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ABSTRACT  
Purpose 
Intrinsically photosensitive retinal ganglion cells (ipRGCs) express a 
unique photopigment called melanopsin. Capable of direct 
phototransduction, the ipRGCs are also influenced by rods and cones via 
synaptic inputs.  Thus, the photoinput that mediates the pupil light reflex 
derives from both outer (rods and cones) and inner (melanopsin-
mediated) retinal photoreception. This thesis has aimed to develop a 
pupillometric test that provides quantitative information about the 
functional status of outer and inner retinal photoreception in healthy eyes 
and in eyes with retinal degeneration. In addition to regulating the pupil 
light reflex, the ipRGCs signal light information for the circadian rhythm, 
thus, these two non-visual physiologic responses to inner retinal 
photoreception were examined simultaneously. 

Methods 
Pupil responses to a long and short wavelength light over a range of 
intensities (under conditions of light, mesopic and dark adaptation) were 
recorded using a customized infrared computerized pupillometer. Results 
were compared for two groups: patients with retinitis pigmentosa and 
controls. The response function threshold intensity and a half-max 
intensity was determined from the rod-weighted and cone-weighted pupil 
responses and correlated to extent of visual loss. The pupil response to 
light offset was assessed as a measure of direct melanopsin activation. 
Lastly, pupil responses to red and blue light at equal photo flux were 
recorded hourly during a 24-hour period and correlated to salivary 
melatonin concentrations in healthy subjects. 

Results 
In normal eyes, the blue light evoked greater pupil responses compared to 
equiluminant red light. With increasing intensity, pupil contraction 
became more sustained which was most apparent with the brightest blue 
light. In patients with retinitis pigmentosa, the pupil responses mediated 
predominantly by rod and cone activation were significantly reduced 
compared to controls, (p<0.001) and the relative decrease in their 
contribution resulted in a greater influence of melanopsin on the post-
stimulus response. Even at endstage retinal degeneration, pupil 
responses that derived predominantly from residual cone activity were 
detectable. The threshold intensity of the rod-mediated, but not cone-
mediated, pupil response was also significantly reduced (p=0.006) in 
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patients and the half-maximal intensity of rods correlated with severity of 
visual loss (r2=0.7 and p=0.02). In healthy controls, the melanopsin-
mediated pupil response demonstrated a circadian modulation whereas 
the cone-mediated pupil response did not.  

Conclusion 
Early and progressive loss of rod function in mild-moderate stages of 
retinitis pigmentosa is detectable and quantifiable as a progressive loss of 
pupillary sensitivity to extremely dim blue lights obtained under 
conditions of dark adaptation. In advanced stages of retinal degeneration, 
chromatic pupillometry is more sensitive than standard 
electroretinography for detecting residual levels of rod and especially 
cone activity. In addition, selective wavelength pupillometry can assess 
non-visual light-dependent functions. The timing of the post-stimulus 
pupil response to blue light is in phase with melatonin secretion, 
suggesting a circadian regulation of this pupil parameter. 
 

Key words: pupil, pupil light reflex, melanopsin, photoreceptor, 
intrinsically photosensitive retinal ganglion cell 
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ABSTRAKT  
Bakgrund 
Jätteganglieceller (intrinsically photosensitive retinal ganglion cells, 
ipRGCs) är en klass av fotoreceptorer som utnyttjar ett unikt vitamin-A-
baserat fotopigment som kallas melanopsin. Utöver deras direkta 
ljuskänslighet, mottar ipRGCs stimulerande och hämmande synaptiska 
signaler från andra fotoreceptorer (tappar och stavar) som därigenom 
kan modulera aktiviteten hos ipRGCs. Ögats pupillreflex medieras alltså 
av ljus både via yttre (stavar och tappar) och inre (melanopsin-medierad) 
retinal fotoreception, och den gemensamma afferenta pupillomotor-
signalen leds till den pretectala nucleus olivarius via axoner från ipRGCs. 

