higher vs. 14.3 ± 0.9%/s lower photon flux, p = 0.035). Purple light also tended to be faster, although statistical significance was not reached (15.7 ± 1.1 higher vs. 12.2 ± 1.4 %/s lower photon flux, p = 0.207). The velocity of pupil constriction was significantly affected by both wavelength (one-way repeated measures ANOVA, F = 5.007, df = 1, p = 0.038) and photon flux (F = 5.466, df = 1, p = 0.031), interaction between these factors was not significant (one-way mixed design ANOVA).

Both the transient (AUC0−60; Figure 10A) and sustained (AUC240−300; Figure 10B) responses were greater under higher photon fluxes for both the purple and blue light conditions (Mann-Whitney U-test, Z = −2.371, p < 0.016).
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FIGURE 10. Area under the curve (AUC, expressed in A.U.) over two time windows: from 0 to 60 s of light exposure (0–60 s; first minute of light exposure) (A) and from 240 to 300 s of light exposure (240–300 s; last minute of light exposure) (B) at higher (~13 log quanta/cm2/s) and lower (~12 log quanta/cm2/s) intensity purple (440 nm) and blue (480 nm) light. Error bars indicate SEM. *statistically significant differences (Mann Whitney U-test, p < 0.016).






DISCUSSION

We aimed to better characterize the human PLR under high resolution, 5-min monochromatic light stimuli (10 nm increments) alone and in combination. Our results show higher responsiveness of the pupil to blue light stimuli, alone or in combination with red light, considering rapid pupil constriction, transient, sustained and post-illumination pupil responses, and velocity of pupil constriction. Higher light intensities also produced, as expected, higher responsiveness.

Traditionally when evaluating the PLR, single monochromatic lights have been tested. Some studies, however, have used combined monochromatic light stimuli (LEDs of various bandwidths) or spectrally tunable light sources, that have provided good evidence to understand the contributions and interactions of the retinal photoreceptors in the PLR (13, 15, 16, 20, 48–54), as well as regarding light-induced melatonin suppression (35). In the present study blue and purple monochromatic lights were combined with red at the same final intensity. In agreement with previous reports (32, 55) the smallest pupil diameter tended to occur in the presence of blue light (~480 nm alone or combined with red). According to the hypothesis of bistability, melanopsin may switch from a M state (not responsive to 480 nm light) to a R state (responsive to 480 nm light) by absorbing longer wavelength photons (32, 56, 57), the retinal epithelium being required for melanopsin regeneration (58). Thus, it may be plausible that red light (627 nm), when present, could elicit this conformational change, increasing the sustained response, not only due to the increased light intensity, but also to its effect on melanopsin. Although the differences did not reach statistical significance, red light tended to produce a greater effect in combination with purple light (compared to purple light alone) than with blue light (compared to blue light alone), probably because blue light can elicit the maximal intrinsic photoresponse on its own, while with purple 440 nm light, although the melanopsin is stimulated, its activation is not maximal (45, 59). This tendency, however, could also be explained by the previously described spectral opponency between S-cones and both L- cones and ipRGCs (49, 50, 54). Thus, red (activating L-cones) plus blue (activating melanopsin) light would produce a summation in the pupil constriction (13), while the combination red plus purple light would activate L- and S-cones, respectively, thus producing opponency instead of summation, resulting in smaller constriction amplitude (49, 50, 54). Other studies, however, suggest linear/non-linear summation of the 5 types of photoreceptors stimulation (51), which contradicts the opponency hypothesis. Although both light combinations were delivered at the same photon flux, the differences in pupil response due to different colors (driven by chromatic pathways) have been previously described as being 3-fold larger than those driven by luminance pathways (16).

In our study, the velocity of pupil constriction was significantly faster under blue light than under red and purple light stimuli. However, based on previous studies, the melanopsin-ipRGCs intrinsic photoresponse would produce slow and sustained pupil constrictions, while the extrinsic pathway (mainly cone-driven) would produce fast and relatively transient responses (22, 25). The findings with blue light are thus not in agreement with the expected slow response produced by the melanopsin-ipRGCs (22, 25). The delayed response previously attributed to melanopsin-ipRGCs has also been questioned in a study using a square-wave pulse, suggesting a mechanism possibly associated with cone-mediated signals (20). In addition, we could speculate that an overlapping action of S-cones may produce this more rapid response, although considering the previously described S-cone opponency, this may not be a plausible explanation (49, 50, 54).

The post-illumination pupil response (PIPR) after short light stimuli (e.g., 1-s) has been suggested as a good marker for estimating the melanopsin function (12). However, in this study we used longer duration light stimuli (5-min) in order to assess the overall PLR dynamics. Thus in order to assess the contribution of each photoreceptor we used mathematical modeling [Irradiance Toolbox (v1) application, developed by Lucas et al. (47)], which provided the theoretical photoreceptor activation under each light condition. From these results we observed that under blue light stimuli there appears to be a summation of intrinsic (melanopsin-ipRGCs) and extrinsic (rods and cones) activation, which may explain the faster pupil constriction under blue light than under red or purple light stimuli, since the latter mainly involves cone activation with little intrinsic melanopsin activation.

When evaluating the PLR under a high resolution wavelength range (namely every 10 nm) from 420 to 500 nm, the highest pupil responsiveness was observed between 470–490 nm (depending on the PLR parameter analyzed). When looking at the transient response (AUC0−60) a progressive increase (i.e., greater pupillary constriction) was observed from 420 to 490 nm. These PLR results are in agreement with Gooley et al. (28), who found in a blind subject with degeneration of the outer retina while the inner retina remained intact, that pupillary constriction was short-wavelength sensitive with a fitted peak sensitivity of 490 nm. The shorter (purple) wavelengths (420–440 nm) would activate S-cones so the lower amplitude pupil response found with these wavelengths may also be due to spectral opponency (49, 50, 54), these lights thus producing less constriction than the longer wavelengths with melanopsin activation. The 6-s PIPR parameter, calculated after 5-min light stimuli, also showed greater constriction (smaller diameters) with longer wavelengths, again the maximum pupil constriction being at 490 nm. 6-s PIPR has previously been found to be a good marker for melanopsin activation after 1-s light stimuli (12), so for the first time, as far as we know, this parameter has been calculated after longer light exposures. Our results also support the hypothesis that ipRGCs contribute significantly, not only to the pupillary sustained response (AUC240−300) (23, 28) (which tended to be greater at 460 nm), but also to the transient part of the reflex (AUC0−60). The transient responses showing a similar pattern to the theoretical melanopic activation further supports this idea.

The role of rods, however, cannot be excluded since rods (i) have been found to contribute to the sustained response (23) [as well as to the PIPR (24)], (ii) have a peak of sensitivity at 498 nm (60), and (iii) are partially activated under 480 nm light (as presented in Figure 8B). Cones, however, according to previous studies, contribute little to the sustained response (23, 28), since they quickly adapt to long duration light stimuli.

The PLR has been widely shown to increase with higher light intensities (18, 61, 62). In our studies (A and B) the light stimuli were similar, allowing us to compare very close wavelengths at different photon fluxes (13.08 vs. 11.93 log quanta/cm2/s from Study A and B, respectively). Thus, at ~440 and ~480 nm, as expected, higher photon fluxes produced a greater sustained pupillary response at both wavelengths and faster velocity of pupil constriction. Overall these results are in accordance with a higher contribution of ipRGCs at higher photon fluxes (since their activation threshold is higher) and at longer duration light stimuli (23), while cone photoreceptors would contribute to non-visual light responses at the beginning of light exposure (63).

Although pupillometry has become a useful tool to evaluate non-visual light responses, it is not problem free. The PLR has been shown to depend on wake and circadian phase (64). Thus, experiments need to be controlled for time of day, wake up time and circadian phase of the participants. In the present study performing experiments during the morning at the same clock time for each participant, as well as controlling the sleep/wake cycle of the participants 7 days prior to the PLR assessments, was designed to minimize the differences between different days, time of day and wake status. PLR could also be influenced by other processes such as changes in accommodation states, in the state of arousal or even cognitive activity (23), thus even when participants are instructed to refrain from alcohol, caffeinated drinks, bright lights, excessive exercise, and non-steroidal anti-inflammatory drug intake as in the present study, there may be additional confounding factors. Despite these limitations, a close association between the observed pupillary responses and the melatonin suppression response with monochromatic lights has been reported (9, 35, 41, 46). In addition, a relationship between circadian status and PLR has been recently proposed (10). Overall this suggests that pupillometry may, in future with more evidence from different approaches, become a practical tool to evaluate the efficiency of light sources on circadian system activation in a quick, non-invasive, and relatively inexpensive way [reviewed in (65)].

Thus, if we consider pupillometry as a proxy to evaluate circadian effects of light and considering that monochromatic blue light is most effective at suppressing melatonin (8, 9, 44), we propose that substitution of blue light by purple light in polychromatic light sources may be a solution for nocturnal illumination to minimize non-visual light responses. In order to test this it will be necessary to determine, not only whether the color discrimination is acceptable under these spectra, but also the specific effects of purple light on melatonin synthesis, sleep and alertness in humans, not only isolated, (9, 46) or in combination with blue (66) or red (35) light, but also by replacing blue light within more complex light spectra (67). In this sense, further studies about the potential risks of using purple light at the intensities required should also be conducted.
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The human pupillary light response is driven by all classes of photoreceptors in the human eye—the three classes of cones, the rods, and the intrinsically photosensitive retinal ganglion cells (ipRGCs) expressing the photopigment melanopsin. These photoreceptor classes have distinct but overlapping spectral tuning, and even a monochromatic light with a wavelength matched to the peak spectral sensitivity of a given photoreceptor will stimulate all photoreceptors. The method of silent substitution uses pairs of lights (“metamers”) to selectively stimulate a given class of photoreceptors while keeping the activation of all others constant. In this primer, we describe the method of silent substitution and provide an overview of studies that have used it to examine inputs to the human pupillary light response.

Keywords: pupil, melanopsin, silent substitution, color vision, pupillometry, ipRGC (intrinsically photosensitive retinal ganglion cell), metamers


INTRODUCTION

At the input level, the size of the pupil is controlled by the activity of the different photoreceptors in the human eye (1). These different photoreceptors differ in many respects: their wavelength tuning (spectral sensitivity), their temporal properties, their operating range and their distribution across the retina. The goal of this primer is to describe the method of silent substitution for examining photoreceptor-specific pupil responses. We start with the fundamentals underlying the method of silent substitution, provide an overview of studies that have used this method, provide a practical guide and R code to implement silent substitution and highlight a few challenges to the method of silent substitution.



FUNDAMENTALS


Overlapping Spectral Sensitivities of the Human Photoreceptors

Photoreception in the human retina is based on the signals produced by the three types of cones—the long[L]-wavelength-sensitive cones, the medium[M]-wavelength-sensitive cones, and the short[S]-wavelength-sensitive cones—, the rods, and the intrinsically photosensitive retinal ganglion cells (ipRGCs), which contain the photopigment melanopsin (2–6). ipRGCs receive synaptic input from cones and rods but, in the absence of those inputs, these cells themselves are photosensitive due to the expression of the melanopsin photopigment in the cell membrane. The peak spectral sensitivities (λmax) of the human photoreceptors are distinct. The photopigments (cone opsins) in the L, M, and S cones peak around 420, 530, and 558 nm, respectively; rhodopsin, the pigment in rods, has a peak at around 495 nm. Finally, the melanopsin photopigment has a peak spectral sensitivity at around 480 nm. Even though these peaks are spectrally distinct and distant, the spectral sensitivities overlap quite extensively due to the relative broadband tuning of photopigments (Figure 1A). One challenge in targeting the operation of a single class of photoreceptor is that the spectral sensitivities of the photoreceptors in vivo does not necessarily correspond to the spectral sensitivity of a pigment. All light that reaches the retina is filtered by the lens and ocular media (7), thereby shifting the effective spectral sensitivity. Typically, this pre-receptoral filtering is accounted for in the spectral sensitivities for cones, rods, and melanopsin-containing ipRGCs.


[image: image]

FIGURE 1. (A) Overlapping spectral sensitivities of the human photoreceptors. (B) Non-specificity of single-wavelength lights. Right panel: Pattern of photoreceptor responses to the single-wavelength light at 490 nm. (C) Principle of univariance. Right panel: Pattern of photoreceptor responses to the single-wavelength lights E1, E2, and E3 designed to elicit the same response in melanopsin. (D) Wavelength exchange between two short-wavelength lights E1 and E2 which stimulate S cones at the same level but yield different photoreceptor responses for melanopsin. Right panel: Pattern of excitations for lights E1 and E2.





Non-specificity of Single-Wavelength Lights

An important desideratum for examining how the different photoreceptors contribute to the human pupillary light response is that stimuli produce responses specific to a given photoreceptor class. One consequence of the extensive spectral overlap of the photoreceptors is that most light sources activate all photoreceptors, and therefore, the responses elicited are largely nonspecific. For example, monochromatic light with a peak spectral output of 490 nm will activate melanopsin maximally relative to the other photoreceptors, but it will also lead to substantial activation of rods and the cones (Figure 1B). The relative amounts by which a monochromatic light of a given wavelength activates all photoreceptors is directly predicted from the relative spectral sensitivity of the photoreceptors at that wavelength. Monochromatic lights have been of great use in determining the spectral sensitivity of the sustained pupil constrictions that match that of melanopsin (8–11). This specific type of measurement is called the “post-illumination pupil response,” abbreviated PIPR, in which the pupil response is typically measured in response to a non-specific short-wavelength light flash and a non-specific long-wavelength light flash against a dim or no background.



Principle of Univariance

One property of photoreceptors is the principle of univariance (12), which states that a given photoreceptor has only scalar output, namely its photocurrent: It cannot distinguish between changes in intensity and changes in wavelength. This is shown in Figure 1C using theoretical lights containing power at only a single wavelength (monochromatic light): Lights E1, E2, and E3 all nominally elicit the same photoreceptor excitation. Lights E1 and E3 have their peak emission at the 50% point of spectral sensitivity on either side of the peak; light E2 is scaled to be 50% of the emission of lights E1 and E3. To the photoreceptor (in this case melanopsin), which weights the input light by its spectral sensitivity, the lights are equally effective. The key insight is that photoreceptors integrate light of different wavelengths, weighting the input spectrum by their spectral sensitivity and summing it up. A consequence of the principle of univariance is that single photoreceptors are color-blind: Whether two lights differ in wavelength or intensity cannot be determined from the photoreceptor output alone.



Wavelength Exchange

Because photoreceptors weight input light by their spectral sensitivity function, in the case of two photoreceptors, it is possible to find two lights and scale them such that the excitation of one of the photoreceptors remains constant in this wavelength exchange, while the other one “sees” a difference. This is shown in Figure 1D: The peak emissions of lights E1 and E2 have been chosen to match the two 50% points of the S-cone spectral sensitivity, thereby eliciting the same responses. This is called silencing the S cones. Because the spectral sensitivity of melanopsin is different from that of the S cones, our two lights E1 and E2 necessarily produce a different response, and in this case we call melanopsin the stimulated photoreceptor. Wavelength exchange for two photopigments is the most simple case of silent substitution. But, with the exception of certain classes of color-blindness such as rod monochromacy, the human retina contains five photoreceptors. Fortunately, the same principle can be extended to more than two photoreceptors.




THE METHOD OF SILENT SUBSTITUTION

In the method of silent substitution, pairs of light are found that have the property that they stimulate the targeted photoreceptor class (or classes) whilst not changing the excitation of the other photoreceptors, the silenced ones. The method has a long history for determining the properties of the mechanisms of human color vision (13, 14).


Fundamentals

To introduce the method of silent substitution we begin with an example from human color vision. Human color vision is trichromatic under daylight conditions, i.e., when rods do not participate: A color-normal observer can match the color appearance of any light using a combination of three primary lights (15). Under these conditions, it is assumed that only the three classes of cones participate in the color match; it follows that because three photoreceptors participate, three independent primary lights need to be used. It is impossible to match the activation of three photoreceptors in one condition using just two primary lights.

In general, to stimulate one class of photoreceptor classes out of NR photoreceptor classes while leaving the activation of the other NR−1 unchanged, at least NR primary lights (Np) are necessary. When NR = NP (i. e. there are as many primary lights as photoreceptor classes under consideration), there is only one algebraic solution to match the activation of the NR−1 photoreceptors under one set of settings for the NP lights to another other setting that will only stimulate the remaining photoreceptor class.

For the case of four photoreceptor classes in the human retina (three classes of cones and melanopsin), four lights are necessary to match the activation of cones and stimulate melanopsin. When including the rods, five lights are necessary to match the activation of cones and rods and stimulate melanopsin.

It is possible to have more primary lights than photoreceptors under consideration, i.e., NR < NP. This would for example be the case when there were, e.g., eight independent primaries and the retina to be studied was a human one. In that case, there are infinitely many solutions to match the activation of the NR−1 photoreceptors under one set of settings for the NP lights to any other setting that will only stimulate the remaining photoreceptor class. In practice, this is typically solved by implementing a numerical optimization which maximizes the contrast seen by the stimulated photoreceptor while setting a constraint to have no contrast on the unstimulated ones, and enforcing additional constraints on the optimisation.

Contrast

The term contrast refers to a specific quantity, which is the fractional difference of activation of a photopigment around a background:
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Intuitively, when the light-adapted background activates a given photoreceptor by some amount, e.g., 100 (arbitrary units), and the modulation activates it by a higher amount, e.g., 120 (arbitrary units), the contrast in that case would be 0.2 or 20%. Contrast can be specified either as fractions or as percentages.



An Intuitive Example

We now describe an example case for the method of silent substitution corresponding to the stimuli used in Spitschan, Jain, Brainard and Aguirre (16). These authors used a calibrated spectrally tuneable light source that modified the output of a broadband Xenon arc lamp using a digital micromirror device (DMD) to produce, effectively, arbitrary spectral power distributions. While this is a special case of light sources, most experimenters have used a set of discrete lights, the intensities of which are controlled to produce silent substitution stimuli. The goal is to produce two lights with spectral power distributions that do not differ in the amount they activate the cones, and only yield a change in the amount they activate melanopsin. Such pairs of stimuli are also called metamers–they are indistinguishable to the cones, despite having different spectral power distributions. In this example, we ignore the rods.

1. Background spectrum: In the first instance, we begin with a background spectrum of known spectral power distribution (Figure 2A). We call this the background spectrum because the observer is typically light-adapted to this spectrum, and the silent-substitution stimuli are shown to the observer “around” this background in the form of pulses or temporal modulations. This background spectrum elicits a pattern of photoreceptors responses (Figure 2B, right panel). The activation of photoreceptors is calculated by weighting the spectrum by the spectral sensitivities and summing it up for each photoreceptor class.

2. Increasing melanopsin activation: Pragmatically, we can increase the amount of light seen by melanopsin by simply increasing the amount of light emitted near the melanopsin peak. This is shown in Figure 2B. However, this is only partly successful: Because of the overlapping peak spectral sensitivities of the human photoreceptors, such an increase in emitted light leads to an increase in activation of all photoreceptors (Figure 2B, middle panel). Rather than considering the absolute amount of activation of the photoreceptors (which is also dependent on the exact light level), it is customary to speak of contrast (Figure 2B, right panel). Contrast here refers to the percentage difference in activation of photoreceptors between the modulation spectrum (red line in Figure 2B) and the background spectrum (Figure 2A and dashed line in Figures 2B–F). As can be seen in the right panel in Figure 2B, the increase in light near the melanopsin peak leads to an increase in contrast to all photoreceptors. To reiterate, the desideratum here is to have no contrast seen by L, M and S cones, and positive contrast seen by melanopsin.

3. Silencing S cones: To zero, or silence, the S cones, we decrease the amount of short-wavelength light, to which the S cones are most sensitive (Figure 2C). This indeed leads to a silencing of S cones (Figure 2C, middle panel). There is no difference in the absolute activation of S cones, and consequently, the S cone contrast is zero–they are silent.

4. Silencing L and M cones: To silence the L and M cones, a similar trick is applied: Light near the peak spectral sensitivity of L and M cones is decreased to reduce the overall absolute activation of L and M cones (Figure 2D). However, we note that there has been an “overshoot” in the decrease in L and M cones activation (Figure 2D, middle panel): The modulation spectrum is now producing less activation in the L and M cones than the background spectrum. This translates into a small amount of negative contrast seen by the L and M cones (Figure 2D, right panel). This can be overcome by again increasing the amount of long-wavelength light in the modulation spectrum (Figure 2E), thereby equalizing the activation of L and M cones relative to the background spectrum (Figure 2D, middle panel). The L, M and S cones are now silent (Figure 2E, right panel), and melanopsin is stimulated at 50%. Because no attempt was taken to silence the rods, they are also stimulated by this spectral exchange.

5. Inverting the melanopsin activation: The modulation spectrum shown in Figure 2E (red line) produces a significant increase in melanopsin excitation. By “mirroring” the modulation spectrum around the background spectrum (i.e., an increase in emitted light in the positive modulation spectrum becomes a decrease by the same amount in emitted light in the negative modulation spectrum), we can also generate a negative (rather than a positive) melanopsin stimulus (Figure 2F, blue line), thereby producing negative, or decremental, contrast on melanopsin (Figure 2F, right panel). In practice, negative and positive modulation spectra are alternated to yield the highest differential activation possible.
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FIGURE 2. (A) Background spectrum (left panel) to which the observer is light-adapted, eliciting a pattern of responses in the photoreceptors (right panel). (B) Increase in emitted light near the melanopsin peak relative to the background spectrum (left panel; dashed line = background spectrum, red line = modulation spectrum) leads to an increase in the excitation of all photoreceptors (middle panel), or equivalently, positive contrast on the photoreceptors (right panel). (C) To balance the excitation of the S cones, a decrease in emitted short-wavelength light (left panel) leads to silencing of the S cones (middle panel), or equivalently, zero contrast on the S cones (right panel). (D) To balance the excitation of the L and M cones, a decrease in emitted medium-wavelength light (left panel) leads to a reduction in L and M cone activity (middle panel) but not yet zero contrast on the L and M cones (right panel); indeed, the contrast seen by the L and M cones is now negative. (E) To silence the excitation of the L and M cones, a decrease in emitted long-wavelength light (left panel) leads to balancing of the L and M cones (middle panel), or equivalently, zero contrast on the L and M cones (right panel). The contrast seen by melanopsin is 50%. (F) The modulation spectrum shown in (E) yields positive contrast relative to the background spectrum but the spectrum can also be “mirrored” around the background spectrum, thereby leading to a negative modulation of melanopsin (and rods).





A Quantitative Example

We provide a quantitative example along with code in Appendices A1, A2, respectively. We use the stimuli from Woelders et al. (17) for this example.



History of Silent Substitution

The method of silent substitution has enjoyed use in empirical work well before the discovery of melanopsin and the ipRGCs. We point the reader to Estévez and Spekreijse (13) for an exposé of the early history of the method, which indeed dates back to experiments involving wavelength exchanges performed in 1906 (18) (see above section “Wavelength exchange”). From the insight that metameric lights such as those obtained in color matching experiments are silent substitution stimuli (i.e., matching the activation of the three cone types), the extension to experimentally control more photoreceptors is conceptually straightforward. In the 1990s, methods to manipulate four photoreceptors independently (three cone classes and rods) using mixtures of four primary lights were developed (18, 19). These methods were then expanded to examining melanopsin function either by assuming rod saturation at high light levels (20), or using five primaries (21).




OVERVIEW OF SILENT SUBSTITUTION STUDIES CONCERNING THE PUPIL

We provide an overview of extant studies examining specifically melanopsin photoreception using the method of silent substitution in Table 1 and hope that it serves to the reader as an orientation to the literature. This overview includes literature available in early September 2018. We note that both authors of this article have published papers using the method of silent substitution which are included in the table [M.S.: (16, 28), T.W.: (17)]. The table shows that there is a set of experimental parameters that are subject to the experimenters' discretion. We summarise these here.



Table 1. Studies examining human pupil responses with silent substitution.
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Number of Primaries

As described above (The method of silent substitution–Fundamentals), when stimulating melanopsin, at least four (for matching the cones) or five (for matching both cones and rods) independent primary lights are necessary. Most silent substitution studies that have examined pupil responses to photoreceptor-specific modulations have employed a finite set of LEDs (four or five), though using spectrally tuneable light sources, more effective primaries are possible.



Peak Wavelength and Width of the Primary Lights

In the case where the primary lights are discrete (such as LEDs), the peak emission wavelengths are subject to design considerations when building the apparatus. Both the choice of peak wavelengths and primary widths affects the contrast available for the silent substitution modulations. The contrast available is also called the gamut. In principle, choosing broader primaries will reduce also the amount of susceptibility to individual differences in the cone spectral sensitivities (29). In practice, unless a spectrally tuneable light source is used allowing to create arbitrary spectral power distributions, the choices of primary wavelengths and widths is limited by what is commercially available. When building a system, we recommend first estimating the gamut for a given configuration of peak wavelengths and widths.



Viewing Geometry

Typical viewing geometries include Ganzfeld viewing conditions (in which the stimulus is a homogenous field in an integrating sphere) or Maxwellian view (in which an image is focused on the entrance pupil of the observer). These again depend on the type of design used when building the stimulation system.



Field Size

As can be seen in the table, the field sizes used in the field vary somewhat, and will again depend on constraints set by the optical apparatus used to deliver the stimuli, as well as theoretical considerations such as the distribution of the photoreceptor types across the retina.



Modulations and Contrast

Depending on the spectra of the primary lights, different amounts of contrast are available to stimulate melanopsin. Typically, the highest contrast can be achieved when LEDs are chosen of which the distribution of peak wavelengths is as broad as possible.



Background Light

The choice of background light level is again somewhat arbitrary in many situations, though experimenters typically strive to be well in photopic conditions, where rods are assumed to be saturated, and can therefore be ignored (but see Rod intrusion below).



Spectral Sensitivities Assumed

The extent to which a given melanopsin-stimulating modulation silences the cones depends on the spectral sensitivities assumed. Various spectral sensitivities are available (30). Choosing the wrong spectral sensitivities can lead to artefactual results, unless care is taken to correct the modulations. We recommend the use of the CIE 2006 “physiologically relevant” cone fundamentals (31) as it allows for flexible extensions to simulate individual differences parametrically (32). For melanopsin, there is currently no standard(ised) spectral sensitivity, though by using a template (also called nomogram) centered at 480 nm and assuming a low peak optical density, such a spectral sensitivity can easily be derived (33, 34).




CHALLENGES TO SILENT SUBSTITUTION

There are various sources of uncertainty when using silent substitution stimuli. We highlight a few of these here.


Retinal Inhomogenities

The human retina is inhomogeneous. One obvious feature of the retina making it inhomogeneous is the spatial location of the macular pigment around the fovea, with a drop-off toward the periphery. A consequence of macular pigment is that all light seen by the fovea is filtered through the pigment, thereby shifting the effective peak spectral sensitivity of the foveal cones vs. the peripheral cones. In addition, there are also differences in how much photopigment is expressed in foveal vs. peripheral cones—the optical densities are different. Another source of retinal inhomogeneity is that cones that are in the partial shadow of retinal blood vessels—penumbral cones—have a different spectral sensitivity than the open-field cones (35). Effectively, for the method of silent substitution, this means that that there are three additional photoreceptor classes that need to be silenced, and therefore, more primaries are necessary. Practically, penumbral cones can be desensitized using a white-noise stimulus (26), or silenced, though with a significant drop in contrast (36).



Individual Differences in the Cone Spectral Sensitivities

There are individual differences in the spectral sensitivities of the cones and this biological variability will affect the degree to which the cones are truly silenced in a melanopsin-directed modulation. Inter-observer differences have been a concern in the accurate specification of cone signals well before the discovery of melanopsin (37–39). Biological variability arises from inter-observer variability in lens density, macular pigment density, taxial density of the pigment (32, 37–39); and the peak spectral sensitivity due to polymorphisms in the opsin genes (40–43). A given set of cone fundamentals only describes the average spectral sensitivities within a population and ignoring biological variability will introduce error. In the field of melanopsin-mediated pupillometry, some experimenters correct the stimuli by having the observers perform a color matching procedure (25, 26), while others (16, 17, 28) simulate the variability of the stimuli using simulations based on estimates of the biological variability of parameters of the cones (32).



Melanopsin Bistability and Tristability

The method of silent substitution assumes that melanopsin the spectral sensitivity of melanopsin can be described by a single function. There is ample evidence that melanopsin is a bistable (44–49) or tristable photopigment (50). While the cone and rod photopigment is regenerated in the retinal pigment epithelium (RPE), melanopsin, being expressed in ipRGCs in the inner retina, and therefore removed from the RPE is thought to rely on a different mechanism for pigment regeneration. A bistable (or tristable) photopigment relies on light itself to regenerate the pigment, and that this regeneration process again is wavelength-dependent and therefore has a separate spectral sensitivity. It is controversial whether the multistable photochemistry of melanopsin has physiological consequences (51–53). Under conditions of adaptating to a constant background light as employed in silent substitution, melanopsin will be in photoequlibrium, i.e., the different states of the pigment will exist in fixed (though possibly unknown) proportions.



Rod Intrusion

Under daylight conditions, rods are typically thought to be saturated (54, 55), though the range of light levels in which both rods and cones are known to be active is substantial (56, 57). Using a five-primary stimulator [e.g., (25, 26)], it is possible to generate melanopsin-directed stimuli which not only silence the cones but also silence rods. Typically, when rods are silenced, the contrast available to melanopsin is typically only around 1/3 relative to a stimulus in which rods are ignored, though this will depend on the choice of background.



Scatter

The human eye is an imperfect optical system. In cases where the stimulus is a spatially extended light source and there is light outside the primary stimulation area (both centrally, if the macular region is blocked, and in the far periphery), there will be undesired stimulation of potentially unadapted photoreceptors (such as the rods). This can be addressed by adding a light outside the primary stimulation area that light-adapts the photoreceptors outside of the primary stimulation area.



Device Uncertainty

The light source used may not be stable over time and change spectral output between operations, or throughout the sessions. These drifts in device output need to be either calibrated, or at least characterized.




EXPLOITING PROPERTIES OTHER THAN SPECTRAL SENSITIVITY

We have noted in the introduction that the photoreceptors contributing to pupillary control differ not only in their spectral sensitivity (as is exploited in the method of silent substitution) but also in their temporal properties, their operating range and their distribution across the retina. These properties might also be exploited to selectively stimulate melanopsin. For example, the retinal location corresponding to the blind spot does not contain rods and cones, but light might stimulate melanopsin in the axons of ipRGCs. Delivering a stimulus only in the blind spot would therefore ensure that only melanopsin would be activated (58–60), but there could be scatter on rod and cone photoreceptors near the blind spot, and accidental displacement of a small circumscribed stimulus field would need to be controlled for. In the temporal domain, melanopsin photoreception is much slower than cone- and rod-mediated photoreception, and thus, the temporal properties of a stimulus can be optimized to bias the measured response toward melanopsin-mediated properties, e.g., the steady-state pupil size under continuous light (61).



CONCLUSION

The method of silent substitution is a powerful technique to stimulate a specific photoreceptor class or specific photoreceptor classes in the living human retina while leaving other classes un-stimulated. The method has been used successfully to examine the photoreceptor contributions to the human pupillary light responses. The method is not failsafe as several factors need to be considered (retinal inhomogeneities, individual differences, rod intrusion, scatter, and device uncertainty), but these can be addressed experimentally or in simulation. We hope that the method of silent substitution will gain traction to tease apart the contributions of different photoreceptors to human vision and to elucidate their role in the non-invasive assessment of the human visual system using pupillometry.
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Purpose: To assess the nature and extent of non-linear processes in pupil responses using rod- and cone-isolating visual beat stimuli.

Methods: A four-primary photostimulating method based on the principle of silent substitution was implemented to generate rod or cone isolating and combined sinusoidal stimuli at a single component frequency (1, 4, 5, 8, or 9 Hz) or a 1 Hz beat frequency (frequency pairs: 4 + 5, 8 + 9 Hz). The component frequencies were chosen to minimize the melanopsin photoresponse of intrinsically photosensitive retinal ganglion cells (ipRGCs) such that the pupil response was primarily driven by outer retinal photoreceptor inputs. Full-field (Ganzfeld) pupil responses and electroretinograms (ERGs) were recorded to the same stimuli at two mesopic light levels (−0.9 and 0 log cd/m2). Fourier analysis was used to derive the amplitudes and phases of the pupil and ERG responses.

Results: For the beat frequency condition, when modulation was restricted to the same photoreceptor type at the higher mesopic level (0 log cd/m2), there was a pronounced pupil response to the 1 Hz beat frequency with the 4 + 5 Hz frequency pair and rare beat responses for the 8 + 9 Hz frequency pair. At the lower mesopic level there were few and inconsistent beat responses. When one component modulated the rod excitation and the other component modulated the cone excitation, responses to the beat frequency were rare and lower than the 1 Hz component frequency condition responses. These results were confirmed by ERG recordings.

Conclusions: There is non-linearity in both the pupil response and electroretinogram to rod and cone inputs at mesopic light levels. The presence of a beat response for modulation components restricted to a single photoreceptor type, but not for components with cross-photoreceptor types, indicates that the location of a non-linear process in the pupil pathway occurs at a retinal site earlier than where the rod and cone signals are combined, that is, at the photoreceptor level.

Keywords: retina, ERG analysis, pupil, photoreceptors cells, beats, mesopic light level, non-linearity


INTRODUCTION

The response of the pupil to radiance information, the “pupil light reflex” (PLR), is mediated by phototransduction in rods, cones and by the photopigment melanopsin that is expressed in intrinsically photosensitive retinal ganglion cells (ipRGCs) (1–4). The olivary pretectal nucleus (OPN) commands pupillary movements, and it receives afferent signals from ipRGCs (2, 5, 6). Classical PLR studies used two types of stimulation paradigms, including pulsed and flickering stimulation. The best known is the PLR to a pulse of light, in which, roughly, two main stages in the temporal domain can be identified: the transient (or phasic) stage and the tonic (or sustained) stage. This pulsed PLR paradigm has revealed that cones are prevalent in the phasic stage, while rods and melanopsin are mostly conducting the tonic response (7–9). Another approach includes analyzing pupillary responses to flickering stimulation in the frequency domain through Fourier transformation (10–12). With this approach, it is determined that melanopsin, rods, L- and M-cones provide excitatory input to the pupil pathway, whereas S-cones provide inhibitory inputs (10, 12, 13). This is consistent with the spectral characteristics of primate ipRGCs receptive fields (14), although recent studies reported inhibitory responses for M-cones inputs (15, 16). Cone contributions to the flicker pupil response summate linearly with rod and/or melanopsin contributions (11), and melanopsin is combined linearly with luminance information (L + M + S) and [(L + M) – S] chromatic signals (10). However, a non-linear “winner takes all” mechanism has been identified with predominant participation of rods and melanopsin (8, 17), and this type of mechanism seems to account for the combination of melanopsin and (L – M) chromatic signals (10). Besides this evidence, the non-linear properties of rod and cone inputs to the pupil response were rarely investigated.

A tool to study non-linear mechanisms in the afferent pupillary pathway is through beat responses, which are a signature of non-linear processing (18). When two sinusoidal stimuli of different frequencies are processed by a non-linear system a response appears with a frequency corresponding to the difference of those frequencies; this phenomenon is called a beat. Oscillations at the beat frequency therefore reveal that the system is responding non-linearly to the stimulation. Beat responses have been used to study non-linearities in the auditory system (19) and in vision for example, to study binocular interactions (20, 21).

Non-linearities in the pupil pathway have been suggested in the retina or iris muscle (22, 23). Howarth and colleagues (22) used a beat paradigm with monocular and dichoptic stimulation and inferred that the site of the non-linearity preceded the locus where signals from the two eyes are integrated. Retinal non-linearities can account for the effects of saturation and rectification in cell responses (24). Saturation is caused by the limited dynamic range of retinal cells whereas rectification causes a cell response to sinusoidal stimulation (positive or negative) to be excluded or inverted (25, 26). The presence of beats in electroretinogram (ERG) recordings, has been attributed to rectification within the outer retina (18).

The purpose of this study was to isolate non-linear processes in the afferent pupil responses to rod and cone inputs using visual beat stimuli. If a beat response is observed in both the pupil light response and electroretinogram, the origin of the non-linearities will likely be in the retina.



METHODS


Observers

Three male observers (age 24–43 years) participated in the study. All have normal color vision (assessed by the Neitz OT anomaloscope and the Farnsworth-Munsell 100-hue test). Ophthalmological examinations excluded any retinal or optic nerve condition that could affect the results. The study protocols were approved by the Institutional Review Board at University of Illinois at Chicago and adhered to the tenets of the Declaration of Helsinki.



Apparatus

A ColorDome Ganzfeld in an Espion3 electrophysiology system (Diagnosys LLC, Lowell, MA, USA) was used for stimulus presentation. We used the “dim ring” of LEDs in the ColorDome Ganzfeld to produce light levels within mesopic range. The “dim ring” had 4 LEDs with dominant wavelengths as 470 nm (“blue”), 524 nm (“green”), 588 nm (“amber”), and 636 nm (“red”) nm. The ColorDome Ganzfeld was programmed to serve as a four-primary photostimulator that could control the excitations of rods and three types of cones (S-, M-, and L-cones) independently using silent substitution (27). The cone excitations were computed based on the Smith-Pokorny cone fundamentals for the CIE 1964 10° Standard Observer (26). The cone chromaticities were described in a relative cone-troland space, which plots S/(L + M) vs. L/(L + M) (28). For an equal-energy-spectrum (EES) light, the L/(L + M) value is 0.667 and the S/(L + M) value is 1.0. The cone luminance is the sum of the L and M cone excitations and is specified in photopic cd/m2. Rod excitation was computed based on the scotopic luminous efficiency function, V′(λ), with normalization such that 1 photopic cd/m2 of EES light defines rod excitation of 1 rod cd/m2.

Since the built-in calibration provided by the Diagnosys system was based on the CIE 1931 2° standard observer, we calibrated the light outputs from the ColorDome LEDs so that we could specify stimuli in the CIE 1964 10° colorimetric system. The spectral distribution of each LED was measured with a PhotoResearch PR-670 spectroradiometer. The CIE 10° luminance of each LED at its maximum were calculated from the spectral measurements.

Pupil responses were recorded by an EyeLink II eyetracker (SR Research) at a 250 Hz sampling rate. The Espion3 electrophysiology system controlling the ColorDome triggered the eyetracker to synchronize the stimulation presentation and recording. Full-field electroretinograms (ERGs) were recorded in the Espion3 electrophysiology system with bandwidths of 0.3 and 300 Hz at a 2,000 Hz sampling rate using DTL Plus corneal electrodes, which were referred to ear clip electrodes and a wrist electrode ground. Head position was maintained using a chin rest in front of the ColorDome stimulator.



Stimuli

We generated three types of photoreceptor-isolated sinusoidal stimuli at two mesopic light levels: (1) isolated rod stimuli (“Rod,” only rod excitation was modulated while maintaining constant cone excitations), (2) isolated cone luminance stimuli (“Cone,” only cone luminance, L + M, was modulated while maintaining constant rod excitation), and (3) combined rod and cone stimuli (“Rod & Cone,” both rod and cone luminance signals were modulated in phase). To achieve a large contrast range for both the rod or cone modulations, the time-averaged chromaticity was set to L/(L + M) = 0.77 and S/(L + M) = 0.20 in a relative cone troland space (27). The time-averaged photopic luminances were −0.9 log cd/m2 (0.13 photopic cd/m2 or 0.10 scotopic cd/m2 or 11 log quanta/cm2/s) or 0 log cd/m2 (1.0 photopic cd/m2 or 0.82 scotopic cd/m2 or 11.9 log quanta/cm2/s), in order to minimize the melanopsin contribution. The low adaptation luminance was achieved by covering the ColorDome with a calibrated 0.9 log unit neutral density filter. The rod and/or cone excitations were sinusoidally modulated at 25% Michelson contrast. For pupil measurements, the stimuli were modulated at one frequency at 1, 4, 5, 8, or 9 Hz alone (i.e., component frequency condition), or at two frequencies with the same phase (i.e., beat frequency condition). The frequency pairs (4 + 5 Hz, or 8 + 9 Hz) generated a 1 Hz beat frequency, the optimal beat frequency for the pupil light response (22). A beat stimulus in the temporal domain is shown in Figure 1A (top panel). The component frequencies were chosen because at these frequencies, melanopsin sensitivity is minimal (29). Although the pupil response was weak, the photoreceptor response was still measureable (11). The beat stimuli could be the combination of the same photoreceptor types or different photoreceptor types (Table 1).
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FIGURE 1. Beats in the pupillary responses. (A) Linear system frequency response for combined sinusoidal stimulations at 4 and 5 Hz (top panel; temporal profile in the inset). Middle and bottom panels contain responses of S1 to Rod & Cone 4 Hz + Rod & Cone 5 Hz in the temporal and frequency domains, respectively. Averaged beat responses across participants are shown for combined 4 and 5 Hz (squares), and combined 8 and 9 Hz (triangles) in comparison with pupil responses for 1 Hz stimulation (circles) for same-photoreceptor type condition (B), and Cross-photoreceptor type condition (C). Error bars represent SEM.





Table 1. Beat conditions tested.
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Procedure: Pupil Response and ERG Recording

The pupil response and ERGs were recorded binocularly in separate sessions. Each pupil recording session started with 30 min of dark adaptation and included two mesopic light levels (0.9 log cd/m2 followed by 0 log cd/m2). For each light level, the observers adapted to a steady background for 2 min before recording. Data were collected over 10 s period for a trial with a 10 s interval between trials. Each session lasted ~1.5 h. Sufficient rest was given between conditions.

For the binocular ERG recording, both eyes were dilated with 1% tropicamide drops and dark-adapted for 15 min before ERG measurements. The same photoreceptor isolating stimuli used with the pupil recordings were used for the ERG measurements with the combination of 4 and 5 Hz frequencies. The recording procedure was similar to the pupil recordings. Individual trials that included an eye movement or blink artifact (i.e., maximum amplitude ≥ 200 μV) were removed automatically by the Diagnosys Espion3 electrophysiology system or manually by the ERG technician during the recordings. Fifteen sweeps were recorded for each condition. One session lasted ~1.5 h. Each session was repeated three times on different days.



Data Analysis

For all stimulus conditions, the pupil or ERG responses from the two eyes of each observer were similar and the data from the two eyes were averaged. The averaged waveform for each condition at a light level was subjected to a discrete Fourier transformation (2,500 samples) to extract the amplitude and phase of the first harmonic. Noise for the pupil responses was estimated in the frequency domain from the component frequency conditions: 4, 5, 8, and 9 Hz, averaging the component amplitude obtained at 1 Hz in each case. For the ERG experiment, noise was estimated based on the amplitudes of a test frequency with a steady background light. The difference in the extracted amplitude and noise amplitude for each condition was computed for each observer. If the amplitude was smaller than the noise level for a condition, the amplitude for that condition was set as zero for further statistical analysis. The data were summarized as mean and standard error (SEM). Then the amplitudes with noise removed were compared using repeated measures ANOVA or paired T-test.




RESULTS


Pupillary Recordings

A typical pupil response of one participant obtained for the beat frequency condition with the combined Rod & Cone 4 Hz + Rod & Cone 5 Hz at 0 log cd/m2 is shown in Figure 1A (middle panel for the temporal domain and bottom panel for the frequency domain). A pupillary response at the 1 Hz beat frequency is apparent when the stimulation is a combination of signals at 4 and 5 Hz; a linear system cannot produce a response at this beat frequency, indicating a non-linear process in the afferent pupil response. Average pupil amplitude responses of the 1 Hz component for the three participants at two mesopic light levels are shown in Figures 1B,C. Beat pupil responses were evident with the 4 + 5 Hz stimulus pairs for all photoreceptor types (Rod, Cone, or Rod & Cone) in the three participants at 0 log cd/m2, and only for S1 at −0.9 log cd/m2 (square symbols, Figure 2). Rod-Cone phase differences were similar for the beat frequency condition (15.74 ± 7.03°) and component frequency condition [10.94 ± 3.66°, t(4) = 0.605, p = 0.58].
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FIGURE 2. Data for the same photoreceptor type condition for individual participants; S1 (left column), S2 (middle column), and S3 (right column). Upper panels contains data for 0 log cd/m2, lower panels for −0.9 log cd/m2. Error bars represents SEM. For this condition thee three participants elicited beat responses. S1's beat responses were elicited in all cases except for Cone 8 Hz + Cone 9 Hz at −0.9 log cd/m2. For S2 (middle column), beat responses were elicited in all conditions for 4 + 5 Hz pair at 0 log cd/m2 and only for Rod & Cone condition at −0.9 log cd/m2. For 8 + 9 Hz pair no beat responses were obtained for Cone condition at 0 log cd/m2. For S3 (right column), no beat responses were elicited at −0.9 log cd/m2 or for 8 + 9 Hz stimuli at 0 log cd/m2.



Considering the different photoreceptor combinations at 8 and 9 Hz at 0 log cd/m2 (Figure 1B, upper panel), the averaged beat responses were present for participants S1 and S2 only (Figure 2). At lower light level, the amplitude of the responses were reduced and the differences between beat responses and single frequency responses were not significant for the three photoreceptor combinations, F(2,12) = 2.95, p = 0.128 (Figure 1B, lower panel). Individual results showed very small or null responses with the three combinations for participant S1 and null responses for S3 (Figure 2).

Finally, beat stimuli modulating the cross photoreceptor types elicited beat responses in few cases (Figures 1C, 3). Participant S1's pupillary recordings showed beat responses for both light levels, however, for S2, beat responses were obtained for the Rod 8 Hz combined with Cone 9 Hz at both light levels, and for combination of Cone 4 Hz and Rod 5 Hz at 0 log cd/m2, whereas, S3's beat responses were obtained when Cone 4 Hz was combined with Rod 5 Hz at the lower light level (Figure 3). No response were obtained for Cone 8 Hz + Rod 9 Hz at both light levels for any participant (Figures 1C, 3).
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FIGURE 3. Data for the cross photoreceptor type condition for individual participants; S1 (red circles), S2 (orange triangles), and S3 (light orange squares). Dashed lines represents the Rod & Cone 1 Hz single frequency data for each subject. Upper panel contains data for 0 log cd/m2, lower panel for −0.9 log cd/m2. Error bars represents SEM. Cross-photoreceptor type results were rare and reduced with respect to Rod & Cone 1 Hz data. S1's pupillary recordings showed cross beat responses for both light levels. For S2 beat responses were obtained for Rod 8 Hz combined with Cone 9 Hz at both light levels, and for combination of Cone 4 Hz and Rod 5 Hz at 0 log cd/m2. For S3, beat responses were obtained when Cone 4 Hz was combined with Rod 5 Hz at the lower light level. Beat amplitudes for S2 and S3 were comparable to results for Rod & Cone 1 Hz stimulus.



A polar plot of the pupillary responses of the three participants are shown in Figure 4A. The phase of the beat responses are shifted 90° with respect to the single frequency response phases, which is evidence for a non-linearity in the pupillary signal processing, possibly due to rectification which introduces a similar phase shift between the beat and component frequencies (Figure 4B).
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FIGURE 4. (A) Polar plot of individual results for the three participants (S1: circles, S2: squares, and S3: triangles) for beat responses (black symbols) and single 1 Hz responses (gray symbols), (B) This panel shows that beat phase caused by rectification is shifted 90° with respect to single frequency phase.





ERG Recordings

To determine if beat responses observed in pupillary measurements occurred at the retinal level, a second experiment was conducted by obtaining the ERG recordings of the three participants using similar stimuli modulations (4 Hz + 5 Hz) for the same-photoreceptor types.

The frequency profile of the ERG amplitudes for participant S1 at 0 log cd/m2 for the combined Rod & Cone 4 Hz + Rod & Cone 5 Hz condition (Figure 5A) shows clear peaks appear at 1, 4, and 5 Hz. Beat ERG responses were obtained for most cases. Figure 5B shows the averaged results for the three participants. At both 0 log cd/m2 (Figure 5B, upper panel) and −0.9 log cd/m2 (Figure 5B, lower panel), the beat responses were similar to the single frequency responses [F(1,8) = 0.85, p = 0.4; F(1,8) = 0.5, p = 0.52; respectively]. The pattern of the ERG data was generally consistent with the pupillary responses.
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FIGURE 5. Beats in ERG recordings. (A) Frequency beat response of S1 to Rod & Cone 4 Hz + Rod & Cone 5 Hz condition. (B) Averaged beat responses for combined 4 and 5 Hz (squares) in comparison with results for single 1 Hz stimulation. Error bars represent SEM.






DISCUSSION

Substantial pupillary beat responses were obtained for combined sinusoidal stimulations at 4 Hz and 5 Hz of the same-photoreceptor type (Rod 4 Hz + Rod 5 Hz, Cone 4 Hz + Cone 5 Hz, and Rod & Cone 4 Hz + Rod & Cone 5 Hz) at the higher mesopic light level (0 log cd/m2), and were consistent across participants. Beat responses observed in the 4 + 5 Hz pupil response were similarly obtained in ERG recordings, confirming that non-linearities are present at the retinal level. According the analysis of the phase difference between beat data and single 1 Hz data (Figure 4), a rectification process may be involved. At the lower mesopic light level, the beat responses were inconsistent, likely because at this illumination level the signal-to-noise ratios are decreased and the cones are at the lower end of their operating range. This was also evident for the same-photoreceptor combination type with the 8 and 9 Hz stimulation (at both light levels). A similar outcome was observed for the cross-photoreceptor type condition. However, for participant S1 beat responses were obtained in most cases, meaning that individual differences are important in retinal non-linearities to elicit beat responses. Individual differences as those found in our study can emerge from many sources, such as fatigue, emotional states, other sensory inputs and refractive errors (30, 31). It will be interesting to investigate this issue in the future.

A previous study evaluating pupillary beat responses used higher frequency stimuli in the range of 10–25 Hz (22). These authors claimed this frequency range is optimal for binocular conditions, however we found strong beats in the 4–5 Hz range and weaker beat responses in the range of 8–9 Hz. It is known that the flicker pupil light response has a cut-off resolution frequency in the order of ~8–9 Hz (11, 32–34), but other factors, such as the conditions in which the experiments were carried out could explain this difference. They used a brighter photopic background (~15,000 photopic td) compared to our dimmer mesopic lighting (~10 photopic td), had a higher modulation depth (~80 vs. 25% for this study), and used broadband lights. As such, we observed beat responses for same-photoreceptor type condition, and the amplitude of the beat response could be larger with higher light levels for cones activation. We did not run experiments for source frequencies higher than 9 Hz, so we cannot rule out the appearance of beats at higher frequencies as those used by Howarth and colleagues (22). More research is needed to understand the relationship between light level and the optimal frequency range to modulate non-linear responses.

Since the discovery of intrinsically photosensitive retinal ganglion cells (ipRGCs) in mammals (5, 14, 35), understanding of the retinal circuit to control pupillary response to light has been advanced. From the five types of ipRGCs detected in the rodent retina (36, 37), M1 cells disproportionally innervate the OPN (5, 38). In primate retinas, outer cells are the counterparts of the rodent M1 cells (39). Outer cells have their dendrites in the OFF sublamina of the interplexiform layer near the inner nuclear layer and are innervated by bipolar and amacrine cells (40, 41). It was suggested that diffuse bipolars DB6 convey excitatory inputs to L and M cones, while dopaminergic amacrines convey major inhibitory signals (10, 40, 42). Considering the pathways conveying rods signals, it was shown that there is no direct innervation of rod bipolar cell to ipRGCs (39). In primates rod and cone signals are combined at the outer retina through the rod-cone gap junction pathway, at the inner retina through the rod->rod bipolar->AII amacrine->cone bipolar pathway, and potentially through horizontal cells feedback between photoreceptors (43, 44). For pupillary responses it was suggested that the most probable pathway to activate phasic pupillary movements is via rod-cone gap junctions->DB6 bipolar cells (10).

Our results showed weaker and more sparse beats in the cross-photoreceptor type condition than in the same-photoreceptor type condition. Therefore, same-photoreceptor non-linear processing produced stronger signals (able to evoke pupillary movements) than cross-photoreceptor non-linear processing, which in turn means that the non-linearities occur before rod and cone signals interact. Since beat responses were also obtained in the ERG measurements, which are predominantly mediated by photoreceptors and bipolar cells, the candidate locus of the non-linearity is in the photoreceptoral (rod and cone) level or bipolar cell level.

Since we did not find consistent beat responses in the cross photoreceptor type condition, we cannot make further inferences about the presence of non-linear rod-cone interactions. In this work we examined beats for sinusoidal stimuli with same phase. A possible way to analyze rod-cone interactions is by systematically changing the phase difference between the rod and cone photoreceptor modulations, in conditions where beat responses are elicited. The presence of non-linear pupil responses in the outer retina may have applications in the study of retinal degenerations involving rods and/or cones, with different diseases (e.g., Retinitis pigmentosa, age-related macular degeneration) expected to have different signature beats depending on the degree of photoreceptor degeneration.
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Background: Retinal photoreceptors provide the main stage in the mammalian eye for regulating the retinal illumination through changes in pupil diameter, with a small population of melanopsin-expressing intrinsically photosensitive retinal ganglion cells (ipRGCs) forming the primary afferent pathway for this response. The purpose of this study is to determine how melanopsin interacts with the three cone photoreceptor classes in the human eye to modulate the light-adapted pupil response.

Methods: We investigated the independent and combined contributions of the inner and outer retinal photoreceptor inputs to the afferent pupil pathway in participants with trichromatic color vision using a method to independently control the excitations of ipRGCs, cones and rods in the retina.

Results: We show that melanopsin-directed stimuli cause a transient pupil constriction generated by cones in the shadow of retinal blood vessels; desensitizing these penumbral cone signals uncovers a signature melanopsin pupil response that includes a longer latency (292 ms) and slower time (4.1x) and velocity (7.7x) to constriction than for cone-directed stimuli, and which remains sustained post-stimulus offset. Compared to melanopsin-mediated pupil responses, the cone photoreceptor-initiated pupil responses are more transient with faster constriction latencies, higher velocities and a secondary constriction at light offset. The combined pupil responses reveal that melanopsin signals are additive with the cone signals.

Conclusions: The visual system uses the L–, M–, and S–cone photoreceptor inputs to the afferent pupil pathway to accomplish the tonic modulations of pupil size to changes in image contrast. The inner retinal melanopsin-expressing ipRGCs mediate the longer-term, sustained pupil constriction to set the light-adapted pupil diameter during extended light exposures.

Keywords: pupil light reflex, melanopsin, cone, photoreceptor, intrinsically photosensitive retinal ganglion cells


INTRODUCTION

In humans and non-human primates, melanopsin-expressing ipRGCs have an intrinsic photoresponse (1, 2), receive extrinsic rod and cone inputs and project to the olivary pretectal nucleus (OPN) (1, 3) to form the primary afferent pupil pathway and regulate the pupil aperture (2, 4–12). Pupil diameter is critical for modulating retinal illumination, enhancing visual performance by varying ocular aberrations and depth of focus (13) and is a clinically significant biomarker in neuro-ophthalmology (14, 15). The relative rod, cone and melanopsin-expressing intrinsically photosensitive retinal ganglion cell (ipRGC) contributions to the pupil light response (PLR) have been explored in both animals and humans having different photoreceptor spectral responses and post-receptoral pathways, using different methodological approaches. When all ocular photoreceptors (rods, cones, and ipRGCs) are knocked-out in transgenic mice, there is no PLR (16). In transgenic mice with ipRGCs that do not express the melanopsin photopigment, the PLR is normal at low irradiances and reduced at high irradiances, indicating that rods and cones can contribute to the PLR without activating melanopsin (17, 18). In rod-cone knock-out mice, the PLR is present, but with reduced response amplitude, indicating that melanopsin-expressing ipRGCs alone can mediate the pupil response (17). Similarly, in non-human primates (macaque) following pharmacological blockade of rod and cone signals, the PLR is present with lower amplitude, slower dynamics, and persists after light offset (2); immunotoxin ablation of the OPN4 melanopsin gene in rhesus monkeys results in a reduction in the maximum pupil constriction amplitude and elimination of the post-illumination pupil response (19). When mouse ipRGCs are selectively ablated however, the PLR is absent, indicating the rod-cone pathway does require ipRGCs for a functional pupil response (20). The animal models therefore show that ipRGCs, rods and cones are complementary in their signaling to the pupil control pathway (18, 21–23). However, transgenic animal models that by design, knock-out photoreceptors, cannot be used to independently control the level of activation and interaction between the different photoreceptor inputs to the PLR and so alternate methods are required.

The relative photoreceptor contributions to human PLR can be studied using psychophysical methodologies that independently control the photoreceptor excitations. Outer retinal receptors drive the transient pupil constriction (2, 4, 7, 24–29), but the melanopsin, L–, M–, and S–cone inputs have not been separated in normally-sighted people to identify their independent and combined contributions. After light offset, the redilation of the post-illumination pupil response (PIPR) in the dark is modulated by both rhodopsin and melanopsin during its early-redilation phase (4) and then entirely by melanopsin (2, 30); there has been no direct measurement of the melanopsin control of the PIPR under light-adapted photopic conditions, nor the melanopsin interaction with cone signals. Extrinsic cone inputs to the OPN are mediated via ipRGCs through retinal interneurons (19, 31, 32) and there is evidence for an independent post-retinal pathway for chromatically opponent inputs to the afferent pupil response (26, 33). To determine the melanopsin contribution to the light-adapted PLR, the intrinsic melanopsin response must be separated from the outer retinal (rod and cone) photoreceptor responses. Here we isolate the melanopsin and cone contributions to the PLR for photoreceptor-directed incremental light pulses using a method of silent-substitution (6, 34) that independently controls their relative activity under conditions that provide constant rod photoreceptor excitation. The outcomes of this study reveal the separate and combined contributions of melanopsin and cones to light-adapted, photopic pupil responses in humans with trichromatic color vision.



MATERIALS AND METHODS


Participants and Ethics Statement

All experimental protocols were approved by the Queensland University of Technology (QUT) Human Research Ethics Committee (approval no: 1700000510) and conducted in accordance with their guidelines. Test protocols were completed in compliance with the tenets of the Declaration of Helsinki and all participants provided informed and written consent after the nature and possible consequences of the experiments were explained. Four healthy participants with trichromatic color vision (2 females, 2 males, 23–41 years; one observer was an Author) and no systemic disease took part in this study in accordance with the human research ethics approval. All observers underwent a comprehensive ophthalmic examination, including fundus examination, ocular coherence tomography, color vision (D-15 and Rayleigh color match), visual acuity, contrast sensitivity (Pelli-Robson) and intra-ocular pressure to exclude any retinal or optic nerve disease.



Apparatus and Calibrations

A calibrated five-primary Maxwellian-view photostimulator with 12-bit resolution and a ~488 Hz upper frequency limit (6) was used to generate all test stimuli. This photostimulator includes five narrowband primary lights comprising light emitting diodes (LED) and interference filters with peak wavelengths (full widths at half maximum) at 456 nm (10 nm), 488 nm (11 nm), 540 nm (10 nm), 594 nm (14 nm), and 633 nm (15 nm) that were combined using fiber optic cables and a homogenizer and focused by an achromatic doublet field lens in the plane of a 2 mm artificial pupil in Maxwellian view. The outputs of the primary lights were controlled by an Arduino based stimulation system, a LED driver (TLC5940), a microcontroller (Arduino Uno SMDR3, Model A000073) and calibrated neutral density filters (Ealing, Natick, MA, USA) using custom engineered software (Xcode 3.2.3, 64-bit, Apple, Inc., Cupertino, CA, USA). The spectral outputs of five primary lights were measured with a spectroradiometer (StellarNet, Tampa, FL, USA); luminance outputs measured with an ILT1700 Research Radiometer (International Light Technologies, Inc., Peabody, MA, USA) as a function of the duty cycle of the LED driver were used to compute the linearization coefficients (6).

The excitations of melanopsin, rhodopsin and the three cone opsins were independently controlled using the principle of silent substitution (6, 34). The L– M– and S–cone, rod (R) and ipRGC (i) excitations were calculated based on CIE 1964 10° standard observer cone fundamentals (35), the CIE 1951 scotopic luminosity function, and melanopsin spectral sensitivity function (30, 36), respectively. For a 1 photopic Troland (Td) light metameric to an equal energy spectrum, the photoreceptor excitation relative to photopic luminance with a 2:1 L:M cone ratio is l = L/(L+M) = 0.6667, m = M/(L+M) = 0.3333, s = S/(L+M) = 1, r = R/(L+M) = 1 and intrinsic melanopsin i = I/(L + M) = 1. Measurements were performed with a 2000 photopic Td adapting stimulus field chromaticity that had an orange appearance (l = 0.752, s = 0.105, r = 0.319, and i = 0.235). Using the principle of silent substitution to selectively modulate one photoreceptor class, or a combination of up to four photoreceptor classes, unique scaling coefficients for the each of the 5-primary lights are calculated using linear algebra (6, 37, 38) for the nominated Weber contrast [C = (Tdmax–Tdmin)/[image: image]100%] of the photoreceptor excitation(s). For example, a 6% Weber contrast +L–M stimulus increases the L–cone excitation by 6% contrast relative to the photoreceptor excitation at the adapting background level, and decreases the M–cone excitation by −6% contrast; the result of this +L–M photoreceptor excitation is a chromaticity change (i.e., a magenta appearing light modulation) without altering the mean retinal illumination or the intrinsic melanopsin-ipRGC, rod and S–cone photoreceptor excitations relative to the adapting background level.

To nullify individual differences in pre-receptoral filtering and photoreceptor spectral sensitivities between the observer and the CIE 1964 10° standard observer, participants performed heterochromatic flicker photometry (HFP) settings between a reference primary (cyan; 100 Td mean illuminance, 15 Hz square wave counterphase flicker) and each of the test primaries (red, green, blue and amber) (38). The 15 Hz modulation frequency is beyond the temporal resolution of the chromatic mechanisms (39, 40), of melanopsin photoreception (10) and therefore likely mediated by the inferred luminance pathway (35, 41). During each HFP setting, the observer minimized the appearance of flicker by controlling the radiance of the test primary using a method of adjustment. For each test-reference wavelength combination, the final setting was the average of 15 repeats; the theoretical 10° standard observer data was then scaled by the observer's average HFP settings.



Experimental Design: Pupil Light Responses

The stimulus was a 30° diameter circular field with the central 10.5° blocked to eliminate the effect of macular pigment. A small hole (<1 min arc) in the center of this macular blocker was used for fixation. Prior to all experimental sessions, the observers were adapted to the dark-room illumination (< 0.0003 lux) for 15 min followed by a 2 min adaptation to the 2000 Td orange field. In order to maintain a constant retinal illumination during the stimulus presentation (42), consensual pupil responses in the un-stimulated eye were infrared LED illuminated (λmax = 851 nm) and imaged with a camera (640 X 480 pixels; 60 Hz; Point Gray FMVU-03MTM-CS; Richmond, BC, Canada; Computar TEC55 55 mm telecentric lens; Computar, Cary, NC, USA) following our established procedures (30, 43). The consensual pupil responses were measured using 5,000 and 1,000 ms incremental pulses of five photoreceptor excitation combinations: [1] melanopsin-directed stimuli (17% Weber contrast) with no change in the excitation of the rods and three cone types, [2] L– and M–cones modulated in-phase to produce a cone luminance increment (+L+M; 10% Weber contrast) with no change in the excitation of S–cones, rods or melanopsin, [3] S–cone increments (+S; 10% Weber contrast) with no change in the excitation of melanopsin, rods, L– and M–cones, [4] a counterphase equiluminant L– and M–cone modulation (+L–M; 6% Weber contrast) with no change in L+M cone luminance or the excitation of S–cones, rods or melanopsin, and [5] the additive mixture of melanopsin (17% Weber contrast) with each of the photoreceptor combinations specified in [2–4].

The inter-stimulus interval included temporal white noise that randomly modulated the S–cone, M–cone, L–cone, and rod photoreceptor excitations (40% Michelson contrast) (44, 45) without changing the melanopsin photoreceptor excitation (10). The purpose of the temporal white noise is to limit the effect of any non-melanopsin photoreceptor absorptions on the melanopsin-directed pupil responses by desensitizing penumbral cones in the shadow of the retinal vasculature; for the 17% Weber contrast, melanopsin-directed pulse on the 2000 Td adaptation field, the penumbral L–, M–, and S–cone contrasts were 0.2, 0.5, and 0.6%, respectively and the rod contrast was 0.2%. The physically measured open-field cone contrast, which is the difference between the theoretical and measured irradiances of the five primary lights for the S M L R i photoreceptor excitations for the melanopsin-directed stimulus, was 0.0, 0.1, and 1.3% for the L–, M–, and S–cone contrasts, respectively, and 0.3% for the rod contrast. The rod contrast in all cone isolating conditions was ≤ 0.3%.

For the pupil measurements, each trial was separated by a 1 ms blank interval (46) and the trial repeated 10 times during a single recording sequence that was repeated at least 10 times (~100 trials per observer per stimulus condition; 8 conditions X 2 stimulus durations = ~1,600 total trials per observer). Testing sessions were <1.5 h to avoid the effect of observer fatigue and sleepiness on pupil responses. Data were measured during the day to minimize the influence of circadian variation on melanopsin-mediated pupil responses (9); each participant was scheduled at the same test time for their test sessions on different days.



Analysis Metrics for the Pupil Light Responses

The PLR was quantified with reference to a baseline pupil diameter defined as the average of the 100 ms pre-stimulus data immediately before onset of the stimulus pulse. The PLR latency (in milliseconds) is the time to 1% pupil constriction after pulse onset; the peak constriction amplitude (% baseline diameter) is the smallest pupil diameter in response to stimulus onset, and the time at this maximum constriction is defined as the time to peak (in seconds). The pupil constriction velocity from stimulus pulse onset is the peak constriction amplitude divided by the time to peak (%.s−1). The light-adapted pupil diameter following stimulus offset (% baseline) was quantified at 1.8 s post-stimulus; although this metric is sometimes referred to as the post-stimulus pupil response (PSPR) when measured under light-adapted conditions (47), we adopted the more common notation, post-illumination pupil response (1.8 s PIPR). The pupil traces represent the global average of all repeats from all observers (~100 trials per observer per condition); the ±95% confidence limits were estimated from all stimulus trials for all observers for the respective stimulus conditions.



Confirmation of Photoreceptor Isolation

We performed multiple control measurements to confirm the observer calibration and photoreceptor isolation. Firstly, a 500 ms, 18% Weber contrast rod incremental pulse with no change in melanopsin or cone excitations at a 5 Troland adaptation level was invisible after photopigment bleach and highly conspicuous after dark adaptation. Secondly, the cone excitations perceptually matching a 500 ms, 18% contrast rod incremental pedestal at a 5 Td background were equivalent to a decrease in L/[L+M], an increase in S/[L+M] and an increase in [L+M] (48). Finally, a 500 ms rod incremental pulse was invisible when presented at the maximum achievable contrast (18.5%) at a 5000 photopic Td adaptation level. The data clearly show that different photoreceptor-directed conditions produce pupil responses with different amplitude and timings. Individual differences in luminous efficiency, including any effect from photoreceptor polymorphisms, were corrected for during the HFP, as were individual differences in lens density (6, 10).




RESULTS

We first established that continuous presentation of the temporal white noise (i.e., no stimulus) that randomly modulates the S–cone, M–cone, L–cone, and rod photoreceptor excitations (without changing the melanopsin photoreceptor excitation) does not produce a pupil constriction (Figure 1A). The hippus evident in the pupil traces may be due to parasympathetic nervous system activity (49). Similarly, turning the noise off for a period equal to a 1,000 ms stimulus pulse and during which time this blank is equal to the time average illuminance of the adapting field, there is also no change in the pupil response (Figure 1B).
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FIGURE 1. Pupil responses to temporal white noise. (A) Temporal white noise is presented for 5,000 ms then repeated; pupil diameter is steady during continuous presentation of the temporal white noise. (B) A 1,000 ms blank equal to the time average chromaticity and retinal illuminance of the orange field (no pulse, only field) is inserted within the temporal white noise; this blank field does not cause a pupil constriction. Panels show the average ±95% confidence limits for each of three observers (traces vertically offset; ~100 trials per observer). Pupil responses are normalized to the diameter at 2 s (vertical line) during each 5,000 ms repeat.



Pupil responses to melanopsin-directed stimuli measured with and without temporal white noise reveal the independent contribution of melanopsin (Figure 2A); the pupil responses for the 5,000 ms pulses are shown in the left panels, and for the 1,000 ms pulses in the right panels. The transient pupil constriction to the onset of a melanopsin-directed stimulus pulse is generated by penumbral cone signals (Figure 2A, cyan line); desensitizing penumbral cones and any residual high and low frequency cone responses using the temporal white noise (10) uncovers the signature melanopsin pupil response which includes a latency to constriction (5,000 ms pulse: 633.3 ± 43.3 ms; 1,000 ms pulse: 612.5 ± 42.7 ms) that is longer than for cones, with a slower velocity to constriction (5,000 ms pulse: 0.8 ± 0.02 %.s−1; 1,000 ms pulse: 2.3 ± 0.4 %.s−1) that remains sustained post-stimulus offset (Figure 2A, green lines; Table 1). For melanopsin-directed stimuli, the pupil responses to 5,000 ms pulses have a slower velocity to constriction than to 1,000 ms pulses (Table 1) because the velocity of the sustained melanopsin-mediated pupil constriction during light stimulation decreases over time. The time to peak constriction is 4.1x slower than for the average cone-directed PLR (5,000 ms; Table 1).
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FIGURE 2. Light-adapted pupil responses measured under photoreceptor isolating conditions and with combined cone- and melanopsin-directed stimuli. (A) Melanopsin-directed pupil responses (17% Weber contrast in all measurements) measured with temporal white noise (without penumbral cones; green lines) and without temporal white noise (with penumbral cones; cyan lines). (B) +L+M cone luminance directed pupil responses (10% Weber contrast; grey lines) and the combined+ L+M cones and melanopsin responses (orange lines). (C) S-cone directed pupil responses (10% Weber contrast; blue lines) and the combined S-cone and melanopsin responses (orange lines). (D) +L–M directed pupil responses (6% Weber contrast; red lines) and the combined +L–M and melanopsin responses (orange lines). In all panels the data show the average ±95% confidence limits of 4 observers (~100 trials per observer). Dotted vertical lines indicate the onset and offset of the incremental pulses. Left column shows the PLR with 5,000 ms incremental pulses; right column shows the PLR with 1,000 ms incremental pulses. The average light-adapted baseline pupil diameter for all observers across all conditions was 4.43 mm ± 0.21 (mean ± SEM).





Table 1. The pupil light reflex (PLR) metrics (mean ± SEM) with 5,000 ms pulses and 1,000 ms pulses for different photoreceptor isolating conditions.
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The cone photoreceptor-initiated pupil responses (Figures 2B–D) include higher transience (+L–M > +L+M > S–cone) than for melanopsin, with faster constriction latencies (range for 1,000 and 5,000 ms pulses: 325 to 491 ms), higher velocities (range for 1,000 and 5,000 ms pulses: 2.6 to 11.1%.s−1), and larger peak amplitudes to light onset (Table 1). That the stimulus contrast was ~30x higher than the +L–M visual detection threshold and ~2x higher than the +L+M detection threshold (10) resulted in the +L–M directed stimuli producing larger constriction amplitudes and higher constriction velocities than did +L+M directed stimuli. For cone-directed pulses (no change in the melanopsin excitation), the pupil rapidly redilates to baseline after stimulus offset whereas melanopsin-directed pulses produce sustained post-stimulus constrictions (1.8 s PIPR range for 1,000 ms cone-directed pulses: 0.3 to 1.1% vs. 1.9% for melanopsin-directed pulses; 5,000 ms cone-directed pulses: 0.1 to 2.1% vs. 3.9% for melanopsin-directed pulses) (Figures 2B–D; Table 1). The redilation component in response to luminance (+L+M) directed stimuli (Figure 2B, gray lines) is faster than that for S–cone (Figure 2C, blue lines) and +L–M directed stimuli (Figure 2D, red lines) and all show a second constriction between 291 and 425 ms after stimulus offset. We note that the observers verbally reported the presence of a prominent afterimage following offset of the +L–M and S–cone stimuli, and a faint afterimage following offset of the +L+M stimuli. When melanopsin combines with cone signals (Figures 2B–D, orange lines), the faster temporal response of cones mediates the transient pupil constrictions to stimulus onset and the slower melanopsin signal maintains the pupil constriction during continuous light stimulation and after stimulus offset, with a larger amplitude sustained constriction during the longer (5,000 ms) stimulus exposure. Together, these interactions reveal melanopsin- and cone-directed pupil responses at photopic illuminations under light-adapted conditions that provide no change in rod photoreceptor contrast.

Overlaying all the photoreceptor-directed pupil light responses highlights the transient constriction generated by the cone signals, and the slower, sustained response generated by melanopsin (Figure 3A). The combined melanopsin- and cone-directed pupil responses (Figure 3B) show an initial transient constriction followed by a sustained constriction that is absent from the cone-directed pupil responses; the secondary constriction after stimulus offset is present in all conditions (Figures 3A,B). In Figure 3C, the difference between the photoreceptor-directed (Figure 3A) and the combined pupil responses (Figure 3B) reveals that melanopsin contributions to each of the cone-directed pupil responses manifests as a slow constriction to stimulus onset that remains sustained following stimulus offset, and which is equivalent to the melanopsin-directed pupil response (without penumbral cone intrusion; Figure 2A). For the combined pupil responses, the melanopsin contribution appears to be additive to the cone-directed inputs, with similar patterns for both the longer (5,000 ms) and shorter (1,000 ms) duration pulses.
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FIGURE 3. Photoreceptor-directed and combined pupil light responses (PLR). (A) Photoreceptor-directed PLR. (B) Combined melanopsin- and cone-directed PLR. (C) Melanopsin contributions to the combined PLR [difference between the data in (A,B)]. The PLR traces are an overlay of the average pupil responses from Figure 2 (n = 4 observers) on the same timescale for the 5,000 ms stimulus pulse (left panels) and 1,000 ms stimulus pulse (right panels). Stimulus contrasts are specified within the panels.





DISCUSSION

We observe that the pupil light response is modulated by interactions between all three cone photoreceptor signals and melanopsin, with clear differences in their relative contributions. The constriction response mediated intrinsically via melanopsin includes a longer latency and slower velocity than for cones (Figures 2A, 3A); the melanopsin-mediated sustained pupil constriction continues post-stimulus (Figures 2A, 3C). Importantly, this shows that under light-adapted conditions, the putative melanopsin contribution to the pupil after stimulus offset (i.e., post-stimulus) mirrors the sustained post-illumination pupil response observed in the dark. Therefore, irrespective of adaptation condition, the implication is that the sustained activity of inner retinal melanopsin-expressing ipRGCs in response to the lighting conditions (i.e., stimulus and/or mean adaptation level) will set the light-adapted pupil diameter, as it does after stimulus offset in the dark, analogs to the post-illumination pupil response (2, 30). In comparison, cone-mediated pupil responses to changes in image contrast are transient with a rapid redilation to the light-adapted baseline pupil diameter.

For cone isolated tonic pupil responses (i.e., no change in melanopsin excitation), the S–cone directed stimuli (~1.4x visual threshold) produce a robust second pupil constriction at stimulus offset that is, relative to the respective peak pupil constriction, larger than for the chromatic +L–M stimuli (~30x visual threshold and which produce color opponent after-images) and luminance +L+M stimuli (~2x visual threshold) (Figure 3A and Table 1); these findings indicate that pupil responses to S–cone directed incremental lights (27, 28) reveal inhibitory inputs to the pupil pathway, as observed for phasic pupil responses to periodic modulation (6, 8, 10, 12). Such inhibitory responses are also present with the chromatic +L–M directed incremental pulses, that with flicker stimuli may indicate antagonism between the opponent cone inputs (50, 51). Residual-cone input is not likely to drive this second constriction in the melanopsin-directed pupil responses because the noise does not produce a transient pupil constriction (Figure 1). Recordings from ipRGCs in primate retina do however, reveal a transient hyperpolarization at light offset (2) and so the secondary constriction may therefore originate in ipRGCs, as the major pathway of outer retinal signals to the OPN. Another possibility is that this secondary constriction is related to the colored afterimage (28, 52, 53). Illusory changes in brightness can also induce a pupil constriction (54). That this secondary constriction is more prominent with both the longer duration (5,000 ms) melanopsin-directed pulses (with penumbral cone intrusion) and the cone-directed pulses (Figure 3A; left vs. right panels), indicates that temporal adaptation differentially alters the strength of afterimage (consistent with the observer reports) and therefore the amplitude of the second constriction.

As for mice, stimulus duration is an important determinant of the photoreceptor inputs to the afferent pupil response in humans. Transgenic mouse models however, show weak cone contributions to the pupil; transient pupil responses in mice are driven predominantly through the relay of rod signals to ipRGCs, through persistent, sustained pupil responses from ipRGCs during continuous light stimulation (22) and additive cone and melanopsin inputs that contribute to constriction (55). Here we show that cone signals drive human tonic pupil responses (Figure 1), in addition to rods (5, 7, 25). With melanopsin-directed stimuli, the latency to constriction is 292 ms longer than to a +L+M–cone luminance directed stimulus (5,000 ms pulse; Table 1 and Figure 3), strikingly similar to the ~280 ms difference in constriction latency between melanopsin only (rod-cone knockout) and wild-type mice (17). Such similarities serve to highlight the precision of the silent-substitution methodology for isolating melanopsin-mediated photoreceptor responses.

For the tonic pupil constriction to narrowband, aperiodic pulsed stimuli, the primary view is that the most sensitive outer or inner retinal process will mediate the constriction (i.e., winner take all) (25); stimulus irradiances that are suprathreshold for a melanopsin photoresponse increase channel membrane openings and decrease input impedance to shunt outer retinal signals extrinsically to ipRGCs (25). This study shows that when illumination conditions drive both, melanopsin and cones, the tonic pupil constrictions are always dominated by cones because of the slower constriction velocity of melanopsin, whereas during prolonged light exposure, melanopsin combines with cones to maintain constriction, then after stimulus offset the light-adapted pupil diameter is controlled by melanopsin.
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Multifocal pupillographic objective perimetry (mfPOP) is being developed as an alternative to standard visual perimetry. In mfPOP, pupil responses to sparse multifocal luminance stimuli are extracted from the overall composite response. These individual test-region responses are subject to gain-control which is dependent on the temporal and spatial density of stimuli. This study aimed to localize this gain within the pupil pathway. Pupil constriction amplitudes of 8 subjects (41.5 ±12.7 y, 4 male) were measured using a series of 14 mfPOP stimulus variants. The temporal density of stimulus signal at the levels of retina, pretectal olivary nuclei (PON), and Edinger-Westphal nuclei (EWN) were controlled using a combination of manipulation of the mean interval between stimulus presentations (3 or 6 stimuli/s/hemiretina) and the restriction of stimuli to specific subsets of the 24 visual field test-regions per eye (left or right eye, left or right hemifield, or nasal or temporal hemifield). No significant difference was observed between mfPOP variants with differing signal density at the retina or PON but matched density at the other levels. In contrast, where signal density differed at the EWN but was the same at the retinal and PON levels e.g., between 3 stim/s homonymous hemifield and all test-region variants, significant reductions in constriction amplitudes were observed [t(30) = −2.07 to −2.50, all p < 0.05]. Similar, although more variable, relationships were seen using nasal, and temporal hemifield stimuli. Results suggest that the majority of gain-control in the subcortical pupillary pathway occurs at the level of the EWN.

Keywords: pupil, gain-control, neural pathways, visual fields, perimetry, pupillometry, multifocal


INTRODUCTION

Far from being the product of a simple reflex arc, the pupillary luminance response has been shown to reflect quite complex processing of visual information. In addition to the diversity of signal arising from intrinsically photosensitive retinal ganglion cells (1–3) and various regions of visual cortex (4–7), non-linear gain-control acts within these pathways to modulate the size of the resulting pupillary constrictions. We have previously reported on the segregation and summation of pupillary visual signal (8) and have observed that constriction amplitudes are modulated on the basis of a combination of luminance intensity and temporal and spatial density of inputs (9–11). Presenting a number of stimuli simultaneously, or in close temporal proximity, to different areas of the visual-field does not produce a constriction that is equivalent to the product of the response to a single stimulus and the number of test-regions stimulated. The overall summed response is instead somewhat less than this, and therefore the shared response attributed to each of numerous stimuli will be less than that obtained to a single isolated stimulus. This is likely to be the effect of a divisive or subtractive gain mechanism (12) however the location of this neuronal gain-control within the pupillary pathway is at present unclear.

Localizing pupillary gain is an important goal because the pupil response is commonly used in the clinical detection and assessment of pathological conditions affecting both afferent and efferent pathways. It will allow for better interpretation of results and for tests to be designed that produce more accurate representations of function within different parts of the pupillary pathway. Our recent development of multifocal pupillographic objective perimetry (mfPOP) provides a unique means to achieve this aim. This technique measures the composite response of the pupils to sparse multifocal luminance stimuli that are presented concurrently to left and right eyes (13–15). In this study we aim to manipulate the temporal density of visual signal within the retina, PON, and Edinger-Westphal nuclei (EWN) using a combination of differences in the mean interval between stimulus presentations (either 3 or 6 stimuli/s/hemiretina) and by the restriction of stimuli to specific areas of the visual field (left or right eye, left or right hemifield, or nasal or temporal hemifield). Comparison between conditions in which the density of visual signal is the same with those in which it differs will therefore allow the assessment of gain at each of the levels of the pupillary pathway.



METHODS


Subjects

Participants in this study were 8 subjects (4 male) with corrected to normal vision (mean age 41.5 ± 12.7 y). Each subject underwent testing with 14 different mfPOP variants across 5 sessions (2 or 3 variants per session) over a period of three days. Visual acuity was checked and visual fields were assessed using Humphrey FDT C-20 full threshold perimetry (Carl Zeiss Meditec, Inc., Dublin, CA, USA). Exclusion criteria included evidence of other ocular pathology or previous ocular surgery, refractive errors greater than ±6 diopters or more than 2 diopters of cylinder, or systemic disease or medication that might impair vision or pupillary responses. Subjects were requested not to consume caffeine or alcohol for 1 h before testing. Informed written consent was given by all participants after the nature and possible consequences of the study were explained, under ANU Human Experimentation Ethics Committee approval 238/04. All research adhered to the tenets of the Declaration of Helsinki.



Multifocal Infrared Pupillography

Presentation of stimuli and monitoring of pupil diameter were carried out using a prototype of the objectiveFIELD Analyzer (Konan Medical Inc., Irvine, CA, USA). This device uses concurrent, dichoptic presentation of sparse multifocal stimuli at 60 frames/s (9, 11, 16, 17). Infrared light is used to illuminate subjects' eyes and their pupillary responses are video monitored at 30 frames/s/eye (Figure 1A). Stimuli are presented at optical infinity to minimize accommodative responses. During testing, subjects fixated a small cross in the center of the viewing field. Binocular fusion of the two images was aided by large crosshairs. Gaze was monitored online, and data during blinks and fixation losses were deleted. Corrective lenses compensated for refractive errors to within 1.5 diopters; the stimuli contained no spatial frequencies above 2 cycles/degree, making them tolerant of this degree of misrefraction (18).


[image: image]

FIGURE 1. Stimulus presentation. (A) Stimuli are presented on two liquid crystal displays (LCDs, 1) with viewing distance set to optical infinity (2). Cold dichroic mirrors reflect the LCDs while allowing infrared light to illuminate subjects' eyes. Responses in both pupils are monitored using two infrared video cameras (3). (B) All the stimulus variants used in this study (Table 1) employed sub-sets of a basic 24 test-region per eye array. The array comprised 3 rings of stimuli extending ± 30° from fixation. (C) A 1 second duration representative excerpt of the stimulus sequence showing temporally and spatially sparse multifocal presentation for left (OS) and right (OD) eyes. This sample is consistent with the All test-regions both eyes 3 stimuli/s/hemiretina stimulus variant (Table 1, top row).



Processing of pupillary signal utilized custom-designed software developed using Matlab (release R2016b; MathWorks Inc., Natick, MA, USA). Response waveforms for each test-region were extracted from raw pupillary responses using multiple linear regression as previously described (19, 20). This method provided a set of 96 response estimates (waveforms) for each subject and stimulus variant i.e., direct and consensual responses for left and right eyes for each of the 24 test-regions. Thus, for each test-region, these response estimates are effectively the mean of the responses to either 60 or 120 individual stimulus presentations to that region, depending on the temporal density of the stimuli. As in previous studies, pupil measurements were normalized to a baseline pupil diameter of 3,500 μm (the estimated population mean) and are referred to as AmpStd. This provides constriction amplitudes for each eye of each subject that are relative to that standard diameter i.e., AmpStd = constriction amplitude *(3,500/c) where c is the mean value of a trend line through the baseline pupil diameter record for each eye of each subject (9, 11, 15, 16).



Stimuli

Stimulus layouts were based on a 24 region dartboard layout extending ±30° from fixation (Figure 1B). Yellow luminance-balanced stimuli of 33 ms duration were displayed on a 10 cd/m2 background at a maximum luminance of 150 cd/m2. Luminance-balancing involves lowering the luminance of stimuli relative to the inherent sensitivity of that test-region. This reduces topographic variation in constriction amplitudes and increases overall signal quality (21, 22). Multifocal stimulus presentation in this experiment was spatially as well as temporally sparse (Figure 1C) in contrast to the newer Clustered Volleys method (17, 19, 20). The mfPOP tests were of 4 min duration, broken into eight 30 s segments separated by short breaks.

The fourteen stimulus variants differed by the specific eye or visual hemifield in which stimuli were presented, as well as in the presentation rate of stimuli (Table 1, Figure 1C). Because ganglion cell axons from nasal and temporal retina follow different trajectories at the optic chiasm, the summed luminance signal arriving at each PON, and subsequently each EWN, will differ depending on the hemiretina of origin (Figure 2A). Comparisons were made between stimulus variants with estimates of signal density by linear summation as shown in Figure 2B. For example, compare a variant with stimuli presented in both hemifields of a single eye with another having stimuli restricted to homonymous hemifields of both eyes: both variants will have the same signal density within each stimulated hemiretina as well as at the EWN (which receives projections from both PON), but the second variant will have twice the signal density at the PON due to hemidecussation at the chiasm (this example is illustrated in Figure 5B). Using the differences in summed signal density between stimulus variants (Table 1), it is possible to construct comparisons such as this for retina, PON and EWN. Specific comparisons used will be described in the Results. The presentation rate condition, stimuli/s/hemiretina will be abbreviated to n/s/hr in the text, with n representing the number of stimuli presented.



Table 1. Stimulus protocol parameters for the 14 variants used in this study.
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FIGURE 2. (A) Decussating and non-decussating input from retinal neurons arrives at the pretectal olivary nucleus (PON) via the brachium of the superior colliculus (SC) as well as from various regions of visual cortex. Axons of PON neurons project bilaterally to left and right Edinger-Westphal nuclei (EWN) forming a second hemi-decussation in the pathway. Parasympathetic fibers originating in the EWN travel within the inferior branch of the oculomotor nerve to the ciliary ganglion from where the fibers of the short ciliary nerves project to innervate the pupil constrictor muscle. (B) In the Results section, the temporal density of the luminance signal is indicated at each synapse in the pathway as shown in this example. Numerals reflect the amount of input arriving at each nucleus as the sum of the average total stimuli presented to each individual hemiretina (nasal or temporal) during a one second interval. Color coding reflects this: signal from 3 stimuli s−1 is shown in green, 6 stimuli s−1 hemiretina−1 in yellow, and 12 stimuli s−1 in orange. These signal densities are manipulated in the different experimental conditions (Table 1). As shown in this cartoon, lighter and darker hemiretinas, and projections as far as the EWN indicate the presence of temporal and nasal retinal signal, respectively, for each specific experimental condition.





Data Analysis

Data analysis was undertaken using Matlab (R2016b; MathWorks Inc., Natick, MA, USA). Summary statistics are presented as the AmpStd median and median absolute deviation in the figures. Linear models were used for parametric testing of differences in constriction amplitudes between stimulus variants. In these regression models, the distribution of variance in responses was stabilized using a generalized logarithmic transform using a lambda (λ) value of 6 as described previously (14). Inputs to these regression models were based on the conservative assumption of complete within-subjects correlation. Thus, regressions were performed on the mean amplitudes across pupils, test-regions and, in the All Regions condition, eyes. This dataset was not large enough to accurately fit effects for factors such as sex or age so these were not included in the analysis.

To enable placement of specific comparisons within the overall dataset, the median amplitudes in Figures 5,6 are presented in the context of the data from comparable conditions. The data pertaining to the comparisons illustrated in the accompanying cartoons are highlighted by a gray bar. For example in Figure 5A the comparison is between the 3/s/hr All Regions condition and the 6/s/hr Left and Right Eye conditions. The subsets of these data that were entered into the regression models are indicated by individual brackets for each comparison.




RESULTS

Median test-region amplitudes across pupils and subjects ranged from below zero in regions in which stimuli were not presented to 31.4 μm AmpStd in stimulated regions (Figure 3). Within stimulated regions, constriction amplitudes varied according to the total number of regions stimulated as well as the temporal density of stimuli. These patterns can perhaps be seen more clearly in Figure 4, in which an overview of the medians across subsets of test-regions is presented. The median AmpStd for subsets where no stimuli were presented, e.g., right eye regions in variants where stimuli were presented to the left eye only, are close to zero in all instances. Of the region subsets where stimuli were presented, variants with a stimulus presentation rate of 6/s/hr produced smaller median amplitudes than the equivalent 3/s/hr variants in all cases. This is the expected outcome given the higher temporal density, and therefore larger summed signal and lower response gain, of the 6/s/hr variants. Selected data from this overview will be used to facilitate the comparison of constriction amplitudes under conditions of differing signal density at the retina, PON, and EWN.
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FIGURE 3. Median standardized constriction amplitudes (AmpStd) across pupils and subjects for each test-region and eye of each of the 14 stimulus variants. The rows of Table 1 correspond to the rows here.
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FIGURE 4. Median and median-absolute-deviation (MAD) of standardized constriction amplitudes (AmpStd) for the active and inactive subsets of test-regions in each stimulus variant across pupils, eyes (where relevant), and test-regions of all subjects.




Retina

Analysis of constriction amplitudes for variants in which the signal density differed at the level of the retina comprised a comparison between the 3/s/hr All Regions variant and the two 6/s/hr single eye variants (Figure 5A). Note that although the retinal signal density differs (3/s/hr vs. 6/s/hr), the summed signal at the PON (6/s/hr) and EWN (12/s/hr) are the same for each of these three variants. There was very little difference between constriction amplitudes for the All Regions variant and either of the Left or Right Eye variants; the small differences that were present were found to be non-significant [t(21) = 0.22, p = 0.83, t(21) = 0.46, p = 0.65, respectively]. This suggests that increasing the pooled signal density at the retinal level alone is unlikely to have any effect on constriction amplitudes.
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FIGURE 5. Effect of different stimulus presentation rates at the retinal and PON levels. In the cartoons at top, numerals represent the estimated summed signal density at each level of the pathway and the black outline the level of the pathway where the signal density differs between conditions. The gray bars indicate the data points relevant to these comparisons. (A) Doubling the signal density at the retina, while holding it the same in the pretectal olivary nuclei (PON) and Edinger-Westphal nuclei (EWN), did not significantly affect constriction amplitudes (AmpStd). (B) Doubling the signal density at the PON, while holding it the same in the retina and Edinger-Westphal nuclei (EWN), also did not significantly affect constriction amplitudes (AmpStd). “ns,” comparison not significant: p > 0.05.