Arbetet i denna avhandling syftar till att utveckla ett kliniskt pupilltest 
som ger kvantitativ information om yttre och inre retinala fotoreceptorers 
funktionella status hos friska försökspersoner och patienter med retinal 
degeneration. Förutom att styra pupillreflexen, skickar ipRGCs även 
impulser som påverkar kroppens dygnsrytm. Därför ingår även en 
delstudie i vilken ipRGCs aktivitet studeras genom att avläsa icke-visuella 
fysiologiska reaktioner på inre retinal fotoreception. 

Metoder 
Ljus av lång (röd) respektive kort (blå) våglängd presenterades med 
stegvis ökad ljusstyrka för att selektivt stimulera stavar, tappar eller 
melanopsin. Pupillreaktionerna registrerades med en infraröd 
datoriserad pupillometer och jämfördes mellan friska kontroller och 
patienter med retinitis pigmentosa. I uppföljande experiment gjordes mer 
noggranna tester i syfte att isolera aktiveringen av varje ljusmottagande 
element. Tröskelintensiteten för stav- eller tapp-medierad pupillreaktion 
bestämdes med linjär regressionsanalys. Reaktionskurvan för 
stavmedierad pupillreflex kvantifierades (halv-maximal intensitet) och 
jämfördes med svårighetsgraden av sjukdomen i två familjer med samma 
sjukdomsframkallande mutation för retinitis pigmentosa. För att 
undersöka icke-visuella reaktioner på inre fotoreception från ipRGCs, 
undersöktes pupillreaktion på rött och blått ljus varje timme under en 24-
timmarsperiod och korrelerades till melatoninkoncentration i saliv hos 
friska personer med normal syn. 
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Resultat 
I normala ögon, gav blått ljus en kraftigare pupillreaktion jämfört med 
rött ljus av samma ljusstyrka. Med ökande intensitet, blev 
pupillkontraktionen mer ihållande, vilket var tydligast med starkt blått 
ljus. Hos patienter med retinitis pigmentosa, var både tapp- och stav-
medierad pupillreaktion signifikant reducerad jämfört med kontroller, 
(p<0,001). Patienter med avancerad sjukdom och icke-reaktivt elektro-
retinogram hade fortfarande mätbar pupillreflex, huvudsakligen 
härrörande från kvarvarande stavaktivitet. I två familjer med retinitis 
pigmentosa beroende på en enda missense-mutation av NR2E3 genen, 
var tröskelvärdet för stavmedierad pupillreflex signifikant reducerat (p= 
0,006) och korrelerade till sjukdomens svårighetsgrad. Tappmedierad 
pupillreflex hos dessa patienter skilde sig dock inte signifikant från 
kontroller, trots att fotopiskt (tapp) elektroretinogram var klart 
avvikande. Hos friska kontroller visade melanopsinmedierat pupillsvar 
en dygnsvariation medan tapp-medierat pupillsvar inte gjorde det. 

Slutsatser 
Som tillägg till standardundersökningar kan selektiv våglängds-
pupillometri (kromatisk pupillometri) vara användbart för utvärdering av 
funktionen hos stavar och tappar. Denna avhandling visar att tidig och 
gradvis förlust av stav-funktion i milt-måttligt stadium av retinitis 
pigmentosa är detekterbar och mätbar som en progressiv förlust av 
pupillens känslighet för mycket svagt blått ljus, efter mörkeradaptation. I 
avancerade stadier av retinal degeneration är kromatisk pupillometri 
känsligare än standardelektroretinografi för att detektera kvarvarande 
nivåer av stav- och speciellt tapp-aktivitet. Hos unga patienter, där 
elektroretinografi kan vara tekniskt svårt, är pupillometri en lovande 
teknik för att värdera yttre retinal fotoreception relaterad till synfunktion. 
Dessutom kan selektiv våglängdspupillometri ge information om icke-
visuella ljusberoende funktioner. Pupillreaktionen på blått ljus varierar 
med melatoninsekretionen, vilket tyder på en cirkadisk reglering. 
Ytterligare studier krävs för att undersöka om selektiv våglängds-
pupillometri även kan användas i samband med sjukdomar relaterade till 
störd dygnsrytm, som sömnlöshet och årstidsbunden depression. 