Pretectal Olivary Nuclei

The first comparison where signal density was manipulated to differ at the PON utilized 3/s/hr Left Eye (LE) and Right Eye (RE) variants contrasted against 3/s/hr Left and Right Homonymous Hemifield (LHH, RHH) variants (Figure 5B). In this comparison retinal (3/s/hr) and EWN (6/s/hr) signal are the same, but the signal density varies at the PON (3/s/hr vs. 6/s/hr). Amplitudes were very similar with none found to be significantly different (LE vs. LHH: t(14) = 0.27, p = 0.79, LE vs. RHH: t(14) = 0.03, p = 0.998, RE vs. LHH: t(14) = 0.35, p = 0.73, RE vs. RHH: t(14) = 0.10, p = 0.92). These results suggest that, as with the retina, doubling the signal density at the PON does not affect constriction amplitudes.



Edinger-Westphal Nuclei

Comparisons between different signal densities at the EWN firstly involved the 3/s/hr LHH and RHH variants, contrasted against the 3/s/hr All Regions variant (Figure 6A). Here, retinal (3/s/hr) and PON (6/s/hr) signal density were the same, and the EWN differed (6/s/hr vs. 12/s/hr). In contrast to the earlier results, the mean amplitude of the variant with the higher EWN signal density (3/s/hr All Regions) was significantly smaller than that of each of the other two variants [t(30) = −2.26, p < 0.05, t(30) = −2.28, p < 0.05). A similar comparison (Figure 6B) for the 6/s/hr variants also produced significant differences (t(30) = −2.50, p < 0.05, t(30) = −2.07, p < 0.05).
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FIGURE 6. Effect of differing summed signal density at the Edinger-Westphal nuclei (EWN). In the cartoons at top, numerals represent the estimated summed signal density at each level of the pathway and the black outline the level of the pathway where the signal density differs between conditions. The gray bars indicate the data points relevant to these comparisons. (A) Increasing the signal density at the EWN, while holding it the same in the retina and pretectal olivary nuclei (PON), significantly reduced constriction amplitudes (AmpStd) in the 3/s/hr variants. (B) The 6/s/hr variants produced the same outcome, with significant differences in amplitude due to differing signal density at the EWN. *p < 0.05.



These results lend support to the hypothesis that modulation of pupillary responses due to changes in summed signal density occurs at the level of the EWN or later. As shown in Figure 7, progressively doubling the density of the visual signal at the EWN results in a linear decrease in constriction amplitudes within the range tested.
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FIGURE 7. Effect of increasing the summed signal density at the Edinger-Westphal nuclei (EWN). In the cartoons at top, numerals represent the estimated summed signal density at each level of the pathway and the black outline the level of the pathway where the signal density differs between conditions. Doubling the summed signal density, equivalent to logarithmic increments of 0.301, resulted in a linear decrease in median pupil constriction amplitudes (AmpStd).





Nasal and Temporal Hemifields

Looking back at Figure 4, it can be seen that the regular pattern that has been seen so far does not appear to extend to variants in which Temporal and Nasal hemifield test-regions were stimulated in isolation from the opposite hemifield. The more sparse 3/s/hr condition responses are slightly larger than homonymous hemifield or individual eye variants, and the 6/s/hr conditions slightly smaller. In order to gain some insight into this irregularity, the medians of direct and consensual responses were estimated separately (Figure 8). Although not significant, consistent patterns emerged. On stimulation of the temporal hemifield, consensual responses appeared slightly smaller than direct. The opposite pattern occurred in the nasal hemifield. Although these results reveal at most a small trend, the direction of this trend is consistent with observations in the literature (23, 24). Further investigations targeting this specifically may yield useful information regarding the nature of the pooling of retinal signal.
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FIGURE 8. Direct and consensual responses for stimulus protocols with active test-regions in temporal or nasal hemifields. (On the abscissa, the letter D is used to indicate direct responses, C indicates consensual). In the cartoons at top, numerals represent the estimated summed signal density at each level of the pathway. Amplitudes for both 3/s/hr and 6/s/hr variants are plotted although only the 3/s/hr variants are represented in the cartoons.






DISCUSSION

In multifocal testing, many stimuli are presented in close temporal proximity. This means that the overall pupillary response at any given time will comprise temporally overlapping response components from a number of individual stimuli at different visual-field locations. Individual responses therefore, reflect just a proportion of this overall response. The actual number of stimuli that are summed will depend on the temporal density of the stimuli i.e., the stimulus presentation rate, as well as the time-constant, or memory, of the system. In this experiment, where very few stimuli were presented simultaneously (Figure 1C), it is clear that the gain of the system incorporates a temporal component since smaller amplitudes are obtained to the higher density 6/s/hr stimuli than 3/s/hr in all variants. Determining the location of this gain-control process within the pupillary pathway was the overarching aim of this project.


Gain-Control Occurs in the Edinger-Westphal Nuclei

Responses were compared between stimulus variants having differing gain-states at a specific level of the pathway (retina, PON, EWN) while other levels of the system were subjected to equivalent gain. This experiment produced strong evidence for the Edinger-Westphal nuclei being the location of this gain-control mechanism, and no evidence of gain occurring at the retina or PON. This outcome may seem incongruous with the presence of GABAergic neurons in the rat PON (25) and the considerable degree of pooling of retinal inputs that occurs in the PON of primates (26); these two findings could point to the PON as a possible location for pupillary gain. PON luminance neuron outputs however, more closely resemble retinal signal than the pupillary response (27), leading to the alternative proposal that the EWN is the site of this signal modulation. Our results lend support to this latter hypothesis.



Binocular vs. Monocular Summation

It is interesting to note that no difference was observed between summation of retinal signal across the two eyes and within the retina of a single eye (e.g., Figure 5B). Thompson in 1947 (28) reported that the area of monocular stimulation required to produce an equivalent constriction was four times that of the same area stimulated binocularly. There is no sign of this binocular amplification occurring in this study: our findings were more in line with those of Clarke et al. (29) in which binocular responses were slightly less than double the size of responses to otherwise identical monocular stimulation.



Models of Gain and Integrity of Signal Within Pathways

It would appear from our results that pretectal large field luminance neurons likely pool information from the retina rather than modulate it, although the possibility exists that GABAergic PON neurons utilize a different time constant and e.g., may only modulate concurrent inputs. Varju (30) proposed a model of shunting inhibition for binocular summation but could only speculate as to where this might occur. His model proposes that the input from each retina is reduced proportionally by increases in input from the other i.e., maximal response is only obtained from stimulation of one retina when the other is in the dark. From our results it would seem likely that this same pattern may also apply for signal originating within the same eye. This point raises the question of how far along the pupillary pathway the retinotopy of signal is maintained. Our proposed model for signal summation and segregation in contraction anisocoria (8) would suggest that, at the least, pooling appears to maintain the separation of signal originating in different hemifields and eyes.

These experiments may have been somewhat limited by their use of an older version of mfPOP stimulus presentation than is currently used in our research (17); this is reflected by the relatively small stimulus amplitudes and variability of the results. The finding that constriction amplitudes were linear with the log of the stimulus presentation rate however, is consistent with Atchison's observations (31) that stimulus area is the reciprocal of luminance, given that pupil constrictions increase linearly with the log of the stimulus luminance over much of their range. Of course, these results do not preclude the existence of gain-control in other locations such as retinal adaptation of photoreceptors (32). The relatively small number of subjects in this study unfortunately prevented any exploration of variation in gain with age or across different populations. The localization of this gain-control to the EWN however, will act to inform the development of future pupillary stimuli and multifocal response extraction methods therefore leading to more accurate and reliable perimetric assessments. The findings also provide a starting point for further investigations into the precise nature of the pooling, segregation, and modulation of retinal signal within this nucleus, and broaden the knowledge surrounding the complexities of the pupillary response in humans.
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Over 50 years of research have established that cognitive processes influence pupil size. This has led to the widespread use of pupil size as a peripheral measure of cortical processing in psychology and neuroscience. However, the function of cortical control over the pupil remains poorly understood. Why does visual attention change the pupil light reflex? Why do mental effort and surprise cause pupil dilation? Here, we consider these functional questions as we review and synthesize two literatures on cognitive effects on the pupil: how cognition affects pupil light response and how cognition affects pupil size under constant luminance. We propose that cognition may have co-opted control of the pupil in order to filter incoming visual information to optimize it for particular goals. This could complement other cortical mechanisms through which cognition shapes visual perception.
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INTRODUCTION

The first filter through which the visual world passes is the pupil. We use the word “filter” because the pupil is not a passive window unto the world. The pupil is constantly changing size as the musculature of the iris constricts and dilates. These adjustments have consequences for the amount of light that hits the retina, but also for the quality of our percepts of the visual world—how we see the world and, by extension, interact with it.

We can read a remarkable amount of information about people's cognitive processing through their pupils. For example, the pupil dilates in response to attractive social partners (1, 2). This is such an important interpersonal signal that women in the Middle Ages used belladonna (a dangerous poison) to dilate their pupils in order to attract partners. Of course, belladonna would also have consequences for the user's perception. This is because it produces pupil dilation, which increases optical aberrations (3–6). By scattering photons of light, these aberrations add positional noise in terms of where light hits the retina, thereby reducing high spatial frequency information and effectively rendering the visual world in softer focus. In photography, soft focus is frequently used to produce a youthful and romantic glow (7, 8). Thus, it is possible then that pupil dilation signals attraction to other humans and amplifies attraction by rendering social partners in a softer, more attractive focus.

Attraction is not the only mental process that influences the size of the pupil. Pupil size scales with mental effort (9, 10), surprise (11, 12), attention (13–15), and abstract goal states such as exploration (16–18). As tools for measuring pupil size become more readily available, pupil size is increasingly being used as a non-invasive peripheral index of cognitive processes. It is tempting to think of these modulations as simply a fortunate byproduct of a cognitive process of interest. However, it is also possible that cognitive modulations of the pupil have a function. They may be an adaptive motor response generated by that cognitive process. Just as attraction increases pupil dilation, which, in turn, may render a more attractive world, it is possible that cognition adjusts pupil size in order to produce specific changes in our visual percepts. There is certainly evidence that cognitive processes shape visual processing via other mechanisms. For example, there are rich descending projections from prefrontal to visual cortex which change information processing and visual representations (19). Cognition also controls where we position our fovea—that is, which points of the visual scene we acquire high spatial frequency information about (20–22). In both cases, cognition acts to enhance and emphasize visual features that are relevant to that cognitive process: it optimizes perception toward its own ends.

In this review, we first discuss possible functions of cognitive modulations of the pupil light response—a pupil reflex arc that is essential for light adaptation. Then, we apply this same functional framework to consider the effect that spontaneous or cognitive fluctuations in pupil size may have on visual perception. We build an intuition for these effects by briefly reviewing how the aperture was used to produce different qualities of images in early art photography. However, we caution that much additional work is necessary to determine the extent to which physiological changes in pupil size affect gaze and perception. Ultimately, the goal of this review is to highlight these open questions and identify next steps for research on the perceptual consequences of pupil size.



ATTENTION AND THE PUPIL LIGHT RESPONSE

The pupillary light reflex (PLR; Figure 1B) is the first and most fundamental mechanism for light adaptation in the brain. When a focal or global luminance change occurs, the pupil constricts (23). This constriction is generally thought to serve a protective function, preventing photoreceptor fatigue and transient blindness when luminance increases (23). The PLR is mediated through a subcortical reflex pathway. Luminance information from the retina is relayed to the midbrain pretectal nucleus, which in turn projects to the Edinger-Westphal nucleus, which signals the pupillary sphincter to contract (23, 24). However, the subcortical reflex pathway is not the only pathway by which visual information can influence the pupil response to increasing luminance. For example, in the absence of direct retinal input to the pretectum—when the subcortical pathway is eliminated—a small pupillary light response can still be observed. Moreover, postgeniculate, cortical lesions can impair normal pupil light responses, though these effects are smaller than the consequences of eliminating the subcortical pathway (25–27). Thus, the pupil light reflex is only one small part of a larger PLR, some of which is mediated by cortical processing.
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FIGURE 1. The PLR is correlated with stimulus attention and PLR magnitude can be used to probe the dynamics of visuospatial attention. (A) The PLR distraction task. In this task, PLR-evoking probes are presented in one of three locations relative to a rewarded target: above fixation, away from all possible target locations (“neutral”), on the same side as the rewarded target (“congruent”), or in the opposite hemifield from the rewarded target (“incongruent”). PLR probes were presented both before and at various latencies after target onset. (B) Some example pupil traces [data from Ebitz and Moore (28)] showing the characteristic light-evoked constriction after an evoking probe (purple) compared to sham-probe trials (gray). (C) Left: Response time effects of PLR probes in each location. Congruent probes sped response times, while incongruent ones slowed response time. Neutral probes had little impact on response time. Right: The evoked PLR strongly predicted the extent to which that probe would capture attention, as measured by response time effects of the probes. (D) PLR magnitude (bigger = more constriction) as a function of the timing of the PLR probe. If the probe was presented before the rewarded target (negative stimulus onset asynchrony), there was no difference between congruent and incongruent probes. All PLRs were suppressed to probes presented immediately after the rewarded target. Then, as monkeys began to prepare a saccade to the rewarded target, congruent probes PLRs (blue) were enhanced relative to both incongruent (red) and neutral (gray). Figures modified from Ebitz et al. (14) and Ebitz (29) under a Creative Commons Attribution license and with permission from copyright holders.



The existence of cortical influences raises the possibility that higher-order visual or even cognitive processes could shape the PLR. Indeed, there is empirical evidence for this view. For example, we know that the PLR is reduced during performance of a competing task (30), suggesting that it could be subject to resource limitations (31). Studies linking the PLR specifically to changes in visual processing go back at least as far as the 1940s. For example, in 1948, a binocular rivalry study examined the PLR evoked by illuminating one eye. They found that the PLR was larger when the visual input to that eye was dominating perception, compared to when it was not (32). This result was soon replicated (33) and other studies began finding that the PLR depended on visual processing in other ways. For example, a stimulus detection study found that the PLR was absent for probes reported as not seen (34) and a presaccadic processing study found that the likelihood of evoking a PLR was suppressed before a saccade (35)—following a similar time course as the presaccadic suppression of visual perception [also see (36)]. One unifying interpretation of these observations is the idea that the PLR is modulated by visual attention. This is because attention is strongly linked to ocular dominance (37, 38), target detection (39), and saccadic preparation (40–44).

However, it was not until much later that studies began to explicitly test the idea that the PLR is modulated by selective visual attention (13–15, 29, 45). For example, instructions to attend to a bright stimulus enhance the PLR to that stimulus, while instructions to attend away diminish PLR magnitude (13, 15). The PLR also tracks trial-by-trial variability in the selective attention paid to an evoking probe [Figures 1A,C; (14, 29)]. Preparing an oculomotor response to a probe location, which is known to recruit visual spatial attention (41, 43), also enhances the PLR to that probe (14, 29, 46, 47). Together, these results showed that the PLR scales with visual attention regardless of whether it is endogenously cued (13, 15), exogenously cued (14, 29, 48), and or recruited by saccadic preparation [Figure 1D; (14, 29, 46, 47)].

It seems plausible that attention-related modulations of the PLR would require cortical control. But what is the source of this control? The pretectal nucleus receives input from the frontal eye field (FEF), an area within prefrontal cortex (49–51), and the lateral intraparietal cortex (52). These regions are causally implicated in selective attention (53, 54) and saccadic control (55–59). Moreover, we have previously found that microstimulation of the FEF is sufficient to bidrectionally modulate the gain of the PLR [Figure 2; (28)]. Thus, the PLR may be subject to prefrontal control by the same region causally responsible for shaping visual perception in the service of attention (19). Because of these studies, a strong argument can be made that the PLR is a valid, implicit, peripheral measure of selective visual attention. That is, (1) it is modulated by the same cognitive and presaccadic processes involved in selective visual attention (13–15, 29, 47, 48) and (2) it is modulated by the same neural perturbations that cause other correlates of selective visual attention, such as changes in extrastriate cortex (13, 28). Thus, the PLR is a powerful new way to measure selective attention in circumstances in which it was not previously possible (60). However, the use of the PLR as an implicit index of attention should not preclude the possibility that these modulations have a function.
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FIGURE 2. The PLR is bidirectionally modulated by cortical stimulation. (A) The frontal eye fields (green) are a part of prefrontal cortex responsible for directing gaze and attention. Injecting current into the frontal eye fields produces repeated saccades to the same location in space (the “response field,” dotted circle). Stimulating at very low currents (“microstimulation”) directs covert visual attention to the response field without moving the eye. (B) The PLR stimulation task. Rhesus monkeys hold fixation while PLR-evoking light probes are flashed on the screen. On some trials, microstimulation is delivered in order to direct covert visual attention to one of the two possible probe locations. (C) The pupil light response from an example session on trials where the probe was flashed in the stimulated response field (left), our outside of the stimulated field (right). Pale colors = no stimulation control trials. Saturated colors = stimulation was delivered. Inset) Difference between control and stimulation trials across all sessions. *p < 0.05. Figures modified from Ebitz and Moore (28), reproduced under a Creative Commons Attribution license.




Possible Functions of Attentional Modulations of the Pupil Light Response

The first and most often cited function of the pupil light reflex is for light adaptation. Perhaps one function of the attentional modulations of the PLR is to allow light adaptation across saccades (14, 28, 46). We know that selective attention is an integral part of saccade planning (41, 43), so perhaps attentional modulations of the PLR play a presaccadic role. In natural vision, two sequential saccades may target regions that differ in luminance by several orders of magnitude (61). Anticipatory light adaptation could be useful because the pupil requires hundreds of milliseconds to constrict (62). Initializing this process before a saccade would give the pupil time to begin to constrict before a bright target is foveated—ensuring that the pupil is at least partially constricted before the retina is oriented toward a bright eccentric target. Indeed, one elegant study found that the luminance information at the target of an upcoming eye movement is integrated into the PLR before the saccade begins (47), consistent with presaccadic processes. By accelerating the constriction of the aperture for the target of an upcoming saccade, attentional modulation of the PLR could improve the efficiency of visual scanning by adapting the pupil across luminance gradients found in natural vision. Of course, any advantage in scanning efficiency is theoretical and, if empirically observable at all, may be quite small (47).

An alternative, and perhaps complimentary, hypothesis is that attentional modulations of the PLR may play a role in optimizing visual acuity across light intensities (4, 46). In this view, attentional modulations of the PLR may act to optimize visual acuity for the attended stimulus. This is because decreasing pupil size both limits the light hitting the retina (63), and improves visual acuity by reducing various optical aberrations (3–6). As there is background noise in our photoreceptor output (64, 65), there is a natural tradeoff, gated by the pupil, between visual acuity and the signal to noise ratio of the selected visual signal (66). Decreasing incoming drive by decreasing pupil size could bury a visual signal in the noise floor—unless that visual signal is sufficiently bright. By allowing attention to enhance the pupil constriction evoked by bright signals—beyond what would be evoked by the stimulus if attention was directed elsewhere—the eye could take advantage of the greater acuity that is possible when the incoming signal is brighter (Figure 3).
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FIGURE 3. A potential role for the PLR in optimizing acuity in natural vision. (A) Natural scenes have luminance gradients, such that successive saccades can target regions with very different brightness (Image: Ansel Adams, “Acoma Pueblo. [National Historic Landmark, New Mexico],” U.S. National Archives, identifier #519836). (B) Cartoon illustrating how a tradeoff between signal to noise and optical aberrations could produce different optimal pupil sizes for different luminance regions. The effect of optical aberrations on vision (costs, solid blue line) increase as a function of pupil size. A larger pupil also increases the amount of light passing through, which means that the signal to noise ratio (SNR) would also increase as a function of pupil size, producing a decreasing cost for vision as a function of pupil size (solid gray and black lines). Because luminance varies across the scene, different regions would have different intrinsic signal levels, which would interact with pupil size to determine the costs (compare solid gray and black lines). To find the optimal pupil size across these two conditions, we can calculate the total costs due to both SNR and optical aberrations (dotted gray lines), then find the pupil size that minimizes these total costs (asterisks).



An important caveat to this argument is that attentional enhancements of the PLR likely have only subtle, small effects on visual acuity. These modulations enhance pupil constriction on the order of a tenth of a millimeter, which would produce negligible changes in acuity for eyes with normal or corrected-to-normal vision [though changes in acuity would certainly be larger in eyes with refractive errors; (3)]. Nevertheless, it remains unclear whether such small changes in pupil size would be sufficient to produce substantive changes in visual acuity during natural vision in primates today.

This question of magnitude is important because prefrontal control over a brainstem reflex requires long-range connections that seem costly to evolve and maintain. Shouldn't they confer some substantive benefit in order to have been selected for by evolution? It is important to note that a substantive benefit to perception in primates today is not necessary for either evolving attentional modulations of the pupil light reflex or for these modulations to have a function today. First, it is plausible that attentional modulations of the PLR are an exaptation (67)—a byproduct of evolution that was not selected for directly. In this view, these modulations could have evolved via a noisy selection process operating on some other, related competency, such as for prefrontal control over other brainstem circuits. Once evolved, exaptations nevertheless can be co-opted to serve some function, such as improving visual acuity during natural vision in the myopic eye. Second and alternatively, it is possible that attentional modulations of the pupil light response are vestigial: a competency that was selected for when it did confer a substantive benefit and maintained because it does not substantially hinder fitness. If the frequency of refractive errors has reduced over primate evolution, then it is possible that some ancestral nervous system evolved attentional modulations of the pupil light reflex at a time when they did provide substantive perceptual benefits, though these benefits have become smaller over time as the primate eye became increasingly emmetropic. Differentiating between these possibilities will require comparative studies. However, in either case observing attentional modulations of the pupil in the primate eye today does not imply or require that these modulations were selected for directly. It may imply that they did not hinder fitness enough to be selected against—perhaps because they work synergistically, rather than competitively, with other mechanisms for light adaptation or for improving visual acuity with attention.




COGNITION AND PUPIL SIZE UNDER CONSTANT LUMINANCE

In addition to modulating the PLR, covertly reorienting selective attention could also cause a transient pupil constriction. A small pupil constriction is observed following subtle equiluminant changes in stimuli, including changes in color, spatial frequency, structure, and motion (68–71). [This is in contrast to an arousing or alerting response to a highly salient stimulus, which produces pupil dilation, rather than constriction (72, 73)] However, these same subtle changes in stimuli also transiently capture and reorient selective visual attention (74, 75). These reorienting pupil constrictions depend on visual processing in the cortex: they are not observed in cortical blindness (68), where the visual signals in cortex are significantly reduced (76). Of course, reorienting pupil constrictions are quite transient—decaying within about 2 s after the evoking stimulus—but they could still permit a transient improvement in acuity, locked to the moment when a change in stimulus structure is capturing selective, spatial attention. Of course, future work is necessary to determine whether this pupil onset response is specifically related to reorienting selective visual attention toward a stimulus on a display, or if it is instead mediated by other mechanisms, such as a generalized alerting or arousal response.

Other cognitive processes produce sustained decreases in pupil size. For example, during a learning task, commitments to a behavioral policy are associated with sustained pupil constriction (11). Similarly, the pupil under constant luminance is smaller on trials following both errors of task performance and task conflict in a well-learned task (77). Together, these results suggest that pupil size may be tonically smaller when humans and other primates are committed to executing a well-learned behavioral task, rather than learning about a changing environment (11, 17, 78) or struggling to perform a difficult task (1, 9, 79).

Learning and task difficulty are not the only mental processes associated with larger pupil sizes. Instead, the pupil size increases with a diversity of cognitive processes including surprise (11, 12), motivation (80), emotion (81, 82), exploration (17), and many other cognitive processes that have been reviewed extensively elsewhere (9, 83). One interpretation of these effects is that the pupil simply increases in size with autonomic arousal—that modulations of autonomic arousal are some final common outcome of all of these cognitive processes (77). Indeed, pupil size covaries with other measures of autonomic arousal, including changes in skin conductance (79, 81) and activity in the locus coeruleus (84). Another interpretation of these results is that pupil size is larger any time a behavioral change is needed (i.e., when a surprising or arousing experience suggests that it is important to adapt behavior). In this view, pupil size under constant luminance and related cognitive or neural processes may track the balance between behavioral stability and flexibility (85–90). There is certainly some evidence in favor of the view that pupil size predicts changes in core components of flexibility, including behavioral variability (14, 77, 91) and learning (11, 17, 78). Moreover, neurons in the dorsal anterior cingulate, a part of the brain thought to be responsible for regulating the balance between stability and flexibility (88, 92–94) also encode information about or predict changes in pupil size (29, 77, 84, 95, 96). However, future work is necessary to determine whether there are pupil-linked changes in the behavioral and neural mechanisms that support flexibility and/or stability [e.g., (97, 98)].

In many studies, pupil size under constant luminance is used as a peripheral index of autonomic arousal (79, 81), noradrenergic tone (12, 91, 99–101), control states (77, 99), or changes in cortical processing (77, 102–105). Because of its utility in these applications, pupil size can be implicitly treated as a by-product of the process of interest, rather than a motoric consequence of these processes. However, it is also possible that these modulations of pupil size have some adaptive function in their own right. To address this possibility, we will next consider what effect changes in pupil size might have on information processing via examining how the aperture has been used in photography.


The Photographer's Aperture

The optics of a camera and the human eye are certainly not the same. For example, the camera is not foveal, and modern camera lenses are corrected for many of the optical aberrations that plague the eye. However, we can still build an intuition for the functional consequences of changing pupil size by looking at historical photographs. This is because we, as viewers, operate on these photographs, much as we operate on the visual world around us. We decide where to saccade within these images based on some combination of the visual salience within the image and our top down goals or beliefs about what is important (21). The power of the photographer is to change how we view the veridical world—by shaping how the viewer perceives and interacts with the visual scene (7, 106, 107). Our suggestion here is that the brain operates the aperture of our eye to just such an end.

In the introduction, we discussed how larger apertures produce softer-focus images by increasing optical aberrations. This occurs because large apertures allow greater scattering of photons from adjacent sources. This is more pronounced when the plane of focus is even slightly misaligned with the sensors [i.e., the photographers' film or our eye's photoreceptors; (3)]. Of course, camera optics have improved substantially since the technology was first developed in the early nineteenth century and modern digital cameras often eliminate these aberrations in software. This means that today, photographers predominantly adjust their aperture to set the depth of field of a photograph. A large aperture produces a narrow depth of field, where much of the scene is out of focus. A small aperture, conversely, produces a deep depth of field, where the fine detail is preserved across a range of distances. However, in historical photographic images, we can still see how photographers adjusted the aperture in order to enhance or eliminate optical aberrations in order to achieve different goals over time.

A large aperture produces a soft focus. That is, it reduces the fine, high-spatial frequency detail in the image, emphasizing larger forms at the expense of detail (Figure 4A). This type of aesthetic was exemplified in the images produced by “Pictorialist” photographers in the late nineteenth and early twentieth centuries (8, 108). Pictorialism was perhaps the first stylistic tradition in fine art photography, marking the transition of the camera from a mechanical device to a medium for artistic expression (106, 108). To separate this new form of photography from other, more technical uses, Pictorialists such as Alfred Horsley Hinton (106) sought to produce images that went beyond the “faithful and perfect delineation […] toward which Science and mechanics have striven in photography” (p. 5). Instead, Hinton described his goal to produce an image that captured the impression of a scene, noting “if the impression made upon me by the original scene was a very powerful one, then most probably I should have been unconscious of and be blind to petty details” (p. 7). Toward this end Hinton sought to capture “a general outline or by the portrayal of the chief items only” (p. 7) where “detail and crisp outlines [may be] intentionally subdued” (p. 8), and sharp lines are sacrificed for a depth of tones, an infinite gradation that makes objects appear to glow (106).
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FIGURE 4. Example images from the Pictorialist and Purist photographic traditions. (A) “The Firefly,” A photograph in the Pictorialist style by George Seeley, 1911. (Source: Getty Museum, identifier: #84.XM.163.1). Note the soft focus and lack of high spatial frequency detail. (B) A photograph in the Purist style by Ansel Adams. “Jackson Lake, with Teton Ridge in the background.” Taken for the National Park Service, circa 1933–1942. Note the increase in fine, high spatial frequency detail. (Source: U.S. National Archives, identifier: #519909).



Pictorialist photographers used a range of techniques to produce these images. For example, in his 1917 manual on photography, Paul L. Anderson highlighted the benefits of selecting “a lens possessing all possible errors,” which gives, “as a result of its optical defects, a very soft and pleasing quality of definition” (p. 37). Anderson also described how the photographer could enhance these effects: “by the use of an aperture larger than normal it is possible to obtain greater diffusion, thus aiding in the suggestion of mystery, a suggestion which is of importance in any work of art” (p. 52). Many pictorialist photographers continued to work with large apertures and soft-focus lenses, long after the development of lenses corrected for various optical aberrations. This was particularly pronounced in Hollywood, where photographers and cinematographers continued to produce Pictorialism-inspired images for several decades after aberration-corrected lenses, “anastigmat” lenses, had been developed in the 1890's (7, 8, 109). These photographers produced the iconic images that we think of when we imagine female Hollywood icons the 1920's and 30's (8).

Starting in the 1920's and 1930's, however, many photographers began experimenting with precisely the opposite choice: using small apertures to produce images that engaged the viewer with detail. This became the Purist or objectivist photography movement (109). At the forefront of movement was Ansel Adams, perhaps the best-known American landscape photographer (Figure 4B). To achieve his engulfing views of the natural world, Adams used the smallest apertures that were available. This choice of aperture was so central to his process that he later formed a gallery and working group in Oakland, California under precisely this name [Group f/64; (109)]. Another member of this group was Edward Weston, a major master of 20th century photography. Weston used precisely the same techniques—long exposures with the smallest possible apertures—to produce richly detailed and absorbing images. In a 1930 essay declaring his disdain for the Pictorialists (“if they had no camera [they] would be third rate, or worse, painters”), Weston passionately described what he felt to be the true best-use of photography (107). The camera can “enable one to see through the eye, augmenting the eye, seeing more than the eye sees, exaggerating details, recording surfaces, textures that the human hand could not render with the most skill and labor.” The photograph “contains no lines in the painter's sense, but is entirely made up of tiny particles. The extreme fineness of these particles gives a special tension to the image, and when that tension is destroyed the integrity of the photograph is destroyed.”

The transition from Pictorialism to Purism in photography is clearly a far cry from what our pupils are doing as they transition from dilation and constriction. For example, the photographic apertures used to produce Figures 4A,B would have differed in size by more than the physiological range of the pupil—and certainly more than any cognitive modulation of the pupil. But, perhaps these images have value as a caricature of the effects of pupil size on perception: these images enhance and emphasize the effects of aperture size on our image of the world around us. Moreover, by looking at how we interact with these images as a viewer—and by thinking about what information is coded in the high spatial frequency channels that were enhanced in purism and discarded in pictorialism—we might be able to gain some insights into what, if any, function cognitive modulations of the pupil could serve.



Possible Perceptual and Oculomotor Effects of Pupil Size

Small pupils would bias visual representations toward the purist tradition—emphasizing the fine detail and high spatial frequency information of the visual world. In a sense then, the pupil constriction caused by attention-capturing changes in stimuli (68–71) would mirror the known effects of attention on visual acuity (110) and contrast sensitivity (111). This is because, by decreasing defocus, smaller pupils necessarily increase visual acuity and sensitivity for the fine-grained contrast gradations typical of attention tasks (3–6). (Of course, larger pupils might increase contrast sensitivity for larger spatial scales, because they could increase the signal to noise ratio of vision by allowing more light to hit the retina).

Although there are clear parallels between the pupil constriction observed at attentional reorienting and the effects of pupil constriction on vision, several caveats must be noted. First, the perceptual consequences of attention and pupil size differ in space. Selective visual attention only improves contrast sensitivity and visual acuity only for a selected region in visual space (110–113). Conversely, any change in pupil size is necessarily a global effect. Thus, pupil constriction at attentional capture can provide a global compliment to ongoing, local perceptual processes. Second, the perceptual consequences of attention and pupil size also differ in magnitude. Attention improves visual acuity on the order of several arc minutes (114). For individuals with normal (20/20) vision, the change in pupil size that would be required to produce the equivalent change in visual acuity would be larger than the physiological range of the pupil (3). Of course, the perceptual effects of small reductions in pupil diameter can produce arc minute changes in visual acuity in myopic or astigmatic individuals (3). Thus, effects of pupil constriction on vision complement and may work synergistically with other known effects of attention on vision.

What consequences would increasing the fine detail in a visual representation have for gaze and perception? In natural vision, high spatial frequency information scales with proximity, such that closer objects and features contain finer details (115). Given that this information carries forward through the visual system to preferentially attract gaze (20, 21, 116, 117), enhancing the representation of this information by any means—including decreasing pupil size—could help to bias perception and gaze toward nearby objects, rather than distant ones. Indeed, pupil constriction is a fundamental component of the near response. That is, when we do focus on a nearby object, a triad of oculomotor effects occurs: the eyes converge, the lenses accommodate, and the pupils constrict (118, 119). Of course, future work is necessary to determine whether changes in pupil size on the order of these cognitive influences can produce perceptual biases of sufficient magnitude to modulate gaze.

The idea that the pupil constriction component of the pupil near response could function to focus gaze on nearby objects seems at odds with the observation that small apertures are used to produce a deeper depth of field in modern photography. A small aperture allows the region of focus to extend further both toward and away from the viewer (Figure 5). This implies that there would be more high spatial frequency information when pupils are small across both nearby and distant locations—not just in the current plane of focus. Of course, this would not change the fact that nearby objects contain more high-spatial frequency information, so increasing depth of field could still bias gaze toward nearby objects. It is also important to note that while there is substantial evidence that decreasing pupil size (< 4 or 5 mm) does narrow the eye's depth-of-field (120, 121), the effects of pupil size on depth-of-field in the eye are not necessarily as straightforward as they are in a modern digital camera. For example, depth-of-field in our visual systems is also substantially affected by optical aberrations that are eliminated in these cameras, there are modulatory effects of both neural and retinal processing (121), and there is evidence that increasing pupil size (e.g., from 4 to 6 mm) can narrow, rather than deepen depth-of-field (121). Moreover, because blur is important for estimating depth (122, 123), it is possible that the function of any deepened depth of field with small pupil size is to reduce this depth information when it is unnecessary—such as in near-work tasks. Ultimately, future work is needed to determine how pupil size affects perception and gaze in three dimensional environments.
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FIGURE 5. The effects of aperture size on depth of field. (Top to bottom) The effects of decreasing aperture size on defocus in three dimensions in a modern digital camera. The large aperture increases the sense of depth in the top photographs, but the small aperture increases the high spatial frequency information in the bottom photographs. Note that the range of aperture sizes used here is larger than the physiological range of the pupil (which is only 2–8mm) and these images were corrected for optical aberrations by processing in the camera (Photo credit: Boris Oicherman).



In higher level vision—visual representations of objects or social partners—high spatial frequency information often carries a disproportionate amount of information about the identity of that visual target (124–127). Moreover, there is evidence that changing goals could change the spatial frequency information that we prioritize for processing (128, 129). For example, human observers tend to rely on high spatial frequency information to discriminate facial identities (125, 127, 130) or to differentiate objects within broader conceptual categories [i.e., breeds of dogs (125) or the identity of a specific toy (126)]. Enhancing high spatial frequency information could help the viewer to individuate objects, perhaps even along task-relevant dimensions. Of course, this is a strong prediction—that decreasing pupil size would increase individuation of faces and objects—and empirical studies are needed to determine whether cognitive modulations of pupil size are of sufficient magnitude to produce this kind of change.

If decreasing pupil size draws gaze to nearby objects, increasing pupil size might have the opposite effect reducing the drive to look at proximate objects by eliminating the high-spatial frequency information that may partially drive this bias (20, 21, 115–117). It is intriguing to note that this could focus gaze on regions with large changes in contrast across low spatial frequencies for two reasons. First, it would reduce the encoding (and thus salience) of competing high spatial frequency information. Second, it could potentially increase contrast sensitivity at low spatial frequencies by allowing more light into the eye. By allowing more photons to hit the retina, large pupils could increase the signal-to-noise ratio of vision—effectively increasing the perception of contrast at any spatial scale that is larger than the scale of dilation-induced defocus. Additional work is necessary to determine how pupil size affects contrast sensitivity at various spatial scales. However, there is some evidence for the view that pharmacological perturbations that increase pupil size do bias gaze toward regions where contrast varies substantially across large regions in space (131, 132), though it remains unclear whether these effects are mediated by changes in pupil size or by changes in neural activity (14, 29).

Other perceptual consequences of reducing high spatial frequency information may be to bias perception toward global, categorical, and configural properties of the visual world (133, 134). We know that low spatial frequency information is sufficient, and indeed more useful than high spatial frequency information, in rapidly perceiving the gist of a scene (135). This implies that observers with larger pupils might focus more on global properties of a scene, rather than the specific details. In object perception, pupil dilation might decrease information about object or face identity in favor of type, mimicking the effects of disrupting high spatial frequency information in images (124–127). This could make it easier to represent a figure according to more abstract classes—such as whether an object is a car or an animal—rather than according to fine grain distinctions between different animals (136). Finally, large pupils could also aid in estimating the three dimensional configuration of a scene—that is, the distance between ourselves and some salient cue. This is because blur is a salient depth cue, useful for estimating distances in three dimensions (122, 123), and it also increases as the depth of field decreases with large pupil sizes (Figure 5).

Given the link between pupil size and autonomic arousal, an increase in configural processing with large pupil sizes could certainly be adaptive. Much as sympathetic arousal quickens heart rate and shifts blood flow to skeletal muscles, perhaps it also changes our visual filter in order to more rapidly and accurate differentiate between trees and tigers and estimate their distance from ourselves, without regard for the texture or individual identity of either. This could also help with generalizing learned associations to members of a broader class. For example, if your previous experiences with tigers have been particularly arousing, perhaps it is best that those memories generalize across all big cats. It is probably a waste of limited neural resources to even represent the specific details of any given tiger!

Of course, it is also possible that cognitive modulations of the pupil are not large enough to produce any substantial perceptual change, given the modern primate eye. This is an empirical question that can be addressed psychophysically, either through combining pharmacological dilation with artificial pupils or through filtering images to match the putative effects of plausible changes in pupil size. However, even if cognitive modulations of the pupil are not sufficiently large to produce perceptual changes in the normal primate eye today, this does not preclude the possibility that they either evolved in an ancestral eye, where they did produce adaptive perceptual changes. Their continued existence today may simply imply that they did not hinder fitness enough to be selected against—perhaps because they work synergistically, rather than competitively, with other mechanisms for biasing perceptual processing according to pupil-linked goals or brain states.




DIRECTIONS FOR FUTURE RESEARCH ON PERCEPTION, GAZE, AND PUPIL SIZE

Much of the above is a speculative juxtaposition of the known optical consequences of pupil size and the effects of various image manipulations on natural image viewing. In particular, we have noted that more work is needed to determine the precise magnitude of any effect of pupil size on perception and any perceptual effects on gaze and behavior. Although pupil size necessarily gates spatial frequency and blur information, to our knowledge, few studies have looked at how pupil size influences gaze and visual perception. In part, this is because naturally-occurring fluctuations in pupil size are inexorably linked with changes in autonomic arousal (79, 81), noradrenergic tone (12, 91, 99–101), control states (77, 99), and cortical processing (77, 102–105). Any of these processes could produce changes in gaze, visual processing, or task performance via mechanisms other than pupil size.

Of course, the converse is also true: without knowing the effects of pupil size on gaze, visual processing, and task performance, we cannot ascribe behavioral correlates of pupil size to changes in arousal, norepinephrine, control states, or cortical processing. This is because any behavioral correlates of pupil size—even those that seem deeply cognitive primafacie—could be due to the effects of pupil size on perception, rather than a latent state that is indexed by pupil size.

Changes in low-level perceptual cues can have substantial consequences for higher-order cognitive processes. For example, there is certainly some evidence that the spatial frequency of vision is consequential for higher order cognitive processes, including as memory and decision-making. One thoughtful study reported that small pupil size at encoding was associated with better recognition memory for objects (137). Does this mean that pupil-linked mechanisms such as arousal, norepinephrine, control states, or cortical processing underlie recognition memory? There are two pieces of evidence that suggest otherwise. First, this study also noted that subjects with smaller pupils also made more frequent, shorter direction fixations when viewing the objects. These patterns of gaze predicted future recognition memory just as well as pupil size did. We know from other studies that these gaze patterns mimic the effects of increasing high spatial frequency information in an image (116) and that high spatial frequency information is important for object recognition (138). Thus, it is entirely possible that the increase in recognition memory in this study was mediated by a change in the way the pupil filtered the visual world. Second, if pupil size indexed some brain state that was optimized for memory encoding, it should have the same relationship with recognition memory, regardless of what kind of information was being encoded. Yet, small pupils at encoding may only predict better recognition memory for objects (137). Small pupils are associated with poorer recognition for faces (139). This is striking because low—not high—spatial frequency information is essential for encoding faces (140–142). Thus, during object encoding, smaller pupils would preserve the high spatial frequency information that is important for object recognition—drawing attention toward the critical stimulus dimensions. However, during face encoding, smaller pupils would preserve the high spatial frequency information that competes with the important low spatial frequency cues—in this case, drawing attention away from the critical stimulus dimensions.

Mnemonic encoding is not the only cognitive process that can be gated by perception or the effects of perception on gaze and attention. For example, we know that gaze is sufficient to shape economic (143) and social (144) decision-making. Perhaps this occurs because gaze gates value signals in higher order decision-making regions (145). This suggests that changes in fixations patterns propagate through decision processes to shape behavior. By systematically reducing the high spatial frequency information, pupil size could bias gaze, and therefore decisions away from high spatial frequency targets. For example, we previously found that pupil size predicted decisions to look at large (~15° visual angle) images of conspecific faces, rather than small (< 1°) rewarded targets [Figures 6A,B; (14, 77)]. We interpreted this as a change in monkeys' susceptibility to distraction, but it is entirely possible that this susceptibility was mediated by a change in the monkeys' percept of the visual display. Perhaps their larger pupils simply deemphasized the visual salience of the small rewarded target (29). In a natural environment, this shift in perception could mean the difference between decisions to forage at a local patch (which is necessarily richer in high-spatial frequency information by virtue of its proximity) or decisions to explore more distant opportunities.
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FIGURE 6. Baseline pupil size under constant luminance predicts changes in attentional priorities. (A) In the distraction task (Figure 1A), large, salient distractors are presented in conflict with a rewarded target. Monkeys are faster for congruent distractors and slower for incongruent distractors (Figure 1C). Increasing pupil size magnifies these effects: attention is more affected by the distractors when pupil size is large. (B) In the same task, we can also measure the probability that monkeys would make an “errant saccade” to a task-irrelevant distractor, rather than a rewarded target (these trials were excluded from analysis in A). Errant saccade likelihood increases as a function of pupil size at fixation. Panel (A) is modified from Ebitz et al. (14) and is reproduced under a Creative Commons Attribution license. Panel (B) is modified from Ebitz and Platt (77) with permission from Cell Press and Elsevier.



Much more work is necessary to establish what effect pupil size has on gaze and attention, much less on higher order cognitive processes like memory and decision-making. This is a substantial need because, as we have just illustrated, it can be tempting to think of pupil size as an index of a latent brain state, but it remains possible that pupil size could cause changes in perception that then influence cognition via shaping attention or gaze.

Because of these potential confounds, building a taxonomy of the direct behavioral effects of pupil size is an essential precondition for the use of the pupil as an index of any cognitive or neural state. First, it is important to determine how spatial frequency information changes across pupil size. One promising approach might be to have human subjects report their percepts of ambiguous images, that contain differing objects or scenes in parametrically varied frequency channels (128). This would allow a quantitative description how pupil size sets the spatial frequencies that are prioritized for processing. Second, it is necessary to determine whether any neural and/or behavioral correlates of pupil-linked states can be replicated by filtering the display to enhance or suppress these frequency channels. An alternative and perhaps complementary approach might be to dilate the pupils with mydriatic agents (such as the tropicamide and the phenylephrine), then use an artificial “pupil” to determine whether manipulating pupil size was, by itself, sufficient to replicate any behavioral effects (66). Addressing these two questions will be essential for both understanding the perceptual consequences of pupil size and for establishing the circumstances in which pupil size does simply index a latent mental state.



DISCUSSION

Our central hypothesis is that cognitive modulations of the pupil may be functional, rather than epiphenomenal. To illustrate this perspective, we first discussed the attentional modulation of the pupil light reflex. Previously, we reported that these modulations can be qualitatively reproduced by electrically stimulating part of the prefrontal cortex involved in directing visual spatial attention (28). This suggests that the brain somehow evolved prefrontal control over a brainstem pupil reflex—a motif that seems costly to evolve and/or maintain had it not conferred some adaptive benefit. We highlighted two potential functions this descending control might have, but cautioned that more work is necessary to determine the magnitude of these effects on visual acuity, sensitivity, and light adaptation.

Next, we posited that the pupil may act to filter the visual world—to emphasize some visual features while suppressing others. We highlighted high spatial frequency information as the primary type of information that would be preserved when pupils are small, but suppressed when they are large. This is because optical aberrations—which cause blur and defocus at fine spatial scales—increase as the pupil gets larger. This means that when the pupil is large, the visual world is rendered with a Pictorialist brush: defocus and blur are maximal. Conversely, when the pupil is small, the visual world is rendered in the Purist tradition: rich with detailed, high spatial frequency information.

We have argued that blur and defocus are ideal in circumstances where processing larger forms—e.g., the class of an object, the gist of a scene—is most beneficial. It seems to us that these circumstances are precisely the ones in which pupil size is at its largest—the circumstances where rapid decision-making and generalization across classes are perhaps the most useful for our survival. High spatial frequency information, conversely, is the currency of visual attention, where the selective processing of this fine grained information is critical for individuating targets by recognizing differences in the fine details that differ between them.
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Arousal level changes constantly and it has a profound influence on performance during everyday activities. Fluctuations in arousal are regulated by the autonomic nervous system, which is mainly controlled by the balanced activity of the parasympathetic and sympathetic systems, commonly indexed by heart rate (HR) and galvanic skin response (GSR), respectively. Although a growing number of studies have used pupil size to indicate the level of arousal, research that directly examines the relationship between pupil size and HR or GSR is limited. The goal of this study was to understand how pupil size is modulated by autonomic arousal. Human participants fixated various emotional face stimuli, of which low-level visual properties were carefully controlled, while their pupil size, HR, GSR, and eye position were recorded simultaneously. We hypothesized that a positive correlation between pupil size and HR or GSR would be observed both before and after face presentation. Trial-by-trial positive correlations between pupil diameter and HR and GSR were found before face presentation, with larger pupil diameter observed on trials with higher HR or GSR. However, task-evoked pupil responses after face presentation only correlated with HR. Overall, these results demonstrated a trial-by-trial relationship between pupil size and HR or GSR, suggesting that pupil size can be used as an index for arousal level involuntarily regulated by the autonomic nervous system.

Keywords: trial-by-trial, pupillometry, pupil dilation, parasympathetic and sympathetic system, locus ceruleus-norepinephrine


INTRODUCTION

Physiological arousal constantly changes throughout the day, and this fluctuation greatly influences behavior and performance. Fluctuations in arousal are commonly linked to changes of the sympathetic and parasympathetic activity in the autonomic nervous system. Galvanic skin response (GSR) is an independent index of sympathetic activity while heart rate (HR) is predominantly controlled by the parasympathetic nervous system (1–4). The sympathetic nervous system controls sweat gland activity, and increases in sympathetic activity produce corresponding increases in GSR (5). Although HR is predominantly linked to the parasympathetic system and parasympathetic activation decreases HR, it is antagonistically controlled by both sympathetic and parasympathetic activity which can produce increased or decreased HR, respectively (3, 4).

Pupil size is also modulated by the balanced activity of the parasympathetic and sympathetic nervous systems (6, 7). Although an increasing number of studies have used pupil size to index the level of arousal (8–15), limited research has focused on examining the relationships between pupil size, HR and GSR. Nevertheless, many studies have concurrently recorded these measures to mostly investigate the task-dependent modulation in these physiological indexes [e.g., (16–22)]. Moreover, pupil size is modulated by low-level visual properties such as luminance, color, visual contrast, and spatial frequencies (23–26). Furthermore, eye movements influence not only the accuracy of pupil size measurement in the video-based eye tracking system, but also the parasympathetic and sympathetic activity via the pathway through the midbrain superior colliculus (27–30). Therefore, distinct patterns of eye movements in different conditions could influence pupil size differently via this pathway. Notably, in previous research, factors such as visual contrast, spatial frequency, color, and eye movements are usually not adequately controlled for and may have confounded observed effects between pupil size and arousal level.

The goal of this study is to investigate trial-by-trial fluctuations in sympathetic and parasympathetic modulation of pupil size. To index sympathetic and parasympathetic activity, HR and GSR were recorded concurrently with pupil size. Emotional face stimuli were used to induce arousal fluctuation because they are often used to evoke emotional arousal [e.g., (31–33)]. Participants maintained central fixation during the trial, following the presentation of different emotional face stimuli with carefully controlled low-level visual properties (Figure 1). Considering the common sympathetic control of GSR and pupil size, and common parasympathetic control of HR and pupil size, we hypothesize that activation of the parasympathetic system should decrease HR and pupil size, and activation of the sympathetic system should increase GSR and pupil size, together predicting positive correlations between pupil size and HR or GSR. Moreover, because baseline pupil size and stimulus-evoked (referred to as task-evoked) pupil dilations are thought to reveal different neural processes [e.g., (8, 10, 12)], the epochs before and after face presentation were analyzed separately, to examine the correlations both in baseline and task-evoked responses.
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FIGURE 1. Behavioral paradigm. Each trial began with a central fixation point on a gray background. After a delay, a face stimulus was presented and after a random delay the central fixation point and a face stimulus disappeared and participants were required to answer three questions about the face presented.





MATERIALS AND METHODS


Participants

All experimental procedures were reviewed and approved by the Human Research Ethics Board of Queen's University and were in accordance with the principles of the Canadian Tri-Council Policy Statement (TCPS-2 2014) on Ethical Conduct for Research Involving Humans, and the Declaration of Helsinki (34). Thirty participants (sixteen female) ranging between 18 and 24 years of age (M = 21.76, SD = 1.56) were recruited for this study. All participants had normal or corrected to normal vision, were naïve to the purpose of the experiment. Participants gave written informed consent and were compensated for their participation. Recruitment was limited to Caucasian participants because the face stimuli used in this experiment were all from Caucasian models.



Recording and Apparatus

Eye movements, pupil size, heart rate and skin conductance were recorded throughout the experiment. A video-based eye tracker (Eyelink-1000 binocular-arm, SR Research, Osgoode, ON, Canada), was used to measure eye position and pupil size with binocular recording at a sampling rate of 500 Hz (left eye was used). Eye position was tracked in order to ensure that participants maintained visual fixation on a point at the center of the screen throughout the trial. Heart rate was measured using a simple photo-sensor digital heart rate monitor that outputs a binary value based on blood flow through the ear (Grove Ear clip heart Beat Sensor). Skin conductance was measured using a galvanic skin conductance sensor (Q-S222 Galvanic Skin Response Sensor, Qubit Systems Inc., Kingston, ON, Canada), and the sensor monitored skin conductivity between two disposable tab electrodes attached to the index and middle fingers of the left hand. We used a 5 uSiemens range, which yielded a resolution of 0.0012 uS, and manually adjusted to an optimal range for each participant during the setup period, prior to the experiment. Both HR and GSR were recorded through an Arduino Uno digital acquisition board (https://www.arduino.cc) at a rate of 210 Hz with 10-bit resolution. Through a serial connection to the Arduino, the biometric recordings were controlled by the Experiment Builder program running the experiment. The biometric recordings could therefore be initiated and terminated by the same program controlling the display, and event marker codes could be placed in the biometric recordings at precise timings, allowing us to precisely align our trial stimulus events to the HR and GSR recordings. For convenience of comparison, all recordings were then interpolated to a 1 ms resolution using a spline interpolation for pupil area and GSR, and a linear interpolation for heart rate. Stimuli were presented on a 17-inch LCD monitor at a screen resolution of 1,280 × 1,024 pixels (60 Hz refresh rate), subtending a viewing angle of 32° × 26°, and the distance from the eyes to the monitor was set at 60 cm. Pupil area values recorded from the eye tracker were transformed to actual pupil size in diameter following previously described methods suggested by the Eyelink company (35, 36). Briefly, laser-printed dots between 2.0 and 6.0 mm in diameter were printed (false pupils), and placed at approximately the same position as the participants' pupil position during data recording. Eyelink pupil values from false pupils were used to transform Eyelink pupil values recorded from real participants to actual pupil diameter simply using a linear interpolation after taking the square root of all pupil area data. According to Eyelink, measurement error is below 1% with under 0.2% error for 3 mm or greater.



Behavioral Task

Participants were seated in a dark room and the experiment consisted of 6 practice trials followed by 100 trials. Each trial (Figure 1) began with the appearance of a central fixation point (FP) (0.6° diameter, 11 cd/m2) on a gray background (11 cd/m2). After 1,200 ms of central fixation, a centered facial stimulus (3° × 4°, 11 cd/m2) with a central FP appeared for 3,500–4,000 ms. This was followed by three questions presented on the visual screen. First, the participants were asked to identify the emotion expressed by keying in a number on a keyboard attributed to one of six options: anger, happiness, fear, sadness, neutral, and other. Participants were then asked to rate the degree of arousal and valence of the stimuli using seven-point scales (17). When rating arousal, 1 indicated a low and 7 indicated a high degree of arousal. When rating valence, 1 indicated an unpleasant stimulus whereas, 7 indicated a pleasant stimulus, with 4 representing a neutral value. The next trial commenced after an inter-trial interval of 3–4 s.



Stimuli

Adult facial stimuli were selected from the Radboud Faces Database, which had been validated with respect to expression recognition, clarity, genuiness, attractiveness and valence (37) and used previously in our lab (38, 39). Images of 20 (10 male and 10 female) front facing, adult models expressing anger, happiness, fear, and sadness in addition to a neutral expression were incorporated into the fixation task. Images of separate models were used in the initial practice phase of the task. Oval face masks, previously used to isolate the face and eliminate distractions such as hair (40–42) were applied to all faces using Adobe Photoshop Creative Cloud 2015.5 (Adobe Systems Inc., San Jose, CA). Following our previous method (38, 39), after oval masking, Radboud face images were grayscale and adjusted to match the background luminance. They were aligned such that the nose of each image appeared at the FP location. Face stimuli were then filtered through the SHINE MATLAB toolbox to the normalize luminance, visual contrast and spatial frequency of facial images (43). Therefore, luminance, visual contrast and spatial frequency were controlled across all facial stimuli, and the overall luminance level remained unchanged during the trial.



Data Analysis

To maintain an accurate measure of pupil size, trials with an eye position deviation of more than 2° from the central FP or with detected saccades (>2°) during the required period of central fixation were excluded from analysis. Following the literature, a linear interpolation was performed using pre- and post-blink pupil values to replace pupil values during a detected blink (10, 44, 45). Trials were discarded when two eye blinks occurred within a time interval of 500 ms. The above criteria resulted in the removal of 11.0% of trials. Four participants were excluded from GSR analyses due to recording errors, and one participant was excluded from HR analyses due to recording errors. In addition, 48.7% of trials were removed from GSR analysis due to reading values beyond the range of the recording system (5 μsigmen). Note that, because there were at least 10 valid trials in a given condition for all included participants for each analysis (except for valence analysis, which only required 5 trials), the number of included participants was different among different analyses. Heart rate for each participant was analyzed by identifying the onset of each peak, representing a beat on our photo sensor. The timing of all beats for all trials were then overlaid to generate a raster plot of beats. This was then smoothed using a rectangular zero-phase (filtered both forward and reverse) filter of 100 ms to produce a continuous beat-per-minute trace for each trial type.

The raw values averaging from 1,000 ms before to the onset of the face presentation in pupil size, HR, and GSR were used to investigate the correlation among these measurements before the face presentation (referred to as pre-stimulus epoch). To investigate the task-evoked responses, baseline-correction procedure was used. For pupil size, a baseline pupil value for each trial was determined by averaging pupil size from 500 ms before to the onset of the face presentation, as used previously (36, 46). Pupil values were subtracted from this baseline value, and the mean change (from baseline) in an epoch from 500 to 3,000 ms after picture onset was used to indicate task-evoked pupil responses. Following previous research on heart rate and skin conductance analyses (47), baseline (averaging from 1,000 ms before to the face appearance) was subtracted from the GSR and HR values. For heart rate, the mean change (from baseline) in an epoch from 500 to 3,000 ms after stimulus onset was used. For skin conductance, the maximum change between 500 and 3,000 ms after face onset was computed with a log transform (log [GSR]). Note that outlier values beyond ±2.5 standard deviation were also excluded from analysis. To examine the hypothesis that pupil size should correlate with both HR and GSR with larger pupil size for higher HR or GSR, we performed correlational analyses and a one-tailed student t-test except where indicated. Bayesian t-test was also performed to inform statistical significance for pairwise comparisons, with a scale factor r = 0.707 (48). Moreover, Cohen's d, where appropriate, was calculated to estimate the effect size (49). One way repeated-measure ANOVA with Bonferroni-corrected post hoc comparisons was performed to assess the effect of emotion on behavioral responses, pupil size, heart rate, and skin conductance values.

To analyze, on a trial-by-trial basis, whether subjective arousal value for each face stimulus can be predicted by task-evoked responses of pupil size, HR, and GSR during face viewing, we employed a logistic regression approach. More specifically, we performed an individual logistic regression for each participant to estimate the predictive value of each task-evoked response to the arousal rating for each individual face stimulus presentation. The normalized beta-values (beta-values/standard errors of beta-values) from these individual logistic regressions were then subjected to two-tailed t-tests at the group-level to assess whether the beta-values were reliably different from zero.

Multiple regression analysis was used to determine if and how HR and GSR influenced pupil size. To estimate the contribution of HR and GSR on pupil size before and after face stimulus presentation on each trial, we performed the multiple regression analysis in the two epochs on a trial-by-trial basis separately for all participants using HR (Equation 1), GSR (Equation 2), or HR+GSR (Equation 3) as independent variables in the analysis. We then compared adjusted R-square values derived from the model in all participants using two-tailed student t-test to evaluate at the group-level whether combined HR+GSR explains significantly more variance of pupil size than the HR- or GSR- alone condition. If HR and GSR uniquely contribute to pupil size, adjusted R-square values of the combined conditions (HR+GSR) should be larger than the HR- or GSR- alone condition.
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a, b, c were constant linear weights generated by the model.




RESULTS


Behavioral Performance in Recognizing Facial Emotions

Participants were engaged during the experiment because they performed the task accurately with correct responses made for 75, 90, 99, 90, and 85% of trials in the angry, fear, happy, sad, and neutral condition, respectively [Figure 2A, F(4, 116) = 27.33, p < 0.001, N = 30]. Mean valence ratings (7-point scale) were 2.55, 2.92, 5.74, 2.73, and 3.65 in the angry, fear, happy, sad, and neutral condition, respectively [Figure 2B, F(4, 116) = 281.27, p < 0.001, N = 30], and as expected, valence values were lower for negative emotions than positive or neutral emotions (all ps < 0.05). Mean arousal ratings (7-point scale) were 4.54, 5.53, 5.00, 3.25, and 3.14 in the angry, fear, happy, sad, and neutral condition, respectively [Figure 2C, F(4, 116) = 107.33, p < 0.001, N = 30].
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FIGURE 2. Task performance in different emotional face conditions (N = 30) on (A) accuracy in emotion recognition, (B) valence rating, and (C) arousal rating. The black bold-circle represents the mean value across participants. The error-bar represents ±standard error across participants. The gray small-circle represents mean value for each participant. n, number of participants.



Dynamics of measured responses are shown in Figure 3. In general, pupil size decreased before face presentation and pupil dilation was observed after the face presentation (Figure 3A). Initial pupil constriction after central fixation, prior to stimulus presentation, has been observed in many studies, including those conducted in our lab. There is no good argument to explain this pupil constriction, but it is possible that this constriction may be associated with the beginning of central fixation or the engagement of attention. The observed pupil dilation was consistent with a recent study which presented affective stimuli centrally while controlling low-level visual properties of the stimuli (50). In addition, heart rate (HR) and GSR were simultaneously recorded (Figures 3B,C) to index activity of the parasympathetic and sympathetic system, respectively. We first examined the relationship between pupil diameter and HR or GSR before face presentation (pre-stimulus epoch), and then examined correlation of the task-evoked responses in pupil size, HR, and GSR after face presentation.
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FIGURE 3. Dynamics of pupil size, heart rate, and skin conductance responses. (A) Pupil diameter following the presentation of face stimuli. (B) Heart rate following the presentation of face stimuli. (C) Galvanic skin response following the presentation of face stimuli. The shaded gray regions surrounding the response represent ± standard error range (across participants). GSR, galvanic skin response.





Pupil Diameter Correlated With Heart Rate and Skin Conductance Before Face Presentation

To investigate the influence of the parasympathetic system on pupil size before face presentation, we performed a correlation between pupil diameter (raw pupil size) and HR before the presentation of face stimuli (pre-stimulus epoch). Trials were divided into two groups according to HR in the pre-stimulus epoch (median-split), and pupil dynamics between higher and lower heart rate were different (Figure 4A), with larger pupil diameter when HR was higher [mean pupil size diameter of epoch from 500 ms to face onset: high: 4.89, low: 4.85, t(23) = 1.85, p = 0.035, BF = 0.93, d = 0.38, N = 24, Figure 4B: high-low]. Figure 4C shows summary histogram of trial-by-trial correlation coefficients for all subjects, showing a positive correlation between HR and pupil diameter [median correlation coefficient: 0.06, t(23) = 2.3, p = 0.018, BF = 1.92, d = 0.64, one-tailed paired t-test of R values against zeros], suggesting a correlation between heart rate and pupil diameter before face presentation. These results were consistent with the hypothesis that an increase in parasympathetic activity resulted in decreased heart rate and pupil size.
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FIGURE 4. Correlation between pupil diameter and HR or GSR before face presentation. (A) Pupil diameter following the presentation of face stimuli in higher or lower HR (N = 24). (B) Differences in pupil diameter between higher and lower HR conditions for each individual subject. (C) Distribution of correlation coefficients for the relationship between pupil diameter and HR for all subjects. (D) Pupil diameter following the presentation of face stimuli in higher or lower GSR (N = 23). (E) Differences in pupil diameter between higher and lower GSR conditions for each individual subject. (F) Distribution of correlation coefficients for the relationship between pupil diameter and GSR for all subjects. In (A,D), the cyan bar on X-axis indicates the time line at which differences between the two conditions were statistically significant (p < 0.05). In (B,E), the error-bar represents mean ± standard error across participants. In (C,F), the vertical dotted line represents a zero value of the correlation coefficient (r = 0), and the vertical purple line represents the median value of the correlation coefficient. HR, heart rate; GSR, galvanic skin response; n, number of participants.



Correlation between GSR and pupil diameter was also observed before face presentation (Figures 4D–F). Trials were divided into two groups according to GSR during the pre-stimulus epoch, and pupil dynamics between higher and lower GSR (median-split) in the pre-stimulus epoch were different (Figure 4D), with significantly larger pupil diameter in the higher GSR condition, compared to the lower GSR condition [mean pupil size of epoch from 500 ms to face onset: high: 4.85, low: 4.76, t(22) = 2.26, p = 0.017, BF = 1.79, d = 0.47, N = 23, Figure 4E: high-low]. Figure 4F shows summary histograms of trial-by-trial correlation coefficients for all subjects, showing a positive correlation between GSR and pupil diameter [median correlation coefficient: 0.05, t(22) = 1.8, p = 0.034, BF = 0.87, d = 0.53]. Consistent with the hypothesis, these results suggest that activation of the sympathetic pathway caused an increase in GSR and pupil size. Overall, these results suggest a small but reliable correlation between pupil size and HR or GSR. Note that BF values were not decisive in these statistical tests, therefore the results should still be explained with caution.



No Modulation of Pupil Size, HR, GSR by Facial Emotional Stimuli

To investigate the modulation of task-evoked responses (see Methods) by emotional valence, we separated trials into three emotion categories (positive: 5–7 valence value; neutral: 4 valence value; negative: 1–3 valence value) according to the subjective valence ratings. Presentation of face stimuli evoked pupil dilation regardless of valence level (Figure 5A), which was similar to other studies (e.g., 50). However, in contrast to other studies using images (47, 51–53), emotional valence did not modulate evoked pupil responses, with mean pupil responses being 0.11, 0.14, and 0.12 in the positive, neutral, and negative conditions, respectively [F(2, 42) = 2.22, p = 0.12, all ps > 0.23, N = 22]. Although presentation of face stimuli generally decreased HR and increased GSR responses (Figures 5B,C), unlike other studies (17, 47, 54, 55), task-evoked responses in HR and GSR were not modulated by emotional valence, with mean HR change being −3.42, −2.5, and −3.19 in the positive, neutral, and negative conditions, respectively [Figure 5B, F(2, 42) = 0.27, p = 0.76, all ps > 0.9, N = 22], and mean GSR change was 0.049, 0.072, and 0.063 in the positive, neutral, and negative conditions, respectively [Figure 5C, F(2, 18) = 0.43, p = 0.61, all ps > 0.9, N = 10]. Note that there were only 10 participants included in GSR analysis, therefore the non-significant results could be due to a weak statistical power. Previous research has shown no differences in pupil responses evoked by emotional stimuli among positive, neutral, and negative emotions when the intensity of emotions is low (56) [similar results in GSR and HR (54)]. It is thus possible that the intensity of emotion in our stimuli was too low to produce a pronounced valence modulation because we specifically controlled low-level visual properties across all face stimuli. Notably, research has shown differences between explicit and implicit emotional processing (57–59), and weaker emotional modulation when the executive control is involved (60). Therefore, it is also possible that our explicit task requirement for emotion identification and valence and arousal rating automatically engaged the executive network, which greatly interrupted normal emotional face processing, resulting in weak emotional effects. Future research is required to address these possibilities.
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FIGURE 5. Task-evoked responses after face presentation. (A) Change in pupil size following the presentation of face stimuli in different valence conditions (N = 22). (B) Heart rate change after face presentation in different valence conditions (N = 22). (C) Change in GSR after face presentation in different valence conditions (N = 10). In (B), the bold-circle represents the mean value across participants. The error-bar represents ± standard error across participants. The colored small-circle represents mean value for each participant. HR, heart rate; GSR, galvanic skin response; n, number of participants.





Correlation Between Task-Evoked Pupil Responses and Heart Rate and Skin Conductance

To examine the parasympathetic and sympathetic modulation on pupil size after face presentation, we performed correlations between task-evoked pupil responses and task-evoked HR or GSR (see Methods). Trials were divided into two groups according to task-evoked HR after face presentation (median-split), and pupil size between higher and lower HR were different (Figure 6A), with significantly larger pupil dilation when HR was higher [mean pupil size: high: 0.13, low: 0.098, t(19) = 2.47, p = 0.012, d = 0.55, BF = 2.57, N = 20, Figure 6B: high-low]. Figure 6C shows summary histogram of trial-by-trial correlation coefficients for all subjects, showing a positive correlation between task-evoked pupil and HR responses [median correlation coefficient: 0.067, t(23) = 2.3, p = 0.017, BF = 1.91, d = 0.64, N = 24], suggesting a correlation in task-evoked responses between heart rate and pupil size. In contrast, task-evoked pupil responses did not correlate with GSR after face presentation. Trials were divided into two groups according to task-evoked GSR after face presentation (median-split), and pupil dynamics between higher and lower GSR were not different (Figure 6D), with similar pupil dilations between two conditions [mean pupil size: high: 0.091, low: 0.092, t(6) = 0.07, p = 0.45, BF = 0.35, d = 0.03, N = 7, Figure 6E: high-low]. Figure 6F shows summary histogram of trial-by-trial correlation coefficients for all subjects, showing again no correlations between task-evoked pupil and GSR responses [median correlation coefficient: 0.025, t(22) = 0.63, p = 0.27, BF = 0.26, d = 0.18, N = 23]. Note that the number of subjects was different between these two analyses because median-split in the first analysis resulted in two conditions, and subjects required a sufficient number of trials in both conditions to be included in the analysis, resulting in fewer viable subjects.
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FIGURE 6. Correlation between task-evoked pupil response and HR or GSR after face presentation. (A) Task-evoked pupil responses following the presentation of face stimuli in higher or lower HR (N = 20). (B) Differences in task-evoked pupil responses between higher and lower HR conditions for each individual subject. (C) Distribution of correlation coefficients for the relationship between task-evoked pupil responses and HR for all subjects (N = 29). (D) Task-evoked pupil responses following the presentation of face stimuli in higher or lower GSR (N = 7). (E) Differences in task-evoked pupil responses between higher and lower GSR conditions for each individual subject. (F) Distribution of correlation coefficients for the relationship between task-evoked pupil responses and GSR for all subjects (N = 23). In (A,D), the cyan bar on X-axis indicates the time line at which differences between the two conditions were statistically significant (p < 0.05). In (B,E), the bold-circle represents the mean value across participants. The error-bar represents ± standard error across participants. The colored small-circle represents mean value for each participant. In (C,F), the vertical dotted line represents a zero value of the correlation coefficient (r = 0), and the vertical purple line represents the median value of the correlation coefficient. HR, heart rate; GSR, galvanic skin response; n.s., not statistically significant; n, number of participants.





GSR During Face Viewing Predicts Subsequent Arousal Rating

To examine trial-by-trial relationships between subjective arousal of emotional faces and task-evoked responses in pupil size, HR, or GSR, we performed logistic regression (see Methods). Task-evoked pupil responses during face viewing did not predict trial-by-trial variability of subjective arousal [Figure 7: mean beta-value: −0.24, t(28) = −1.14, p = 0.27, BF = 0.36, d = 0.29, two-tailed paired t-test of ß values against zeros]. Responses in HR also failed to predict trial-by-trial variability of subjective arousal [Figure 7: two-tailed paired t-test: mean beta-value: −0.089, t(27) = −0.452, p = 0.65, BF = 0.22, d = 0.12]. Yet, GSR responses during face viewing reliably predicted trial-by-trial variability of subjective arousal [Figure 7: two-tailed paired t-test: mean beta-value: 0.59, t(22) = 2.47, p = 0.022, BF = 2.58, d = 0.72], suggesting that task-evoked GSR can predict subjective arousal in the context of emotional face viewing.
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FIGURE 7. Trial-by-trial relationship between subjective arousal and task-evoked pupil size, HR, and GSR. Individual normalized beta values from logistic regression analyses for pupil size, HR, and GSR on arousal rating (N = 23). The large-circle represents the mean value across participants. The error-bar represents ± standard error across participants. The colored small-dot represents mean value for each participant. HR, heart rate; GSR, galvanic skin response; n.s., not statistically significant.





Modeling Pupil Size Using HR and GSR

Pupil size is controlled by the activity of the parasympathetic and sympathetic systems (7), therefore HR and GSR should influence a trial-by-trial fluctuation of pupil size differently. To test this hypothesis, we performed a multiple regression analysis, and used HR (Equation 1), GSR (Equation 2), or HR+GSR (Equation 3) on a trial-by-trial basis as independent variables to account for trial-by-trial pupil size fluctuation in both pre-stimulus and post-face (task-evoked responses) epochs (N = 24). Although trial-by-trial pupil size fluctuation in the pre-stimulus epoch explained by the model was generally small (Figure 8A), with the mean variance (adjusted R-squared) being 0.017, 0.086, and 0.092 in the HR, GSR, and HR+GSR condition in the pre-stimulus epoch, respectively, adjusted R-squared values were significantly higher in the HR+GSR condition than in the HR- or GSR- alone condition [two-tailed paired t-test: HR+GSR and HR: t(23) = 4.53, p = 0.00015, BF = 188.00, d = 0.92; HR+GSR and GSR: t(23) = 4.18, p = 0.00036, BF = 86.42, d = 0.85]. Similar, but not significant, patterns were observed in the post-face epoch (Figure 8B), with the mean variance (adjusted R-squared) being 0.034, 0.021, and 0.047 in the HR, GSR, HR+GSR condition, respectively [two-tailed paired t-test: HR+GSR and HR: t(23) = 1.34, p = 0.19, BF = 0.47, d = 0.35; HR+GSR and GSR: t(23) = 1.38, p = 0.18, BF = 0.50, d = 0.34]. These results suggest that both HR and GSR uniquely accounted for some fluctuations of pupil size on a trial-by-trial basis in the pre-stimulus epoch, arguably mediated by the parasympathetic and sympathetic system, respectively.
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FIGURE 8. Contribution of HR and GSR on trial-by-trial variation in pupil size before (pre-stimulus) and after (task-evoked) face presentation. (A) Adjusted R-square values derived from the regression model using baseline HR+GSR, HR, or GSR as independent variables to explain trial-by-trial variation in pupil diameter before face presentation (baseline). (B) Adjusted R-square values derived from the regression model using task-evoked HR+GSR, HR, or GSR as independent variables to explain trial-by-trial variation in task-evoked pupil size after face presentation. The large-circle represents the mean value across participants. The error-bar represents ± standard error across participants. The colored small-dot represents mean value for each participant. HR, heart rate; GSR, galvanic skin response. *indicates differences are statistically significant.






DISCUSSION

Pupil size is becoming an increasingly popular index of arousal and cognitive function, largely due to the popularity of the video-based eye-tracking system with automated pupillometry. Here, we directly examined the relationships between pupil size and parasympathetic and sympathetic activity, through simultaneous recordings of pupil size, heart rate (HR), and galvanic skin response (GSR) during an emotional face recognition task. Pupil diameter on a trial-by-trial basis positively correlated with HR and GSR before face presentation: trials with larger pupil diameter prior to face presentation were accompanied by higher HR and GSR (Figure 4). Although trial-by-trial correlation between task-evoked pupil responses and GSR after face presentation was diminished (Figure 6), trial-by-trial variations in GSR after face presentation reliably predicted subsequent subjective arousal rating (Figure 7). Moreover, both HR and GSR, as an index of parasympathetic and sympathetic activity, uniquely accounted for the variance of pupil size fluctuation on a trial-by-trial basis (Figure 8). Together, our results suggest that pupil size correlated with measures of both the parasympathetic and sympathetic systems.


Autonomic Control of Pupil Size, Heart Rate, and Skin Conductance

Although HR, GSR and pupil size all associate with activity of the autonomic nervous system, the underlying neural substrate mediating each index is very different. Autonomic control of cardiac activity begins in the medulla. The nucleus of the solitary tract inhibits the sympathetic rostral ventrolateral medulla and activates the parasympathetic dorsal vagal nucleus (61) and nucleus ambiguus (62) which contribute to the vagal nerve. Neurons in the sympathetic rostral ventrolateral medulla project to preganglionic spinal cord neurons. Post-ganglionic sympathetic and parasympathetic neurons in the stellate (63) and cardiac ganglia (61), respectively, innervate the heart. Although predominantly controlled by the parasympathetic system, HR is also modulated by the sympathetic system. Sympathetic pre-ganglionic neurons in the spinal cord also innervate the adrenal medulla, a modified sympathetic prevertebral ganglion, stimulating the release of epinephrine and norepinephrine into the blood stream, which then travels to the heart (64). Sympathetic control of sweat gland activity begins in the preoptic sweat nucleus of the hypothalamus, which projects to preganglionic neurons in the intermediolateral spinal cord (65). These neurons travel through the ventral root of the spinal cord to innervate postganglionic sympathetic neurons in the paravertebral sympathetic chain ganglia. These neurons project to sympathetic terminals surrounding sweat glands (66). Therefore, increases in sympathetic activity produce corresponding increases in GSR (5).

Pupil size is controlled by the balanced activity of the sympathetic and parasympathetic nervous system, with parasympathetic and sympathetic innervation of the pupillae sphincter and dilator pupillae muscles of the iris, respectively (6, 7). Parasympathetic innervation of the pupillae sphincter comes from preganglionic neurons in the Edinger-Westphal nucleus in the midbrain [reviewed in (67)]. Preganglion neurons of the Edinger-Westphal nucleus project to postganglionic pupilloconstrictor neurons in the ciliary ganglion, which in turn control constrictor pupillae muscles directly through a short projection (68). In the sympathetic pathway, preganglionic sympathetic neurons located in the ciliospinal center of Budge, the C8-T2 segments of the spinal cord, project to sympathetic chain ganglia and travel to the superior cervical ganglia through the sympathetic trunk to the superior cervical ganglion (67). Here, post-ganglionic sympathetic neurons project to the dilatory pupillae via long and short ciliary nerves (69).

Given the abovementioned pathways, pupil size should correlate with HR and GSR. Consistently, we found a positive trial-by-trial correlation between pupil diameter and HR or GSR before face presentation, with larger pupil diameter observed on trials with higher HR or larger GSR responses (Figure 4). Since HR is also modulated by the sympathetic pathway, the observed correlations between HR and pupil size can also be partly attributed by the sympathetic pathway. After face presentation, however, this correlation was diminished particularly between pupil size and GSR (Figure 6). The diminished correlation after face presentation could be due to low intensity of emotional face stimuli resulting from the control of low-level visual properties across stimuli including luminance, visual contrast, and spatial frequency. As a result, there were no differences in valence modulation of pupil size, HR, or GSR (Figure 5). The uncontrolled intensity of different emotions and different task requirements for emotional image stimuli may also explain a degree of inconsistency observed in the valence modulation of pupil size, HR, or GSR in the literature (17, 47, 52, 53, 55, 56, 70–73). Moreover, the inconsistency of the valence modulation with imaging viewing could also be attributed to inadequate control of low-level visual properties across stimuli and evoked eye movements across conditions. It is also interesting to note that this valence modulation of pupil dilation can be evoked with emotional written words, and previous studies have shown that larger pupil dilation is evoked by negative words than the neutral or positive words (71–75).

The regression model results suggested that HR and GSR accounted uniquely, arguably mediated separately by the parasympathetic and sympathetic systems, to trial-by-trial pupil size fluctuation because the combined HR and GSR conditions explained more pupil size variance than the HR- or GSR- alone condition (Figure 8). Notably, ~10% of variance in pupil size was explained by HR and GSR in the model. These results could imply that pupil size is more sensitive to autonomic arousal than HR and GSR, because, as described previously, it more directly links to the autonomic nervous system than other indices. It is also possible that pupil size is influenced by other factors which have not been identified. Together, it is important to investigate the influence of the emotional intensity on different autonomic indexes to study the emotional arousal in the future.



Locus Ceruleus-Norepinephrine (LC-NE) Account for Pupil Size Fluctuation

The LC-NE system has been associated with many functions arguably via arousal mechanisms (76–80), and pupil size variation is regularly linked to the LC-NE system (8). Relationship between pupil size and LC activity has been demonstrated in studies recording neuronal activity in behaving animals (81–85). In humans, drugs assumed to alter LC activity also change pupil size (86), and pupil diameter correlates with LC activation in fMRI study (87, 88). Moreover, drugs that alter arousal state interrupt functional connectivity of the arousal circuit mediated through the LC (89). Notably, there are two modes of LC activity that have been described: tonic and phasic mode, both of which have important behavioral relevance (8) and are thought to affect baseline pupil size and task-evoked pupil dilations, respectively (10, 12). Our results showing a stronger correlation between pupil diameter and HR or GSR before face presentation (baseline pupil size) suggest that tonic LC activity is particularly correlated with the sympathetic and parasympathetic activity observed in the current study. Notably, some other areas such as amygdala and limbic structures may also play an important role in the relation between emotional processing and pupil size [e.g., (90–92)] and therefore possibly contributed to the correlation observed in the current study.



Other Influence of Pupil Size by Low-Level Visual Properties and Oculomotor Pathway

To fully understand the modulation of pupil size, it is also important to consider other influences on the pupil. Pupil size is also modulated by low-level visual properties in addition to the well-described luminance modulation, and pupil responses to different colors, visual contrast, and spatial frequencies have been observed both in humans and animals (23–26). However, research examining the relationship between pupil size and emotional arousal has mostly only focused on the control of the luminance modulation. Furthermore, eye movements can influence not only the accuracy of pupil size measurement in any video-based camera, but also pupil size itself even if the recording accuracy is maintained through some sorts of calibration. This is because the superior colliculus, a subcortical center for saccadic eye movements (93–95), links to not only shifts of attention and gaze, but also pupil size (30, 96, 97). Weak microstimulation of the SCi (or frontal eye field) evokes pupil dilation without evoking saccadic eye movements (27–29). The superior colliculus-to-pupil control pathway suggests that distinct patterns of eye movements could modulate pupil size differently through the mediated activity in the superior colliculus. In summary, the influences of these factors on pupil size should be carefully considered in the interpretation of any pupil results.




CONCLUSION

Pupil size can change independently of changes in luminance, and this trial-by-trial fluctuation in pupil size has largely been attributed to changes in the autonomic arousal level. Here, we showed that pupil size on a trial-by-trial basis particularly before face presentation correlated with both HR and GSR, respectively, indexing activity of parasympathetic and sympathetic branches of the autonomic nervous system. These results suggest that pupil size can be used as an index for the parasympathetic and sympathetic activity on a trial-by-trial basis. Many other factors are also associated with or related to the autonomic system such as blood pressure and glucose level. It is therefore important to record other autonomic indices in addition to pupil size to better understand the modulation of pupil size by the autonomic function.
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Although retinal illumination is the main determinant of pupil size, evidence indicates that extra-retinal factors, including attention and contextual information, also modulate the pupillary response. For example, stimuli that evoke the idea of brightness (e.g., pictures of the sun) induce pupillary constriction compared to control stimuli of matched luminance. Is conscious appraisal of these stimuli necessary for the pupillary constriction to occur? Participants' pupil diameter was recorded while sun pictures and their phase-scrambled versions were shown to the left eye. A stream of Mondrian patterns was displayed to the right eye to produce continuous flash suppression, which rendered the left-eye stimuli invisible on some trials. Results revealed that when participants were aware of the sun pictures their pupils constricted relative to the control stimuli. This was not the case when the pictures were successfully suppressed from awareness, demonstrating that pupil size is highly sensitive to the contents of consciousness.
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INTRODUCTION

Increments or decrements of light are associated with pupillary constrictions or dilations, respectively. This is known as the pupillary light reflex, and has been traditionally considered as a low-level mechanism that simply regulates the amount of light that enters the eye to optimize vision. However, since pupillometry—i.e., the measurement of the diameter and rate of reactivity of the pupil—was introduced more than 50 years ago, it soon became evident that pupillary responses can be used to index cognitive operations, such as thinking and emotional processing [(1, 2) for a review see (3)]. More recently, it has been argued that high-level visual processing, including attention, mental imagery, and contextual modulation, can also influence pupillary responses under conditions of constant retinal illumination, demonstrating that the pupil diameter is not solely determined by physiological factors [for reviews, see (4, 5)]. For example, it has been shown that covert shifts of attention to brighter surfaces cause pupillary constrictions (6–8) and that similar changes in pupil diameter can be induced even in the absence of visual stimulation by asking participants to mentally visualize a bright scene (9). By the same token, the pupil constricts in response to visual illusions of brightness (10) and stimuli that evoke the idea of bright objects, like pictures of the sun (11, 12) or words conveying brightness (13). Another line of experiments showing pupil changes in conditions of constant retinal stimulation examined the phenomenon of binocular rivalry between stimuli of different luminance. The typical finding is that pupil size follows the dominant percept, with a relative constriction when the brighter stimulus dominates conscious perception (14–16), and an attenuation of pupillary responses to light flashes when these were presented to the suppressed eye (14, 17–19). There is also a line of experiments demonstrating the importance of cortical signals, and specifically signals from the occipital visual cortex, for modulating the pupillary response to light. For example, pupil perimetry (measurement of the pupillary response to light stimuli located at different loci across the visual field) has provided clear evidence of reduced or absent pupillary light reflex in the blind visual area of patients with lesions to the occipital lobe [e.g., (20–23)].

Taken together, these findings provide compelling evidence in support of the view that the pupillary light reflex is sensitive to top-down modulation. This suggests that pupil light responses may be used as a read-out of the idiosyncrasies of visual perception—a simple, non-invasive, objective, and quantitative measure of our attentional biases, our illusion susceptibility, our ability to use contextual information etc., and an initial success of this strategy has recently been reported (24). However, before these exciting avenues can be explored, it is necessary to demonstrate that top-down effects on pupil response do in fact reflect the contents of visual awareness. One possibility to address this issue is to look for correlations between perceptual (e.g., brightness) judgments and pupillary responses (9, 25). Here we took a more radical approach and tested whether one such top-down effect requires visual awareness of the stimuli—and whether it is absent when stimuli are not consciously perceived.

The perceptual visibility of the stimuli, specifically pictures of the sun (11), was manipulated by means of continuous flash suppression [CFS; (26)], a widely used technique that enables to reliably erase stimuli from visual awareness for extended periods of time [for reviews, see (27, 28)]. During CFS, a static image presented to one eye is rendered invisible by ever-changing Mondrian patterns displayed to the other eye. This interocular suppression technique seems to be particularly effective at disrupting high-level visual processing completely [for a review, see (28)]. A particularly clear case can be made from adaptation studies. Aftereffects specific to complex motion [e.g., (29)], facial expression of emotions [(30); but see (31)], and subordinate information about faces, such as gender or race (32), all of which require higher order visual processing, were abolished when adapters were suppressed from awareness by CFS. In contrast, aftereffects specific to low-level stimulus attributes, such as orientation [e.g., (33)] and contrast [e.g., (34)], were only attenuated by CFS. Evidence from other paradigms, such as priming and braking-CFS, is more mixed. A suppressed stimulus is more likely to break CFS and come back to awareness when it is familiar and provided with emotional values [e.g., (35, 36)], suggesting that at least some form of high-level information may be processed even when the stimulus is suppressed from awareness [for a review, see (37)]. Similarly, a subliminal form of priming by stimuli made invisible by CFS, may in some cases be observed for numerosity [e.g., (38)], object category [e.g., (39)] and emotional content [e.g., (40)]; however, in other cases, priming effects for complex stimulus features, such as word stimuli (41), emotional faces (42), and threatening animal stimuli (43), vanish completely when the prime is rendered invisible by CFS. Thus, the literature on the effects of CFS on low- and high-level visual processing is mixed, suggesting that processing of many stimulus features can take place outside of conscious awareness. Nevertheless, high-level visual properties are likely to succumb suppression [e.g., (28, 44)], at least more than low-level simple visual features, which continue to adapt and shape perceptual processes quite irrespectively of awareness.

With the support of this literature, here we aimed to study how CFS would affect the pupillary response to sun image (vs. their phase scrambled versions). If—as argued before—the relative pupillary constriction evoked by the sun images depends on high-level visual processing, we predict that it should be abolished, or at least diminished, under CFS.



METHODS


Participants

Twenty-four participants (16 females, all right handed) ranging in age from 18 to 27 years (M = 20.48, SD = 2.24) with normal or corrected-to-normal vision, took part in the experiment. This sample size was deemed to be appropriate to attain a moderate effect size with α = 0.05 and power = 0.80, according to calculations performed in G*Power (45). Two participants were excluded due to technical issues and an additional participant was excluded due to poor stereoacuity, as assessed using the Frisby stereotest (Clement Clarke International Ltd, Essex, UK). This resulted in a final sample size of 21 participants (13 females) with an age range of 18–27 years (M = 20.42, SD = 2.03). Participants received either 2 study credits or £5 for their time. Written consent was obtained prior to testing. All procedures were approved by the School of Psychology Research Ethics Committee of the University of East Anglia and were carried out in accordance with the Declaration of Helsinki.



Apparatus and Stimuli

The experiment was programmed in E-Prime 2.0 (Psychology Software Tools, Pittsburg, PA, USA) on a Viglen DQ77MK, running Windows 7. Stimuli were presented on a 16-inch Dell monitor with a resolution of 1,280 × 1,024 pixels and a refresh rate of 60 Hz. Participants were seated in front of the computer monitor in a dark room with their head fixed on a chin rest at a distance of 57 cm and viewed the stimuli through a mirror stereoscope. A divider (i.e., a sheet of cardboard) was placed between the stereoscope's midline and the center of the monitor to ensure that images displayed on each half of the monitor would be seen by each eye separately (46). Participants wore SMI™ (SensoMotoric Instruments) eye tracking glasses to measure their pupil diameter (see “Eye Tracking” for details).

Stimuli consisted of 13 different pictures of the sun and their phase-scrambled counterparts of matched luminance, as developed by Binda et al. (11) (available at: http://faculty.washington.edu/somurray/PupilSun/). The Supplementary material reports an analysis of the luminance profile of all images as a function of distance from image center (i.e., eccentricity, since fixation was maintained at image center). Across all images, there was a tendency for the sun images to have higher luminance than their phase scrambled versions near the center (although luminance was always lower than that of the pre-stimulus white screen), but this was not always the case (it is possible to select a subsample of pictures with matched luminance profiles, where additional analyses of the pupillary responses can be performed, see Figures S2, S3).

The stimulus was presented on the left half of the monitor. The rival stimulus consisted of a series of high-contrast Mondrian patterns with a flicker rate of 10 Hz, which were displayed to the right half of the monitor (26). The series of Mondrian patterns consisted of five distinct images cycling in a sequential order with individual frames refreshing every 100 ms (mean luminance = 70.84 cd/m2). Both static and flickering stimuli were preceded and followed by a plain white background of maximum luminance, i.e., 196.30 cd/m2, and subtended 7° × 7° of visual angle. A 1°-thick frame of various grayscale squares was placed around the stimuli to assist binocular alignment and a white small fixation cross was centered in each eye's stimulus to aid stable fixation (Figure 1). Participants' response was recorded by means of a keyboard.
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FIGURE 1. Trial sequence and timing. At the beginning of each trial, a white background of maximum luminance was presented for 2 s (i.e., pre-stimulus interval). This was followed by a 2 s stimulus interval where a static picture (sun or scrambled version) was displayed to the left-eye while flickering Mondrians (CFS; as depicted here) or a blank background (No_CFS) were displayed to the right-eye. Finally, a blank screen was presented for 2 s during the post-stimulus interval. The flickering Mondrians successfully suppressed the static image in ~50% of trials on average, whereas images were always seen when accompanied by the blank.





Procedure

Prior to the beginning of the experiment, two frames with a fixation cross in each were presented dichoptically to the eyes and participants were instructed to adjust the stereoscope's mirrors until the left and right stimuli were correctly aligned and fused. In addition, to ensure that binocular fusion was maintained throughout the experiment, the same calibration stimuli were presented at the beginning of each trial and participants were asked to initiate the trial by pressing the spacebar on the keyboard only after they perceived a single frame and fixation cross.