Nyckelord: pupill, pupillreflex, melanopsin, fotoreceptor, 
jättegangliecell (intrinsically photosensitive retinal ganglion cell) 
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INTRODUCTION  

A brief history of the pupil light reflex and 
pupillography  
The notion of the pupil light reflex as a feedback circuit is credited to the 
Scottish physician Robert Whytt (1714 to 1766) (1). He observed that light 
presented to a blind eye did not cause pupillary movement in either eye but 
when the light was moved to the seeing eye, both pupils contracted 
vigorously (2). This observation of a direct and consensual pupillary 
contraction to light stimulation of only one eye permitted Whytt to reason 
that the retina did not directly communicate with the muscles of 
pupilloconstriction but rather, it signalled a central integrator which 
commanded the nerves responsible for moving the pupils. These thoughtful 
deductions are especially remarkable given the paucity of knowledge of 
human anatomy and physiology in the early 18th century, a period when 
many of Whytt’s contemporaries still adhered to the ancient theory of vital 
fluids as the mediator between brain and body. It would be another 150 years 
before Nobel-prize laureate Santiago Ramon y Cajal would propose the 
neuronal doctrine which maintained that neurons were the base unit of the 
central nervous system and that they communicated by a system of electrical 
signals transmitted in unidirectional sense from dendrite to cell body to axon 
(3). 

It is now well-established that the pupil light reflex is a reflex arc composed 
of three neurons. Light information processed by the retinal photoreceptors 
is integrated to a neuronal signal in the retinal ganglion cells which are the 
first neurons in the reflex arc. The pupillomotor signal is carried by the 
axons of retinal ganglion cells which form the optic nerve, chiasm and tract. 
At the terminus of the optic tract, pupillary and visual axons (see below, 
section on intrinsically photosensitive retinal ganglion cells) part ways and 
those axons carrying afferent pupillomotor signal pass through the brachium 
of the superior colliculus to synapse at the pretectal olivary nucleus in the 
dorsal midbrain. The pretectal neurons, the second neurons of the reflex arc, 
integrate all input signals (retinal, supranuclear and infranuclear) which 
modulate the pupil light reflex. Their axons project to the Edinger Westphal 
nuclei bilaterally which generate the efferent motor signal that initiates a 
constriction of the iris sphincter muscle (4). The amplitude of pupillary 
contraction is proportional to the log light intensity for mid-range photopic 
stimuli and the latency is inversely proportional (5, 6).  

In the 1920s, Otto Lowenstein, uncontestably the father of modern 
pupillography, began recording and studying the dynamics of pupillary 
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movement as a means to understand central autonomic pathways (7). He 
applied controlled testing conditions to quantify and analyze the various 
types of evoked pupil responses, such as the pupil light reflex, the reflex 
dilation in darkness and the startle reflex (8). Early pupillographic studies 
were, however, very labor intensive as pupil diameters had to be measured 
and plotted manually. Pupillography took a technological leap when in the 
1950s, Professor Lowenstein automated the measurement process (9). The 
greater resolution and accuracy afforded by electronic pupillography opened 
a new avenue of study: the pupil as an indicator of retinal sensitivity. 