To manipulate the perceptual visibility of the stimuli, participants were tested both in CFS and no_CFS conditions. In the CFS condition, the right eye was presented with a continuous stream of Mondrian images while static pictures of the sun or their scrambled versions were displayed to the left eye. Under this condition, the CFS mask typically renders perceptually invisible the static images for prolonged periods of time (26). In the no_CFS condition, the Mondrians were replaced by a blank background. The removal of the CFS mask should make the left-eye stimulus easily visible to the participants [e.g., (47)].

Each trial lasted for 6 s, which consisted of: (a) 2-s blank pre-stimulus interval where participants' eyes were exposed to the maximum luminance of the monitor; (b) 2-s stimulus interval where a static picture (sun or scrambled version) was displayed to the left-eye while flickering Mondrians (CFS) or a blank background (no_CFS) were displayed to the right-eye; (c) 2-s post-stimulus interval where the monitor returned to the maximum luminance (11). Participants were discouraged from blinking or making saccades over the entire duration of the trial but they were allowed to do so in between trials.

To ensure that stimuli were truly suppressed from conscious perception under the CFS condition, participants were asked at the end of each trial to report whether or not they saw an image besides the CFS mask (i.e., failure of suppression) by pressing designated keys on the keyboard. These unsuccessful trials were labeled as “failed CFS.” In order to compare pupil traces in failed and successful CFS trials (characterized by identical stimulation but different conscious percept), we aimed to collect a significant amount of “failed CFS” trials, ideally as many as the successful ones. To this end, we chose to flash the sun/scrambled image abruptly, rather than gradually ramping it in, since flashing the stimulus is known to encourage CFS-breaking [e.g., (48)].

The experiment consisted of 52 trials in total, namely 2 suppression conditions × 2 image types × 13 repetitions. The suppression conditions (i.e., CFS vs. no_CFS) were tested in two separate blocks. The order of these two blocks was counterbalanced across participants. Within each block, trials were presented in a random fashion.



Eye Tracking

SMI™ eye tracking glasses registered pupil diameter binocularly at a sampling rate of 60 Hz. A 3-point calibration was performed at the beginning of each block. Time points with impossible pupil size (i.e., exceeding the range 2–8 mm) were considered as signal losses and removed from the analysis. To measure the change in pupil diameter evoked by the static pictures, individual data were baseline-corrected against a 500-ms window preceding the stimulus presentation. The time course of the pupillary response was determined by averaging baseline-corrected data in 250-ms bins (25 data points). To allow comparisons across conditions, an average of the baseline-corrected data during the last second of stimulus presentation was also calculated (this window was selected based on previous data, as the interval where the difference across image types is expected to be the largest, see 11).



Data Analysis

A two-way repeated measures analysis of variance (ANOVA) was carried out on average baseline-corrected pupil diameter during the last second of stimulus presentation, to evaluate the main effects of Condition (no CFS vs. CFS) and Image Type (sun vs. phase-scrambled), and their interaction. To establish if changes in pupil diameter could predict individual differences in visual awareness of the pictures, we further analyzed the effect of Image Type separately in CFS trials where pictures were successfully suppressed or where they could still be seen by the participant. For this analysis, we relied on a Linear Mixed Model approach, motivated by the considerable sample size variability across subjects (due to the variability of the CFS success). In this approach, individual trials from all subjects are compared with a model comprising both the effect of experimental variables (“fixed effects”) and the variability across participants (“random effects”). Fixed effects were coded as categorical variables Image type (sun vs. phase-scrambled) and Visibility Condition (no-CFS, failed-CFS and successful CFS). Random effects were coded by allowing subject-by-subject variations of both the slope and intercept for each of the fixed effects. An additional analysis reported in the Supplementary material combines the two approaches described above and directly compares pupil responses when the sun or scrambled images were seen (no-CFS and failed-CFS trials) or unseen (successful CFS trials), either considering all images or a subset of sun/scrambled images with matching luminance profiles.

For all analyses, we used standard MATLAB functions provided with the Statistics and Machine Learning Toolbox (R2015b, The MathWorks). Specifically, the function “fitlme (data, model)” fit the linear-mixed model to the data, yielding an object “lme” with associated method “anova” that returns F statistics and P-values for each of the fixed effect terms. The function “fitrm (data, model)” fit the ANOVA for repeated measures, returning F statistics, degrees of freedom and associated P-values. Standard t-test functions were complemented with Bayes Factors estimations, using the “Bayes Factors” toolbox for Matlab available online at https://figshare.com/articles/Bayes_Factors_Matlab_functions/1357917. All reported p-values were based on two-tailed criteria.




RESULTS

We tracked changes in pupil diameter induced by the presentation of pictures of the sun and their scrambled version (11) and manipulated the perceptual visibility of the stimuli by means of CFS. The CFS mask successfully suppressed the unchanging image in 58.29% (s.e.m. 7.17%) of trials, while images were constantly visible under the no_CFS condition. The average baseline pupil size (during blanks, when screen luminance was maximum) was 3.66 mm (s.e.m = 0.11 mm); pupil baseline values were tightly distributed around this value, and never exceeded the 2.5–6.5 mm range, ensuring that our measurements were clear of the physiological limits of pupil diameter, where mechanical factors could artefactually reduce pupil size variability.

Figure 2A illustrates the time course of the pupillary response averaged across participants while mean pupil changes during the stimulus presentation is shown in Figure 2B.
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FIGURE 2. Pupillary response to sun pictures and their phase-scrambled versions, under no_CFS (visible), and CFS conditions. (A,B) Baseline-corrected pupil diameter (i.e., pupil change) as a function of time from stimulus onset. (C,D) Mean pupil change during the last second of the stimulus interval. Error bars represent standard error of the mean (s.e.m) across our 21 observers.



A 2 × 2 ANOVA for repeated measures was carried out on the mean pupil size during the stimulus interval (shown in Figures 2C,D) with Condition (no-CFS vs. CFS) and Image Type (sun vs. scrambled) as main factors, revealing a significant interaction (F1,20 = 12.835, p < 0.01). The statistical significance of the interaction term means that the pupil difference between sun and scrambled images varies across conditions. This indicates that the CFS procedure was able to modulate the “sun-pupil effect” and suggests that the level of conscious awareness of the images is important for determining the pupil response they evoke. Note that the same conclusions hold when analyzing pupillary responses in trials when the sun/scrambled images were seen or unseen (Figure S1, collapsing no_CFS trials and trials in which CFS failed to suppress awareness of the images, and comparing them with trials in which CFS was successful in suppressing awareness). The conclusions also hold when analyzing only a subset of trials where both the average luminance and the spatial profile of luminance are matched between sun and scrambled images (Figures S2, S3).

To further investigate the effect of suppressing images from conscious awareness, we focused on the CFS condition and analyzed pupil responses separately in trials where CFS failed to suppress awareness of the sun/phase-scrambled pictures and where it succeeded in suppressing pictures visibility. Because different participants contributed an uneven number of trials, this analysis was conducted with a Linear Mixed Model approach (see methods). Figure 3 shows the distribution of pupil responses when the sun pictures or the phase-scrambled images were displayed for the no_CFS condition (panel A), and separately for trials where CFS was successful at making the pictures invisible (panel C) and trials where pictures remained visible despite CFS (panel B). In the latter case, like in the no_CFS condition, there was a clear and reliable difference between pupil responses to the sun pictures and their phase-scrambled versions. In line with this, the Linear Mixed Model analysis revealed a significant interaction (F(2, 1970) = 7.786, p < 0.001) between the factors “Image Type” (sun vs. phase-scrambled) and “Suppression Condition” (no_CFS vs. failed CFS vs. successful CFS). The same significant interaction holds when selecting only CFS trials, failed and successful (F(1, 956) = 4.842, p < 0.05) indicating that the sun-scrambled pupil difference depends on the awareness of the images. Post-hoc t-tests indicated a significant effect of Image type in the no-mask [two-sample t-test: t(510, 506) = 6.71, p < 10−5] and failed CFS [t(186, 214) = 3.50, p < 0.001] conditions. However, there was no reliable difference between pupil responses to the sun and phase-scrambled pictures in trials where they were not consciously perceived, due to successful CFS [t(295, 265) = 0.01, p = 0.994]. For each of these t-tests, we computed the JZS Bayes Factor (49), which quantifies the amount of evidence against or in favor of the null hypothesis (i.e., that sun and phase-scrambled pictures evoke equal pupil responses): a BF smaller than 0.3 is strong evidence in favor of the null hypothesis; a BF larger than 3 is strong evidence against it. In the no-mask and the failed CFS condition, Bayes Factors were >30. In the successful CFS condition, however, the Bayes Factor was 0.094: strong evidence in support of the null hypothesis, or equal pupillary response to the sun and scrambled images.
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FIGURE 3. Pupil changes (relative to the pre-stimulus baseline) in individual trials (pooled across participants). Red and black distributions show pupil responses to sun and phase scrambled pictures, respectively, with their means indicated by vertical lines. (A) trials from the no CFS condition; (B) trials where CFS failed to suppress awareness of the picture; (C) trials where CFS successfully made the sun/scrambled pictures unseen.



Complementary to these post-hoc tests is another set of comparisons assessing the effect of CFS on pupillary responses to each image type (sun and scrambled). These indicate that the pupil dilation evoked by scrambled images was significantly reduced in successful CFS trials compared to failed CFS trials (t(186, 295) = 4.71, p < 10−5, BF = 3903), whereas the pupil response to sun images was the same (t(204, 265) = 1.00, p = 0.317, BF = 0.166). Due to a limitation of the experimental design, this result does not lend itself to an unequivocal interpretation (as discussed below).



DISCUSSION

A growing body of evidence shows the role that extra-retinal factors exerts on the pupil diameter, challenging the notion that the pupillary light response is merely a reflex. The aim of the current study was to determine whether these modulations require visual awareness. In agreement with previous research (11, 12), we observed pupil constrictions to pictures of the sun relative to their phase-scrambled versions. However, this effect was only present when participants were aware of such stimuli, namely when the mask was replaced by a blank background (no_CFS) or when the stimuli broke through suppression and became consciously visible (failed_CFS). The effect disappeared when stimuli were made invisible (successful_CFS). Importantly, any potential difference in the luminance profile of the stimuli cannot account for the effect, implying that retinal and subcortical processing alone are insufficient to explain changes in pupil response. Instead, the pupil needs conscious (high-level) processing to be able to distinguish between sun and phase-scrambled pictures. This finding is in line with the large literature on CFS, showing that suppressing a stimulus from conscious awareness limits its perceptual processing, especially for complex high-level stimulus properties (28, 37).

The hypothesis of a high-level modulation of pupil diameter is supported by numerous studies demonstrating changes in pupil response during high-level cognition, including spatial attention (6–8, 50), imagery (9), memory (51), decision-making (52), contextual (10–12), and semantic processing (13). Relevant to the present work is the observation of pupil modulations during binocular rivalry of stimuli with different luminance, whereby pupillary dilations were associated with perceptual transitions from bright to dark stimuli, and pupillary constrictions with transitions from dark to bright stimuli (15). Similar to Naber et al. (15), we found that under constant retinal illumination, pupil size adjusts according to the dominant percept. However, in our case, pupil size is independent of actual luminance of the dominant image [as was in Naber et al. (15)] but depends on high-level visual analyses producing a differential pupil response to pictorial representations of a high-luminance object (the sun) vs. a meaningless image matched in luminance and contrast (scrambled).

Note that, when images were successfully suppressed from visual awareness, the pupillary response was dominated by constriction—not dilation, as could be expected if the constriction in response to the sun image was selectively suppressed. This finding lends itself to two explanations. The first, which is hard to interpret, is that CFS only affects the pupil dilation in response to the scrambled images, leaving the response to sun images unaffected. The second, which we deem more sound, is that successful CFS trials are associated with enhanced pupil constriction because the high-contrast Mondrian mask-pattern dominates perception in these trials. This is a very reasonable scenario, given that high contrast images are known to generate pupillary constriction, provided that they are cortically processed [as reviewed in Barbur (53)], and given previous evidence shows that, when different stimuli are presented to the two eyes, pupillary responses are primarily driven by the consciously perceived stimulus (15). This constriction response to the mask-pattern confounds the interpretation of the individual pupil traces in response to the sun and scrambled images, leading to our inability to establish whether CFS interferes more with the response to one or the other image type. However, this does not confound our ability to compare the sun-scrambled difference in pupil response across conditions, and affirms that this is reduced in successful CFS trials, implying that CFS hampers the signals that differentiate sun and scrambled images for the purpose of generating a pupillary response.

What are these signals, and how do they affect pupil control? The pupillary light reflex relies on a simple subcortical system: from the retina, luminance signals are relayed to the olivary pretectal nucleus, which activates the parasympathetic neurons of the Edinger-Westphal nucleus to induce pupillary constriction (54). Our findings along with several pupillometry studies lead to the suggestion that the pupilloconstrictor activity must incorporate input from a separate pathway: a brightness signal from the visual cortex, which is sensitive to the top-down effects described above [see also (55)]. This idea is further corroborated by a recent study on patients with Parinaud's syndrome (56), a rare condition following selective lesions of the subcortical pretectal area; although the pupillary reflex was depleted in these patients, remarkably their pupil size was modulated by attention. This indicates that pupil response may be regulated by multiple pathways, some of which are cortically-mediated. Together with the present results, this implies that pupil control incorporates information from relatively complex cortical visual processing. This conclusion is line with direct evidence from cortical lesion patients, who have atypical pupillary responses to light (e.g., 20–23) and to contrast, which are tightly linked to their residual (sometimes unconscious, e.g., blindisight) visual abilities (57).

Although a high-level cortical site appears to be the most likely origin for the signals controlling the pupil sun-scrambled differential response, we cannot exclude the possibility that both the perceptual suppression and the suppression of the pupil response in fact originate at an earlier site. Our two image categories (sun and scrambled) were matched in luminance and (for many images, see Figures S2, S3) in the gross spatial profile of luminance. However, many simple visual features were eliminated by the phase scrambling procedure, including local contrast at lines and edges (58). Further insight into the neural underpinning of this effect could be gained by creating alternative control images, through novel scrambling methods [e.g., (59)].

A note on the size of pupil modulations is in order. The pupil modulations we report here are 0.1 mm and less. These are similar in size to the effects of other perceptual and cognitive variables found to affect pupil size: while light responses are often in the range of 1 mm and more (2), 0.05–0.1mm is the typical size of pupil responses to equiluminant contrast (53), motion direction changes (60), spatial attention (6), and feature-based attention (61), implying that pupil modulations in this range can be reliably measured (with eye-tracking apparatus comparable to the one used here). Albeit measurable, 0.05–0.1 mm pupil change is very small compared to the full range of pupil size (2–9 mm). Appreciation of this point is important to guide speculations on the functional relevance of this and other cognitive and perceptual influences on pupil size. Some have argued that these influences could “optimize” the optics of the eye for specific perceptual and cognitive tasks, given that pupil diameter is known to affect the light adaptation state of the retina (62) and visual spatial resolution (63). However, there is no evidence that changing pupil diameter by a fraction of mm has any measurable consequence on vision. Thus, it is possible that the importance of these small pupil modulations does not lay in their impact on perception, but in their usefulness as indices to track the contents of perception or cognition. Specifically, here we have shown that pupil size is a sensitive and accessible index of visual awareness, which can precisely track the contents of consciousness on a trial-by-trial basis. As such, pupillometry may prove to be an important tool for the study of consciousness that could overcome methodological limitations of introspective reports when assessing perceptual experience.
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Sleepiness is commonly seen as reflecting the basic physiological need to sleep and is associated with physiological and neurobiological changes. Subjective evaluations of sleepiness, however, are neither representative of cognitive and physical performances, nor of physiological sleepiness. Finding a simple, rapid, and objective marker of sleepiness is essential in order to prevent errors and accidents, but this has remained largely unsuccessful. The aim of this study was to determine whether the baseline pupil diameter is a physiological biomarker of sleepiness at all times of day and to isolate the regulatory components involved. Twelve healthy men (20–29 years old) participated in a 56-h experimental protocol, including a 34-h constant routine paradigm with enforced wakefulness. This protocol was used in order to eliminate the potential influence of all environmental rhythms and reveal the endogenous circadian rhythmicity of two physiological measures: sleepiness and pupil diameter. Sleepiness was assessed subjectively every hour on a computerized 10 cm visual analog scale and pupil size was recorded every 2 h with a hand-held video-pupilometer. Our results revealed that subjective sleepiness increased linearly with time awake and displayed a circadian rhythm. Baseline pupil diameter showed a linear decrease with time spent awake as well as a circadian 24-h rhythm. This is the first evidence of a circadian variation of the baseline pupil size in a highly-controlled constant routine paradigm conducted in very dim light conditions. An overall negative correlation between the size of the pupil and the subjective level of sleepiness was observed. Analyzing the contribution of the two sleep regulation components in this correlation, we further showed: (1) a negative correlation between the homeostatic sleep pressure components, (2) a negative correlation between the circadian drives only during half of the 24 hours, corresponding to 62% of the biological day and 25% of the biological night. These results highlight that, due to the dual regulation of sleepiness by the homeostatic and circadian processes, baseline pupil diameter is an index of sleepiness only at certain times and therefore cannot be used as a systematic and reliable biomarker of sleepiness.

Keywords: pupil diameter, sleepiness, circadian rhythm, sleep pressure, constant routine


INTRODUCTION

Sleepiness reflects the basic physiological need to sleep, and is classically recognized by yawning, eye rubbing and nodding (1). These behavioral changes are generally associated with neurobiological correlates such as cognitive decrements, microsleep episodes and an increase in alpha and theta activity in the EEG signal (2). Sleepiness results from the combination of a homeostatic process and a circadian process (3, 4). The homeostatic drive (process S) increases with wakefulness and decreases during sleep. The circadian drive (process C) relies on the self-sustained rhythmic 24-h activity of the endogenous biological clock, located in the suprachiasmatic nucleus (SCN) of the hypothalamus. These two processes interact to control the timing of sleep and wakefulness. Interestingly, their seemingly paradoxical drive, i.e. the high homeostatic sleep pressure at the end of the day together with the concomitantly high circadian pressure promoting wakefulness, is crucial to consolidate wakefulness during daytime and sleep at night (4).

Monitoring sleepiness is crucial in order to prevent accidents in everyday life conditions; for example in monotonous jobs, when driving a vehicle, or during night work. Yet, the assessment of sleepiness is also essential in patients suffering from sleep disorders, in order to diagnose and monitor excessive sleepiness or to evaluate the efficiency of a treatment. Different technics based on the measurement of objective physiological responses such as heart rate, skin conductance, reaction time, sleep latency, or pupil variations have been tested to estimate the level of sleepiness (5, 6). In clinical practice, sleep tendency during the day is commonly assessed by two validated tests: the Multiple Sleep Latency Test (MSLT) and the Maintenance of Wakefulness Test (MWT). However, both tests take almost a day to be conducted and sometimes need to be scheduled months in advance in a sleep clinic. Therefore, the need for a faster and more convenient biomarker of sleepiness is undeniable (6).

The eye has been the target of numerous studies on sleepiness as the opening or closing of the eyelids is one of the major differences between the states of sleep and wake. Indeed, the first studies using pupillometry as a biomarker of sleepiness emerged in the 1950s (7–9) and several variables have been studied over the years (6, 10–12). For example, psychological pupillography has been used in order to measure the percentage of eyelid closure during a vigilance task (11). The Pupillary Unrest Index (PUI) of the Pupillographic Sleepiness Test (PST) has been used to detect spontaneous pupillary oscillations, by measuring infrared video pupillography in darkness (12). Similarly, baseline pupil diameters have been measured in darkness during wake and sleep (12, 13). At first sight, it seems that the baseline pupil diameter could be a good marker of sleepiness as the pupil is dilated during wake and constricted during REM sleep (13). During NREM sleep, pupil size oscillates between small and large pupil diameters reflecting sleep depth; the deeper the sleep, the more the pupil constricts.

The circuitry involved in the control of sleep engages the reticular activating system, which consists of several nuclei such as the ventral tegmental area, the raphe nuclei and the locus coeruleus (LC) (14, 15). Even though sleepiness is thought to be controlled by the same structures, the neural substrates involved have not been clearly identified. The parasympathetic drive has been shown to be higher during sleep stages than during relaxed wakefulness, suggesting an implication of the autonomic nervous system in sleepiness (16). Other mechanisms, such as adenosine have been proposed to participate in sleepiness and sleep pressure (17), by activating “sleep-active” neurons in the ventro-lateral preoptic area of the hypothalamus (VLPO).

Pupil diameter in constant darkness is regulated by the automatic nervous system; activation of the parasympathetic pathway induces pupil constriction whereas activation of the sympathetic pathway leads to pupil dilation (18). In everyday life, pupil size is strongly influenced by the ambient lighting. Light stimulates the classic photoreceptors (rods and cones) but also activates the recently discovered intrinsically photosensitive retinal ganglion cells (ipRGCs), also known as melanopsin-containing retinal ganglion cells. These ipRGCs axons constitute the retino-hypothalamic tract (RHT) and project, among other structures, to the olivary pretectal nucleus (OPN), a brain region involved in the control of the pupillary light reflex (PLR) (19).

In sleepy subjects who are in the dark, the pupil size decreases and large spontaneous oscillations, called sleepiness waves, appear (10, 20–23). The intensity of these sleepiness waves increases with the duration of sleep deprivation (24). On the opposite, in non-sleepy subjects, the pupil remains constantly dilated in darkness. When comparing the pupil diameter in sleep deprived and alert conditions in the same participants, the pupil size is significantly smaller in sleep deprivation conditions (25, 26). Similarly, a large pupil size is associated with high levels of cognitive effort (27). A relationship between pupil diameter and sleepiness has also been observed in pathologies such as narcolepsy, with narcoleptic patients, who suffer from excessive daytime sleepiness, showing smaller pupil diameters than healthy participants, both in ambient light and in darkness (28).

Despite the numerous studies that have examined the relationship between alertness and pupil diameter, discrepancies remain. Certain studies have identified an association between high sleepiness and small pupil size (20, 25, 27–29) whereas others have not observed such a correlation between the two responses, both for intra-individual (30) and inter-individual correlations (31). It is important to highlight that these pupillometry and sleepiness measures were conducted either in the morning, the afternoon, the evening, or at night, depending on the study. Surprisingly, and even though this could explain the disparity in the results, the time-of-day effect has rarely been taken into consideration, suggesting that the role of the circadian system, both in regulating sleepiness and possibly pupil diameter, has been forgotten in these analyses.

To the best of our knowledge, only three studies have looked at the time course of the pupil diameter over the 24 hours (23, 26, 32). Loving and collaborators (32) measured pupil diameter in healthy adults every 30 min during a 24-h episode of constant wakefulness (sleep deprivation protocol) in ambient red light (<100 lux) and showed no variation of pupil size, suggesting no relationship between sleep debt and pupil size. In a 27-h paradigm with an ultradian sleep/wake cycle (15 min nap opportunity every hour) with ambient light (80 lux), Ranzijn et al. (26) observed that the baseline pupil diameter became smaller with progressive sleep loss, but this variation was not correlated to subjective sleepiness. Wilhelm et al. (23) conducted a 30-h enforced wakefulness protocol in constant low light levels (2 cd/m2) with measures every 2 h, and revealed a decrease in pupil diameter and an increase in subjective sleepiness as time spent awake increased. Nevertheless, no studies have analyzed how sleepiness and pupil size covary as a function of time of day.

The objective of our study was to determine whether the baseline pupil diameter is a physiological biomarker of sleepiness at all times of day and to isolate the regulatory components involved (homeostatic and circadian). We used the highly controlled constant routine procedure in healthy individuals to separate and investigate how these two processes correlate with pupil diameter at different times of day. We hypothesized that the relationship between pupil diameter and sleepiness is not linear, simply related to the homeostatic drive for sleep, but more complex than previously thought, and involving the circadian system.



MATERIALS AND METHODS


Participants

Twelve healthy men (20–29 years old, mean = 22.7 ± 3.3 years old; BMI = 21.8 ± 3.1 kg/m2) were included in this study. Neurological, psychiatric and sleep disorders were excluded by physical examination and psychological questionnaires (Pittsburg Sleep Quality Index Questionnaire and Beck Depression Inventory) (33, 34). Participants had an intermediate chronotype (Horne and Ostberg Chronotype Questionnaire score between 31 and 69) and did no shift work, nor transmeridian travel during the previous 3 months (35). Participants had normal visual acuity (Landolt Ring Test and Monoyer scale), contrast vision (Functional Acuity Contrast Test) and color vision (Farnworth D-15 and Ishihara Color Test). All experimental procedures were carried out in accordance to the principles of the Declaration of Helsinki. The study was approved by the local Research Ethics Committee (CPP Lyon Sud-Est II) and participants provided written informed consent.



Study Design

Participants were instructed to maintain a regular sleep-wake schedule (bedtimes and waketimes within ± 30 min of self-targeted times) for 1–3 weeks before admission to the laboratory, and this was verified by wrist activity and light exposure recordings (ActTrust, Condor Instruments, São Paulo, Brazil). Subjects were then admitted to the laboratory for a 56-h experimental protocol (Figure 1) where they were maintained in an environment free from external time cues (clocks, television, smartphones, internet, visitors, sunlight, etc.). Subjects maintained contact with staff members specifically trained to avoid communicating time of day or the nature of the experimental conditions to the subjects. Participants arrived around 10:00 on the first day, they familiarized themselves with the laboratory environment, the low light levels (~0.5 lux), the equipment, and the measurements. A series of measurements were carried out until bedtime (participant's habitual bedtime), and an 8-h sleep episode was scheduled (constant darkness; recumbent position). This was followed by a 34-h constant routine protocol that started at the participant's usual waketime on day 2 and finished around 18:00 on day 3.
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FIGURE 1. Overview of the experimental protocol. After a habituation day (day 1) and an 8-h sleep episode, participants underwent a 34-h constant routine (CR: days 2 and 3). Subjective sleepiness was measured every hour (blue star) and pupil size was recorded every 2 h (red circle). Participants arrived around 10:00 on day 1 (down arrow) and left the protocol around 18:00 on day 3 (up arrow).





Constant Routine Protocol

A Constant Routine (CR) paradigm was used in order to reveal the endogenous circadian rhythmicity of different parameters. The CR is conducted under constant environmental conditions, in order to eliminate or distribute across the circadian cycle the physiological responses evoked by environmental or behavioral stimuli (i.e., sleeping, eating, changes in posture, light intensity variations) (36, 37). In practical terms, participants were asked to remain awake for 34 h with minimal physical activity, while lying in a semi-recumbent (45°) posture in bed. This posture was also maintained for urine samples and bowel movements. Room temperature (mean = 23°C ± 0.6) and ambient very dim halogen light remained constant. Light intensity was homogeneous in the room (~0.5 lux at the participant's eye level in all gaze directions). Participants were given small equicaloric snacks and fluids at hourly intervals, to maintain an equal nutritional caloric intake and stable hydration across the circadian cycle. Caloric requirements were calculated with use of the Wilmore nomogram to determine the basal metabolic rate and were adjusted upward by a 7% activity factor (38, 39). Fluid intake was calculated for each subject to account for the sedentary nature of the CR (38). A study staff member remained in the room with the participant at all times during the CR to monitor wakefulness and to ensure compliance to study procedures.



Sleepiness Evaluation

Sleepiness was assessed subjectively every hour on a computerized 10 cm visual analog scale (VAS) ranging from 0 (no sleepiness) to 10 (maximum sleepiness).



Pupillometry

Pupil size was recorded every 2 h with a hand-held monocular video-pupilometer (Neurolight, IDMed, Marseille, France). This device, placed at 25 mm from cornea surface, detected pupil margins under infrared illumination (two infrared LED lights with a peak at 880 nm) and continuously tracked the pupil diameter. The pupilometer was placed in front of the participant's left eye and held steadily by the experimenter (Supplementary Figure 1). The participant was asked to keep the left eye wide open (without blinking) and to look straight ahead. During the measurement, the experimenter could see the pupil on the screen of the device and check that the device was correctly placed on the participant's eye. This measurement was conducted in complete darkness as the right eyelid was closed and covered by the participant's hand and the left eye was covered by the device. Before each measurement, we also questioned the participant in order to ensure that the participant did not detect any ambient lighting. The baseline pupil diameter was detected over a 5 s segment in darkness (without adaptation), with a sampling rate of 62 Hz and was determined by calculating the median pupil diameter during the stable portion of this 5 s measurement. Pupil diameter was recorded in mm in the output file of the pupilometer. Pupil diameter was considered abnormal when values were above 9 mm or below 2 mm. Artifacts were defined when an absolute change between 2 samples (sampling rate of 62 Hz) was above 0.15 mm (which corresponds to a change of approximatively 9.3 mm per second).



Data Analysis

The sleepiness and pupil size measurements conducted during the first 2 h after waketime were removed from all analyses because sleep inertia has been shown to impair physiological responses such as alertness and cognitive function (40, 41). An outlier test was also applied on raw sleepiness and pupil diameter data, which identified no outliers in the datasets. To reduce inter-individual variability, all data were normalized by calculating individual z-scores (except for the analysis on raw values described in the Supplementary Material). For temporal analysis all values were plotted (32 values for sleepiness and 16 values for pupil size). For correlations, only half of the sleepiness values were used (measure every 2 h, starting 3 h after waketime), in order to have the same number of points for sleepiness and pupil size. After verification that data were normally distributed (Shapiro-Wilk test), Pearson correlations were computed between pupil diameter and sleepiness scores collected over the 34-h constant routine. To model the effect of time on the responses, the two main components regulating sleep (process S and process C) were modeled on the 34-h constant routine dataset. The homeostatic component (process S) of the data was regressed by a linear model on z-score transformed values (after removal of the sinusoidal trend): f(time) = y0 + a × time. Circadian rhythmicity (process C) was determined on linearly detrended z-score values using a sinusoidal regression model: [image: image]; Tau (circadian period) was constrained between 23.5 and 24.5 h (42, 43). Statistics were computed with R (Version 3.5.1, 2018-04-23, R Foundation for Statistical Computing, Vienna, Austria) and SigmaPlot (Version 12.0, Systat Software, San Jose, CA). Results were considered significant for p < 0.05.




RESULTS


Correlation Between Baseline Pupil Diameter and Subjective Sleepiness

To determine if there was an overall association between the size of the pupil and the level of subjective sleepiness during the 34-h constant routine protocol, all 16 values of all 12 participants were plotted on the same graph. The analysis on raw values revealed no correlation between subjective sleepiness and pupil diameter (p = 0.23; Supplementary Figure 2). In order to reduce inter-individual variability, all future analyses were conducted on normalized data (z-score calculation). Indeed, the negative correlation between pupil diameter and sleepiness is illustrated on Figure 2; the higher the sleepiness level, the lower the pupil diameter (R2 = 0.09; p ≤ 0.0001; Figure 2). In order to separate the potentially different relationships between pupil size and sleepiness during daytime and during nighttime, data were segregated into 4 time-episodes: CR daytime 2 (first 16 h of the constant routine protocol, corresponding to habitual daytime), CR nighttime 2 (next 8 h of the protocol, corresponding to habitual nighttime), CR daytime 3 (last 10 h of the protocol, corresponding to the first 10 h of habitual daytime after a full night of sleep deprivation) and CR daytimes 2 and 3 combined (habitual daytime over 2 days). The same correlation analysis was conducted on each of these epochs. No correlations between pupil size and sleepiness were observed for CR daytime 2, CR nighttime 2, nor CR daytime 3 respectively (Figures 3A–C respectively). When CR daytime 2 and CR daytime 3 were pooled together, a negative correlation appeared, suggesting that the time of day is a factor that needs to be taken into consideration (R2 = 0.17; p ≤ 0.0001; Figure 3D).
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FIGURE 2. Correlation between individual baseline pupil diameter and individual subjective sleepiness (R2 = 0.09; p ≤ 0.0001).
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FIGURE 3. Correlation between individual baseline pupil diameter and individual subjective sleepiness. (A) CR daytime 2 (first 16 h of the constant routine protocol), no correlation (p = 0.34). (B) CR daytime 3 (last 10 h of the protocol), no correlation (p = 0.07). (C) habitual nighttime, no correlation (p = 0.78). (D) habitual daytime (CR daytime 2 and CR daytime 3 pooled together), negative correlation (R2 = 0.17; p ≤ 0.0001).





Effect of Time-of-day on Subjective Sleepiness

To further investigate the relationships between sleepiness and baseline pupil diameter, we analyzed the mechanisms responsible for their respective time course. Sleepiness was evaluated subjectively every hour during the 34-h constant routine (Figure 4A) and raw sleepiness values ranged from 0 to 10 cm with a mean of 3.6 ± 2.6 cm on the VAS. Two models were fitted on the data in order to model the two components of sleep regulation: a linear trend modeling homeostatic sleep pressure and a sinusoidal component modeling the circadian drive. First, a significant linear fit was observed, confirming that sleepiness increases with time spent awake (R2 = 0.78; p ≤ 0.0001; Figure 4B). Second, after removal of the homeostatic trend, a sinusoidal regression significantly modeled the data, with a peak of sleepiness at 04:30 and a trough at 16:30 (R2 = 0.80; p ≤ 0.0001; Figure 4C).
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FIGURE 4. Mean subjective sleepiness (n = 12). (A) normalized data (mean ± SD). (B) linear regression, after removal of the sinusoidal trend. Sleepiness increases with time spent awake (R2 = 0.78; p ≤ 0.0001). (C) sinusoidal regression, after removal of the linear trend; (R2 = 0.80; p ≤ 0.0001).





Effect of Time-of-day on Baseline Pupil Size

Pupil diameter was measured every 2 h throughout the whole 34-h constant routine (Figure 5A) and raw pupil size values ranged from 5.8 to 8.7 mm with a mean of 7.4 ± 0.7 mm. A statistically significant linear regression was found between pupil diameter and time elapsed since waketime (R2 = 0.69; p ≤ 0.0001; Figure 5B). Pupil size decreases as time spent awake increases. Moreover, a statistically significant sinusoidal fit was found on linearly detrended data, with the largest pupil size at 22:30 and the smallest at 10:30 (R2 = 0.91; p ≤ 0.001; Figure 5C).
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FIGURE 5. Mean baseline pupil diameter (n = 12). (A) normalized data (mean ± SD). (B) linear regression, after removal of the sinusoidal trend. Pupil size decreases with time spent awake (R2 = 0.69; p ≤ 0.0001). (C) sinusoidal regression, after removal of the linear trend (R2 = 0.91; p ≤ 0.001).





Separation of the Two Sleep Regulatory Components: Process S and Process C

We previously showed that the time course of sleepiness and pupil size are influenced by two components (homeostatic sleep pressure and circadian variation). We have isolated each component in order to observe, on one hand, the correlation between the linear processes of sleepiness and pupil size (Figure 6A) and, on the other hand, the correlation between the sinusoidal processes of these responses (Figure 6B). First, the homeostatic models of sleepiness and pupil size, illustrated on Figure 6A, showed that these responses covaried linearly but negatively. The pupil diameter decreased with time awake whereas sleepiness increased, partly explaining the negative correlation between the two responses observed in Figure 2. Indeed, we found a significant negative correlation between the linear processes of sleepiness and pupil size, revealing that sleepiness was high when the pupil size was small (R2 = 0.06; p ≤ 0.001; Figure 7). Second, Figure 6B showed that the circadian drives of sleepiness and pupil diameter did not covary in phase (maximum pupil size at 22:30 and maximum sleepiness at 04:30.), with a 6-h phase-lag between the two rhythms. This lag allowed us to identify two different segments of time over the 24 hours: (1) the times of day when both responses vary in the same direction (both decrease or both increase) and (2) the times of day when they vary in opposite directions (one decreases when the other increases). The correlation between the circadian drives were therefore analyzed over the entire constant routine and during these two segments of time. We found a negative correlation between pupil size and sleepiness over the whole 24 hours (R2 = 0.03; p ≤ 0.02; Figure 8A) and also specifically when the two curves varied in the same direction (yellow shaded areas; between 4:30 and 10:30 and between 16:30 and 22:30; R2 = 0.09; p ≤ 0.005; Figure 8B). However, no correlation was found when they varied in opposite directions (pink shaded areas; between 10:30 and 16:30 and between 22:30 and 4:30; Figure 8C). These results demonstrate the presence of an association between the circadian drives for pupil size and sleepiness only during half of the 24-h day (in the morning and in the evening), or during 62% of the biological day and 25% of the biological night.
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FIGURE 6. Modeling of the two components of sleep regulation on baseline pupil diameter (blue line) and on sleepiness (red line) illustrated over a 24-h segment. (A) linear models of the effect of homeostatic sleep pressure on pupil size and sleepiness (after sinusoidal detrend). (B) sinusoidal components modeling the circadian drive on pupil size and sleepiness (after linear detrend). The yellow shaded areas correspond to the episodes of time where the circadian components of pupil diameter and of sleepiness vary in the same direction. The pink shaded areas correspond to the episodes of time where the responses change in opposite directions.
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FIGURE 7. Correlation between the homeostatic components of pupil diameter and subjective sleepiness (R2 = 0.06; p ≤ 0.001).
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FIGURE 8. Correlation between the circadian components of pupil diameter and subjective sleepiness. (A) all values across the 34-h constant routine segment (R2 = 0.03; p ≤ 0.02). (B) values when 2 curves vary in the same direction (between 4:30 and 10:30 and between 16:30 and 22:30; R2 = 0.09; p ≤ 0.005). (C) values when 2 curves vary in opposite directions (between 10:30 and 16:30 and between 22:30 and 4:30; p = 0.57).






DISCUSSION

Our results show that the correlation between the size of the pupil and the subjective level of sleepiness is not systematic and that the pupil diameter cannot be a simple proxy for sleepiness. Sleepiness increases linearly as time spent awake increases and displays a circadian rhythm across the constant routine protocol. Pupil diameter shows a linear decrease with time spent awake, superimposed to a circadian 24-h rhythm. The separation of the two sleep regulatory processes (process S and process C) revealed that both homeostatic (S) processes correlate negatively. However, focusing the analysis on circadian (C) processes showed that the negative correlation between the two responses only appears at the beginning and the end of the biological day, but not in the afternoon or during the biological night.


Time-of-day Effect on Subjective Sleepiness

The subjective level of sleepiness increases as time spent awake and sleep pressure increases. This linear relationship between sleep pressure and subjective sleepiness (evaluated by the Stanford Sleepiness Scale or SSS) had already been identified in previous studies (23, 24). This homeostatic regulation of sleep (process S) could be explained by the accumulation of adenosine during wakefulness (17). A circadian variation of sleepiness (process C), modeled by a sinusoid regression, has also been identified, with a peak of sleepiness at 4:30. These data confirm previous results showing the existence of a 24-h rhythm of sleepiness (evaluated by the Karolinska Sleepiness Scale or KSS), and suggesting its control by the human endogenous circadian clock, located in the SCN (44, 45).



Time-of-day Effect on Baseline Pupil Diameter

We found that the size of the pupil showed a linear trend with time awake, suggesting that it is linked to the homeostatic increase in sleep pressure that occurs during the day. Therefore, the higher the sleep pressure, the smaller the pupil diameter. This result is in line with the study of Wilhelm et al., who showed a linear decreasing trend in pupil diameter in constant semi-darkness during a 30-h forced wakefulness protocol (23). Likewise, Ranzijn and collaborators showed that the pupil diameter is smaller after a 27-h constant routine protocol in constant ambient lighting (80 lux), than before the protocol (26). In our study, the constant routine protocol, conducted in highly controlled laboratory conditions, also allowed the identification of a circadian rhythm of the pupil size. This is the first evidence that the baseline pupil diameter in constant very dim-light conditions follows a 24-h rhythm in mammals (peak at 22:30) and that the origin of this rhythm is endogenous, and likely controlled by the SCN. One of the pioneer studies, in 1951, showed that the pupil diameter was not constant across the day with measures every 3 h (46). In 1998, Wilhelm and collaborators performed two pupil size measurements in constant darkness (82 s baseline) and found no time-of-day effect: no significant difference between the size of the pupil in the morning vs. afternoon (21). This lack of difference between morning and afternoon pupil diameter could be explained by the combination of a small sample size (n = 7) and of an insufficient sampling rate (only 2 measures). Zele et al. did not observe a significant variation of baseline pupil diameter with circadian time (10 s baseline), despite the hourly measures and the control of a number of environmental cues. The endogenous oscillation might have been masked by the lighting environment in 10 lux (compared to ~0.5 lux in our study) (47). On the opposite, a time-of-day effect of pupil size was shown by Kraemer et al. by measuring pupil diameter for 10 min every 2 h (after 2 min of dark adaptation) during a 16-h protocol (48). A few years later, Eggert et al. measured pupil size at two time points (once in the morning and once in the afternoon; 82 s baseline) on a large number of participants and they observed a smaller pupil diameter in the afternoon compared to the morning in constant darkness (12). Overall, the literature is not entirely consensual on the existence of a time-of-day effect on pupil diameter. This could be explained by the methodological differences in the protocols, such as ambient lighting ranging from darkness in some studies to relatively strong light (100 lux) in others, and/or the duration of the baseline pupil diameter measurement (values ranging from a few seconds to several minutes).



Correlation Between Subjective Sleepiness and Baseline Pupil Size

Sleepiness increased linearly whereas pupil diameter decreased linearly with time spent awake, revealing an overall negative correlation between the two responses. This correlation between pupil size and sleepiness was previously shown by a number of authors (20, 23, 25, 28, 29). Similarly, an association between pupil size and vigilance states (evaluated by measuring response times) has also been observed (27). However, other experiments with frequent pupillary measures did not find this association (24, 26, 30). The separation of the data according to the time of day (daytime = CR daytimes 2 & 3; nighttime = CR nighttime 2) revealed a correlation between the two responses during daytime only. This analysis allowed us to observe the changes in the relationship between pupil size and sleepiness, identifying for the first time that the pupil is a marker of sleepiness only at certain segments of the 24-h rhythm and therefore suggesting that their association is not solely linear.



Pupil Size as a Marker of Homeostatic (Process S) and Circadian (Process C) Sleepiness

The results of our study show that sleepiness and pupil size have opposite linear trends, and reveal that they also follow a 24-h rhythm. The linear trends suggest that the homeostatic component of pupil size could be a marker of homeostatic sleepiness and the 24-h rhythms suggest that circadian variation of pupil size could be a marker of circadian sleepiness. However, the peak of the circadian variation of sleepiness happens around 04:30, whereas the maximum pupil size is observed at 22:30, suggesting that the two circadian rhythms are phase-lagged by approximately 6 h. This large phase difference excludes a causal relationship between circadian sleepiness and circadian pupil size and suggests that they do not drive each other but that they are controlled by separate pathways, both depending on the circadian system. This phase-lag phenomenon between circadian rhythms is not unknown, and is in fact even classical. As an example, although body temperature and cortisol secretion are both driven by the circadian system, their rhythms are not in phase; while cortisol release peaks around habitual waketime, body temperature peaks 9 hours later (49).

The specific time epoch correlation analyses we have conducted according to circadian rhythmicity (signals varying in the same or in opposite directions) invalidate the use of pupil diameter as a reliable biomarker of sleepiness. Indeed, the fact that sleepiness and pupil size are not driven at the same circadian phase, makes pupil size a correlate of sleepiness only at certain times of the day (morning and evening, corresponding to 50% of the 24 hours,) and not at others. Along this line, a 24-h variation in the pupillary light reflex has been shown and interpreted as evidence that ipRGC activity is driven by the circadian system (47, 50). Given our results, the 24-h rhythm of pupil constriction should not be considered as a “pure” marker of circadian variation of ipRGC sensitivity to light.



Neurobiological Bases

Whereas the pupillary light reflex (PLR) depends on the activity of retinal photoreceptors (rods, cones and ipRGCs), the baseline pupil diameter in darkness is exclusively regulated by the autonomous nervous system (15, 22, 51). Wakefulness is associated with a large pupil size whereas during REM sleep small pupil sizes are observed (13). During anesthesia, a progressive dilation of the pupil indicates a greater loss of consciousness and a deepening of the anesthesia for certain anesthetics (18), however this has not been observed with other anesthetics, such as isoflurane (52). This result is in agreement with the literature and the results of our study, which show that overall as sleepiness increases, the pupil becomes smaller. Pupil dilation is known to originate from an activation of the sympathetic pathway or an inhibition of the parasympathetic circuitry (18). As it has been described by Samuels and collaborators (15, 53), an activation of the Locus Coeruleus (LC), conveyed to the VLPO, results in an increase in EEG signs of alertness, and a decrease in sleepiness. In parallel, an increased LC activity induces an increase in sympathetic activity and a decrease in parasympathetic activity, resulting in an increase in pupil diameter. This pupil dilation is mediated by the LC-Edinger-Westphal Nucleus (EW) pathway (15, 53). This dual circuitry shows that the LC influences both sleepiness and pupil diameter. This is in line with the results of Murphy and collaborators, who showed that there is a positive correlation between the pupil size and the BOLD signal in the LC (54). Therefore, we hypothesize that as sleepiness increases during the day, with the accumulation of homeostatic sleep pressure, the LC firing decreases, also inducing a decrease in pupil diameter. In this case the absence of stimulation of the fibers from the LC and the A1-A5 nuclei of the brainstem desinhibits the EW, which in turn activates the descending parasympathetic pathway, resulting in a pupil constriction (12, 15, 22). However, as we have seen previously, baseline pupil diameter and sleepiness do not simply vary linearly, as both of these responses also show a circadian rhythm, suggesting an interaction between the SCN and the LC. In this line, a circadian variation of the firing of the LC neurons has been observed in rats placed in constant darkness, with a faster firing rate during the active phase than during the inactive phase (55). Similarly, Takahashi et al. showed that in mice the noradrenergic neurons of the LC have a higher discharge rate during active wake compared to quiet wake, confirming that the LC is a wake-promoting structure (56). Here, we could hypothesize that the SCN regulates the LC activity, activating the LC neurons during the day and inactivating them during the night.



Limitations

This study exposes a few limitations. Firstly, the population examined in this study is only composed of men. However, we do not expect different results in women as no gender effect on pupillometry measures was observed by Eggert et al. on a large population (12). Similarly, although the amplitude of the circadian drive might be slightly more important in women vs. men, sleepiness has never been shown to be driven by different mechanisms (57). Secondly, the duration of the baseline pupil measurement was only 5 s, and one might think that a longer duration would be preferable. We do not think that our short segment is a problem, as the baseline measurements were very stable across and within subjects (mean SD < 0.05 mm), and ranged from (5.8 to 8.7 mm) which does not differ from those of previous studies (23, 25). Thirdly, even though we believe this is highly unlikely, we cannot exclude that exposure to very dim light intensity of ~0.5 lux may have had an effect on the pupil size subsequently measured in darkness. Fourthly, this protocol was conducted in an extremely controlled environment which does not reflect real life conditions, such as light exposure. Indeed, it is well known that light increases vigilance, decreases sleepiness and decreases pupil size (10, 58), suggesting that in real life conditions, the effect of light on the pupil could mask the effect of sleepiness that is hoped to be observed (59, 60).




CONCLUSION

Overall, our results show that even though baseline pupil diameter and sleepiness vary in opposite directions over the course of the day, their association is not that simple and is not solely the result of a homeostatic mechanism. The additional drive from the circadian timing system makes it more complex as it reveals an association only during half of the 24-h day, corresponding to 62% of the biological day and 25% of the biological night. These results demonstrate that due to the dual regulation of sleepiness by the homeostatic and circadian processes, baseline pupil diameter cannot be used as a reliable biomarker of sleepiness. Yet, finding an objective and convenient marker of sleepiness remains a priority as the subjective evaluation of sleepiness is not representative of performances or physiological sleepiness (20). Such a marker would be particularly useful to evaluate sleepiness in night workers, who are the highest at risk of making mistakes or injuring themselves (61, 62).
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This study examined the dynamic coordination between disconjugate, vergence eye movements, and pupil size in 52 normal subjects during binocular disparity stimulation in a virtual reality display. Eye movements and pupil area were sampled with a video-oculographic system at 100 Hz during performance of two tasks, (1) fusion of a binocular disparity step (±1.5° of visual angle in the horizontal plane) and (2) pursuit of a sinusoidally varying binocular disparity stimulus (0.1 Hz, ±2.6° of visual angle in the horizontal plane). Pupil size data were normalized on the basis of responses to homogeneous illumination increments ranging from 0.42 to 65.4 cd/m2. The subjects produced robust vergence eye movements in response to disparity step shifts and high fidelity sinusoidal vergence responses (R2 relative to stimulus profile: 0.933 ± 0.088), accompanied by changes in pupil area. Trajectory plots of pupil area as a function of vergence angle showed that the pupil area at zero vergence is altered between epochs of linear vergence angle—pupil area relations. Analysis with a modified Gath-Geva clustering algorithm revealed that the dynamic relationship between the ocular vergence angle and pupil size includes two different transient, synkinetic response patterns. The near response pattern, pupil constriction during convergence and pupil dilation during divergence, occurred ~80% of the time across subjects. An opposite, previously undescribed synkinetic pattern was pupil constriction during divergence and pupil dilatation during convergence; it occurred ~15% of the time across subjects. The remainder of the data were epochs of uncorrelated activity. The pupil size intercepts of the synkinetic segments, representing pupil size at initial tropia, had different relationships to vergence angle for the two main coordinated movement types. Hippus-like movements of the pupil could also be accompanied by vergence movements. No pupil coordination was observed during a conjugate pursuit task. In terms of the current dual interaction control model (1), findings suggest that the synkinetic eye and pupillary movements are produced by a dynamic switch of the influence of vergence related information to pupil control, accompanied by a resetting of the pupil aperture size at zero-vergence.

Keywords: convergent eye movements, virtual environment, pupil responses, synkinesias, human


INTRODUCTION

Visual cues for locating three-dimensional objects include binocular disparity, blur, and size change. These cues are used to control disconjugate (convergence and divergence) eye movements that track objects as they vary in depth. Binocular disparity drives an extraocular control process named fusional convergence, while blur-driven eye movements are termed accommodative convergence. These disconjugate eye movements are accompanied by pupil size changes and lens accommodation. For example, when tracking an approaching object, the “near triad” synkinesis (2) is a coordinated execution of convergent eye movements, pupillary constriction (miosis), and increased lens curvature. The opposite response occurs when one tracks a receding object; the eyes will diverge, pupil dilate, and the lens curvature decreases. The dynamic interactions between accommodation and accommodative vergence eye movements have been studied extensively and modeled quantitatively (3–5). This study examines dynamic coupling between vergence eye movements and pupil control during binocular disparity vergence tasks.

Instantaneous pupil size reflects several control signals to sympathetic and parasympathetic preganglionic neurons. The most extensively studied dynamic pupillary control system is the consensual pupillary light response, the adjustments of pupil size for ambient illumination (6–12). The pupillary component of accommodative responses has been termed the “pupillary near reflex” (13, 14). Physiological hippus, a spontaneous fluctuation in pupil diameter at a dominant frequency of ~0.5–0.7 Hz, is produced by variations in central parasympathetic drive (15). Slower pupillary fluctuations related to respiratory cycle control and/or respiratory sinus arrhythmia also appear to be modulated by variations in parasympathetic outflow (16). Finally, factors such as attentional load and task experience can influence pupil size during performance of cognitive tasks (17). These cognitive influences appear to be mediated by a central network that includes descending cortical pathways to the supraoculomotor area and surrounding reticular formation (1, 18, 19).

Concepts of control of the pupillary component of the near response were summarized recently in a modified dual interaction model by McDougal and Gamlin (1), which posits a central interaction between blur and binocular disparity controllers (3) that is upstream to their individual contributions to pupillary size control. Their model includes a pupillary light reflex pathway, influenced by global luminance pathways through the pretectum (Figure 1). Independent assessment of these subsystems is clearly possible and it would both test and refine these operating models of coordinated extraocular muscle and pupil motor activities.
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FIGURE 1. Dual interaction model for coordinated control of vergence eye movements and pupil size. This basic dual interaction model (1) includes separate paths for the influence of blur, binocular disparity, and global illumination on lens curvature, pupil size, and ocular convergence. Blur provides primary control for lens adjustments, binocular disparity drives convergence (to prevent diplopia), and global illumination drives the pupillary light reflex.



This study uses a virtual reality display system to introduce binocular disparity alone, with neither blur of the image nor changes in ambient illumination. This selective stimulus allows a comparison of eye movement and pupillary size control during a binocular disparity step task, a binocular disparity pursuit task, and a versional pursuit task at the same frequency. The model predictions are then analyzed on two scales. A macroscale analysis examines vergence eye movement response as the product of a simple transfer function model for the binocular disparity resolution controller. The coupled component of the pupil response is represented by a transfer function from the literature (9), which assumes that pupil size at zero vergence remains invariant. A microscale analysis, on the other hand, uses time series approaches to identify epochs of synkinetic relationships between vergence eye movements and pupil area, which include gain differences and changes in both the range and the center of the range for pupil area regulation. These latter analyses demonstrate that the coordination of extraocular muscle-driven vergence and pupillary area during dynamic vergence pursuit differ from the features revealed by the traditional step testing (steady state measurements at two fixation points or binocular disparities). More significantly, the disparity-induced convergence pursuit task revealed previously undescribed, synkinetic patterns of dynamic coordination of pupillary and extraocular muscle responses.



MATERIALS AND METHODS

Control subjects were recruited at Madigan Army Medical Center (35 subjects: 26 males, 9 females) and the University of Miami (17 subjects: 10 males, 7 females). Subjects ranged in age from 21 to 45 years [mean 28.7 ± 6.3 (S.D.) years]. Informed consent was obtained. Control subjects were selected who had no history of otologic or ophthalmologic disorders, and no history of traumatic brain injury or neurologic disorders. In addition, these control subjects were not taking any prescription or over the counter medicines that would impair or affect vestibular function or performance on the test battery. The project was approved by the IRBs at the University of Miami, Madigan Army Medical Center, and the University of Pittsburgh.

The experimental apparatus used in this study was a portable 3D head mounted display (HMD) system with integrated clinical eye tracking technology (I—PAS ™; I-Portal® Portable Assessment System, Neuro Kinetics, Inc., Pittsburgh, PA, USA). Within this device, each eye views an independent circular segment of a 1,920 × 1,080 pixel stimulus display that subtends a 60° diagonal field of view. The device has integral video-based eye tracking, performed under continuous 940 nm infrared illumination at a sampling rate of 100 Hz. Pupils are detected by identification of luminance boundaries. The pupil area is measured for each image, and eye position is calculated from the centroid of the identified pupil. Horizontal (±30° range) and vertical (±20° range) eye tracking spatial resolution is on the order of 0.02°, while spatial resolution for torsional eye movement (±10° range) is < 0.1°. Subjects can also adjust the focus of the video image across a 6 diopter range.

Neuro Kinetics VEST™ software was used to run the battery of tests and for data collection. All stimuli were rendered in the virtual environment that was created by the enclosed video display, and stimulus refresh rates were synchronized with the eye tracking sampling rate. Eye movement recordings were calibrated for a series of conjugate horizontal and vertical gaze shifts, using spot targets subtending ~0.1° of visual angle. For calibrating the pupillary light reflex, the subjects viewed a 5° (visual angle) disc centered on the visible area of each screen half, illuminated at intensities ranging from 0.42 to 65.4 cd/m2. For analysis of responses during vergence tasks, the pupil area (Araw) was normalized for each subject based on pupillary light reflex responses. The maximum (Amax) and minimum (Amin) pupil areas were determined separately for left and right eyes for responses to low (0.42 cd/m2) and high (65.4 cd/m2) brightness stimulus. The normalized values were calculated for each eye as Anorm = 100*(Araw−Amin)/(Amax−Amin); the instantaneous mean of the left and right pupil values was used for identification of synkinetic oculomotor and pupil response components.

Targets for the disparity fusion (“vergence tracking”) task were a white square with red center that covered ~ 0.1° visual angle of each eye. The total field luminance during presentation of the square, measured with a spot luminance detector incorporating a LDM-9901 sensor (Gigahertz-Optik, Germany), ranged from 0.05 to 0.06 cd/ m2. The vergence disparity step task began with the illuminated targets at a central fixation position for each eye. The targets were then shifted at 4 s intervals between a disparity requiring a 1.5° convergence and a disparity requiring a 1.5° divergence in order to achieve binocular fusion. Five cycles of alternating convergence and divergence were presented over a 40 s duration (Figure 2A). For the vergence pursuit (tracking) task, the trial began with illumination of the two monocular targets at the initial focal point phoria (equivalent to ~1 m in virtual depth). The target then moved smoothly through 3 cycles of a sinusoidal profile, such that the monocular targets moved simultaneously laterally and then medially to produce binocular disparity (i.e., the left eye target moved leftward while the right eye target moved rightward, then the left eye target moved rightward while the right eye target moved leftward) with a cycle duration of 10 s. During this sinusoidal movement, the maximum deviation of the response from the initial position was ±2.6° of visual angle in the horizontal plane. Since there is no stimulus blur introduced, the accommodation produced by this vergence angle is expected to be on the order of 0.5 diopter and to be linear with visual angle (20). For the versional smooth pursuit task, the stimuli monocular spots were moved sinusoidally to the left and then to the right (±10° excursion) with a cycle duration of 10 s.
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FIGURE 2. Examples of coordinated pupil and eye movements during the virtual binocular disparity vergence task. (A) Detrended data from two subjects (MP198 and MP202) during a step binocular disparity fusion task. The upper panel shows the normalized pupil area traces and the lower panel shows the ocular vergence angle relative to the tropia at calibration. (B) Detrended data from the same subjects for a binocular disparity tracking task at 0.1 Hz. Note the highly consistent vergence eye movements for both the binocular disparity step tasks and the disparity tracking tasks of both subjects. Data from MP198 before detrending are shown in the supplemental data section (Figure S1).



The calibrated data were exported as Excel files and analyzed with MATLAB (MathWorks, Natick, MA) and SPSS Statistics 24 (IBM). The eye movements in the disparity step task were modeled as the weighted sum of first order high and low pass representations of the vergence target position with a processing delay. Nonlinear least squares regression (“lsqnonlin.m” function in MATLAB) was used to estimate parameters for the vergence disparity response as a weighted sum of phasic ([image: image]) and tonic ([image: image]) processes, with delay tv and gains Kvh (phasic process) and Kvl, (tonic process), respectively. The delay parameter accounts for the reaction time to the binocular disparity step stimulus; it was set at zero for the binocular disparity pursuit task. Based upon Sun et al. (9), the pupil dynamics were fitted from the vergence data by a transfer function for pupil motion, [image: image], with delay tp and gain Kp, which estimates the near response sensitivity directly. Symmetry was tested by fitting separate gains for half-cycles of convergence vs. divergence and for half-cycles of pupil constriction versus dilatation.



RESULTS


General Observations

Both binocular fusion stimuli produced robust, high fidelity convergent, and divergent eye movements. The binocular disparity step stimuli produced an alternating sequence of rapid converging and diverging movements to fuse the disparate targets (Figure 2A, lower trace). The binocular disparity pursuit stimulus (Figure 2B) also produced a robust tracking sequence of divergent and convergent eye movements. These eye movements are a primary response to binocular disparity. They are accompanied by pupillary responses that vary during eye movements and between subjects. The deterministic properties and variability in the relationship between the pupillary responses and eye movements will now be examined for each disparity task.

The findings are described sequentially from the perspectives of macroscale and microscale behavior. Metrics of macroscale behavior were derived by (1) analysis of responses relative to the stimulus profile, and (2) analyses based upon a lumped parameter linear systems approach for eye and pupil movements from an entire trial. These approaches are presented initially for the binocular disparity step and binocular disparity pursuit tasks. These macroscale approaches assume that both the range and the center of the range for pupil area regulation are stationary during a measurement trial. The ensuing microscale perspective uses bivariate analyses of the coordinated trajectories of eye and pupil movements to characterize independent and synkinetic control epochs. This microscale analysis explicitly characterizes time-dependent behavior of the pupil regulatory range and its relationship to vergence angle regulation.



Macroscale Analysis Approach

Binocular Disparity Step

The binocular disparity step stimulus sequence produced alternating convergent and divergent eye movements, accompanied by a more variable modulation of pupil area (Figure 2A). Table 1A shows average measurements of the pupil area and the vergence angle of the eyes during the steady state of the convergence and divergence fusion responses; the ratio of these measures has been used in the literature to provide an estimate of the static (or steady-state) sensitivity of the pupil “near response.” The oculomotor vergence responses were symmetric for converging and diverging disparity fusion movements. In contrast to the symmetric oculomotor vergence behavior, the average magnitude of pupillary area changes was significantly greater in the diverging direction than the converging direction (Table 1A, paired t-test, t(49) = 6.25, p < 0.01). The near response magnitudes, estimated for constriction in the converged, and dilation during diverged eye movements, were also significantly greater in the diverged direction (p < 0.01). The lumped peak-to-peak estimate of the near response magnitude was 6.21 ± 0.60 % area (relative to light reflex range)/degree for constriction during convergence (relative to resting tropia) or dilation during divergence.



Table 1. Disparity step task responses.
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The impression that the converging eye movement responses were brisker than the diverging responses (Figure 2A, lower traces) was tested by linear systems modeling of the eye movement responses as the sum of high and low pass representations of the vergence target position (see Methods). The goodness of fit of the model to the vergence eye movements was very robust, with average coefficients of determination (R2) of 0.84 ± 0.03. The estimated processing delays (tv) were 0.26 ± 0.02 s and the estimated gains are listed in Table 1B. The high pass gain values were rectified, but of the same magnitude for shifts of the stimuli in either nasal or temporal directions; hence, there was a phasic convergence when disparity changed abruptly. The low pass magnitudes for the convergent and divergent eye movements were symmetric and did not differ from the static responses estimates in Table 1A.

The contribution of pupillary motion dynamics to this directional asymmetry was tested by modeling pupil motion as a function of the drive that produces the vergence eye movements (9). The gain estimate from this model represents the responsiveness of normalized pupil diameter per degree of vergence (gain of the pupil “near response”). The model from the literature explained roughly 30% of the variance in the pupil traces as a function of only the vergence behavior (R2 = 0.28 ± 0.03) and the estimate of the delay parameter (0.19 ± 0.02 s) did not differ significantly from the 0.2 s delay estimate for the pupillary motor reaction during the light response (9). Consistent with the outcome of the steady state analysis (Table 1A), the average sensitivity (% area/degree convergence) when diverging was significantly greater than the sensitivity converging [paired t(49) = 6.97, p < 0.001].

Sinusoidal Tracking Task

The subjects' tracking of the virtual stimuli (disparity simulation varying sinusoidally from 2.6° divergence to 2.6° convergence at 0.1 Hz) produced symmetric smooth convergence eye movements, accompanied by consensual pupillary area changes. Examples of the average vergence angle and average pupillary area (normalized to the light reflex response) are shown in Figure 2B. The initial divergent eye movement tracking was accompanied by pupillary dilation, followed by convergent eye tracking movements that were accompanied primarily by pupillary constriction. The modulation amplitudes of the eye movement [paired t(51) = 4.37, p < 0.001] and of the pupil area [paired t(51) = 5.19, p < 0.001] were both greater pursuing virtual targets toward the midline, which is a convergence response, than during a divergence response (Table 2A). The eye movements displayed extremely high fidelity to a sinusoidal tracking profile. The modulation in the convergence direction did not differ significantly from the intended ± 2.6° vergence modulation, but the divergence response was smaller. There was a small linear drift of −0.011± 0.002 (SE) deg/s in the center of modulation toward divergence, which is equivalent to a gradual divergence (relative to initial tropia) by ~ 0.33° over the 30 s task [t(51) = −4.64, p < 0.01]. The pupil size was modulated out of phase with the vergence angle (average difference: 167.6 ± 2.5° or 2.925 ± 0.043 rad), but there was no significant linear drift in pupil size during the 30 s task [t(51) = −0.671, p > 0.5]. Cross-correlation functions for the detrended subject data (Figure 3) showed the configuration for the correlation of two out-of-phase sine waves (dashed black line) confirming that the virtual stimulus elicited coordinated performance of oculomotor and pupillary components of the near triad.



Table 2. Sinusoidal vergence pursuit modulation parameters for eye movements and pupil size.
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FIGURE 3. Cross-correlation functions for eye movement and pupil responses (sinusoidal pursuit task) from all 52 subjects. The functions corresponded closely to the theoretical result for two cosines at the stimulus frequency of 0.1 Hz (black dashed line).



Linear systems modeling of the binocular disparity pursuit eye movement responses as the sum of high and low pass representations of the vergence target position was conducted to test the hypothesis that the same basic model can characterize the response dynamics for both binocular disparity step and pursuit responses. Based upon the results for the binocular disparity step response (Table 1B), a single sensitivity parameter was used to characterize a fully rectified high pass component (Table 2B). Repeated measures ANOVA indicated no significant differences in gain estimates for either high or low pass components of the vergence eye movements from the step versus pursuit tasks. In contrast to the results of the binocular disparity step task (which has higher frequency components), the estimates of the pupil near response sensitivity (%/° convergence) for this single, low frequency pursuit task did not differ for converging and diverging movements during the pursuit task. The steady-state sensitivity of the pupillary near response during sinusoidal vergence tracking was estimated directly from the data by (a) the lagged slope (from autoregression analysis) of the bivariate relationship for pupil area as a function of vergence angle (−7.97 ± 0.62 % area/° vergence) and (b) the ratio of the average peak modulations of the pupil area and vergence movements (−8.22 ± 0.62 % area/° vergence). The linear modeling approach was also used to estimate the dynamic near response sensitivity from the vergence pursuit response, using the transfer function [image: image]. The delay parameter tp was set at 0.19 s, the average value from the binocular disparity step response analysis (above). The model could account for approximately half of the variance in the pupil traces (R2 = 0.51 ± 0.03 S.E.). The near response sensitivity, estimated for the converging (−7.84 ± 0.73 % area/° convergence) and diverging (−8.41 ± 0.65 % area/° convergence) directions, were significantly greater in the diverged direction (paired t-test, p < 0.01). The model-based, average near response sensitivity estimate for the pursuit task (−8.13 ± 0.75 % area/° convergence) was greater (paired t-test, p < 0.05) than for the step task (−6.51 ± 0.56 % area/° convergence).

These findings are consistent with the prevailing concept (1, 3) that there is a central coupling between binocular disparity processing and pupillary control. However, the variations in the estimates of the magnitude of this “near response” component in pupillary control provided motivation for a more detailed analysis of the dynamic coordination of pupil and vergence eye movement control during the disparity tracking task.



Microscale Analysis Approach

Binocular Disparity Step Eye-Pupil Trajectories

The magnitude of the pupillary responses varied on a movement-by-movement basis during reproducible vergence eye movements (e.g., Figure 2A). The variability between epochs of dynamic pupillary area changes across a consistent pattern of vergence eye movements is shown in trajectory plots of normalized pupil size as a function of vergence angle (Figure 4). Successive sample points (100 Hz sample rate) are shown for convergent (red dots) and divergent (black dots) disparity-driven responses. Relationships during steady-state fusion are represented by green dots; cyan lines show the connected trajectory. The representative cases have several noteworthy features. Firstly, a wide range of instantaneous pupillary areas were observed at the convergent and divergent fusion targets during the task. Secondly, the pupillary areas at the initial tropia (represented as zero detrended vergence) tended to differ during the convergent versus the divergent eye movements [Repeated Measures ANOVA, main effect of direction, F(1, 36) = 82.45, p < 0.001], which indicates that the set point for pupillary control relative to vergence angle is changing on a movement-by-movement basis during the fixation/fusion periods of the task (green dots). Finally, the pupillary component of individual disparity responses shows three patterns relative to the consistent pattern of vergence eye movements (Figure 4): epochs of (1) almost exclusively eye movement (“horizontal segments”) or pupil area changes (“vertical segments”), (2) combinations that reflect a near response pattern (pupil constriction with convergence and dilation with divergence, larger gray arrows) and (3) a pattern that is opposite the near response (e.g., some MP198 data segments in Figure 4 show dilation with convergence, small gray arrows).
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FIGURE 4. Trajectory of the vergence angle and pupil area during the binocular fusion step task is shown in the upper and lower left panels. The upper right (MP198) and lower left (MP202) panels area are plotted from data shown in in Figure 2A. Successive sample points (100 Hz sample rate) are plotted in green, with the dots indicating the convergent (red dots) and divergent (black dots) disparity-driven responses. The directions of the trajectories between fixations is indicated with arrows. Note that response patterns include periods when there are (1) almost exclusively vergence eye movements (horizontally oriented segments), (2) almost exclusively pupil area changes (vertically oriented segments), (3) combinations that reflect a near response pattern (pupil constriction with convergence and dilation with divergence, larger gray arrows) and (3) a pattern that is opposite the near response (smaller gray arrows). The lower right panel shows the average pupil area (normalized to light reflex range) at zero vergence for successive increments) to show the stability across repeated binocular disparity steps.



Sinusoidal Pursuit Task Eye-Pupil Trajectories

Bivariate plots of detrended pupil areas as a function of the detrended disjunctive eye movement measurements showed extensive epochs of linear coupling during the virtual vergence tracking task. Data from a representative subject is shown in Figure 5 (left panel). Like the disparity fusion task plots in Figure 4, each subject showed epochs with different quasilinear associations between concurrent pupil areas and vergence angles, including segments with a near response pattern (pupil constriction with convergence and dilation with divergence, larger gray arrows) and segments with an opposite movement pattern, dilation while converging (smaller gray arrows). Each bivariate plot is dominated typically by a series of parallel segments reflecting the pupillary constriction during convergence (near response pattern), offset by differences in a pupil size set-point. Because the sampled detrended normalized pupil area and detrended vergence angles from each session are a bivariate time series, an analysis technique was applied to objectively identify segments with a homogeneous linear slope. This slope provides an empirical estimate of the influence of the hypothetical disparity control mechanism [McDoughal and Gamlin (1)] on pupillary size. A modified Gath-Geva clustering algorithm (21) was used for objective fuzzy segmentation of the time series into 15 segments with homogeneous properties, based upon preliminary analyses indicating that results were unaffected by more granular divisions of the data into more segments. This published algorithm first applies a principal component decomposition to identify a component that represents the instantaneous pupillary area relative to instantaneous vergence angle. It then applies a clustering algorithm to decompose the data into linear segments, based upon measured homogeneity of the segments, and the fuzzy sets that are used to represent the segments in time.
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FIGURE 5. The left panel shows the trajectory of the vergence angle and pupil area for one of the traces shown during the binocular disparity pursuit task in Figure 2B. Note that the graph appears as a series of parallel quasi-linear segments, offset by differences in a pupil size set-point. The right panel shows the bimodal distribution of linear segment slopes. A fuzzy c-means clustering algorithm [(22), MATLAB routine “fcm.m”] indicated that the boundary between two clusters, with at least 0.65 fuzzy class membership (shown in blue), was demarcated by cutoffs of ≤ −2% pupil area range /deg vergence (“near response” pattern) and ≥2% pupil area range /deg vergence (opposite pattern). The intermediate observations (flat slope) are shown in yellow.



The distribution of the slopes of linear segments had relative peaks in both the negative and positive slope directions (Figure 5, right panel). A fuzzy c-means clustering algorithm [(22), MATLAB routine “fcm.m”] indicated that the boundary between two clusters, with at least 0.65 fuzzy class membership, was demarcated by cutoffs of ≤ −2% pupil area range /deg vergence (“near response” pattern) and ≥2% pupil area range /deg vergence (opposite pattern). The remaining segments with >0.35 to < 0.65 membership in either class were considered to have a “flat” slope (yellow in Figure 6, right panel). Applying these boundaries across all subjects, 67% of the segments (range: 7–15 segments/subject, average: 10) showed the near response type (slope ≤ −2% pupil area range /deg vergence, average R2 = 0.670 ± 0.015) and 27% (range: 0–8 segments/subject, average: 4) of the segments showed the opposite relationship (slope ≥ 2% pupil area range /deg vergence, average R2 = 0.651 ± 0.024). The flat segments [6% of segments across subjects (range: 0–4 segments/subject), yellow in Figure 5, right panel] had a significantly lower, but still reasonably strong R2 value (0.421 ± 0.052). The near response-type segments were of significantly longer duration (2.39 ± 0.06 s, Tukey HSD tests, p < 0.01) than either the segments with opposite polarity (1.17 ± 0.09 s) or the flat (absolute slope < 2% pupil area range/deg vergence) slope segments (1.38 ± 0.19 s), which did not differ from each other. Slope and duration of segments were uncorrelated. Hence, the near response pattern was present 82.8 ± 1.5% (mean ± SE) of the time during vergence trials for individual subjects, while the opposite pattern was present ~16% of the time.
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FIGURE 6. Plots of the pupil size intercepts across all subjects for linear segments of coordinated eye movement and pupil vergence accommodation patterns. The segment intercept is plotted at the onset of the segment; the stimulus times for maximum divergence and convergence are shown by vertical lines.



The dominant “near response” pattern, a negative linear relationship between the vergence angle and pupil diameter (slope ≤ −2 % of pupil area range per degree of vergence) consisted of segments with an average slope of 13.3 ± 0.6 % of pupil area range per degree of vergence (mean ± SE).The high coefficient of determination (R2 = 0.670 ± 0.015) suggests that binocular disparity is a prominent drive during these segments for pupillary constriction during convergence and pupillary dilation during divergence. The magnitudes of the slopes of these segments were significantly greater than the steady state estimates of near response sensitivity and the near response sensitivity estimate from the disparity fusion task in each subject, as shown by repeated measures analysis of variance [F(3, 147) = 38.71, p < 0.001] followed by pairwise comparisons (p < 0.001 for each case).

The zero vergence intercept of the pupil-area for these linear segments estimates the set point of pupil area for each segment, relative to the initial tropia during calibration (defined arbitrarily as 0°). This new set point is likely to reflect other signals for the pupil control, including “aftereffects” of disparity that alter vergence phoria (3) and effects related to cognitive processing load. The intercepts varied with the binocular disparity at the start of the segment for both the near response (negative slope) and positive slope segments (Figure 6). Nonlinear regression was used to model the pupil set points (zero-vergence angle intercepts) as the sum of a constant offset, a linear trend with time and an asymmetric sinusoidal modulation (Table 2). For near response segments, the set point tended to dilate while the target disparity is converged, and to constrict while the target disparity is diverged. Approximately 24% of the variance in the set point of the near response linear segments reflects a constant dilation of almost 4% of light response range and symmetric modulation of about 14.6% of light response range. The pupil size and vergence angle traces from these “near response segments” are extracted and superimposed on the left side of Figure 7. Although the pupil set point changes produce variability, these pupil response segments show smooth, continuous modulation during vergence eye movements.
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FIGURE 7. Pupil size recordings (upper graphs) and vergence angle recordings (lower graph) are shown for data segments showing a negative linear relationship between pupil area and vergence angle (“Near Response Segments,” left side) and for segments showing either a positive linear relationship between pupil area and vergence angle or a flat relationship (“Other Response Segments,” left side). Segments of detrended data from all subjects are superimposed, including one outlier subject with little vergence tracking. Note the out-of-phase modulation of the pupil and vergence traces for the “Near Response Segments”.



The consistency and dominance of the inverse linear relationship between pupillary area and vergence angle (“near response pattern”) is obvious after alignment of the segments by subtraction of the pupil-size intercept from each segment (Figure 8). The near response segments form a tight, overlapping cloud of points with a negative correlation, supporting the hypothesis that the parallel, negative slope segments in the raw data (Figure 4) are the products of a coordinated near response motor program with different pupil size set points. However, there were short periods when pupil area increased with ocular convergence (Figure 8, small arrows) and periods showing either vergence movements without pupil area changes or pupil area changes without eye movement (Figure 8, large arrows).


[image: image]

FIGURE 8. Time-implicit plots of detrended pupil area as function of detrended vergence angle, after subtraction of the pupil area intercept from each linear segment. Note the overlap between the segments representing a coordinated near response pattern. Thin arrows indicate segments with a positively correlated relationship between vergence angle and pupil area. Thick arrows indicate segments with little covariation (uncorrelated eye movement and pupil movement).



The linear segments that did not show the near response pattern were divided by the c-means cluster analysis (above) into segments with a positive slope (slope ≥2 % of pupil area per degree vergence, membership of at least 0.65 in the positive histogram mode in Figure 5) and flat response segments (absolute slope < 2 % of pupil area per degree vergence, membership < 0.65 in both modes). During the latter segments, the pupillary responses and eye movements are uncorrelated. During the former period, the positively sloped segments (213 total in 52 subjects; 4 segments per subject) averaged a slope of 15.5 ± 0.8 % of pupil area range per degree of vergence (mean ± SE), which was of similar magnitude, but of the opposite polarity to the near response, and a similarly robust within-segment R2 for the linear relationship (0.65 ± 0.02). Because the coefficient of determination was very strong during these epochs, it appears that binocular disparity is a prominent drive for pupillary dilation during convergence or pupillary constriction during divergence, which is opposite in polarity to the “near response.” However, the durations of these positive slope responses (1.17 ± 0.08 s, mean ± SE) were significantly shorter than the near response (negative slope) segments (Tukey HSD test, p < 0.01).

For the segments with a positive vergence angle-pupil size relationship, the vergence angle at the start of the segment accounted for ~54% of the variance in the (new) pupil size set point (Figure 6, lower panel and Table 3). The constant component was a dilation of only about 1% and the modulation was asymmetric. The set point for the pupil was more constricted during convergence with a peak modulation of 58% of normalized pupil size. The pupil set point was more dilated during divergence with a modulation of 38% of normalized pupillary range. When the pupil size and vergence angle traces from these “positive slope segments” are extracted and superimposed (right side of Figure 7), these asymmetric set point adjustments are reflected in discontinuities in the pupil response segments during convergence vs. divergence. Hence, these epochs seem to be a second motor program for pupillary regulation during binocular disparity-driven oculomotor responses.



Table 3. Estimated parameters for model components reflected in pupil intercept estimates for piecewise linear coordination patterns.
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The flat response segments were infrequent observations (44/780 total segments in 52 subjects, ~1 segment per subject). Their slope was nearly zero (0.1 ± 1.8 % of pupil area range per degree of vergence), their durations (1.38 ± 0.19 s, mean ± SE) were comparable to the positive slope segments, and their within-segment R2 for the linear relationship (0.42 ± 0.05) was significantly lower than for the positive or negative slope segments (Tukey HSD tests, p < 0.01). These findings indicate that pupillary activity is uncorrelated with vergence during a small period of time during the binocular disparity tracking task.

The relative prevalence of linear segments showing a near response pattern and other pupil-oculomotor (flat or positive correlation) patterns during disparity vergence tracking are shown at each time point in Figure 9. Data from the single subject with low fidelity disparity vergence tracking are included. The vergence eye movements did not vary during the segments showing pupillary near responses or other responses; rather the differences in slopes can be attributed to the pupillary size responses alone (Figure 7). The near response pattern was most prevalent when the eye positions were converged (i.e., binocular disparity closer) relative to the initial tropia. The response segments showing the opposite relationship (e.g., constriction with divergence) were most common with divergence from the initial tropia point. The flat segments were uncommon and showed no preference for binocular disparity.
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FIGURE 9. Frequency of occurrence of a coordinated near response segment (i.e., pupil constriction-convergence/pupil dilation-divergence linear relationship, lower panel), positive slope segment (i.e., pupil dilation-convergence/pupil constriction-divergence linear relationship), or flat relationship (middle panel) during the vergence task. These summaries are taken from pooled data from all 52 subjects. The upper trace shows the stimulus pattern (divergence negative re: baseline tropia).



The linear segment analysis can also be used to decompose the pupil data into two components, a purely vergence eye movement related component (product of slope of linear segment and detrended vergence eye movement data) and the residual pupillary activity representing a component unrelated to vergence. The decompositions from two representative data sets are shown in Figure 10 (left panels). A frequency domain assessment of the relative contributions of these mechanisms to periodic changes in pupil area is shown in the right panels of Figure 10. Several features are notable from this analysis. First, activity coordinated with the 0.1 Hz disparity-driven vergence eye tracking is dominant at low frequencies (below ~0.25 Hz). Second, power spectral density was prominent in the hippus-like frequency range (0.5–0.7 Hz) in the residual data trace. Third, the appreciable power in the hippus frequency range (0.5–0.7 Hz range) of the vergence-associated pupil activity represents coordinated disparity-driven vergence-pupil responses.
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FIGURE 10. The left panels show a decomposition of the detrended pupil data into components predicted by (1) the relationship with detrended vergence eye movements alone (black) and (2) the residual (gray). The power spectral densities for each component (right panels) were calculated with the “periodogram.m” function in MATLAB (MathWorks, Inc., Natick, MA), using a full length Hamming window and a 4,096 point fast Fourier transform.



Conjugate (Versional) Smooth Pursuit Task

In contrast to the dynamic binocular disparity pursuit task, there was no evidence of coordination of eye movements (conjugate or disconjugate components) and pupil size regulation during performance of horizontal or vertical conjugate smooth pursuit tasks (±10°) at 0.1 Hz. The versional movements were accompanied by variable, small vergence movements that were accompanied by pupil size changes. The macroscale analysis model had a relatively poor fit to the pupil data as a function of vergence movements, accounting for < 25% of the variance in the pupil size shifts [R2 = 0.232 ± 0.023 (S.E.,) compared to R2 = 0.51 ± 0.03 (S.E.) for the disparity pursuit task]. Application of the Gath-Geva algorithm identified linear segments of ocular vergence-pupil coordination with a lower R2 value (0.400 ± 0.012 S.E.) than the vergence pursuit task (0.655 ± 0.027 S.E.), which can be seen in the “noisy” trajectory of the pupil as a function of vergence eye position in Figure 11 (left panel, compare with Figure 5, left pane). The distribution of the slopes of the segments had a single peak (Figure 11, right panel). In terms of the divisions for the relationships during binocular fusion, 55.9% of the segments had negative slope (< −2% pupil area range per degree vergence), with a mean slope of −13.63± 0.65 (S.E.) pupil area range per degree vergence, an average duration of 1.86± 0.09 (S.E.) seconds and an average R2 value of 0.414 ± 0.016 (S.E.). The positive slope segments (>2% pupil area range per degree vergence) constituted 27.1% of the sample, had a mean slope of 17.68± 1.32 (S.E.) % pupil area range per degree vergence, an average duration of 1.71± 0.17 (S.E.) seconds and an average R2 value of 0.427 ± 0.023 (S.E.). Finally, the flat slope segments (between −2 and 2% pupil area range per degree vergence) constituted 17.0% of the sample, had a mean slope of −0.07± 0.10 (S.E.) % pupil area range per degree vergence, an average duration of 2.81± 0.19 (S.E.) seconds and an average R2 value of 0.353 ± 0.027 (S.E.).
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FIGURE 11. The left panel shows the trajectory of the vergence angle and pupil area for the same unit shown in Figure 5 (left panel). Note that the graph appears as a series of noisy quasi-linear segments, offset by differences in a pupil size set-point. The right panel shows the unimodal distribution of linear segment slopes.






DISCUSSION

This study utilized a head-mounted virtual reality display with integrated clinical eye tracking capabilities to characterize the association between pupil activity and vergence eye movements that are generated in response to a rapid (binocular disparity step) or a gradual (sinusoidal disparity pursuit) shift in binocular disparity of small targets. Because target luminance, sharpness and size were maintained, responses were purely to binocular disparity. They did not appear during conjugate pursuit on the same device. Robust vergence eye movements were elicited by convergent and divergent motion of fixation points presented to each eye. For a disparity fusion task, the disparity between target displays to each eye shifted abruptly to require movements (convergence or divergence) to resolve diplopia. For a disparity vergence pursuit task, disparity followed a sinusoidal profile with a period of 10 s. This approach is analogous to Rashbass and Westheimer's classic studies of disjunctive eye movements (23), which used cathode ray tubes for simultaneous monocular stimuli. As in the earlier studies for higher disparity frequencies, the gradual binocular disparity was sufficient to elicit sinusoidal tracking and concurrent pupil size changes, without changing either global luminance or apparent size of the fixation points.

In terms of the model in Figure 1, the stimulus-related eye and pupil movements during binocular disparity stimulation are a function of (a) the eye movement vergence response to resolve the disparity and (b) the response dynamics of the pupil to the internal signal driving the vergence eye movements. The coordination between vergence eye movements and pupil area was analyzed from two perspectives, which we can term macroscale and microscale. The macroscale analysis analyzed the responses as a single continuous process, which estimates parameters for vergence eye movements, pupil area changes, and coordination of the eye and pupil movements with an implicit assumption that pupil size at zero vergence remains invariant. The microscale analysis assesses the movements as a sequence of discrete epochs of coordinated activity, which includes explicit identification of (a) recalibrations of the pupil area at zero vergence and (b) epochs of synkinetic activity with different operating characteristics for pupil area adjustments in relation to vergence eye movements.

The combination of a disparity step test and a disparity smooth pursuit task at a single, low frequency permit an examination of synkinetic control in a ballistic (step) versus a pursuit task. For the ballistic movement task, the model analysis suggested that 28 ± 3% of the variance of the pupil response could be explained by modeled coordination with the vergence eye movements alone. For the pursuit task, a larger proportion (51 ± 3%) of the variance of the pupil response was explained by the pupil movements modeled from the vergence behavior. Further, the pupil sensitivity for the pursuit task (−8.13 ± 0.75 % area/° convergence) was significantly greater than for the step task (−6.51 ± 0.56 % area/° convergence). The residual activity (unrelated to dynamic ocular convergence) includes physiological hippus (15), slower pupillary fluctuations related to respiratory cycle control and/or respiratory sinus arrhythmia (16), attentional load and task experience (17). These findings motivate a more detailed study of the frequency dependence of contributions by disparity resolution control to pupil movement.

Analyses indicated that there is an active recalibration process for baseline pupil area during both binocular disparity tasks, which sets a control point for pupil aperture (area). This is obvious from stimulus cycle-to-cycle shifts of the pupil size at zero vergence in bivariate plots of pupil area as a function of the vergence angle (Figures 4, 5). For the disparity pursuit task, they varied weakly with eye position (Figure 6). The relationship between pupil area and vergence angle during a binocular disparity pursuit task also displayed epochs with two different patterns for coordinated pupil and vergence eye movement control, as well as infrequent epochs of independent regulation of eye movements and pupil area. The eye movement and pupil area measurements were coordinated closely more than 90% of the time during this binocular disparity-induced tracking task. These movements could be divided analytically into epochs of (1) “near response” (linear negative relationship between pupil area and vergence angle [convergence positive]), (2) positively correlated response (linear positive relationship between pupil area and vergence angle), and (3) uncorrelated response epochs. These relationships dominate bivariate plots of the instantaneous pupil size as a function of instantaneous vergence angle (e.g., Figures 5, 8). The tight linear correlation (average R2 of at least 0.65) for the two former response epochs suggest that they represent distinct control modes for pupillary control during visual tracking of approaching and receding targets, governed by opposite polarities of drive from the binocular disparity control mechanism postulated in the literature (1). There are also different behavior patterns governing the pupil set-points for the linear trajectories for both the “near response” segments and the positive correlation segments, suggesting that they represent different polarity pupil area control programs during vergence tracking. Epochs of these pupillary control modes are also recognizable in the binocular disparity fusion task responses (Figure 4). Because the vergence eye movement responses followed stimuli with extremely high fidelity, we suggest that the apparent coordination between disparity-driven ocular and pupillary responses is produced by a real-time selection of different modes of disparity controller drives for pupillary control. This effect is unrelated to hippus, which remains when the vergence eye movement-dependent activity is subtracted from the pupil data (Figure 10, left panels).

The consistency and fidelity of the vergence eye movements support the view from previous studies that they reflect the output of a binocular disparity controller, which eliminates diplopia by moving the eyes to fuse the disparate stimulus features (1, 3). Previous studies have then viewed the pupillary, vergence, and lens accommodation during near responses as the result of interactions between binocular disparity and blur controllers that produce a continuous, coordinated pupillary constriction with ocular convergence and pupillary dilation with ocular divergence (1, 3). The results of this study suggest the former approach is inadequate for explaining dynamic properties of responses driven by binocular disparity in isolation. Rather, the eye movement and pupillary responses during resolution of either a step or a sinusoidal binocular disparity stimulus appear to consist of successive epochs of uncorrelated activity, coordinated near response activity (pupil constriction with convergence/dilation with divergence) and a coordinated opposite response pattern (pupillary dilation with convergence/constriction with divergence). The piecewise linearity of pupil area regulation with respect to vergence angle suggests that the controller co-regulates iris dilator and sphincter muscle activity. It seems premature to propose an alternate model from these unexpected findings. However, one may speculate (Figure 12) that program selection may be mediated by cerebro-ponto-cerebellar networks influencing premotor mechanisms in the supraoculomotor area (1, 18).
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FIGURE 12. Modified dual interaction model. This model adds a three-state gain selection switch and zero-vergence aperture reset for the influence of disparity signals on pupillary control to the basic McDoughal and Gamlin model (1), which accounts for the epochs of pupil-vergence synkinesia that are observed during 0.1 Hz binocular disparity tracking. The binocular disparity pathways are highlighted in black to mirror the selective stimulation used in this study.



In a study of workers with prolonged near vision work at video displays, Ukai et al. (24) reported an adaptive increase in pupillary constriction at 0D accommodation relative to the prolonged near vision work period. Because the depth of field of the human eye varies as the reciprocal of pupil diameter (25), the modulation in the set points for pupil area regulation may be setting tolerances for blur during disparity-driven tracking. If we assume an average pupil diameter dynamic range of 2.5–8.5 mm, then the pupil area dynamic range will vary between 4.9 and 56.7 mm2 and the midpoint of the area range (zero on the detrended normalized plots) will be 30.8 mm2 (diameter of 6.3 mm). Hence, 10% of the range would be 5.2 mm2. For the near response pupillary control epochs, the modulation of the pupil area operating point for each segment relative to initial (calibration baseline) tropia (defined as zero vergence) is relatively small (±15% pupil constriction re: 50% area during divergence) and noisy (R2 = 0.24). By contrast, after the selection of a positive relationship between pupil area and vergence angle, the set points for pupil size regulation are more tightly correlated, with vergence angle relative to the initial tropia (R2 = 0.54), and the magnitudes are greater. The modulation magnitudes are equivalent to ~−5.2 mm2 (constriction re: 50% area) during convergence and +1.7 mm2 (dilation re: 50% area) during divergence. These findings suggest collectively that the near response segments and the positively correlated segments are pupillary motor programs to produce different depth of field attributes during the performance of vergence eye movements. The different epochs of correlated eye movement and pupil size activity were associated preferentially with convergent vs. divergent eye alignment. The near response segments were most prevalent when the eye alignment was convergent (relative to initial or baseline tropia), while the converse was true for the segments showing a positive correlation between pupil area and vergence angle. The segments showing flat (no correlated) relationship were infrequent and showed no clear preference for eye alignment.

The effects of variable iris diaphragm apertures on image properties are well known to expert photographers. Techniques for image bokeh provide insight into the utility of different motor programs for regulating both the set point and dynamic control of pupil area during disconjugate eye movements. In photography, bokeh is achieved by opening the iris diaphragm to reduce the depth of field, which produces a subtle blur of objects that are not precisely within the focal plane. This strategy establishes a subtle demarcation of figure (target) from background relationships (26). From this aperture control perspective, two features are apparent from the piecewise linear relationships between pupil area and ocular vergence. Firstly, the resetting of the “baseline” pupil size at zero vergence for each segment may set a static baseline blur of the background relative to the target for a linear variation of pupil area with vergence angle. Secondly, we observed two different scenarios for dynamic aperture effects during disparity-driven vergence. A first scenario is dilation of the pupil during divergence (a component of the “near response”). The second scenario is dilation during convergence, which is a component of the coordinated response with opposite polarity, that occurs preferentially at diverged disparity targets (about 30% of the time). Ueda et al. (27) reported that the threshold velocity for dynamic visual acuity (Landot C orientation at constant distance from subject) increased significantly in subjects after mydriasis induction with Mydrin-P (phenylephrine) eye drops. Because topical phenylephrine does not affect lens accommodation (28), the change in dynamic acuity suggests that the dilating aperture effects may increase the dynamic visual acuity range for tracking target motion when binocular disparity fusion requires divergence of the eyes.

Conversely, the dominant pattern of dynamic pupillary constriction during convergence (near response) increases depth of field and decreases blur as the eyes converge. An opposite scenario was episodic pupillary constriction with divergence, particularly when the targets were diverged from the center (positive slope pattern). From a perceptual perspective, this strategy would decrease blur and facilitate target identification. In addition, the increased depth of field would facilitate alignment of the right and left disparate targets in the face of a background. In summary, co-regulation of convergence and pupil area can be considered as control system that is useful in setting figure (target) to background relationships during dynamic tracking, with concomitant generation of blur to affect control of lens accommodation (Figure 1). Rather than a simple reflex, the multiple patterns of coordination suggest that we view this circuit as an interactive controller that sets an aperture effect characteristic for epochs of visual information sampling. Hence, it will be of considerable interest to investigate the occurrence of the repertoire of dynamic pupillary control patterns under viewing conditions that include blur and relative size changes of the targets.
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Pupil dilation is mediated by a sympathetic output acting in opposition to parasympathetically mediated pupil constriction. While light stimulates the parasympathetic output, giving rise to the light reflex, it can both inhibit and stimulate the sympathetic output. Light-inhibited sympathetic pathways originate in retina-receptive neurones of the pretectum and the suprachiasmatic nucleus (SCN): by attenuating sympathetic activity, they allow unimpeded operation of the light reflex. Light stimulates the noradrenergic and serotonergic pathways. The hub of the noradrenergic pathway is the locus coeruleus (LC) containing both excitatory sympathetic premotor neurones (SympPN) projecting to preganglionic neurones in the spinal cord, and inhibitory parasympathetic premotor neurones (ParaPN) projecting to preganglionic neurones in the Edinger-Westphal nucleus (EWN). SympPN receive inputs from the SCN via the dorsomedial hypothalamus, orexinergic neurones of the latero-posterior hypothalamus, wake- and sleep-promoting neurones of the hypothalamus and brain stem, nociceptive collaterals of the spinothalamic tract, whereas ParaPN receive inputs from the amygdala, sleep/arousal network, nociceptive spinothalamic collaterals. The activity of LC neurones is regulated by inhibitory α2-adrenoceptors. There is a species difference in the function of the preautonomic LC. In diurnal animals, the α2-adrenoceptor agonist clonidine stimulates mainly autoreceptors on SymPN, causing miosis, whereas in nocturnal animals it stimulates postsynaptic α2-arenoceptors in the EWN, causing mydriasis. Noxious stimulation activates SympPN in diurnal animals and ParaPN in nocturnal animals, leading to pupil dilation via sympathoexcitation and parasympathetic inhibition, respectively. These differences may be attributed to increased activity of excitatory LC neurones due to stimulation by light in diurnal animals. This may also underlie the wake-promoting effect of light in diurnal animals, in contrast to its sleep-promoting effect in nocturnal species. The hub of the serotonergic pathway is the dorsal raphe nucleus that is light-sensitive, both directly and indirectly (via an orexinergic input). The light-stimulated pathways mediate a latent mydriatic effect of light on the pupil that can be unmasked by drugs that either inhibit or stimulate SympPN in these pathways. The noradrenergic pathway has widespread connections to neural networks controlling a variety of functions, such as sleep/arousal, pain, and fear/anxiety. Many physiological and psychological variables modulate pupil function via this pathway.

Keywords: pupil, sympathetic, light, locus coeruleus, species difference, dorsal raphe nucleus, Edinger-Westphal nucleus, arousal


INTRODUCTION

The basic autonomic mechanism controlling the pupil is straightforward: pupil constriction is mediated via parasympathetic activation of the circular sphincter pupillae muscle, and dilation via sympathetic activation of the radial dilator pupillae muscle (1). The autonomic pathways regulating the pupil are illustrated in Figure 1. Both the sympathetic and parasympathetic controls are organized in a hierarchical fashion, in an ascending order from the periphery, to the spinal cord, brainstem, hypothalamus, and finally cerebral cortex (not shown). The autonomic output pathways have the general structure of autonomic efferents: two serially connected neurones synapsing in autonomic ganglia. Both the ganglia and the pre-ganglionic neurones projecting to them are well defined for pupillary control. Sympathetic preganglionic neurones in the “ciliospinal center” in the intermedio-lateral nuclear column (IML) of the cervico-thoracic spinal cord [segments C8-T2] project to the superior cervical ganglion (SCG), and parasympathetic preganglionic neurones in the Edinger-Westphal nucleus (EWN) of the midbrain project to the ganglion ciliare (GC). It should be noted that the EWN is not a homogenous structure: apart from preganglionic parasympathetic cholinergic neurones (EWpg) innervating the GC, there is also a population of centrally-projecting urocortin-containing neurones (EWcp) in the nucleus (2). Autonomic outflow to the iris is modulated by central autonomic pathways projecting to the preganglionic neurones via premotor autonomic neurones. Sympathetic promotor nuclei are the paraventricular nucleus (PVN) in the hypothalamus and the locus coeruleus (LC) and dorsal raphe nucleus (DRN) in the brainstem; parasympathetic premotor nuclei are the olivary pretectal nucleus (OPN) and the LC (see Figure 2). Some of the premotor nuclei are light-sensitive, either directly (DRN, OPN) or indirectly (PVN, LC), receiving luminance information from light-sensitive areas (see sections Pretectum/Periaqueductal Gray Pathway, Suprachiasmatic Nucleus/Paraventricular Nucleus Pathway, Dorsomedial Hypothalamus, and Figure 2, below).
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FIGURE 1. Functional organization of autonomic pathways controlling the pupil. The encircled areas represent nuclei and ganglia. Retinoreceptive light-sensitive relay nuclei (yellow): SCN (suprachiasmatic nucleus); pretectum. Retinoreceptice light-sensitive premotor autonomic nuclei (green): parasympathetic–OPN (olivary pretectal nucleus); sympathetic–DRN (dorsal raphe nucleus). Premotor autonomic nuclei (blue): PVN (paraventricular nucleus); LC (locus coeruleus). Preganglionic nuclei (purple): parasympathetic–EW (Edinger-Westphal nucleus); sympathetic–IML (intermedio-lateral column). Integrative relay nuclei (white): DMH (dorso-medial hypothalamus); PAG (periaqueductal gray. Autonomic ganglia (pink): sympathetic–SCG (superior cervical ganglion); parasympathetic–GC (ganglion ciliare). Connections are shown by arrows: red-excitatory; blue-inhibitory. Neurotransmitters: Glu (glutamate); GABA (y-amino-butyric acid); Ox (orexin); VP (vasopressin); NA (noradrenaline); ACh (acetylcholine). Adrenoceptors (postsynaptic): α1 (excitatory); β1 (excitatory). There are 5 light-modulated autonomic pathways: (1) parasympathetic (light-stimulated): OPN → EW → GC → sphincter pupillae muscle; (2) sympathetic (light-inhibited): pretectum → PAG → sympathetic premotor nuclei (PVN, LC, DR) → IML → SCG → dilator pupillae muscle; (3) sympathetic (light-inhibited): SCN → PVN → IML → SCG → dilator pupillae muscle; (4) sympathetic (light-stimulated): SCN → DMH → LC → IML → SCG → dilator pupillae muscle; (5) sympathetic (light-stimulated): DR → IML → SCG → dilator pupillae muscle. Please note overlap of pathway 3 with control of melatonin synthesis. See text for details.
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FIGURE 2. Connections of the light-stimulated noradrenergic pathway. The encircled areas represent nuclei and ganglia. Diencephalon Th (thalamus); SCN (suprachiasmatic nucleus of hypothalamus); DMH (dorso-medial hypothalamus). WPN (yellow): wake-promoting nuclei (basal forebrain, thalamus, pedunculopontine tegmental nucleus, tuberomamillary nucleus. ventral tegmental area, dorsal raphe nucleus); SPN (pink): sleep-promoting nuclei (ventrolateral preoptic nucleus of hypothalamus, basal forebrain). A, amygdala; OPN, olivary pretectal nucleus. Brainstem: LC, locus coeruleus (pink: excitatory sympathetic premotor neurones, blue: inhibitory parasympathetic premotor neurones); EW (EWN in text: Edinger-Westphal nucleus); SN, salivatory nucleus. Spinal cord: DH (dorsal horn); IML (intermedio-lateral column). Peripheral ganglia: IG (intervertebral somatosensory ganglion); SCG (superior cervical ganglion); GC (ganglion ciliare); SaG (salivatory ganglion). Connections are shown by arrows: red–excitatory; blue–inhibitory. Neurotransmitters: Glu (glutamate); GABA (y-amino-butyric acid); Ox (orexin); NA (noradrenaline); ACh (acetylcholine). Adrenoceptors (postsynaptic): α1 (excitatory); α2 (inhibitory). The excitatory sympathetic premotor neurones in the LC are stimulated by light (via the retina → SCN → DMH → LC pathway), by pain (via collaterals from the spino-thalamic tract), and via inputs from WPN during wakefulness; this would lead to an increase in sympathetic outflow to the iris (LC → IML → SCG → dilator pupillae muscle), manifesting as pupil dilation. The excitatory sympathetic premotor neurones in the LC are inhibited by SPN during sleep, leading to a reduction in sympathetic outflow to the iris, manifesting as pupil constriction. The inhibitory parasympathetic premotor neurones in the LC can be activated by fear and anxiety, via an input from the amygdala, leading to enhancement of the inhibition of parasympathetic preganglionic neurones in the EW (inhibition of light reflex: retina → OPN → GC → sphincter pupillae muscle pathway) and in the SN (reduction in salivary output: SN → SaG → salivary gland pathway). For WPN and SPN, see Szabadi (6). See text for details.



In order to unravel the complexity of central autonomic regulation, it has been suggested to consider central autonomic control in terms of the functional organization of autonomic pathways (3–5, 7). Organizing principles have been suggested, such as target (5) or sensory input (4). Examples of functional organization have been presented (3, 7). However, the autonomic control of the pupil receives only patchy treatment in these papers.

As the fundamental function of the autonomic innervation of the pupil is to transmit the effect of light, it is proposed that the effect of light be used as the organizational principle in the case of pupil-controlling autonomic pathways. While light has a robust stimulatory effect on parasympathetic outflow, it has a dual (inhibitory/stimulatory) effect on sympathetic outflow. Thus the parasympathetic output is controlled by a light-stimulated pathway, whereas the sympathetic outflow is controlled by separate light-inhibited and light-stimulated pathways. The light-inhibited sympathetic pathway is yoked to the light-stimulated parasympathetic pathway mediating the pupillary light reflex: as the pupil is constricted by stimulation of the parasympathetic pathway, sympathetically mediated pupil dilation is withdrawn (8). The activity of the light-stimulated sympathetic pathways is less obvious since it is masked by sympatho-inhibition evoked by light. This masked effect can be revealed by pharmacological means, as discussed below (see section Noradrenergic Pathway). These pathways operate via more than one sympathetic premotor nucleus, and play an important role in mediating the effects of a number of physiological (arousal, pain, high temperature) and psychological (attention, mood, anxiety) variables on the pupil.



LIGHT-INHIBITED SYMPATHETIC PATHWAYS

Early work has shown that light inhibits neuronal activity in efferent peripheral sympathetic fibers, recorded from both preganglionic (“sympathetic nerves”) (9–11) and postganglionic (long ciliary nerves) (12, 13) fibers, in cats. The reduction in discharge is linearly related to the intensity of the light stimulus (10). The sympathetic pathways conveying the effect of light originate from retina-receptive light-sensitive sites in the brain that project to the ciliospinal center (10, 12) Two possible candidates for the sites of origin of light-inhibited sympathetic pathways are the pretectum and the suprachiasmatic nucleus (SCN) of the hypothalamus. These pathways are displayed in Figure 1 (for detailed description of the figure, see section Introduction, above).


Pretectum/Periaqueductal Gray Pathway

Early work by Okada et al. (13) provided experimental evidence in support of the hypothesis that the light-inhibited sympathetic pathway to the pupil, like the light reflex pathway (14), might originate from the pretectum. These authors introduced serial brainstem lesions to disrupt this putative pathway in an anesthetized cat preparation. On the basis of the effects of the lesions on light-inhibited sympathetic activity in long ciliary nerves, they concluded that there was a neural connection running from the pretectum to the cervical sympathetic. As the output from the pretectum to the parasympathetic preganglionic neurones in the Edinger-Westphal nucleus is excitatory, it remains to be explained how an inhibitory sympathetic pathway originates from the same area.

Two groups of light-sensitive neurones have been identified in the pretectum: one group in the olivary pretectal nucleus (“luminance detectors”) that is stimulated by light, and another one (“darkness detectors”) in the posterior pretectal nucleus that is inhibited by light (15). An attractive possibility may be that the light-stimulated parasympathetic and light-inhibited sympathetic pathways originate from these two different populations of light-sensitive pretectal neurones: the parasympathetic pathway from the luminance detectors, and the sympathetic pathway from the darkness detectors. However, there is no evidence to support this hypothesis.

More recent experimental evidence supports the existence of a neural link between the pretectal area and sympathetic premotor neurones. A direct link has been identified between the anterior pretectal nucleus and the rostral ventrolateral medulla (16), a major location of sympathetic premotor neurones in the brainstem (17). However, there is no evidence that the anterior pretectal nucleus is light-sensitive, and the rostral ventrolateral medulla is involved mainly in cardiovascular regulation (17). Therefore, it is likely that the inhibitory effect of light on sympathetic outflow to the iris is transmitted indirectly via the periaqueductal gray matter (PAG) of the midbrain. It has been shown that a projection from the OPN reaches sympathetic preganglionic neurones in the upper thoracic spinal cord and postganglionic neurones in the SCG via the PAG (18).

The PAG functions as an integrative relay nucleus (19). Sympathetic premotor neurones innervated by the PAG include the C1 (adrenergic) neurones in the rostral ventrolateral medulla, noradrenergic neurones in the A5 and A6 (locus coeruleus) nuclei, serotonergic neurones in the medullary raphe nuclei, and the PVN (20). Interestingly, the synapses of the PAG neurones on sympathetic premotor neurones have the morphological features of inhibitory synapses, and, therefore, it is assumed that the PAG may exert an inhibitory influence on the innervated postsynaptic cells (18, 21, 22).

Therefore, it is likely that, in the case of this light-inhibited sympathetic pathway, an excitatory output from the light-sensitive cells of the pretectum is converted into an inhibitory signal by the PAG (Figure 1).



Suprachiasmatic Nucleus/Paraventricular Nucleus Pathway

The PVN has been identified as a major sympathetic premotor nucleus (23), and its roles in the regulation of cardiac (24, 25) renal, (24) and liver functions, and melatonin synthesis (26, 27) are well documented in experiments conducted in rodents. It has been shown that the PVN exerts an excitatory effect on sympathetic preganglionic neurones via the neuropeptides vasopressin and oxytocin (28, 29). The PVN receives an input from the retina-recipient light-sensitive cells of the SCN of the hypothalamus, the “biological clock of the brain.” It has been shown that, via this connection, light exerts a marked circadian influence on some sympathetic functions controlled by the PVN, such as melatonin synthesis (27) and glucose metabolism (30).

There is an overlap between the sympathetic controls of melatonin synthesis by the pineal gland and that of pupil dilation by the dilator muscle of the iris. In the case of both functions, the preganglionic neurones are located in the C8-T2 segments of the IML, and project to the SCG. This overlap is highlighted by a clinical observation: bilateral oculo-sympathetic paresis (Horner's syndrome) resulting from injury to the lower cervical/upper thoracic spinal cord leads to the cessation of nocturnal melatonin secretion (31).

The neuronal pathway controlling melatonin synthesis is well established: it runs from the SCN to the PVN, that projects to the preganglionic neurones in the IML (26) (Figure 1). Light exerts an inhibitory influence on melatonin synthesis via stimulation of an inhibitory GABAergic output from the SCN to the PVN. Two GABAergic inhibitory mechanisms have been identified in the SCN: (1) a time-of-day-dependent circadian mechanism that switches off the premotor neurones in the PVN during daytime, leading to the cessation of melatonin synthesis for the day phase of the day/night cycle; and (2) a light-activated inhibitory mechanism that becomes operational at night-time, when melatonin synthesis is released from its circadian inhibition, leading to acute suppression of melatonin synthesis (32).

Premotor neurones in the PVN involved in pupillary control are likely to be separate from those controlling melatonin synthesis since there is no evidence that pupil control is subject to the same circadian regulation as melatonin synthesis. However, these neurones, like those controlling melatonin synthesis, may also be susceptible to the direct inhibitory effect of light relayed via the SCN. Thus the SCN may give rise to a light-inhibited sympathetic pathway controlling pupillary function (Figure 1). On the other hand, the light-inhibited projection from the pretectum controlling pupil dilation (see Pretectum/Periaqueductal Gray Pathway), via inhibiting PVN activity, may contribute to the suppression of melatonin synthesis by light.




LIGHT-STIMULATED SYMPATHETIC PATHWAYS

It is well established that light constricts the pupil by stimulating the parasympathetic output to the constrictor pupillae muscle via the light reflex pathway, and that pupil constriction is facilitated by the concurrent inhibition of the sympathetic output to the dilator pupillae muscle (1). Indeed, when recording from pre- or post-ganglionic sympathetic fibers innervating the iris, an inhibition of impulse flow in response to light has been detected (see section Light-Inhibited Sympathetic Pathways). Therefore, any increase in impulse flow in response to light would be masked by the dominant inhibitory effect. A stimulatory effect of light on the sympathetic control of the pupil, using pupil dilation as its corollary, could be unmasked by drugs modulating the activity of potential light-stimulated sympathetic pathways (see Pharmacological Unmasking of Light-Evoked Latent Pupil Dilation).


Noradrenergic Pathway

This pathway, with some of its connections, is shown in Figure 2. This Figure, like Figure 1, displays the basic autonomic control of the pupil, the sympathetic output projecting to the dilator pupillae muscle and the parasympathetic output to the sphincter pupillae muscle of the iris. The figure also shows the light reflex pathway (retina → OPN → EWN → GC → sphincter pupillae muscle). The hub of the noradrenergic pupil-control pathway is the LC. The LC functions as both a sympathetic and parasympathetic premotor nucleus. Anatomical studies in rats have shown that the LC (A6 noradrenergic nucleus), together with the A5 and A7 noradrenergic nuclei, projects to the spinal cord where noradrenergic axon terminals reach sympathetic preganglionic neurones [(33, 34), see also Figure 4 in (35)]. Furthermore, this projection is likely to be excitatory via postsynaptic α1-adrenoceptors (36). The LC also projects to parasympathetic preganglionic neurones in the EWN (see Outputs) and the salivatory nuclei (SN) (37, 38). The LC exerts an inhibitory influence on preganglionic parasympathetic neurones via the stimulation of α2-adrenoceptors (39, 40). The LC sends a rich ascending excitatory projection to the cerebral cortex, and functions as a major wake-promoting nucleus (41–44). Inputs to the LC include an indirect excitatory connection from the retina-recipient light-sensitive neurones of the SCN via the dorsomedial hypothalamus (DMH) (see Dorsomedial hypothalamus), excitatory inputs from the wake-promoting neurones (WPN) of the sleep-arousal network and inhibitory inputs from sleep-promoting neurones (SPN) of the sleep-arousal network (see Association With Sleep/Arousal Network), an excitatory input from the amygdala to parasympathetic premotor neurones (see Amygdala), and an excitatory input from the spinothalamic pathway conveying pain sensation (see Collaterals From Spinothalamic Tract).

The anatomical basis for the classification of the noradrenergic pathway as a light-sensitive pathway is an indirect connection from the retina to the LC via the SCN and DMH, identified by Aston-Jones and his colleagues [(45, 46); for a recent review see (47)]. There is evidence that light activates the LC both in humans and diurnal animals. It has been shown in humans by fMRI that light causes activation in a brain area corresponding to the LC (48), and in Nile grass rats, a species of diurnal rodents, increases the expression of cFOS, a marker of neuronal activity (49), both in the SCN and the LC (50). Furthermore, light exerts effects consistent with LC activation. It increases the level of arousal in both humans (51, 52) and diurnal animals (50, 53), and enhances sympathetic activity in both humans (51, 54), and animals, such as mice (55, 56).

The involvement of the LC in pupil control is well established. When recording simultaneously the firing rate of LC neurones and the diameter of the pupil in monkeys, a close parallelism could be observed between fluctuations in firing rate and pupil diameter (57). More recently, it has been reported that electrical microstimulation of the LC in monkeys (58) and rodents (59, 60) leads to pupil dilation. In humans, it has been shown with fMRI that pupil dilation responses to psychological stimuli correlate with activation in a brain area overlapping with the LC (61, 62).

Pharmacological Unmasking of Light-Evoked Latent Pupil Dilation

As light apparently constricts the pupil, any latent dilation of the pupil resulting from sympathetic activation via the noradrenergic pathway would be masked by pupil constriction resulting from sympathetic inhibition via the pretectum/PAG and SCN/PVN pathways, and parasympathetic stimulation via the OPN/EWN/GC pathway. The latent pupil dilation evoked by light can be unmasked by drugs that modulate the activity of the noradrenergic pathway via LC activity. The activity of central noradrenergic neurones is regulated by inhibitory α2-adrenoceptors on the noradrenergic neurones themselves (“autoreceptors”): α2-adrenoceptor agonists (e.g., clonidine) “switch off” the activity of these neurones, whereas α2-adrenoceptor antagonists (e.g., yohimbine) enhance it [see (44, 63)] (see α2-Adrenoceptors Associated With Premotor Autonomic Neurones).

Clonidine, by switching off the LC neurones in the noradrenergic sympatho-excitatory pathway to the pupil, causes pupil constriction in man. Interestingly, this effect is light-dependent: the reduction in pupil diameter in response to clonidine is greater in light than in darkness (64). This is likely to reflect a “baseline effect” (65): in darkness the baseline (i.e., sympathetic activity) is low, leading to an attenuated response to the sympatholytic drug clonidine; increasing latent sympathetic activity by light, and thus elevating the baseline, would enhance the response to the sympatholytic drug. A corollary to the potentiation of the miotic effect of clonidine by light is the potentiation of light-evoked pupil constriction by clonidine. When pupil diameter in light is used as a measure of pupil constriction, the light stimulus intensity/pupil diameter curve (pupil diameter plotted against logarithm of light intensity) is shifted to the left (66, 67). Thus the same light intensity evokes a larger response, or the same response is evoked by a lower intensity stimulus, indicative of potentiation. On the other hand, the α2-adrenoceptor antagonist yohimbine has the opposite effect: it shifts the light intensity/pupil diameter curve to the right, consistent with antagonism. Furthermore, when applied together, there is evidence of mutual antagonism between the effects of clonidine and yohimbine (66).

An alternative explanation for the light-dependent effect of clonidine may be that it is due to attenuation of the noradrenergic inhibition of the EWN, leading to potentiation of the light reflex (63, 68). However, potentiation of the light reflex response by clonidine is reported only rarely (see Pupillary Effects of Noradrenergic Drugs), and usually it cannot be observed at a time when there is evidence of the potentiation of light-evoked pupil constriction (67). Therefore, although occasionally there may be a parasympathetic contribution to the potentiation of light-evoked pupil constriction by clonidine, it is likely to be largely due to sympathetic inhibition.

Drugs indirectly modulating LC activity also have effects consistent with the unmasking of latent pupil dilation. The LC is activated by inputs from wake-promoting nuclei of the sleep/arousal network, such as the dopaminergic ventral tegmental area (VTA) of the midbrain (69, 70); and the histaminergic tuberomamillary nucleus (TMN) of the hypothalamus (71, 72) [for reviews, see (6, 44)]. The stimulant drug modafinil, by blocking the reuptake of dopamine at excitatory dopaminergic synapses on LC neurones (73), increases LC activity, and thus also the latent mydriatic effect of light. Indeed, modafinil shifts the light intensity/pupil diameter curve to the right, consistent with antagonism of light-evoked pupil constriction (67). Histamine, the excitatory neurotransmitter of wake-promoting tuberomamillary neurones, excites LC neurones via stimulation of H1 histamine receptors (6), and this excitation is blocked by H1 receptor antagonists (72). The H1 receptor antagonists would decrease LC activity and thus potentiate latent pupil dilation. Indeed, diphenhydramine, a H1 histamine receptor antagonist, has been shown to potentiate light-evoked pupil constriction (74). There is also evidence of antagonism between the effects of drugs that potentiate and antagonize light-evoked pupil constriction: the effect of modafinil is antagonized by clonidine (67), and the effect of diphenhydramine is antagonized by modafinil (74).

In conclusion, drugs modifying LC activity reveal the operation of a latent mydriatic effect of light that acts to attenuate light-evoked pupil constriction.

Functional Organization of Noradrenergic Premotor Autonomic Neurones in the Locus Coeruleus

Central noradrenergic neurones are dual function neurones: by stimulating both postsynaptic excitatory α1-adrenoceptors and inhibitory α2-adreneceptors at their postsynaptic projection targets, they can mediate both excitatory and inhibitory effects (44). This feature of the individual neurones underlies the dual function of the LC as a premotor autonomic nucleus. The LC contains both sympathetic and parasympathetic premotor neurones. The sympathetic premotor neurones send excitatory projections to the IML where they stimulate α1-adrenoceptors on sympathetic preganglionic neurones (34, 36), while the parasympathetic premotor neurones project to inhibitory preganglionic neurones in the EWN (see Outputs) and salivatory nuclei (38) where they stimulate α2-adrenoceptors (39, 40). For further details, see Noradrenergic Pathway, above, and for reviews, see 40, 41, 43. Although individual central noradrenergic neurones may have a dual excitatory/inhibitory role, projecting to several targets where they can stimulate either excitatory or inhibitory adrenoceptors, it is likely that the preautonomic neurones in the LC segregate into separate populations of excitatory sympathetic and inhibitory parasympathetic premotor neurones. These two populations are defined not only by their separate outputs but also by their separate inputs and their distinct susceptibility to physiological (light, pain) and psychological (threat) variables (41–43). Interestingly, recently two subpopulations of LC neurones have been identified on a genetic/developmental basis (75); however, there is no evidence to date whether these separate populations correspond to sympathetic and parasympathetic premotor neurones.

α2-Adrenoceptors Associated With Premotor Autonomic Neurones

Inhibitory α2-adrenoceptors are located at two sites: on the noradrenergic neurones themselves (“autoreceptors”) (76, 77) and on the innervated target cells (neurone, glia cell or smooth muscle of blood vessels: postsynaptic receptors) (78, 79) [for reviews, see (44, 63, 80, 81)]. The inhibitory autoreceptors operate a negative feedback mechanism dampening the activity of the noradrenergic neurone. Somatodendritic autoreceptors, stimulated by noradrenaline released from dendrites and/or recurrent axon collaterals synapsing with the cell body/dendrites, attenuate the firing of the neurone (82), whereas presynaptic receptors on nerve terminals reduce the release of the neurotransmittter (83). Stimulation of postsynaptic α2-adrenoceptors initiates inhibition of the cell receiving noradrenergic innervation.

There are three populations of α2-adrenoceptor in/or associated with the preautonomic LC: autoreceptors on (1) sympathetic, and (2) parasympathetic premotor neurones, and (3) postsynaptic receptors innervated by parasympathetic premotor neurones. Drugs interacting with α2-adrenoceptors can have differential effects on the three receptor populations, due to their differential sensitivities. Interestingly, there is a species difference in the sensitivities of the three receptor populations: diurnal and nocturnal animals are affected differently by α2-adrenoceptor agonists and antagonists.

In diurnal species (man, monkey, dog), the α2-adrenoceptor agonist clonidine evokes miosis and sedation, consistent with a sympatholytic effect resulting from stimulation of inhibitory autoreceptors on sympathetic premotor neurones in the LC (42, 43, 63) (Figure 3). This is a selective effect: the other two populations of α2-adrenoceptor remain largely unaffected. This may be due partly to the greater sensitivity of autoreceptors than postsynaptic receptors (84, 85), and partly the higher activity of sympathetic, compared to parasympathetic, premotor neurones. Sympathetic premotor neurones are likely to be more active due to their preferential stimulation by light (see Dorsomedial hypothalamus), and autoreceptor activity is a function of neuronal activity (81).
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FIGURE 3. Species-specific effect of the α2-adrenoceptor agonist clonidine on the pupil. Nuclei: LC–locus coeruleus (red area: sympathetic premotor neurones; blue area: parasympathetic premotor neurones); EWN, Edinger-Westphal nucleus. symp: target of output from LC (sympathetic preganglionic neurones); para: target of output from EWN (ganglion ciliare). Connections are shown by arrows: red–excitatory; blue–inhibitory. Adrenoceptors: α2 in LC–presynaptic inhibitory autoreceptor; α2 in EWN–inhibitory postsynaptic receptor; α1 on sympathetic preganglionic neurones–excitatory postsynaptic receptor. Nocturnal animals: clonidine stimulates inhibitory postsynaptic receptors in the EWN–inhibition of the EWN leads to mydriasis. Diurnal animals: clonidine stimulates inhibitory autoreceptors on sympathetic premotor neurones in the LC–attenuation of sympathetic outflow leads to miosis. See text (α2-Adrenoceptors Associated With Premotor Autonomic Neurones) for details.



In contrast to diurnal animals, clonidine causes mydriasis in nocturnal (mouse, rat) and crepuscular (cat) animals (42, 43, 63) (Figure 3). This is consistent with the selective stimulation of postsynaptic inhibitory α2-adrenoceptors in the EWN (40), innervated by a noradrenergic output from parasympathetic premotor neurones in the LC (see Outputs). The lack of evidence of autoreceptor stimulation in these neurones may be due to their presumed low baseline activity in the absence of stimulation by light.

Connections of Excitatory Sympathetic Premotor Neurones

Outputs

There is a robust projection from the LC to the spinal cord (coeruleo-spinal pathway), demonstrated in the rat (86). This pathway innervates all three contingents of spinal neurones: autonomic preganglionic neurones in the IML (87), sensory neurones in the dorsal horn (88), and motor neurones in ventral horn (89). The ciliospinal center receives its noradrenergic innervation via this pathway (41, 44).

Excitatory LC neurones also operate in the sleep/arousal network: they project to other wake-promoting neurones and the cerebral cortex (see Association With Sleep/Arousal Network).

Inputs

Latero-posterior hypothalamus. The orexinergic neurones in the lateral hypothalamic area/perifornical area (LHA/PFA) play an important role in the control of both arousal (6) and autonomic regulation (90): they mediate wake-promoting (91) and sympatho-excitatory (92) effects. The sympatho-excitatory effects of these neurones are mediated either directly by their projections to sympathetic preganglionic neurones (92), or indirectly via projections to sympathetic premotor neurones in the rostral ventrolateral medulla (RVLM) (90) and PVN (93). By projections to sympathetic premotor neurones in the LC (94), the orexinergic neurones of the LHA/ PFA stimulate sympathetic outflow to the iris. Interestingly, the hypothalamus, and in particular the latero-posterior hypothalamus containing the orexinergic neurones, has been implicated for a long time in the sympathetic control of the pupil (78, 95). Pupil dilatory responses reported in response to the electrical stimulation of the latero-posterior hypothalamus [see Table 6–19 in (96)] are likely to have been due to activation of orexinergic neurones projecting to the LC. Furthermore, the “tonic inhibition” of the EWN observed following hypothalamic stimulation may reflect the activation of parasympathetic premotor neurones in the LC in response to stimulation of the orexinergic input (see Connections of Inhibitory Parasympathetic Premotor Neurones).

There is also clinical evidence highlighting the importance of the lateral hypothalamus in the sympathetic control of the pupil. It is recognized that lesions of the postero-lateral hypothalamus can cause central type ipsilateral Horner's syndrome, characterized by miosis, blepharoptosis, and facial anhidrosis. This reflects the loss of the sympathetic output from the hypothalamus channeled through a descending pathway, via the SCG, to the iris (97).

Dorsomedial hypothalamus. The DMH projects to the LC (45) that sends excitatory outputs to the IML, wake-promoting neurones in the sleep/arousal network, and the cerebral cortex (see Noradrenergic Pathway, para 1). Via these connections light increases both the level of arousal and sympathetic activity in diurnal animals, including man (50, 51, 98, 99). This direct effect of light is separate from the effect of light on the entrainment of circadian rhythmicity to the day/night cycle, and is often referred to as “masking,” since it used to be regarded as a side-effect in the study of circadian regulation (50).

In contrast to diurnal animals, light is sleep-promoting (“somnogenic”), and darkness is wake-promoting in nocturnal animals, including rodents used in laboratory research (50, 100–102). Interestingly, in nocturnal animals the wake-promoting orexinergic neurones in the hypothalamus are activated by darkness (103), whereas in diurnal animals they are activated by light (104). The dual effect of light on arousal is likely to reflect the opposite effects of light on two hypothalamic nuclei: stimulation of the SCN leads to an alerting effect via the DMH and LC, whereas the stimulation of the ventrolateral preoptic nucleus (VLPO), a major sleep-promoting nucleus, leads to a sedative effect (43, 44, 102, 105) (Figure 4). In diurnal animals light would activate predominantly the SCN, while in nocturnal animals the predominant effect of light would be the activation of the VLPO. It has been suggested that the basis for the “temporal niche” (i.e., diurnality or nocturnality) may lie in the retina (106, 107). This suggestion has received experimental support recently (105). It has been shown that blue light has an alerting and green light a sedative effect. Therefore diurnal animals may show a higher sensitivity to blue in the spectrum, and retinal ganglion cells stimulated by blue light may project preferentially to the SCN. On the other hand, nocturnal animals' retinae may be more sensitive to green in the spectrum, and retinal ganglion cells stimulated by green light, may project preferentially to the VLPO (53, 105, 108).


[image: image]

FIGURE 4. Dual effect of light on arousal Nuclei: wake-promoting (yellow)–LC (locus coeruleus); TMN (tuberomamillary nucleus); sleep-promoting (purple)–VLPO (ventrolateral preoptic nucleus; relay (white)–SCN (suprachiasmatic nucleus); DMH (dorsomedial hypothalamus. Connections are shown by arrows: red–excitatory; blue–inhibitory. Neurotransmitters: Glu (glutamate); GABA (y-amino-butyric acid); Ox (orexin); H (histamine); NA (noradrenaline). Adrenoceptors (postsynaptic): α1 (excitatory), α2 (inhibitory). Light exerts a sleep-promoting effect by directly stimulating the sleep-promoting nucleus VLPO. This effect is largely mediated by inhibition of the wake-promoting nucleus TMN. Light also exerts a wake-promoting effect by indirectly stimulating, via the SCN and DMH, the wake-promoting nucleus LC. This effect is mediated by the direct stimulation of the cerebral cortex and the inhibition of the VLPO, thereby disinhibiting the wake-promoting TMN. In nocturnal animals the sleep-promoting, and in diurnal animals the wake-promoting, effect of light predominates. See text (Dorsomedial Hypothalamus) for details.



In diurnal animals, luminance information is channeled via the SCN → DMH route to the LC leading to activation of not only wake-promoting but also sympathetic premotor neurones. The latter activation leads to an increase in sympathetic outflow in general, including cardiovascular activity, and increased sympathetic stimulation of the iris manifesting as pupil dilation [see Figure 9 in (44)]. Activation of the wake-promoting neurones in the LC leads to activation of the cerebral cortex, both directly via the coeruleo-cortical pathway (41, 44), and indirectly via shifting the overall activity of the subcortical sleep-arousal network in the direction of wake-promotion (6). Interestingly, cortical activation may involve areas associated with processing non-luminance-related information, such as cognitive load. As these cortical areas are known to project to the LC (58, 59, 109), their activation would provide reinforcing positive feedback to luminance-evoked LC activation.

Collaterals from spinothalamic tract. Pain signals are carried, via the somatosensory nucleus of the thalamus, to the somatosensory area of the cerebral cortex, by the spinothalamic (110, 111) and trigemino-thalamic (112) pathways (for review, see 42). Both pathways send collaterals to the LC, as demonstrated in the cat and monkey (113) (Figure 2). Pain signals increase LC activity, as shown in the rat by recording the electrical discharge of LC neurones (114, 115), expression of cFos (116), and noradrenaline release (117). Noxious stimulation also leads to pupil dilation, referred to as “reflex dilation.” There is evidence that reflex dilation in humans and other diurnal species (e.g., rabbit) is related to sympathetic activation, suggesting that the collaterals from pain pathways synapse with excitatory sympathetic premotor neurones in the LC (Figure 5).
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FIGURE 5. Species-specific effects of noxious stimulation on the pupil. Conventions are as in Figure 3. Pain signals arising from noxious (painful) stimulation are conveyed to the LC via collaterals from the spinothalamic tract. Pain signals evoke pupil dilation (“reflex dilation”) in both nocturnal and diurnal animals. However, the mechanisms are different. In nocturnal animals pain signals stimulate parasympathetic premotor neurones in the LC that project to the EWN to stimulate inhibitory α2-adrenoceptors, mediating a parasympatholytic effect. On the other hand, in diurnal animals pain signals stimulate sympathetic premotor neurones in the LC, leading to a sympatho-excitatory effect. See text (Collaterals From Spinothalamic Tract) for details.



In humans, reflex dilation can be evoked by noxious cold (plunging one hand into ice-cold water: “cold pressor test”) (118, 119), or electric shock (120, 121). Pupil dilation evoked by acute pain is a pure sympathetic response: the amplitude of the light reflex response, an index of parasympathetic activity, is unaffected (118, 119, 122) Reflex dilation can be antagonized by sympatholytics: α1-adrenoceptor antagonists (e.g., dapiprazole) applied topically to the cornea (119, 121), or α2-adrenoceptor agonists (e.g., dexmedetomidine) applied systemically (120).

In rabbits, another diurnal species, the noxious stimulus used was electrical stimulation of the sciatic nerve (123). Reflex dilation was antagonized by α1-adrenoceptor antagonists (phentolamine, phenoxybenzamine, and prazosin), and potentiated by the α2-adrenoceptor antagonist RS79948, administered systemically (123). The α1-adrenoceptor antagonists may have blocked α1-adrenoceptors at two sites (IML and iris) in the noradrenergic sympathetic pathway originating from the LC, whereas the α2-adrenoceptor antagonist may have antagonized inhibitory autoreceptors in the LC. The α1- and α2-adrenoceptor antagonists failed to affect reflex dilation in the eye whose sympathetic input had been sectioned (124). Therefore, reflex dilation in the rabbit, like in man, is likely to be mediated by sympathetic excitation originating in sympathetic premotor neurones in the LC.

In contrast to diurnal species, in nocturnal animals, reflex dilation seems to reflect parasympathetic inhibition rather than sympathetic stimulation (Figure 5). Reflex dilation in cats (crepuscular animals) and rats was studied extensively by Michael Koss and his colleagues in the 1980s (40, 78, 125, 126). They found that pupil dilation evoked by painful electrical stimulation of the sciatic nerve was not affected by sympathectomy, was antagonized by monoamine depletion by reserpine or α-methyl-para-tyrosine and α2-adrenoceptor antagonists (e.g., yohimbine), and potentiated by α2-adrencoptor agonists (e.g., clonidine). They concluded that noxious stimulation in cats and rats activated a noradrenergic pathway inhibiting the EWN, leading to a reduction in parasympathetic outflow, appearing as pupil dilation (40) (see Collaterals From Spinothalamic Tract).

The differential effect of noxious stimulation on the noradrenergic control of pupil function in diurnal and nocturnal animals suggests that while in diurnal animals pain signals may preferentially activate excitatory sympathetic premotor neurones in the LC, in nocturnal animals they may activate mainly inhibitory parasympathetic premotor neurones projecting to the EWN (Figure 5).

Connections of Inhibitory Parasympathetic Premotor Neurones

Outputs

It has been shown in cats and rats that there is a central noradrenergic pathway that exerts an inhibitory influence on the EWN by stimulating inhibitory α2-adrenoceptors (40). Moreover, it has been proposed that the inhibitory noradrenergic pathway to the EWN may originate from the LC, and that the LC could exert dual influence on pupillary activity via an excitatory output to the IML and an inhibitory output to the EWN (63) This model of the dual noradrenergic control of pupillary activity by the LC is elaborated further in the present review. An anatomical link has been described from the LC to the EWN (127, 128). Furthermore, it has been shown recently that this link operates via stimulation of α2-adrenoceptors in the EWN. Liu et al. (60) found that pupil dilation evoked by the electrical microstimulation of the LC, following removal of the SCG, was abolished dose-dependently by the α2-adrenoceptor antagonist yohimbine, applied to the EWN. This finding is also consistent with the existence of a direct link between the LC and the EWN, and thus has bearing on a controversy regarding the connection between the LC and the EWN (129). Nieuwenhuis et al. (130) argued that there was no direct connection between the LC and the EWN, and suggested a number of possible “alternative anatomical routes.” However, direct and indirect connections are not mutually exclusive: such parallel connections between autonomic nuclei are known to exist in the autonomic nervous system (131). An example is the projection from the retina to the DRN: both a direct and an indirect connection have been described (see Retinal Inputs to the Dorsal Raphe Nucleus, and Figure 6).
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FIGURE 6. Connections of the light-stimulated serotonergic pathway. Nuclei: DR (DRN in text: dorsal raphe nucleus; pink: excitatory sympathetic premotor neurones, blue: inhibitory parasympathetic premotor neurones); EW (EWN in text: Edinger-Westphal nucleus); OPN (olivary pretectal nucleus); LHA (lateral hypothalamic area), IML (intermedio-lateral column of spinal cord). Ganglia: SCG (superior cervical ganglion), GC (ganglion ciliare). Connections are shown by arrows: red-excitatory; blue-inhibitory (putative). Neurotransmitters: Glu (glutamate); Ox (orexin), 5HT (5-hydroxytryptamine, serotonin), ACh (acetylcholine). Receptors: α1-excitatory postgsynaptic adrenoceptors; 2A–excitatory postsynaptic 5-HT2A receptors; 1A–inhibitory 5-HT1A autoreceptors. The DR receives both a direct and an indirect input from the retina; the indirect connection involves hypothalamic orexinergic neurones. The possibility of an inhibitory output from the DR to the EW, stimulating inhibitory postsynaptic 5-HT1A receptors, has been investigated (see 5-HT1A Receptors).



Apart from sending an inhibitory output to the EWN, the LC also inhibits other parasympathetic preganglionic brainstem nuclei (salivatory nuclei, vagal nuclei) (44).

Inputs

Latero-posterior hypothalamus. Orexinergic neurones in the LHA/PFA project to the LC where they innervate both sympathetic and parasympathetic premotor neurones (see Connections of Excitatory Sympathetic Premotor Neurones). Electrical stimulation of the lateral hypothalamus in experimental animals leads to pupil dilation due to inhibition of the EWN via an inhibitory noradrenergic input (78). The likely mechanism underlying this observation is the activation of parasympathetic premotor neurones in the LC via an excitatory orexinergic input from the hypothalamus, leading to inhibition of the EWN via the stimulation of α2-adrenoceptors.

Amygdala. The central nucleus of the amygdala sends an excitatory peptidergic projection to the LC; the neuropeptide involved is corticotrophin-releasing factor (CRF) (132). Both the amygdala (133) and the LC (134) have been implicated in the generation of anxiety. Furthermore, there is likely to be a synergistic interaction between these two nuclei in mediating anxious responses: stress-induced activation of the central amygdala is transmitted to the LC by a CRF-containing output from the amygdala (135, 136).

Anxious states amenable for experimental study can be generated by the paradigm of fear conditioning: pairing of a noxious stimulus (e.g., electric shock) with a neutral stimulus (e.g., light, sound) leads to the development of the ability of the neutral stimulus to evoke the response to the noxious stimulus. Using this paradigm, it was possible to modulate two physiological reflexes, the acoustic startle reflex and the pupillary light reflex, by the anticipatory anxiety associated with the procedure (43). Interestingly, the two reflexes are changed in opposite directions: the acoustic startle reflex is potentiated, whereas the pupillary light reflex is inhibited by conditioned fear.

In the case of the modulation of both reflexes by fear (“anticipatory anxiety”), the amygdala and the LC play a joint role. The activation of the amygdala by stressful stimulation is transmitted to the LC, leading to potentiation of the noradrenergic facilitation of striated muscle contraction, in the startle reflex paradigm, and enhancement of the noradrenergic inhibition of the EWN, leading to inhibition of the light reflex (43). As the inhibition of the light reflex by fear cannot be antagonized by the topical application of the α1-adrenoceptor antagonist dapiprazole, while a small associated increase in pupil diameter can (137), the fear-inhibited light reflex is likely to be mediated entirely by the parasympathetic output to the iris, consistent with the predominant activation of parasympathetic premotor neurones in the LC by fear. The sensitivity of the accompanying mydriasis to antagonism by dapiprazole would indicate the associated involvement of the sympathetic output, probably arising from the activation of sympathetic premotor neurones in the LC.

Collaterals from spinothalamic tract. Collaterals from the spinothalamic tract project to parasympathetic premotor neurones in the LC in nocturnal animals, such as rats (40, 125, 126), and in crepuscular animals, such as cats (40, 78). Via this pathway, pain signals cause excitation of parasympathetic premotor neurones projecting to the EWN, where stimulation of inhibitory postsynaptic α2-adenoceptors would lead to parasympathetic inhibition and pupil dilation (Figure 5).

Association With Sleep/Arousal Network

The sleep/arousal network is an assembly of interacting nuclei in the hypothalamus and brainstem, responsible for the control of arousal (6). The network consists of functionally antagonistic wake-promoting nuclei (WPN) and sleep-promoting nuclei (SPN). WPN are active during wakefulness and quiescent during sleep, whereas SPN display the opposite pattern of activity. Each nucleus in the network is defined by its connections and the neurotransmitter used. WPN neurones use glutamate, the neuropeptide orexin, acetylcholine, and the monoamines noradrenaline, dopamine, serotonin (5-hydroxytryptamine [5-HT]), and histamine. The neurotransmitters of SPN neurones are γ-amino-butyric acid (GABA) and galanin. WPN send excitatory outputs to the cerebral cortex, whereas SPN function mainly by inhibiting WPN.

The LC is in the hub of this network. It receives inputs from all nuclei of the network, both WPN and SPN, and thus is a major integrator of sleep/arousal-related neuronal activity. It sends excitatory outputs, that operate via α1-adrenoceptors, to the cerebral cortex and other wake-promoting nuclei, and inhibitory outputs, that operate via α2-adrenoceptors, to the SPN (Figure 2). The LC has a two-way, mutually antagonistic relationship with the VLPO of the hypothalamus, a major sleep-promoting nucleus. The LC inhibits the VLPO, thus releasing other wake-promoting nuclei (e.g., tuberomamillary nucleus, TMN) from GABAergic inhibition, and consequently promoting waking, whereas the VLPO inhibits the LC, and thus facilitates sleep (Figure 4) (42).

Arousal-modifying drugs (sedatives, anesthetics, stimulants) may influence LC activity either directly or indirectly via inputs from the sleep/arousal network. Directly acting sedative drugs are the α2-adrenoceptor agonists (e.g., clonidine, dexmedetomidine) and the μ opiod receptor agonists (e.g., morphine, heroin). The α2-adrenoceptor agonists “switch off” LC activity by stimulating inhibitory autoreceptors on LC neurones (see α2-Adrenoceptors Associated With Premotor Autonomic Neurones). The μ opiod receptor agonists also suppress LC activity since μ opiod receptors are co-localized with α2-adrenoceptors in the membrane of LC neurones and operate via a shared signaling mechanism (i.e., blockade of potassium channels) (138). Examples of drugs indirectly influencing LC activity and thus leading to alterations in the level of arousal are the stimulant modafinil and the sedative drug pramipexole. Both drugs act via an excitatory dopaminergic pathway from the VTA to the LC (“mesocoerulear pathway”). Modafinil increases dopaminergic excitation of LC neurones via blocking the uptake of dopamine into dopaminergic nerve terminals, leading to stimulation of excitatory postsynaptic D2 dopamine receptors (67), whereas pramipexole reduces LC activity by attenuating the dopaminergic activation of LC neurones via stimulating inhibitory D2 dopamine autoreceptors on the dopaminergic neurones (139).

As the LC is not only a wake-promoting, but also a pre-autonomic nucleus, it couples arousal and autonomic activity (“arousal/autonomic activity interphase”) (42, 68). Consequently, alterations in the level of arousal are transmitted to the pupil. In general, an increase in alertness is associated with an increase in sympathetic output and pupil dilation, whereas sedation is linked to a decrease in sympathetic output and pupil constriction.

During transition from wakefulness to sleep (drowsiness or sleepiness), there is likely to be instability between opposing excitatory wake-promoting and inhibitory sleep-promoting inputs impinging on the LC, leading to fluctuations in LC activity. Due to the close association between LC activity and pupillary diameter (see Noradrenergic Pathway), the drowsiness-related fluctuations of LC activity are transmitted to the pupil, leading to fluctuations in pupil diameter. Thus instability between opposing excitatory and inhibitory inputs may be the basis for the appearance of pupillary oscillations in darkness, termed “fatigue waves” or “sleepiness waves” (140, 141). These oscillations increase as the level of arousal decreases. The Pupillographic Sleepiness Test (PST) provides quantitative measures of the oscillations that can be used as indices of the degree of sedation (142, 143). Indeed, the two measures of pupil diameter fluctuations generated by the PST (total power, Pupillary Unrest Index), correlate with electroencephalographic and subjective measures of sedation (144, 145).

The PST has also been used to assess the sedative and alerting properties of centrally acting drugs (74, 119, 139, 146–148), and the PST measures correlate well with other measures of alertness, such as critical flicker fusion frequency (CFFF) and visual analog scales. It would be expected that drug-induced changes in arousal would affect both pupillary indices of alertness: in the case of sedation, an increase in sleepiness waves would be paralleled by miosis, and in the case of stimulation, a decrease in sleepiness waves would be paralleled by mydriasis. Although this prediction has been confirmed in the case of some drugs (e.g., clonidine, yohimbine, modafinil), there are also exceptions to this general pattern. Examples of a dissociation between the effects of sedation on pupillary oscillations and pupil diameter are two highly sedative drugs: diazepam and pramipexole. While both drugs enhance pupillary oscillations in darkness, and display sedative effects on CFFF and visual analog scales, diazepam-induced sedation is associated with no change in pupil diameter (119), whereas pramipexole-induced sedation is accompanied by mydriasis (139). The possible explanation for the dissociation may lie in some actions of these drugs outside the sleep/arousal network or the LC. Such extraneous actions may either compromise the transmission of sympatho-excitatory signals from the LC to the SCG, or change the balance between sympathetic and parasympathetic outputs to the iris, by interfering with the parasympathetic output.

Diazepam, like all benzodiazepines, enhances the effect of endogenously released GABA at inhibitory GABAA receptors (149). Although the LC is richly endowed with GABA receptors, these receptors are insensitive to benzodiazepines (150). Therefore, benzodiazepines would induce sedation by stimulating inhibitory GABAA receptors elsewhere in the sleep/arousal network, leading to a reduction in the activity of wake-promoting neurones. However, the resultant decrease in LC activity is not passed on to the pupil by the sympathetic output from the LC. The possibility that diazepam may alter the relationship between the sympathetic and parasympathetic outputs to the iris has been excluded: it does not affect the parameters of the light reflex response or the diameter of the pupil dilated by the cholinoceptor antagonist tropicamide, applied topically (119). Therefore it is likely that diazepam interferes with sympathetic outflow “downstream” from the LC, most probably at the level of the IML.

Preganglionic sympathetic neurones in the IML integrate inputs from supraspinal premotor neurones, including those in the LC, and an intricate network of intraspinal interneurones (151). GABA receptors have been identified on bulbospinal neurones, projecting to sympathetic preganglionic neurones in the IML, on presynaptic terminals of such neurones, and on interneurones in the IML (152). Indeed, GABAergic neurotransmission plays an important role in controlling sympathetic outflow (153). Benzodiazepines may increase the activity of sympathetic preganglionic neurones via disinhibiting some of their excitatory inputs, and this increase in activity may mask the effect of the sedation-induced reduction in the excitatory input from the LC (119). However, further experimental work would be needed to confirm this hypothesis.

Pramipexole is a dopamine D2/D3 receptor agonist with a high affinity for inhibitory D2 autoreceptors on dopaminergic neurones. It is highly sedative due to inhibiting an excitatory input to the LC from dopaminergic neurones located in the VTA. As expected, pramipexole-induced sedation is associated with enhancement of pupillary sleepiness waves. However, paradoxically, this is paralleled by mydriasis, rather than miosis (139, 148). This paradoxical effect of pramipexole may be due to the unexpected finding that it attenuates the pupillary light reflex response. As pramipexole has no affinity for cholinoceptors, a central mechanism has been postulated. Pramipexole, by stimulating inhibitory D2 receptors on dopaminergic neurones in a putative excitatory pathway projecting to the EWN (“meso-pupillomor pathway”), may withdraw the dopaminergic activation of EWN neurones. Consistent with this model, it has been shown that amisulpiride, a D2 dopamine autoreceptor antagonist, evokes an effect opposite to that of pramipexole: it potentiates the light reflex (148). Therefore, in the case of pramipexole-induced sedation, miosis resulting from a reduction in sympathetic outflow to the iris, as a consequence of reduced LC activity, may have been superseded by mydriasis, due to parasympathetic inhibition.

In conclusion, a change in pupil diameter may be a reliable index of drug-induced sedation only in the case of drugs that reduce sympathetic outflow to the iris by selectively reducing LC activity, such as the α2-adrenoceptor agonists (e.g., clonidine, dexmedetomidine) (63) However, as many sedative drugs also influence sympathetic output by actions outside the LC, and/or also affect parasympathetic output to the iris, sedation-induced pupil diameter changes should not be used to draw conclusions about the sedative properties of centrally acting drugs. On the other hand, as alterations in pupillary oscillations (“sleepiness waves”) are likely to be linked directly to LC activity, they may provide a reliable measure of sedation.

Connections Between Sympathetic and Parasympathetic Premotor Neurones

As discussed above (see Functional Organization of Noradrenergic Premotor Autonomic Neurones in the Locus Coeruleus), there is evidence supporting the view that sympathetic and parasympathetic premotor neurones in the LC form separate populations, and, in many situations, operate independently. However, the sympathetic and parasympathetic divisions of the autonomic nervous system do not function in isolation. Examples of cross-talk between the two divisions have been described in the medulla oblongata and the PVN in the hypothalamus (154).

There is also evidence of cross-talk between the two populations of premotor autonomic neurones in the LC. The anatomical basis of such cross-talk may be the gap junctions between LC neurones, through which cells can communicate with each other via eletrotonic transmission (155). Electrotonic coupling of LC neurones has been implicated in the synchronization of spontaneous firing and the generation of endogenous rhythmic activity (156, 157). An alternative mechanism may be the activation of noradrenergic parasympathetic premotor neurones from recurrent excitatory axon terminals of sympathetic premotor neurones. Indeed, such a mechanism has been described to operate in the LC (158).

The following two subsections discuss how two variables, light (Dual Modulation of Autonomic Activity by Light) and noradrenergic drugs (monoamine depletors, reuptake inhibitors, α2-adrenoceptor agonists) (Pupillary Effects of Noradrenergic Drugs), may influence autonomic function by interacting with both contingents of noradrenergic premotor neurones in the LC.

Dual Modulation of Autonomic Activity by Light

Light is a powerful activator of sympathetic activity, consistent with light-evoked stimulation of sympathetic premotor neurones in the LC (see Dorsomedial hypothalamus). However, in addition to its sympatho-excitatory effect, light has also been reported to evoke a parasympatholytic effect (55, 159). The possible mechanism for this dual effect of light on autonomic outflow, affecting both divisions of the autonomic nervous system, may be the simultaneous activation of both sympathetic and parasympathetic premotor neurones in the LC. Parasympathetic premotor neurones may have been activated either directly or indirectly, via the spread of sympathetic premotor neuronal activity to parasympathetic premotor neurones via electorotonic transmission or recurrent axon collateras.

Pupillary Effects of Noradrenergic Drugs

Drugs acting at noradrenergic neurones may modify the activity and/or the transmitted effects of both sympathetic and parasympathetic premotor neurones, leading to alterations in both sympathetic and parasympathetic pupil control. Three classes of such drugs will be considered: vesicular monoamine transporter (VMAT) inhibitors (“monoamine depletors”), noradrenaline reuptake inhibitors, and α2-adrenoceptor agonists.

Monoamines are accumulated in synaptic vesicles of the nerve terminals by an active membrane pump, the vesicular monoamine transporter (VMAT). The form of VMAT accumulating noradrenaline is termed VMAT2. Drugs that inhibit VMAT2 in noradrenergic nerve terminals, such as reserpine and tetrabenazine, lead to depletion of noradrenergic neurones of noradrenaline (160). These drugs are not selective for either sympathetic or parasympathetic premotor neurones in the LC: they deplete both populations of noradrenergic premotor neurones of noradrenaline. Depletion of noradrenaline of sympathetic premotor neurones leads to a sympatholytic effect (sedation, miosis, hypotension), whereas depletion of noradrenaline of parasympathetic premotor neurones results in a parasympathomimetic effect (potentiation of the light reflex response, increase in salivation) (161). The parasympathomimetic effect is likely to be due to removal of the noradrenergic inhibition of the EWN by the LC.

Noradrenaline reuptake inhibitors, including a number of antidepressants, enhance the effect of released noradrenaline, by blocking its reuptake into noradrenergic nerve terminals (44). They, like the VMAT inhibitors, are not selective for either population of pre-autonomic noradrenergic neurones in the LC, and potentiate the effects of noradrenaline at all the different targets of noradrenergic projection. The antidepressants desipramine, reboxetine, and venlafaxine enhance both the sympatho-excitatory and parasympatholytic effects mediated by noradrenergic autonomic outputs. These drugs cause mydriasis and shortening of the recovery time of the light reflex response, due to potentiation of noradrenergic stimulation of preganglionic sympathetic neurones in the IML and of the dilator pupillae muscle in the iris. They also attenuate the pupillary light reflex response and reduce salivary output, due to potentiation of the noradrenergic inhibition of preganglionic parasympathetic neurones in the EWN and the salivatory nuclei (162–165). It should be noted that while the parasympatholytic effect of desipramine could be due to the blockade of cholinoceptors in the iris, this explanation cannot be applied to the parasympatholytic effects of venlafaxine and reboxetine since these drugs have little affinity for cholinoceptors (164).

In contrast to the VMAT inhibitors and noradrenaline reuptake inhibitors, α2-adrenoceptor agonists, like clonidine and dexmedetomidine, are selective for sympathetic premotor neurones in man and other diurnal species (see α2-Adrenoceptors Associated With Premotor Autonomic Neurones). The basis for this selectivity is likely to be a difference in the baseline activities of sympathetic and parasympathetic premotor neurones. Sympathetic premotor neurones are likely to have high baseline activity due to their stimulation by light via an input from the retina (see Dorsomedial hypothalamus), whereas the baseline activity of parasympathetic premotor neurones is likely to be low. Therefore, while inhibitory α2 adrenergic autoreceptors are likely to occur on both populations of premotor autonomic neurones, the low baseline of parasympathetic premotor neurones does not allow the conversion of their stimulation into an inhibitory response (65). Indeed, while α2-adrenoceptor agonists consistently evoke miosis, reflecting sympatho-inhibition in man, they do not usually affect the parasympathetically mediated light reflex response. However, there are exceptions to this general pattern: α2-adrenoceptor agonists may occasionally potentiate the light reflex response (120, 166), consistent with the attenuation of the inhibition of the EWN by the LC. It is likely that in these cases the baseline activity of parasympathetic premotor neurones was high enough to allow autoreceptor stimulation to be converted into an observable response. The baseline activity of parasympathetic premotor neurones may have been raised by the spread of activity from the sympathetic premotor neurones to the parasympathetic premotor neurones via electronic transmission through gap junctions. An alternative mechanism may be stimulation of postsynaptic α2-adrenoceptors on postsynaptic neurones in the EWN by clonidine, leading to disinhibition of the light reflex, as seen in nocturnal animals (see α2-Adrenoceptors Associated With Premotor Autonomic Neurones).



Serotonergic Pathway

This pathway is displayed in Figure 6. The figure shows the dual sympathetic/parasympathetic innervation of the iris, including the light reflex pathway via the parasympathetic output. The hub of the serotonergic pathway is the dorsal raphe nucleus (DRN) which contains serotonergic neurones, some of which function as sympathetic premotor neurones. These neurones send an excitatory projection to preganglionic neurones in the IML where it stimulates 5HT2A receptors. The premotor autonomic neurones in the DRN contain inhibitory 5HT1A receptors: the stimulation of these receptors by serotonin, released from recurrent serotonergic axon terminals, inhibits the activity of the serotonergic neurones. The existence of parasympathetic premotor neurones has been postulated: these neurones, via an inhibitory output to the EWN, would inhibit the light reflex. However, although the DRN inhibits the parasympathetic output to the pupil, this is likely to be via an indirect route (see 5-HT1A Receptors, below). The DRN also sends an excitatory output to the cerebral cortex where it stimulates 5HT2A receptors. The DRN receives afferents from the retina, both directly and indirectly, via the LHA/PFA.

Serotonergic Neurones

Serotonin (5-hydroxytryptamine, 5-HT) is one of the major monamine neurotransmitters that, like noradrenaline, is involved in the regulation of both arousal (6, 167) and autonomic function (168, 169). Serotonergic neurones are located in nine nuclei (B1–B9) in the midline raphe of the brainstem, and project widely throughout the neuraxis (170, 171). Largest of these nuclei is B7, corresponding to the DRN, that is responsible for the serotonergic control of arousal (172). Several serotonergic nuclei are involved in autonomic regulation, including the DRN and a number of caudal raphe nuclei. These nuclei project to the IML of the spinal cord (171), where they are likely to stimulate excitatory 5HT2 receptors on sympathetic preganglionic neurones (152). There is also a population of serotonergic interneurones in the IML (173).

Serotonin interacts with a large array of presynaptic (auto) and postsynaptic receptors that can mediate both excitatory and inhibitory effects. 5-HT1 receptors are inhibitory, and occur both in presynaptic and postsynaptic locations, whereas 5HT2 and 5-HT3 receptors are excitatory, and occur postsynaptically (174). The most common and best studied receptor sub-types are the 5-HT1A and the 5-HT2A receptor (175). Inhibitory 5-HT1A autoreceptors on serotonergic neurones play an important role in the regulation of serotonergic neurotransmission (176).

Retinal Inputs to the Dorsal Raphe Nucleus

Direct Link

During the past decade or so, an anatomical link has been identified between the retina and the DRN (“retino-raphe projection”) in a number of rodent species. These species include the rat (177–179), the mouse (180); the Mongolian gerbil (179, 181, 182), and the Chilean degus (183). It has been shown that stimulation of this pathway by light can modulate the expression of cFos, an index of neuronal activity, in the DRN (182). Furthermore, stimulation of the DRN by light can lead to alterations in complex behaviors, such as affective (184) and defensive (180) behaviors. It has been shown that both conventional and melanopsin-containing retinal ganglion cells project to the DRN (185). The majority of retinal ganglion cells projecting to the DRN are conventional alpha-like ganglion cells with Y-like physiological properties (186, 187).

Indirect Link

Apart from the direct link described above, an indirect link via the orexinergic neurones of the LHA/PFA has also been reported. Orexinergic neurones may be directly light-sensitive via an input from the retina (188), or may be activated indirectly by light via the SCN (189). It has been found that, in the diurnal rodent Nile grass rat, a light pulse evoked an increase in the expression of cFos, in both the LHA/PFA and the DRN. Pretreatment of the animals with the orexin receptor type 1 (OXR1) antagonist SB-334867 prevented the activation of the DRN by light, leading to the conclusion that “in the diurnal brain light induces excitatory responses in the 5-HTergic DRN through activating orexinergic pathways” (104). For the role of the orexinergic system in pupillary control, see Latero-Posterior Hypothalamus.

5-HT Receptors Modulating Pupil Function

Serotonergic neurones in the DRN operate via stimulating serotonin receptors both in the DRN and the targets innervated by it. The two most important receptor types are the 5-HT1A and 5-HT2 receptor. The role of these receptors in controlling pupil function has been explored using selective 5-HT1A receptor agonists and 5-HT2 receptor antagonists.

5-HT1A Receptors

5-HT1A receptors occur both presynaptically (autoreceptors) and postsynatically where they mediate an inhibitory action. The autoreceptors are usually more sensitive than the postsynaptic receptors, and their role in controlling serotonergic neuronal function is analogous to that of the α2-adrenoeptors in controlling noradrenergic neurone function (see α2-Adrenoceptors Associated With Premotor Autonomic Neurones). 5-HT1A autoreceptors are abundant on serotonergic neurones in the DRN (190). The stimulation of these receptors on sympathetic premotor neurones would mediate a sympatholytic effect by switching off the activity of these neurones, and thus attenuating their excitatory influence on sympathetic preganglionic neurones (152). Postsynaptic 5-HT1A receptors also play a role in autonomic regulation: by inhibiting sympathetic premotor neurones in the RVLM they mediate a sympatholytic effect on cardiovascular function (168). It has been postulated that, like α2-adrenoceptors, 5-HT1A receptors may occur on parasympathetic preganglionic neurones in the EWN (191) (Figure 6).

5-HT1A receptor agonists have marked effects on pupil function that are, like the effects of the α2-adrenoceptor agonists, species-specific (see α2-Adrenoceptors Associated With Premotor Autonomic Neurones). In diurnal species, these drugs evoke miosis, whereas in nocturnal animals they cause mydriasis.

The 5-HT1A receptor agonists buspirone, lesopitron, and 8-OH-DPAT evoked dose-dependent miotic responses in rabbit (192), monkey (193), and man (194–196). As in man, the buspirone-induced miosis was unaffected by the topical application of the cholinoceptor antagonist homatropine, it was concluded that the miotic response was likely to be due to sympathetic inhibition (194). Miotic responses to buspirone and lesopitron were also light-dependent: responses were larger in light than in darkness. As miotic responses to the α2-adrenoceptor agonist clonidine show the same light-dependence, a similar mechanism was postulated, probably involving the noradrenergic inhibition of the EWN (see Pharmacological Unmasking of Light-Evoked Latent Pupil Dilation) (195). The light-dependence of the miotic responses to the 5-HT1A receptor agonists is consistent with the operation of a serotonergic light-stimulated sympathetic pathway.

The 5-HT1A receptor agonist 8-OH-DPAT evoked consistent dose-dependent mydriatic responses in mice (197) and rats (191). The pupillary responses could be antagonized by not only 5-HT1A receptor antagonists (e.g., WAY-100135 and WAY 100635), but also by α2-adrenoceptor antagonists (e.g., yohimbine and RS 79948). These observations argue against the existence of a direct serotonergic inhibitory input to the EWN operating via 5-HT1A receptors (Figure 6). It was proposed that 8-OH-DPAT might have acted indirectly via the noradrenergic system: activation of noradrenergic neurones in the LC by the drug would have increased the release of noradrenaline onto inhibitory α2-adrenoceptors in the EWN (191). Indeed, an intricate neuronal network has been proposed to operate within the LC modulating the firing of noradrenergic neurones. In this network, the noradrenergic neurones may be under tonic inhibition by GABAergic interneurones that in turn may be inhibited by a serotonergic input operating via inhibitory 5-HT1A receptors. Therefore, disinhibition of the noradrenergic neurones by 5HT1A receptor stimulation could lead to an increase in noradrenergic neuronal firing (198).

5-HT2 receptors

An ascending output from the DRN to the cerebral cortex stimulates excitatory 5-HT2A receptors, and thereby increases arousal (6), and a descending output to the sympathetic preganglionic neurones in the IML stimulates 5-HT2A receptors, leading to sympathetic stimulation (Figure 6). It has been shown that the 5-HT2 receptor antagonists ICI 169,369 and ICI 170,809 have dose-dependent miotic and sedative effects in man (199, 200), consistent with the attenuation of 5-HT2 receptor-mediated functions. The dose-dependent miosis suggests that the 5-HT2 receptors in the IML may mediate a tonic sympatho-excitatory effect on the pupil.




CONCLUSIONS

Light has robust effects on the autonomic control of the pupil: it stimulates the parasympathetic output and inhibits the sympathetic output. Stimulation of the parasympathetic output results in the light reflex mediating a constrictor response, whereas sympathetic inhibition, working “in the background,” allows unimpeded expression of light-evoked pupil constriction (1). While the mechanisms underlying the light reflex have been the subject of intensive investigation, especially since the discovery of the role of melanopsin-containing retinal ganglion cells in its initiation (201), there has been relatively less interest in the sympathetic control of the pupil by light.

Interestingly, there may be multiple sympathetic pathways mediating the effect of light on the pupil: two pathways mediating an inhibitory effect (“light-inhibited sympathetic pathways”) and two pathways mediating a paradoxical stimulatory effect (“light-stimulated sympathetic pathways”) are described.

While the inhibitory effect of light on the sympathetic output to the pupil was demonstrated in the 1960s and 1970s, little experimental work has been done since then. Okada et al. (13) demonstrated a connection between the pretectal area and the sympathetic preganglionic neurones projecting to the iris. The course of this pathway has not been investigated since then. However, review of the literature of experimental work investigating the connections of the pretectum to autonomic nuclei, allows filling in the missing gaps. This has led to the proposal of the pretectum/periaqueductal gray pathway (see Pretectum/Periaqueductal Gray Pathway). A second putative light-inhibited sympathetic pathway is the suprachiasmatic nucleus/paraventricular nucleus pathway (see Suprachiasmatic Nucleus/Paraventricular Nucleus Pathway). This pathway overlaps with the pathway controlling melatonin synthesis, as sympathetic preganglionic neurones in the same segments (C8-T2) of the IML innervate, via the SCG, both the pineal gland and the dilator pupillae muscle in the iris. Although the role of this pathway in mediating the effect of light on the sympathetic control of melatonin synthesis is well established, its role in mediating the inhibitory effect of light on the sympathetic output to the pupil has not been studied experimentally.

The two light-stimulaed sympathetic pathways are based on well-established connections of their “hub” nuclei, the LC and the DRN. Both these nuclei are light sensitive, either directly (DRN) and/or indirectly (DRN and LC), and there is evidence of their roles in both the sympathetic and parasympathetic controls of the pupil. Light has a manifest sympatho-excitaroy effect on functions (e.g., cardiovascular or renal activity) controlled by the thoraco-lumbar sympathetic outflow. However, at the levels of C8-T2, the sympatho-excitatory effect of light may be superseded by its powerful inhibitory effect required for the operation of the light reflex and control of melatonin synthesis. Therefore, pupil dilation resulting from the stimulation of the sympathetic output to the iris would be masked by the pupil-constricting effect of light. The latent mydriasis can be unmasked by drugs that modulate the activity of the hub nuclei. Drugs that inhibit LC activity (e.g., clonidine, diphenhydramine) or DRN activity (e.g., buspirone) potentiate light-evoked pupil constriction, while drugs that enhance LC activity (e.g., yohimbine, modafinil) antagonize light-evoked pupil constriction. The light-stimulated sympathetic pathways, by attenuating light-evoked pupil constriction, may enable diurnal animals to function in daylight, when light may cause pinpoint pupils in nocturnal animals (202).

The activity of the light-stimulated pathways appears to be related to age. The monotonic decline in pupil diameter with increasing age in humans (203–205) may reflect the gradual withdrawal of the activity of the light-stimulated sympathetic pathways since the decline in pupil diameter is paralleled by the age-dependent decline in the number of noradrenergic neurones in the LC (42). The effect of age on the pupil is accentuated in Alzheimer's disease (206) when the loss of noradrenergic neurones in the LC exceeds that seen in old age (207).

The noradrenergic light-stimulated sympathetic pathway has widespread connections via sympathetic and parasympathetic premotor neurones in the LC, and via these connections it is integrated into the wider central autonomic network (41, 44). It is also integrated with the sleep/arousal network, and participates in the processing of pain signals and fear/anxiety. Many drugs (sedatives, stimulants, antidepressants, anxiolytics) modify pupil function by actions via the noradrenergic light-stimulated sympathetic pathway. Through its multiple inputs the noradrenergic light-stimulated sympathetic pathway is amenable to modulation by a wide range of physiological and psychological variables, and via its outputs it can transmit sympathetically and parasympathetically mediated alterations in pupil function.

There is a remarkable species difference in the operation of light-stimulated sympathetic pathways: diurnal animals respond differently from nocturnal animals to light, noxious stimulation, and autoreceptor agonist drugs (e.g., clonidine in the noradrenergic, buspirone in the serotonergic light-stimulated sympathetic pathway). A tentative explanation for the species difference may be that it is related to regular exposure to light in diurnal animals that may lead to proliferation and/or a raised baseline activity of sympathetic premotor neurones in the LC and DRN. Therefore autoreceptor agonists and pain signals may affect sympathetic premotor neurones preferentially, as compared to parasympathetic premotor neurones, in diurnal animals. These observations suggest that the effects of some non-luminance-related variables (monoaminergic autoreceptor agonists, noxious stimuli) may be influenced by the luminance-exposure history of the species, determined by the “temporal niche.”

Apart from transmitting slow time-course (“tonic”) changes in pupil diameter in response to light, the LC is also involved in mediating non-luminance-related fast time-course (“phasic”) pupil dilations in response to cognitive load (57). It has been shown in the monkey (58, 109) and in the mouse and rat (59) that cognitive load, applied using different paradigms, evokes fast transient changes in the firing rate and pattern of LC neurones. Furthermore, corresponding changes can be observed in neuronal firing in different areas of the cerebral cortex and colliculi.

Unraveling the multiple sympathetic pathways controlling the pupil suggests that the sympathetic has roles beyond fading away in the background when the light reflex operates. While the parasympathetic pathway mediating the light reflex has one robust dedicated function, the sympathetic pathways, through their connections, are multifunctional, integrating pupil function with a wide range of autonomic, neuroendocrine, physiological, and psychological functions.
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ABBREVIATIONS

CFFF, critical flicker fusion frequency; CRF, corticotropin-releasing factor; DMH, dorsomedial hypothalamus; DRN, dorsal raphe nucleus; IML, intermedio-lateral column (of spinal cord); EWN, Edinger-Westphal nucleus; GABA, y-aminobutyric acid; GC, ganglion ciliare; 5-HT, 5-hydrytryptamine (serotonin); LC, locus coeruleus; LHA, lateral hypothalamic area; OPN, olivary pretectal nucleus; PAG, periaqueductal gray (matter); PFA, perifornical area; PVN, paraventricular nucleus; SCG, superior cervical ganglion; SCN, suprachiasmatic nucleus; SPN, sleep-promoting neurones; TMN, tuberomamillary nucleus; VLPO, ventrolateral preoptic nucleus; VMAT, vesicular monoamine transporter; VTA, ventral tegmental area; WPN, wake-promoting neurones.
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Purpose: Intrinsically photosensitive retinal ganglion cells (ipRGCs) contain the photopigment melanopsin, and are primarily involved in non-image forming functions, such as the pupillary light reflex and circadian rhythm entrainment. The goal of this study was to develop and validate a targeted ipRGC immunotoxin to ultimately examine the role of ipRGCs in macaque monkeys.

Methods: An immunotoxin for the macaque melanopsin gene (OPN4), consisting of a saporin-conjugated antibody directed at the N-terminus, was prepared in solutions of 0.316, 1, 3.16, 10, and 50 μg in vehicle, and delivered intravitreally to the right eye of six rhesus monkeys, respectively. Left eyes were injected with vehicle only. The pupillary light reflex (PLR), the ipRGC-driven post illumination pupil response (PIPR), and electroretinograms (ERGs) were recorded before and after injection. For pupil measurements, 1 and 5 s pulses of light were presented to the dilated right eye while the left pupil was imaged. Stimulation included 651 nm (133 cd/m2), and 4 intensities of 456 nm (16–500 cd/m2) light. Maximum pupil constriction and the 6 s PIPR were calculated. Retinal imaging was performed with optical coherence tomography (OCT), and eyes underwent OPN4 immunohistochemistry to evaluate immunotoxin specificity and ipRGC loss.

Results: Before injection, animals showed robust pupil responses to 1 and 5 s blue light. After injection, baseline pupil size increased 12 ± 17%, maximum pupil constriction decreased, and the PIPR, a marker of ipRGC activity, was eliminated in all but the lowest immunotoxin concentration. For the highest concentrations, some inflammation and structural changes were observed with OCT, while eyes injected with lower concentrations appeared normal. ERG responses showed better preserved retinal function with lower concentrations. Immunohistochemistry showed 80–100% ipRGC elimination with the higher doses being more effective; however this could be partly due to inflammation that occurred at the higher concentrations.

Conclusion: Findings demonstrated that the OPN4 macaque immunotoxin was specific for ipRGCs, and induced a graded reduction in the PLR, as well as, in ipRGC-driven pupil response with concentration. Further investigation of the effects of ipRGC ablation on ocular and systemic circadian rhythms and the pupil in rhesus monkeys will provide a better understanding of the role of ipRGCs in primates.

Keywords: melanopsin, ipRGCs, intrinsically photosensitive retinal ganglion cells, immunotoxin, pupil, rhesus monkey


INTRODUCTION

The intrinsically photosensitive retinal ganglion cells (ipRGCs) are located in the inner retina and express the photopigment melanopsin. The ipRGCs are involved in non-image forming functions, including photoentrainment of circadian rhythm and pupil size control (1, 2). Studies show that the ipRGCs also play a role in image formation, contributing to visual detection and temporal and color processing (3–5). They represent ~0.2–2% of the ganglion cell population, depending on species (6–9), and are characterized by large soma and broad dendritic fields (10). Multiple subtypes of ipRGCs have been identified (8, 11, 12), each demonstrating distinct molecular, morphological and functional characteristics. Five unique subtypes of ipRGCs have been identified in rodents (12), and two subtypes have been identified in primates (8). Axons run in the retinohypothalamic tract, and central projections include the suprachiasmatic nucleus, intergeniculate leaflet, olivary pretectal nucleus, and multiple other nuclei of the midbrain (6). With the recent characterization of the ipRGCs over the last 15–20 years, the full scope of ipRGCs in non-image and image forming processes in primates has yet to be fully elucidated.

The ipRGCs are stimulated intrinsically by light through activation of melanopsin (Opn4), with a peak sensitivity to short wavelength light at ~480 nm (4). Additionally, ipRGCs receive extrinsic input from the rod/cone pathway through contacts with cone bipolar cells and amacrine cells (8, 13). In macaques, the two subtypes of melanopsin cells depolarize in response to light in photopic conditions, and one subtype also responds to dim stimuli (4). Responses mediated by melanopsin exhibit slow kinetics, with activity persisting after stimulus offset (1). During the pupillary light reflex, initial pupil constriction is primarily attributed to rod and cone pathways, whereas maintained pupilloconstriction is primarily attributed to intrinsic ipRGC activity. The temporal properties of melanopsin activation contribute to sustained pupil constriction observed in vivo after light offset. Additionally, tonic pupil constriction in bright light is also attributed to melanopsin-driven pathways, as ganglion cells driven by cone input demonstrate light adaptation and rapid desensitization (14, 15).

Studies show that mice lacking rod and cone photoreceptors exhibit relatively normal circadian rhythm entrainment and pupil constriction to illumination (16, 17). Mice lacking melanopsin through gene deletion demonstrate diminished pupillary light reflexes at high irradiances (18) and attenuation in light-induced resetting of the circadian oscillator (19). Ruby et al. found that entrainment to the light/dark cycle and phase shifting were 40% lower in melanopsin knockout mice compared to wild-type mice (20). Mice lacking both rod and cone photoreceptors, as well as, ipRGCs show no pupillary responses (21).

The melanopsin photopigment is localized to ipRGCs, and has a highly unique amino acid sequence, making it ideal for lesioning studies. Previous studies have utilized saporin-conjugated immunotoxins for targeted ablation of the melanopsin containing ipRGCs in mice (22) and rats (23). Ingham et al. showed that the immunotoxin rapidly and permanently ablated ~70% of the ipRGC population in rats, with no alterations in non-melanopsin-containing retinal cells (23). Mice lacking melanopsin cells showed attenuation in circadian photosensitivity and decreased light-induced negative masking. Specifically, mice demonstrated an impaired ability to entrain to photoperiod, suggesting that the experimental animals were less sensitive to light.

The development of an effective immunotoxin for the primate melanopsin containing cells is an important step in elucidating the roles of ipRGCs in non-image forming and image forming functions. The goal of this study was to develop and validate a targeted ipRGC immunotoxin to ultimately examine the role of these cells in primates.



MATERIALS AND METHODS

Subjects were six rhesus monkeys (Macaca mulatta), ages 1–4 years (Table 1), that were reared under fluorescent ambient lighting on a 12 h light/12 h dark cycle [for husbandry details see (24)]. Procedures were approved by the Institutional Animal Care and Use Committee at the University of Houston and conformed to the ARVO statement for the Use of Animals in Ophthalmic and Vision Research.



Table 1. Age, sex, and immunotoxin dose for the experimental animals, Macaca mulatta.
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To develop the primate OPN4 immunotoxin, an affinity-purified rabbit polyclonal antibody directed against the N-terminus extracellular domain of OPN4 was generated. Specifically, a peptide consisting of the 19 amino acid residues from the N-terminus of hOPN4 (MNPPSGPRVPPSPTQEPSC) was synthesized and conjugated to KLH (Genscript, Piscataway, NJ). This 19 amino acid sequence is common to humans and macaque monkeys. The conjugate was used to immunize two rabbits, and the resulting antisera was affinity-purified to a concentration of 1.545 mg/ml (Genscript). Custom conjugation by Advanced Targeting Systems (San Diego, CA) generated a saporin-conjugated anti-h-OPN4 antibody at a concentration of 1.1 mg/ml.

The saporin-conjugated anti-hOPN4 antibody solution was diluted in a vehicle of sterile balanced salt solution (BSS) for intravitreal injection to deliver 50 μg (n = 1, animal 550), 10 μg (n = 2, animals 552 and 520), 3.16 μg (n = 1, animal 526), 1 μg (n = 1, animal 527), or 0.316 μg (n = 1, animal 609) to the right eyes of six animals. The vehicle alone was injected in the left eyes. For injections, animals were anesthetized with an intramuscular injection of 30 mg/kg ketamine and 3 mg/kg acepromazine. The eye adnexa was washed with betadine, topical proparacaine was instilled, and the eye was rotated to inject through a pars plana approach. A volume of 25–55 μl of solution (depending on immunotoxin concentration and size of the animal) was injected into the vitreous using a 30 gauge syringe needle. Prophylactic anti-inflammatory treatment included either IM injection of kenalog, 0.3 cc of 40 mg/ml, or oral 5 mg prednisone tablets. Additionally, the treated eye received a single dose of 0.3 cc kenalog, via subtenons injection, at the time of the procedure. Systemic anti inflammatories began 1 day prior to the procedure and continued for 1 week, or prn.

A subtenon injection of 1% atropine and 0.4 ml triamcinolone acetonide (Kenalog) was used to minimize inflammation. Additionally, animals 609, 527, 526, and 520 were pretreated with dexamethasone. The following measurements were recorded before and after treatment.


Pupil Testing

Pupillometry was performed ~1 month prior to injections, and 1–3 months after injections. For pupillography, animals were anesthetized with an intramuscular injection of 10 mg/kg ketamine and 1 mg/kg acepromazine, supplemented with a half dose approximately every 10 min. This minimal dose of ketamine was used to immobilize the animals while maintaining a similar heart rate as the awake state, minimizing sympathetic system suppression from anesthesia and maintaining a fully responsive pupil to light stimulation. Heart rate and blood oxygen were monitored with a pulse oximeter (model 9847V; Nonin Medical, Inc., Plymouth, MN, USA). The pupil of the right eye (the experimental eye) was dilated with 1% tropicamide. Animals were placed prone in a head holder and the lids were held open with an eyelid speculum. Custom made plano powered rigid gas permeable contact lenses were placed on each cornea with moisturizing lubricant (Refresh Celluvisc, Allergan) to maintain corneal integrity.

Stimuli were presented with a ColorBurst (Diagnosys, LLC, USA), positioned ~10 mm from the right eye and providing a 140° field of view. Long-wavelength stimuli were 651 nm (“Red”) with a half-max width of 25 nm and short-wavelength (“Blue”) stimuli were 456 nm with half-max width of 20 nm (Spectroradiometer CS1W, Minolta). Consensual pupil responses were recorded continuously in the left eye with an infrared eye tracker at 60 Hz (ViewPoint, Arrington, USA). The camera was focused at the pupil plane and calibrated at the beginning of each session.

Two experimental protocols were utilized (Figure 1). For both, baseline pupil diameter was first recorded for at least 10 s. For the first protocol, a 1 s long-wavelength 133 cd/m2 stimulus was presented (3.3 × 1014 photons/cm2/s), followed by four 1 s short-wavelength stimuli with increasing intensity, 16.6 cd/m2 (6.4 × 1013 photons/cm2/s), 100 cd/m2 (3.7 × 1014 photons/cm2/s), 250 cd/m2 (9.2 × 1014 photons/cm2/s), and 500 cd/m2 (1.5 × 1015 photons/cm2/s), with an interstimulus interval of at least 60 s. Following the first protocol, the second protocol was run, which included a 2 min 0.1 Hz flickering on and off long-wavelength 133 cd/m2 stimulus followed by a 2 min 0.1 Hz flickering on and off short-wavelength 100 cd/m2 stimulus.
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FIGURE 1. (A) Pupillometry protocol 1 included a 1 s long wavelength (red) stimulus and 4 increasing intensities of 1 s short wavelength (blue) stimuli. Stimuli were preceded with 10 s baseline and 60 s post illumination pupil recordings. (B) Pupillometry protocol 2 included a 2 min 0.1 Hz flickering long wavelength stimulus, followed by a 2 min 0.1 Hz flickering short wavelength stimulus.



Pupil data were analyzed offline in Excel (Microsoft Office 2013). Data were filtered to remove artifacts. For the first protocol utilizing 1 s stimuli, the following pupil metrics were quantified. Baseline pupil diameter was calculated as the average pupil diameter 10 s before the first stimulus. Peak pupil constriction, representing primarily a measure of rod/cone photoreceptor activity, was calculated for each stimulation as the smallest pupil diameter following light onset, relative to baseline pupil diameter. The post-illumination pupil response (PIPR) was quantified as the 6 s PIPR, which was calculated as the mean pupil diameter (relative to baseline) averaged over 6–7 s after stimulus offset. Paired t-tests were used to assess differences between baseline and follow up pupil constriction and 6 s PIPR.

For the second protocol utilizing 0.1 Hz flickering stimuli, data were normalized to the baseline as described above. Each 2 min period included twelve 5 s stimulus-on intervals. Peak pupil constriction during each of the 12 stimulus-on intervals, averaged for 0.5–4 s during each stimulus, for long-wavelength stimuli, was averaged. Pupil constriction was calculated in a similar manner for short-wavelength stimuli.



Retinal Imaging

Retinal structure was assessed with spectral domain optical coherence tomography (SD-OCT, Spectralis, Heidelberg, Germany) before and ~6 weeks and 6 months after immunotoxin injection. For imaging, the animals were anesthetized with an intramuscular injection of ketamine (15–20 mg/kg) and acepromazine (0.15–0.20 mg/kg). The animal's head was stabilized using a 5-way positioner (X, Y, Z, tip, and tilt) and gas permeable contact lenses were inserted to ensure optical clarity. The OCT's scan pattern (20° × 20°) was centered and focused on the fovea. Twenty horizontal scans were obtained using the instrument's highest resolution protocol resulting in B-scan images of 1,536 × 496 pixels; only scans with a quality index of 20 db or higher were analyzed. The instrument's auto re-scan feature was employed to track anatomic features to ensure that all subsequent scans were performed at the same retinal location as the baseline measurements. The SD-OCT instrument has an axial resolution of 3.9 μm per pixel (25). Scan data were exported and analyzed using custom Matlab software. An experienced observer manually segmented each scan to identify inner limiting membrane and retinal pigment epithelium. The center of the fovea was identified as the deepest point in the foveal pit observed in the central scans. Retinal thickness was averaged across the 6 mm line scan that passed through the fovea.



Electrophysiology

ERG responses were recorded to assess potential effects of the immunotoxin on retinal function. For ERG recordings, animals were anesthetized intramuscularly with ketamine (20–25 mg/kg/hr) and xylazine (0.8–0.9 mg/kg/hr) and were treated with atropine sulfate (0.04 mg/kg injected subcutaneously), as previously described (26). Body temperature was maintained between 36.5 and 38°C with a thermostatically controlled blanket (TC1000 temperature controller; CWE, Ardmore, PA). Heart rate and blood oxygen were monitored with a pulse oximeter (model 9847V; Nonin Medical, Inc USA). Pupils were fully dilated to approximately 8.5 mm in diameter with topical tropicamide (1%) and phenylephrine (2.5%). ERGs were recorded using Dawson, Trick, Litzkow (DTL) electrodes (27) that were moistened with moisturizing lubricant (Refresh Celluvisc, Allergan) and positioned across the center of the cornea and under a corneal contact lens on each eye. A platinum wire inserted temporal to each eye served as the reference electrode, and a hypodermic needle in the skin of upper back as the ground electrode. Recordings were amplified and filtered (DC-300 Hz).

Full-field dark- and light-adapted ERG responses to brief flashes were recorded using an Espion3 system with a ColorDome stimulator (Diagnosys LLC, USA). Animals were dark-adapted for 30 min, and the scotopic stimuli were ISCEV standard white LED flashes of 0.01 and 3 cd s/m2 white LED flashes, and Xenon flashes of 10 and 100 cd s/m2, with three repetitions averaged (28). The photopic stimuli were brief red LED flashes (λmax = 650 nm, 0.04–5.86 cd s/m2) on a rod-saturating blue background (λmax = 462 nm, 10 photopic cd/m2), 10–20 repetitions averaged, to elicit responses from both outer and inner retina (26). ERGs were recorded before, soon after in some animals, and at 9 months after treatment in all animals, as indicated below.

ERGs were analyzed offline using a custom MATLAB program (MathWorks, Natick, MA). Amplitudes of dark- and light-adapted a-waves were measured from baseline to trough, and b-waves, from a-wave trough to b-wave peak, from records that were filtered, 0–75 Hz, to remove high frequency oscillatory potentials. Photopic negative responses (PhNRs) were measured from baseline to trough. For a-wave, b-wave, and PhNR, at baseline and 9 months after treatment, the percent difference in amplitude between the two eyes (OS-OD) was calculated using Equation (1):
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Immunohistochemistry

Animals were sacrificed ~6–9 months after injection. Both eyes of each animal were enucleated, globes were hemisected, vitreous removed, and the resulting eyecups were fixed in 4% paraformaldehyde for 1 h. The tissue was then rinsed and stored in 0.1 M phosphate-buffered saline (PBS), containing 0.3% sodium azide until processed for immunohistochemistry. Whole retinas were isolated from the eyecup and blocked in a blocking buffer containing 0.1 M PBS triton, 5% donkey normal serum, 3% monkey normal serum, and 0.3% sodium azide. The same blocking buffer was used for all primary antibody dilutions.

IpRGCs were double labeled with two different antibodies against melanopsin—one recognizing an epitope in a region of the C′ terminus, and one recognizing an epitope in the N′ terminus. The purpose of the use of the two labels for ipRGCs was two-fold. First, the double-label served as a specificity control. The OPN4 immunotoxin was conjugated to the N′ terminus antibody. IHC labeling with this antibody confirms the population of cells targeted for immunoablation. Second, both channels were assessed for fluorescence signaling to confirm ablation of the cells.

The retinas were labeled sequentially as previously described (29). Briefly, antibodies against C-terminal melanopsin (OPN4; diluted 1:10,000, 5 days at 4°C) were visualized using Envision (diluted 1:2, DAKO) and tyramide conjugated Alexa-594 (Molecular Probes). The retinas were then labeled with the same affinity-purified rabbit polyclonal antibodies against the OPN4 N-terminal antibodies that were used for toxin conjugation (diluted 1:1,500, 4 days at 4°C) and visualized with Alexa-488 donkey anti-rabbit (diluted 1:200; Jackson Immunoresearch Laboratories,). Cell nuclei were labeled with Hoechst nuclear stain (diluted 1:600).

Images were collected with a Nikon A1 Confocal microscope. Double-labeling with both antibodies was confirmed using single optical sections. Counts of OPN4-immunoreactive and Hoechst-labeled cells were obtained from 4 regions of interest (ROI) taken in central retina (~1 mm superior, inferior, nasal of the macula, and ~1 mm temporal of the ONH), and 4 ROIs taken at >3 mm superior, inferior, and temporal of the macula and >3 mm nasal of the ONH (mid-peripheral/peripheral), and averaged for each retina. The counts were obtained from confocal image stacks and reflect both inner and outer populations of OPN4-immunoreactive ganglion cells. Labeling patterns were confirmed in stitched confocal images of the entire retina. Because there were no significant differences in the number of OPN4-immunoreactive cells in the control eyes, the control retina counts were pooled. Image J was used to perform semi-automated cell counts (30) and adjust brightness and contrast. GraphPad prism was used for statistical analysis. Figures were finalized using Adobe Photoshop.




RESULTS

Following immunotoxin injection, all eyes demonstrated some ocular inflammation that ranged from very mild (for the lowest dose) to more severe (for the highest dose). The control eye for one animal, 526, experienced inflammation that led to media opacities; therefore, post-injection pupillography, electrophysiology, and imaging could not be performed for this animal. Post-operative inflammation was treated with systemic dexamethasone.


Pupillography

Prior to injection, pupil responses were similar for all animals. Smaller values for constricted pupil size and the PIPR indicate a smaller pupil diameter, i.e., stronger pupil light response. Before treatment, animals showed robust rod/cone and melanopsin-driven pupil responses. For the first protocol (Figure 2), 1 s long-wavelength (Red) stimuli resulted in an initial pupil constriction that reached 0.66 ± 0.08 of baseline, then rapidly redilated following light offset with a 6 s PIPR of 1.0 ± 0.05, indicating that the pupil had returned to baseline by 6 s after light offset (Tables 2, 3). For increasing intensities of short-wavelength (Blue) stimulation, initial pupil constriction was 0.67 ± 0.08 (lowest intensity, 16 cd/m2) to 0.60 ± 0.07 (highest intensity, 500 cd/m2). The responses were characterized by a rapid pupil constriction, followed by rapid partial redilation at light offset, with subsequent reconstriction. The reconstriction amplitude demonstrated a graded response, with the greatest reconstriction for the highest intensity short-wavelength stimuli. The pupil gradually redilated back to baseline over the following 10–60 s. The 6 s PIPR for the lowest intensity stimulus was 0.81 ± 0.09 and for the highest intensity stimulus was 0.70 ± 0.12, indicating slower redilation for the highest intensity.
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FIGURE 2. Representative pupil measurements from one animal, 552, (A) before and (B) after immunotoxin injection (10 μg). Stimuli included 1 s long wavelength (red) and 4 increasing intensities of short wavelength (blue) pulses. Solid black line represents the stimulus and the dashed black line represents the 6 s post-illumination pupil response (PIPR).





Table 2. Normalized constricted pupil size to 1 s long wavelength (red) and 4 increasing intensities of short wavelength (blue) stimuli before and after immunotoxin injection.
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Table 3. 6 s PIPR to 1 s long wavelength (red) and 4 increasing intensities of short wavelength (blue) stimuli before and after immunotoxin injection.
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After injection, pupil responses to 1 s long-wavelength and all intensities of short-wavelength stimuli decreased for all concentrations of immunotoxin tested, with the lowest immunotoxin concentration (0.316 μg) generally having the least effects. The initial pupil constriction to both long- and short-wavelength stimuli significantly decreased (i.e., less constriction/larger pupil, p < 0.002 for all). Additionally, the PIPR to short-wavelength stimuli significantly decreased, being completely eliminated for all but the highest intensity stimulus (p < 0.02). The 6 s PIPR was not significantly different for long-wavelength stimuli before and after the immunotoxin; in all cases, the 6 s PIPR was >0.96.

For the second protocol, using 0.1 Hz flickering on and off long-wavelength stimuli for 2 min, followed by short-wavelength stimuli for 2 min, responses prior to injection showed rapid pupil constriction at each stimulus onset that was maintained for the duration of the 5 s stimulus-on interval across 12 stimuli (Figure 3). In general, for long-wavelength stimuli, the pupil constriction during stimulus-on demonstrated a slight attenuation over the 2 min period, whereas, for short-wavelength stimuli, the pupil constriction during stimulus-on demonstrated slight potentiation over the 2 min period. On average across the 12 stimuli and for all subjects, constricted pupil size for long-wavelength stimuli was 0.68 ± 0.1, and for short-wavelength stimuli was 0.49 ± 0.02.
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FIGURE 3. Normalized pupil diameter for right eyes to a 2 min 0.1 Hz long wavelength (left column) or short wavelength (right column) stimuli. Dark red and blue traces represent the pupil before immunotoxin injection, and light red and blue traces represent the pupil 1–3 months after injection. (A,B) Animal 550, receiving the highest concentration immunotoxin (50 μg), (C,D) animal 520, receiving a midrange concentration immunotoxin (10 μg), and (E,F) animal 609, receiving the lowest concentration immunotoxin (0.316 μg).



Following immunotoxin injection, pupil responses to 0.1 Hz long- and short-wavelength stimuli significantly decreased, and were essentially eliminated for the highest immunotoxin concentrations. For all concentrations of immunotoxin, constricted pupil size to long-wavelength stimuli was 0.9–1.0. Constricted pupil size to short-wavelength stimuli was 0.84–0.96. Of importance, for all immunotoxin concentrations except for the lowest dose, pupil constriction, if present at all, was transient and did not persist for the 5 s stimulus duration.



Retinal Imaging

Retinal thicknesses of control eyes of were not significantly different before and after the injection for all the monkeys (p = 0.32). For experimental eyes, dose-dependent inflammation and structural changes were observed in posterior segment SD-OCT images. For example, the experimental eye of the monkey receiving the lowest dose (609-OD, 0.316 μg) did not exhibit structural changes or retinal thickness differences after 6 weeks or after 6 months of injection compared to baseline (Figures 4A,B). For 609-OD, baseline total retina thickness across the macular region was 296.8 ± 4.02 μm. At 6 weeks after injection, total retina thickness was 304.8 ± 23.22 μm, and at 6 months after injection was 298.25 ± 26.8 μm. However, the experimental eye of monkey 520 (10 μg) showed retinal thinning of 10 μm and of monkey 527 (10 μg) demonstrated retinal thickening of 45 μm. These changes likely represent general retinal inflammation rather than specific ablation of ipRGCs. The retinal thickness of the animal receiving one of the highest does (552, 25 μg) could not be obtained following injections due to poor optical quality resulting from inflammation. In the animal receiving the highest dose, 550 (50 μg), small opacities in the vitreous space representing inflammatory cells and fibrous membranes were observed with a slit lamp biomicroscope and were evident with retinal imaging after injection (Figures 4C,D).
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FIGURE 4. SD-OCT images of the right eye for animal 609, which received the lowest dose immunotoxin (0.316 μg), (A) prior to injection and (B) 6 weeks after injection demonstrating well-preserved retinal structure, and for animal 550, received the highest dose immunotoxin (50 μg), (C) prior to injection, and (D) 6 weeks after injection, demonstrating some disruptions of normal retinal layers.





Electrophysiology

Figure 5 shows dark-adapted responses to a 10 cd s/m2 flash (top) and light-adapted ERG responses to a 5.6 cd s/m2 flash (bottom) recorded in three monkeys that received different doses of the immunotoxin 9 months prior. The immunotoxin reduced ERG amplitudes in the injected (right) eye substantially for the higher doses. However, animals receiving lower doses had better preserved outer retinal function, measured by a-wave (photoreceptor) and b-waves (bipolar cells), and inner retinal function measured by the PhNR (retinal ganglion cells) (31) in the injected eye than animals receiving higher doses. Prior to injection, at baseline, ERG amplitudes in the two eyes of each animal were generally similar (not shown) to the control (left) eye records shown in Figure 5. Baseline amplitudes were greater in the left eye in some animals, and the right eye in others, but the amplitude difference in stable recordings was within about 30% for each of the waves of the dark- and light-adapted ERG.
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FIGURE 5. Dark- and light-adapted ERGs in control eyes (OS) and in experimental eyes (OD) of three different animals with high (520, 10 μg, A,D), midrange (527,1 μg, B,E) and lowest (609, 0.316 μg, C,F) doses of immunotoxin recorded 9 months after treatment. Responses are shown to 10 cd s/m2 bright flashes from darkness (top) and 5.86 cd s/m2 red flashes on a rod saturating blue background.



For the two lowest doses of the immunotoxin, percent differences in ERG amplitudes between the two eyes hardly exceeded differences seen in baseline recordings. For the dose of 0.316 μg (Figure 5C), a- and b-waves of dark- and light-adapted ERG of injected right eye had slightly lower amplitudes, but the differences were within 32% of the amplitude of the left eye, and the PhNR was the same in both eyes. For a higher dose of 1 μg (Figure 5B), ERG amplitudes for the injected eye again were slightly lower, but with 20% of the amplitude for the left eye except for PhNR amplitude, which was within 40%. In contrast, for the higher dose, 10 μg (Figure 5A), amplitudes were greatly reduced for all waves of the ERG with differences of 65% or greater for dark-adapted a- and b-waves, and the light-adapted a-wave. For the light adapted b-wave the difference was 47% and for the PhNR, which was no longer a negative wave, there was 205% difference from the left eye. In another monkey that received the 10 μg dose (not shown), dark and light-adapted ERG amplitudes also were greatly reduced.



Immunohistochemistry

Specificity for the OPN4 antibody in a control eye is shown in Figure 6. Immunohistochemistry showed that both N′ terminus and C′ terminus antibodies labeled the same populations of ipRGCs under all conditions, confirming that the population of cells targeted for immunoablation were melanopsin containing ganglion cells. Loss of fluorescent signaling on both channels confirmed complete ablation of the cells. The loss of processes on the few remaining ipRGCs suggests that the immunotoxin affected the health of those cells that were not ablated.


[image: image]

FIGURE 6. N′ and C′ terminal antibody IR was colocalized in the same cell populations in an untreated control eye. In central temporal, non-macular, retina, N′ and C′ terminal antibody IR (A–F, respectively) was colocalized in the same cell populations for both the control (OS, left and middle panels) and treated (OD, 0.316 μg, right panels) retinas, shown for animal 609. Note that the only labeled cell in this region of the treated retina had fewer branches. Scale bars for all panels = 50 μm.



The number of OPN4-immunoreactive cells in control eyes, averaged from 8 regions of interest, was 9.2 ± 1 cells/mm2. In experimental eyes, there was an 80–100% reduction in the number of labeled ipRGC cells as compared to contralateral control eyes (p < 0.001, Figures 6–8). There were no labeled iPRGC cells in the eyes the received the two highest doses of toxin, and 1.87 (80% reduction) to 1.56 (83% reduction) cells per mm2 at the lower toxin concentrations. However, with the highest toxin concentrations, some ipRGC loss could result from inflammation, as evidenced by a trend toward reduced numbers of Hoechst labeled cells in these retinas. The overall ANOVA was significant at p = 0.05, although post-hoc pairwise comparisons were not.


[image: image]

FIGURE 7. Summed z-stack projections of mid-peripheral retina taken at 10x magnification showed that the OPN4-IR cells provided coverage of the entire retinal section in control conditions (A, 527-OS). Retinas treated with increasing concentrations of OPN4-Saporin had few or no OPN4-IR cells. (B) 527-OD: 1 μg; (C) 609-OD: 0.316 μg; (D) 520-OD: 10 μg; Scale bar = 100 μm.
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FIGURE 8. The number of OP4-immunoreactive cells in 4 regions of interest (ROI) taken in central retina (~1 mm superior, inferior, nasal, and temporal of the ONH) and 4 ROIs taken at >3 mm superior, inferior, nasal, and temporal of the ONH (mid-peripheral/peripheral) were averaged for each retina. Because there were no significant differences in the number of OPN-4 labeled cells in the control eyes, the control count was averaged from both retinas of one untreated control animal and the control eyes of the treated animals (n = 8 retinas). Because there were no systematic patterns regions of spared cells in the treated eyes, central, mid-peripheral, and peripheral ROIs in each animal were averaged. Labeling in the treated eyes was significantly reduced as compared to control (**P < 0.001, cells/mm2 + SEM). 609-OD: 0.316 μg; 527-OD: 1 μg; 526-OD: 3.16 μg; 520-OD, and 552-OD: 10 μg; 550-OD: 50 μg.






DISCUSSION

The goal of this study was to develop and validate a targeted immunotoxin for in vivo ablation of ipRGCs in primates. Immunostaining showed that ipRGCs were targeted, and structural and functional evaluation suggested that other retinal cells were generally spared. Prior studies using OPN4-saporin conjugates had reported effective doses of 400 ng in the mouse eye (21) and 950 ng in the rat eye (22). The volume of the vitreous humor of the mouse eye is approximately 5 μl while that of the rat eye is ~40 μl, resulting in effective vitreal concentrations of 80 μg/ml for mouse and 24 μg/ml for rat. The vitreous humor volume of the Rhesus monkey is approximately 2 ml. We therefore extrapolated from rat to Rhesus monkey to establish our highest dose as 50 μg per globe. With the higher doses of immunotoxin (≥10 μg), 100% of the ipRGC population appeared depleted based on immunohistochemistry. However, these higher doses also resulted in intraocular inflammation that reduced outer and inner retinal function as measured by ERG. The inflammation observed at these higher immunotoxin doses is most likely a response to either the affinity-purified rabbit polyclonal antibody or to the saporin conjugate. Humanized antibodies can be administered at doses of 1.5 mg to macaque monkeys without any inflammatory response (32), so it is possible that the use of a less immunogenic antibodies (e.g., murine, camelid, nanobodies) or Fab fragments might reduce the observed inflammatory responses at higher immunotoxin doses.

While there was not a clear dose-response curve, the two highest doses resulted in complete loss of ipRGCs, and the four lower doses resulted in ~80% cell loss. It is possible that different degrees of functionality for the remaining cells existed, in that cells can lose function while still present. It is important to note that the lower 2 doses of immunotoxin, 0.316 and 1 μg, were sufficient to reduce the ipRGC population to ~20% of control, and significantly decreased the pupillary light reflex, with minimal inflammation that resolved within the post-injection period, and minimal impact on ERG measures of retinal function. It is likely that a more aggressive pre/post injection steroid regimen would allow for these and somewhat higher doses to be used with minimal post-injection inflammation. Further, at these two lower doses, the post-illumination pupil response was eliminated, suggesting that melanopsin-containing ipRGCs were no longer contributing significantly to pupillary responses or potentially to circadian responses. This would be consistent with studies in mice that showed that an immunotoxin induced decrease of 57% of ipRGCs was sufficient to induce significant changes in circadian behaviors (22).

The normal primate pupil has been shown to constrict rapidly to a light stimulus then, in some cases, exhibit a brief dilation at light cessation, followed by sustained reconstruction (33, 34). This pupil light reflex pattern was demonstrated in the present study in normal eyes (i.e., prior to immunotoxin injection) using short wavelength stimuli. After ablation, a transient and decreased pupil constriction was observed that rapidly returned to baseline, with no apparent sustained reconstriction that is the signature of melanopsin-driven pupil input.

Following injection of the immunotoxin, pupil responses decreased in both the amplitude of pupil constriction and in duration of the response. In primates, ipRGCs provide the major retinal input to the pretectal olivary nucleus (35), the control center for pupil control. Following ipRGC ablation, the pupil response to both long wavelength and short wavelength stimuli was significantly reduced, however, some residual pupil response was observed. These findings are consistent with the ipRGCs being the major conduit from the retina for both cone, and melanopsin-driven control of the pupil. This is likely the pathway for rod mediated pupil control as well; however, rod contributions were not specifically tested here. It is possible that some other non-melanopsin RGCs may also project to the pretectum in primates, and these may drive the residual pupillary responses that were observed. Alternatively, the residual pupil response may have been driven by the few ipRGCs that remained after abalation with the lower immunotoxin concentrations.

Studies in mice with genetic ablation of the ipRGCs demonstrated that the ipRGCs are the primary conduits for rod and cone input to non-image-forming visual responses (36, 37). These findings were confirmed in rodents using immunotoxin-induced ablation (23). While genetic and immunotoxin studies have been performed in rodents to clarify the role of ipRGCs, no studies to date have blocked ipRGC transmission in the presence of functioning outer retinal pathways in primates.

Further refinement and validation of this melanopsin-targeted immunotoxin and experiments utilizing binocular ablation will allow for better clarification of the functions of ipRGCs in primates. Future studies that include immunohistochemical testing of other retinal cell types, including rods, cones, bipolar, amacrine, and other types of ganglion cells will provide information on absolute specificity. An application of ipRGC ablation in macaque monkeys would be to investigate the role of ipRGCs in light-mediated behaviors such as circadian entrainment, phase shifting, and masking. Another potential application of immunoablation includes ipRGC depletion in infancy, during the emmetropization process, to understand potential roles of ipRGC transmission in eye growth and refractive error development. Recent studies in mice suggest that an interaction between refractive development and circadian biology exists (38). Mice lacking melanopsin have abnormal refractive development and increased susceptibility to form-deprivation myopia. However, melanopsin contributions to eye growth are not yet understood. IpRGCs have been shown to communicate with axon terminals of dopaminergic amacrine cells (8). Early studies in human retinae suggest that synapses transmit information from amacrine cells to ipRGCs (39), whereas recent investigations in mouse and macaque retinae suggest that ipRGCs transmit information to amacrine cells (40). Dopamine is a known neuromodulator in refractive development (41). Retinal dopamine is reduced in form deprivation myopia (42). Additionally, administration of dopamine agonists reduced myopia development in animal models (43, 44). Observed relationships between dopaminergic amacrine cells and ipRGCs have led to speculation that melanopsin driven activity may play a role in eye growth and myopia.

In summary, our findings show that a newly developed OPN4-saporin immunotoxin, at concentrations that preserve retinal structure and function, is highly specific for primate ipRGCs. An optimal concentration that maximized ipRGC elimination with minimal inflammation that would be appropriate for future studies is on the order of 0.5–1 μg, which can be used to produce a substantial reduction in ipRGC numbers, as well as effectively eliminating melanopsin-driven pupil responses.
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With respect to photoreceptor function, it is well known that electroretinogram (ERG) amplitudes decrease with age, but to our knowledge, studies describing age-related changes in the pupil light response (PLR) of mice are lacking. This study recorded the PLR and ERG in C57BL/6 and Sv129S6 wild-type mice at three different ages during early adulthood. Dark- and light-adapted PLR and ERG measurements were performed at 1, 2, and 4 months of age. For PLR measurements, we used either a red (622 nm) or blue (463 nm) light stimulus (500 ms) to stimulate one eye. We selected various light intensities ranging across almost 4 log units and subsequently classified them as low, medium, or high intensity. From the recorded PLR, we selected parameters to quantify the early and late phases of the response such as the baseline pupil size, the maximal constriction amplitude, the maximal velocity, the early partial dilation (area under the curve of the positive peak of the first derivative of PLR tracing), and the sustained constriction amplitude. For ERG measurements, both scotopic and photopic responses were recorded following stimulation with green light (520 nm) at preselected intensities. The amplitudes and latencies of the a-wave and the b-wave were also analyzed. In both strains, 1-month-old animals presented with a smaller baseline pupil diameter compared to that in 2- and 4-month-old mice. They also exhibited greater maximal constriction amplitude in response to red stimuli of medium intensity. Further, 1-month-old Sv129S6 mice responded with greater constriction amplitude to all other red and blue stimuli. One-month-old C57BL/6 mice also demonstrated faster early partial dilation and smaller sustained response to low blue stimuli. The ERG of 1-month-old C57BL/6 mice showed a greater scotopic a-wave amplitude compared to that of 2-month-old mice, whereas no significant differences were found in Sv129S6 mice. These results suggest that the functional maturation of the neuronal pathway that mediates the PLR continues after 1 month of age. In studies that measure PLR to determine retinal integrity in adult mice, it is thus important to determine normative values in animals of 2 months of age.
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INTRODUCTION

The electroretinogram is a standardized test to described outer photoreceptor function, and normative values for rod and cone activity have been established in adult humans (1, 2). This technique has the advantage of recording the electrical activity of photoreceptors and interneurons, eliminating potential post-retinal effects. However, when vision is severely affected and reaches the level of light perception, the full-field electroretinogram (ERG) response becomes undetectable, as observed in patients affected by retinitis pigmentosa (3–7).

Alternatively, the pupillary light response (PLR) can provide a functional evaluation of outer and inner photoreceptors (7, 8). By modifying the wavelength, intensity, and background conditions of the light stimulus, the specific contribution of different photoreceptors to the PLR can be altered to favor rods, cones, or intrinsically photosensitive retinal ganglion cells (ipRGCs) (6, 9–12). However, a standardized protocol and normative values to assess the PLR in adult humans has not been defined.

In a previous study, we developed a PLR protocol for mice to characterize changes in the pupil response that are related to rod and cone degenerative diseases. When Rho−/− (rodless) mice were exposed to blue- and red-light stimuli, the initial maximal constriction amplitude was decreased, whereas the response after light termination (sustained constriction amplitude) was increased compared to that in wild-type mice. These findings implied that rod photoreceptors are a major contributor to both initial and post-illumination pupil constriction. Furthermore, low- or medium-intensity red light was not able to elicit any pupil response in Cnga3−/−; Rho−/− (coneless and rodless) mice demonstrating that both rods and cones are required to promote pupil responses under these particular conditions (13). Many other studies, each using different methodologies, have examined the origin of the photosensitive input with respect to the murine PLR. In addition to rods and cones, a small subset of retinal ganglion cells expressing the melanopsin protein, termed ipRGCs, was found to contribute to the mouse PLR (14–18). The general model is that rods are required for PLR sensitivity to lower intensity stimuli, whereas cones and melanopsin cells induce responses to more intense levels of light (16, 17). Moreover, rods and cones are mainly involved in the rapid and transient pupil response, whereas ipRGCs are the predominant players in the sustained pupillary response (17, 18).

ERG recordings change with age in young rodents. Specifically, the response amplitudes recorded from photoreceptors and second-order neurons increase gradually from eye-opening (postnatal day 12, P12) until adulthood, which is approximately P30 in mice (19). In rats, oscillatory potential (OP) amplitude and the implicit time also change with age. The amplitudes of OP2, OP3, and OP4 are larger at P31 than at P18 and P67, suggesting the functional refinement of the inner retina (20). Moreover, between 1 and 2 months of age, the mixed rod–cone response and the photopic cone response decrease (21). These observations suggest that the development of retinal processing continues after the first 2 postnatal weeks.

The development of the mouse retina starts at the embryonic stage and continues after birth. Retinal ganglion cells (RGCs) differentiate first followed by amacrine, cone, and horizontal cells. However, the neurogenesis of rods and bipolar cells continues for 1–2 weeks after birth (22). The process that converts bistratified ON-OFF responsive RGCs to monostratified ON or OFF responsive RGCs occurs 2–3 weeks after eye-opening (P12) and depends on light exposure (23). The synaptic strength, measured as the frequency of spontaneous synaptic inputs, also continues to mature after P12, and RGC spontaneous activities peak at P25, finally decreasing to reach adult levels at P60 (23). OFF-type bipolar cells, for example, those responsive to decreases in light, retain the ability to form new synapses in the intact adult retina and continue to increase synapse numbers and the complexity of dendritic arborization to at least 6 months of age, well after the mouse retina is considered mature (24). It has been shown that the presence of abnormal synaptic ribbons (synaptic ribbons floating in the cytoplasm without post-synaptic processes) correlates with abnormal ERG responses (reduction in the amplitude and increase in the implicit time of the b-wave) (25). Although impaired synaptogenesis has an effect on ERG measurements, the influence of normally developing synaptogenesis on the ERG remains unclear.

Five subtypes of ipRGCs (1–3% of the RGC population) were described in rodents based on the stratification of their dendrites (26). McNeil et al. (27) showed that ipRGC neurogenesis begins from embryonic day (ED) 11 to ED14, similar to that observed for other RGCs, but continues after ED15 when other types of RGC neurogenesis stop. At ED15, ipRGCs are not present in the peripheral retina and reach the ciliary margin at birth (P0). IpRGCs begin innervating the suprachiasmatic nucleus at P3 and P4 until the second postnatal week, whereas most RGCs innervate their image-forming targets during embryogenesis. Moreover, the appearance of ipRGC axons in the olivary pretectal nucleus coincides precisely with the onset of the PLR at P7 (27). However, the consequence of retina circuitry refinement, observed after eye opening on visual function is still not well understood.

In this study, we examined the effect of continued retinal maturation after 1 month of age, based on functional tests of the retina, in mice. Specifically, we aimed to better characterize how age affects the mouse PLR and ERG response under non-pathological conditions. Two wild-type mouse strains, C57BL/6 and Sv129S6, were examined because many retinal dystrophy mouse models are based on these genetic backgrounds. Additionally, a difference in the course of degeneration was observed when comparing Rho−/− mice between C57BL/6 and Sv129S6 backgrounds (28). The development of such normative values will help to differentiate pathological responses from non-relevant variations, when assessing functional retinal integrity.



MATERIALS AND METHODS


Animals

Animals were handled in accordance with the statement of the “Animals in Research Committee” of the Association for Research in Vision and Ophthalmology, and protocols were approved by the local institutional committee (VD1367). The mice were maintained at 22°C with a 12-h light/12-h dark cycle with light on at 7:00 a.m. and were feed ad libitum. C57BL/6 wild-type (males, n = 15; females, n = 12) and Sv129S6 wild-type (males, n = 7; females, n = 11) mice were tested at 1, 2, and 4 months. Dark- and light-adapted PLR and ERG examination were always performed on separate days and during the morning, specifically during the first 6 h of the light cycle, at week 4 (1 month), week 8 (2 months), and week 16 (4 months). ERG examinations were always performed after the light and dark-adapted PLR to avoid the effects of the anesthesia on the PLR.



Light Stimuli and Pupil Response Recording

Mice were dark-adapted overnight and tested under mesopic (< 5 lux) red light. Pupillary recordings were performed as previously described (13). Animals were not anesthetized to avoid the effects of medication, but were manually restrained in front of the camera. Pupils were maintained at a constant distance from the camera of the A2000 pupillometer (Neuroptics Inc., Irvine, CA). This apparatus presents a light stimulus to one eye while continuously recording the pupil diameter at 31 Hz in the same eye. For this study, the light stimulus had a duration of 500 ms and was either red (622 nm) or blue (463 nm), both with a half-maximum bandwidth of 8 nm, with a range of intensities covering almost 4 log units. Light is emitted through a diffusing screen (approximately 50° × 35° of the visual angle). Based on a previous study, we used pre-selected light intensities that were considered “low,” “medium,” and “high” [(13); Table 1]. Low light intensities are sufficient to generate more than 10% constriction. The maximum red intensity was determined based on the limit of the pupillometer apparatus, whereas the maximum blue intensity was limited to restrict the response to less than 50% of the constriction amplitude in an effort to minimize mouse discomfort. We used the following light stimulus sequence to test all animals under scotopic or photopic conditions: low red, low blue, medium red, medium blue, high red, high blue (Table 1). We recorded the pupil response once after administering each stimulus in this sequence for any given animal of a particular age.



Table 1. Light stimulus intensities converted to different units and the order of stimuli applied during the protocol of this study.
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The pupil recording started 500 ms before administering the light stimulus and continued 29 s after the blue light stimulus offset or 17 s after the red-light stimulus offset. The interval between stimuli was at least 49 s after blue-light stimulations or 37 s after red-light stimulations; this provided the opportunity for the mouse to freely move for at least 20 s after recording each stimulus to calm the animals before the next stimulus.

The PLR recordings under photopic conditions were taken in an independent session 1 day before or after the dark-adapted recordings. Mice were exposed to room light (fluorescent tube white light emitting 200 ± 50 lux at the level of the mice) for 30 min before the test and both eyes were constantly exposed to the same ambient light during pupil response recordings for the stimulated eye.



PLR Analysis

The raw data were exported to a worksheet and all pupil diameters were converted to a percentage of the baseline diameter. The following parameters were determined from the data.

The baseline pupil diameter was set as the mean pupil diameter during the 500 ms before light onset; thereafter, all pupil sizes were converted to a relative size that was a function of the baseline value.

The pupil response was then divided into the constriction phase (defined as the time from the light onset to 2 s after light onset) and the recovery phase (defined as the time from the maximal constriction amplitude to the end of the recording at 29 or 17 s after blue or red stimuli offset, respectively). To evaluate the constriction phase, we determined the maximal constriction amplitude and the maximal velocity (see below). The recovery phase was analyzed at two different stages as follows: at an early phase, to determine the early partial dilation, until 2.5 s after light onset (first derivative, as follows) and at a later time point 9.5 s after light offset (sustained constriction amplitude and ratio, as follows). These features are more precisely described in the following text and in the formula listed in Table 2.



Table 2. Formulas related to pupil light response (PLR) parameters used for quantification.
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The maximal constriction amplitude was the percent change from the baseline value to the minimal diameter reached after application of the light stimuli during the first 2 s following stimulus onset. For the photopic protocol, instead of using the maximal constriction amplitude, we used the minimal diameter reached during the first 1.8 s following stimulus onset, which is the absolute value of the diameter (mm) at the maximal constriction point.

To characterize the early response dynamics by determining the maximal velocity (constriction phase) and the early partial dilation (early recovery phase), the first derivative curve was created using GraphPad Prism 5.01 software (GraphPad Software, Inc., San Diego, CA, USA) comprising the first 3 s of the protocol (2.5 s from light onset). When the pupil was in a steady state, for example before the stimulus onset, the derivative values were essentially zero. A change resulting in a smaller pupil size was indicated by negative values, and the rate of change was indicated by the magnitude of these negative values. The peak negative value thus represented the maximum velocity of constriction, which becomes slower as constriction continues toward the maximum amplitude. When constriction stabilized briefly at the minimum pupil size, the derivative value returned to zero. Thereafter, if the derivative values became positive, this indicated a change resulting in an increase in pupil size, which corresponds to a dilation movement. When these positive values increased rapidly, a peak was distinguishable, indicating a rapid and early dilation for which the maximal velocity (the positive peak) was reached within the first 3 s of the recording. Alternatively, if the derivative was maintained at approximately zero, without reaching a peak positive value, this indicated the absence of a rapid dilation within this 3 s period. To quantify this early partial dilation, we calculated the area under the curve (AUC) below this peak, when the first derivative was positive.

The sustained constriction amplitude was the percent change from the baseline value to the diameter reached at 9.5 s following stimulus offset. In the recovery phase, this time point was previously demonstrated to reveal the most significant difference between the different photoreceptor cell input conditions (13).

To evaluate the relative recovery from the maximal constriction, we calculated the ratio of the sustained constriction amplitude to the maximal constriction amplitude.



Electroretinography

Mice were dark-adapted overnight for another session of ERG measurements 1 or 2 days after pupillometry. They were anesthetized with a mixture of ketamine (20 mg/kg, Streuli, Uznach, CH) and xylazine (20 mg/kg, Bayler, Lyssach, CH) and both pupils were dilated with a single eye drop of 0.5% tropicamide (Théa, Schaffausen, CH) and 5% phenylephrine hydrochloride (Bausch and Lomb, London, UK). As mice are temperature-sensitive, animals were maintained on a heating pad connected to a temperature control unit to maintain temperature at 37–38°C throughout the experiment. Responses to standard single light flashes [520 nm; half-bandwidth, 35 nm; at 0.0001 cds/m2 (2.2 × 10−7 W/sr/m2), 0.001 cds/m2 (2.2 × 10−6 W/sr/m2), 0.01 cds/m2 (2.2 × 10−5 W/sr/m2), 0.03 (6.6 × 10−5 W/sr/m2), 0.1 cds/m2 (2.2 × 10−4 W/sr/m2), 0.3 cds/m2 (6.6 × 10−4 W/sr/m2), 1 cds/m2 (2.2 × 10−3 W/sr/m2), 3 cds/m2 (6.6 × 10−3 W/sr/m2), 10 cds/m2 (1.9 × 10−2 W/sr/m2), and 30 cds/m2 (5.9 × 10−2 W/sr/m2) for scotopic ERG and 1 cds/m2 (2.2 × 10−3 W/sr/m2), 3 cds/m2 (6.6 × 10−3 W/sr/m2), 10 cds/m2 (1.9 × 10−2 W/sr/m2), and 30 cds/m2 (5.9 × 10−2 W/sr/m2) for photopic ERG] generated by a stroboscope (Ganzfeld stimulator, Espion E3 apparatus; Diagnosys LLC, Lowell, MA, USA) were recorded binocularly with corneal electrodes. The a-wave (photoreceptor-driven first negative wave) amplitude was measured from baseline to the bottom of the a-wave trough and the b-wave (second order neuron-driven, first positive wave) amplitude was measured from the bottom of the a-wave trough to the b-wave peak.



Immunohistochemistry

Three eyes from three different C57BL/6 mice, 1 and 2 months of age, were prepared for immunohistochemistry. A cauterization mark was made in the inner corner of the eye as a marker for orientation. After enucleation, eyes were incubated at room temperature (RT) in 4% paraformaldehyde for 1.25 h, washed twice with PBS, and incubated sequentially for 2 h each in 10% and 20% sucrose and finally overnight in 30% sucrose. Eyes were embedded in yazzulla (30% egg albumin and 3% gelatin in water) and cut with a cryostat to generate 14-μm-thick sections.

For all staining procedures, blocking was performed at RT for 1–1.5 h, and the primary antibody was incubated with the samples at 4°C overnight, whereas the secondary antibody was added to the section for 1 h at RT. For protein kinase C-alpha (PKC) and bassoon double staining, sections were blocked with 5% normal goat serum with 0.2% triton X-100, and anti-PKC-alpha (sc-10800, Santa Cruz, Dallas, USA) and anti-Bassoon (VAM-PS003, Stressgen, Lausen, Switzerland) were diluted to 1:200 and 1:400, respectively. For calbindin and cholinergic amacrine cell (ChAT) double staining, blocking was performed with 10% NDS with 0.2% triton X-100 before incubation with anti-Calbindin (1:5000, SWANT CB 38, Swant Inc., Marly, Switzerland) and anti-ChAT (1:2500, kind gift from Prof. J.P Hornung, UNIL, Lausanne, Switzerland) antibodies. The blocking solution for transducin Gαt1 rods (GNAT1) was 10% NGS with 0.3% triton X-100 in PBS and anti-GNAT1 antibody was diluted to 1:1000 (Sc-389 Santa Cruz, Dallas, USA). S-opsin/MWL-opsin double staining was performed by first blocking with 5% normal donkey serum with 0.2% triton X-100 and anti-S-opsin (sc-14363, Santa Cruz, Dallas) and anti-MWL-Opsin (AB5405, Chemicon, Temecula, CA, USA) were diluted to 1:1000. Secondary antibodies including Alexa Fluor 488, 633, or 594 goat anti-rabbit, goat anti-mouse, donkey anti-goat, or donkey anti-rabbit antibodies (depending on the primary antibody) were diluted to 1:2000 in PBS and counterstaining was finally performed with DAPI. Sections were mounted in Mowiol® 4-88 reagent (Sigma, Buchs, Switzerland), a poly(vinyl)alcohol medium used to preserved stained sections.



Immunohistochemistry Analysis

Images of the different labeled samples were obtained in 3D using LAST X software driving a DM6 Leica microscope and were merged to obtain a composite picture. Noise was removed by performing deconvolution using Huygens Essential software (Scientific Volume Imaging B.V. Hilversum, The Netherlands).

Quantification of the number of labeled cells was performed in the central section bisecting the optic nerve along the vertical axis, which represents the most sagittal region of the retina. The number of positive cells, based on different markers, was determined for the inferior and the superior hemispheres through manual counting during visualization using a microscope. Both inferior and superior counts were added together to obtain the final number of labeled cells in the entire section. Three eyes from three different mice were analyzed for each age group.



Statistical Analysis

All statistical analyses were performed using GraphPad Prism software (San Diego, CA, USA). For the statistical analysis, each PLR characteristic obtained for each age group was analyzed by performing a two-way ANOVA with Bonferroni tests to compare males and females. As no sex-based difference was noted, males and females were then grouped as a single experimental group for each age tested. Two-way ANOVA and Bonferroni tests were then performed for each feature to compare the three C57BL/6 age groups or the two Sv129S6 age groups.

For immunochemistry, t-tests were performed for each marker to compare counts between 1 and 2 months of age. A value was considered significant if p < 0.05.




RESULTS


Age-Related Changes in Baseline Pupil Diameter

Under scotopic conditions, the pupil baseline diameter increased significantly with age in both C57BL/6 (Table 3; 55% increase at 2 months and 74% increase at 4 months compared to that at 1 month; p < 0.001 for 1 vs. 2 and 4 months) and Sv126S6 strains (Table 4; 22% increase at 2 months compared to that at 1 month; p < 0.001). We also observed significantly larger pupil diameters in 2-month-old mice compared to those in 1-month-old C57BL/6 mice under photopic conditions (Figure 1A). Four-month-old C57BL/6 mice and Sv129S6 mice were not tested under photopic conditions. The smaller pupil diameter of 1-month-old mice consequently resulted in a reduction in the pupil area through which the light stimuli can enter. For the C57BL/6 strain, in dark-adapted conditions, a 60% reduction in pupil area was estimated compared to that in 2-month-old mice and a 77% reduction was calculated compared to that in 4-month-old animals. In the dark-adapted Sv126S6 strain, 1-month-old mice presented with a 33% reduced pupil area compared to that in 2-month-old animals. Since in the following experiments, the stimulus light intensities were kept constant, the amount of light entering the eye would proportionally decrease in 1-month-old mice.



Table 3. Pupil light response (PLR) analysis of C57BL/6 mice at 1, 2, and 4 months of age.
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Table 4. Pupil light response (PLR) analysis of Sv129S6 mice at 1 and 2 months of age.
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FIGURE 1. Comparison of C57BL/6 pupil diameters under photopic and scotopic conditions for 1- and 2-month-old animals. (A) Baseline pupil diameters for photopic and scotopic conditions in 1- and 2-month-old animals were compared. The minimal pupil diameter for 1-month- (B,C) and 2-month- (D,E) old mice under scotopic and photopic conditions in response to blue light stimuli (B,D) and red-light stimuli (C,E) were compared. Phot, photopic conditions; Scot, scotopic conditions; mo, months; Med, medium; *p < 0.05; ***p < 0.001.





Age-Related Changes During the Constriction Phase of the Pupil Response

To determine whether age affects the initial pupil constriction in response to light, we compared the maximal constriction amplitude of 1-, 2-, and 4-month-old animals. Except in reaction to medium red stimulus, there were no significant differences in the maximal constriction amplitude between ages. However, 1-month-old C57BL/6 mice showed a greater maximal constriction amplitude in response to medium red stimulus compared to that in 2- and 4-month-old animals (20 and 30% increases, respectively; p < 0.01; Figure 2, Table 3, Supplementary Figures 1, 2). This greater constriction amplitude seemed to contrast the smaller pupil diameter of the 1-month-old mice and we subsequently repeated the measurements in another wild-type strain, namely Sv129S6. Similar to that observed with the C57BL/6 strain, 1-month-old Sv129S6 mice showed greater maximal constriction amplitude in response to medium red stimulus. However, unlike the C57BL/6 strain, Sv129S6 mice also showed greater maximal constriction amplitude in response to all other red and all blue stimuli compared to that in 2-month-old mice (Table 4, Supplementary Figures 3, 4).
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FIGURE 2. C57BL/6 pupil responses to medium red light in 1-, 2-, and 4-month-old mice. (A) Mean pupil diameter (in %) of 1-, 2-, and 4-month-old mice in response to medium red stimulus. The plain lines represent the mean responses of 1-, 2-, and 4-month-old mice and the dotted lines represent the SEM of these means with the same color code. (B) Dot plot of the maximal constriction amplitude of 1-, 2-, and 4-month-old mice in response to medium red stimulus. Horizontal lines represent the mean of the different age groups. *p < 0.05; **p < 0.01.



To better understand the differential pupil response between 1 and 2 months of age, we recorded the PLR in C57BL/6 mice using the same protocol but under photopic conditions. As expected, the baseline pupil diameter was smaller under photopic conditions than under scotopic conditions for both 1- and 2-month-old C57BL/6 animals (Figure 1A, Table 5; 37 and 32% decreases in diameter at 1 and 2 months, respectively; p < 0.001). The maximal constriction amplitude was also decreased under photopic conditions compared to that under scotopic conditions at both ages for all stimuli (Table 5; p < 0.001). However, age influenced the effect of light conditions on the minimal diameter (at maximal constriction). Whereas for 1-month-old animals the minimal diameter in response to all stimuli was 28–34% smaller under photopic conditions compared to that with scotopic conditions (Figure 1, Table 5; p < 0.001), for 2-month-old animals, the minimal diameters in response to high red and all blue stimuli were not significantly different between the two conditions. At 2 months of age, the only significant decrease in minimal diameter under photopic conditions (compared to that under scotopic conditions) occurred in response to low and medium red stimuli (Figure 1, Table 5; 29 and 12% decreases in diameter; p < 0.001 and p < 0.05, respectively). These results showed that the response of 1-month-old mouse pupils is highly affected by the light conditions (scotopic or photopic), whereas in 2-month-old mice, only responses to low and medium red are modified by photopic conditions.



Table 5. Comparison of pupil light response (PLR) under photopic and scotopic conditions in C57BL/6 mice at 1 and 2 months of age.
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The maximal peak velocity in response to low and medium red stimuli was not significantly different among C57BL/6 mice aged 1, 2, and 4 months. However, in response to high red and low and medium blue, 1-month-old animals exhibited significantly smaller maximal velocity compared to that in 4-month-old animals (Figure 3). Measures for 2-month-old animals followed a trend regarding the age-dependent effect on maximal velocity, but significant differences compared to those in 1-month-old mice were only observed in response to high red and medium blue stimuli. In response to high blue, the 1-month-old maximal velocity was smaller than the 2-month-old maximal velocity but not that of 4-month-old animals. Thus, we showed that during the constriction phase, age can affect both the maximal constriction amplitude and maximal velocity of the pupil response to particular stimuli based on our protocol.
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FIGURE 3. C57BL/6 maximal constriction velocity for 1-, 2-, and 4-month-old animals. Dot plot of the maximal velocity of constriction in response to blue (A) and red (B) light stimuli is shown. Horizontal lines represent the means of different age groups. *p < 0.05; **p < 0.01; ***p < 0.001.





Age-Related Changes During the Recovery Phase of the Pupil Response

For C57BL/6 mice, except in response to low blue stimulus, there was no significant difference between ages with respect to the early partial dilation of the recovery phase in response to all other stimuli. The AUC of the first derivative of the response to low blue was significantly greater in 1-month-old mice compared to that in 2- and 4-month-old mice (66 and 53% increase at 1 month compared to that at 2 and 4 months, p < 0.01 and p < 0.05, respectively; Figure 4, Table 3). For Sv129S6 mice, significantly larger AUC values were noted for both low and medium red responses at 1 month compared to those at 2 months (Table 4).
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FIGURE 4. Quantification of the positive peak of the first derivative of the response to low blue stimuli in C57BL/6 mice. (A) Magnification of the mean pupil response to low blue stimuli during the first 3 s of the protocol. The plain lines represent the mean responses and dotted lines represent the respective SEMs of these means. (B) The smooth first derivative of the pupil response is shown in (A). (C) Dot plot of the area under the curve of the positive peak observed after light offset, based on the graph (B). Horizontal lines represent the means of the different age groups. *p < 0.05; **p < 0.01.



To analyze the later phase of recovery, we compared relative pupil diameters 9.5 s after stimuli offset (sustained constriction). The only significant difference between age groups was in response to medium and high blue stimuli. Specifically, 1-month-old C57BL/6 mice a had decreased sustained constriction amplitude in response to these stimuli compared to that in 2-month-old, but not 4-month-old, mice (Figure 5, Table 3, 30% decreased amplitude at 1 month compared to that in 2 months, in response to medium and high blue stimuli, p < 0.05 and p < 0.001 respectively). A significant decrease was even observed in 4-month-old animals in response to high blue light compared to that in 2-month-old mice (Table 3, p < 0.01). Assessing the ratio of sustained constriction amplitude to maximal constriction amplitude gave similar results. No significant differences between ages were observed in terms of the relative recovery in response to all stimuli, except in response to medium blue and high blue light (Table 3, p > 0.05). In response to these stimuli, 1-month-old mice exhibited a significantly smaller ratio than 2-month-old, but not 4-month-old, mice. For Sv129S6 mice, no significant differences were found in terms of the sustained response or the ratio of response to all stimuli (Table 4, p > 0.05). These results revealed the limited modification of the recovery phase in response to medium and high blue light at 2 months of age in C57BL/6, but not Sv129S6, mice.
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FIGURE 5. Sustained constriction amplitude for 1-, 2-, and 4-month-old C57BL/6 mice in response to blue stimuli. Dot plot of sustained response after 9.5 s of light offset for 1-, 2-, and 4-month-old mice. One-month old mice exhibited significantly smaller sustained constriction in response to medium and high blue light compared to that in 2-month-old animals. Horizontal lines represent the mean of the different age groups. *p < 0.05; **p < 0.01; ***p < 0.001.





Age-Related Changes in Retinal Activity

In parallel to PLR recordings, retinal activity was measured by ERG. For C57BL/6 mice, we observed significant increase in the scotopic a-wave amplitude of 1-month-old mice compared to that of 2-month-old animals only in response to the highest stimulus intensity; however, with an intermediate value, the amplitude in 4-month-old mice was not significantly different from that in either 1- or 2-month-old mice (1 month = −138.1 ± 10.27 μV, 2 months = −96.84 ± 9.84 μV, and 4 months = −112.01 ± 10.06; 1 month vs. 2 month, p < 0.001; Figure 6A). No other significant differences were found in terms of the ERG parameters among the three age groups in this strain (Figure 6B). Further, no significant age-specific effects on any ERG parameters examined were noted in Sv129S6 mice (Supplementary Figure 5).
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FIGURE 6. Retinal activity in 1-, 2-, and 4-month-old C57BL/6 mice. The mean a-wave and b-wave amplitudes, with SEM error bars, measured under scotopic conditions, are represented as a function of the stimulus intensities for graph (A) and (B), respectively. One-month-old C57BL/6 mice (light gray) displayed a larger maximal retinal response for the a-wave under scotopic conditions as measured by an electroretinogram (ERG) compared to that in 2-month-old mice (medium gray). The 4-month-old animal responses were not significantly different from those at 1 and 2 months. *p < 0.05.





Comparison of Retina Structure Between Mice of 1 and 2 Months of Age

The origin of the modified pupil response between 1 and 2 months of age was unknown, but one possibility was suggested to be changes in retinal structure, particularly in the outer layer. We thus evaluated the histopathology of the retina in these two age groups. Specifically, we labeled cones, rods, bipolar cells, horizontal cells, and amacrine cells with different antibodies and analyzed the central section bisecting the optic nerve of each eye (n = 3 for each group; Figure 7).
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FIGURE 7. Representative immunolabeling of the retinas of 1- and 2-month-old C57BL/6 mice. (A) A region in the superior hemisphere of 1- and 2-month-old retinas showed a similar number of M-cones (green) and S-cones (red) labeled by anti-MWL-opsin and anti-S-opsin antibodies, respectively. (B) Bipolar cells labeled with anti-PKCalpha (green) were similar between 1- and 2-month-old retinas. The inset shows 2-fold magnification of B at the photoreceptor termini with co-labeling for Bassoon (red). (C) The calbindin labeling of horizontal (arrows), amacrine (arrowheads), displaced amacrine, and ganglion cells was similar at 1 and 2 months. (D) The labeling of cholinergic amacrine cells using an anti-ChAT antibody was similar at 1 and 2 months. DAPI (blue) was used as a counterstain for panels (A–D). The horizontal line in (A) represents 50 μm for all panels and 25 μm for the inset of (B). ONL, outer nuclear layer; INL, inner nuclear layer; GCL; ganglion cell layer.



Cone photoreceptors were labeled with anti-S-opsin and anti-MWL-opsin antibodies; no significant difference in the number of positive cells was observed. In the central section, an average of 573 ± 91.25 S-opsin-positive cells were counted for 1-month-old animals, whereas 472 ± 21 positive cells were observed for 2-month-old mice (p > 0.05). For MWL-opsin, 822 ± 133 and 710 ± 14 positive cells were counted for 1- and 2-month-old animals, respectively (p > 0.05). To study rod photoreceptors, we labeled the outer segment with an antibody directed against the rod transducing GNAT1 protein. No differences in labeling intensity in the outer segments were found between 1- and 2-month-old mice. The thickness of the photoreceptor layers was also similar between both age groups. Rod bipolar cells were then analyzed using the marker PKC-alpha. No differences in the number of PKC-alpha-positive cells were observed (638 ± 50 at 1 month and 650 ± 26 at 2 months of age; p > 0.05). For the presynaptic nerve terminals labeled with an anti-bassoon antibody, no obvious changes in intensity or amount of staining were noted between 1- and 2-month-old animals.

Next, we used an anti-calbindin antibody to quantify horizontal cells and amacrine cells in the inner nuclear layer and displaced amacrine cells in the ganglion cell layer, in addition to ganglion cells. No difference was observed in terms of horizontal cells (96 ± 25 at 1 month and 94 ± 3.2 at 2 months of age), amacrine cells (373 ± 44 at 1 month and 268 ± 21 at 2 months of age), or displaced amacrine cells and ganglion cells (163 ± 18.5 at 1 month and 141 ± 9.8 at 2 months of age).

Finally, an anti-ChAT antibody was used to label cholinergic amacrine cells. No differences in the number of positive cells were noted (140 ± 0 vs. 100 ± 81 at 1 and 2 months of age, respectively).




DISCUSSION

The comparison of PLR and ERG measurements at different ages revealed alterations in pupil and retinal responses that occurred with age. Specifically, 1-month-old animals clearly showed different features compared to older animals. Currently, we cannot identify the mechanisms underlying these age-related changes, but several explanations can be proposed, such as morphological differences, the maturation of the iris sphincter, changes in retinal sensitivity, or refined central control of the pupil. These hypotheses will be considered in relation to the significant results discussed as follows.

The smaller baseline diameters (in scotopic and photopic conditions) of 1-month-old animals (36% decrease compared to that in 2-month-old C57BL/6 mice) cannot be entirely explained by morphological size differences between 1- and 2-month-old groups because the eye cup diameter was found to only be decreased by 4% in 1-month-old animals (personal unpublished data). Furthermore, morphological differences would not explain the increase in maximal constriction amplitude in response to particular photoreceptor stimuli at 1 month of age because the relative quantification of baseline parameters took into account the starting diameter.

Another explanation for these age-related differences could be the maturation of the iris sphincter. The smaller baseline pupil diameter and increased maximal constriction amplitudes could result from an immature and stronger iris at 1 month of age. However, the slower maximal velocity and faster recovery suggest decreased iris sphincter efficacy at this age. Additionally, variations in these PLR features were observed only following specific stimuli, which is not consistent with general iris immaturity that would affect all responses similarly. For these reasons, maturation of the iris sphincter is probably not the origin of PLR variations observed with age.

Several of the PLR metrics analyzed in our study suggest higher retinal sensitivity at 1 month of age compared to that in older mice. First, the baseline diameter after dark adaptation was smaller at 1 month of age for both strains. The same difference was noticed under photopic conditions for 1-month-old C57BL/6 mice. Second, the maximal constriction amplitudes in response to medium (C57BL/6) or low and medium (Sv129S6) red stimuli were larger at 1 month of age. Considering that these stimuli were previously shown to be rod- and cone-driven in mice (13), these results suggest an increase in rod and cone input in 1-month-old mice. Likewise, in C57BL/6 mice, the ERG response to scotopic conditions was associated with a larger maximal mixed cone–rod response at this age, demonstrating that 1-month-old animals exhibit heightened response to light. Of note, in Sv129S6 mice, we could not confirm the increased maximal cone–rod response. Moreover, in this genetic background, the maximal constriction amplitude was greater in response to all other stimuli at 1 month of age. This latter result suggests that in this strain, a major change in the PLR process occurs between 1 and 2 months of age, which might not be directly linked to rods and cones, but rather to variation in pathways that control the entire pupil. At this stage of the study, we cannot distinguish between changes in peripheral or central pathways. Natural variances exist between wild-type mouse strains, which could explain the differences between C57BL/6 and Sv129S6 mice observed in our study. Previously, different neurochemical profiles have been highlighted, which could account for different behavioral responses between strains (29). For example, basal levels of ionotropic glutamate receptor subunit vary according to mouse strain (30). Such diversity might also be present in the neural retina and could induce small deviations in terms of retinal visual processing among non-pathological mouse strains. A variation in the course of retinal degeneration was noted between C57BL/6 and Sv129S6 mice when examining the effect of rhodopsin knockouts on the retina (28). Genetic modifiers were proposed to modulate the survival of photoreceptors in these models and could also affect neural development processes, which might account for the dissimilarity of pupillary and ERG responses observed between these strains.

An additional hypothesis for the mechanism responsible for age-related changes in the PLR is that the pupil circuitry, associated with all three types of photosensitive cells, is adjusted after 1 month. Since melanopsin cells were previously shown to mediate the steady state of the pupil, these cells could be implicated in the reduced baseline pupil size observed at 1 month. Recording the PLR under photopic conditions allows for the examination of potential changes in retina circuitry that have been implicated in adaptation between 1 and 2 months of age (16, 17). As expected, because of the adaptation to background light and the subsequent smaller baseline diameter, the maximal constriction amplitude (in %) in C57BL/6 mice was reduced under photopic conditions compared to that under scotopic conditions. More importantly, age was found to influence the effect of photopic conditions on the minimal diameter (in mm). Whereas at 1 month of age, in response to all stimuli, the minimal diameter was smaller under photopic conditions, at 2 months of age, this only occurred in response to low and medium red light (rod and cone-driven stimuli). Thus, in response to the specific rod- and cone-driven stimuli, photopic conditions induce a decrease in the minimal diameter independent of age. However, in response to all other stimuli (also directly implicating melanopsin cells), photopic conditions promoted a decrease in the minimal diameter only in 1-month-old animals. In this case, the smaller diameter could indicate improper integration of background light, which would result in some type of additive process comprising rod and cone input and melanopsin input. This experiment revealed the immature control of the PLR under photopic conditions at 1 month of age in C57BL/6 mice; however, we did not perform similar photopic examinations using Sv129S6 mice to confirm this result. Replicating such experiments in this strain could determine if this change in photopic sensitivity between 1 and 2 months is common to both wild-type strains.

In the early phase of recovery, the more pronounced early partial dilation observed in younger animals is a precise characteristic of rod and cone inputs (13). The setup of early recovery control thus also occurs between 1-month-old and older-aged mice. How the rod and cone inputs, which are transient and linked to light onset, play a role in the recovery phase is not well understood. In 1-month-old C57BL/6 mice, faster recovery was also observed when measuring the sustained amplitude at 9.5 s in response to medium and high blue light, two stimuli expected to be biased toward melanopsin input (13, 16). In humans, Adhikari et al. (12) reported the contribution of rhodopsin and melanopsin to the early recovery phase when subjects were pre-adapted to light. They showed that during the 1.7 s after stimulus offset, both rods and melanopsin were implicated in the early phase of recovery, whereas after 1.7 s post-stimulus offset, dilation was mainly controlled by melanopsin. The faster early and late recovery described in this study at 1 month of age is in accordance with the incomplete maturation of rod- and melanopsin-driven circuitry.

The changes in the pupil response at 1 month of age could reveal the functional refinement of photoreceptor (rod, cone, and/or melanopsin cells) input between 1 and 2 months of age. This hypothesis is consistent with the ERG results obtained from C57BL/6 mice and with the literature wherein most studies showed that ERG measures of retinal response differ between young animals after eye opening and adult mice, and increases until 1 month of age (19, 31). More importantly, in rats, Chaychi et al. (21) showed that the ERG response decreases with age between 1 and 2 months of age (21), consistently with results described in this study. In C57BL/6 mice, Vistamehr and Tian (32) observed the same decrease in a- and b-wave amplitudes from P30 to P60, but this effect did not reach significance (32). Nevertheless, in this study, oscillatory potential amplitudes were significantly reduced from P30 to P60 and to P90. Since oscillatory potential reflects the interaction between bipolar, amacrine cells and retinal ganglion cells, this finding could also reflect the refinement of the retinal circuitry for the PLR.

Whereas our results suggest modifications of the PLR circuitry that occur with age, our histological data did not reveal obvious changes in retinal composition between 1- and 2-month-old mice for classical rod, cone, amacrine, horizontal, and ganglion cells. However, we cannot exclude subtle changes in connections between cells at the outer or inner plexiform layer, as well as in the afferent and efferent pathways involved in the PLR. Further work using whole-mount techniques and electron microscopy is essential to reveal cellular morphological changes and are needed to define the biological basis of PLR refinement between 1 and 2 months of age. Nevertheless, this report shows that in mice, age affects both transient and steady-state mouse pupil diameters. Our results suggest that functional maturation of the retina still takes place after 1 month of age, indicating that studies on adult mouse retinal function should be performed on animals 2 months of age or older. This work also emphasizes the need for the use of adequate control animals of the same background age when PLR is used to explore retinal dystrophy models.
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The pupillary light reflex is mediated by melanopsin-containing intrinsically-photosensitive retinal ganglion cells (ipRGCs), which also receive input from rods and cones. Melanopsin-dependent pupillary light responses are short-wavelength sensitive, have a higher threshold of activation, and are much slower to activate and de-activate compared with rod/cone-mediated responses. Given that rod/cone photoreceptors and melanopsin differ in their response properties, light stimuli can be designed to stimulate preferentially each of the different photoreceptor types, providing a read-out of their function. This has given rise to chromatic pupillometry methods that aim to assess the health of outer retinal photoreceptors and ipRGCs by measuring pupillary responses to blue or red light stimuli. Here, we review different types of chromatic pupillometry protocols that have been tested in patients with retinal or optic nerve disease, including approaches that use short-duration light exposures or continuous exposure to light. Across different protocols, patients with outer retinal disease (e.g., retinitis pigmentosa or Leber congenital amaurosis) show reduced or absent pupillary responses to dim blue-light stimuli used to assess rod function, and reduced responses to moderately-bright red-light stimuli used to assess cone function. By comparison, patients with optic nerve disease (e.g., glaucoma or ischemic optic neuropathy, but not mitochondrial disease) show impaired pupillary responses during continuous exposure to bright blue-light stimuli, and a reduced post-illumination pupillary response after light offset, used to assess melanopsin function. These proof-of-concept studies demonstrate that chromatic pupillometry methods can be used to assess damage to rod/cone photoreceptors and ipRGCs. In future studies, it will be important to determine whether chromatic pupillometry methods can be used for screening and early detection of retinal and optic nerve diseases. Such methods may also prove useful for objectively evaluating the degree of recovery to ipRGC function in blind patients who undergo gene therapy or other treatments to restore vision.

Keywords: pupillometry, pupillary light reflex, melanopsin, retina, blind, optic nerve, glaucoma, blue light


INTRODUCTION

The pupillary light reflex is routinely used to assess visual system function and optic nerve disease. As noted by the Greek physician Galen more than 1,800 years ago, poor vision is often characterized by a poor pupillary response to light (1). Until the end of the twentieth century, it was widely assumed that rod and cone photoreceptors that mediate image-forming vision were also responsible for the pupillary light reflex. In normally-sighted individuals, the threshold and spectral sensitivity of pupillary responses closely resembled visual responses (2–5), suggesting involvement of rod and cone photoreceptors. Additionally, pupillary light responses were abnormal in patients with loss of either rod or cone function (6, 7), and were altered in individuals with various forms of color-defective vision (8). Visual field defects were also generally well matched by pupillary field deficits using pupil perimetry (9). Together, these findings supported the conclusion that similar photoreceptor pathways were involved in the pupillary light reflex and image-forming vision. This view was turned on its head when it was discovered that the outer retina was not required for the pupil to respond to light.

Clyde Keeler's pioneering studies of “rodless mice” (gene symbol, r, or rd) in the 1920s foreshadowed work that led to the identification of photoreceptors in the inner retina. Keeler's rd/rd mice showed rapid loss of rods in early postnatal development, followed by secondary degeneration of cone photoreceptors (10). Despite showing behavioral and physiologic signs of blindness, these mice exhibited intact pupillary responses to light that were slower and lower in amplitude compared with normal mice (11). Keeler speculated that retinal ganglion cells or other cell types in the eye might be activated directly (12), but critics argued that rd/rd mice were not actually blind and that Keeler's observations could be explained by sparing of visual photoreceptors in the outer retina (13). Criticism of Keeler's work was addressed several decades later when rd/rd mice were crossed with cl mice, resulting in complete ablation of rods and cones. Pupillary light responses were intact in rd/rd cl mice (14), suggesting that a non-rod, non-cone photoreceptor in the mammalian eye was capable of mediating the pupillary light reflex. Similarly, rd/rd cl mice exhibited intact light-induced resetting of circadian rhythms and melatonin suppression (15, 16). In parallel, it was found that pupillary responses were preferentially spared in patients with impaired vision caused by mitochondrial disease (17, 18), and some blind patients with no light perception showed intact circadian and melatonin suppression responses to light (19). These studies provided evidence that visual and non-visual light responses were mediated by distinct photoreceptor pathways.

The discovery of intrinsically photosensitive retinal ganglion cells (ipRGCs) was a turning point in our understanding of the pupillary light reflex and other non-visual light responses. Although ipRGCs can be activated by rod and cone photoreceptors in the outer retina (20, 21), they contain the invertebrate-like opsin melanopsin (Opn4) which renders them directly photosensitive (20, 22, 23). Melanopsin cells project to the olivary pretectal nucleus to mediate the pupillary light reflex (22, 24, 25), as well as brain areas involved in circadian rhythms and sleep-wake regulation (22, 24, 26, 27). In mice, there are several types of melanopsin cells (named M1 to M6) that have been identified based on their morphology, central projections, electrophysiological response properties, and their role in different non-visual light responses (28, 29). The M1 ipRGCs in mice that express the transcription factor Brn3b project to the olivary pretectal nucleus and are thought to be necessary for the pupillary light reflex (25). Different types of melanopsin cells have also been described in macaques and humans (30, 31), but their role in different non-visual light responses is still under investigation. Melanopsin is required for pupillary light responses in blind mice (32, 33), but visual photoreceptors are capable of mediating the pupillary light reflex in melanopsin knockout mice (34). The pupillary light reflex and other non-visual light responses are abolished only when rod, cone, and melanopsin signaling pathways are disrupted simultaneously (32, 33). Selective ablation of the melanopsin-containing ipRGCs also severely attenuates pupillary responses to light (35), suggesting that most, if not all, light information from outer retinal photoreceptors to the olivary pretectal nucleus is channeled through a few thousand melanopsin cells that are distributed broadly across the retina (Figure 1). It remains possible, however, that conventional RGCs also provide input to the midbrain, either directly or indirectly, to modulate pupillary light responses.
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FIGURE 1. Retinal location of different photoreceptor types. (A) Rods (blue) and cones (green) in the outer retina transmit light information via bipolar cells (gray) to retinal ganglion cells (RGCs) in the inner retina. RGCs that are involved in image-forming vision are not directly photosensitive (black), whereas RGCs involved in non-visual light responses (e.g., the pupillary light reflex) contain the photopigment melanopsin (red) and are intrinsically photosensitive. os, outer segments; onl, outer nuclear layer; opl, outer plexiform layer; inl, inner nuclear layer; ipl, inner plexiform layer; gcl, ganglion cell layer. (B) Melanopsin-containing RGCs (labeled immunohistochemically in brown) are distributed broadly and in small numbers across the retina, as shown in a flat-mount preparation of a rat retina (scale bar = 50 μm). Panel (A) was reproduced with permission from Berson (36). Panel (B) is a photomicrograph provided by the corresponding author, JG (Clifford Saper Laboratory, Beth Israel Deaconess Medical Center, Boston, MA).



Differences between rod/cone photoreceptors and melanopsin in their anatomic location and response properties has led to renewed interest in using the pupillary light reflex to detect loss of photoreceptor function in retinal and optic nerve diseases. Melanopsin cells are not required for sight in mice (35) and are insufficient to support image-forming vision in blind patients without a functional outer retina (19, 37). Pupillary light responses can be used to estimate damage to the afferent pathway involved in image-forming-vision, however, if the function of ipRGCs and conventional RGCs is similarly impaired by a given disease. Given that rods, cones, and melanopsin play different roles in mediating the pupillary light reflex (38, 39), light stimuli can be designed to stimulate preferentially one or more photoreceptor types, providing a read-out of their function. This serves as the basis for chromatic pupillometry (also termed color pupillometry or selective wavelength pupillometry), which refers to measuring pupillary responses to different wavelengths and intensities of light in order to differentiate rod, cone, and melanopsin-dependent contributions to the pupillary light reflex.

The goal of this article is to review how chromatic pupillometry methods can be used to detect loss of photoreceptor function in retinal and optic nerve diseases. In the first part of this article, we focus on research in humans demonstrating that rod/cone photoreceptors and melanopsin differ in their contributions to the pupillary light reflex. We discuss evidence that the wavelength, irradiance, and duration of a light stimulus can be manipulated to stimulate preferentially rod, cone, or melanopsin-dependent pupillary light responses. In the second part of this article, we review evidence that chromatic pupillometry methods, in particular those that measure pupillary responses to blue light vs. red light, can be used to detect loss of photoreceptor function in diseases that primarily affect either the outer retina or the inner retina. We discuss protocols that use light flashes or short-duration light stimuli to assess the health of rod/cone photoreceptors and ipRGCs (e.g., based on the post-illumination pupillary response), as well as protocols in which pupillary constriction is measured during continuous exposure to light (e.g., stepwise changes in irradiance or ramp-up light exposures). Strengths and limitations of these chromatic pupillometry methods are discussed, with a view toward developing clinical protocols that can be used as part of a routine ophthalmic examination to assess the functional integrity of different photoreceptor types. Finally, we review potential future applications for chromatic pupillometry in screening for retinal diseases, and in monitoring disease progression and/or recovery.



PHOTORECEPTOR CONTRIBUTIONS TO THE PUPILLARY LIGHT REFLEX

Based on electrophysiological studies of ipRGCs in mice and macaques (20, 23), melanopsin-dependent responses differ markedly from those mediated by rod/cone photoreceptors. First, when synaptic transmission from the outer retina is blocked, the action spectrum for the intrinsically-driven (i.e., melanopsin-dependent) light response exhibits peak sensitivity to short-wavelength light in the blue portion of the visual spectrum (λmax ≈ 480 nm). Hence, the spectral maximum for melanopsin differs from human rods (λmax ≈ 505 nm) (40, 41) and short, medium, and long-wavelength cones (42–44). Second, melanopsin-dependent ipRGC responses to light are less sensitive than extrinsically-driven responses mediated by rods and cones. Therefore, the ipRGCs can be activated by outer retinal photoreceptors below the threshold of activation for the intrinsic, melanopsin-dependent light response. Third, melanopsin-dependent light responses of ipRGCs are slower and last longer, relative to rod/cone-dependent responses. The intrinsic response shows a longer response latency following light stimulus onset, and is sustained for as long as the light stimulus is presented. The intrinsic response also extends markedly after light offset unlike rod and cone signaling (20, 21, 23). As reviewed in the following sections, these response characteristics closely match those of the pupillary light reflex in humans, demonstrating complementary roles of outer retinal photoreceptors and melanopsin in mediating pupillary responses to light.


Melanopsin-Dependent Pupillary Responses Are Sensitive to Short-Wavelength Light

The identity of photoreceptors that contribute to the pupillary light reflex has been investigated by measuring the sensitivity of pupillary responses to light as a function of wavelength. In studies that have examined the minimum amount of light energy required to elicit a detectable change in size of the dark-adapted pupil, spectral responses to light flashes closely resemble the scotopic luminosity function (λmax ≈ 500–510) (2, 5, 45) (Figure 2A). If the effects of rod stimulation are masked by providing a background of blue light to render them insensitive, threshold spectral responses to monochromatic light stimuli are higher and closely match the photopic luminosity function (λmax ≈ 555 nm) (2, 45) (Figure 2A). These studies implicate rods and cones in mediating pupillary responses to short-duration light exposures. When the pupil is measured during exposure to continuous dim light (e.g., after 20–30 s of continuous light) below the threshold of color vision, pupillary responses are also matched well by the scotopic luminosity function (3, 4). In the photopic visual range, however, pupillary responses to continuous light are not well matched by either scotopic or photopic luminosity functions (Figure 2B). With the exception of one study (2), pupillary responses during continuous exposure to light were most sensitive to short-wavelength light (λmax ≈ 480–500 nm) (4, 39, 45, 46, 48). These findings are consistent with an important role for melanopsin in mediating the sustained (i.e., tonic) pupillary light reflex. As discussed below, however, detailed analyses of spectral responses suggest that rod and cone photoreceptors contribute substantially during the early part of a continuous light exposure, and outer retinal photoreceptors mediate the tonic pupillary light reflex at low irradiances (38, 39).
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FIGURE 2. Spectral responses of the pupillary light reflex. (A) The spectral sensitivity for pupillary responses to flashes of dim light (gray circles) and bright light on a rod-suppressing blue background (green circles) are shown for representative subjects. Spectral responses for the phasic pupillary light reflex closely resemble scotopic and photopic luminosity functions (gray and green lines, respectively). (B) The spectral sensitivity for the tonic pupillary light reflex during continuous exposure to light (black circles) is short-wavelength shifted (peak constriction, ≈ 490 nm) relative to scotopic and photopic luminosity functions (gray and green lines, respectively). (C) The spectral sensitivity of melanopsin-dependent responses (peak constriction, ≈ 480 nm) is shown for intrinsically-photosensitive retinal ganglion cells in macaques (ipRGCs, black circles), the pupillary light reflex in a blind individual with no light perception (Blind, black squares), and the sustained post-illumination pupillary light response in individuals with normal vision (PIPR, open circles). The spectral sensitivity of rod and cone photoreceptors is shown for comparison (rods, gray; S-cones, blue; M-cones, green; L-cones, red). Panel (A) is redrawn and modified with permission from (2); Panel (B) was redrawn and modified with permission from (46); Panel (C) was redrawn and modified with permission from (23), with data superimposed from (37) and (47).



The response properties of melanopsin-dependent pupillary light responses can be studied in isolation in blind individuals with complete loss of visual function and degeneration of the outer retina, but with a relatively intact retinal ganglion cell layer (19, 37, 38, 49). In a blind woman with autosomal-dominant cone-rod dystrophy and no detectable rod or cone function (no light perception or electroretinography response, and no outer retina based on fundus photography and ocular coherence tomography), the action spectrum for the pupillary light reflex showed peak sensitivity to 476 nm light (Figure 2C). In a different blind individual with retinitis pigmentosa and no light perception, the spectral response for monochromatic exposures matched for corneal photon density (13 log photons/cm2/s) exhibited peak sensitivity to 490 nm light (38). These results are consistent with action spectra for the pupillary light reflex in rd/rd cl mice with complete degeneration of the outer retina (λmax ≈ 479 nm) (14), and in macaques with synaptic blockade of signals from the outer retina (λmax ≈ 479 nm) (47). Moreover, spectral responses for the pupillary light reflex in blind individuals are similar to electrophysiological responses of ipRGCs of mice and macaques with blocked synaptic transmission from rods and cones (λmax ≈ 484 and 482 nm, respectively) (20, 23) (Figure 2C). In humans with normal vision, the action spectrum for the post-illumination pupillary response (i.e., sustained pupillary constriction after light exposure offset) also exhibits peak sensitivity to about 482 nm light (Figure 2C), suggesting that this response is driven predominantly by melanopsin (47, 50). Together, these findings in humans show that melanopsin-dependent pupillary responses are sensitive to short-wavelength blue light (i.e., λmax ≈ 480 nm).



Melanopsin-Dependent Pupillary Responses Are Less Sensitive to Light Than Rods and Cones

The relative sensitivity of rod, cone, and melanopsin-dependent ipRGC responses has been characterized in vitro in the retinae of macaques, which have trichromatic vision similar to humans (23). Following dark adaptation, rod-driven responses in ipRGCs are highly sensitive and can respond to light stimuli as low as 6–7 log quanta/cm2/s, which is 4–5 log units below the threshold for (L + M) cone-mediated responses. By comparison, melanopsin-driven responses are about a log unit less sensitive than cones, with a threshold of activation of about 11–12 log quanta/cm2/s (23). As reviewed in the previous section, rods mediate the pupillary light reflex at light intensities below the threshold of color discrimination, and cones contribute to phasic pupillary light responses in the photopic visual range. Decades before melanopsin was discovered, there was evidence that neither rods nor cones were necessary for pupillary constriction responses to bright light. In achromats without cone photoreceptor function, it was shown that the pupils could respond to light in a dose-dependent manner well beyond the point of rod saturation (51). After light adaptation, achromats also exhibited short-wavelength sensitivity (λmax ≈ 490 nm) to flashes of light within the photopic visual range (7), hence deviating substantially from responses in normally-sighted individuals (λmax ≈ 555 nm) (2, 45). In a patient with congenital stationary night blindness (Oguchi disease) with total loss of rod function, the sustained pupillary light reflex was severely impaired at low-to-moderate light intensities, but appeared relatively normal during exposure to bright light (6). With the benefit of hindsight, intact pupillary responses to high-irradiance light stimuli in patients with achromatopsia and Oguchi disease were likely due to stimulation of melanopsin.

The relative sensitivity of melanopsin-dependent pupillary light responses has been studied in a totally-visually blind individual with intact non-visual photoreception (37, 38). Based on irradiance-response curves to 480 nm light, pupillary constriction responses in the blind individual were preserved at higher irradiances, i.e., ≥13 log photons/cm2/s measured at the cornea, but were severely attenuated compared with sighted individuals across most of the photopic range of vision (Figure 3). These results are consistent with findings in rd/rd mice and rd/rd cl mice in which pupillary light responses were reduced except at the highest irradiances tested (>13 log quanta/cm2/s) (33, 34). In contrast, Opn4 null mice show normal pupillary light responses at lower irradiances, but reduced responses to higher-intensity light stimuli (>13 log quanta/cm2/s) (33, 34). The threshold for pupillary constriction in the blind individual (≈11–12 log photons/cm2/s) was also similar to results reported for pupillary light responses in mice that lack rod and cone function (34, 52), and in macaques in which rod and cone signaling was pharmacologically blocked (47). Together, these findings demonstrate that outer retinal photoreceptors are required for normal pupillary responses at low-to-moderate intensities of light, whereas melanopsin alone is sufficient to drive a normal pupillary light reflex in the presence of a bright, continuous light stimulus (especially blue light). Even in normally-sighted individuals, pupillary responses to bright light (using a criterion of a 75% maximum constriction response) are consistent with the spectral sensitivity of melanopsin, suggesting that melanopsin dominates the pupillary light reflex at high irradiances (39).
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FIGURE 3. The contribution of rod-cone photoreceptors and melanopsin to pupillary light responses is irradiance-dependent. Irradiance-response curves for the pupillary light reflex are shown for a continuously presented blue-light stimulus (480 nm; pupil measured from 90 to 120 s after light onset) in individuals with normal vision (blue circles, left panel) and in a blind individual with no light perception (black circles, middle panel). An overlay of the irradiance-response curves (right panel) shows reduced pupillary responses to lower-irradiance exposures in the blind individual, whereas the melanopsin-dependent response at the highest irradiances tested was comparable to sighted individuals. In each plot, the best-fit regression line is shown with 95% CIs (solid and dotted lines, respectively). Drop lines indicate the irradiance corresponding to a half-maximal pupillary constriction response. Data are replotted with permission from (38).





Melanopsin-Dependent Pupillary Responses to Light Are Slow and Sustained

The pupillary light reflex is often described as having phasic and tonic components. The phasic component refers to the transient, high-amplitude response that occurs in response to a light flash or at the beginning of a continuous light stimulus. By comparison, the tonic component refers to the sustained pupillary response that occurs during continuous exposure to light. To a large degree, phasic and tonic components of the pupillary light reflex reflect the contribution of rod/cone photoreceptors and melanopsin to ipRGC responses (20, 23). Rods and cones contribute strongly to ipRGC responses and pupillary constriction at the beginning of light exposure (e.g., over seconds to minutes), but their contribution declines substantially over time (23, 39, 53). After the phasic component of the pupillary light reflex, rods and melanopsin appear to contribute to sustained ipRGC and pupillary light responses (21, 23, 54). Consequently, there is a short-wavelength shift in spectral sensitivity over time during a continuous light stimulus, with responses to higher-irradiance light dominated by melanopsin (38, 39, 48). Studies using the silent substitution method have provided additional evidence that melanopsin contributes to sustained pupillary constriction in the photopic visual range, with lesser contributions from rods and/or (L + M) cones (55, 56). Consistent with a role for outer retinal photoreceptors in mediating the tonic component of the pupillary light reflex, sustained pupillary constriction can be driven by long-wavelength red light (631 nm; for at least 50 min) outside the range of sensitivity of melanopsin-dependent ipRGC responses (57).

The time-course of pupillary re-dilation after light stimulus offset also appears to have phasic and tonic components that are differentially influenced by rod/cone photoreceptors and melanopsin (38, 39). The pupil typically re-dilates rapidly (i.e., over the course of several seconds) toward its dark-adapted size after exposure to a light stimulus of low-to-moderate intensity (Figure 4A). In contrast, the pupil can show a sustained constriction response (i.e., over tens of seconds) after exposure to a high-intensity light stimulus (Figure 4B). The phasic component of pupillary re-dilation is absent or markedly delayed in blind humans and mice lacking a functional outer retina (38, 59), demonstrating that rods and cones contribute to the fast pupillary response after light stimulus offset. As shown in humans and in macaques, the sustained post-illumination pupillary response (PIPR) is driven predominantly by melanopsin and is sensitive to short-wavelength blue light (47). Consequently, a strong PIPR can be driven after the offset of a bright-blue light stimulus, whereas there is little or no PIPR after a red-light stimulus (Figure 4B). Notably, the PIPR in visually-normal individuals is much greater when the light stimulus is presented to the dark-adapted eye compared with an adapting background field, indicating that pre-exposure light conditions modulate the strength of the PIPR (60).
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FIGURE 4. Phasic and sustained pupillary responses to 1-s flashes of blue or red light. (A) Pupillary responses are shown for a representative individual exposed to a moderately-bright 1-s flash of either blue light or red light (469 or 631 nm; 13 log photons/cm2/s). The pupil showed a transient high-amplitude constriction response after light onset, with fast re-dilation of the pupil after light offset. (B) In response to a high-intensity 1-s flash of light (15 log photons/cm2/s), the transient pupillary constriction response was followed by a prolonged post-illumination pupillary light response (PIPR) to the blue light stimulus, but not the red light stimulus. The sustained PIPR is thought to be driven by slow-deactivation of melanopsin after light offset. The figure is replotted with permission from (58).



The sluggish response properties of melanopsin have been studied in detail in a blind individual without a functional outer retina (Figure 5A) (38). In the blind person, the pupil responded slowly to light stimulus onset, often taking several seconds to show a detectable response, with a response latency that decreased linearly with increasing light intensity. By comparison, the rapid pupillary light response in sighted individuals masked the slow contribution of melanopsin to the pupillary light reflex at the start of a continuous light exposure. After the pupil reached its minimal size in the blind individual, the melanopsin-dependent pupillary response was sustained, similar to the response in sighted individuals for a high-irradiance light stimulus. After light stimulus offset, however, the pupil in the blind participant re-dilated slowly compared with sighted individuals (Figure 5A), suggesting that the melanopsin-dependent PIPR was unmasked or enhanced in the absence of rod and cone function (61–63). Due to the slow time course of pupillary light responses in the blind individual, his pupil was unable to track an intermittent light stimulus (5 s on, 5 s off), whereas pupillary constriction and dilation responses were time-locked to each light and dark pulse in sighted individuals (Figure 5B). These findings suggest that rods and cones are superior to melanopsin at encoding rapid changes in light intensity (i.e., abrupt changes in light). Hence, rod/cone photoreceptors likely dominate phasic pupillary responses to the onset and offset of a light stimulus, whereas melanopsin can track low-contrast modulation of light intensity (64).
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FIGURE 5. Melanopsin-dependent pupillary responses are slower than rod/cone-dependent responses. (A) Representative pupillary light responses are shown for a sighted individual and a blind individual without rod and cone function. The pupil in the blind individual responded slowly after light onset and light offset, indicating that outer retinal photoreceptors are necessary for the phasic component of the pupillary light reflex. (B) In sighted individuals, the pupil could track an intermittent light stimulus (480 nm, 13 log photons/cm2/s) with alternating periods of light and darkness (5 s of light, 5 s of darkness). By comparison, the pupil in the blind individual was unable to track the intermittent stimulus. Rather, the melanopsin-dependent pupillary response increased across several light pulses until reaching a steady response. Data are replotted with permission from (38).





Summary of Photoreceptor Contributions to the Pupillary Light Reflex

Outer retinal photoreceptors and melanopsin contribute differentially to the pupillary light reflex. Melanopsin-dependent pupillary responses are short-wavelength sensitive compared with rod- and cone-mediated responses and have a higher threshold of activation. Additionally, rods and cones dominate the phasic component of pupillary responses after light stimulus onset and offset. In contrast, melanopsin-dependent responses are much slower and sustained, and dominate the tonic component of the pupillary light reflex during exposure to high-irradiance, continuous light stimuli. Rods can mediate the tonic pupillary light reflex at low-to-moderate light intensities, whereas the role of cones is uncertain. Following the offset of a high-intensity short-wavelength light stimulus, melanopsin dominates the slower component of the PIPR, resulting in a slower re-dilation of the pupil toward its dark-adapted size. These findings demonstrate that responses of rod/cone photoreceptors and melanopsin can be assessed differentially using the pupillary light reflex. This has given rise to chromatic pupillometry, in which the functional integrity of photoreceptors in the outer retina and inner retina can be examined using light stimuli that target rods, cones, or melanopsin.




CHROMATIC PUPILLOMETRY METHODS FOR ASSESSING RETINAL AND OPTIC NERVE DISEASES

Chromatic pupillometry methods exploit differences in response characteristics of rod/cone photoreceptors and melanopsin to assess damage to the outer retina and inner retina, respectively. Over the past decade, several types of light exposure protocols have been developed to assess the functional integrity of rods, cones, and ipRGCs. Most of these studies have compared pupillary responses to blue light and red light using light-emitting diodes, in order to isolate as best as possible the function of outer retinal photoreceptors vs. ipRGCs. Rod-mediated pupillary responses have the lowest threshold of activation, and hence low-irradiance blue light stimuli in the scotopic visual range can be used to test for rod function (e.g., dim light flashes after dark adaptation). Cone-mediated pupillary responses are less sensitive to light than rods and are preferentially sensitive to longer-wavelength light. Therefore, red light stimuli in the photopic visual range can be used to test for cone function (e.g., red light flashes after light adaptation). Melanopsin-dependent pupillary responses are the least sensitive to light and are preferentially sensitive to short-wavelength blue light. As such, high-irradiance blue light stimuli can be used to test for ipRGC function. Chromatic pupillometry protocols can be categorized broadly as those using short-duration light stimuli to assess photoreceptor health (e.g., light flashes or pulses), or those using continuously presented light stimuli (e.g., >30 s). Here, we review evidence that either of these approaches can be used to detect inner vs. outer retinal damage.


Chromatic Pupillometry Methods That use Short-Duration Light Stimuli

Assessing Photoreceptor Function Using 1-s Light Flashes

An important goal of chromatic pupillometry is to develop a standardized clinical protocol for assessing the health of retinal photoreceptors. Using a Ganzfeld system with full-field illumination of the eye (with the other eye covered with a patch), it was shown that a series of 1-s light exposures (470 nm blue light or 640 nm red light) could be used to assess rod, cone, and melanopsin contributions to the pupillary light reflex (60). Rod function was tested using a dim blue light stimulus after 10 min of dark adaptation (−3 or −2 log cd/m2), cone function was tested using a bright red light stimulus under light adaptation with a rod-suppressing blue background (2.6 log cd/m2 of red light on a background of 0.78 cd/m2 of blue light), and melanopsin function was tested using a bright blue light stimulus after dark adaptation (2.6 log cd/m2) and measured using the PIPR. Pupillary responses under these lighting conditions were then compared between normally-sighted individuals and patients with either retinitis pigmentosa (n = 5) or Leber congenital amaurosis (LCA, n = 3). Consistent with loss of rod function and a higher threshold of activation for the pupillary light reflex (65, 66), patients with outer retinal disease showed weak or absent pupillary responses to the rod-weighted dim blue light stimulus, as well as attenuated responses to the cone-weighted red light stimulus (60). In contrast, the PIPR for the melanopsin-weighted stimulus appeared normal in patients with retinitis pigmentosa or LCA after dark adaptation. Interestingly, the PIPR was prolonged in patients with outer retinal disease compared with controls when bright blue light was presented on a blue background (2.6 log cd/m2 of blue light on a background of 0.78 cd/m2 of blue light), suggesting that light adaptation did not suppress melanopsin-dependent responses to the same extent as seen in healthy participants.

These findings were confirmed and extended using a similar light exposure protocol in patients with CEP290-associated LCA (n = 6), demonstrating reduced pupillary responses to rod- and cone-weighted light stimuli and an intact PIPR to the melanopsin-weighted stimulus after dark adaptation (Figures 6A–C) (67). Comparable results were obtained in another study in which pupillary responses were assessed in patients with LCA or early-onset severe retinal dystrophy (n = 6) caused by RPE65 mutations (68), except that the PIPR measured after light offset for the bright blue light stimulus (percentage of constriction after 30 s) was greater in patients compared with controls. The ability of this protocol to detect selective loss of cone function has also been demonstrated in a pair of patients with mutations in the CNGB3 gene, resulting in achromatopsia. In these patients, pupillary responses to rod- and melanopsin-weighted light stimuli were in the normal range, whereas pupillary responses were severely blunted for the cone-weighted light stimulus (68). In contrast, in patients with idiopathic intracranial hypertension (n = 13), which can result in ischemia of the optic nerve, pupillary responses were reduced for rod-, and melanopsin-weighted light stimuli, demonstrating reduced ipRGC transmission to the midbrain (69). In another study, patients with moderate-to-severe non-proliferative diabetic retinopathy (NPDR) showed normal pupillary responses to the rod-weighted light stimulus and reduced responses to the cone-weighted light stimulus (70). Patients with mild or moderate-to-severe NPDR also exhibited an attenuated PIPR in the melanopsin-weighted light condition, suggesting damage to both the outer and inner retina.
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FIGURE 6. Protocol for assessing photoreceptor health using 1-s light flashes. Pupillary responses were assessed in patients with Leber congenital amaurosis (LCA), using light stimuli designed to stimulate preferentially rods, cones, or melanopsin. (A) Pupillary responses to the rod-weighted light stimulus (465 nm, −3 log cd/m2 after 10 min of dark adaptation) were non-recordable in LCA patients. (B) Responses to the cone-weighted light stimulus (642 nm, 1 log cd/m2 on a blue background of 0.78 log cd/m2) were reduced in LCA patients compared with healthy controls. (C) The post-illumination pupillary response to the melanopsin-weighted stimulus (2.6 log cd/m2) was intact in LCA patients but the amplitude was reduced. Gray traces show the range of pupillary responses in the control group. The figure is redrawn and modified with permission from (67).



Pupillometry protocols have also been developed to assess the irradiance-dependent effects of blue and red light stimuli (1-s flashes) on the pupillary light reflex in patients with retinal or optic nerve disease. In such protocols, irradiance-response curves are constructed by exposing participants to a sequence of 1-s light flashes that increase in intensity over time, with each stimulus preceded by a period of darkness (or on a background of continuous light) to allow the pupil to re-dilate before the next stimulus is administered. Loss of rod or cone function can be inferred by reduced sensitivity to blue and red light stimuli compared with individuals with normal vision (i.e., a rightward shift in the irradiance-response curve), whereas impairment of the melanopsin-dependent ipRGC response can be assessed by the PIPR after exposure to high-intensity blue light. This method has been tested in patients with LCA (n = 4) using a Ganzfeld system, in which pupillary responses (i.e., peak pupillary constriction, normalized to the baseline pupil) to 1-s red light (640 nm) and blue light (467 nm) stimuli were measured over a 6 log unit range of intensities matched for photopic luminance (−4.0 to 2.0 log cd/m2, increased in 0.5 log steps) (71). Patients with LCA exhibited decreased sensitivity to blue light with severely reduced pupillary responses for dim light stimuli (<-1.0 log cd/m2), whereas pupillary responses were in the normal range for bright red light stimuli. These findings are consistent with degeneration of rods and loss of scotopic visual function, with sparing of cone-mediated responses. The PIPR for bright blue light (2.6 log cd/m2) was also in the normal range in patients with LCA, which is consistent with intact retinal ganglion cell function. Comparable results were obtained in patients with autosomal dominant retinitis pigmentosa caused by a mutation in the NR2E3 gene (n = 9; 1-s exposures blue light; −6.0 to 1 log cd/m2 in 0.5 log unit steps), in which rod-dependent pupillary responses to blue light exhibited reduced sensitivity compared with healthy controls (72). Using a protocol in which red light flashes were presented on a background of rod-suppressing blue light (−1.0 to 1.5 log cd/m2 of red light after 3 min of light adaptation to 0.78 log cd/m2 of blue light), cone-weighted responses were in the normal range in patients with retinitis pigmentosa. The PIPR after exposure to bright blue light (2.6 log cd/m2) was intact but marginally reduced in patients, indicating that function of the inner retina was largely preserved. Similar results were observed in patients with retinal dystrophy caused by enhanced S-cone syndrome (n = 4), in which autosomal recessive mutations in the NR2E3 gene result in an overabundance of S-cones and reduced function of rods (73). In these patients, rod-dependent pupillary responses were undetectable and cone-dependent responses to red light were slightly attenuated, whereas pupillary responses to the melanopsin-weighted stimulus were in the normal range.

Irradiance-dependent responses to 1-s light flashes have also been examined in patients affected by various types of optic neuropathies. In patients with mild-to-moderate visual dysfunction due to hereditary optic neuropathy (HON; n = 8), dose-response curves to rod-weighted blue light stimuli (463 nm, −4.0 to −1.0 log cd/m2 in 0.5 log unit steps with intervening dark periods) and cone-weighted red light stimuli (635 nm, 1.0 to 2.5 log cd/m2 in 0.5 log unit steps on a background of 92 lux of light) were comparable to responses observed in healthy controls (74). The PIPR after exposure to bright blue light (2.3 log cd/m2) in these patients was also in the normal range, indicating preserved melanopsin-dependent ipRGC function. In another study, pupillary responses were examined in 10 patients with Leber HON (LHON), having severe visual field loss and marked thinning of the retinal nerve fiber layer (RNFL), quantified with optical coherence tomography (OCT) (75). In these LHON patients, the phasic pupillary responses to blue light and red light stimuli (0, 1, 2, and 2.4 log cd/m2) were reduced relative to healthy controls, but there was substantial overlap in responses between groups. The PIPR after exposure to bright blue light was also only modestly reduced in patients with LHON, suggesting that ipRGC function was preferentially spared relative to conventional retinal ganglion cells involved in image-forming vision. Similarly, in another study that measured the PIPR after a 1-s flash of bright blue light, the post-stimulus pupil size (at 6 s after light offset) was not different between HON patients (n = 11) and healthy controls (76).

Several studies have suggested that ipRGCs are resistant to neurodegeneration in mitochondrial optic neuropathies (i.e., LHON and autosomal dominant optic atrophy) (77–79), but they are vulnerable in other, more common types of optic neuropathies (i.e., patients with ischemic, inflammatory, or glaucomatous optic neuropathies). In a series of patients with anterior ischemic optic neuropathy (AION; n = 18) the sensitivity of pupillary responses to blue light (464 nm, −4.0 to −1.0 cd/m2 in 0.5 log unit steps with intervening dark periods) and red light (635 nm, 1.0 to 2.5 log cd/m2 in 0.5 log unit steps under light adaptation to 90 cd/m2) was in the normal range, but the PIPR after exposure to bright blue light was impaired in eyes affected by AION, compared with contralaterally unaffected eyes and healthy control eyes (80). These findings indicate that ipRGCs are damaged following ischemic injury to the optic nerve. Several studies have also shown that the PIPR to a 1-s flash of short-wavelength light is impaired in patients with glaucomatous optic neuropathy compared with healthy controls (76, 81–84). Moreover, in glaucoma patients (n = 38), the magnitude of the PIPR (normalized pupil size measured 6 s after light offset) after exposure to a bright blue light stimulus (470 nm, 2.4 log cd/m2) correlated with the magnitude of visual field loss assessed by standard automated perimetry (SAP), and RNFL thickness assessed by OCT (81). Similar results were obtained in another study in patients with glaucoma (n = 46) in which the consensual pupillary light reflex was assessed after monocular exposure to either a full-field or superonasal-quadrant light stimulus (464 nm, 2.9 log cd/m2) (84). The PIPR amplitude (6 s after light offset) in glaucomatous eyes was associated with visual field deficits and RNFL thinning, suggesting that reduced melanopsin-dependent pupillary responses might be used as a proxy to estimate the loss of conventional retinal ganglion cells involved in image-forming vision.

Assessing ipRGC Function Using the PIPR After a 10-Second or 20-Second Light Stimulus

The melanopsin-dependent PIPR was first demonstrated in humans and macaques using a 10-s light stimulus protocol (47). Prior work had shown that macaque ipRGCs studied in vitro continued to fire long after the offset of a 10-s light exposure (23). Hence, subsequent clinical studies have also investigated the PIPR using a 10-s light stimulus, with average pupil size measured from 10 to 40 s after light offset. Using this approach, the consensual PIPR was characterized in healthy individuals (n = 45) after exposing the other eye to a bright blue light or red light stimulus, centered on the pupil in Maxwellian view (470 nm vs. 623 nm; retinal irradiance of 13 log quanta/cm2/s with a fully-dilated pupil using a mydriatic agent) (85). Although there were substantial individual differences in the magnitude of pupillary constriction, all participants exhibited a sustained PIPR based on the change in pupil size after exposure to blue light relative to red light, adjusted for the percentage change in pupil size relative to the baseline pupil diameter (i.e., the net PIPR change, determined by subtracting the blue PIPR percentage value from the red PIPR percentage value). Similar methods have been used to examine ipRGC function in patients with glaucoma (86, 87). After exposure to 10 s of bright light (488 vs. 610 nm; corneal irradiance, 14.2 log quanta/cm2/s), the net PIPR to blue light vs. red light was reduced in patients with advanced glaucoma (n = 11) compared with healthy controls (Figures 7A,B), but there was no difference in the PIPR between patients with early glaucoma (n = 14) and healthy controls (87). In another study, the net PIPR change in glaucoma patients (n = 16) after exposure to bright light (470 vs. 623 nm; retinal irradiance of 13 log quanta/cm2/s) was linearly correlated with the magnitude of visual field loss (Figure 7C), demonstrating that ipRGC dysfunction in glaucoma is associated with disease severity (86). In patients with type 2 diabetes without diabetic retinopathy (n = 7), the PIPR to bright light (488 vs. 610 nm; corneal irradiance, 14.2 log quanta/cm2/s) was also reduced and associated with the duration of diabetes (88), suggesting that ipRGC dysfunction may occur in diabetes prior to onset of visual loss. Similarly, in patients with age-related macular degeneration (AMD; n = 2), the PIPR to bright light (464 vs. 635 nm; corneal irradiance, 15 log photons/cm2/s) was reduced in both early and advanced, neovascular AMD compared with controls (89).
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FIGURE 7. Protocol for assessing melanopsin-dependent pupillary responses using the post-illumination pupillary light response (PIPR). The PIPR was assessed after exposure to 10 s of bright blue light or red light (488 or 610 nm; 14.2 log quanta/cm2/s). (A) In individuals with normal vision, the PIPR to blue light was greater than the PIPR to red light for at least 30 s after light offset. (B) In patients with glaucoma, the PIPR to blue light was reduced relative to red light, indicating reduced light transmission from melanopsin-containing retinal ganglion cells. (C) In glaucomatous eyes, the net PIPR change (the difference in the PIPR to blue light vs. red light, adjusted for baseline pupil size) correlated with visual field loss assessed by Humphrey visual field mean deviation. Panels (A,B) are redrawn with permission from (87). Panel (C) is redrawn with permission from (86).



In other studies, the PIPR to a bright 20-s light stimulus has been used to examine ipRGC function. In a patient with LHON with unilateral visual loss, sustained pupillary constriction after light offset (460 vs. 660 nm; 2.0 or 2.5 log cd/m2) did not differ between the affected eye and the healthy eye, suggesting that ipRGC function was resistant to effects of the disease (90). In contrast, in patients with unilateral AION (n = 10), pupillary responses of the affected eye were reduced compared with the contralateral, non-affected eye, both during and after exposure to 20-s of bright light (470 vs. 660 nm; 2.5 log cd/m2) (91). In patients with choroideremia (n = 18), which is characterized by progressive degeneration of the outer retina, the peak pupillary constriction response was also reduced during exposure to bright blue light or red light (463 vs. 643 nm; 100 lux), but the PIPR was intact and lasted longer compared with healthy individuals (92). Together, these results are consistent with studies that used 1-s light flashes (see previous section), showing that the PIPR is reduced in diseases that result in damage to ipRGCs, but remains largely intact in diseases that primarily affect the outer retina.



Chromatic Pupillometry Methods That use Continuously Presented Light

Assessing Photoreceptor Function Using Stepwise Increases in Light Intensity

The pupillary light reflex shows a phasic (i.e., transient) constriction response at the beginning of a continuous light stimulus, followed by a tonic (i.e., sustained) response that is lower in amplitude. Hence, deficits in outer retinal function can be assessed by the phasic response to a step of blue or red light, and deficits in inner retinal function can be assessed by the tonic pupillary response and the PIPR to high-intensity blue light. These response characteristics can be investigated using protocols in which the light intensity is increased stepwise over time. Using a Ganzfeld system to administer light to the eye continuously under mesopic conditions (with the non-stimulated eye covered), the direct pupillary response to a sequence of increasing blue or red light stimuli was measured over a 2 log unit range, with each light step presented for 13 s and matched for photopic luminance (467 and 640 nm; 0, 1, and 2 log cd/m2; Figure 7) (93). The transient pupillary response was defined as the maximum constriction response measured within 180–500 ms after light onset, and the sustained pupillary response was defined as pupillary constriction at the 13th second of stimulation for each light step (with each measure adjusted for pre-stimulus pupil size). After characterizing pupillary responses in healthy individuals, this protocol was tested in a patient with retinitis pigmentosa with loss of rod function and reduced cone function based on electroretinography, a patient with achromatopsia in whom cone function was disrupted due to a mutation in the CNGA3 gene, and a patient with unilateral AION with severe visual loss in the affected eye (93). The patient with retinitis pigmentosa showed deficits in phasic and tonic pupillary responses to the rod-weighted dim blue light stimulus, whereas the melanopsin-weighted response to bright blue light was in the normal range. Responses to moderate-to-bright red light were also attenuated, which is consistent with reduced cone function. In the achromat, pupillary responses to blue light were comparable to healthy controls, suggesting normal function of rods and melanopsin, whereas the cone-weighted response to red light was on the lower end of the normal range, perhaps due to activation of rods (see below). In the AION patient, pupillary responses in the affected eye were markedly reduced for all light stimuli, indicating reduced function of ipRGCs and their input from the outer retina.

This protocol was subsequently evaluated in a group of patients with retinitis pigmentosa (n = 32) (62), in whom the transient pupillary response to dim blue light (467 nm; 0 log cd/m2) was defined as the rod-weighted light response, and the transient pupillary response to bright red light (640 nm; 2 log cd/m2) was defined as the cone-weighted response. The melanopsin-dependent pupillary response was assessed by sustained pupillary constriction at the end of the bright blue light stimulus (467 nm; 2 log cd/m2). Under these testing conditions, patients with a non-recordable or abnormal scotopic/photopic electroretinogram showed reduced transient pupillary responses to rod- and cone-weighted light stimuli, as well as a reduced tonic response to the melanopsin-weighted light stimulus. However, patients with retinitis pigmentosa showed a slower and more sustained PIPR after exposure to the melanopsin-weighted stimulus, as compared with patients with normal vision. Consistent with these findings, another study that used the same protocol found that patients with mutations in the RPE65 gene (n = 11) exhibited reduced transient pupillary responses to rod- and cone-weighted light stimuli, a small reduction in sustained pupillary constriction during exposure to the melanopsin-weighted stimulus, and a prolonged PIPR after light offset compared with healthy controls (68). In a pair of achromats, pupillary responses were in the normal range for the rod-weighted stimulus, but were attenuated for the cone-weighted stimulus. The finding that achromats could still respond to red light is likely explained by activation of rods by the cone-weighted stimulus because total loss of cone function was confirmed in other experiments in the same individuals (68).

The stepwise pupillometry protocol has also been compared between patients with degeneration of the outer retina (n = 23; retinitis pigmentosa, LCA, corneoretinal dystrophy of Bietti, cone-rod dystrophy, or Stargardt disease) and optic nerve disease (n = 13; ischemic optic neuropathy or compression lesion of the optic nerve) (63). Pupillary constriction responses to rod-, cone-, and melanopsin-weighted light stimuli were reduced in patients with either outer or inner retinal disease compared with healthy controls (Figures 8A,B). However, the pupillary re-dilation response after blue-light offset was much slower in patients with outer retinal disease compared with patients with optic nerve disease or healthy controls, which is consistent with other studies in which the stepwise light protocol was used (62, 68). In contrast, most studies that have used a 1-s flash of blue light to elicit the PIPR have found a relatively normal response after light offset in patients with outer retinal disease (60, 67, 72, 73), with only one study reporting a greater PIPR relative to controls (68). The difference in the PIPR across light exposure protocols may be related to the pre-exposure lighting conditions. In the stepwise light protocol, patients are exposed to continuously presented light and hence the PIPR is measured after light adaptation. Similar to results using the stepwise light protocol, a prolonged time course of pupillary re-dilation has been observed in patients with outer retinal disease after the offset of a bright blue light stimulus lasting 20 s or longer (i.e., after light adaptation) (38, 92). Even for a 1-s flash of bright blue light, the PIPR has been shown to be extended in patients with retinitis pigmentosa or LCA if the stimulus is presented after light adaption, rather than dark adaption (60). Together, these studies suggest that the stepwise pupillometry protocol can be used to differentiate loss of outer retinal function vs. melanopsin-dependent ipRGC function, by measuring transient pupillary responses at the start of each light step and the PIPR after light adaptation.
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FIGURE 8. Protocol for assessing photoreceptor health using stepwise increases in light intensity. Pupillary responses were assessed in patients with outer retinal disease or optic nerve disease, using blue and red light stimuli that were presented for 13 s in each step (467 or 640 nm; 0, 1, and 2 log cd/m2). (A) Patients with outer retinal disease or optic nerve disease showed reduced pupillary light responses to each stepwise increase in blue light. However, the post-illumination pupillary light response after the last light step was prolonged only in patients with outer retinal disease. (B) Both groups of patients showed impaired pupillary responses to each stepwise increase in red light compared with controls, but there was no difference between groups in the PIPR. The figure is redrawn and modified with permission from (63).



Assessing Photoreceptor Function Using Ramp-Up Light Protocols

Given that rods and cones are more sensitive to light than the melanopsin-dependent ipRGC response, photoreceptors in the outer retina and inner retina can be activated sequentially by using a gradually increasing light stimulus (i.e., a ramp-up light protocol). Based on irradiance-response curves for the pupillary light reflex, damage to the outer retina can be assessed by reduced pupillary responses to light stimuli at lower irradiances, i.e., below the threshold of activation for the melanopsin-dependent pupillary response (low-to-moderate intensity blue light or moderate-to-high intensity red light). By comparison, damage to the inner retina can be detected by measuring the pupillary response during exposure to continuous, high-intensity blue light. This approach has been tested using a modified Ganzfeld system to administer a gradually-increasing blue or red light stimulus (469 or 631 nm; corneal irradiance from 7 to 14 log photons/cm2/s) to one eye over a 2-min period (with the other eye covered), in order to construct irradiance-response curves for the direct pupillary light reflex (58). In patients with glaucoma (n = 40) with different stages of disease severity (Early, n = 19; Moderate, n = 10; Severe, n = 11), pupillary responses were impaired for the blue light stimulus at irradiances corresponding with the range of activation of the melanopsin-dependent response (>11.5 log photons/cm2/s), and the difference between patients and healthy controls was greatest at the highest irradiances tested (Figure 9A). Pupillary responses in glaucoma patients were also reduced for the red light stimulus at moderate-to-high intensities of red light (>11.5 log photons/cm2/s), suggesting reduced transmission from rod/cone photoreceptors to ipRGCs (Figure 9B). In contrast, the pupillary response in a patient with retinitis pigmentosa with no light perception was markedly reduced for the blue light stimulus at low-to-moderate light intensities (<13 log photons/cm2/s), and there was no detectable response to the red light stimulus (Figures 9A,B), which is consistent with loss of rod and cone function (94). However, the amplitude of his pupillary constriction response was in the normal range for high intensity blue light, suggesting preserved melanopsin-dependent ipRGC function. In the glaucoma patients, the magnitude of pupillary constriction to high-irradiance blue light (>13.5 log photons/cm2/s) was inversely correlated with Humphrey visual field mean deviation and optic disc cupping assessed using Heidelberg Retinal Tomography (Figures 9C,D) (58). These results suggest that ipRGC responses in glaucoma can be used to estimate damage to retinal ganglion cells that mediate image-forming vision.
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FIGURE 9. Protocol for assessing photoreceptor health using a ramp-up light exposure. Pupillary responses to blue light or red light were assessed during exposure to a continuously presented light stimulus that was increased gradually over a 2-min period (469 or 631 nm; from 7 to 14 log photons/cm2/s). (A) Pupillary responses to blue light were reduced in patients with glaucoma at higher irradiances compared with controls. In contrast, pupillary responses were reduced at dim-to-moderate light intensities in a patient with retinitis pigmentosa (RP) without rod/cone function, but were normal at the highest irradiances tested. (B) Pupillary responses to red light were also reduced in patients with glaucoma at higher irradiances, whereas there was no detectable response in the RP patient. In glaucomatous eyes, the magnitude of pupillary constriction during exposure to high-irradiance blue light (>13.5 log photons/cm2/s) correlated with (C) visual field loss determined by Humphrey Visual Field (HVF) mean deviation, and (D) optic disc cupping determined by Heidelberg Retinal Tomography. In (C,D), the linear regression line is shown with 95% CIs. Data for glaucoma patients are replotted and modified with permission from (58). Data for the RP patient are replotted and modified with permission from (94).



In a later study, the ramp-up light exposure protocol was tested in a group of patients with early-stage glaucoma (n = 46; visual field mean deviation of −6 dB or better on automated perimetry) (95). Pupillary light responses were reduced in patients compared with healthy controls at moderate-to-high intensities of blue and red light (>11.0 log photons/cm2/s). In glaucomatous eyes, the maximum pupillary constriction amplitude correlated with RNFL thickness, but unsurprisingly, not with the amount of visual field loss. Hence, ipRGC dysfunction or cell loss can be detected in early stages of glaucoma and is associated with structural correlates of disease progression. In another study that used the ramp-up light protocol, patients with autosomal-dominant optic atrophy (n = 5) showed pupillary responses that were comparable to healthy controls (96), which is consistent with other studies that have found preserved ipRGC function in mitochondrial disease (77).



Summary of Chromatic Pupillometry Methods Used to Assess Photoreceptor Health

Chromatic pupillometry methods can detect dysfunction of photoreceptors in diseases affecting either the outer retina or the inner retina. Clinical protocols that measure pupillary responses to 1-s light flashes allow for testing of rod function using a dim blue light stimulus after dark adaption, while cone function can be tested using a moderate-to-bright red light stimulus under light adaptation. This approach has been used to demonstrate loss of rod and/or cone function in outer retinal disease (e.g., retinitis pigmentosa and LCA). Melanopsin-dependent ipRGC function can be assessed by measuring the PIPR after exposure to a bright blue light stimulus. The PIPR after dark adaptation is reduced in patients with optic nerve disease (e.g., glaucoma and AION), with the notable exception of mitochondrial disease (e.g., LHON and autosomal dominant optic atrophy) in which ipRGCs appear to be preferentially spared. In stepwise light protocols, the phasic pupillary response to light stimulus onset, which is dominated by rods/cones, is impaired in outer retinal disease. In contrast, the sustained pupillary response to bright blue light, which is dominated by melanopsin, is impaired in diseases affecting ipRGC function, whereas the subsequent PIPR is prolonged in patients with outer retinal disease. In protocols in which light intensity is increased gradually over time (ramp-up light protocol), the tonic pupillary light reflex is impaired during exposure to dim-to-moderate intensity blue light or red light in outer retinal disease, whereas sustained pupillary constriction to high-irradiance blue light is impaired in inner retinal disease. In glaucoma, melanopsin-dependent pupillary responses correlate with visual field loss and anatomic correlates of optic nerve damage, suggesting that pupillometry methods can be used to estimate the degree of damage to ipRGCs and conventional retinal ganglion cells.




LIMITATIONS AND CONSIDERATIONS OF CHROMATIC PUPILLOMETRY

Chromatic pupillometry is currently the only approach that can be used to assess rapidly the health of rods, cones, and melanopsin using a single light protocol. However, the contribution of outer retinal photoreceptors to phasic and tonic components of the pupillary light reflex is still not fully understood. Based on studies using the silent substitution method to selectively modulate the activity of different photoreceptor types, S-cones and M-cones may provide inhibitory input to ipRGCs that mediate the pupillary light reflex, whereas stimulation of L-cones and melanopsin induces pupillary constriction (55, 97, 98). A subset of melanopsin cells in the macaque retina has also been shown to exhibit an S-Off, (L+M)-On type of color-opponent receptive field (23). These findings have potential implications for interpreting the effects of blue light and red light stimuli on pupillary responses in chromatic pupillometry protocols, in which multiple photoreceptor types (i.e., rods, S-cones, M-cones, L-cones, and melanopsin) may be activated simultaneously and interact in complex ways at the level of ipRGCs. Outer retinal photoreceptors and melanopsin also differ in their time-course of dark adaptation and light adaptation (39, 99). Therefore, pre-exposure lighting conditions (e.g., the duration of prior darkness or exposure to light) can influence results of chromatic pupillometry testing (100, 101). Differences in the distribution of rods, cones, and melanopsin-containing retinal ganglion cells in the retina also gives rise to regional differences in spatial summation and ipRGC responses to light (102, 103). This may have implications for chromatic pupillometry protocols that administer light to different parts of the visual field to assess retinal health, e.g., central-field, hemi-field, quadrant-field, or annular light stimulation (84, 104–106).

Although chromatic pupillometry methods can be used to localize damage to the outer retina or the inner retina, they do not provide information on the specific disease type. For example, similar deficits in pupillary light responses are observed between patients with retinitis pigmentosa and LCA, and between patients with glaucoma or AION. Therefore, additional ophthalmic tests are required to establish an accurate diagnosis and its underlying pathophysiology. Pupillary light responses are also impaired in non-ocular diseases that result in demyelination or degeneration of the optic nerve, or altered autonomic nervous system function. For example, phasic pupillary light responses and the PIPR are reduced in patients with multiple sclerosis or Parkinson's disease (107–109). Efferent pathway defects from the midbrain to the pupils can also give rise to impaired pupillary constriction responses despite intact photoreceptor responses (110, 111). Moreover, the PIPR is reduced in patients with Seasonal Affective Disorder (SAD) or non-seasonal depression (112, 113), in whom there are no pathological changes in optic nerve function. These observations may be related to effects of the number of daylight hours on the amplitude of the PIPR (113, 114), perhaps through modulation of melanopsin protein levels and/or the sensitivity of ipRGCs to light. Relatedly, genetic variation in the melanopsin gene modulates pupillary responses to bright blue light and risk of SAD (112, 115–117). The PIPR and other pupillary light responses are also influenced by circadian phase (118, 119), sleep deprivation (119), and some types of medication (120). Additionally, cortical visual pathways are thought to be involved in modulating pupillary light responses (121, 122). Collectively, these studies show that results of chromatic pupillometry testing are influenced not only by the stimulation of retinal photoreceptors, but also by other biological pathways and disease processes.

An important concern regarding the use of chromatic pupillometry is whether it is necessary to adjust for effects of aging on pupillary responses. In aging, decreased sympathetic activity and smaller pupil size (i.e., age-related miosis) are thought to contribute to reduced pupillary constriction responses to light (123). When pupillary responses are measured relative to the dark-adapted pupil size, however, there is little effect of age on the amplitude of pupillary constriction (85, 124, 125). Similarly, age-dependent yellowing of the lens, which reduces transmission of short-wavelength light, does not appear to affect melanopsin-dependent pupillary responses. Rather, baseline-adjusted pupillary light responses are similar between young and older adults (124, 125), and the magnitude of the PIPR to blue light vs. red light is preserved across adulthood (85, 126, 127). Moreover, there is no effect of mild cataract (125) or narrow irido-corneal angles (128) on spectral responses of the pupil, and no effect of refractive error on the PIPR (127). Together, these results indicate that melanopsin-dependent pupillary responses are relatively stable in healthy aging. The pupillary light reflex also shows good test-retest reliability when assessed in the same individuals over short time intervals (68, 129). However, pupillary light responses in healthy individuals show substantial between-subject differences (85, 93), and usually overlap with responses in patients with mild-to-moderate retinal or optic nerve disease. Therefore, further optimization of chromatic pupillometry protocols may be necessary to differentiate reliably individuals with normal health vs. those with retinal or optic nerve disease.

A challenge in interpreting and comparing chromatic pupillometry studies is that different methods have been applied for measuring and delivering light to the eyes. In this review, we report light stimuli as they were described in the original research articles in which different units of light measurement were used (lux, cd/m2, and log photons/cm2/s). Units based on the photopic luminosity function (e.g., lux or cd/m2) are familiar to engineers and vision researchers, but should not be used for non-visual light responses including the pupillary light reflex (130). This is because it is well established that rods and melanopsin (not only cones) contribute to pupillary light responses in the photopic visual range, including sustained pupillary constriction and the PIPR. Instead, researchers should be encouraged to report either the power distribution (μW/cm2) or photon density (log photons/cm2/s) of their light stimulus, and/or calculate the α-opic illuminance values (α-opic lux) to provide an estimate of the effective illuminance for each of the 5 human photopigments. Doing so will make it easier to replicate experimental conditions across studies and to interpret the relative contribution of different photopigments to pupillary responses. Different types of light delivery systems have also been used in chromatic pupillometry studies. Most studies have administered light using a Ganzfeld system, or directed light through the pupil in Maxwellian view. While Ganzfeld systems are relatively easy to build and implement in pupillometry studies, the retinal illuminance is limited and cannot be specified by the experimenter for different stimulus conditions. In Maxwellian view, a high retinal illuminance field can be readily obtained and the size of the entry pupil can be controlled, but these systems require precise alignment of the eye, which is often achieved by using a bite bar to stabilize the participant's eye position (131). Hence, there are trade-offs that must be taken into consideration when choosing the type of light delivery system used for chromatic pupillometry.

Another challenge in comparing pupillometry studies is that different methods have been used for measuring pupillary responses. Some studies have measured the direct pupillary light reflex while covering the other eye (i.e., the pupil of the stimulated eye is recorded), whereas other studies have measured the consensual pupillary light reflex (i.e., the stimulated eye is dilated with a mydriatic agent and the pupil of the non-stimulated eye is recorded). Because the consensual light response is greater when the pupil of the stimulated eye is dilated, rather than constricted (132), the size of the pupil exposed to light must be taken into consideration when interpreting results of chromatic pupillometry. Additionally, many different types of pupillary response metrics have been used in chromatic pupillometry studies. For example, there are several metrics that have been used to quantify the PIPR, including the 6-s PIPR, area under the curve, re-dilation velocity, and the plateau of the PIPR based on the best-fit exponential model of the data. Some of these measures may be better than others at capturing the melanopsin-dependent component of the PIPR vs. the mixed contribution of rods/cones and melanopsin during the early phase of pupillary re-dilation. The reliability of these PIPR metrics has been shown to differ in healthy participants, with lower coefficients of variation for the 6-s PIPR and the plateau of the PIPR (50). Hence, some PIPR metrics are likely better than others, and this may also depend on the type of disease being examined. The PIPR amplitude also varies by stimulus duration, with shorter light stimuli (1 s) producing larger responses than longer light stimuli (10 or 30 s) (50). As such, a PIPR testing paradigm that utilizes a 1-s light stimulus and either a 6-s or plateau PIPR metric might prove most useful in clinical applications, as remains to be tested. Moving forward, researchers using chromatic pupillometry should strive to develop a set of consensus standards for light stimuli and pupillary response metrics that can be used to readily compare results across different studies and types of disease.



FUTURE APPLICATIONS OF CHROMATIC PUPILLOMETRY METHODS

Early detection of retinal and optic nerve diseases is important for treating and preventing loss of vision. However, gradual loss of peripheral vision can go unnoticed for years. For example, patients with glaucoma often seek treatment after substantial and irreversible damage to the optic nerve has occurred. Based on results of chromatic pupillometry testing, patients with early-stage glaucoma show deficits in pupillary responses to bright blue light compared with healthy controls (84, 95). Such findings raise the possibility that pupillometry testing could be used to screen for early optic nerve dysfunction. An advantage of chromatic pupillometry methods is that they can be readily incorporated into portable testing systems for population screening. For example, chromatic pupillometry devices could be used in a polyclinic setting or in geriatric clinics to identify patients with suspected retinal or optic nerve disease. Such patients could then be directed to undergo a comprehensive ophthalmic examination to determine the origin of their impaired pupillary light response. Additionally, chromatic pupillometry methods can potentially be used in patients who have difficulty communicating or who are unable to follow procedures for visual field testing. Following diagnosis of the underlying condition, chromatic pupillometry testing could be used periodically to track progression of the disease and effects of treatment.

The pupillary light reflex can be used to test for intact melanopsin-dependent ipRGC responses in patients who are blind. Notably, a standard penlight examination is inadequate for this purpose, with results that are often unreliable (133). For example, pupillary light responses were studied extensively in a pair of blind patients with no light perception who were previously described as having no detectable pupillary light response based on penlight examination by an ophthalmologist (37, 38). Clinical testing of optic nerve function should therefore include conditions that are appropriate for assessing melanopsin-dependent responses, i.e., exposure to high-irradiance blue light on a background of darkness. In the future, this may be especially important for identifying blind patients with intact optic nerve function who should be considered as candidates for gene therapy trials to restore vision (see below). Additionally, melanopsin-dependent pupillary light responses could be used as a surrogate measure for other responses mediated by ipRGCs (119, 134, 135), in order to screen for blind patients with intact circadian photoreception who should expose themselves to light-dark cues to entrain to the 24-h solar day. Chromatic pupillometry methods can also be used to assess photoreceptor health in veterinary medicine, as demonstrated in dogs with sudden acquired retinal degeneration syndrome and optic nerve disease (136–138).

With the development of technologies for restoring vision in blind individuals, there is a need for standard clinical tests that can be used to help select suitable candidates and to estimate the degree of recovery of non-visual photoreception after treatment. Chromatic pupillometry methods may be useful for testing photoreceptor health in degenerative diseases (e.g., retinitis pigmentosa and LCA), in which mutations in photoreceptor-specific or non-photoreceptor-specific cells in the retina result in rod cell death, followed by loss of cones. Given that retinal ganglion cells and other retinal neuronal cell types can survive for long periods after blindness, vision can be partially restored by rendering the remaining cells photosensitive. This can potentially be achieved by surgically-implanted subretinal prostheses that can electrically stimulate retinal ganglion cells, injection of small-molecule photoswitches to bestow light sensitivity to retinal ganglion cells, and gene therapy to express light-regulated ion channels, transporters, or receptors (e.g., melanopsin or microbial opsins) in retinal neurons. These approaches have been tested in blind mice, demonstrating restoration of some behavioral light responses, and improved pupillary responses to light at low-to-moderate intensities (139–143). Similarly, gene therapy has been used to treat LCA in blind mice with impaired ability to regenerate visual photopigments (by restoring function of lecithin:retinol acyl transferase), which resulted in increased sensitivity of the pupillary light reflex by about 2.5 log units (144). Parallel findings have been reported for RPE65-associated LCA in humans, in whom viral delivery of the normal RPE65 gene to the retina resulted in sustained improvement of subjective and objective measures of vision (145, 146), as well as an increase in sensitivity of pupillary responses to light that lasted for at least 3 years after follow-up. These studies demonstrate that gene therapy for restoring vision also results in improvement in the pupillary light reflex. In future studies, chromatic pupillometry protocols can potentially be used to quantify the degree of recovery of non-visual photoreceptor pathways in blind patients who undergo gene therapy or other treatments to restore vision.

In summary, chromatic pupillometry methods have the potential to improve detection and management of diseases affecting the retina or optic nerve. Previous studies have characterized the differential role of outer retinal photoreceptors and melanopsin in mediating the pupillary light reflex. This has led to development and testing of short-duration protocols for assessing pupillary responses in patients with retinal or optic nerve disease. Clinical studies have provided proof-of-concept that pupillometry can be used to localize loss of function to photoreceptors in the outer retina or inner retina in patients whose disease status was already known. We are now in the position to exploit these research findings to test prospectively the ability of chromatic pupillometry to detect abnormalities in ipRGC function. Future large-scale studies should therefore focus on optimizing, standardizing, and adapting chromatic pupillometry protocols for early detection of retinal and optic nerve diseases, and for monitoring disease progression or recovery after treatment.
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Melanopsin retinal ganglion cells (mRGCs) are intrinsically photosensitive RGCs that mediate many relevant non-image forming functions of the eye, including the pupillary light reflex, through the projections to the olivary pretectal nucleus. In particular, the post-illumination pupil response (PIPR), as evaluated by chromatic pupillometry, can be used as a reliable marker of mRGC function in vivo. In the last years, pupillometry has become a promising tool to assess mRGC dysfunction in various neurological and neuro-ophthalmological conditions. In this review we will present the most relevant findings of pupillometric studies in glaucoma, hereditary optic neuropathies, ischemic optic neuropathies, idiopathic intracranial hypertension, multiple sclerosis, Parkinson's disease, and mood disorders. The use of PIPR as a marker for mRGC function is also proposed for other neurodegenerative disorders in which circadian dysfunction is documented.

Keywords: melanopsin retinal ganglion cells, light, pupil, neurodegeneration, optic nerve, optic neuropathies, Alzheimer, Parkinson


INTRODUCTION

Melanopsin retinal ganglion cells (mRGCs) are intrinsically photosensitive RGCs expressing the photopigment melanopsin (1, 2). They constitute about 0.2–1% of total RGCs and contribute to the photoentrainment of circadian rhythms, through their projections to the suprachiasmatic nucleus (SCN), but also to other anatomical structures devoted to non-image forming functions of the eye. These include pupil regulation through their projections to the olivary pretectal nucleus (OPN) in the midbrain (3–5) and brain structures relevant for emotional processing (6). Recent data support the notion that distinct subpopulations of mRGCs mediate different functions in the central nervous system, including circadian rhythm regulation and pupil light reflex (PLR) through their projections to the OPN (5, 7).

The mRGC contribution to the pupil function has been extensively investigated over the recent years and it is now clear that rods mediate mainly the transient pupil contraction, whereas mRGCs contribute to the steady-state pupil constriction (8–11). In fact, mRGCs are characterized by a unique property, which is the capability of firing without fatigue in response to continuous stimulation, consistent with the intrinsic activation of these cells (12). In particular, post-illumination pupil response (PIPR), measured after 1.7 s from onset of the light stimulus, and its magnitude can be considered as specific measures of mRGC function (13). Different protocols, using different light paradigms and experimental setting of stimulation, have been tested and now established to assess in vivo PLR mediated by mRGCs (13, 14). Specifically, the contribution of mRGCs to pupil response has been evaluated using blue (470 nm) and red (640 nm) light, being the blue light able to maximally stimulating mRGCs (13–15).

The PLR mediated by mRGCs has been investigated in different ophthalmological conditions including glaucoma (16–18), retinitis pigmentosa (19), diabetes (20), Leber's congenital amaurosis (14), age-related macular degeneration (21), and ischemic optic neuropathies (22, 23). Moreover, various neurological and psychiatric disorders have been evaluated, including hereditary optic neuropathies (24–29), seasonal affective disorder (SAD) (30), idiopathic intracranial hypertension (IIH) (31, 32), multiple sclerosis (MS) (33), and Parkinson's disease (PD) (34).

In this review we will focus on pupillometry findings in neuro-ophthalmological disorders in which pupil and circadian functions have been investigated. In particular, we include disorders affecting the optic nerve such as glaucoma and hereditary optic neuropathies, neurodegenerative disorders with optic nerve involvement and circadian dysfunction and affective disorders for which a relevant role of mRGCs has been postulated. We will highlight the potential role of mRGC-mediated pupil function as an in vivo objective tool and possible biomarker for evaluating mRGC function in different neurodegenerative disorders.



MELANOPSIN RGCs AND PUPIL IN GLAUCOMA AND ANTERIOR ISCHEMIC OPTIC NEUROPATHY

Glaucoma is a chronic optic neuropathy characterized by loss of peripheral visual field secondary to a progressive and extensive loss of RGCs and their optic nerve fibers (35). The pathophysiology of glaucoma is not yet completely understood, even though two common and pivotal events are the increase in intraocular pressure and impaired microcirculation (vascular deregulation), both preceding the RGC death (36). Previous studies in monkey models of glaucoma reported that all classes of RGCs are susceptible to injury or damage since the early stages of the disease including the sub-population of mRGCs (37). Concordantly, recent clinical studies have shown high prevalence of sleep and circadian disorders, as well as depression in glaucoma patients, implying that the mRGC-driven photoentrainment of circadian rhythms may be affected in patients with glaucoma (38–41).

In the last years, several studies were published aimed at measuring in vivo the integrity of mRGC system in glaucoma by assessing the PLR (16–18). Overall, the results and the conclusions of these studies have been frequently inconsistent because of the different protocols and methodology adopted for chromatic pupillography. In fact, many variables may affect the results, such as time of dark adaptation, light stimulus (duration, intensity, and wavelength), time to measure the intrinsic melanopsin-mediated PIPR, direct or consensual pupil stimulation, and so on (see Table 1).



Table 1. Pupillometry findings in glaucoma and in anterior ischemic optic neuropathy.
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Nonetheless, it is now clearly proven that the PLR, and particularly the PIPR, is altered in moderate and advanced stages of glaucoma, despite the use of different chromatic illumination paradigms (16–18, 27, 42, 43). These findings are also correlated with functional and structural features of the glaucomatous pathology, as demonstrated by the fact that PIPR is inversely correlated with the mean deviation in the visual fields (17, 42, 43). Moreover, an inverse correlation between PLR to high-irradiance blue light and optic disc cupping measured by Heidelberg Retinal Tomography was found (42), and the reduction of PLR to blue and red light correlates with retinal nerve fiber layer (RNFL) thinning (44, 45). These results are in line with a study demonstrating that there is a correlation between the severity of the glaucoma and the reduction of the PIPR (16). This is concordant with the knowledge that in glaucoma the central 10 degrees of the retina, where the mRGCs are more concentrated, are affected only in the last stages of the disease. However, in the last 2 years, a new method of light delivery (quadrant field pupillometry) (44), and a new light stimulation protocol (increasing light regimens) (45) were used to better investigate the pre-perimetric and early-stage glaucoma. By stimulating only the portion of the retina most precociously affected in glaucoma it was shown that the superonasal quadrant PIPR differentiates patients suspected of having glaucoma and with early glaucoma from healthy controls, and this finding correlated with RNFL thinning measured by OCT (44). Furthermore, by increasing logarithmically the light stimuli intensity, PLR is reduced in patients with early-stage glaucoma compared with controls at moderate to high irradiances with both blue and red light, and the maximal pupillary constriction amplitude is correlated to the RNFL thickness (45). To highlight the possible correlation of different measurements of mRGC functions, it is also worth mentioning that in advanced glaucoma, individuals with greater light-induced melatonin suppression (a measure of the retino-hypothalamic tract function) have also a smaller PIPR (27).

Finally, a functional damage of the mRGC-mediated PLR has been reported in the affected eyes of patients with unilateral or bilateral anterior ischemic optic neuropathy (AION), specifically 10 patients with unilateral non-arteritic ischemic optic neuropathy (NAION), 1 bilateral NAION, and 7 patients with bilateral AION associated with optic disc drusen, compared to the unaffected and control eyes (22). Differently, previous studies failed to demonstrate differences in the PLR between NAION and control eyes (23). Furthermore, if the bright blue stimuli were presented bilaterally and simultaneously to both eyes, bilateral AION patients showed, through binocular summation, the same post-stimulus pupil size of patients with unilateral AION and controls (22).



MELANOPSIN RGCs AND PUPIL IN HEREDITARY MITOCHONDRIAL OPTIC NEUROPATHIES

Mitochondrial optic neuropathies are inherited disorders of the optic nerve due to mitochondrial DNA (mtDNA) mutations affecting the mitochondrial-encoded subunits of complex I of the respiratory chain complex, pathogenic for Leber's hereditary Optic Neuropathy (LHON) or to mutations of the nuclear gene OPA1 causing Dominant Optic Atrophy (DOA) (46, 47). These inherited mitochondrial disorders are characterized by the selective loss of RGCs, in particular those originating the papillo-macular bundle, thus leading to optic atrophy secondary to mitochondrial dysfunctions with the invariable outcome of severe visual loss (46). In both disorders, previous data suggested the maintenance of the PLR even in the chronic stage of the disease, pointing to a pupil-visual dissociation (48, 49). In fact, in these disorders recent histological studies demonstrated a relative preservation of mRGCs compared to the massive loss of regular RGCs in both LHON and DOA, which supports the maintenance of the PLR in these patients (50). At this regard, interestingly, a previous post mortem study demonstrated the relative sparing of the retinofugal fibers to the pretectum in a LHON case, supporting the maintenance of the mRGC projections to the pretectum, which constitute the afferent pathway of the PLR (51). The reasons for the robustness of mRGCs in mitochondrial optic neuropathies are still unknown and under investigation, even though the possible role of peculiar metabolic properties, including the size of the soma, has been proposed (50, 52, 53). More recently, pupillometric studies showed a relative maintenance of the mRGC-mediated pupil response in LHON and DOA patients (24–29) (Table 2). Similarly to the maintenance of the PLR a preserved light-induced melatonin suppression has been demonstrated in LHON and DOA patients supporting a relative preservation of these cells in hereditary mitochondrial optic neuropathies (50). Interestingly, the preservation of mRGCs and PLR has also been demonstrated in an OPA1-mouse model (54).



Table 2. Pupillometry findings in neurological disorders.
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MELANOPSIN RGCs AND PUPIL IN OTHER NEUROLOGICAL DISORDERS

In the last years the mRGC-mediated pupil light response has been investigated in various neurological disorders, including IIH, MS, and PD (31–34).

In a cohort of 13 IIH patients compared to 13 controls it was reported a significant reduction of PLR under melanopsin and rod paradigms in IIH subjects, suggesting the potential use of these parameters as an objective measure of RGC dysfunction in IIH (31). However, the abnormal mRGC-driven PLR has not been reported in a cohort of drug naïve IIH patients (32).

A significant reduction of the sustained pupil response to blue light in the eyes with thinner ganglion cell layer (GCL) + inner plexiform layer (IPL) was demonstrated in a group of 24 MS patients, in particular in those with a previous history of optic neuritis, compared to 15 controls (33). The authors proposed the use of the sustained pupil response to light mediated by mRGCs as a surrogate biomarker for neurodegeneration, including the retinohypothalamic tract, in MS patients (33). In consideration that mRGCs are a fundamental conduit for circadian photoentrainment, the sustained PLR to light may be used as a surrogate marker for RHT integrity and consequently for circadian measurements including melatonin rhythm. This may be relevant for potential light therapeutic interventions in these patients (33). Congruently, previous studies demonstrated an abnormal melatonin rhythm in MS patients (55).

An attenuated PIPR for short wavelength and reduced pupil constriction amplitude for long wavelength stimulation was described in a group of 17 early PD patients compared to a control group (34). Pupil metrics in this group were not influenced by disease severity, sleep quality, medications, or OCT measurements and were controlled for unrest pupil conditions. The authors proposed the pupil response mediated by mRGCs as potential biomarker for non-motor symptoms in PD, such as sleep and circadian dysfunction (34). In fact, there is a large body of evidence supporting the occurrence of circadian dysfunction in PD (56).

Finally, a recent study reported the occurrence of PLR dysfunction in R6/2 and Q175 Huntington's disease (HD) mouse models, with a prevalent contribution of cone dysfunction in young-middle-aged mice and of mRGCs in old mice (57). HD is a neurodegenerative disorder in which circadian dysfunction is a prominent and early disease trait pointing again to a possible mRGC dysfunction (56, 58).

Based on these recent findings, it seems reasonable that other neurological disorders, for which there is evidence of circadian dysfunction and mRGC pathology, such as Alzheimer's disease (AD) (59, 60), HD (56–58), and possibly others, may present an abnormal mRGC-driven PLR.



MELANOPSIN RGCs AND PUPIL IN AFFECTIVE DISORDERS

SAD is a psychiatric condition characterized by the recurrence of depression in winter, in relation to low levels of ambient light in this season (61). Even if the etiology of this disorder is still elusive, the possible role of individual seasonal variation in retinal sensitivity, and in particular of retinal subsensitivity in SAD has been proposed (62–64). Moreover, a polymorphism in the melanopsin (OPN4) gene (P10L) has been associated with SAD, suggesting that mRGCs and sensitivity to light may play a relevant role in the pathogenesis of SAD (65). Based on these premises, Roecklein and coauthors investigated the PIPR in 15 individuals with SAD compared to 15 controls. They found a reduced PIPR and a lower PIPR percent change in response to blue light in SAD subjects compared to controls, implying an abnormal mRGC-mediated response to light, as measured by PLR in SAD (30). Moreover, the PIPR response after blue light varied in relation to the OPN4 I394T genotype, another polymorphic variant, suggesting again a possible influence of genetic predisposition in modulating the sensitivity to light in SAD (30). Interestingly, this polymorphic variant has also been found to influence the steady-state pupil diameter in controls (66).

Differently, the melanopsin-mediated PIPR measurements were not significantly different between eight patients with non-seasonal depression and 13 age-matched healthy controls matched for day-light exposure (67). This finding possibly implies a different pathophysiological mechanism in SAD and non-seasonal depression. However, another study using a different light stimulation protocol, showed an abnormal PIPR in both seasonal-depressed and non-seasonal depressed patients (68).



DISCUSSION

Intrinsically photosensitive retinal ganglion cells, the mRGCs, are unique photoreceptors located in the inner retina, which express the photopigment melanopsin (1, 2, 7). The presence of melanopsin makes these cells maximally sensitive to blue light at 470–480 nm and able to spontaneously spike for a long period, even when isolated from the surrounding retinal structures (7, 12). The mRGCs are crucial for non-image forming functions of the eye including circadian photoentrainment, sleep and melatonin synthesis, and PLR. Of particular importance, in this context, is the possibility of using some pupil metrics, such as the PIPR, as a specific signature of mRGC function in vivo (8, 13, 56) for ophthalmological and neurodegenerative disorders, which may present circadian dysfunction. In fact, mRGCs contribute mainly to the sustained component of the PLR and, using blue wavelength light, it is possible to isolate the melanopsin contribution to the PLR.

The availability of the mRGC-mediated PLR as a tool to indirectly test the circadian system status, as recently proposed (69), opens new avenues in the analysis of circadian, sleep, and non-motor features in many neurodegenerative disorders. Interestingly, it has been demonstrated in 15 healthy subjects, using combined evaluations including pupillometry, actigraphy, light sensors and body temperature, a close inverse relationship between pupil light response metrics and circadian status (70). In particular, for the pupil recordings it was used a protocol in which the right eye was dilated and different light stimuli including different light wavelength were tested (5 min stimuli) with 40 min of darkness between the light stimulations. Pupil parameters were analyzed using ad-hoc software. For the actigraphic recordings the subjects wore an actigraph with light sensor and non-parametric circadian measures, such as intradaily variability, interdaily stability, relative amplitude, L5 and M5, were obtained (70). The authors proposed the Circadian Status Index as an integrative measure to unify three aspects (robustness, timing, and level) of the three circadian rhythm measures (temperature, activity, and light), as well as a global parameter for pupil metrics (circadian photoreception PLR). However, the authors found an inverse relationship between the pupil and circadian metrics. These contradictory findings between circadian status robustness and the PLR might be referred to individual differences in the M1 cell population of mRGCs. Larger studies, more uniform light stimulation protocols and the inclusion of more circadian and pupil metrics are warranted to analyze the possible correlations between pupil metrics and circadian status. In fact, the current available pupillometric studies all suffer the limitation of great heterogeneity of stimulation protocols and consequent lack of reproducibility of their results. Similarly, all these studies are generally underpowered by the limited number of subjects analyzed.

Finally, since mRGCs are contributing to other non-visual functions of the eye, and different class of mRGCs have different projections to the CNS contributing to different functions (5), it must be emphasized that the finding of an abnormal mRGC-mediated PLR does not mean necessarily a global dysfunction of these cells. Overall, the availability of an easily accessible metric for mRGC function, in conjunction with other tests, such as melatonin suppression test, actigraphic recordings, and functional MRI, may represent a comprehensive strategy to further exploring the function of these cells in patients with different neuro-ophthalmological conditions.



CONCLUSIONS AND FUTURE DIRECTIONS

In conclusion, the use of PLR mediated by mRGCs, as a measure of mRGC function, is of particular relevance for neurodegenerative disorders for which there is already evidence of circadian and sleep dysfunction, such as PD, AD, and HD. Similarly, it might be also relevant for other neurological disorders with evidence of circadian dysfunction such as frontotemporal dementia (71), Lewy-Body dementia (72), Progressive Supranuclear Palsy (73, 74), and possibly prion diseases, in particular fatal familial insomnia (75). Moreover, the study of PLR mediated by mRGCs might be particularly intriguing for conditions, in which light sensitivity is a predominant feature, such as photophobia (76, 77) and photosensitivity in epilepsy (78). At this regard, an abnormal PLR has been recently documented in migraineous photophobic subjects, even though it was not specifically assessed the mRGC contribution to PLR (79, 80).

Overall, after adequate standardization of light protocols, the availability of an easy accessible tool to assess mRGC function, as a surrogate marker for more general non-image forming functions of the eye, including circadian rhythms and sleep, is a particularly promising biomarker for neurodegenerative disorders.
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The impact of Alzheimer's disease (AD) on the pupillary light response (PLR) is controversial, being dependent on the stage of the disease and on the experimental pupillometric protocols. The main hypothesis driving pupillometry research in AD is based on the concept that the AD-related neurodegeneration affects both the parasympathetic and the sympathetic arms of the PLR (cholinergic and noradrenergic theory), combined with additional alterations of the afferent limb, involving the melanopsin expressing retinal ganglion cells (mRGCs), subserving the PLR. Only a few studies have evaluated the value of pupillometry as a potential biomarker in AD, providing various results compatible with parasympathetic dysfunction, displaying increased latency of pupillary constriction to light, decreased constriction amplitude, faster redilation after light offset, decreased maximum velocity of constriction (MCV) and maximum constriction acceleration (MCA) compared to controls. Decreased MCV and MCA appeared to be the most accurate of all PLR parameters allowing differentiation between AD and healthy controls while increased post-illumination pupillary response was the most consistent feature, however, these results could not be replicated by more recent studies, focusing on early and pre-clinical stages of the disease. Whether static or dynamic pupillometry yields useful biomarkers for AD screening or diagnosis remains unclear. In this review, we synopsize the current knowledge on pupillometric features in AD and other neurodegenerative diseases, and discuss potential roles of pupillometry in AD detection, diagnosis and monitoring, alone or in combination with additional biomarkers.
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INTRODUCTION

Dementia is a global epidemic and has become a public health priority. Alzheimer's disease (AD) is the most common cause for dementia worldwide (1), accounting for 50–70% of dementia cases. The two major neuropathological landmarks of AD are deposition of insoluble amyloid-β (Aβ) plaques and formation of neurofibrillary tangles, composed of hyperphosphorylated tau proteins. These pathologic abnormalities are found in the central nervous system, as well as in the retina (2–4). The pathophysiology of AD is poorly understood, but a common hypothesis postulates that aggregation of Aβ is a pre-requisite for tau accumulation, neurodegeneration, and ultimately, to clinical manifestations. Clinical features of AD include progressive cognitive decline, affecting memory, learning, language, visuospatial abilities, and executive functions, but also deterioration of sleep and normal circadian rhythms (5). Most often extensive and largely irreversible neuronal histopathological changes precede clinical features of AD (6), which may explain the current failure of all disease modifying agents in this condition. For these reasons, it is believed that early diagnosis of AD is crucial for early and effective therapeutic interventions, improving AD outcomes.

Several in vivo biomarkers have been proposed for early identification of AD pathology, including brain imaging biomarkers (positron emission tomography after Aβ labeling) (7), as well as fluid biomarkers (within the cerebrospinal fluid and, possibly, in the blood) (8). These, and other novel genetic, biological, deep-learning based, or behavioral biomarkers aim to surpass the current performance of classical clinical evaluations in AD, which are subjective, time-consuming and deliver variable results. The eye, which is embryologically, anatomically, and physiologically an extension of the brain, has been an early explored target for identification of neurodegeneration biomarkers in AD (9, 10). Functionally, various ocular biomarkers have been tested for detection and evaluation of AD, such as eye movement recordings and pupillary responses to light or to cognitive load (9–11). Several studies have suggested that AD may be associated with altered pupillary light responses (PLR), as a consequence of abnormalities in the retina and/or the efferent pupillary system. Several arguments support the possible pupillary involvement in AD, including pathological changes in the retina, as well as existence of parasympathetic (cholinergic) and sympathetic (adrenergic) dysfunctions in the disease. Indeed, neurodegeneration commonly affects the locus coeruleus (LC), located in pons and involved in the sympathetic control of pupil size and PLR (2, 12), as well as the Edinger Westphal nucleus (EWN) (4, 13), involved in the parasympathetic control of the pupil. Pupillometry is an easy, non-invasive and affordable tool, allowing the evaluation of the PLR in AD and other ocular and neurological diseases. Whether static or dynamic pupillometry yields useful biomarkers for AD screening or diagnosis remains unclear. In this review, we synopsize the current knowledge on pupillometric features in AD and other neurodegenerative diseases, and discuss potential roles of pupillometry in AD detection, diagnosis and monitoring, alone or in combination with additional biomarkers.



THE NEUROPHYSIOLOGY OF THE PUPILLARY LIGHT RESPONSE


Afferent and Efferent Pathways Governing the Pupillary Light Response

The pupil size is under the control of a closed autonomic loop. The pupil constrictor and dilator muscles receive antagonistic impulses from the parasympathetic (cholinergic) and sympathetic (adrenergic) autonomic nervous systems, respectively (Figure 1). The PLR is also dependent on the integrity of the retina, and in particular on the integrity of the intrinsically photosensitive melanopsin expressing retinal ganglion cells (mRGCs) (15). Although the mRGCs are activated by rods and cones, they are also intrinsically photosensitive through the melanopsin photopigment, subserving the PLR via central projections to the olivary pretectal nucleus (OPN) (16), which projects to the EWN, as demonstrated in non-human primates. The parasympathetic EWN is a cholinergic nucleus in the oculomotor complex, at the origin of preganglionic efferent neurons which synapse in the ciliary ganglion, subsequently innervating the constrictor pupillae (14, 17). The mRGCs also project to the central circadian clock located in the hypothalamic suprachiasmatic nucleus (SCN), which governs various bodily circadian rhythms and projects to the sympathetic locus coeruleus (LC), located in pons (Figure 1) (18, 19) [for review see (20)]. The sympathetic efferent system, including LC and SCN, regulates the resting pupil size at different levels of background illumination (17), by controlling the tone of the dilator muscle. Beyond the intervention of these motor structures, the pupillary size and function can be modulated by supranuclear neuronal influences. Other possible confounding factors, affecting the size of the pupils include the respiration rate (21), emotional status (22), vigilance (23), and age (24).
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FIGURE 1. Neuronal control of the PLR and affected structures in AD. The pupil size depends on the interplay between antagonistic parasympathetic and sympathetic impulses. The photoreceptors in retina, including the melanopsin expressing retinal ganglion cells (mRGCs), stimulate the OPN, connected to the parasympathetic EWN. mRGCs also project to the SCN, which is connected to the sympathetic LC. EWN is the major cholinergic center subserving the pupillary constriction to light. Light has an inhibitory effect on sympathetic activity and PVN via SCN. This inhibitory effect is attenuated by sympatho-excitation, which is mediated via the SCN and LC (14). The encircled structures are affected in AD. Solid lines, excitatory connections; dashed lines, inhibitory connections; Hypothalamic nuclei: SCN, suprachiasmatic nucleus; PVN, paraventricular nucleus; DMH, dorsomedial hypothalamus. Autonomic premotor nuclei: OPN, olivary pretectal nucleus; LC, locus coeruleus. Parasympathetic nucleus/ganglion: EWN, Edinger Westphal nucleus; CG, Cilliary ganglion. Sympathetic nucleus/ganglion: IML, intermedio-lateral column of spinal cord; SCG, superior cervical ganglia. Neurotransmitters: Glu, glutamate; GABA, γ-amino-butyric acid; VP, vasopressin; Ox, orexin; Ach, acetylcholine; NA, noradrenaline. Adrenoceptors: α1, excitatory; α2, inhibitory.





Retinal Photoreception and Chromatic Pupillometry

Recorded using an infra-red pupilometer, the PLR is governed by rods, cones and mRGCs. The intrinsically photosensitive mRGCs, located in the inner retina, produce a sustained constriction of the pupil in response to bright blue light which persists even after light offset; in addition to integrating signals from rods and cones (25). Different light wavelengths, at different intensities stimulate specifically different retinal photoreceptors (26–29). Thus, chromatic pupillometry, using different wavelengths and light intensities has been used for the evaluation of inner and outer retina integrity, in various conditions (26–29).




PATHOPHYSIOLOGY OF LIGHT-INDUCED PUPILLARY RESPONSES IN AD


Cholinergic Deficit in AD

Loss of cholinergic neurons is a common event in AD, possibly leading to alteration of cognitive processes. Specific loss of cholinergic neurons, mainly located in the medial septum and in the para-hippocampal area, is associated with memory impairment (30), but also with other cognitive deficits seen in AD (31, 32). The hypothesis of cholinergic deficit fails however, to explain other impairments in AD, i.e., disruption of circadian rhythms, sleep, and executive functions.

AD affects the cholinergic EWN, which is the central brainstem sub-nucleus of the oculomotor complex, involved in the control of the pupil constriction. Pathologic studies have shown that the EWN is affected even at early stages of AD, displaying deposition of Aβ amyloid plaques and neurofibrillary tangles (4, 13, 33). AD is associated with increased glutaminyl cyclase activity, resulting in formation of highly neurotoxic Aβ amyloid precursors (pyroglutamate Aβ peptide), identified in the EWN and in the preganglionic cholinergic PLR-governing neurons, as well as in other cholinergic neurons in the nucleus basalis of Meynert (34). In AD, the EWN neurons, display a decrease in their total dendritic length per neuron as well as a severe loss of distal dendritic branches and dendritic spines, leading to severe decrease in synaptic contacts (35). It has been suggested that these pathological changes of the EWN may be an early and specific feature of AD and they may result in decreased cholinergic control of pupillary responses (35). Unfortunately, little is known about the involvement of other parasympathetic structures involved in the PLR, i.e., the olivary pretectal nucleus and ciliary ganglia.



Adrenergic Deficit in AD

The LC modulates pupil size in 2 possible ways; by direct stimulation of preganglionic sympathetic neurons, as well as by inhibitory regulation of the EWN (Figure 1) (17, 36). Various factors stimulating the LC may modulate the PLR. For example, anxiety, associated with excitation of the LC (37, 38) or drugs increasing noradrenergic output to the EWN like noradrenaline re-uptake inhibitors (14, 39), lead to an increased sympathetic response on PLR like prolonged latency, reduced amplitude of constriction and faster redilation. Conversely, drugs inhibiting LC activity like clonidine (α2-adrenoceptor agonist) cause pupillary miosis and reduce the sympathetic effect on PLR (40–42). In monkeys, an electrophysiologically detectable activity in LC has been associated with mydriasis at rest (43).

Patients with AD and mild cognitive impairment (MCI), considered as the pre-clinical stage for AD, undergo significant loss of noradrenergic neurons in the LC (55 and 30%, respectively), compared to healthy controls, a finding which may impact the PLR (44). Neuronal loss in the LC of patients with AD may lead to decreased sympathetic supply to the iris and reduce the baseline pupil size (45).



Retinal Changes in AD

Aging is associated with optical (46, 47) photoreceptoral and retinal neuronal changes (48–50). Optically, in spite of decreased lens transmittance for short wavelength blue light in aging and cataract, the mRGCs induced pupillary response by blue light are well-preserved (51–53), and the pupillary responses are reduced irrespective of the wavelength of light. Although, aging has been associated with axonal and retinal ganglion cell loss (54), AD has been associated with greater thinning of retinal nerve fiber layer compared to age matched healthy controls (55–57), suggesting an accelerated loss of RGCs in AD patients. Pathological studies have shown presence of Aβ amyloid plaques in the retina of AD patients (58, 59) including in the inner layers of retina (3). These changes were often associated with blood vessel abnormalities and areas of cellular degeneration, similar to what is seen histologically in the brain of patients with AD (60, 61).

Moreover, retinas of patients with advanced AD display not only histological evidence of mRGC loss, but also selective deposition of Aβ amyloid plaques within these cells, which subserve the PLR (3). Less is known about the early selective loss of mRGC and possible mRGC Aβ deposition, occurring in AD. Occurrence of such a phenomenon should allow discrimination between normal aging patients and AD, using chromatic pupillometry. Chromatic pupillometry has been used in other conditions as a marker of mRGC integrity (62). In primary open angle glaucoma, a condition associated with histological mRGC loss (63), abnormal melatonin secretion profile (64) and sleep and circadian rhythm dysfunction (65), various pupillometric studies have shown abnormal PLR responses (28, 66–70). Conversely, in mitochondrial hereditary optic neuropathies, mRGCs are resistant to neurodegeneration, explaining the relatively preserved chromatic pupillometry parameters (71–73) and melatonin profiles (74). It is possible that mRGC loss, alone or combined with neuronal loss occurring in the suprachiasmatic nuclei, may be associated with circadian rhythm dysfunctions which can occur even at early stages of AD (3, 5).




FEATURES OF THE PUPILLARY LIGHT RESPONSES IN AD


Baseline Pupil Diameter

The consequence of AD on the pupillary diameter at rest has been controversial in various studies, probably due to methodological differences, i.e., measurement conditions and sample sizes. A few studies with small sample size (range 9 to 23 AD patients) have reported reduced baseline pupillary diameters in AD compared to those of healthy subjects (45, 75–77). Other studies did not find any difference in baseline pupil diameters between AD, MCI and controls (78, 79), however, the groups were not age-matched in the study with largest sample size (n = 66 AD, 42 MCI) (78), while AD patients in the other study were using cholinergic and anti-depressant medications which may alter the baseline pupil size (n = 15 AD) (79). An increased baseline pupillary diameter has also been reported in AD (n = 20 AD), but no details of age of the two groups were mentioned (80) (Table 1).



Table 1. Summary of studies on PLR in AD.
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Constriction Phase

Most pupillometric studies in patients with AD have reported results compatible with parasympathetic deficiency, translating to increased latency of pupillary constriction to light, decreased constriction amplitude, reduced mean constriction velocity and faster redilation after light offset (45, 75, 76, 83, 85) (Table 1). Pupil constriction velocity is obtained as the first derivative of change in pupil size with respect to time and acceleration as the second derivative (change in constriction velocity with respect to time) (Figure 2). Patients with AD typically display decreased maximum velocity of constriction (MCV) and maximum constriction acceleration (MCA) compared to controls, suggesting a parasympathetic deficiency. Amongst all pupillometric features, MCA and MCV have been reported as the most accurate parameters to differentiate AD patients from healthy controls (75, 76, 83). Nonetheless, other studies have failed to find such differences between AD patients and healthy individuals (78, 80). These differences may be the result of the different illumination protocols used, since studies using white light typically are associated with larger constriction amplitudes and shorter latencies (24), compared to studies using red light at 660 nm (80) or 585 nm (78). Considering that different studies have used different intensity and wavelength stimuli, this effect cannot be completely attributed to the wavelength alone. However, other studies have demonstrated that when photon density is kept constant, shorter wavelength light produced greater constriction amplitude than longer wavelength (86, 87).
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FIGURE 2. (A) Representative baseline-adjusted pupillary response to a 1-s bright blue light (480 nm) stimulus of 13.0 Log photons/cm2/s in a healthy individual. Pupil constriction velocity (B) and acceleration (C) curves were computed, respectively, from the trace in (A) as the first and second derivatives of change in pupil constriction with respect to time. Pupillometric features extracted include: a, amplitude of pupillary constriction; b, post-illumination pupillary response after (t) seconds from light offset; c, Maximum constriction velocity (MCV); d, maximum redilation velocity; e, Maximum constriction acceleration (MCA).



In a recent study in cognitively normal pre-clinical AD subjects, diagnosed on the basis of high cortical binding potential of Aβ amyloid on PET imaging and/or low CSF Aβ amyloid levels, there was no significant difference in any of the pupillary parameters in response to light emitting diodes (LEDs) producing a white flash of 180 W for 525 ms, compared to healthy controls (84). Only a marginal difference was observed in PLR in pre-clinical stages, suggesting that the effect of AD on PLR in pre-clinical stages is very small and may not be detectable. This suggests that PLR using achromatic light stimulus may be a valid biomarker for established Alzheimer's disease but it may have limited clinical utility in screening for AD in pre-clinical stages, perhaps due to the very small disease effect on PLR (84).

A pupillometric study, using non-Maxwellian retinal stimulation with repetitive, brief, long wavelength light (585 nm), aimed to compare patients with MCI, AD and normal controls, but failed to find inter-group differences (evaluating baseline diameters, constriction amplitudes, and constriction latencies), after adjustment for age (78). However, the use of specific repetitive light stimuli induced stronger pupillary responses in controls in terms of relative constriction amplitude (difference in the PLR measurements of the first and last stimuli), compared to AD and MCI patients, suggesting that repetitive pupillary stimulation might be a more appropriate stimulus to discriminate patients with AD and MCI from controls (78). It was proposed that repetitive stimuli caused a fatigue of the sympathetic inhibitory system to the parasympathetic pathway revealing the true effect of parasympathetic system alone on PLR. Smaller relative miosis and amplitude of constriction in AD patients suggests a decreased parasympathetic innervation to the pupillary system which may not be detected in the presence of inhibitory sympathetic system. Although relative amplitude was independent of age, the difference between MCI and control groups was not statistically significant while between AD and controls may fail to reach statistical significance if Bonferroni correction is applied. Moreover, its definition and calculation is not clearly explained in the study. Constriction phase due to different wavelength light stimuli in AD patients has not been studied yet.



Pupillary Redilation Phase

The pupillary redilation phase has been explored in several studies, but these results are sometimes difficult to compare, given the variable definitions of this parameter such as (i) percentage of pupillary redilation after 3.5 s of white flash light offset (75–77), (ii) 75% redilation time (45, 77), and (iii) average dilation velocity (77, 84). The majority of these studies have reported a faster pupillary redilation phase [analogous to decreased Post-illumination pupil response (PIPR)] in AD patients compared to controls, making it the most consistent PLR feature in AD patients (45, 75–77). In a study which extensively studied the redilation phase, the percentage recovery at 3.5 s and the 75% redilation time was significantly greater in AD patients compared to aging controls. Although the mean dilation velocity (mm/sec) was slower in AD patients, it can be ignored since the pupil size was not calculated as a percentage of baseline pupil diameter which was significantly smaller in AD (77). A recent study in preclinical AD alone did not find a significant increase in dilation velocity compared to controls following an achromatic light stimulus, however, it is not clear whether the measurements were adjusted to baseline pupil diameter (84). The faster pupillary redilation after light offset has been attributed to the diminished parasympathetic tonus associated with the cholinergic deficit, translating into failure to maintain a tonic pupillary constriction. An alternative explanation, which was not yet considered in previous studies, is that the accelerated pupillary redilation may be the result of selective mRGC loss in AD, causing an abnormal, faster PIPR as seen in other conditions affecting the mRGC, such as glaucoma (66). This hypothesis is in line with the findings of another study, which did not find any difference of the redilation phase between a group of AD patients and controls, after exposure to red light (660 nm) (80). Indeed, red light at medium high intensities is less prone to stimulate the mRGC and might have failed to explore their dysfunction. Although, redilation was not found to be different in preclinical AD patients in a recent study using a 180 W achromatic stimulus for 525 ms (84), chromatic pupillometry studying different parameters like constriction amplitude or PIPR to blue light, can still be a viable option in such cases due to selective mRGCs loss as reported in AD patients (3). No study till date has investigated pupillometric signs of mRGC dysfunction or impaired PIPR to blue light in AD patients and needs to be explored in the future. However, these interpretations are speculative, it is well-possible that the faster redilation in AD patients may be the result of an interplay between the two factors, i.e., the mRGC loss and the cholinergic deficit. It is noticeable that mRGC loss in AD should result in selective faster redilation after offset of blue light (460 nm), which specifically stimulates the mRGCs. On the opposite, faster redilation due to cholinergic deficiency should be independent of wavelength of stimulus used, occurring after offset of both blue and red light. Future studies taking into account these factors, should be able to disentangle the respective role of the afferent vs. efferent system in the pupillary redilation phase.




A POTENTIAL ROLE FOR PUPILLOMETRY IN A MULTI-MODAL APPROACH FOR DETECTING AD?


Generic Screening and Diagnostic Tests for AD

The gold standard for AD diagnosis is still based on pathology findings. However, in clinical practice, screening for AD or cognitive impairment uses various questionnaires and interactive tests, including the Mini Mental Scoring Examination (MMSE) or the Montreal cognitive assessment test (MoCA). These tests have numerous limitations, including language barriers, geographical adaptability, subjectivity, long implementation time, and the necessity for constant supervision by trained and skilled personnel. Several objective tests have been developed for early AD detection and diagnosis including cerebro-spinal fluid (CSF) analysis to measure beta amyloid (Aβ), total tau proteins and phosphorylated tau peptides quantification (8, 88), and magnetic resonance imaging (MRI) imaging of the brain and positron emission tomography (PET) scan measuring the brain Aβ plaque burden (6, 7, 89). These modalities are expensive, invasive and potentially dangerous (90, 91). In addition, they detect only structural and not functional changes in AD.

From the published studies, pupillometric evaluations may not suffice for early AD detection. However, they may constitute an adjunctive method in a, multimodal approach, combining (i) novel, cognitive, visuospatial, and memory tests involving portable virtual reality devices, (ii) retinal imaging for detection of neuronal loss and/or amyloid deposition, and (iii) objective functional outcomes provided by targeted color pupillometry.



PLR and Genetic Mutations

Apolipoprotein E is a fat-binding protein involved in the metabolism of fat, produced by APOE gene found on chromosome 19, being the only genetic factor associated with the common late onset AD. APOE mutation is not a causative mutation, but is rather considered as a risk factor for AD (92, 93). Although the PLR is not directly influenced by the APOE ε4 carrier status (78), their combination may increase the area under the curve for the combined test performance (83).

A pupillometric study has evaluated participants from a single family harboring an Amyloid-Beta Precursor Protein genetic mutation (APPGlu693Gln) (6 carriers with no cognitive impairment and 6 non-carriers) (94). This mutation results in a rare form of autosomal dominant Alzheimer's disease with phenotypical penetration approaching 100% and which is responsible for an early onset of AD. The pupillometric assessment yielded a slower pupil 75% recovery time in mutation carriers compared to non-mutation carriers. Globally, pupillometric changes were detected in pre-symptomatic carriers of the mutations, but were not statistically significant.



PLR and Cognitive Assessment Tools

MMSE is routinely used to screen elderly subjects for dementia and has a AUROC of 0.89 (95). PLR in patients with AD having higher MMSE and Wechsler Memory Scale (better cognition) scores correlated moderately with MCV, MCA and latency of constriction (82). On repetitive pupillary stimulation, higher MMSE correlated with larger increase in amplitude and relative amplitude and greater decrease in the latency (p < 0.05) of constriction (78). These outcomes suggest that the pupillary light response may depend on the severity of the disease and can be used for monitoring the disease progression. However, combined efficacy of MMSE and PLR has not been explored as both tools are practical, easy, non-invasive, and affordable and may yield better accuracy if combined together, compared to individual outcomes.



PLR and CSF Abnormalities

Decrease in pupillary constriction amplitude with repetitive stimulation in AD patients correlated with lower Aβ42 protein levels (p = 0.01) and a trend with higher tau levels in CSF (p = 0.08) (78). This suggests a possible association between cholinergic deficit, decreased Aβ42 protein levels and a trend with higher tau levels in CSF which supports a causative role of Aβ amyloid plaques in central cholinergic deficit (92). To date, the efficacy of a combined PLR-CSF screening method remains unknown.



PLR and Topical Weak Anticholinergic Eye Drops

In a highly controversial study, Scinto et al. reported that patients with AD exhibit larger pupil dilation compared to age-matched controls after instillation of diluted anticholinergic eyedrops (Tropicamide 0.01%) (96) Several studies have contradicted this finding (97–99) which could be due to ethnicity, age, ocular penetration of drug, properties of the solution and background luminance (79). A combination of topical weak anticholinesterase and PLR showed significant reduction in constriction amplitude for AD and Parkinson's patients compared to controls, but no significant difference between Alzheimer's and Parkinson's patients was found, while latency of constriction was similar within the 3 groups (79). However, others did not find any such significant difference in PLR pre or post weak anticholinergic eyedrops use, between AD patients and controls (80). Hence, the use of weak anticholinergic eyedrops may not improve the efficacy of PLR in detecting AD, since it may not give consistent results and decrease in amplitude of constriction is noted in AD even without using topical anticholinesterase.




LIMITATIONS OF PREVIOUS PUPILLOMETRIC STUDIES IN AD

Most of the previously published pupillometric studies in AD have various methodologic limitations. The intensity, light wavelength and duration of light exposure were variable in all the above mentioned studies. Yet, these parameters can affect, independently, or in combination, the PLR outcomes (24, 100). Therefore, there is a high need for standardization of experimental conditions in AD studies, similar to what has been described in studies using light therapy (101) and in other animal studies (102). Most current pupillometric studies agree of the need for standardized analysis of baseline pupil diameters (103, 104). Interestingly, most of the previous PLR studies in AD have not normalized the baseline diameter in their subjects, making any comparison very difficult. In a few studies evaluating pupillometric results in AD, there was no age-matching between the groups of patients and controls (78, 79, 83). Indeed, the decreased pupillary diameter with age (105, 106) may constitute a confounding factor. Last, but not least, the severity of AD was rarely taken into account in the evaluation of the PLR.


Effect of Cholinergic Medications

Only a few, small sample studies have reported the effect on the PLR of cholinergic drugs, commonly used in AD (79, 81). Thus, AD patients without cholinergic medications displayed larger baseline pupillary diameter, reduced pupillary miosis and higher number of oscillations at rest, compared to AD patients on cholinergic treatments and to healthy controls. Patients on medications had a greater latency of onset of constriction compared to both the controls and the medication free AD patients (81). However, other study in AD patients, have not found an effect of cholinergic medications on pupillary miosis but supported the increase in latency of constriction (79). PLR in AD patients on cholinergic medications behaved more like controls with no significant difference in constriction amplitude and baseline pupil diameter than their medication free counterparts (81). Taken together, these findings suggest that cholinergic medications might improve the pupillary responses in AD patients. Due to the very small sample size of these studies, it is difficult to conclude regarding a possible effect of cholinergic medications on the PLR in these patients. Additional studies are needed to understand the effect of cholinergic medications on PLR.



Effect of Ocular Co-morbidities

The most common ocular condition associated with aging is cataract which can attenuate the PLR response to both red and blue light. But the senescence of the lens does not selectively reduce the mRGCs responses to intense blue light and is well-preserved, in spite of its decreased lens transmittance in aging and cataract (51). Different retinal and optic nerve conditions can affect PLR and using chromatic pupillometry it is possible to localize the loss of photoreceptoral function i.e., inner or outer retina (107). Primary open angle glaucoma is associated with decreased PLR in response to exposure to both red and blue light with decreased PIPR for blue light (28, 70), while retinal dystrophies affecting rods and cones lead to decreased PLR responses to red and low intensity blue light with an increased PIPR to bright blue light stimulus (108, 109). Diabetic retinopathy and age-related macular degeneration can also affect the PLR (110, 111), but there is little indication to what extent these PLR alterations might be disease-specific, or whether they may confound co-existence of AD in the aging population.




PLR IN OTHER NEURODEGENERATIVE DISORDERS

Autonomic nervous system dysfunction has been described in Parkinson's disease (PD) (112), including cholinergic deficit (113), Various PLR abnormalities have been described in PD, including reduced amplitude of constriction, increased latency and decreased velocity and acceleration of constriction, while the baseline pupil diameter may be increased or not significantly different compared to healthy controls (Table 2) (76, 114). Pupillary unrest has also been increased in PD patients which were not on medications compared to healthy individuals or in treated patients (115), Pupillary redilation has not been significantly different in PD studies using white flash light stimuli (114, 115). However, a recent chromatic pupillometry study in PD patients has suggested that the PIPR following a short wavelength blue light elicits a faster redilation compared to healthy controls. This finding is consistent with loss of mRGCs in PD (116), possibly related to deposition of α-synuclein in the retinal ganglion cells in the inner plexiform layer of the retina (117, 118). An alternative explanation might be related to reduction in the dopamine expression in the amacrine cells which relay information from rods and cones to mRGCS.



Table 2. Summary of studies on PLR in PD.
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Autonomic nervous system dysfunction has also been described in dementia with Lewy bodies and to a lesser extent in fronto-temporal dementia, which can be associated with retinal abnormalities (119, 120). However, the specific effects of autonomic dysfunctions and retinal changes on pupillary light reflexes have not yet been studied in these disorders.



SUMMARY

In summary, MCV and MCA appear to be the most accurate PLR features, but also the least studied, while redilation velocity/rate (corresponding to PIPR) appears to be the most consistently altered PLR feature in AD. In conjunction with other features (baseline pupillary diameter, amplitude and latency of constriction), these parameters predominantly suggest parasympathetic deficiency, associated with mRGCs dysfunction. Longitudinal and adequately designed studies are necessary to validate the use of pupillometry in the early detection and follow-up of AD. Further studies are needed to establish the respective contribution of retinal (afferent) vs. efferent pupillary pathways in the alteration of the pupillary responses, for which chromatic pupillometry can potentially be used and translated into clinical application. Studies may also be designed to investigate the effect of cholinergic medication on PLR in AD patients and the potential use of artificial intelligence on pupillometric traces and video recordings. Using low-cost hardware, pupillometry can now easily be implemented in both remote tele-ophthalmology settings (121), as well as in continuous home monitoring (122). Combined with cognitive game-based investigations and wearables (123, 124), pupillometry may allow a more accurate screening, follow-up, and management of patients with AD.
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Introduction: Patients with suspected Horner's syndrome having equivocal pupil dilation lag and pharmacologic testing may undergo unnecessary MR imaging and work up in the case of false positive pupil test results. Our goal was to increase the diagnostic accuracy of pupillometry by accentuating the inter-ocular asymmetry of sympathetic innervation to the iris dilator with surface electrical stimulation of the median nerve using a standard electromyography machine. We hypothesized that an accentuated difference in sympathetic response between the two eyes would facilitate the diagnosis of Horner's syndrome.

Methods: Eighteen patients with pharmacologically proven Horner's syndrome were compared to ten healthy volunteers tested before and after monocular instillation of 0.2% brimonidine tartrate ophthalmic solution to induce pharmacological Horner's syndrome. Pupillary responses were measured with binocular pupillometry in response to sympathetic activation by electrical stimulation of the median nerve in darkness and at various times after extinction of a light stimulus. Sudomotor sympathetic responses from the palm of the stimulated arm were recorded simultaneously.

Results: In subjects with Horner's syndrome and pharmacologically induced unilateral sympathetic deficit, electrical stimulation in combination with the extinction of light greatly enhanced the anisocoria during the evoked pupil dilation, while there was no significant increase in anisocoria in healthy subjects. The asymmetry of the sympathetic response was greatest when the electrical stimulus was given 2 s after termination of the light or under constant low light conditions. When given 2 s after termination of light, the electrical stimulation increased the mean anisocoria from 1.0 to 1.2 mm in Horner's syndrome (p = 0.01) compared to 0.22–0.26 mm in healthy subjects (p = 0.1). In all subjects, the maximal anisocoria induced by the electrical stimulation appeared within a 2 s interval after the stimulus. Correspondingly, the largest change in anisocoria between light and dark without electrical stimulation was seen between 3 and 4 s after light-off. While stronger triple stimulation further enhanced the anisocoria, it was less well tolerated.

Conclusions: Electrical stimulation 2 s after light-off greatly enhances the sensitivity of pupillometry for diagnosing Horner's syndrome. This new method may help to rule in or rule out a questionable Horner's syndrome, especially if the results of topical pharmacological testing are inconclusive.

Keywords: Horner's syndrome, pupillometry, sympathetic activation, electrical stimulation, anisocoria, brimonidine


INTRODUCTION

The clinical diagnosis of Horner's syndrome (HS) relies on the classical triad of ipsilateral pupillary miosis, blepharoptosis, and facial anhidrosis, which result from an interruption of the sympathetic innervation to the eye and ocular adnexa. Pupillary dilation lag, which is considered to be the most specific feature of Horner's syndrome, is not routinely used for diagnosis due to the difficulty in detecting it with clinical certainty, leaving pharmacologic testing with cocaine or apraclonidine as the gold standard despite their own limitations of availability, added time to a clinic visit, and correct interpretation. The resulting diagnostic uncertainty in borderline cases often leads to patient anxiety, unnecessary neuroimaging and workup.

Previous attempts to use automated pupillometry for the diagnosis of HS through the detection of pupillary dilation lag have shown very high specificity yet the sensitivity was low (1).

Knowing that unilateral Horner's syndrome occurs due to a sympathetic innervation defect in one eye, we suggest that by delivering a generalized sympathetic stimulation to both eyes, we can cause enhancement of the anisocoria in patients with HS but not in healthy subjects.

General sympathetic activation can be achieved through a painful stimulus (2, 3), such as that caused by an electrical surface stimulation to the median nerve at the wrist using a standard electromyography (EMG) machine. Using automated pupillometry, we look for an increase in the anisocoria and difference in pupil dilation velocity in reaction to the enhanced sympathetic activation, to more sensitively detect a unilateral sympathetic innervation deficit.

Patients with HS can have different degrees of ocular sympathetic deficit, depending on the underlying site of nerve damage or the duration of HS. In order to control for those variables, we treated one eye of healthy subjects with 0.2% brimonidine tartrate ophthalmic solution, which is known to induce a sympathetic block in the eye owing to the alpha-2 adrenergic agonist effect (4, 5), blocking the release of norepinephrine, resulting in a complete pharmacological HS.

With this new method, our goal is to enhance the diagnostic accuracy of pupillometry for the diagnosis of Horner's syndrome with electrically induced sympathetic activation.



MATERIALS AND METHODS


Protocol Approval, Registrations, and Patient Consents

Written informed consent was obtained from all participants, and the protocol was approved by the Zurich cantonal ethics committee, Switzerland (BASEC-Nr. 2016-02151), in accordance with the Helsinki Declaration.



Participants

Participants were tested at the University Hospital of Zurich between October 2017 and August 2018. Eighteen patients (8 female) with proven Horner's syndrome (HS) (age mean 59 years, range 38–83 years) and 10 healthy volunteers (4 female, age mean 39 years, range 25–52 years) took part in the study. Etiologies for HS included: long-standing and new onset HS of unknown etiology, surgically induced HS, cervical lesions, and internal carotid artery dissection. Inclusion criteria for the patients' group were: older than 18 years, unilateral HS previously confirmed using cocaine eye drops test (6), no past ocular surgery or trauma with residual iris sphincter damage, and no topical or systemic medications that could affect pupillary responses. Healthy subjects' inclusion criteria: older than 18 years, no past pupillary disorders, no past ocular surgery or trauma, no chronic topical or systemic medications use. Exclusion criteria for both groups: the presence of a cardiac pacemaker or defibrillator.



Study Design

Case-control study.



Experimental Procedure

A binocular pupillometer (DP-2000, Neuroptics, Irvine, CA, USA) was used to produce light stimuli and record the pupils of all subjects. Electrical stimulation was provided using a standard electromyography (EMG) machine (Nicolet Viking Quest, Natus Medical Incorporated, Pleasanton, CA, USA).

With the participant sitting and looking into the eyepieces of the pupilometer, binocular pupillary recording (frame rate 30 Hz) was done for each test paradigm (Figure 1). In a dark and quiet examination room, the participants were asked to look straight ahead into the video cameras for about 1–1.5 min depending on the test paradigm, during which they were asked to close their eyes for 4 s at the end of each repetition to prevent ocular irritation and blinking at critical recording times. An electrical stimulus was delivered using the stimulator of the EMG machine to the median nerve at the wrist (Figure 1A), similar to that used in the sympathetic skin response test (SSR) (7). Conducting gel [Ten20, Weaver and Company, Aurora, USA] for the tip of the stimulator, as well as a grounding sticker electrode [Neuroline Ground, Ambu, Copenhagen, Denmark] at the back of the hand, were used, as in the standard SSR test. The electric current of a single electrical stimulus was chosen to be 55 mA during 0.2 ms, and a triple stimulus was defined as three consecutive single stimuli (12 Hz). The devices were synchronized so that the pupillometer triggered the EMG machine to deliver an electrical stimulus at specified times as programmed for each test paradigm.
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FIGURE 1. Pupillometry with a “buzz”. (A) Electrical sympathetic stimulation (”a buzz”) is delivered to the median nerve using a standard electromyography (EMG) stimulator. Red and black electrodes record sympathetic skin response (SSR). Green electrode is ground. (B) Normal SSR recording in a patient with Horner's syndrome. (C) Pupil dynamics are recorded simultaneously using automated binocular pupillometry. (D) Pupil size over time in a patient with Horner's syndrome as measured with pupillometry, showing the timely synchronized appearance of the increase in anisocoria with the SSR in response to the electrical stimulation. (Photograph in C is published after obtaining a written informed consent from the appearing persons).



The SSR was recorded from electrodes at both sides of the hand (Figure 1A) in 2 patients and 2 healthy volunteers as a reference. SSR represents the potential generated in skin sweat glands in response to sympathetic stimulation. SSR in response to median nerve stimulation was recorded simultaneously to the pupil reaction to compare the timing of the pupillary reflex dilation to the SSR.

Patients with HS received the stimulation to the ipsilateral median nerve (same side as the HS), and healthy volunteers were assigned randomly to receive the electrical stimulation to the right or left median nerve. The purpose of the electric stimulus was to induce a general sympathetic activation through the associated pain, rather than a direct activation of the median nerve (2, 3).

After completing the initial tests, healthy volunteers were treated with 0.2% brimonidine tartrate ophthalmic solution to one eye only, assigned randomly, and the tests were all repeated 45 min after the drop instillation. Brimonidine is an alpha-2 adrenergic agonist, which causes inhibition of norepinephrine secretion, resulting in a sympathetic block to the iris dilator (4, 5), resembling the pupil's state in a complete HS.



Test Paradigms

Pupil responses were recorded in response to cycles of light and dark, to electrical stimulation during constant low (0.1 log-lux) and high (2.5 log-lux) illumination, and to electrical stimulation at different time points during the cycles of light and dark. Examples of test paradigms are shown in Supplementary Videos 1–5.

Each subject first underwent baseline binocular pupil recordings, without electrical stimulation. The main paradigm consisted of cycles with 4 s of white light-on (3 log-lux) followed by 20 s of darkness, and was repeated at least four times. Pupil responses were also recorded for 17 s of constant light stimulation with levels of 0.1 and 2.5 log lux. Next, the paradigms were repeated with the addition of electrical stimulation. For the cyclic paradigm, the stimulation occurred at different time points (at 0.5 s before, simultaneously with, and 2 s after the termination of light). Only one stimulation was presented per light/dark cycle, and four repetitions of each stimulation time point were included. In the constant light paradigms, the electrical stimulation occurred after 4 s of constant light stimulation.

To avoid an “order bias” which can be caused by response habituation after repeated nerve stimulation (8), the test paradigms with electrical stimulation were performed in a randomized order for each subject, and a 5–10 min break with turning the room light on and engaging the subject in a conversation were taken half way through the experiment.

In order to assess the pupils' reaction to different levels of electrical stimulation, three of the aforementioned test paradigms, namely the electrical stimulus given at 0.5 s before and 2 s after light-off, and the electrical stimulation alone paradigm with 0.1 log-lux light intensity, were repeated with a triple stimulus, performed last in each testing session.



Data Analysis and Statistics

Videos recorded by the pupillometer were analyzed with custom programs written in MATLAB and the Image Processing and Statistics toolboxes 2016b (The MathWorks Inc., Natick, Massachusetts, United States). Pupils were found by thresholding the image, the pupil edge identified with the MATLAB function “bwboundaries.m,” and an ellipse was fitted to the edge (9). The vertical diameter of the fitted ellipse was used as a measure of pupil size, since this will not change with horizontal eye movements, which seemed more common than vertical eye movements in our paradigms (a fixation target was not present during recording, and subjects were reminded to try and maintain straight-ahead gaze as necessary). Recordings of artificial pupils were used to calibrate the pupilometer and to convert pupil diameter from pixels to millimeters. The measured values were removed (usually owing to full or partial blinks or large eye movements) if the fitted ellipse deviated too far from a circle (ratio of major to minor axes >1.3), if the pupil diameter was <1.25 or >8 mm, if pupil constriction/dilation velocity exceeded 10 mm/s, or the duration of the eyes being open was <0.5 s. Entire trials were rejected if more than one third of the data of either eye was lost.

Pupillary dilation lag was defined as the change in anisocoria (difference in pupil diameter) between 5 and 15 s after the light stimulus was removed (1). For patients, we always measured anisocoria as the healthy pupil size minus the affected pupil size; for healthy subjects we took the absolute value of the difference in pupil size. Pilot experiments showed that the effect of electrical stimulation was limited to the 2 s period following stimulation, so we defined the electrically-induced anisocoria as the maximum anisocoria during this period. To determine the effect of electrical stimulation during trials where there was a changing light stimulus, compared to a baseline measure of ansiocoria, we also calculated the maximum anisocoria during the 2 s interval on the equivalent trials without electrical stimulation. For constant light-on trials, we used the anisocoria just prior to electrical stimulation as the baseline.

To determine the optimal time point for measuring anisocoria that differentiates patients from healthy subjects without electrical stimulation, we calculated the relative change in anisocoria between light and dark over 1 s for each second after light-off. The relative change in anisocoria was defined as the median anisocoria during that time interval minus the anisocoria at the end of the light-on period. The area under the receiver operating characteristic curve (AUC) was then calculated at each time interval.

To evaluate the effect of electrical stimulation, we performed paired t-tests with Holm's correction for multiple comparisons within each subject group. In order to evaluate which electrical stimulation condition produced the most consistent differences from non-electrical stimulation conditions, we calculated the mean differences to z-scores (mean difference/standard deviation of the pair differences). Larger z-scores thus indicated that electrical stimulation produced a larger consistent effect, and could be produced either by a larger mean difference, or by smaller variability.




RESULTS

We measured 18 patients with Horner's syndrome (HS) and 10 healthy volunteers before and after monocular instillation of brimonidine drops. Using automated pupillometry, we compared the anisocoria and difference in pupillary dilation velocity with and without electrical stimulation.

Figure 2 shows a representative example of the pupil light responses of a patient with left HS without (left column) and with (right column) electrical stimulation delivered 2 s after the extinction of light. The healthy right pupil (red) of this patient dilated normally in the dark, expanding from a little more than 2 mm in diameter in the light to about 5 mm after 15 s (Figure 2A). The affected left pupil (blue), however, dilated similarly in the first second, but then dilation slowed, with a maximum anisocoria of about 0.8 mm appearing about 4 s after light off (Figure 2B). In Figure 2C the dilation velocity graph for each pupil shows that the right healthy pupil (red) has a larger dilation velocity in the first 3 s after light off. Electrical stimulation 2 s after light off increased the dilation in the healthy right pupil, but had no discernable effect in the affected left pupil (Figure 2D), resulting in an increase in maximum anisocoria to about 1.4 mm (Figure 2E) as well as an increase in the difference in pupillary dilation velocity between the healthy and affected pupil (Figure 2F, arrow).
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FIGURE 2. The effect of electrical stimulation (“buzzing”) in a patient with Horner's syndrome. The left column shows the pupil response to a cycle of light and dark alone, and the right column shows the response with the addition of electrical stimulation delivered 2 s after light-off (A) Pupils size over time in a patient with HS, as seen on pupillometry with light/dark alone. The dark lines are the means of 5 trials, and the shaded region represents ±1 standard deviation. Time zero indicates extinction of the light, after which the difference between the pupils starts to increase. (B) The difference in mean pupil size, showing a maximal difference of about 0.8 mm, 4 s after the light is turned off (C) Pupil dilation velocity over time for the same test: a difference is noted in the early dilation phase between the healthy and affected pupils. (D–F) When an electrical stimulation is introduced at 2 s after light-off, a clear increase in anisocoria (D,E) and second dilation velocity peak (arrow) of the healthy eye (F) appear.



We also tested the effect of electrical stimulation at different times relative to light-off. Figure 3 shows the average responses of one patient during different test paradigms. A single electrical stimulus in low light (0.1 log-lux) (Figure 3B) produced a small change in anisocoria, whereas the triple stimulus during similar light conditions produced a noticeable dilation response in the healthy eye (Figure 3C) causing a larger increase in anisocoria. When electrical stimulation occurred 0.5 s before (Figure 3D) or with (Figure 3E) the light extinction, the effect of the stimulus was smaller and no discernable increase in anisocoria was noticed. Electrical stimulation at 2 s after light off (Figure 3F) produced the largest increase in anisocoria as compared to the other test paradigms.
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FIGURE 3. Pupillary responses to light/dark alone, electrical stimulation alone, and the combination of the two in a patient with HS. All traces are the means (thick lines) ±1 standard deviation (shaded areas). (A) Pupillometry with light and dark alone (no electrical stimulation). (B) Electrical stimulation alone during constant low light with single stimulus and (C) with triple stimulus. After the initial constriction in response to the low light, pupils are allowed to reach a steady state for 5 s before the electrical stimulation is given at 6 s. (D–F) Combined test paradigms: electrical stimulation during cycle of light/dark at minus 0.5 s (D), 0 s (E), and 2 s (F) from-light-off.



To test the effect of stimulus intensity, we applied three electrical stimuli in quick succession at 12 Hz (triple stimulus). Figure 4 shows an example of mean pupil responses in a patient with HS to the triple stimulation compared to the single stimulation during a cycle of light and dark. The increase in both the anisocoria (Figure 4A) and difference in pupil dilation velocity (Figure 4B) produced by the single stimulus were further increased in the same patient when a triple stimulus was given (Figures 4C,D).
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FIGURE 4. Different stimulation intensities. In a patient with HS, a single electrical stimulus (55 mA, 0.2 ms) causes an increase in difference between the pupils in size (A) and dilation velocity (B). A triple stimulus (3x single stimulus, 12 Hz) causes a larger difference between the pupils (C,D) compared to the single stimulus.



A representative example of mean pupil responses to electrical stimulation (triple stimulus condition) compared to the condition without electrical stimulation is shown in Figure 5 in a healthy subject (Figures 5A,B), a patient with HS (Figures 5C,D), and a healthy subject treated with brimonidine (Figures 5E,F). The triple-stimulus produced a prominent increase in anisocoria in the HS patient and the subject with brimonidine for a couple of seconds, whereas no increase or induction of anisocoria was seen in the healthy subject as a result of the stimulation.
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FIGURE 5. Comparison of pupillary response with and without electrical stimulus. All traces are the means (thick lines) ±1 standard deviation (shaded areas) of 4–5 trials (trials could be lost due to blinks) (A) a cycle of light and dark alone in a healthy subject, shows no anisocoria. (B) Adding an electrical stimulus 2 s after light-off in a light and dark cycle results in a second dilation peak (arrow) yet does not provoke a difference between the pupils as compared to light and dark alone. In a patient with Horner's syndrome (C,D) as well as in a healthy subject treated with brimonidine (E,F), electrical stimulation results in an increase in the anisocoria as compared to a similar test paradigm of light and dark alone (arrows).



Average anisocoria traces for each of the groups are shown in Figure 6 (Figures 6A–C during light and dark cycles, Figures 6D–F in constant light-on conditions). As expected, there was little measured anisocoria in healthy subjects, whereas substantial increases in anisocoria were noted in HS patients and healthy subjects with brimonidine in response to electrical stimulation as compared to without. Note that in our patients during cycles of light and dark without electrical stimulation, the average anisocoria was largely constant in the period from 5 s after light off (1.0 mm) to the end of the trial (0.9 mm) (Figure 6A).


[image: image]

FIGURE 6. Average anisocoria traces for each group. Graphs (A–C) show the average anisocoria resulting from different conditions during cycles of light and dark. In the patient group (A) and the brimonidine group (B) we notice a larger transient increase in anisocoria in response to single and triple electrical stimulation at 2 s after light goes off as compared to the test paradigm without electrical stimulation. Electrical stimulation at the other times did not produce as discernable increase. (C) In the healthy group, no anisocoria was measured or induced during all the test paradigms. Graphs (D–F) show the average anisocoria resulting from different conditions during constant light-on conditions. Single electrical stimulation during constant light on of 0.1 log-lux intensity produced an increase in anisocoria in both the patients group (A) and brimonidine group (B) but not in the healthy group (C). Triple stimulation during similar light conditions produced a larger increase in anisocoria for the patient (A) and brimonidine (B) groups. Stimulation during constant light on of 2.5 log-lux intensity did not increase the anisocoria in any of the 3 groups.



We observed that the effect of electrical stimulation was generally confined to 2 s after the stimulus. Therefore, we assessed the effect of the electrical stimulation by measuring the maximum anisocoria within 2 s after electrical stimulation, and compared it to the anisocoria during the same time interval in the conditions without electrical stimulation. Figure 7 shows the measured anisocoria in each condition after electrical stimulation (color bars), along with the associated condition without electrical stimulation for each test paradigm (yellow bars) for comparison. Figure 7 also shows a measurement of dilation lag as it was previously defined in literature (1, 10) as the change in anisocoria from 5 to 15 s after light off. Of note is that none of our HS patients or brimonidine subjects had an average dilation lag of 0.4 mm or larger with these parameters. In subjects treated with brimonidine the anisocoria slightly increased over time after light off, giving a negative result when calculating the dilation lag using this method.
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FIGURE 7. Summary of buzzing effect. Each bar shows the measured anisocoria in response to electrical stimulation compared to the baseline anisocoria (yellow bars) for each matched condition with no electrical stimulation. (A) In Horner's syndrome patients, electrical stimulation produced a significant increase in aniscoria in all conditions except for the single stimulus given 0.5 s before light off. (B) Except for the constant bright light condition (2.5 log-lux), healthy subjects did not show any significant increase in anisocoria in the test paradigms as compared to parallel no electrical stimulation paradigms. (C) Subjects treated with brimonidine showed similar reaction patterns to electrical stimulation as seen in HS group, yet with larger increases in anisocoria.



For HS patients, electrical stimulation produced a significant increase in anisocoria in all test paradigms except for the single electrical stimulus given 0.5 s before light off during a cycle of light and dark (Figure 7A). The largest increase in anisocoria was found when electrical stimulation occurred 2 s after light off (mean = 1.3 mm, standard deviation (SD) = 0.4, p < 0.01 for difference from baseline t-test) for triple stimulus, and 1.2 mm for single stimulus (SD = 0.4, p < 0.0001) as compared to 1 mm (SD = 0.41, p < 0.0001) without stimulus. Electrical stimulation also significantly increased the anisocoria in the constant light condition, particularly with the lower light intensity of 0.1 log-lux. Subjects treated with brimonidine showed the same pattern of results as the HS, though the amount of anisocoria was higher. Healthy subjects did not, in general, show an increase in anisocoria with electrical stimulation (because we took the absolute difference in pupil size for healthy subjects, any change in anisocoria was likely just an increase in variability). Overall, the increase in anisocoria for the healthy group in response to a single and triple electrical stimuli given 2 s after light of was similar and equal to 0.04 (p > 0.1). Within the healthy group, three subjects had some physiological anisocoria (mean 0.3 mm). The mean increase in anisocoria for those subjects in response to a single and triple electrical stimuli 2 s after light-off was 0.07 and 0.09 mm, respectively, and for subjects without physiological anisocoria was 0.03 and 0.015 mm, respectively (p = 0.5 and 0.42).

We also determined the best time point after light off at which the change in anisocoria, relative to light on, best differentiated HS from healthy subjects based on pupillometry without electrical stimulation. The time interval after light termination which gave the greatest area under the receiver operating characteristic curve (AUC) and the best discrimination between patients with HS and healthy subjects, was 3–4 s after light-off, with an AUC of 0.98 (Figure 8). For this time interval, the best discriminating criterion (cut-off value for relative change in anisocoria) was 0.4 mm. Note, however, that AUC was >0.97 for all time intervals between 3 and 8 s, and was above 0.9 for all time intervals except the first second after light off. The AUC for pupillary dilation lag (change in anisocoria from 5 to 15 s after light-off) was only 0.5, and the AUC for all test paradigms with electrical stimulation was more than 0.97.
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FIGURE 8. Anisocoria in Horner's syndrome without electrical stimulation. This graph shows the area under the receiver operating characteristic (ROC) curve (AUC) for the anisocoria at each time interval of 1 s after light-off relative to the anisocoria at the end of the light-on period, presented at the matching time interval, e.g., a circle at 0.5 represents the time interval of 0–1 s. The largest AUC occurs at the 3–4 s interval (red circle), indicating that the largest relative change in anisocoria that helps differentiating Horner's syndrome patients from healthy subjects occurs at the 3–4 s interval after light-off.



To determine which of the electrical stimulation conditions gave the largest consistent change in anisocoria, thus taking within-subject variability into account, we converted the differences (electrical stimulation minus no stimulation) into standardized z-scores. The largest z-score was given by the single electrical stimulus under 0.1 log-lux constant light condition (z = 2.6). For the light and dark cycles, the triple stimulus given 2 s after light off condition (z = 1.1) was best, though just slightly larger than the single stimulus 2 s after light off condition.



DISCUSSION


Summary of Results

We found that electrical stimulation increases the anisocoria and difference in dilation velocity between the pupils of subjects with unilateral ocular sympathetic deficit both in Horner's syndrome (HS) and a pharmacologically induced sympathetic block. In contrast, no significant anisocoria was induced in healthy volunteers in response to the electrical stimulation including those with slight physiological anisocoria. The combination of electrical stimulation with cycles of light and dark produced the largest and most consistent enhancement in anisocoria, as compared to either one alone. Pupillary dilation lag with its previous definition is not helpful as a diagnostic measure for HS. Electrical stimulation 2 s after light off and stimulation during constant low light of 0.1 log-lux produced the largest increase in anisocoria compared to the other test paradigms. Electrical stimulation alone caused a larger increase in low light conditions (0.1 log-lux) than in high light condition (2 log-lux). Higher electrical stimulation intensities (triple stimulus) produced a larger increase in anisocoria in HS and pharmacological HS groups as compared to a single stimulus, yet was less well tolerated.



Previous and Current Tests

The current gold standard for the diagnosis of HS using pharmacologic eye drops testing with either cocaine or apraclonidine, carries several disadvantages, including limited availability of cocaine, longer test duration, and possible false-positive and false negative results (6, 11–14).

Pupillary dilation in response to sympathetic stimulation in the form of auditory stimulus in healthy subjects as well as an increase in anisocoria in subjects with unilateral pharmacological ocular sympathetic block (15), and in patients with HS (16) has been described. In neither study, however, were those stimuli clinically implemented.

The detection of a pupillary dilation lag using pupillometry in patients with HS has been defined as the difference in anisocoria between 5 and 15 s after extinction of the light, and regarded positive when the value is equal to or more than 0.4 mm (1). By this definition, dilation lag had very high specificity for HS yet relatively low sensitivity (48%). In addition, dilation lag was found to be only intermittently present and not consistent from one test to the next in patients with HS, making it unreliable as a clinical diagnostic test (10). In our HS patient group, a positive dilation lag according to this definition was also found in some patients in single cycles of light and dark, yet when averaging the 4–5 test repeats performed for each subject, this value was <0.4 mm for all subjects, thus considered negative. Therefore, our results are in agreement with the previous findings about the intermittent nature of dilation lag in this patient group. This encouraged us to improve the diagnostic accuracy for HS with new pupillometry paradigms and better measurement algorithms.



The Procedure

Automated binocular pupillometry is a short and easy test to perform, and patient cooperation required is minimal. Electrical nerve stimulation is routinely used in neurology in the sympathetic skin response test (SSR) test among others, and its safety has been long established (17). The synchronization of the EMG machine to the pupillometer facilitates the precise timing of the electrical stimulation during cycles of light and dark. Both the pupillometer and the EMG machines are portable, making it possible to test immobile patients at the bedside.



Pupillometry With a “Buzz”

All HS patients exhibited anisocoria on pupillometry with cycles of light and dark alone, which significantly increased with the addition of an electrical stimulation. Electrical stimulation before the termination of light (0.5 s before light off) as well as simultaneously with light off produced a smaller enhancement of anisocoria when compared to stimulation at 2 s after light off. This smaller response is likely due to the parasympathetic tone induced by the light stimulus (18), which is no longer present 2 s after the light goes off. At 2 s after light off the pupils are close to the secondary dilation phase which is in the larger part due to sympathetic activity (18) resulting from the termination of light. The addition of the electrical stimulation during this phase seemed to produce the best synergistic sympathetic response between the termination of light and electrical stimulation, resulting in a significant increase in anisocoria. Similarly, electrical stimulation alone (during constant light) produced a larger increase in anisocoria with low background illumination than with higher illumination, which can as well be correlated with the higher parasympathetic tone induced by brighter light.

The triple electrical stimulation resulted in a larger increase in anisocoria compared to similar test paradigms with a single stimulus. The higher the intensity of the stimulus, the larger the increase in anisocoria both in patients and in the brimonidine group. Similar effects of stimulus intensity were demonstrated by Hirano et al. (15) where they showed that louder auditory stimuli produced larger pupillary dilation in healthy pupils.

Using pupillometry without electrical stimulation, we found that the biggest difference in relative anisocoria between patients with HS and healthy subjects occurred when comparing the anisocoria at 3–4 s after light off to that at the end of the light-on period. Using those time points, a 0.4 mm cut-off was found to be the upper limit of relative anisocoria in our normal subjects. This finding is also important since it confirms that the optimal test paradigm for electrical stimulation was where the stimulus was given 2 s after light off, compared to the best measurement of HS found on pupillometry without electrical stimulation.

Patients showed good tolerance to the single electrical stimulation, but tolerance to the triple stimulus was variable. Seven out of eighteen patients declined trying the triple stimulus simply due to the idea of a stronger stimulus, in spite of reporting no pain and minimal discomfort with the single electrical stimulus. Of the 11 patients who agreed to the triple stimulus, 2 patients found it intolerable and stopped, the other 9 completed the experiment and reported it to be “less pleasant” than the lower (single) stimulation, yet still tolerable. Of note, during the experiment the subjects underwent multiple stimulations during all the different test paradigms, which may have influenced the tolerance of patients and increased the discomfort. In a clinical setting, however, only few repetitions would be needed for making the diagnosis of HS, which might lead to less discomfort and higher tolerance for the electrical stimulation. In addition, of the healthy subjects group, all 10 subjects completed the experiment with the triple stimulus twice (before and after brimonidine drops), with only one subject reporting considerable discomfort.




SUMMARY

In a clinical setting, physicians are facing the challenge of ruling out HS in borderline cases, especially when pharmacological test results are equivocal. We found that compared to pupillometry alone, pupillometry with electrical stimulation 2 s after light off results in an increase of anisocoria in subjects with ocular sympathetic deficit, but not in healthy subjects, which may help distinguish healthy from HS patients.

We found that all patients with HS as well as subjects with brimonidine demonstrated an increase in anisocoria in response to electrical sympathetic stimulation as compared to similar test paradigms without stimulation. The increase in anisocoria in the brimonidine group was larger and more consistent than in HS group, which can be attributed to the complete nature of the sympathetic block induced by brimonidine, compared to the possibly partial sympathetic deficit in patients with HS. This could be due to the different degrees of nerve damage in different HS patients depending on the mechanism and duration of the nerve injury. Healthy subjects demonstrated no significant increase of anisocoria in response to electrical stimulation in contrast to HS patients or brimonidine treated subject on similar test paradigms.



LIMITATIONS

Due to the relatively small number of subjects in this study, it was not possible to assess the effect of different HS etiologies and durations on the responses to electrical stimulation. The reduced tolerability of patients to the triple stimulus resulted in fewer subjects undergoing such test paradigms. In the current study, we only had three patients with some physiological anisocoria, a topic that we plan to address in a follow-up study.



CONCLUSIONS

In this “proof of concept” study, we showed that patients with HS as well as pharmacological ocular sympathetic block demonstrate a significant increase in anisocoria in response to electrical stimulation as measured with binocular pupillometry, while healthy subjects demonstrated no significant anisocoria, reflecting that electrical stimulation may help increase the diagnostic accuracy of pupillometry for HS in a clinical setting.
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Supplementary Video 1. Pupillometry without electrical stimulation in a patient with left Horner's syndrome. 5 cycles of light and dark alone without electrical stimulation.

Supplementary Video 2. Pupillometry with electrical stimulation in a patient with left Horner's syndrome. A single electrical stimulation is delivered during constant low light-on (0.1 log-lux).

Supplementary Video 3. Pupillometry with electrical stimulation in a patient with left Horner's syndrome. A triple electrical stimulation is delivered during constant low light-on (0.1 log-lux).

Supplementary Video 4. Pupillometry with electrical stimulation in a patient with left Horner's syndrome. A single electrical stimulation is delivered during each cycle of light and dark, 2 seconds after the termination of light.

Supplementary Video 5. Pupillometry with electrical stimulation in a patient with left Horner's syndrome. A triple electrical stimulation is delivered during each cycle of light and dark, 2 seconds after the termination of light.
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Background: In suspected cases of Horner syndrome pharmacological confirmation is often required before embarking on further investigations. There are two drugs currently used for this purpose that are commercially available for topical administration: cocaine (2–10%) and apraclonidine (0.5–1.0%).

Aims: To evaluate and compare the effects of both drugs in normal eyes and eyes with Horner syndrome

Methods: This is a retrospective study looking at the outcome of 660 consecutive pharmacological tests with these two drugs in one tertiary referral center over 14 years. Eyes were categorized as “normal” or “Horner syndrome” based on non-pharmacological criteria (pupillometric and clinical evidence). Pupil diameters in the dark and in bright light were measured by pupillometry before and 40 min after administration of the test drug (either 4% cocaine or 0.5% apraclonidine).

Results: Cocaine dilated the normal pupil (measured in bright light: mean +2.1 mm, range −0.4 to +3.9 mm; 95% lower limit +0.5 mm); the extent of this response was not significantly affected by patient age or pupil size, but was 50% less in brown eyes compared with blue or green eyes, and 20% less if the measurements were made in the dark. In eyes with Horner syndrome cocaine had significantly less mydriatic effect (mean +0.7 mm, range −0.7 to +2.9 mm). Apraclonidine constricted the normal pupil (measured in the dark: mean −0.4 mm, range −1.3 to +0.8 mm; 95% upper limit +0.1 mm); eye color made no difference but the response was significantly greater in younger patients and larger pupils and significantly less if measured in bright lighting conditions. In eyes with Horner syndrome apraclonidine dilated the pupil (mean +0.6, range −0.4 to +2.3 mm). Applying the 95% limits identified from my normative data, I estimate the sensitivity of each drug test for detection of Horner syndrome at 40% for cocaine (criterion for abnormal: mydriasis ≤0.5 mm when measured in the dark) compared with 93% for apraclonidine (criterion for abnormal: mydriasis ≥0.1 mm when measured in the dark).

Conclusions: Apraclonidine is a more sensitive test than cocaine for detection of Horner syndrome, and should be adopted as the new gold standard in routine clinical practice. However, caution is needed when using this drug within hours of a suspected sympathetic lesion, or in infants under 1 year of age.

Keywords: Horner syndrome, apraclonidine, cocaine, pharmacological testing, pupillometry, test sensitivity


INTRODUCTION

The clinical signs associated with disruption to the sympathetic nerve supply to the eye have been known for almost 150 years since their first description by Horner [(1); see also (2)]. The clinical importance of recognizing Horner syndrome (HS) lies not in its effects on the eye (oculosympathetic denervation has no impact on sight or on the health of the eye) but in the potential seriousness of the underlying cause: in some cases HS may be the first and only sign of life-threatening conditions such as tumors or dissection of the internal carotid artery (3–5). Clinicians must therefore remain alert to the sometimes subtle signs of HS and investigate accordingly.

In his original description Horner merely noted relative miosis of the ipsilateral pupil and ptosis of the upper lid, but subsequent reports have added further details to this clinical phenotype according to the types of sympathetic fiber affected by the lesion. When the sympathetic pupillomotor fibers are affected, the ipsilateral pupil has a smaller resting diameter, dilates poorly in dim lighting conditions and slowly (“redilation lag”) after cessation of a transient light stimulus. Involvement of the motor fibers innervating Mueller's muscle in the upper lid cause mild ptosis (1–2 mm) that persists in downgaze, and in the lower lid involvement of the equivalent fibers causes the lid margin to elevate by 1–2 mm giving rise to a narrowed palpebral aperture (“pseudo-enophthalmos”). Disruption to the accompanying vasomotor fibers leads to relative hypotony, mild injection and chemosis of the conjunctiva, and interference with the ability of the facial skin to “flush” in response to thermal, emotional or gustatory stimulation. Impairment of the sudomotor fibers causes loss of sweating so that the ipsilateral skin is drier compared with the unaffected side. The typical appearance of HS is shown in Figure 1A.
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FIGURE 1. Variations in the clinical signs associated with Horner syndrome (arrows indicate side of the oculosympathetic paresis). (A) “Complete” Horner syndrome, with relative ptosis of the upper lid, elevation of the lower lid, miosis of the pupil, and injection of the conjunctiva. (B) “Incomplete” Horner syndrome, with relative miosis but no ptosis. (C) “Bilateral” Horner syndrome, with no lid or pupil asymmetry. (D) “Pseudo-Horner syndrome”: lid asymmetry is associated with right-sided enophthalmos and hypoglobus following an old orbital floor fracture; the anisocoria is physiological.



However, in clinical practice it is common to encounter patients in whom the signs of HS are more difficult to detect. For example, any lesion that only disrupts some of the sympathetic fibers may cause a partial HS [e.g., miosis but no ptosis, or vice versa; see Figure 1B; (6)]. In other cases the underlying pathology may give rise to “diffuse” sympathetic neuropathy rather than any focal lesion; in these cases there is typically bilateral HS and the clinical signs of the oculosympathetic paresis are masked because there is no resulting asymmetry of pupil size or lid position [see Figure 1C; (7)]. In both of these circumstances the diagnosis of HS is easily missed by the clinician (false negative). Conversely, patients may present with miosis and/or ptosis that is not caused by a lesion to the ocular sympathetic supply [pseudo-HS (8)]. An example is shown in Figure 1D; this patient was referred to me for investigation of what was presumed to be right HS, but in fact his anisocoria is physiological (note that anisocoria is greater in the dark than in the light both when it is physiological and when it is caused by HS) and the lid asymmetry is accompanied by mild enophthalmos and related to a past (and long-forgotten) orbital floor fracture. In these false positive cases an incorrect clinical inference of HS may lead to unnecessary further investigations and distress to the patient.

Given the unreliability of the clinical signs in some cases of oculosympathetic paresis, it is often necessary to perform additional pharmacological testing to confirm the suspicion of HS before embarking on further investigations. Two commercially available drugs have generally been used for this purpose, cocaine and apraclonidine (I have chosen not to consider dilute phenylephrine in this study since it is not generally available as a proprietary formulation). Cocaine has been used for over 50 years [see (9)] and is still considered by many to be the “gold standard” test for HS [see (10)]. It blocks the active reuptake of noradrenaline by the sympathetic nerve endings, thereby increasing neurostransmitter availability and dilating the normal pupil; in contrast the drug has less mydriatic effect in HS (because there is less of the neurotransmitter “lying around”) so the test is considered positive if the drug increases the degree of resting anisocoria (Figures 2A,B). More recently it has been reported that apraclonidine can be used to diagnose HS (11, 12). This adrenergic agonist predominantly activates alpha-2 receptors—which in the eye are found on the presynaptic sympathetic nerve endings and inhibit release of noradrenaline, causing miosis of the normal pupil; however in HS sympathetic denervation leads to an upregulation of alpha-1 receptors on the post-junctional dilator muscle fibers so that the weaker alpha-1 effects of apraclonidine now predominate, dilating the pupil and reversing the anisocoria (see Figures 2C,D).
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FIGURE 2. Effects of cocaine and apraclonidine on the pupil. (A,C) Schematic diagrams of the neuro-effector junction in the iris dilator muscle, showing the sympathetic nerve ending releasing noradrenaline (NA) to bind with alpha-1 adrenoceptors on the muscle membrane. (A) Cocaine blocks the enzyme cyclo-oxygenase methyl transferase (COMT) which provides the active re-uptake mechanism terminating the action of noradrenaline, and so the concentration of noradrenaline rises and the normal pupil dilates. (C) Apraclonidine is an adrenergic agonist with greater affinity for the presynaptic alpha-2 receptors (which inhibit noradrenaline release) than the post-synaptic alpha-1 receptors, so in a normal pupil the alpha-2 effect predominates and the pupil mioses. (B,D) Photographs of the pupils before (upper) and after (lower) cocaine (B) or apraclonidine (D) eye drops in two patients with unilateral Horner syndrome (arrows). Cocaine is seen to increase the degree of anisocoria, whereas apraclonidine causes the anisocoria to reverse.



The question arises as to which of these two drugs provides the more reliable diagnostic test for HS (10)? In both cases there are small case series published suggesting good test sensitivity (13, 14) but there are also reports of false positive and false negative test results with both drugs (13, 15–17), confirming that neither test is perfect. There has only been one published “head-to-head” comparison (18) which in a small series of just 10 patients showed that both drugs reliably identified the HS. In this retrospective study I have evaluated the effects of these two drugs in a large number of “normal” eyes and in eyes for which there is compelling non-pharmacological evidence of HS. Despite using a standardized protocol for conducting the tests I have found a wide variation in drug effect in normal eyes, and further analysis has identified some of the more important confounders influencing the test result. In eyes where I felt there was definite non-pharmacological evidence of oculosympathetic paresis, my data suggests that apraclonidine provides a more sensitive test for HS than cocaine, and on that basis I recommend that this drug should now be considered the “gold standard.” However, there are some circumstances in which cocaine should be used instead, and these are also discussed.



MATERIALS AND METHODS

In this retrospective study I have looked at the results of cocaine or apraclonidine testing in all adult patients undergoing pupillometry in a tertiary referral center between 2004 and 2018. The review of these data formed part of a Clinical Service Evaluation (CSE) registered with the Queen Square Quality & Safety Team; they have approved my use of these data and confirmed that this study adheres to their local Information Governance Policy as well as the tenets of the Declaration of Helsinki.

Using either my own custom-built pupillometer or the Procyon P3000D proprietary device (both devices use video cameras running at 25 Hz with spatial resolution of 0.03 mm), all patients underwent a standard battery of pupillometric evaluations, including measurements of the resting pupil diameter (averaged over 3 s) in complete darkness and in bright light (room lights “full on”), measurements relating to the average reflex constriction of the pupil to three repetitions of a standard 1 s white light stimulus (on average the intensity of this light was sufficient to constrict the pupil by 30%) and measurements of the mydriatic response to a sudden loud noise (“startle response”) [see (19, 20) for details of my methodology]. Pupillometric confirmation of a sympathetic paresis (“Horner”) is implied if the pupil shows a reduced capacity to dilate in darkness, delayed redilation after cessation of a transient light stimulus [this “T3/4” measurement is considered delayed if it lies outside the 95% upper limit of normal relative to the reflex constriction amplitude based on my own normative database; (7, 21)] and an absent startle response [see (20) for full details of the measurement, calculation and interpretation of these pupillometric parameters]. Patients also had a full ocular and neuro-ophthalmic assessment by an experienced clinician (FB). Where relevant, and depending on the clinical context, some patients went on to have further investigations including autonomic function tests, blood tests (e.g., serology for ganglionic nicotinic acetylcholine receptor antibodies) and imaging studies, providing in many cases further clinical evidence of a lesion or pathology likely to cause Horner syndrome. Based on these pupillometry measurements and the results of any subsequent investigations, the tested eyes have been categorized as “normal” (i.e., showing no evidence of oculosympathetic paresis), “Horner” (i.e., strong pupillometric or other non-pharmacological evidence to suggest a sympathetic lesion), or “unclear” (cases where the evidence was incomplete or conflicting). I have excluded from any further analysis all of these “unclear” cases (diagnosis not established; constituted approximately 3% of all cases) and also any patients with ocular disease or on ocular medications that might interfere with this evaluation (invalid data; total number unknown as not added to database, but likely to be small).

In all cases pharmacological testing for Horner syndrome was routinely performed as part of the initial pupillometric evaluation using either 4% cocaine or 0.5% apraclonidine eye drops (drug used depended only on availability and convenience and was not selected according to any clinical criteria). The standard protocol throughout this period has been to measure the pupil diameter both in complete darkness and with the room lights “full on” before and 40 min after administration of the test drug. Note was also made of the iris color, which was photographed and categorized as brown, green or blue. In a small number of cases both drugs were evaluated, allowing an interval of at least 48 h “wash-out time” between tests.

Standard statistical approaches have been used to estimate the 95% upper and lower limits to the pupil response of “normal” eyes to these drugs. Linear regression models were then used to assess the influence on this drug effect of patient age, pupil size, eye color, and the lighting conditions (dark or light). The responses of pupils in eyes with Horner syndrome were compared with those in normal eyes using either unpaired t-tests (if data normally distributed) or the Mann-Whitney rank sum test (if normality test failed). In cases of unilateral Horner syndrome, paired t-tests were used to compare the drug responses in the affected and unaffected eyes. The 95% limits of the drug effects as identified in my normative data were used to categorize the pharmacological test results as “normal” or “Horner,” and these were compared in a 2 × 2 contingency table with the categorization based on non-pharmacological test results (pupillometric and/or clinical) to provide estimates of the sensitivity and specificity of each of the two drugs for detecting a sympathetic lesion. McNemar's chi-squared test was used to estimate the concordance of test results in the small number of cases where both tests were performed. All statistical tests were performed using SigmaStat (Systatsoftware Ltd., version 3.5).



RESULTS


Normal Eyes

Over the study period, drug testing was performed in 493 eyes judged to be “normal” (i.e., where there was no clinical or pupillometric evidence of HS and no other ocular disease or exposure to medication that might affect the test result). The age and gender of these patients is shown in Table 1.



Table 1. Demographics of patients with normal pupils and patients with Horner syndrome undergoing drug testing.
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The effects of exposing these normal eyes to one drop of either 4% cocaine (pupils measured in the light) or 0.5% apraclonidine (pupils measured in the dark) are summarized in Table 2, and the frequency histograms of these drug effects are shown in Figures 3A,C, respectively. Cocaine on average caused a +2.06 mm increase in pupil diameter (equivalent to a relative 37% increase in pupil size), but the drug effect was highly variable in different eyes, ranging from −0.36 to +3.90 mm (−10 to +121%), and the distribution of these measurements failed standard normality testing (Kolmogarov-Smirnov). In contrast, apraclonidine on average caused a 0.44 mm decrease in pupil diameter (equivalent to a relative 7% decrease in pupil size), with measured effects ranging from −1.3 to +0.8 mm (−20 to +16%) and the distribution of results also failing normality testing.



Table 2. Effect of drugs on the size of the pupil in normal eyes and in eyes with Horner syndrome.
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FIGURE 3. Frequency distribution plots of the change in pupil diameter induced by cocaine (A,B) or apraclonidine (C,D) in normal eyes (A,C) and eyes with Horner syndrome (B,D). Cocaine measurements were made in bright light, apraclonidine measurements were made in the dark.



The influence of various parameters on the pupillary response to drug testing has been evaluated (see Figures 4, 5). Linear regression analysis revealed no significant relationships between the age of the patient (P = 0.201) or the size of the pupil (P = 0.696) and the mydriatic response to cocaine drops. In contrast, the miotic effect of apraclonidine was significantly greater in younger patients (P < 0.001) and in bigger pupils (P < 0.001). Iris color was found to significantly influence the size of the response of pupils to cocaine: the mydriatic effect in brown eyes was less than half that measured in green or blue eyes (unpaired t-tests: P < 0.001). However, iris color did not seem to influence the response to apraclonidine which had similar miotic effects in brown, green, and blue eyes. The lighting conditions in which the pupil measurements were made significantly affected the size of the response to both drugs. Cocaine had an average mydriatic effect of +2.06 mm in the light, but only +1.65 mm in the dark (P < 0.001). Apraclonidine had an average miotic effect of −0.44 mm in the dark (7%), but only −0.12 mm (2%) in the light.
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FIGURE 4. Scatter plots of the response of the pupil to cocaine (A,C) or apraclonidine (B,D) with respect to age (A,B) or resting pupil size (C,D). Linear regression lines are shown. No significant relationships were demonstrated for cocaine responses, but apraclonidine had significantly greater miotic effect in younger patients and in eyes with larger pupils (P < 0.001).
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FIGURE 5. Pupil response to cocaine (A,C) or apraclonidine (B,D) according to iris color [(A,B): BL, blue; GR, green; BR, brown] or room lighting conditions [(C,D): D, measured in the dark; L, measured in bright light]. Cocaine had significantly greater effect on blue and green eyes compared with brown eyes, and greater effect when measurements were made in bright light compared with darkness. Apraclonidine had similar effects regardless of iris color, but significantly more effect when measurements were made in the dark compared with bright light.





Eyes With Horner Syndrome

Over the same study period, drug testing has also been performed on 167 eyes in which there was clear clinical and pupillometric evidence of oculosympathetic paresis (HS). In 50 patients the HS was bilateral and associated with various causes of generalized autonomic failure (e.g., autoimmune autonomic ganglionopathy, pure autonomic failure, dopamine beta-hydroxylase deficiency etc.), whereas in 67 cases the HS was unilateral and either associated with focal lesions (e.g., internal carotid artery dissection, tumors, surgery) or idiopathic. The age and gender of these patients is shown in Table 1.

The effects of exposing these HS eyes to one drop of either 4% cocaine (pupils measured in the light) or 0.5% apraclonidine (pupils measured in the dark) are summarized in Table 2, and the frequency histograms of these drug effects are shown in Figures 3B,D, respectively. Cocaine had some mydriatic effect in most HS eyes, but the mean response (+0.71 mm, 21%) was significantly smaller than the effect in normal eyes (difference = 1.3 mm, P < 0.001). Similar results were obtained in the subset of patients in whom the HS was unilateral: cocaine produced a mydriatic effect that was on average 1.1 mm less in the affected eye than in the unaffected “control” eye (paired t-test: P < 0.001), and as a result the observed degree of anisocoria was increased by cocaine by an average of 1.1 mm (paired t-test: P < 0.001).

Apraclonidine generally had the opposite effect in HS eyes compared with normal eyes. On average, apraclonidine induced a +0.73 mm (+19%) mydriasis in HS eyes, which was significantly different from the miotic effect seen in normal eyes (normality test failed, so Mann Whitney Rank Sum test used: difference = 1.2 mm, P < 0.001). Similar results were obtained in the subset of patients in whom the HS was unilateral: apraclonidine produced a mydriatic effect that was on average 1.1 mm greater in the affected eye than in the unaffected “control” eye (paired t-test: P < 0.001), and as a result the observed degree of anisocoria was increased by apraclonidine by an average of 1.1 mm (paired t-test: P < 0.001). Figure 6 shows the observed degree of anisocoria (pupil diameter in affected eye—pupil diameter in unaffected eye) before and after apraclonidine in each of these successive 28 cases of unilateral HS. In general, the affected eye had a smaller pupil before apraclonidine and a larger pupil after apraclonidine, but this “reversal in anisocoria” was only seen in 21 of 28 cases.
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FIGURE 6. Anisocoria measurements (affected eye—unaffected eye) before (black) and after (red) apraclonidine in 28 consecutive cases of unilateral Horner syndrome. In most cases (21/28) the anisocoria reverses, but in a small number of cases the anisocoria is in the same direction after as before apraclonidine, giving a sensitivity for the test using this criterion of 75%. In all but 2 cases, apraclonidine produced an abnormal degree of mydriasis (≥0.1 mm) in the pupil of the affected eye, giving a sensitivity for the test using this criterion of 93%.



How accurate are these drug tests in detecting oculosympathetic paresis? To answer this question I used the data on drug effects in normal eyes to define the 95% limits, outside of which the pupil response would be deemed abnormal (a “positive” test result). Since for both drugs the distribution of these data failed normality testing, I used the rank order of responses to define these limits. For cocaine, my data suggest that any response (measured in bright light) ≤+0.50 mm is abnormal; using this definition, the cocaine test was positive in 36 cases of HS, but negative in 54 cases giving an estimated sensitivity for this test of 40%. When the pupil measurements were instead made in the dark, the 95% lower limit of the normal response to cocaine was +0.14 mm giving an even lower estimation of the sensitivity of the test as a means of diagnosing HS (21%). In unilateral cases of HS an alternative definition has been proposed by another research group (13) who suggested that the cocaine test can be considered positive if the anisocoria after exposure to the drug ≥0.8 mm; using this definition, 29 of the 38 patients with unilateral HS in this study had a positive cocaine test result, giving a sensitivity in these unilateral cases of 76%.

With apraclonidine, my data suggest that any response (measured in the dark) ≥+0.10 mm is abnormal; using this definition, the apraclonidine test was positive in 67 cases of HS, and negative in only 5 cases giving an estimated sensitivity for this test of 93%. When the pupil measurements were made instead in bright light, the 95% lower limit of the normal response to apraclonidine is +0.54 mm giving a slightly lower estimation of the sensitivity of the test as a means of diagnosing HS (76%).

In a small number of cases (N = 33) both cocaine and apraclonidine tests were performed in the same eye (allowing at least a 48 h washout period between testing). Applying the above definitions of when a test result is considered negative (normal) or positive (HS), concordant results were found in 22/33 cases. Using McNemar's test this level of concordance gave a chi-squared value of 0.82 confirming no significant difference between the results obtained with these two different drugs (P = 0.37).




DISCUSSION

Both cocaine and apraclonidine are currently used in clinical practice for diagnosing HS, but there are no large studies investigating their effects on the normal pupil. In this retrospective study I found that on average the normal pupil dilates by 2.1 mm with 4% cocaine and constricts by 0.4 mm with 0.5% apraclonidine. It is worth noting that these eye drops are commercially available in other strengths (cocaine: 2–10%; apraclonidine: 0.5–1.0%) which is likely to affect the size of the pupillary response. Moreover, I chose to routinely measure these effects after 40 min whereas some other studies have preferred to report effects after 60 min. Nevertheless, the effects of these drugs in the normal pupil are broadly in line with what has been described previously. What is striking in this large dataset is the wide range of effect of these drugs; in some cases I even observed miosis after cocaine and mydriasis after apraclonidine.

Some of the factors influencing the effect of these drugs could be identified by further analysis of my data. Both age and pupil size markedly affected the responses to apraclonidine, and I interpret this result as indicating that older patients with smaller pupils have a lower basal sympathetic tone so are less likely to be affected by the alpha-2 actions of this drug. It is interesting that cocaine, working by a different mechanism, was not so clearly affected by basal sympathetic tone. However, the effect of cocaine was strongly influenced by eye color, with the drug having twice as much effect in blue and green eyes than in brown eyes. The explanation for this observation probably lies in the known strong affinity of cocaine for melanin: the more melanized brown iris binds more of the cocaine, reducing its bioavailability at the sympathetic neuro-effector junctions [A similar phenomenon is well known when testing hair specimens for signs of drug abuse, where the test is more sensitive with Africoid hair than with Caucasoid hair; (22)]. For both drugs, the effect on the normal pupil depended on whether the measurements were made in the dark or in bright light. This finding is easy to understand for apraclonidine, since I would expect the alpha2 (miotic) effects to be most apparent when the sympathetic basal tone is increased in the dark. It is less clear why the mydriatic effect of cocaine is 25% greater in the light than in the dark, but I would speculate that it may have something to do with the physical/elastic properties of iris stroma such that a given amount of activation of the dilator muscle will produce more pupil change if starting from a smaller size compared with a larger size.

Although not investigated in this study, I can also identify on theoretical grounds other factors likely to influence the effect of these drugs on the normal pupil. There will be some variation in the drug concentration (“batch effect”) and dose delivered (one drop, several drops, or even no drops if it is an uncooperative patient). The status of the ocular surface plays a vital role in determining drug penetration into the eye; excessive lacrimation dilutes the drug, whereas a compromised corneal epithelium (e.g., in a dry eye) leads to increased drug penetration. The bioavailability of any drug that enters the eye at the neuro-effector junction will be affected by aqueous dynamics and blood flow in the anterior segment of the eye, as well as by drug-binding (as mentioned above for cocaine and melanin). Finally, there will be variation in the basal level of neurotransmitter release and in the availability of adrenergic receptors according to a wide range of genetic and other influences.

Both drugs had a significantly different effect on the pupil in HS eyes compared with normal eyes; cocaine produced on average 1.3 mm less mydriasis, and apraclonidine 1.2 mm more mydriasis, a difference that is easily detected by clinical observation alone without the need for pupillometry or other devices available only to the specialist. However, just as with the observations made in normal pupils, there was a wide range in the drug effects found in HS eyes. At the extreme ends of this range I found cases of HS where the pupil dilated more than 2 mm after cocaine or constricted by up to 0.4 mm after apraclonidine. It is likely that most of this variability in drug effect is due to the same factors identified for normal pupils. In addition, it is possible that some cases were incorrectly classified as HS (the pupillometric and clinical evidence used for this classification cannot be 100% accurate, and there is no other “gold standard” that can be applied for diagnosing HS). Moreover, I chose to routinely measure the drug effect after 40 min, which may be too soon for the test to “turn positive”; there have been a few cases of suspected unilateral HS where the anisocoria only reversed with apraclonidine after a patient has returned home, long after administration of the drops.

In my “real world” dataset, where none of these various influences have been controlled for in either cohort, I have been able to define the 95% limits of the effect of these drugs in the normal eye. Using this definition in suspected cases of HS I can regard any drug effect that lies within these normal limits as a “negative” result (i.e., no evidence of HS), and any result outside these limits as a “positive” test result (HS confirmed). With this approach, cocaine has an estimated sensitivity for detection of HS of only 40%; in effect, this means that if the cocaine test were relied upon as the only means of diagnosing HS then more than half the cases would be missed (“false negatives”) giving false reassurance to both doctor and patient. An alternative approach proposed in a previously published report (13) is to define the test as positive for HS if the anisocoria after cocaine measures ≥0.8 mm; with this definition I estimate the test sensitivity to be rather better at 76%. However, this approach can only be used in cases of unilateral HS and would be of little or no value in my institution which is a tertiary referral center for patients with generalized autonomic failure where HS is usually bilateral.

In comparison to cocaine, apraclonidine seems to be a much more accurate test. I estimate the sensitivity of apraclonidine testing to be around 93% when measured in the dark (and a little less at 76% if measured in bright light). It should be noted that in cases of unilateral HS, the anisocoria does not always reverse; if this is used as the definition of a positive test result then in my series this criterion gives a lower test sensitivity of 75% (whereas applying the cut off defined from my normative data gives a sensitivity of 93% for the same patients). In effect this means that used in isolation (i.e., with no other evidence taken into account) apraclonidine testing can identify almost all cases of HS (false negatives only 7%) and rarely implies HS in a normal eye (false positives only 5%). Compared with other tests used in ophthalmology [for example, intraocular pressure as a screening test for glaucoma (23)], these estimates of sensitivity and specificity are very encouraging and confirm the validity of using this approach even in cases where the signs of oculosympathetic paresis are masked because there is no asymmetry in pupil size or lid position.

Although my data suggest that apraclonidine is a better test for HS than cocaine, there are limitations to its use in clinical practice. Firstly, the abnormal pupil response of HS eyes follows upregulation of alpha1-receptors on the surface of the denervated dilator muscle fibers, a process which takes time and will not be evident immediately after onset of the oculosympathetic paresis. In most cases, for example those associated with tumors or other compressive lesions, this delay until the test turns positive does not matter. However, in the particular instance of internal carotid artery dissection (ICAD), patients may present within hours of onset and it is necessary to make an urgent (same day) diagnosis. Anecdotal case reports have been published of positive apraclonidine test results observed within days or even hours after ICAD (24, 25), but equally there are also reports of false negative results (17). No systematic prospective study has yet been reported to address the question of how long it takes after lesion onset for the sensitivity of the apraclonidine test to achieve a level at which it can be relied on clinically to make management decisions for that patient. In practice I suspect this rarely matters since the clinical presentation of ICAD is so distinctive that all patients are likely to need carotid imaging irrespective of any pharmacological test result. A second and more concerning limitation to apraclonidine testing regards its safety in infants under the age of 1 year. There have been a few reports of adverse systemic reactions to topical administration of this drug—including apnoea, bradycardia, hypotension, somnolence, and lethargy (26) although not all reported studies have encountered problems (18). In some (rare) cases malignant tumors such as neuroblastoma may present with isolated HS in the first year of life, so if there is a strong clinical suspicion and no other reasonable explanation then these patients will probably need a full work-up regardless of any pharmacological confirmation of HS. In my hospital which treats only adults, I have seen no adverse drug reactions to 0.5% apraclonidine after administering this drug to 383 eyes, leading me to conclude that in the adult population this test is completely safe. Finally it should be noted that in this study I have only considered the effects of these drugs on the pupil; apraclonidine also retracts the upper lid (27), but this effect has not been evaluated in the current study and it is not known whether this sign has any diagnostic value for detection of Horner syndrome.

In conclusion, my retrospective data collected over a 14 year observation period shows a wide range of effect of both cocaine and apraclonidine when used as a test for HS. When 95% limits are defined based on the pupil responses I observed in the normal eyes (i.e., giving each drug test a specificity of 95%), cocaine only has a sensitivity of 40% compared with 93% for apraclonidine. In addition, when compared with apraclonidine cocaine is more expensive, less often available and needs special arrangements to be kept securely. On that basis I recommend apraclonidine is now adopted as the “gold standard” pharmacological test for diagnosing HS. Caution may be needed using this test immediately after the onset or in infants under 1 year of age.
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Background: Melanopsin-expressing intrinsically photosensitive Retinal Ganglion Cells (ipRGCs) signal non-imaging forming effects of environmental light for circadian phoentrainment, the pupil light reflex, and mood regulation. In seasonal affective disorder, ipRGC dysfunction is thought to cause abberant transmission of the external illumination for photoentrainment. It is not known if patients with non-seasonal depression have abnormal melanospin mediated signaling and/or irregular environmental light exposure.

Methods: Twenty-one adults who live in a sub-tropical region, including eight patients with non-seasonal depression and thirteen age-matched healthy controls were recruited. The Mini International Neuropsychiatry Interview diagnosed the presence of a major depressive disorder. Light exposure was determined using actigraphy over a 2 week period. The melanopsin mediated post-illumination pupil response (PIPR) and outer retinal inputs to ipRGCs (transient pupil response and maximum pupil constriction amplitude) were measured in response to 1 s, short and long wavelength light with high and low melanopsin excitation.

Results: The mean daylight exposure as a function of clock hours and total light exposure duration (mins) to illumination levels commonly recommended for depression therapy were not significantly different between groups. Out of 84 pupil measurements (42 each in the depression and control groups), the melanopsin-mediated PIPR amplitude, transient pupil response, and pupil constriction amplitude were not significantly different between groups.

Conclusions: This report provides initial evidence of normal melanopsin function and environmental light exposures in patients with pre-dominately mid and moderate non-seasonal depression in a subtropical location in the southern hemisphere.

Keywords: pupil, melanopsin, light exposure, depression, MDD = major depressive disorder


INTRODUCTION

The discovery of projections of melanopsin-expressing intrinsically photosensitive Retinal Ganglion Cells (ipRGCs) to brain mood centers (1) has redefined understanding of light-mediated mood regulation (2, 3). These inner retinal cells have major roles in non-image-forming functions including entrainment of the body clock to a ~24 h day-night circadian rhythm (4), regulating the pupil light response (5, 6) as well as in image forming brightness perception, temporal, and color processing in humans (7–9). The post-illumination pupil response (PIPR) (6) is the sustained pupil constriction to high irradiance, short wavelength light that is controlled by the intrinsic melanopsin response from ~1.8 s onwards after light offset (10). During light stimulation, outer retinal inputs to ipRGCs can be assessed with the transient pupil light response (transient PLR) and peak constriction amplitude, with melanopsin contributing to the maintenance of pupil constriction (11, 12).

In seasonal affective disorder (SAD), the melanopsin-mediated PIPR is attenuated (2) whereas daily light exposure and time spent under bright illumination (>1,000 lux) is not different to healthy individuals (13), indicating that impaired light signaling due to ipRGC dysfunction can influence mood in SAD. In contrast, the PIPR amplitudes were normal in a combined cohort of patients with major depressive disorder (MDD) with SAD (n = 7) and non-seasonal depressive disorder (n = 12) (14). These non-significant differences may reflect the mixed cohort of patients (with and without seasonal depression) and the high variability in the data in the MDD group (14). In MDD patients and healthy controls in the northern hemisphere, the PIPR amplitude is less pronounced in winter compared to the summer months with longer daylight hours (14) and irrespective of season, the transient pupil response to dim light is impaired in MDD, which may reflect dysfunctional outer retinal inputs to ipRGCs (14). The link between light exposure and melanopsin function in patients with MDD, and in particular in non-seasonal depression, has not been examined. This study therefore objectively determined the mean daylight and daily hourly light exposure and duration of exposure to illumination levels recommended for light therapy in depression (15) in a group of patients with non-seasonal depression and healthy participants, and quantified melanopsin function with an optimized pupillometric paradigm that is robust to the presence of subtle melanopsin defects at early stages of retinal disease (16, 17).



METHODS


Participants

Twenty-one participants aged between 18 and 61 years, including eight patients (38 ± 15 yrs) with non-seasonal depressive disorder (seven female and one male) diagnosed as mild (n = 1) moderate (n = 5), and severe (n = 1) MDD and thirteen age-matched healthy controls (30 ± 7.7 yrs) (6 females, 7 males) were recruited. The recruitment period was classified as summer dominating months (November–March) or winter dominating months (April–August) in Brisbane, Australia, a sub-tropical location in the southern hemisphere. The MDD group without seasonal depression were assessed by a clinical psychologist using the Mini International Neuropsychiatric Interview (MINI) (18), and had at least mild levels of depressive symptoms in the last 2 weeks on the Beck Depression Inventory-II (19) and a negative screen on both, clinician-rated and self-report measures of SAD including the Hamilton Depression Rating Scale-Seasonal Affective Disorder (HDRS-SAD) (20) and the Seasonal Pattern Assessment Questionnaire (SPAQ) (21). The healthy control group was required to have a negative screen on all measures of depressive disorders. All participants had normal visual acuity (>6/6), color vision (Lanthony D-15), normal intraocular pressure and ophthalmoscopy. Participants with history of eye surgery or disease, lens opacification > grade 2 on LOCS III, cognitive impairment and/or intellectual disability and those with circadian disruption (e.g., shift workers or had recently traveled different time zones) were excluded.



Patient Assessment

Each of the 21 participants wore an Actiwatch (Geneactiv, Activinsights, Cambridge shire, UK) for 2 weeks. Actigraphy data were used to calculate the participants' individual light exposure duration to the recommended illuminance of broadband white lights (10,000, 5000, and 2500 lux) used for depression treatment (15). Artifacts were detected and removed in 0.8% of the patients with depression and 4% of the control participants. The time to first light, last light, and the global solar exposure (GSE) in the study location was recorded every day for each participant from the websites of WillyWeather (22) and the Australian Government Bureau of Meteorology (23). The subjective sleep onset latency (time to sleep after going to bed) was derived from the participants' self-reported sleep chart. The mid-sleep time derived from their actigraphy data was computed to compare the circadian phase and chronotype between the MDD and control groups (24).

The pupil light reflex was measured in response to a 1 s stimulus using a custom built, extended Maxwellian view pupillometer according to established laboratory procedures (25, 26) between 10 AM and 5 PM to minimize the effect of circadian variation on PIPR function (27). The left pupil was dilated and the consensual pupil response of the right eye was recorded. The stimuli (repeated twice for each condition) included a short (464 nm) and long wavelength (637 nm) light matched to a corneal irradiance of 15.5 log quanta.cm−2.s−1. The pupil metrics quantified were the 6 s PIPR, the transient PLR and the maximum pupil constriction (peak PLR) (25).



Statistical Analysis

Statistical data analysis was conducted using IBM SPSS 22 (SPSS, NY: IBM Corp). The MDD and control groups were compared on daily average light exposure, duration spent under light levels ≥ 10,000, ≥ 5,000, and ≥ 2,500 lux and pupil metrics using independent t-tests or a Mann-Whitney U test. Hourly light exposure (lux) were log transformed to meet the assumptions for parametric statistical analysis. The relationship between non-seasonal depression, pupil metrics, and light exposure was assessed using Pearson's or Spearman's correlation. Simple linear regression models were used to analyse the presence of linear relationship among the variables.




RESULTS

Given the known effects of Selective Serotonin Reuptake Inhibitors (SNRIs) on the baseline pupil diameter, pupil constriction amplitude and the PIPR (28), a separate analysis excluding the patients taking SNRIs showed no significant group difference in the baseline pupil diameter (U = 33.5, p = 0.6), and peak PLR (blue, U = 34, p = 0.7; red, U = 36, p = 0.8) and PIPR amplitudes (blue, U = 37, p = 0.9; red, U = 26, p = 0.3). There are contentious reports of the effects of Selective Serotonin Reuptake Inhibitors (SSRI), with either no effect (28) or increasing pupil diameter (29); in this study, four patients were taking the drug but there were no significant difference in resting baseline pupil diameter compared to the control group. Similarly, other less commonly used psychotropic drugs did not have a significant effect on PIPR amplitudes (antimanic drug, Mann-Whitney U = 38, p = 0.9; agomelatine, U = 43, p = 0.9; MAOI (monoamine oxidase inhibitor), U = 38, p = 0.6).

There was no significant difference between the groups for age (U = 31.5, p = 0.1), the global solar exposure (GSE) (U = 33, p = 0.2) and the photoperiods [t(19) = 2.0, p = 0.06]. The mean (± SD) BDI-II scores for MDD and control groups were 25.8 ± 5.7 and 0.5 ± 0.9, respectively (U = 0, p < 0.0001). The sleep length (U = 44, p = 0.6) and mid-sleep times [t(19) = 0.1, p = 0.9] were not significantly different between the groups indicating the groups were comparable on circadian phase and chronotype.

The average light exposure at every clock hour over the 2 week recording period using a 24 h period were not significantly different between the MDD group and healthy controls [F(23, 408) = 0.4, p = 0.9] (Figures 1A,B). The mean daylight exposure in the MDD group was also not significantly different from controls [t(19) = 0.9, p = 0.3] (Figure 1B). During the day (8:00–16:00 clock hours), both groups were exposed for at least 8 h after wake time to photopic illumination equivalent to that on an overcast day (~1,000 lux) (Figure 1B). During the evening (16:00–18:00 clock hours), both groups experienced light levels equivalent to an office light exposure (250–500 lux) (Figure 1B). During the night hours, both groups were exposed to illumination level common to the mesopic range and the scotopic ranges (30) and the median nightlight exposure was not significantly different between groups (Mann-Whitney U = 50, p = 0.9) (Figure 1B).
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FIGURE 1. (A,B) Average light exposure (illumination, Lux) over a 2-week period as function of (A) daily mean (±SD) clock hours and (B) circadian hours, with circadian time referenced to individual wake time (defined as zero after-wake time) to mimimize individual differences in light exposure due to differences in participant wake times. (C) Daily duration of exposure to illuminance levels recommended for depression light therapy in patients with depression and controls are shown. (D) The mean pupil light responses and 95% confidence intervals to the two stimuli (blue, red) for patients with depression and control particpants. For all particpants and both stimulus wavelengths, Box-and-Whisker plots show the median, 25 and 75% quartiles and range of the (E) PIPR amplitudes, (F) peak constriction amplitude, and (G) transient PLR. The blue lines represent the data measured with the short wavelength (blue) light (464 nm); red lines represent the data measured with the long wavelength (red) light (637 nm).



The light exposure levels were not significantly different between season (summer or winter) or time of day for the two groups [F(23, 408) = 0.9, p = 0.6]. The duration (mins) of light exposure under illuminations commonly recommended for depression light therapy (≥ 10,000 lux) (15) did not differ between groups (Mann-Whitney U = 43, p = 0.5), ≥ 5000 lux [t(19) = 0.5, p = 0.6] and ≥ 2500 lux [t(19) = 0.8, p = 0.43] (Figure 1C).

Each participant underwent four pupil measurements (2 blue and 2 red) resulting in a total of 84 pupil recordings. Table 1 outlines the mean pupil light reflex data for both groups. Figure 1D shows the mean pupil response (± 95% confidence intervals) to 1 s short wavelength (blue) and long wavelength (red) light stimuli. The baseline pupil diameter was not significantly different between the groups [t(19) = 0.7, p = 0.5]. The PIPR amplitudes were also not significantly different between groups [t(19) = 0.02, p = 0.9] (Figure 1E). There was no difference in PIPR amplitudes for participants recruited during the summer and winter dominating months [t(29) = 1.4, p = 0.2]. Peak constriction and transient PLR amplitudes (Figures 1F,G) were not different between the groups for blue [peak, t(19) = 0.9, p = 0.4; transient PLR, t(19) = 0.4, p = 0.7] or red stimuli [peak PLR, Mann-Whitney U = 37, p = 0.3; transient PLR, t(19) = 0.3, p = 0.7]. There was no linear relationship between light exposure and PIPR amplitude in the MDD [F(1, 6) = 0.6, R2 = 0.1, p = 0.5] or control group [F(1, 11) = 2.1, R2 = 0.2, p = 0.2].



Table 1. Pupil metrics (mean and 95% CL) for the two participant groups.
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DISCUSSION

This study provides the initial evidence that there are no significant differences between patients with mainly moderate and mild non-seasonal MDD and healthy controls in either daily and hourly light exposure or the duration spent under bright illuminations commonly recommended for light therapy in MDD. The findings of normal PIPR amplitudes and transient PLR to stimuli with high melanopsin excitation are consistent with a recent study based in the northern hemisphere that investigated 12 MDD patients with non-seasonal depressive disorder (14). That study however, did not record detailed light exposure data in their control group. That a previous study in 15 patients with SAD detected a significant reduction in the melanopsin-mediated PIPR amplitude (2), may indicate different pathomechanisms are involved in SAD, and/or that different ipRGCs subtypes, including those that do not primarily signal to the OPN to regulate the pupil, are differentially affected in the two conditions. M1 ipRGC subtypes have more projections to the SCN than other brain areas (31) which implies that they may have a more prominent role in photoentrainment than in other behavioral functions such as mood. Within M1 subtypes, there is evidence from mouse models that Brn3b-positive M1 ipRGCs project to the OPN shell to control the pupil light reflex and to many other brain areas, whereas Brn3b-negative M1 cells only project to the SCN to drive circadian photoentrainment (32). Based on this, it could be postulated that Brn3b-positive M1 subtypes might be spared in non-seasonal depression, but further evidence is needed in human studies to directly examine this.

We did not find a positive correlation between the PIPR and longer day light hours as previously observed in a study performed in MDD and healthy controls (14). These contrasting findings may be due to the higher light exposure in this geographical area in the southern hemisphere. Importantly, with the melanopsin threshold at ~11.0 quanta.cm−2.s−1 (33), in our sample light exposure levels were above this threshold throughout their entire wake time in both the summer and winter seasons. Therefore a correlation between the PIPR amplitude and season is not to be expected in study locations closer to the equator.

The small sample of patients with non-seasonal depression is a limitation, and similarly sized to a study evaluating the relationship between non-seasonal MDD and the PIPR in the northern hemisphere (14). We augment existing studies in MDD by providing well defined melanopsin driven pupil responses and initial data on light exposure in a cohort of patients with mainly mild/moderate non-seasonal depression residing in the southern hemisphere. These data can provide a starting point for large-scale, controlled, multi-center studies evaluating the role of the melanopsin pathway in MDD that may lead to targeted, irradiance and wavelength dependent light treatment in MDD in the future.
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Influence of Strategic Cortical Infarctions on Pupillary Function
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Objective: Cortical activity, including cognitive and emotional processes, may influence pupillary function. The exact pathways and the site of cortical pupillary innervation remain elusive, however. We investigated the effects of select cortical strokes, i.e. ischemic infarcts affecting the insular cortex and prefrontal eye field, on pupillary function.

Methods: Seventy-four patients with acute ischemic stroke, consecutively admitted to our institution from March to July 2018, were assessed 24 h after endovascular recanalization therapy (i.e., day 2 after the stroke), using automated pupillometry. Stroke location and volume and clinical severity (estimated by the Alberta Stroke Program Early CT Score and National Institute of Health Stroke Scale) were recorded. We excluded patients with posterior circulation stroke, intracranial pathology other than ischemic stroke, midline shift on computed tomography exceeding 5 millimeters or a history of eye disease. Pupillometry data from 25 neurologically normal patients with acute myocardial infarction were acquired for control.

Results: Fifty stroke patients after thrombectomy were included for analysis. Twenty-five patients (50%) had insular cortex or prefrontal eye field involvement (group 1, strategic infarcts); 25 patients had infarcts located in other cerebral areas (group 2, other infarcts). The pupillary light reflex, as measured by constriction velocity and maximal/minimal pupillary diameters, was within physiological limits in all patients, including controls. However, while pupillary size and constriction velocities were correlated in all subjects, the correlation of size and dilatation velocity was absent in right-hemispheric infarcts (left hemisphere infarcts, group 1 (r2 = 0.15, p = 0.04), group 2 (r2 = 0.41, p = 0.0007); right hemisphere infarcts, group 1 (r2 = 0.008, p = 0.69); group 2 (r2 = 0.12, p = 0.08); controls (r2 = 0.29, p ≤ 0.0001).

Conclusions: Cortical infarcts of the prefrontal eye field or insula do not impair the pupillary light reflex in humans. However, subtle changes may occur when the pupils dilate back to baseline, probably due to autonomic dysfunction. Replication is needed to explore the possible influence of hemispheric lateralization. We suggest that endovascular therapy for acute ischemic stroke may serve as a clinical research model for the study of acquired cortical lesions in humans.

Keywords: endovascular stroke therapy, insula, prefrontal eye field, pupils, pupillometry, pupillary light reflex, stroke, mechanical thrombectomy


INTRODUCTION

The pupillary light reflex is a polysynaptic reflex that requires cranial nerves II and III, as well as central brainstem connections (1). Light falling into one eye stimulates retinal photoreceptors, bipolar cells and subsequently retinal ganglion cells, whose axons form the optic nerve. Some of these axons terminate in the pretectum of the mesencephalon; and pretectal neurons project further to the Edinger-Westphal nuclei. Then, preganglionic parasympathetic axons synapse with ciliary ganglion neurons which in turn send postganglionic axons to innervate the pupillary constrictor muscles of both eyes (1).

Although the pupillary light reflex is part of the routine neurological examination, its physiological background is less well-understood than most clinicians are aware of. In addition to the pathways outlined above, there is also a cortical component of pupillary innervation. For instance, emotional responses and cognitive processes such as decision making and mental arithmetic may produce pupillary dilatation (2–8). Further, electrical stimulation of the frontal eye field in monkeys leads to pupillary dilatation (9, 10). Via connections with the intermediate layer of the superior colliculus, the frontal eye field appears to be able to modulate pupillary diameters, resulting in pupillary dilation during cognitive processes (10). Another gray matter region that may contribute to pupillary function is the insular cortex. An important region for arousal and autonomic control (11, 12), the insular cortex is involved [together with the anterior cingulate cortex (13, 14)] in the control of the locus coeruleus, the noradrenergic brainstem center (15), and may thereby influence pupillary function via sympathetic-parasympathetic innervation (13, 16, 17). However, the exact pathways of cortical modulation of human pupillary function remain elusive.

The present study aimed at investigating cortical modulation of pupillary reflex pathways by using routinely collected data in a clinical setting. To this end, we correlated automated pupillometry with cerebral infarct locations in stroke patients after endovascular thrombectomy, which served as a paradigm for pupillary changes caused by select cerebral lesions. We hypothesized that patients with strategic infarcts localized to the prefrontal eye field (Broadman area 8) and/or the insular cortex on either side would have pupillary abnormalities compared to stroke patients without infarcts in these areas. Pupillometry data from neurologically normal patients with acute but clinically stable myocardial infarction, investigated after percutaneous coronary intervention, served as control group.



MATERIALS AND METHODS


Inclusion Criteria

We assessed pupillometry data from stroke patients (aged ≥18 years) with an anterior circulation stroke (i.e., affecting internal carotid artery, middle cerebral artery and/or anterior cerebral artery territories) consecutively admitted for acute endovascular thrombectomy to the Department of Neurology, Rigshospitalet, Copenhagen University Hospital, during the period from March to July 2018.



Exclusion Criteria

Patients with a history of eye disease (e.g., following cataract operation), relevant structural pathology on CT other than ischemic stroke (e.g., tumors), and mass effects on CT exceeding a midline shift of 5 mm (measured at the level of the pineal gland) were excluded. In addition, we excluded patients with evidence of posterior circulation strokes (acute or chronic) to avoid lesions involving the brainstem and occipital cortex.



Procedures

For automated pupillometry, we used the NPi®-200 Pupillometer (NeurOptics, Laguna Hills, CA 92653 USA), a portable, handheld, monocular, infrared device, which allows quantitative measurements of the pupillary response. The pupillometer releases a flash of white light (duration 0.8 s, pulse intensity 121 uW) to stimulate the pupillary light reflex. Light calibration is performed by the manufacturer and does not require any periodic re-calibration. The pupillometer digitally registers the pupillary light response as a video (sampling rate 30 Hz) and displays numeric results on a screen (Table 1, Figure 1). For an illustration of the NPi®-200 pupillometer, please consider https://www.youtube.com/watch?v=EjlZ5oocl0g&frags=pl%2Cwn. Measurements were performed once in both eyes as part of the routine clinical evaluation 24 h after the endovascular treatment (i.e., on the second day of stroke) immediately before the CT scan control. During pupillometry measurement of each eye the opposite eye was covered to minimize the consensual light reflex and its effect on the pupillary baseline diameter. National Institute of Health Stroke Scale (NIHSS) scores 24 h after stroke onset were also collected as part of the clinical routine. Twenty-four hours control computed tomography (CT) of the brain was assessed by a trained neuroradiologist for infarctions localized in the prefrontal eye field (Brodmann area 8), the insular cortex and/or the thalamus in either hemisphere (Figure 1). In addition, CT was evaluated for overall stroke volume using the Alberta Stroke Program Early CT Score (ASPECTS) (18). We also recorded whether infarcts occurred in the thalamus, as this region is an important relay station of the visual pathway (19) (although typically supplied by the posterior, not anterior, circulation).



Table 1. Variables assessed by pupillometry.
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FIGURE 1. We performed a clinical practice study investigating the cortical modulation of pupillary function following strategic cerebral strokes. This figure depicts CT of the brain from 2 exemplary stroke patients 24 h following endovascular therapy for large vessel occlusive stroke. Strategic ischemic infarctions are seen in the left prefrontal eye field (Left) and right insular cortex (Central). Using automated pupillometry [(Right); courtesy of https://commons.wikimedia.org/wiki/Main_Page], we collected pupillometry data of patients with strategic infarcts in the prefrontal eye field and/or insular cortex (group 1) and compared them to data from stroke patients without infarcts in these areas (group 2) and to data from patients with myocardial infarcts but without clinical evidence of brain injury (control group).



Pupillometry, CT, and NIHSS data were dichotomized according to stroke location: Group 1 included stroke patients with infarcts in the prefrontal eye field and insular cortex in either hemisphere (strategic infarcts); group 2 included stroke patients without infarcts in these regions. The control group consisted of patients with acute, clinically stable myocardial infarction after percutaneous coronary intervention from the Department of Cardiology, Rigshospitalet, Copenhagen University Hospital. The latter patients underwent pupillometry as described, but neither NIHSS nor CT.



Outcome Measures

Outcome measures included the pupillary diameter before and after light exposure, percentage change of pupillary diameters, and pupillary constriction and dilatation velocities, as well as the neurological pupil index (NPi), which is a proprietary pupillometry sum score (i.e., a composite of quantitative pupillary parameters and a measure of the briskness of the pupil light reflex) from 0 to 5, with ≥3 indicating physiological limits (including a maximal difference between the 2 eyes of < 0.7) (20, 21) (Table 1). In addition, strategic infarcts were evaluated as outlined above (Figure 1).



Statistics

Statistical tests were performed using Prism 7 software (GraphPad Software; La Jolla, CA, USA). Baseline characteristics, dichotomized ASPECT (18) scores and NIHSS (22) and all pupillary parameters were first compared between group 1 (strategic strokes) and group 2 (other strokes), and then between group 1 and controls using either Fisher's exact test or unpaired or paired two tailed Student's t-tests. Where required, the Holm-Sidak method was performed to adjust results for multiple testing. In addition, the relationship between constriction and dilation velocities, respectively, maximum size before constriction and minimum size after constriction (i.e., diameter at maximal constriction) was examined using Pearson's correlation coefficient and linear regression for left and right eye in group 1 and controls; for left and right hemisphere infarcts in all three groups. A statistically significant difference was defined by a value of p < 0.05.



Ethics

All measurements were performed as part of routine clinical assessment. Data were anonymized and handled according to the European Union's Data Protection Law. The Ethics Committee of the Capital Region of Denmark approved the study concept and waived the need for written consent because risks were deemed negligible.




RESULTS


Patients

Seventy-four patients were admitted for acute endovascular thrombectomy from March 1 to July 11, 2018. Twenty-four patients fulfilled exclusion criteria and their data were omitted. Fifty patients with an anterior circulation stroke were included for analysis [26 (52%) females; mean age 71.8 years, SD ± 10.8]. All stroke patients received endovascular treatment, followed by a control CT, NIHSS score and an assessment of pupillary function 24 h later. The control group consisted of 25 age- and sex-matched patients [11 (44%) females; mean age 67.8 years, SD ± 13.6] with acute, clinically stable myocardial infarction and without known cerebral stroke. Clinical baseline data are provided in Table 2. For raw data (clinical, radiological and pupillometric data) see Supplementary Table 1.



Table 2. Clinical baseline characteristics.
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Location of Cerebral Infarcts and Stroke Burden

Of 25 patients with strategic infarctions (group 1), 17 had an involvement of the insular cortex alone, 2 of the prefrontal eye field, and 5 of both areas (Figure 1). Only 1 patient had a thalamic infarct, together with both insular and prefrontal eye field lesions. Eleven patients (44%) had a left hemispheric stroke, 14 (56%) a right-side hemispheric stroke. Twenty-five patients had lesions in other brain areas, 12 (48%) had a left sided stroke, 13 (52%) a right hemispheric stroke (group 2).

As expected, infarct volumes (estimated with the ASPECT score) were correlated with the presence of a strategic stroke. Patients with an ASPECT score ≤ 7 (n = 20 or 80% in group 1; n = 3 or 12% in group 2), indicating higher stroke volumes, had a significantly higher chance of having an insular or prefrontal eye field involvement compared to those with ASPECT >7 (Fisher's exact test; p < 0.0001).

The clinical severity, as revealed by the NIHSS score, was also associated with stroke location. NIHSS scores >10 (n = 15 or 56% in group 1; n = 6 or 24% in group 2) correlated with a higher probability of strategic infarctions (Fisher's exact test; p = 0.01).



Pupillometry

General pupillary function was normal in the 3 groups: The NPi index was >3 in all 75 patients (i.e., 150 eyes examined). Likewise, NPi differences between left and right eyes were always within physiological limits (< 0.7). Maximal and minimal pupillary diameters, percentage changes in pupillary sizes, latency of pupillary constrictions, as well as constriction and dilation velocities were also similar between group 1 (strategic infarcts) and group 2 (other infarcts) (Table 3). There were neither any differences of these parameters between group 1 and controls following adjustment for multiple testing (Table 3). In addition, the relative amplitude (initial diameter–minimum size) of the pupillary light reaction was calculated for group 1 and compared between left and right eyes (paired t-test p = 0.25, effectiveness of pairing r = 0.63, p = 0.0003), indicating normal consensual pupillary reactions.



Table 3. Pupillometry data from stroke patients with and without strategic infarctions, and controls.
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A positive correlation between maximum size and constriction velocity was found for both right and left eyes. The Pearson coefficient for left eyes was r = 0.62 (p = 0.0009) in group 1 (strategic infarcts) and r = 0.83 (p < 0.0001) in controls, and for right eyes the coefficient was r = 0.76 (p < 0.0001) in group 1 and r = 0.85 (p < 0.0001) in controls (Figure 2).
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FIGURE 2. Pupillometry data from patients with strategic cerebral infarcts and controls: Maximal pupillary diameters and constriction velocities. Solid lines denote the best fit from linear regression analysis. (Left) Relationship between maximum diameter and constriction velocity of the left eye, group 1 in green (Y = 0.5945X+2.2, r2 = 0.38, p = 0.0009); controls in red (Y = 0.8142X + 1.772, r2 = 0.69, p < 0.0001). (Right) Relationship between maximum diameter and constriction velocity of the right eye, group 1 in green (Y = 0.6748X + 1.975, r2 = 0.57, p < 0.0001); controls in red (Y = 0.9028X +1.671, r2 = 0.72, p < 0.0001).



A weak correlation was also found for minimum size and dilation velocity in controls but not in patients with strategic infarctions. Thus, the coefficient for left eyes in group 1 was r = 0.25 (p = 0.23) and in controls r = 0.47 (p = 0.018, adjusted p = 0.054), and in group 1 for right eyes r = 0.065 (p = 0.75) and in controls r = 0.60 (p = 0.0013, adjusted p = 0.005) (Figure 3).
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FIGURE 3. Pupillometry data from patients with strategic cerebral infarcts and controls: Minimal pupillary diameters and dilatation velocities. Solid lines denote the best fit from linear regression analysis. (Left) Relationship between minimum diameter and dilatation velocity of the left eye, group 1 in green (Y = 0.3976X + 1.977, r2 = 0.063, p = 0.23); controls in red (Y = 0.5857X + 1.83, r2 = 0.22, p = 0.018, adjusted p = 0.054). (Right) Relationship between minimum diameter and dilation velocity of the right eye, group 1 in green (Y = 0.07548X + 2.263, r2 = 0.004, p = 0.75); controls in red (Y = 0.6646X + 1.738, r2 = 0.37, p = 0.0013, adjusted p = 0.005).



Linear regression analysis of constriction velocities, plotted against maximum pupillary diameters, was unaffected by hemispheric stroke lateralization (Figures 4, 5), but the correlation of dilatation velocities with minimal pupillary diameters was lost with strategic infarcts in the right hemisphere [group 1 (r2 = 0.008, p = 0.69); group 2 (r2 = 0,12, p = 0.0821); controls (r2 = 0.29, p ≤ 0.0001)] (Figure 5).
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FIGURE 4. Pupillometry data from patients with left, respectively, right hemisphere cerebral infarcts (plotted against pupillometry data from controls without hemispheric strokes): Maximal pupillary diameters and constriction velocities. Solid lines denote the best fit from linear regression analysis. (Left) Left hemisphere infarcts, group 1 in green (Y = 0.9538X + 1.322, r2 = 0.67, p ≤ 0.0001); group 2 in blue (Y = 0.9257 X + 1.428, r2 = 0.7, p < 0.0001); controls in red (Y = 0.8583X + 1.721, r2 = 0.7, p ≤ 0.0001). (Right) Right hemisphere infarcts, group 1 in green (Y = 0.3189X + 2.861, r2 = 0.3, p = 0.0077); group 2 in blue (Y = 0.6064X + 2.086, r2 = 0.4, p = 0.0005), controls in red (identical values as above).
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FIGURE 5. Pupillometry data from patients with left, respectively, right hemisphere cerebral infarcts (plotted against pupillometry data from controls without hemispheric strokes): Minimal pupillary diameters and dilatation velocities. Solid lines denote the best fit from linear regression analysis, showing the relationship between minimum diameter and dilation velocity. (Left) Left hemisphere infarcts, group 1 in green (Y = 0.5528X + 1.705, r2 = 0.15, p = 0.04); group 2 in blue (Y = 0.8756X + 1.538, r2 = 0.41, p = 0.0007); controls in red (Y = 0.6312 X 1.78, r2 = 0.3, p ≤ 0.0001). (Right) Right hemisphere infarcts, group 1 in green (Y = −0.1018 X+2.549, r2 = 0.008, p = 0.69); group 2 in blue (Y = 0.5222X + 2.023, r2 = 0.12, p = 0.0821), controls in red (identical values as above).






DISCUSSION

The human pupillary light reflex, as assessed by the speed of pupillary constriction and diameters before and after constriction, does not seem to be affected by strategic infarcts of the prefrontal eye field or insular cortex. This finding does not support the hypothesis of strategic strokes altering pupillary function, probably because the present model is a model of cortical lesioning as opposed to cortical activation. Hence, cortical activation may lead to pupillary dilation (5, 9) [or, more rarely, constriction (23–26)], but the absence of cortical input to the pupils following cortical damage does not appear to affect the light reflex. To our knowledge, this is the first systematic human study investigating cortical modulation of pupillary function in a true-to-life clinical setting.

Subtle changes in pupillary function, however, may still be possible immediately after the light reflex, i.e., when the light stimulus is over, and the pupils dilate back to baseline. Thus, while we observed a robust correlation between pupillary size and constriction velocity [confirming previous studies (27, 28)], minimum size and dilation velocity were still correlated in controls but no longer in patients with strategic infarctions. In addition, in patients with strategic infarcts the correlation of dilatation velocities with pupillary diameters was weak with left hemispheric strokes and lost with right-sided strokes. In contrast, this correlation was still robust in controls and in stroke patients without strategic infarcts, irrespective of hemispheric lateralization (Figure 4). Several explanations are possible. First, strategic infarctions in the prefrontal eye field and/or insular cortex may indeed influence pupillary function in subtle ways, perhaps by impaired sympathetic control or reduced parasympathetic inhibition, resulting in decreased pupillary dilation velocity (27). This is consistent with the insular cortex being an important center of autonomic control. Indeed, strokes affecting the insular cortex are associated with significant autonomic dysfunction (11, 12, 29, 30), in particular ischemic stroke events involving the right-sided insular cortex (31). Second, the observed difference could be related to infarct volume. Patients with strategic infarcts had larger stroke volumes and more severe neurological deficits compared to patients without strategic infarcts, and, although strokes producing mass effects were excluded, this may have influenced pupillary function either by accumulative neuronal loss or damage to still unidentified neuronal groups that may be important for pupillary function. Third, the results may be flawed due to the relatively small sample size. However, if these findings can be replicated with larger numbers, loss of cortical innervation would, indeed, seem to produce subtle pupillary changes as we excluded strokes with mass effect and posterior circulations strokes, i.e., the occipital visual areas and the subcortical neuronal innervation of the pupils were intact.

Limitations to our study, besides the modest sample size, include the use of CT instead of Magnetic Resonance Imaging to estimate stroke location and the use of the ASPECT score which is a crude measure of stroke volume (18). Also, we did not adjust for stroke volumes but, as stated, excluded significant mass effects, ensuring integrity of brainstem pathways. Lastly, the NPi is an index based on a proprietary algorithm, and although it is commonly used in the clinical setting e.g., (20, 21, 32, 33), it cannot be publicly verified, which limits its intrinsic value to the scientific community (We contacted the manufacturer but were unable to receive information about how the NPi is computed).

On the positive side, all pupillometry data besides the NPi are based on objective and well-known indices (Table 1), and this is one of the few systematic studies investigating cortical modulation of pupillary function in humans. Moreover, we worked within a true-to-life clinical research setting, using noninvasive and easily available tools; we included controls adequately matched in terms of sex, vascular co-morbidity and age (34, 35). Further, we excluded confounding factors such as eye diseases, posterior circulation strokes and intracranial structural pathologies other than ischemic stroke.

Of note, we also introduced a new cortical lesion model in humans (which are very rare for obvious reasons), using strategic infarctions in patients after endovascular thrombectomy for acute ischemic stroke. Given the rapidly increasing use of endovascular stroke therapy (36), this seems to be a feasible way to recruit patients within a comparatively short timeframe and to systematically study the neuronal effects of select cortical lesions in a real-world setting.



CONCLUSIONS

Overall pupillary function is unaffected by prefrontal eye field or insular cortex strokes in humans. Subtle changes, perhaps related to autonomic dysfunction, may still occur immediately after the light reflex when the pupils dilate back to baseline. Replication using a larger sample size is needed to further explore the possible influence of hemispheric lateralization. We suggest that endovascular therapy for acute ischemic stroke due to occlusive large vessel disease may serve as a pragmatic and realistic clinical research model for the study of acquired cortical lesions in humans.
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Gaze-Contingent Flicker Pupil Perimetry Detects Scotomas in Patients With Cerebral Visual Impairments or Glaucoma
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Background: The pupillary light reflex is weaker for stimuli presented inside as compared to outside absolute scotomas. Pupillograph perimetry could thus be an objective measure of impaired visual processing. However, the diagnostic accuracy in detecting scotomas has remained unclear. We quantitatively investigated the accuracy of a novel form of pupil perimetry.

Methods: The new perimetry method, termed gaze-contingent flicker pupil perimetry, consists of the repetitive on, and off flickering of a bright disk (2 hz; 320 cd/m2; 4° diameter) on a gray background (160 cd/m2) for 4 seconds per stimulus location. The disk evokes continuous pupil oscillations at the same rate as its flicker frequency, and the oscillatory power of the pupil reflects visual sensitivity. We monocularly presented the disk at a total of 80 locations in the central visual field (max. 15°). The location of the flickering disk moved along with gaze to reduce confounds of eye movements (gaze-contingent paradigm). The test lasted ~5 min per eye and was performed on 7 patients with cerebral visual impairment (CVI), 8 patients with primary open angle glaucoma (age >45), and 14 healthy, age/gender-matched controls.

Results: For all patients, pupil oscillation power (FFT based response amplitude to flicker) was significantly weaker when the flickering disk was presented in the impaired as compared to the intact visual field (CVI: 12%, AUC = 0.73; glaucoma: 9%, AUC = 0.63). Differences in power values between impaired and intact visual fields of patients were larger than differences in power values at corresponding locations in the visual fields of the healthy control group (CVI: AUC = 0.95; glaucoma: AUC = 0.87). Pupil sensitivity maps highlighted large field scotomas and indicated the type of visual field defect (VFD) as initially diagnosed with standard automated perimetry (SAP) fairly accurately in CVI patients but less accurately in glaucoma patients.

Conclusions: We provide the first quantitative and objective evidence of flicker pupil perimetry's potential in detecting CVI-and glaucoma-induced VFDs. Gaze-contingent flicker pupil perimetry is a useful form of objective perimetry and results suggest it can be used to assess large VFDs with young CVI patients whom are unable to perform SAP.

Keywords: pupillary response, perimetry, open-angle glaucoma, cerebral visual impairment, pupillometry, neuro-ophthalmic disease, visual field defect


INTRODUCTION

When patients report visual impairments and an ophthalmologist suspects a visual field defect (VFD), a batch of tests will be performed. One typical test for detecting VFD is perimetry, which tests the patient's vision (i.e., visual sensitivity) across several locations of the visual field. The mostly used, standard, conventional form is threshold perimetry in which patients are shown small light points for short durations at varying light intensities and locations. Patients are asked to fixate centrally on a display and respond whenever a point in the para-fovea or periphery is seen. Point intensities and locations are adapted until the lowest visibility threshold is found for each location in the visual field.

Despite its common use, the subjective character of standard automated perimetry (SAP; also refered to as standard conventional perimetry; SCP) brings along several problems. The first problem is that very young healthy children (<5 years) (1) and most of the neurologically impaired children suffering from brain damage cannot perform SAP, since these techniques require task comprehension, full cooperation, and motoric responses (2). It is estimated that only 4% of the patients that belong to the latter group are able to perform SAP (2). Second, patients may rather easily fake visual field loss (e.g., for financial or psychological reasons) and forge SAP (3). Patients with simulated visual field loss may be subjected to extensive, time-consuming procedures, and costly medical investigations are performed until the factitiousness of the symptoms are discovered (4). The third problem is that the sensitivity and reliability of SAP can be distorted by eye-movements and fixation losses. Accurate visual processing highly depends on the focus of gaze (5, 6) and covert attention (7–10).

Pupil perimetry1, as an alternative method for sensory perimetry, is suggested to circumvent the problems outlined above [for reviews, see (11–13)]. Pupil perimetry consists of the measurement of the amplitude or latency of the pupillary light reflex2 as a measure of visual sensitivity in response to the onset of bright stimuli across several locations in the visual field. Several pupil perimetry studies propose that the visual sensitivity maps measured with pupil perimetry are qualitatively comparable to visual sensitivity maps from threshold perimetry [e.g., (14)]. One meta-analysis and several recent publication on multifocal pupillographic perimetry reported quantitative evidence for pupil perimetry's effectiveness in detecting glaucoma (13, 15–18). Some additional evidence exists in favor of the effectiveness of pupil perimetry in diagnosing patients with damage to the optic tract, to or near the lateral geniculate nucleus, or to the occipital lobes. So far, damage to the optic tract does not seem to produce reliable alterations in the pupil light reflex (11, 14, 19). Damage to or near the lateral geniculate nucleus and to the optic chiasm results in weakened pupil responses when stimuli are presented in the blind fields as compared to intact fields (14, 20–23). Damage to the occipital lobe also leads to similar effects on pupil responses to stimuli presented inside and outside the blind fields of hemianopic patients (12, 14, 19, 21, 23–28). Despite these promising results, pupil perimetry has not yet progressed to a method that is commonly applied in ophthalmology. Furthermore, the effectiveness of pupil perimetry has not yet been quantitatively assessed in CVI.

One possible explanation for the low popularity of pupil perimetry could be related to the way its diagnostic effectiveness has so far been examined. For example, pupil perimetry results of patients with post-geniculate damage are often reported in the form of qualitative comparisons of visual sensitivity maps based on subjective observations, rather than quantitative analyses of sensitivities (14, 19, 21, 27, 28). Also, previous studies either did not include healthy control populations for comparison or pupil sensitivities of healthy populations could not be dissociated from those of patients (14, 20–23, 28). Pupil perimetry has also been denoted as an impractical method because of its complexity, time-consuming nature, and poor spatial resolution (11). Lastly, when comparing pupil perimetry to SAP, it is automatically assumed that both measurement outcomes stem from the same underlying neural circuitry. However, the mechanism that determines sensitivity in pupil perimetry is not necessarily the same as the mechanism underlying visual awareness of brightness in SAP. Pupil perimetry may thus have the potential to complement SAP, independent of the type of patient, in addition to being a replacement test for patients that are unable to reliably report visual perception.

The current study examines the effectiveness of pupil perimetry with a different approach than the studies described above. More specifically, we will control for effects of eye movements by (i) measuring where observers are fixating and (ii) adjusting the position of the stimulus contingent with gaze [see Figure 1; also see (29)]. Second, we ensure that patients have proficient endogenous attention for the light stimuli to evoke reliable pupil responses by superimposing a letter detection task on top of the target stimuli (7). Third, we increase the amount of pupillary measurements within a shorter time window with a novel approach: the presentation of flickering stimuli at 2 Hz that captures both the effects of response amplitude and variability in response latency in a single pupil power measure from a frequency spectrum analysis. Flicker stimuli reliably evoke phasic pupil responses (7), predominantly driven by cone- and rod-pathway (30). Fourth, we apply high resolution pupil perimetry at 80 locations with 4° diameter stimuli. Lastly, differences in pupil response amplitudes across visual field locations will be compared between patients with damage to the occipital lobe (cerebral visual impairment, CVI) or to the retina (primary open angle glaucoma; POAG) and age- and gender-matched healthy controls. As will be shown later in this paper, the novel approaches described above will lead to good to moderate detection of absolute scotomas in CVI and glaucoma patients, respectively.
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FIGURE 1. Example of a single trial (A). Observers fixated a bull's eye at the center of the screen while a flickering disk was presented in the periphery at one of 80 locations (B) to evoke pupil oscillations. A gaze-contingent stimulus presentation ensured that the retinal location of the stimulus was fixed (e.g., see saccade). The observer's task was to attend the stream of characters on top of the disk and mentally count the number of appearances of the letter “X.” For reasons of clarity, the scaling of the stimuli in the current figure diverges from those used in the actual experiment.





METHODS


Study Design

We performed perimetry measurements on a healthy control group with fully intact visual fields and a patient group with absolute scotomas (i.e., partially damaged visual fields). The absolute scotomas were either due to brain damage in the (extra-)striate cortex or retinal damage caused by glaucoma. We performed both a binary (i.e., visible or not) subjective perimetry and a continuous (i.e., a spectrum of visibility) objective pupil perimetry. In the subjective test, observers were asked to verbally report whether or not they had seen a flickering stimulus. When the flickering stimulus was not seen, this indicated that no flicker was visible at all, suggesting that the location of an absolute (i.e., not a relative scotoma) was stimulated. On the contrary to CVI patients, glaucoma patients tend to have more relative scotomas when detected early, because it is a progressive disease with worse visibility at start to full blindness in later stages. As our subjective test measured only absolute scotomas, it was relatively conservative, indicating fewer VFDs than SAP in glaucoma patients.

The apparatus and stimuli were identical in the subjective and objective perimetry test. Observers viewed the stimuli monocularly and each eye was tested once. The outcomes of the SAP tests (Goldmann, Humphrey, or Octopus) were already available before the experiment (see Figures S1A, S2A in online Supplemental Materials).



Patients and Controls

We ran a power analysis to determine the sample size required to detect a small to medium effect size (Cohen's d: 0.2–0.6). The analysis was performed in R (https://www.r-project.org/) using the library “pwr.” We used Cohen's conventional effect sizes as a frame of reference to define the continuum of theoretical differences between our control and experimental conditions, ranging from “small” to “medium” effect sizes. Sample sizes were determined for a paired two-sample t-test, representing the comparisons in pupil sensitivities between the scotoma and intact locations in our patients. Three different standard deviations for the groups were chosen based on published results (0.2, 0.3, 0.4). The result of the power analysis indicates that a number of 15 patients is indicated to cover an expected effect size from small to medium (0.2 to 0.6) for a standard deviation ranging between 0.2 and 0.3.

A total of fifteen patients with absolute scotomas (eight patients with primary open angle glaucoma, age range: 48–75; seven patients with a CVI, age range: 46–77; for OCT macula thickness and brain lesions, see Figures S3, S4 in online Supplemental Materials) were tested and demographic and medical details of the fifteen patients can be found in Tables S1, S2 in the online Supplemental Materials. Other than occipital lobe damage and local retinal damage, none of the patients had neuropathy or ophthalmological diseases that affected pupil size. Glaucoma was diagnosed before the flicker pupil perimetry test with tonometry, pachymetry, fundoscopy, and visual field examination by an experienced ophthalmologist. Fourteen age-matched healthy controls (age range: 48–72) were tested and demographic and medical details can be found in Table S3. Healthy controls were asked before participation whether they had problems with vision, but were not tested for ophthalmologic diseases such as glaucoma.

All participants were Dutch with Caucasus ethnicity. All participants had normal or corrected-to-normal visual acuity. Participants were told that the goal of the experiment was to investigate a novel diagnostic procedure to test visibility across the visual field. Participants were told that the eye-tracker measured their oculomotor responses to the stimuli. The experiment conformed to the ethical principles of the Declaration of Helsinki, and was preregistered and approved by the local ethical committee of the University Medical Center Utrecht (Approval number: 09/350, addendum no 3). Patients and healthy controls received financial reimbursement for participation and travel, gave informed written consent on paper before the experiment, and were debriefed afterwards about the purpose of the experiment.



Study Objectives

The main objective of the current study was to develop an improved version of pupil perimetry that is able to diagnose absolute scotomas in patients. To achieve this goal, we examine to what degree the sensitivities of patients, as measured with pupil responses, differed between intact fields and scotomas, and whether these differences were absent in healthy controls. A second objective was to correctly indicate the type of VFD in patients (hemianopia, quadranopia, etc.) merely based on the pupil sensitivity maps.



Apparatus and Stimuli

Stimuli were generated on a Dell desktop computer with Windows 7 operating system (Microsoft, Redmond, Washington), using MatLab (Mathworks, Natick, MA, USA) and the Psychophysics toolbox extension. The LED Asus ROG swift presentation monitor (AsusTek Computer Inc., Taipei, Taiwan) displayed 1920 by 1080 pixels at a 100-Hz refresh rate. Screen width was 60 cm in width and 35 cm in height (320 cd/m2 maximum luminance), and the participant's viewing distance to the screen was held stable at 55 cm with a chin and forehead rest. Pupil size and gaze of one eye per test was recorded with an Eyelink 1000 eye-tracker (SR Research, Ontario, Canada; 0.5 degree accuracy of gaze location) placed 40 cm in front of the observer right under the monitor. Eye-tracker calibration consisted of a thirteen-point calibration grid, which took ~3 min per eye. One researcher helped patients locating the calibration points while a second researcher controlled the apparatus. The experiment was conducted in a darkened room without ambient light.

As shown in Figure 1, the stimuli consisted of a black and white bull's eye that served as a fixation point (0.4 degree radius), a flickering disk (2 degree radius) that was presented on a gray background (160 cd/m2) at one of 80 separate locations (13.5 degree maximum eccentricity) per trial, a stream of characters superimposed on the disk (font Helvetica; not “K”, “S”, “W,” and “Z” because these are too similar to the letter “X” 7, and a red point indicating gaze. Flicker rate was set at 2 Hz, which is the optimal frequency with regard to the balance between quantity (i.e., multiple responses within one second) and quality (i.e., detectability of responses) (7). The change in stimulus luminance was between black at 0.01 cd/m2 and white at 320 cd/m2 luminance. Disk and letter locations were gaze-contingent adapted, meaning that their location was moved with the exact same angle and amplitude as each tracked eye movement (see “saccade” screen in Figure 1A).



Procedure

All patients were tested in the late morning (<11:00) or late afternoon (>15:00), except for patient P11 and P14 that were tested in the early afternoon (14:00). Healthy controls were tested on varying times of the day. After entering the lab, the left or right eye of the participant (counterbalanced) was patched with a black eye patch to ensure monocular viewing. Next, participants started with the first session: subjective perimetry. The flickering disk was shown for 2 s per location and the location of the disk was randomized across the 80 trials. The randomization order of location was the same in both eyes. Participants were asked to fixate at the bull's eye and to detect the flickering disk. A stream of letters was superimposed on the flickering disk for a purpose only relevant for block 2 (see below). In this session, participants were instructed to ignore the content of the stream of characters. After each presentation trial, participants indicated whether they saw a flickering disk or not. The response (visible or not) was recorded by the researcher by pressing the buttons “y” or “n” on the computer keyboard, and this automatically triggered the start of the next trial. Three additional catch trials with no stimulus were added at random time points to test for false positives (i.e., if a participant saw something despite absence of stimulation). After each subjective perimetry session, participants could take a short break, before starting the second session. Depending on the reaction times of the participant, testing one eye in the first, subjective session lasted ~5–10 min.

During the second session, containing an objective pupil perimetry test, participants fixated the bull's eye and were asked to detect and mentally count the appearances of a letter “X” (see “target” screen in Figure 1A). The letter task was added to prevent that the task was too boring and that no attention was paid to the stimulus, therewith suppressing pupil responses to the stimuli (7). Each disk was presented for 4 s (i.e., longer than in block 1 to increase the number of data points per trial), followed by a 1 s inter-stimulus interval with a blank screen during which patients could relax and re-orientate. Each trial was automatically started (i.e., not with a button press as in block 1). Observer's gaze location was indicated with a red dot on the screen to provide participants and the experimenters an idea of fixation accuracy. Testing one eye in the second, objective session was kept short (6 min and 40 s) for the convenience of the patients, as well as to prevent distorting effects on pupil size due to fatigue (31). The total duration of the experiment, including the eye-tracker calibration, subjective tests, and objective tests for each eye, was not shorter than 30 min and not longer than 45 min.



Analysis

Blink periods were detected with an automated detection method in which a blink was identified when the pupil speed crossed a threshold: a speed value higher than 4 standard deviations above the mean. Missing episodes of pupil data during blink periods were interpolated with cubic interpolation. Note that the Eyelink pupil tracking system outputs pupil size in arbitrary units rather than absolute pupil diameter in millimeters. To allow comparisons across participants, pupil size was baseline corrected per trial. Slow changes in pupil size, unrelated to visual stimulation, were removed by applying a high-pass filter through the subtraction of a low-pass Butterworth filtered pupil trace (3rd order, 0.32 Hz cut-off frequency) per trial. High frequency noise in pupil size traces was additionally removed with a low-pass filter (5th order, 30 Hz cut-off frequency).

The filtered pupil traces were transformed to the frequency spectrum domain with a fast Fourier transform (FFT) and pupil oscillation power at 2 Hz was taken as the reference measurement of pupil sensitivity to a flickering stimulus per visual field location. Other measurements such as pupillary response delay (i.e., phase), coherence ratio (2 Hz pupil power divided by sum of power values across all frequencies in the estimated power spectrum), or oscillation amplitudes of fitted sinus waves to the pupil traces were also calculated but were not as accurate as the power measure. The combination of multiple measures did not improve the dissociation between patients and healthy controls. Therefore, these alternative measures are not reported in the current paper.

Two-dimensional high resolution pupil sensitivity maps (e.g., see Figure 2A) were created with MatLab's biharmonic spline interpolation (v4; grid data) across the 80 locations. Lastly, the most common VFDs were modeled (n = 10), assigning the values +1 for intact locations and −1 for damaged locations. The values in each model were multiplied with the pupil sensitivity scores of each patient. The resulting values were summed and subsequently ranked from best model overlap (#1) to lowest model overlap (#10).
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FIGURE 2. Average pupil size traces across healthy controls (HC) as a function of time during 2Hz visual flicker stimulation (A). The dotted lines indicate the standard error from the mean. Pupil traces were fast Fourier transformed to a power spectrum per HC (B). Pupil sensitivity per HC was based on peak pupil power at 2 Hz.



Comparisons in pupil sensitivities of patients were made by calculating the area under the curve [AUC; see signal detection theory (32)] on log10 transformed pupil sensitivity distributions of the intact vs. damaged visual fields (within), or of the differences in pupil sensitivities between intact and damaged visual fields of patients vs. the differences in pupil sensitivities of the same corresponding visual fields of healthy controls. An AUC of 0.5 means that the compared distributions are fully overlapping while an AUC of 1.0 means that the compared distributions do not overlap and are fully dissociable.

Raw data of this study are available on open science framework: https://osf.io/kxqmt).




RESULTS


Pupil Responses to Flicker Stimuli in Healthy Controls

All healthy controls indicated to have seen the flickering disk at all locations across the visual field in the subjective perimetry test. As such, we expected that the visual stimulation with the 2 Hz flickering disk to evoke oscillatory pupil responses during the objective pupil perimetry test (7). To confirm this, we plotted the pattern of pupil responses as a function of time, first averaged across locations per participant (see Figure S5), and then averaged across participants (Figure 2A). The oscillatory pattern with two dilations and two constrictions per second (i.e., 2 Hz) was evoked in all healthy controls. Pupil sensitivity, operationalized as power at 2 Hz frequency in the fourier- and log10-transformed pupil power spectrum (Figure 2B), was on average 4.30 (SD = 0.59; range: 3.31–5.78). Thus, all healthy controls showed peak pupil sensitivity at a 2 Hz frequency, corresponding to the stimulus flicker.



Pupil Sensitivities in Intact vs. Damaged Fields of Patients

Next, we examined the effect of visual field loss, as indicated by the subjective perimetry and SAP tests, on pupil responses. To determine this effect, we compared the pupil sensitivities between intact and damaged visual fields per patient. Figure 3A shows a single-trial example of pupil responses recorded from a hemianopic patient when stimulated with the flickering stimulus in an intact (solid) and damaged (dotted) location of the visual field (for average pupil responses across all intact vs. damaged regions, see Figure S6). The oscillation amplitude at 2 Hz appears stronger for the intact as compared to the damaged field, as confirmed by the power spectrum analysis (Figure 3B). We calculated pupil sensitivities for all intact and damaged locations. For the distribution of pupil sensitivities of the exemplar patient see the histogram in Figure 3C. The two distributions were reasonably separable (AUC = 0.82) with an average difference of ~0.71 log10 sensitivity between the intact and damaged visual fields. As shown in Figure 3D, the average sensitivities for damaged visual fields were weaker as compared to intact visual fields in all CVI patients (t(6) = 6.96, p < 0.001) and glaucoma patients (t(7) = 3.10, p = 0.017), with an average AUC of 0.73 (SD = 0.09) and 0.63 (SD = 0.10), respectively (for receiver operator curves, see Figure S7). To conclude, flicker stimulation of the damaged visual field results in lower pupil sensitivities in all patients.
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FIGURE 3. Example of pupil oscillation of the dominant eye of an exemplar patient, averaged across all stimuli presented in intact (solid) vs. damaged (dotted) visual field locations (A). The traces show pupil size as a function of time during 2Hz visual flicker stimulation. Corresponding pupil oscillation power at 2 Hz as computed with an FFT are used as measure of pupil sensitivity (B). The distribution of pupil sensitivities of all intact vs. damaged parts of the visual field are not overlapping (see subplot for receiver operator characteristics and AUC) for the current exemplar patient (C). The average sensitivity across all intact locations and across all damaged locations are indicated with the vertical lines. Average pupil sensitivity for damaged (Dam) and intact (Int) visual fields per CVI patients (solid gradient, left) and per glaucoma (Glau) patient (solid gradient, right) as compared to average absolute pupil sensitivity for healthy controls (HC; dotted black) for left (L) vs. right (R) and superior (S) vs. inferior (I) visual fields (D). Data were averaged across both eyes. Average percentage difference in pupil sensitivity between visual fields per CVI and glaucoma patient and per healthy control (E).





Comparisons Across Different Types of Sensitivity Maps of Patients

The following question that we addressed was whether the pattern of pupil sensitivities across the visual field overlapped with the pattern of SAP sensitivities and subjective visibility ratings. Two dimensional sensitivity maps per eye were already available from prior testing of patients with SAP test by ophthalmologists. Additional maps were created with the current subjective perimetry test (session 1) and objective pupil perimetry test (session 2). An example of a sensitivity map of a single patient with right hemianopia with macular sparing is shown in Figure 4. Note that the pupil responses (i.e., oscillation amplitudes) are strongest at foveal regions (i.e., close to fixation), an observation that is in line with previous pupil perimetry studies introduced before (12, 19, 28). More importantly, a qualitative inspection shows that the objective pupil perimetry, the subjective perimetry, and the SAP maps show a degree of overlap. Although the sensitivity map of pupil perimetry appears noisy on a local scale, the global visual defect on the right side of the visual field of this patient is clearly visible. Maps from other CVI patients also showed overlap globally but maps from glaucoma patients appeared to overlap less than CVI patients (see Figures S1B, S2B in online Supplemental Materials). However, qualitative inspection and comparison of these maps do not provide an objective estimate of how accurate pupil perimetry is when it comes to the detection of the type of VFDs. To get a quantitative and objective estimate of how useful pupil perimetry is as a diagnostic test, we next examined whether pupil sensitivities indeed indicated damaged visual fields.
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FIGURE 4. The high resolution pupillary response normalized sensitivity map was based on the pupil oscillation powers across the 80 locations in the visual fields of the right eye of a single patient (A). Sensitivities were normalized from zero (weak sensitivity: red to black) to one (high sensitivity: yellow to white) per patient. The blue crosses in the map indicate the locations of the stimuli that were invisible to the patient during the subjective test in the block preceding pupil perimetry. The standard, Humphrey perimetry 30-2 sensitivity map (B) roughly shows similar patterns of sensitivities as in (A). Note that such SAP maps normally cover a larger visual field (~30deg). The current maps only display the parts of the standard perimetry maps (<15deg radius) that were relevant for comparison with the pupil perimetry maps.





Dissociating Patients From Healthy Controls

Each patient showed prominent differences in pupil sensitivities between their intact and damaged visual fields, suggesting that pupil sensitivities may serve as a diagnostic marker for problems with flicker processing. In case no prior knowledge about the patients, such as the location of damaged visual fields, is available, can pupil perimetry adequately indicate that a patient may have visual field loss and, if so, where are the scotomas located, and what type of VFD is diagnosed (e.g., hemianopia or quadrantanopia)? To answer these questions, we compared the pupil sensitivities of CVI patients vs. healthy controls and glaucoma patients vs. healthy controls with three different approaches.

First, we examined whether the average pupil sensitivities of patients, weakened by the presence of damaged visual fields, were lower as compared to the average pupil sensitivities of healthy controls. The pupil sensitivities were on average 4.82 (SD = 0.40) across CVI patients, 4.70 (SD = 0.40) across glaucoma patients, and 4.86 (SD = 0.43) across healthy controls (also see Figure 3D). Average pupil sensitivity did not differ between CVI patients and healthy controls (t(19) = 0.18, p = 0.858) and between glaucoma patients and healthy controls (t(20) = 0.82, p = 0.420). Thus, average pupil sensitivity did not dissociate patient populations from the healthy population.

Second, we assess whether patients differed from healthy controls with respect to the effect size of differences in pupil sensitivities between intact and damaged visual fields. As shown in Figures 3D,E, the difference in sensitivities between intact and damaged regions in patients were larger as compared to the differences between corresponding regions in healthy controls. Note that we separated the sensitivities of healthy controls for the left and right visual fields vs. the superior and inferior visual field to enable comparison to the CVI patients, whom all had homonymous left or right visual field hemianopia (with the exception of one patient with quadrantanopia), and the glaucoma patients, whom all had roughly superior or inferior VFDs. The percentage difference between these fields were significantly different between patients and healthy controls, and the populations were separable to a high degree (CVI: M = 11.78%, SD = 5.17%; HC L-R: M = 2.63%, SD = 2.01%; t(19) = 5.91, p < 0.001, AUC = 0.95; Glaucoma: M = 9.44%, SD = 4.80%; HC: M = 3.57%, SD = 3.21%; t(20) = 3.45, p = 0.003, AUC = 0.87). The difference in average pupil sensitivities of CVI vs. glaucoma patients was not significantly different (t(13) = 0.91, p = 0.38).

The latter results imply that when pupil perimetry indicates a large difference in pupil sensitivities across certain visual fields, this could be an indication of visual field loss in an observer. However, the current study had prior knowledge about the locations of the defects (e.g., left or right visual fields in the CVI patients). Pupil perimetry only becomes a valuable test when no prior knowledge about the location of VFD is used for diagnosis. As a third analysis, we therefore compared the pupil sensitivity maps with a variety of models of VFD (left column in Figure 5) (33). The best matches between a model and a pupil sensitivity map were ranked as number one while the worst matches were ranked as number 9. A number one rank of a model means that the model most likely represents the VFD of the patient. The model representing the true visual impairment as diagnosed with SAP was ranked as number one in 4 out of 7 times for CVI patients (data was averaged across eyes) and in 3 out 11 times for glaucoma patients (Figure 5). Models that were not but should have been ranked as number one still received high ranks for CVI patients (see p1, p4, and p5 in Figure 5). Note however that patient p4 was classified as homonymous left hemianopia and that the model with the highest rank suggests inferior left quadrantanopia. However, this patient had some residual processing in the superior left visual field (see Figure S1A), perhaps explaining the higher rank for the inferior left visual field. The same applies to the right visual of patient p5. On the contrary, the ranks for glaucoma patients were less convincing, especially for patient p12 and p15.
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FIGURE 5. The outmost left column indicates the tested models of VFDs and the other columns lists the correlation ranks with the pupil perimetry maps per patient (CVI: p1-p7; Glaucoma: p8-p15 per left (L) or right (R) eye). The model with the highest correlation with the pupil perimetry map is ranked as number 1. The rank numbers behind the VFD models as diagnosed by SAP are printed in bold, underscored font.






DISCUSSION

We draw the following conclusions from the results: (1) the measured reduction in visual sensitivities in scotoma's measured with flicker pupil perimetry suggest that global VFDs can be detected accurately in CVI patients but less accurately in glaucoma patients, (2) absolute pupil sensitivities to stimuli presented in the blind field of patients are not dissociable from pupil sensitivities of healthy controls, but (3) the differences in pupil sensitivities between visual field locations dissociated the patients from healthy controls, and (4) the comparison of pupil sensitivity maps to predefined models of visual field loss diagnoses the type of visual defects in patients although there is room for improvement, especially for glaucoma patients. Despite the limited amount of patients tested, the current study uses quantitative analyses to demonstrate flicker pupil perimetry's potential as a diagnostic tool for CVI and glaucoma patients. The overall conclusion is that pupil perimetry sensitivities may be useful during the diagnosis and selection of the type of VFD from a set of most prevalent defects for CVI patients, but caution should be taken when interpreting such results for glaucoma patients.

When comparing the current results to previous results, a mixed picture emerges. As far as we know, no AUCs for comparisons between CVI patients and healthy controls have been reported in the literature so far. However, the high accuracy in the current paper seems to suggest that the performance of the current flicker pupil perimetry method is unprecedented. The accuracy in detecting glaucoma in the current study is also higher than several other studies (for review, see 13, although recent studies, using multifocal pupillograph perimetry, show similar results (15–18). Note, however, that these recent studies separated the AUCs for severe, moderate, and mild. When classifying the glaucoma patients tested in the current study as mild (i.e., only few of the patients had absolute scotomas in large visual field areas), the results outperform results previous studies. It is important to bear in mind though that previous studies compared the mean pupil sensitivities between patients and healthy controls, while the current study compared within-field differences in pupil sensitivities between populations. In contrast to the studies mentioned above, the mean sensitivities in the current study did not differ between populations. We can only speculate that flickering stimuli evoke pupil responses that are sensitive to within-field anisotropies, while other stimulus types (e.g., single flashes or multifocal stimuli) are better for measuring abnormalities in mean pupil sensitivities, independent of stimulus location.

Our finding that cortical damage, exclusively in the striate cortex, results in abnormal pupil responses, is causal evidence that the pupil size is at least partially driven by a cortical process in visual areas V1-V3. This has been suggested by several perimetry studies (see (12) for a review), but also has also been hinted at by several psychophysical studies [e.g., (7, 34–36), see (9) for a review]. It is thus not unlikely that both a subcortical and a cortical pathway are responsible for the pupil light reflex. A recent investigation elegantly tried to disentangle these two pathways by stimulating either the intrinsically photosensitive retinal ganglion cells (ipRGC) or the other photoreceptors using blue or red chromatic stimuli, respectively (37). CVI patients with homonymous hemianopia only showed a weakened reflex when red stimuli were presented in a scotoma as compared to an intact visual field, suggesting that the PLR evoked through blue-light-sensitive ipRGCs are subcortically controlled while the PLR evoked through the other, red-light-sensitive photoreceptors are at least partially under control of the visual cortex. The subcortical pathway is well known, and consists of the optic nerve, LGN, pretectal nucleus (and superior colliculus), Edinger-Westphal nucleus, and ciliary ganglion (38). The cortical pathway is not yet known but it is possible that the visual cortex modulates the pupil light reflex with connections to the pretectal nucleus via the LGN (39, 40).

The presence or absence of attention for the stimuli may also play a role in enhancing or inhibiting a patient's pupil responses, respectively. More attention to a stimulus is known to enhance the pupil responses to the stimulus (7–10), also during pupil perimetry (41). When patients are aware of the presentation of a stimulus presented in an intact visual field, covert attention is automatically drawn to the stimulus (normally also saccades are drawn toward the stimulus but this was inhibited by instruction to fixate), therewith enhancing pupil responses. When a patient is unaware of a stimulus presented in a damaged visual field, covert attention is not drawn, likely remains at fixation, and pupil responses are then not enhanced. A likely neural locus that may drive these attentional effects is the superior colliculus (SC). The SC is activated during the spatial allocation of attention and gaze [e.g., (42)] and recent work suggests the SC may be part of a pathway that explains residual pupil responses to a variety of unseen stimuli in humans with blindsight (43, 44), and evoked pupil responses in monkey's (45, 46).

In addition to the theoretical impact of the current findings, we provide some practical advices for ophthalmology from the patient-related results. First, we confirm that pupil perimetry cannot dissociate patients from healthy controls by merely looking at the average sensitivity across the entire visual field (47–52). However, large differences in pupil sensitivities across visual field locations (e.g., left vs. right visual field) can still be indicative of potential problems with vision, especially in CVI patients. We have taken a novel, quantitative approach to confirm that these differences allow diagnosis of visual impairments by comparing (i.e., statistically correlating) the overlap between objective pupil perimetry maps and subjective flicker perimetry maps.

Second, we can conclude from the results that scotomas by glaucoma are more difficult to detect with flicker pupil perimetry than scotomas caused by CVI. The improved accuracies in CVI patients could be due to decreased noise, as the pupil sensitivities of CVI patients were averaged across both eyes, filtering out noise. Pupil sensitivities of most glaucoma patients were only assessed per eye, because each individual eye shows a different pattern of VFDs. It is also possible that additional relative scotomas, were incorrectly classified as intact during the subjective perimetry tests, particularly for glaucoma patients. Future studies could try to circumvent such false positives by varying the contrast of the flicker stimulus. Low contrast stimuli presented at relative scotomas should then not be consciously detected by the patient. Another possibility that explains the differences across the two patient populations is that the visual sensitivity for flicker is less affected by glaucoma than the detection of faint targets in Humphrey perimetry. This interpretation is in line with our observation of a low overlap between the subjective flicker perimetry maps and the standard Humphrey threshold perimetry maps of glaucoma patients.

A general limitation of pupil perimetry in diagnosing glaucoma is described in a recent review on the effectiveness of pupil perimetry in studies with glaucoma patients (13). The authors explained that the diagnosis of glaucoma with pupil perimetry depends on comparisons of pupil sensitivities between locations in a damaged eye and the same locations in an intact eyes. Diagnosis becomes problematic when patterns of visual field losses are nearly or fully identical in both eyes, hampering comparisons of pupil sensitivities of intact and damaged regions between the eyes. Another limitation of pupil perimetry in general is that fine-grained patterns of visual field loss or small singular scotomas (<4°) will be more difficult to detect with pupil perimetry because it requires the presentation of rather small stimuli at the center of the scotoma. The main problem is that small stimuli evoke weak and unreliable (variable) pupil responses. Note that the use of very large stimuli can also be problematic due to factors such as stray light (53), although a gray rather than black background may help to suppress the influence of stray light. Furthermore, the effects of stimulus size, stimulus luminance, and background luminance (i.e., light vs. dark adaptation) on pupil responses change as a function of eccentricity [e.g., (54, 55)]. These factors may also have different effects on pupil responses than on subjective visibility reports. It will be a challenge for future studies to filter out these factors in order to measure a clean form of visual sensitivity.

One limitation of the current study is that we could only detect large scotomas. Some of the glaucoma patients had relatively small scotomas and it is possible that these went undetected because the relatively large flickering disks stimulated enough intact areas around the small scotoma to evoke a strong pupil responses. Another limitation is that one glaucoma patient (P11) took pilocarpine eye drops, which has a miotic influence on the pupils and may explain the relatively weak pupil sensitivity and diagnostic accuracy in this patient. The same patient (and P14) was tested in the early afternoon, a period known to produce less reliable SAP measurements (56). A third limitation is that, in contrast to the patients, healthy controls were not extensively tested on potential problems with vision. Although the controls reported to have no problems with vision, we do not have access to information to objectify these claims.

An interesting alternative method that also circumvents this issue is a technique that presents stimuli in maximum length sequence order [e.g., (57)], which consist of the repetitive presentation of multiple black and white patches across the visual field that independently and pseudorandomly change in luminance over time. Patches that are presented inside the area of a scotoma should then explain few of the variance in pupillary dynamics. There exists another alternative, objective perimetry method termed VEP3 perimetry (58, 59) that uses electrophysiological responses as measured with EEG electrodes at the scalp near occipital regions. However, VEP perimetry may not be sensitive enough to fully dissociate patients from controls (60). One solution to this challenge would be to combine VEP perimetry and pupil perimetry to improve diagnostic accuracies (11). Lastly, pupil perimetry could be improved by combining the measurement of pupil oscillations with the measurement of the post-illumination pupil response, because the latter has shown to differentiate between early glaucoma patients and healthy controls (61).

Future developments in flicker pupil perimetry may initiate a change in protocols in clinical practice. As mentioned in the introduction, pupil perimetry could perhaps diagnose visual field loss in neurologically impaired children and adults suffering from CVI, whom are unable to perform SAP. When these patients have relatively large scotomas, such as in CVI-induced hemianopia, pupil perimetry may detect the damaged locations. However, further studies on young and adult CVI patients, and healthy controls are necessary to confirm the possible application of pupil perimetry in a clinical setting as useful alternative for behavioral perimetry, such as the behavioral visual field test (BEFIE) (62), which has high specificity and sensitivity for absolute peripheral VFD (63). The objective character of pupil perimetry may also be utilized to confirm factitious VFDs when malingering is suspected. Lastly, the neural circuitry responsible for sensitivity in flicker pupil perimetry might be different from the neural mechanism that is responsible for visual awareness of faint targets in SAP. This means that pupil perimetry is an alternative, complementary test that may provide different insights in the type of scotoma than SAP.

One serious challenge for future work on pupil perimetry will be to ensure sustained attention to the task for at least 5 min. Patients with several cognitive deficits, caused by for example severe brain damage in multiple cortical regions, may not adhere to the task requirements. Although we ensured that patients paid attention to the visual stimulation by adding a letter detection task superimposed on the stimuli, forthcoming studies may invest in the development of stimuli that draw enough sustained attention, even from young children. Also the test's duration should be shortened while trying to maintain high data power and thus measurement reliability. The presentation of multiple stimuli at the same time in each eye may enable this (18, 19, 57, 64).

To conclude, the current study has demonstrated that flicker pupil perimetry is a promising diagnostic test for large VFDs, especially in patients with a CVI.
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FOOTNOTES

1Pupil perimetry is also termed pupillomotor campimetry or pupillograph(ic) perimetry.

2For readability we use the general term response instead of the subcomponents of a pupil response such as amplitude, latency, or phase.

3Also known as ERP perimetry or electroperimetry.
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Migraine is a neurological disorder characterized by paroxysms of head pain accompanied by trigeminovascular system activation and autonomic dysfunction. Diagnosis is currently based on clinical diagnostic criteria. Though physiological differences exist between migraineurs and non-headache controls, true physiological biomarkers have been elusive, especially for the full clinical spectrum of migraine, inclusive of chronic, episodic, and probable migraine. We used edge-light pupil cycle time (PCT) as a probe of the pupillary light circuit in migraine, paired with clinical assessment of migraine characteristics, and compared these to non-headache controls. We found significantly increased PCT in probable, episodic, and chronic migraine, compared to controls. Additionally, increased PCT correlated with the presence of craniofacial autonomic symptoms, linking pupillary circuit dysfunction to peripheral trigeminal sensitization. The sensitivity of PCT, especially for all severities of disease, distinguishes it from other physiological phenotypes, which may make it useful as a potential biomarker.
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INTRODUCTION

Migraine is a common, recurrent headache disorder characterized by paroxysms of head pain accompanied by trigeminovascular system activation and autonomic dysfunction. Diagnosis is currently based on clinical diagnostic criteria and may be diagnostically categorized as probable, episodic, or chronic migraine, based on duration, number of attacks, and associated symptoms. Thus, far while clinical signs of migraine chronification (previously termed “transformation”) and central sensitization are now recognized, such as cutaneous allodynia (1, 2), few human studies have shown abnormalities in physiology present across the full clinical spectrum of migraine inclusive of chronic, episodic, and especially probable migraine. In fact, to our knowledge, no physiologic test has yet been demonstrated to separate out probable migraine (PM) from non-migraineurs—a diagnostic category most practitioners consider to be clinically actionable.

Changes in pupillary function have been variably observed during the migraine headache attack (3–5), as well as inter-ictally (5, 6). Recent evidence supports the possibility of a disease gradient in the expression of pupillary responses to light, perhaps linked to the presence of photophobia (7), a well-recognized symptom of central sensitization most evident in chronic migraine (CM). Craniofacial autonomic signs and symptoms are now recognized to be relatively common in migraineurs (37–73%) and often co-occur with photophobia and allodynia (8, 9). These facial signs and symptoms are thought to arise from peripheral nociceptive activation of the trigeminal-autonomic reflex, leading to efferent activation of cranial nerves targeting the nasal mucosa, lacrimal glands, other facial structures (10). Alterations in the pupillary light reflex (PLR), in the setting of central sensitization, may occur by similar mechanisms (11), though the relationship between pupillary function and craniofacial autonomic symptoms (CAS) has not been directly explored.

Edge-light pupil cycle time (PCT) was initially developed by Miller and Thompson in 1978 as a test of optic nerve afferent pathway disease (12). Soon after, the technique was extended for use as a screen of the pupil's entire light reflex arc, inclusive of efferent pupillary pathways (13). Pupil cycle time has shown sensitivity for both parasympathetic (14) and sympathetic (15) disorders of the PLR. Thus, we deployed PCT for the assessment of the pupillary light circuit in migraine, paired with clinical assessment of migraine characteristics.



MATERIALS AND METHODS


Participants

In total, 98 subjects (31 male/67 female) aged 15–75 years were recruited into two groups: (1) migraine headache, and (2) age and sex-matched non-headache (NH) controls. Subjects were recruited between June 2015 and September 2018, from local community and the University Neurology Headache and General Neurology clinics, as well as community volunteers via word of mouth, internet, and flier advertisements. Institutional Review Board approval was obtained from the University of Utah Human Studies Committee (IRB_00085309 and IRB_00064447). All participants completed written informed consent; for those under the age of 18, participant assent, paired with parental (or legal guardian) informed consent and permission, were obtained. Headache diagnosis was based on 2013 International Classification of Headache Disorders III-beta criteria (16). Upon completion of a structured clinical questionnaire (described further below), the migraine group was further divided into episodic migraine (EM), chronic migraine (CM), and probable migraine (PM) for a total of 73 headache subjects (28 migraine with aura, 45 migraine without aura).

Episodic and probable migraine participants were studied after being headache-free for at least 48 h, and subjects were excluded if a migraine occurred within 24 h of testing. Chronic migraine subjects were studied when migraine attack-free for at least 48 h, though testing during daily or non-migrainous headaches was permitted. Subjects had not used opiate medication or migraine-specific abortive medications during the 48 h prior to testing. Headache diaries were used to assess attack frequency for 1 week prior to testing and for subsequent attacks occurring within the 2 weeks of testing, as well as medication use. Subjects did not take medications (including eye drops other than artificial tears, or prophylactic treatment for migraine, including psychotropics, antihistamines, benzodiazepines, barbiturates, and derivatives), and denied a history of comorbid medical, ocular, or neurological disorder (e.g., prior eye injury, idiopathic blepharospasm, optic nerve disorder), that is known to directly affect autonomic function or pupillary control (including diabetes). Subjects were instructed not to consume alcohol, caffeine or nicotine for at least 4 h prior to testing. The group of age and sex matched control subjects reported no history of headache and were studied in their usual state of health.



Measurements

Questionnaire

Subjects completed a modified written Structured Migraine Interview (17) along with a headache diary to characterize migraine diagnosis and headache frequency. The Migraine Disability Assessment (MIDAS) (18), Headache Impact Test (HIT-6) (19), Fatigue Severity Scale (FSS) (20), Patient Health Questionnaire (PHQ-9) (21, 22) and Generalized Anxiety Disorder (GAD-7) (23, 24) were also collected to assess headache impact and related disability, as well as fatigue and affective symptoms. As there are no currently available, validated tools for headache-associated cranial autonomic symptoms (CAS), we based our assessment on those used by Gelfand et al. (25) and the ICHD-III proposed definition of CAS (26). Subjects replied “yes” or “no” to the following eight symptoms associated with their usual headache: conjunctival injection or lacrimation, nasal congestion or rhinorrhea, eyelid swelling, forehead/facial sweating, forehead/facial flushing, changes in pupil size, droopy eyelid, sense of fullness in the ear.

Edge-Light Pupil Cycle Time (PCT)

Edge-light PCT was assessed using methods adapted from Miller and Thompson (12) as a measure of the relative integrity of both afferent and efferent pupillary pathways. This technique differs from other types of pupillary oscillations (27), which tend to be of irregular cycling duration, including that of pupillary unrest (e.g., hippus) (28), which occurs under diffuse illumination, and from the significantly slower, rather episodic, pupillary oscillations that occur under dark conditions in the fatigued or drowsy subject (29–32). In contrast, edge-light PCT uses a directed, narrow beam of light at the pupil edge, which exploits the normal pupil's light reflex arc and produces a fairly brisk, and regular oscillation. Pupil cycle time has been shown to be stable across repeated testing and is not significantly affected by refractive error, sex, or iris color (12, 13). Thus, we selected this assessment as a simple method for assessing overall pupil responsiveness to light across groups.

The examination set-up, and a representative example of pupil diameter change over time with this technique is shown in Figure 1. In this test, the subject is seated at a slit-lamp in a dimly lit room (<1 lux) and asked to gaze toward a designated object consistent with the subject's far point. After a 3-min dark adaptation period, a horizontally oriented beam of light (5 mm wide, 0.5 mm thick) is positioned just below the inferior aspect of the pupillary margin, and slowly elevated until it contacts the inferior edge of the pupil. The intensity of the light beam, range 10–100 lux, was kept at the lowest intensity necessary to produce pupil constriction, in order to maximize subject comfort for the duration of the test. In normal subjects, the light beam induces brisk pupillary constriction, moving the pupillary margin outside of the light stimulus; the pupil then spontaneously re-dilates until encountering the beam once again, creating a cycle. Here, the examiner maintains the location of the light beam in order that the iris remains outside the light while constricted, but re-contacts the light upon re-dilation. One cycle is counted as one pupillary constriction, followed by re-dilation; each cycle is observed and counted through the binocular scope of the slit lamp. According to previously published methods, after regular cycling is established (typically 2–3 oscillations), a total of 100 cycles, divided into 3 trials of 30, 30, and 40 cycles each, are directly visualized and counted by the examiner; cycle time is then reported in milliseconds/cycle (msec/cycle) (12, 14). In order to minimize learning curve and the risk of systematic biases, all examiners were trained by the same experienced examiner, blinded to study group, and used a standardized script for instructions to the study subject.
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FIGURE 1. Examination technique for edge-light pupil cycle time (PCT). (A) The subject is comfortably seated in front of a slit lamp, and the pupil visualized through the microscope. (B) A horizontal slit beam of light is positioned inferior to the plane of the iris, and elevated until contact is made with the pupillary margin, initiating constriction. The beam is held in place, so that the pupillary constriction brings the pupillary margin out of contact with the light. Once out of the light, the pupil then spontaneously re-dilates, eventually returning the edge of the pupil to contact the light beam once again. Thereby, this method produces a sustained oscillation between dilated and constricted states (C). One cycle is the time it takes for a complete loop of the pupil reflex arc to be completed. ▾ Denotes full cycle counted by PCT method. *Denoted superimposed beats of pupillary unrest, which are not thought to interfere in the oscillating rhythm of interest (12). Plot based on infrared pupil recording during routine PCT collection in a healthy subject, sampling rate 30 Hz. Acknowledgments: Jeremy Theriot for illustration.



For analysis purposes, the overall pupil cycle time for each eye was determined by averaging the three trials for each eye. Prior authors have noted occasional irregular beats of constriction, superimposed on the regular oscillations of the edge-light based cycling; these “mini-fluctuations” are thought to represent superimposed “pupillary unrest,” and thus examiners were trained not to count these (12). Cycle time was not identical between sides, though there were no significant differences in PCT between right vs. left eyes in either the NH nor the Migraine-All group (Wilcoxon signed-Rank test, p = 0.68 and 0.80, respectively). For the purposes of analysis, we used the longest of the two sides, according to previously published methods (14). All experiments were performed in a quiet, controlled environment, to limited external sources of excitation.

Baseline Pupil Size

Baseline pupil size data was obtained in a separate protocol, performed during the same testing session, prior to PCT data collection. Here, dark-adapted pupil size was obtained after a 10 min acclimation period to the testing environment, and an additional 1 min of dark adaptation using a binocular pupillometer (DP-2000, Neuroptics Inc, Irvine, CA; image acquisition 30 Hz, pixel resolution 0.05 mm).

Statistical Methods

Visual inspection of the data, followed by Shapiro-Wilk normality test, was applied to each parameter to assess for distribution of data. Overall, our test parameters were not normally distributed, thus Kruskal-Wallis was utilized for across group comparisons, and Wilcoxon rank sum test was used for post-hoc pair-wise comparisons. In these instances, p-values were considered significant only following Bonferroni correction for multiple comparisons. Correlations were made initially using two-tailed Spearman's correlation as a conservative method, and confirmed with age-adjusted partial correlations with Holm's correction for multiple comparisons. Multiple regression analysis, using standard least squares method with Box-Cox transformation as indicated, was performed to evaluate effect of the following covariates: PCT with anxiety (GAD) + depression (PHQ) + fatigue severity (FSS), and PCT with baseline pupil + age. A Bland-Altman assessment for inter-rater agreement was used to compare PCT calculations between two raters for a selected subset of data (n = 17). Finally, measurement dispersion between trials 1 and 3 of PCT within the control and migraine groups was assessed using quartile coefficient of variation. Results were considered significant for p–values ≤ 0.05, except where Bonferroni was applied. Statistical analyses were performed with R for Windows (Version 3.5.1; R Core Team, Vienna, Austria) and JMP version 14.2.0 (2019, Windows).




RESULTS

Baseline characteristics and headache-specific clinical characteristics are summarized in Tables 1, 2, respectively. There were no significant differences in age or sex-distribution between the NH and migraine groups. Migraine subjects reported significantly more depression (PHQ-9), anxiety (GAD-7), and fatigue (FSS) related symptoms than NH controls. Age of headache onset did not significantly differ between migraine subgroups. As expected, based on diagnostic criteria, headache days per month was significantly higher in CM subjects; similarly, MIDAS and HIT-6 scores were significantly higher in CM than EM and PM.



Table 1. Clinical characteristics.
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Table 2. Migraine group clinical characteristics.
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Pupil Cycle Time (PCT)

Longest pupil cycle time was significantly different across all groups (Kruskal-Wallis rank sum test, p = 0.00001) (Figure 2). Pair-wise comparisons (2-sample Wilcoxon test) confirmed a significantly longer PCT in PM vs. NH (p = 0.0005), EM vs. NH (p = 0.001), and CM vs. NH (p < 0.0001). While there were no significant differences across migraine sub-groups (Kruskal-Wallis rank sum test, p = 0.38), median values appear to show a gradient between NH<PM<EM<CM. See Table 3 for data summary.
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FIGURE 2. Pupil cycle time (PCT) differs significantly in all migraine groups compared to non-headache controls.





Table 3. Pupil testing.
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The significant difference seen between the NH vs. Migraine-all groups remained significant after Box-Cox transformation and least squares multiple regression analysis controlling for GAD + PHQ + FSS (p = 0.03); subgroup comparisons maintained significance or trended toward significance (NH vs. PM, p = 0.1; NH vs. EM, p = 0.1; NH vs. CM, p = 0.0009). There were no significant differences in baseline pupil sizes across NH and migraine groups (p = 0.99). PCT remained significantly longer in the migraine groups after controlling for dark-adapted baseline pupil diameter and age (NH vs. Migraine-All, p = 0.02; NH vs. PM, p = 0.01; NH vs. EM, p = 0.1; NH vs. CM, p = 0002).

One or more headache-associated CAS were reported in 29 of 73 (40%) of headache subjects overall; of these, CAS were most commonly reported in CM (48%), followed by EM (40%) and PM (36%). Pupil cycle time significantly correlated with number of CAS in the Migraine-All group (Spearman rho 0.40, p = 0.04). Within the migraine group (n = 73), 19% reported at least one unilateral CAS, which corresponded with their typical headache side; 39% reported alternating CAS; and 42% reported bilateral CAS. Forty-four of the 73 headache subjects (60%) reported habitual lateralization of headache location; within this group, there was no significant difference between right and left PCT (paired-sample Wilcoxon test, p = 0.24), nor were there significant differences between PCT in headache subjects who reported alternating, lateralizing or non-lateralizing headaches (Kruskal-Wallis rank sum test, p = 0.34). Finally, PCT did not differ significantly in those who reported unilateral CAS, compared to their non-symptomatic side.



Inter-rater Agreement and Measurement Dispersion of Pupil Cycle Time

In our study, there were no significant differences in PCT between examiner groups of NH (p = 0.23) and migraine (p = 0.25). Additionally, Bland-Altman assessment for agreement between two raters on a subset of data (n = 17) indicated that the 95% limits of agreement between the two methods ranged from of −36.83–796.09, with a correlation coefficient of r = 0.79.

Measurement dispersion was similar between trials 1 and 3 of PCT in both NH and Migraine-All, though more variability was noted in the Migraine group overall: quartile coefficients of variation of 0.11 and 0.10 (NH), and 0.23 and 0.28 (Migraine-All), respectively.




DISCUSSION

Our study provides insight into the integrated pupillary response to light in migraine headache, and links this network output to craniofacial autonomic signs and symptoms. We show that PCT is significantly prolonged across all migraine subjects, with an apparent disease gradient of PCT prolongation across clinical subgroups (CM>EM>PM>NH; Figure 2). Our data show that migraine subjects, including those with PM under ICHD-III-beta definitions, can be distinguished from healthy NH controls, not only on the grounds of symptomatic profile, but also physiological measures.

Furthermore, we found a significant correlation between PCT and CAS, with increasing PCT in those with the greatest number of craniofacial autonomic symptoms, which also exhibit the same disease gradient (Table 2). While, peripheral trigeminal sensitization in migraine is thought to be a prerequisite for the head pain itself (10, 33), headache attack-associated CAS may reflect a more marked or prolonged underlying peripheral trigeminovascular sensitization, and are associated with a higher disease burden (9). Interestingly, those with unilateral CAS have been noted to benefit more from 5-HT-1B/1D agonist-based treatments than those without CAS (34). Further study is needed to understand whether PCT might be a useful objective tool to study treatment responsiveness.


Relationship of Pupillary and Cranial Autonomic Symptoms to Peripheral and Central Sensitization in Migraine

Patients with co-existing allodynia and photophobia—both well-recognized signs of central sensitization—are also more likely to report headache-associated CAS (9), implicating CAS in the process of central sensitization as well as peripheral trigeminal sensitization (10). Thus, far while multiple clinical signs of migraine chronification and central sensitization are now measurable through quantitative sensory testing and questionnaires, few studies have shown abnormalities in objective physiology present across the full clinical spectrum of migraine inclusive of chronic, episodic, and in particular, probable migraine. We show data linking pupillary responses to light in migraine, to signs of peripheral trigeminal and central sensitization, with longer PCT correlating with increased frequency of headache-associated craniofacial autonomic signs and symptoms. This finding builds on recent findings showing altered pupillary light responses in migraineurs with the lowest light sensitivity thresholds (7). Future investigation into the relationship of light sensitivity, allodynia, and quantitative pupillary responses to light will aid in parsing these relationships.

While CAS can correspond with habitual headache side (19% in our study), a majority of adult migraineurs report bilateral or alternating CAS (81% in our study; 67–95% in Lai et al.) (35). Based on this, it is not surprising that we did not see significant relationships between CAS laterality and PCT asymmetry. Further, this may provide preliminary data to support the possibility that PCT reflects underlying circuit dysfunction, which is not necessarily lateralizing. Though, given the relatively small proportion of our sample with unilateral CAS, we were likely underpowered to detect significant relationships between strictly lateralizing CAS and PCT.



Implications to Our Understanding of Migraine Headache

In this study, we utilized edge-light PCT, which was originally developed as a measure of the relative integrity of both afferent and efferent pupillary pathways, and thus a measure of the integrated pupillary circuit response. The first applications of this method were in afferent disorders (retinal and optic nerve dysfunction) (36–38), though it fell out of favor for this use with the development of more specific methods for optic nerve assessment (39). Subsequent studies have supported use of PCT for evaluation of both parasympathetic and sympathetic lesions of the PLR reflex arc. Martyn and Ewing (14) applied the technique in subjects with diabetic autonomic neuropathy, where PLR correlated with abnormal cardiovascular autonomic function, and was pharmacologically localized to the efferent (parasympathetic) limb of the PLR arc (14). Blumen et al. applied PCT in subjects with unilateral Horner's syndrome, and showed prolongation in central, preganglionic, and postganglionic sympathetic lesions (15). In our study, in the absence of adjunct pharmacological or quantitative PLR testing, we are not able to make conclusions regarding localization of underlying parasympathetic vs. sympathetic dysfunction, though our data could be seen as consistent with prior observations of mixed sympathetic and parasympathetic hypofunction in migraineurs in the inter-ictal phase (6, 7, 40, 41). Though the literature is mixed, and the majority show relatively subtle differences and/or variable patterns between groups (5, 42).

Beyond sympathetic and parasympathetic localization, we favor the interpretation of PCT as a sensitive (but not completely specific) indicator of whole pupillary circuit (dys)function, with the potential to detect, or even amplify, subtle changes in pupillary light responses, including those of central origin (43), which are of particular interest in migraine where cortical processing and central sensitization are implicated (10). Foundational studies, featured in a historical review by Lowenstein and Loewenfeld (29), highlighted the role of not only brainstem mediated sympathetic and parasympathetic influences on maintenance of the PLR arc, but also importantly, cortical influences. More contemporary methods have explored the role of central control of autonomic outflow to the iris with particular attention to spontaneous oscillations of pupil size under both light and dark conditions (27, 43, 44); premotor autonomic nuclei, including the paraventricular nucleus of the hypothalamus, and the dorsal raphe nucleus and locus coeruleus of the midbrain, are light sensitive and are of particular interest when considering centrally mediated responses to light.

Current understanding of migraine pathophysiology implicates multiple common neuroanatomical sites within the PLR arc (10, 44): cortical and hypothalamic projections provide descending modulation via the periaqueductal gray (PAG), nucleus cuneiformis (NCF), and rostroventromedial medulla (RVM), which have also been implicated in models of pain sensitization; direct projections from the paraventricular nucleus (PVN) of the hypothalamus to the trigeminal nucleus caudalis (TNC) are implicated sites in migraine models. The PAG and PVN are both involved in the classically recognized “light-inhibited” sympathetic pupillary pathways, where light causes a sympatho-inhibitory effect. As the circuit mechanisms of migraine remain poorly understood, we can only speculate at this point on the ultimate source of migraine-associated dysfunction; however it is likely that, as with other disorders of circuit function (rather than, for example, “lesion”-based disorders like stroke or multiple sclerosis) the phenotype arises from altered synaptic weighting within the circuit, rather than the destruction or explicit dysfunction of any one circuit element (10, 44).




LIMITATIONS

In our study, the range of PCT observed in normal individuals was broader than previously reported normal control groups, where the reported normal upper limit was 935–946 (36). This highlights one of the pitfalls of PCT, in that it is observer dependent, and may be artificially prolonged by undetected cycles, interruption by frequent blinking, or need to follow a moving pupil in cases of eye movement (45, 46). To address this, the first 50 subjects were collected by a single investigator (9 NH and 41 migraineurs), with the second half (48 total; 16 NH and 32 migraineurs) of our sample performed by two other individuals trained by the original investigator. In our study, inter-rater variability appeared minimal (as above in Results, Inter-rater agreement and measurement dispersion of pupil cycle time section), though in working with this technique, it is evident that the method would benefit from updating, including use of currently available dynamic pupillometry and objectively defined cycle counting parameters.

As with most complex physiological mechanisms, the broad array of involved structures complicates interpretation. We have attempted to address this through careful screening of medical history for confounding ocular or central nervous system disorders. It is also well-recognized that differences in fixation and stimulus luminance can result in variable changes in amplitude and latency of pupil contraction (47), which could alter PCT. Thus, our protocol included a strict point of visual fixation to decrease eye movement and fixation-based pupillary changes, a standardized light stimulus, and trials where blinking or eye movement disrupted reliable recording of PCT were discarded (4 trials total across all subjects). Additionally, some might mistake PCT for measurement of pupillary “unrest” (aka hippus), for which the underlying mechanisms are unknown. However, as discussed above, hippus is inherently irregular with variable amplitude, and is present in diffuse (rather than a focused beam) illumination (12), which were importantly not the characteristics of the edge-light PCT elicited by our protocol.



CONCLUSIONS

Our data shows that migraine subjects, including for the first time those with probable migraine, can be distinguished from NH controls not only on the grounds of symptomatic profile, but also on physiological measures. Furthermore, we show data linking pupillary responses to light to signs of peripheral trigeminal and central sensitization, with increases in PCT correlating with increased craniofacial autonomic signs and symptoms. Finally, while PCT does not have circuit localizing function without pharmacological manipulation, we have shown data revealing significant differences in pupillary physiology between non-headache controls, and migraineurs—inclusive of probable migraine. Given that PCT is relatively simple, and could be amenable to automation and standardization of methodology, such a tool could be used to detect the earliest phases of peripheral trigeminal sensitization, potentially identifying opportunities for early intervention, as emerging “disease modifying” therapies in migraine are deployed.
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Drug Mechanism Pupil

Pilocarpine cholinergic miosis®
Carbachol cholinergic miosis?
Aceciidine cholinergic miosis®
Atropine anticholinergic mydriasis®
Scopolamine anticholinergic mydriasis®
Tropicarmide anticholinergic mydriasis
Phenylephrine ay-adrenoceptor agonist mydriasis
Methoxamine ay-adrenoceptor agonist mydriasis
Apracionidine ay-adrenoceptor agonist

Dapiprazole ay-adrenoceptor antagonist
Brimonidine ap-adrenoceptor agonist
noradrenaline uptake inhibitor

H1 histamine receptor antagonists

Prazosin «y-adrenoceptor antagonist miosis’
ap-adrenoceptor agonist

anticholinergic

Anticholinergics blockade of muscarinic receptors mydriasis”

Doparninergics stimulation of D2 dopamine receptors mydriasis’

mainly noradrenaline uptake blockade mydriasis

noradrenaline uptake blockade mydriasis
Venlafaxine noradrenaline/serotonin uptake blockade mydriasis
SSRIs serotonin uptake blockade no effectk
Phenothiazines ‘ay-adrenoceptor antagonist, sedation miosis'

Haloperidol j-adrenoceptor antagonist miosis

GABA receptor agonist - sedation

noradrenaline releaser mydriasis
Modafinil dopamine uptake blocker mydriasis”

stimulation of inhibitory . receptors

anticholinergic mydriasis
anticholinergic mydriasis®
aglaucoma treatment.
® myopia treatment.

© in Homer's syndrome (supersensitive a1 -adrenoceptors).
9 dug reduces noradrenaline release (glaucoma treatment).

© first generation antihistamines (e.g., diohenhydramine, cyclizine) penetrate into the brain where they block H1 histamine receptors, leading to sedation.

! drug blocks a;-adrenoceptors in vasculer smooth muscle.

9 drug stimulates inhibitory az-acrenoceptors on central noradrenergic neurones, leading to sedation and sympatholysis.

1 include orphenadine, procyclidine, trhexyphenidyl.

D2 dopamine receptor agonists (e.g., pramipexole) stimulate inhibitory D2 receptors on wake-promoting central dopaminergic neurones, leadiing to sedation. This s expected to cause
miosis, however, paradoxicall, pramipexole causes mydriass [see (65)].

J Tricyclic antidepressants block the uptake of noradrenaline, potentiating noradrenergic neurotransmission, and this would lead to mydiasis. However, they have some other effects:
blockade of muscarinic cholinoceptors would lead to mydiesis and sedation, and blockade of 1 adrenoceptors would cause miosis. The overall effect reflects the balance between
these actions: mydiasis due to noradrenaline uptake blockade and cholinoceptor blockade is counteracted by miosis due to a1-adrenoceptor blockade and sedation. This explains the
veriable effects of trcylic antidepresssants on the pupil: imipramine and desipramine diate it, while amitriptyline has litle effect on it

K Selective serotonin reuptake inhivitors (SSRIs) block serotonin receptors in a complex network of serotonergic neurones associated with different exitatory/inhibitory receptors. The
overall effect s lttle or no change in pupil diameter.

! These drugs (e.g., chlorpromazine, triflioperazine) also have anticholinergic effects that would lead to mydriasis. However, a;-adrenoceptor blockade and sedation predominate,
leading to miosis.

™ Paradoxicall, although the benzodiazepine diazepam is highly sedative, it has no effect on pupil diameter [see (66)).

 Modafinl blocks dopamine uptake at exciatatory synapses on central noredrenergic neurones: this leads to increese in arousal and sympathetic activity.

© Stimulation of inhibitory . receptors on central noradrenergic neurones lead to sedation and sympatholysis.

P These drugs (oxybutynin, festerodine) inhibit voiding of the urinary bladder by blocking cholinoceptors in the detrusor muscle.
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*Recording date and time
*(examiner)

*Subject identifier

esex / age

e ethnicity / race

s clinical information, if appropriate
egenetic characteristics, if appropriate
eiris colour, if appropriate

s protocol name

e stimulation equipment/device (including open loop/closed loop)
s adaptation state

e stimulus paradigm

o calibration details

¢ protocol name

*camera equipment/device

«frame rate/temporal resolution

*spatial resolution

*type of recording (direct, consensual, binocular)
sfiltering, blink and artefact removal

+data format
stype (raw data, average)
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1 month 2 months

Mean SEM n Mean SEM n

o.70! 0.02 19 1181 006 13

11 .( 16 1.74" 0.08 15
Low blue 20.741 099 21 19771 153 13
Medium blue 2563 1.80 20 26.46' 1.40 12
High blue 33.16! 1.93 20 29.80" 311 9
Low red 882! 1.06 19 4541 0873 13
Medium red 14,011 1.49 19 10511 080 15
High red 30,641 145 21 28.471 169 15
Low blue 36.27 1.02 23 36.38 134 13
Medium blue 43.86 1.32 23 45.43 245 14
High blue 52.42 1.87 16 53.10 182 16
Low red 20.19 1.26 22 15.35 114 17
Medium red 32,61 132 24 27.15% 0.86 16
High red 44.98 1.80 20 43.79 1.74 16

PHOTOPIC MINII
Low blue 054! 002 21 0.90* 0.03 13
Medium blue 051! 008 20 0.90" 0.08 12
High blue 0.5 002 20 091" 0.08 9
Low red 064! 0.03 19 1131 006 13
Medium red 061’ 003 19 1.10°2 0.05 15
High red 0.02 21 0.89* 0,05 14
C MINIMAL DIAMETE!

Low blue 076 003 23 1.01* 0.07 13
Medium blue 0.70 003 23 0.89* 0,08 14
High blue 0,65 003 16 0817 005 15
Low red 088 004 21 1.43° 0.07 17
Medium red 084 003 25 1.25° 005 17
High red 0.68 003 2 0.98* 0,05 16

Quantifications of the baseline pupil ciameter (mm) and the relative maximal consitrition amplitude (%) are reported. *Significantly different compared to 1-month-old mice under the
same conditions, p < 0.001; significantly different compared to 1-month-old animals under the same conditions, p < 0.01; *significantly different compared to 1-month-old mice
under the same conditions, p < 0.05. " significanty different compared to scotopic conditions based on mice of the same age, p < 0.001; 2significantly different compared to scotopic
conditions based on mice of the same age, p < 0.05.
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1 month 2 months

Mean SEM n Mean SEM n

BASELINE PUPIL DIAMETER (mm)

130 004 17 158" 0.04 25
MAXIMAL CONSTRICTION AMPLITUDE (%)

Low blue 4287 1007 24 3674 109 2
Medium blue 4699 167 21 4163F 134 24
High blue 5091 168 22 4375t 228 23
Low red 3251 1.70 22 2432 129 25
Medium red 4295 145 21 3384 097 25
High red 4829 150 20 4160t 1.49 26

AREA UNDER THE CURVE OF THE POSITIVE PEAK OF THE
1ST DERIVATIVE

Low blue 1871 147 24 1407 071 24
Medium blue 7.94 111 20 6.99 0.82 27
High blue et 0.77 20 194 0.61 25
Low red 17.19 113 21 1267t 082 28
Medium red 20.56 1.23 24 15951 0.66 29
High red 9.60 1.00 20 9.19 0.92 32
'SUSTAINED CONSTRICTION AMPLITUDE (%)

Low blue 8.38 1.33 24 9.50 1.32 24
Medium blue 1374 158 21 1551 219 24
High blue 23.77 2.07 21 18.82 1.84 23
Low red 971 442 22 648 066 25
Medium red 703 1.09 22 8.11 1.09 25
High red 10.39 1.32 20 17.04 3.47 26
RATIO

Low blue 0.17 0.03 24 022 0.08 24
Medium blue 0.26 0.04 21 0.30 0.08 24
High blue 0.41 0.03 21 0.38 0.03 23
Low red 0.34 0.22 22 021 0.08 25
Medium red 0.13 0.02 22 0.20 0.08 25
High red 0.18 0.02 20 037 0.07 26

Quantification of the baseline pupil diameter (mm), the relative maximal constriction
amplitude (%), the area under the curve of the positive peak of the first derivative
(arbitrary unit), the relative sustained constriction amplitude (%), and the ratio of sustained
to maximal constriction amplitude. “Significantly different compared to 1-month-old
mice, p < 0.001; Tsignificantly different compared to 1-month-old animals, p < 0.01;
#significantly diifferent compared to 1-month-old mice, p < 0.05.
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1 month 2 months 4 months

Mean SEM n Mean SEM n Mean SEM n

11 0.07 16 1.74" 0.08 15 193" 0.05 12
Low blue 36.27 1.02 23 36.38 134 13 35.09 158 13
Medium blue 43.86 132 23 45.43 245 14 45,07 1.49 10
High blue 52.41 187 16 53.10 1.82 16 49.84 354 8
Low red 20.19 126 22 15.35 1.14 17 18.19 214 14
Medium red 32.61 132 24 27.15% 0.86 16 25201 136 "

High red 44.96 1.80 20 43.79 174 16 41.22 221 12

AXIMAL CONSTRICTION

Low blue —o71 0.04 17 —0.87 0.06 13 —o0.8f 004 13
Medium blue -076 004 24 ~0.95% 0.05 14 —1.05* 004 10
High blue —0:84 006 16 —1.15* 0.09 15 —095 006 8
Low red 005 22 -051 005 17 -059 006 14
Medium red 005 24 -0.79 0.04 17 005 12
High red 0.05 20 0.06 16 006 12
Low blue 9.63 11 24 s.78t 093 13 6.08% 135 13
Medium blue 291 089 2 134 0.49 14 1.27 1.06 10
High blue 039 028 17 0.13 0.086 15 o1 008 8
Low red 867 102 21 6.13 062 16 7.46 067 14
Medium red 1007 098 25 837 074 16 898 104 12
High red 279 055 27 228 0.44 15 164 049 12
Low blue 14.08 180 23 17.49 223 13 13.09 1.35 13
Medium blue 1992 241 23 28.22% 184 14 25.63 1.83 10
High blue 3205 298 17 4551 355 16 31.72 400 8
Low red 1195 438 22 657 1.32 17 412 082 14
Medium red 9.16 173 24 16.81 533 17 9.24 147 12

22.36 173 20 2594 236 16 1935 2.00 12
Low blue 038 004 23 0.48 0.06 13 038 004 13
Medium blue 0.46 005 25 0.64% 0.05 14 057 004 10
High blue 0.65 0.05 16 o0.84* 0.06 15 0.64 007 8
Low red 0.46 0.08 21 0.41 0.08 17 027 006 14
Medium red 029 005 23 0.45 005 16 037 006 12
High red 050 003 20 059 0.04 16 047 004 12

Quantification of the bassiine pupil diameter (mm), the relative maximal constriction amplitude (%), the maximal constriction velocity (mmys), the area under the curve of the positive peak
of the first derivative (arbitrary uni), the refative sustained constriction amplitude (%), and the ratio of sustained to maximal constriction amplitude. “Significanty different compared to
1-month-old mice, p < 0.001; 'significantly different compared to 1-month-old animals, p < 0.01; *significantly different compared to 1-month-old mice, p < 0.05.
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Baseline pupil diameter Sum of the pupil diameters (mm) during 500 ms before

Maximal constriction
amplitude
Area under the curve

Sustained response

Ratio of the sustained
response

the light stimulus/total number of pupil diameter values
during 500 ms before the light stimulus.

Baseline pupi diameter—minimal puplil diameter
expressed in percentage.

The first derivative of individual pupil tracing was
created using GraphPad Prism 5.01 software
(GraphPad Software, Inc., San Diego, CA, USA).
Individual curves were then exported into excel for
identification of positif peak by the formula:

= SIET(CN>0:Cn+1>0):(3An-$An-1)"(Cn+Cn-+1)2;")
where C is the column of data for one individual, Ais.
the colunm for time values, n is the row number.

The AUC of each individual is then determined by the
sum of these values.

Percentage of constriction amplitude at 9.5 following
stimulus offset.

Percentage of constriction amplitude at 9.5 s following
stimulus offset above the maximal constriction amplitude.
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Pupil metrics
5,000ms pulse

PLR Latency
(ms)

Peak
Constiction
Amplitude (%)
Time to Peak
(s)
Constriction
Velocity
%sh

1.8 PIPR (%)

Pupil metrics
5,000ms pulse

PLR Latency
(ms)

Peak
Constriction
Amplitude (%)
Time to Peak
©
Constriction
Velocity
(%.s~1)

1.85 PIPR (%)

Mel
A7%)

633.3 £ 43.3

32£02

40£03

0.8 4+ 0.02

39407

Mel
“7%)°

6125+ 42.7

21+£02

09+0.1

2304

19041

L+M (10%)

341.7 £ 493

45+06

09£0.1

50+ 1.0

01£01

L+M (10%)

395.8 + 46.3

31+02

0.8 +0.03

41£03

03£02

Photoreceptor directed stimulation

s
(10%)

491.7 + 64.4

31£02

1202

26+03

21+05

S
(10%)

4458 + 1143

21+£03

09+0.1

26+ 06

11£03

L-M (6%)

3250+ 4.8

89+ 04

0.8 £ 0.04

1.1£10

2110

L-M (6%)

366.7 + 9.6

70+£10

0.7 £ 0.01

99£16

06 £0.1

L+M
+
Mel

412.5 £ 458

4803

17£06

36408

39407

L+M
+
Mel

379.2 + 488
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09+0.1

41£05

eJ+01

S

+
Mel

579.2 £ 81.5

38+04

28+08

17£04

41406

s

.
Mel

4250 + 62.9

25+ 04

08+0.1

30£03
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L-M
+
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3542 % 12.5

85£07

09£0.1

98+12

54406
L-mM

+
Mel

341.7 £ 22.1

76+£07

0.8 £0.03

100+13

30£03

The units for the metrics and Weber contrasts of the photoreceptor isolating conditions are given in the parentheses. Mel, melanopsin; PIPR, post-illumination pupil response. *Measured
with temporal white noise (without penumbral cones).
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Study Light paradigm BPD LoC AC MCV  MCA  Redilation = Comments and features of

(n = sample velocity ~ parasympathetic (PSD) and
size)* sympathetic (SD) deficiencies
Micieli etal. (114), 500ms flashes of white - t 1 NAONA e BPD in dark was not significantly different
=29 fight at 1,400 lux from controls but in photopic conditions,
pupillary diameter was significantly larger
in PD patients.
PSD: 1LoC, JAC
Granholmetal. 16 x 150ms pulses of - NA NA  NA NA PLR checked before and after diluted
79, light at 20 and 40 lux tropicamide test.
(n=15) from a computer
screen at 77 cm
Fotiou et al. (76),  20ms flashiight . ) 1 1 1 NA PSD: JAC, IMCV, {MCA, 1LoC,
=22 delivered using a xenon tredilation
lamp at 30cm from the SD: |BPD
eye
Jainetal. (115), 11 x 1s white NA NA NA o NA o Pupillary unrest was significantly higher
=17 flashlight at 13 ca/m?, suggestive of autonomic dysfunction.
subtending a visual Five patients were on
angle of 4.60° ata dopaminergic medications.
distance of 73cm
Joyceetal.(116), 8spusedand 12s05Hz  Bue NA  NA o NA ONA % Selective faster redlation to short
n=17 sinusoidal stimulations using wavelength light suggests
465nm and 638 nm lights at Red NA NA 1 NA NA © mRGC dysfunction.

15.1 log photons/cm?.s at
the comeallevel

BPD, baseline pupillary diameter in mm; LoC, latency of constriction in seconds; AC, amplitude of constriction; MCV, Maximum constriction velocity; MCA, maximum constriction
acceleration; PD, Parkinson’s disease; PSD, Parasympathetic deficiency; SD, Sympathetic deficiency; |, decreased; 1, increased; <, Not significant; NA, Not applicable/avaiiable;
mRGC, Melanopsin expressing retinal ganglion cells; PLR, pupillary light response; *n, Sample size of patients included in the study (excluding controls).
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Study
(n = sample
size)*

Prettyman et al.
(48),
n=9

Ferario et al. (80),
=20

Fotiou et al. (81),
n=5

Granholm et al.
(79),
=15

Fotiou et al.
(75.76),
n=29
Frostetal. (77),
n=19

Bittner et al. (78),
(n = 66AD, 42MC))

Fotiou et al. (82),
(n=142)

Frost et al. (83),
(=14

Van Stavern et al.
(84),

(n=24)

Light paradigm

11 x 200ms 565nm
flashlights at 8.5 x 10-3
and 7 x 102 mW/em~2,
0.43 and 1.84 mW/em™2 at
1.om from the eye

15 of 660 nm flashlight

20ms flashlight delivered
using a xenon lamp at
30cm from the eye

16 x 150 ms pulses of light
at 20 and 40 lux from a
computer screen at 77 cm

20ms flashiight delivered
using a xenon lamp at
30cm from the eye

31 ms white flash at 180 pW

40 x 200ms pulse of
585 nm light at 200 cd/m?2

20ms flashiight at 24.6
cd/m?2

31ms white flashlight at 180
W

3 x 525ms white flashlight
at 180W

BPD

NA

NA

NA

LoC

NA

NA

AC

NA

NA

mcv

NA

NA

NA

NA

NA

MCA

NA

NA

NA

NA

NA

Redilation
velocity

NA

NA

NA

NA

NA

Comments and features of
parasympathetic (PSD) and
sympathetic (SD) deficiencies

PSD features: | AC and tredilation
SD features: In darkness, pupilary dilation
amplitude and velocity decreased, along
with decreased BPD.

PSD: 1BPD and 1LoC
SD: TMCA

Limitations: Age of different groups
not mentioned.

PSD: 18PD. Cholinergic medications
reduced BPD close to controls.

PLR checked after diluted tropicamide
test.

9 AD patients were using cholinergic
medications and 5 were using
anti-depressant medications.

PSD: JAC, JMCV, {MCA, 1LoC,
tredilation

SD: 1BPD

PSD: | Mean constriction velocity,
IMCV, {MCA, JAC and 1% redilation at
35sSD: |BPD

Controls were younger than AD and MCI
patients and had greater constriction
ampitude on repetitive stimulations
PSD: | MCV, §MCA, 1LC

MGV and MCA correlated well with
MMSE scores.

Limitations: Controls were younger than
AD patients.

Preclinical AD patients with no cognitive
impairment were studied.

BPD, baseline pupillary diameter in mm; LoC, latency of constriction in seconds; AC, amplitude of constriction; MCV, Maximum constriction velocity; MCA, maximum constriction
acceleration; AD, Alzheimer’s disease; PSD, Parasympathetic deficiency; SD, Sympathetic deficiency; |, decreased; 1, increased; «», Not significant; NA, Not applicable/available; PLR,

pupillary light response; MMSE, Mini-Mental State Examination;

Sample size of patients included in the study (excluding controls).
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Moura et al. (24)

Kawasaki et al. (25)

Kawasaki et al. (26)

Miinch et al. (27)

Nissen et al. (28)

Loo etal. (29)

Roecklein et al. (30)

Park et al. (31)

Ba-Al et al. (32)

Meltzer et al. (33)

Joyoe et al. (34)

Population

10 LHON patients
16 controls

1 LHON patient (14448/ND6)
one eye affected

8 HON patients
8 controls

11 HON patients.
11 glaucoma
22 controls

29 OPAT mutation patients
carying the ¢.983A > G (1 = 14)
or 6.2708_ 2711delTTAG
mutation (1 = 15)

40 controls

5 OPAT patients

54 controls

15 SAD patients
15 controls.

13 1IH patients
18 controls

13 drug-naive IIH patients
13 controls

24MS patients
15 controls

17 PD patients
12 controls

PLR Methods

15 red (640nm) and blue (470 nm) light
flashes at 1, 10, 100, and 250 o/m?
luminance

Monocular undilated stimulation, patch of
the other eye

20s red (660nm) and blue (470 nm) light
at 100 and 300 cd/m? in affected and
unaffected eye

10r30s red (635 & 20nm) (1 cd/m?) and
blue (463 = 26 nm) (—4 to 2.5 log cd/m?)
light

Simultaneous stimulation of both undilated
eyes

15 or 305 light stimulus at 635  20nm
(red light)

and 464 + 26nm (blue light)
Simultaneous stimulation of both undilated
eyes

Isoluminant (300 cd/m?)

red (660 nm) or blue (470 nm) light flash
(20s)

Monocular stimulation and recording of
the controlateral eye

Red (631 nm) and blue (469 nm) light
stimulation (order of light exposure
random) gradually increasing intensity from
6.8 to 13.8 log photons/cm?2/s1 over
2min (preceded and followed by 1min of
darkness)

Red (632.9nm) and blue (467.7 nm) 30s
light stimuli presented to both eyes and
pupil recorded in LE

15 blue and light flashes (rod, melanopsin
and rod conditions)

Monocular undilated stimulation, patch of
the other eye

15 red (622nm) and blue (463 nm)
administered alternatively to each eye
(max 2.6 log 1ux)

Pulsed (8s) or phasic (125) blue (465 nm)
or red (638 nm) light stimulation
Recording of the consensual response
with the stimulated eye diiated

Main findings

Overall maintenance of PLR in LHON patients.
despite the severity of optic atrophy

Similar sustained PLR in the aftected and
unaffected eye suggesting preservation of
mRGCs in the affected eye

No significant difference between HON and
controls in terms of PLR parameters

Similar sustained response after blue light in
HON patients compared to controls

No differences between OPAT patients and
controls in terms of PIPR

Dose-response curve (mean constriction
amplitude) for blue and red light similar
between OPAT patients and controls

Reduced PIPR and lower PIPR percent change
to blue light in SAD compared to controls

Smaller PLRs (transient and sustaineide
response) under melanopsin and rod
paradigms in IIH patients compared to controls

No difference in melanopsin-driven PLR

Reduced PIPR (melanopsin-driven PLR) to blue
light in MS eyes with thinner GCL + IPL and
with previous optic neuritis

Reduced PIPR and pupil constriction amplitude
in PD patients compared to controls
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Kankipati et al. (17)

Feigl et al. (16)

Nissen et al. (18)

Rukmini et al. (42)

Kelbsch et al. (43)

Minch et al. (27)

Adhikari et al. (44)

Najar et al. (45)

Herbst et al. (28)

Tsika et al. (22)

Population

16 glaucoma patients
19 healthy controls

25 glaucoma patients
16 healthy controls

11 unilateral glaucoma patients
11 healthy controls

40 glaucoma patients 161
healthy controls

25 glaucoma patients
16 Ocular Hypertension (OH)
patients

16 healthy controls

11 LHON patients
11 glaucoma patients
22 healthy controls

12 glaucoma suspects
22 early glaucoma patients
12 late glaucoma patients
21 healthy controls

46 early stage glaucoma patients

90 controls

10 unilateral NAION patients
11 controls

10 unilateral NAION patients
8 bilateral AION patients (1
NAION and 7 AION associated
with optic disc drusen)

29 controls

PLR Methods

10s light stimulus of blue (470 nm) or red
(623nm) to one eye after dilation (60°).
Consensual PIPR: average pupil diameter
over a period of 30s, starting 10s after
light offset minus baseline pupil diameter
10 blue (488 nm) and red (610 nm) stimuli
presented to the right eye, and the
consensual pupil response of the left eye
was measured (7°)

PIPR: average pupil diameter 20-50s after
light offset

105 of darkness (baseline pupi), 20s of
exposure stimulus (red-660nm and
blue-470nm) and 505 of darkness
(post-exposure). The area under the curve
(AUC) of consensual pupil was calculated
for: (1) during the 20's of light-on, (2)
during the first 10s after light was turned
off and (3) from 10 to 30s after light was
tumed off (AUC30-505)

Narrowband blue (469 nm) or red (631 nm)
(After 1 min dark adaptation). Pupillary
constriction amplitude (%) after 2-min
iradiance of gradually increasing light
stimuli (ranging from 6.8 to 13.8 Log
photons/cm?/s)

281x, red (605nm) or biue (420nm) light
with a duration of either 1 or 4s. The
consensual PIPR was recorded

Post-stimulus pupil size at 6's from light
offset (1s stimulus red and blue) was
recorded before, and immediately after
light exposure (2 h of bright light exposure)
(After 10 min dark adaptation)
Post-stimulus pupil size at 6 from light
offset (15, blue-464nm, 15.5 log
quanta.cm™2 s~ blue light presented in
the supero-nasal quadrant field)

Pupilary constriction amplitude (%) after
2-min irradiance of gradually increasing
light stimuli ranging from 8.5 to 14.5 Log
photons/cm?/s) for biue light (462nm) and
(from 8.5 to 14 Log photons/cm?/s) for
red light (638 nm)

Consensual pupil responses during and
after exposure to continuous 20s blue
(470nm) or red (660 nm) light of high
intensity (300 cd/m?) were recorded in
each eye

Post-stimulus pupil size (PSPS) at 65
following monocular as wel as binocular
light stimulation of 1's (red-635 nm,
blue-464 nm) at different intensities (1.0,
1.5, and 2.0 log cd/m?)

Main findings

Patients net PIPR (blue PIPR minus red PIPR)
was significantly smaller than in controls and
inversely correlated with the MD in visual field of
the tested eye

The blue PIPR was significantly smaller
between controls and patients with advanced
glaucoma, as well as between early and
advanced glaucoma patients

The pupillary response to blue light was
decreased in the glaucomatous eyes of
unilateral glaucoma. In the unaffected eyes, the
pupillry response to blue light did not differ
from that of healthy controls

In glaucomatous eyes, reduced pupillary
responses to high-irradiance blue light were
associated with greater visual field loss (D)
and optic disc cupping

PIPR blue-red was reduced in glaucoma
patients compared to normals (p < 0.001) and
OH (p < 0.01). There was no significant
difference between OH and controls. PIPR was
inversely correlated with MD in the tested eye
Only glaucoma patients demonstrated a
relative attenuation PRL and at advanced
stages of disease also melatonin suppression
‘abnormal response

Supero-nasal field melanopsin PIPR
measurements diferentiated MRGC
dysfunction in glaucoma suspects and early
glaucoma from healthy controls and showed a
linear correlation with RNFL thickness
Maximum amplitude of pupil constriction was.
reduced in patients with early-stage glaucoma
compared with controls for biue and red
stimuli. This reduction was dependent on the
irradiance of the light exposure, and showed a
linear correlation with RNFL thickness
Compared with the responses of the controls,
the blue light post-illumination pupil responses
were similar in the affected eyes and increased
in the fellow non-affected eyes. This suggests a
possible adaptive phenomenon, of pRGCs in
both eyes

PSPS to all monocularly-presented light stimuii
were impaired in AION eyes. To binocular light
stimulation, the PSPS of AION patients was
similar to controls
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Active Presentation rate Summed Summed
test-regions (stimuli/s/hemiretina) signal at signal at
eachPON/s each EWN/s

All test-regions both eyes 3 6 12
6 12 24
Left or right eye only* 3 3 6
6 6 12
Left or right 3 6 6
homonymous hemifields* 6 12 12
Bitemporal hemifields 3 3 6
6 6 12
Binasal hemifields 3 3 6
6 6 12

Subjects were tested with two protocols, at presentation rates of either 3 or 6
stimuli/second/hemiretina, for each of the active test-region variants. "These active test-
region variants had separate versions for each eye or hemifield i.e., left and right versions
at each presentation rate, making four stimulus protocols each.
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NpiL
Size L (mm)
Min L (mm)
%ChL

oV L (mmvs)
MCV L (mmvs)
DV L (mm/s)
LatL ()

Npi R

Size R (mm)
Min R (mm)
%ChR

CV R (mnvs)
MCV R (mmvs)
DV R (mnvs)
LatR(s)

Group 1

Stroke patients with strategic
infarctions (n = 25)

452 £0.08
3.44£0.16
233£0.01
316£1.71
2.09£017
3.39+0.28
0.88 £0.06
0.24 £0.01
4.45 +£0.08
3.34+£0.14
2.33£0.09
204+2.14
2.03£0.15
3.19+0.27
0.83 £0.08
0.24 £0.01

Group 2

Stroke patients without strategic
infarctions (n = 25)

4.38 £0.08
3.31£0.156
2.41£0.09
26.1+£1.63
1.87 £0.16
275+£026
0.84 £0.08
0.24 £0.01
4.44£0.08
329+0.17
235011
27.7+1.42
2.09+£0.14
3.06+0.23
0.83 £ 0.06
0.23+0.01

Controls

Patients with myocardial
infarction (n = 25)

4.42 £0.07
3.17+0.17
2.30 £ 0.09
25.4 4207
1.71£0.17
259+ 0.26
0.80 £0.07
0.24 £0.01
4.44 £ 007
3.17+£0.18
23+009
2644208
1.66 £0.17
2534024
0.84 £ 0.09
0.24 £0.01

p-value* p-value™*

0.2
0.56
0.53
0.03"
0.36
0.1
0.68
0.54
0.99
0.81
0.84
0.53
0.74
0.88
0.94
033

036
024
032
0.02t
0.13
o.0st
043
084
0.94
045
084
0.18
0.12
0.11
0.89
097

Values are referring to mean+SEM; significance level p < 0.05; L, left; R, right; mm, milimeters; s, seconds; for other abbreviations see Table 1; *Group 1 vs. group 2; **Group 1 vs.

controls; T No longer significant after adjustment for multile testing (%Ch L p

026, adjusted p = 0.344; p = 0.025, adjusted.

0.333; MCV L

0.0461, adjusted

0.507)
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Age (years; mean = standard
deviation)

Females

Hypertension

Cholesterol

Diabetes

Smoking

Alcohol Abuse

Platelet Inhibition
Anticoagulation
Antihypertensives

Sedative medication (ie.
antiepieptic and psychotropic
drugs)

Group 1

Stroke patients with strategic
infarctions (n = 25)

726+11.8

12 (48%)
23 (92%)
19 (76%)
5 (20%)
7 (28%)
4(16%)
18 (72%)
7 (28%)
20 (80%)
1(4%)

Group 2

Stroke patients without
strategic infarctions (1 = 25)

719+8

14 (66%)
20 (80%)
21 (84%)
4 (16%)
8(32%)
3(12%)
20 (80%)
5(20%)
16 (64%)
6(24%)

NS, not significant; significance level p < 0.05; *Group 1 vs. group 2; **Group 1 vs. controls.

Controls

Patients with myocardial
infarction (n = 25)

67.8+13.6

11 (44%)
15 (60%)
23 (92%)
2(8%)
5(20%)
0
24 (96%)
3(12%)
14 (56%)
1(4%)

p-value*

NS

NS
NS
NS
NS
NS
NS
NS
NS
NS
NS

p-value**

NS

NS
0.009
NS
NS
NS
NS
NS
NS
NS
NS
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Size = Maximal Diameter (in
millmeters)

MIN = Minimal Diameter (in
milimeters)

9% CH = Change in diameter (%)

LAT = Latency of constriction (in
seconds)

GV = Constriction Velocity (in
millimeters per second)

MCV = Maximum Gonstriction
Velocity (in millimeters

per second)

DV = Dilation Velocity (in
millimeters per second)

NPi = Neurological Pupil Index
(absolute value)

Maximum pupil size before constrition
Pupil diameter at peak constriction

9% of change from maximal to minimal pupil
diameter

Time of onset of constriction following initiation
of the light stimulus

Average of how fast the pupil diameter is
constricting measured in millimeters

per second

Maximum velocity of pupil constriction of the
pupil diameter responding to the flash of light
measured in millimeters per second

The average pupillary velocity when, after
having reached the peak of constriction, the
pupil tends to recover and to dilate back to the
initial resting size, measured in milimeters

per second

Proprietary algorithm that takes all variables
above as inputs and compares to normative
model to give a composite score of pupillary
response from O to 5, with 3 being within
physiological limits (21)
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Pupil metrics

65 PIPR (%)

Peak PLR (%)

Transient PLR (%)

Short wavelength (464nm)

Depression Control
60.31 9.2 6025+ 6.5
95% OL (52.6-68.0) 95% CL (56.4-64.2)
46,1+ 4.4 43964
95% CL (42.5-49.8) 95% CL (40.2-47.6)
28455 224562
95% CL (18.3-27.5) 95% CL (19-25.2)

95% CL, 95% confidence limit; PIPR, Post-lumination Pupil Response; PLR, pupil light response.

Long wavelength (637 nm)

Depression Control
94713 936+2.4
95% CL (93.6-95.8) 95% CL (92.2-95.1)
569+ 7.1 551 +5.7
95% CL (51.0-62.8) 95% CL (51.7-58.6)
22482 21.4£56
95% CL (15.5-29.3) 95% CL (18-24.7)
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4% cocaine

Normal ~ Horner
Number of eyes 182 )
Drugeffect  Mean +2.06 +0.72
sD 085 071
Range —086to 06810
+3.90 +2.94

0.5% apraclonidine

Normal Horner
31 72
—0.44 +0.73
0.35 0.60

-13to -0.36to
+08 +2.25

Measurements (in mm) were made in the light for cocaine testing and in the dark for
apraclonidine testing. “+" Indicates an increase in pupil size, “~" indicates a decrease.
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Number of eyes

Age

Gender

Iris color

Mean
Range
Male
Female
Brown
Green
Blue

4% cocaine

Normal Horner

182 96

46 50
18-80 8-82
36% 42%
64% 58%
21%
28%
51%

0.5% apraclonidine

Normal Horner
31 72
43 53
14-82 23-73
29% 39%
1% 61%
21%
31%

48%





OPS/images/fneur-10-00055/fneur-10-00055-g006.gif
onder of chearualions





OPS/images/fneur-10-00055/fneur-10-00055-g005.gif
I

i

5 iF






OPS/images/fneur-10-00055/fneur-10-00055-g004.gif
response (mm) >

response (mm)
n5 @88

10
os
00

05
10

as

AN

2345670850
pupil diameter (mm)






OPS/images/fneur-09-01140/fneur-09-01140-g003.gif
gy st g ke o)

Vg Fopl Msgnits (mm)

I

Glog caim?

IS






OPS/images/fneur-09-00916/fneur-09-00916-g002.gif





OPS/images/fneur-09-01140/fneur-09-01140-g004.gif
m 1

i





OPS/images/fneur-09-01140/fneur-09-01140-g005.gif
Ampitugo(u¥)

ERG Ampitude V)

ERG Ampitude (V)

W s i oy _Olog e
© S reqocy S e

ro-

“08iog carm]

T R~ e y—





OPS/images/fneur-09-01140/fneur-09-01140-t001.jpg
Rod 4 Hz
Rod 5Hz Same-
Cone 5Hz Cross-
Rod and Cone 5Hz

Rod 8 Hz
Rod 9Hz Same-
Cone 9Hz Cross-

Rod and Cone 9Hz

Cone 4Hz Rod and Cone 4 Hz

Cross-
Same-
Same-

Cone 8 Hz Rod & Cone 8 Hz

Cross-
Same-
Same-

Photoreceptor type combinations assessed for 4 + 5 Hz pairs (top) and 8 + 9Hz pairs

(bottom).
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Number of
primaries

@

128

56

Primary
wavelengths
[nm]

470, 600, 525,
615nm £
20-36nm

473 £ 25nm
511 £33nm
530 £ 36nm
696 + 15nm
627 £ 20nm

468, 524,599,
and 633 nm (test)
466nm,

500nm,

517nm,

596nm
(background)
+15-38nm

n/a

442, 516, 594,
and 634 nm (one
set)

466, 514, 590,
and 634nm
(second set)

456, 488, 540,
592,633

456, 488, 540,
592, 633

485, 500, 515,
595

460, 524, 590,
635

456, 488, 540,
592,633

Viewing
geometry

Diftusing
screen in front
of integrating
sphere

Light booth
with white
paint

Diffusing
screen in front
of integrating
sphere

Viewing of
surface
through lens

Ganzfeld

Maxwelian
view

Maxwellian
view

Viewing of
surface
through lens
Diffusing
screen in front
of LEDs

Ganzfeld

Maxweliian
view

Field size

20° field size

Ganzfeld

Annulus id 5 od 18°
Total field 23°

27.5° cireular, central
5° blocked

54° field

30° circular, central
10.5° blocked

30° circular, central
10.5° blocked

64° circular, central 5°
blocked

24.88° horizontal,
12.13° vertical

Central 7° of surface
covered with disk of no
reflective black
material.

30° circular, central
10.5° blocked

Modulations [max.
contrast]

Melanopsin [~53%)
Luminance [~539%]
Isochromatic [~53%)

Melanopsin-only (cone and
rod silent) [3.4%)
Multiple mixed modulations

8%

S, (L+M), melanopsin,
(L+M+melenopsin) [50%]

Mixed joint modulations, no
melanopsin-isolaing
modulation

Experiment 1: S, M, L, Rod,
Melanopsin [16%)
Experiment 2: CSF

Experiment 1: S, M, L,
Rods, Melanopsin,
(L+M+) [17%], red-green
[4% M,—4% L)
Experiment 2: LMS [17%
each], L+M [17% each],
LMS + melanopsin [16%
each], Rods + melanopsin
9% each), S + melanopsin
[16% each], red-green +
melanopsin [2% M,—2% L,
8% melanopsin]

25-400%

S, M, L, Melanopsin [23%]

LM, (L4M4S) [11%
Weber]

Color:{7%, 22% o 24%
Weber]

CFF and pupil: (L+M), S,
melanopsin [17%
Michelson]

Background
light level

301 cd/m? to
642 cd/m? to
982 cd/m?

35 cd/m?

612 cd/m?
background
1,100 cd/m?
test field

382-1,033
od/m?

0.002-100
od/m?

Experiment 1:
200 Photopic
Td
Experiment 2:
2,000
Photopic Td

2-20,000
Photopic Td

100~
200cd/m?

Background
or average of
8.5 melanopic
lux

17 c/m?

2,000
photopic Td
(detection
thresholds
and pupil)
200-5,000 Td
(CFF)

N observers

10

16

3 (authors)

3

3 (2 authors)

16

42 authors)

Temporal
properties

10min stimuli
5min
background

Measurement
after 1 min of
continuous
exposure

Sinusoidal &
square wave
stimuli

Sinusoidal,
0.01-2Hz

Sinusoidal,
0.6-8Hz

Sinusoidal,
1Hz

Sinusoidal,
1Hz

Tapered
puises (35,
14-165 IS))
Square-wave
(0.25-4Hz)

Square-wave
(s
increment/
decrement
followed by
181 of 25)
Pupil 1 Hz
sinusoidal

Spectral sensitivities
assumed

Cones: CIEPO2008
Melanopsin: Dartnall
nomogram at 482nm
Assumes macular and
lens filtering from
CIEPO2006

Optical density 0.5
Cones: CIEPO2008
Rods: V()
Melanopsin:
Stockman-Sharpe
shifted to peak at

482 nm; optical density
0.1; lens from Stockman
&Sharpe

Cones: CIEPO2008,
10°

Melanopsin: Dartnall
nomogram at 480 nm
Assumes macular and
lens fitering from
CIEPO2006

Optical density 0.4

10°
Stockman-Sharpe/CIE
cone fundamentals,
melanopsin estimated
by shifting
Stockman-Sharpe
nomogram to Amax =
480nm, corrected for
prereceptoral fitering
(same as cones, optical
density 0.3).
Smith-Pokorny cone
fundamentals

Enezi et al. melanopsin
function

Smith-Pokorny cone
fundamentals applied
for the CIE 1964 10°
Standard Observer
CIE 1951 scotopic
luminosity function
Enezi et al. melanopsin
function
Smith-Pokorny cone
fundamentals applied
for the CIE 1964 10°
Standard Observer
CIE 1951 scotopic
luminosity function
Enezi et al. melanopsin
function

CIE 2006 parametric
model

a-opic lux (Lucas et al.:
Govardovski
nomograms, Amax from
Dartnall, optical
densities 0.3, 0.38, 0.38
[SAAR)

Stockman Sharpe cone
fundamentals

Smith-Pokorny cone
fundamentals applied
for the CIE 1964 108
Standard Observer CIE
1951 scotopic
luminosity function Enezi
etal. melanopsin
function