The pupil light reflex as a marker of retinal light 
sensitivity  
In the 1950s, the pioneering work of Drs. Otto Lowenstein and Irene 
Loewenfeld established certain facts about the pupil light reflex in relation to 
subjective visual perception (9, 10). For example, light intensities ranging 1 
to 3 log units over the scotopic visual threshold (rod threshold) produce 
slow, small and short duration pupil contractions but an abrupt increase in 
the effectiveness of light stimuli on the pupil light reflex occurs once the 
photopic visual threshold (cone threshold) is surpassed. The pupil 
contraction increases in amplitude, speed and duration with increasing light 
intensities, reaching maximal values at about 7-9 log units above scoptic 
visual threshold. They also observed that the pupillary spectral sensitivity to 
dim lights coincides with the scotopic visual perception curve such that 
under dark adapted conditions, green or blue light is more effective than red 
light for eliciting threshold pupillary responses. Other similar and 
remarkably elegant experiments helped to set a solid foundation on which 
pupillography could be developed as a tool to assess retinal light sensitivity 
(11-15). However, even with technological advancement to automated 
infrared pupillometry, a chief limiting factor for its widespread use as a 
retinal test was the absence of standardized normative values of pupil 
response parameters across various age groups. This was due to large inter-
individual differences in the pupil light reflex and this variability was further 
compounded by the moment-to-moment fluctuations in repeated individual 
responses. Thus during the 1970s through 2000s, pupillometry for 
assessment of neuroretinal function steered in the direction of comparing 
the difference in the pupil light reflex between the two eyes to detect and 
measure asymmetry. This interocular difference of the pupil light reflex, 
called the relative afferent pupillary defect, could be reliably detected and 
quantifed pupillometrically in a variety of neuroretinal disorders (16-20). 
Being a binocular comparative test, the relative afferent pupillary defect 
could not, however, be used to tell if the neuroretinal function of a given eye 
was normal or not. 
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In 1998, the discovery of a novel ocular photopigment (21) and the 
subsequent identification of a non-rod, non-cone photoreceptor in 2002 (22) 
compelled a revision of our understanding about the retinal light signals that 
contribute to the afferent signal of the pupil light reflex. At the same time, 
this new information furnished a sound neural substrate upon which short 
term fluctuations could be understood and reduced, making pupil responses 
more reliable for analysis and interpretation. Thus, the start of the twentieth 
century witnessed a renewed enthusiasm in using the pupil as an indicator of 
retinal light sensitivity. 

A third photoreceptor in the eye: intrinsically 
photosensitive retinal ganglion cells 
Since the mid 1800s when Spanish neuroanatomist Cajal denoted the 
cellular layers of the retina with his exquisite, hand-drawn representations, 
traditional teaching held forth that image formation was the sole function of 
the eye (23). Vision, or image formation, requires color distinction, contrast 
discrimination, fine spatial resolution and directional sense. Rod and cone 
photoreceptors of the outer retina, having high sensitivity over a broad range 
of spectral sensitivities, are well-suited to this task. Recently, another 
function, one that is phylogenetically much older than visual perception, has 
been revealed: environmental light (irradiance) detection (24). Irradiance 
detection is a measure of environmental brightness and occurs at a 
subconscious level. Irradiance detection serves to align internal biologic 
rhythms to the external solar day, i.e. light: dark cycling is the most powerful 
signal for entraining the circadian rhythm. Thus the eye is a light detector for 
both visual and non-visual physiologic functions.  

The non-visual, circadian system is a relatively insensitive and slow system 
having a narrow dynamic range of spectral sensitivity and requiring 
relatively large amounts of light integrated over long periods of time (25, 26). 
Because such features of the circadian system were difficult to reconcile with 
the properties of rods and cones, it seemed logical that a third photoreceptor, 
an irradiance detector, should exist in the eye (27-32). But which retinal cell 
was it? In 2002, this irradiance detector was identified to be a specialized 
subgroup of neurons located in the inner retina which expressed a novel 
vitamin A-based photopigment called melanopsin (21, 22). Collectively 
termed intrinsically photosensitive retinal ganglion cells (ipRGCs), these 
specialized neurons are capable of driving phototransduction independently 
of rods and cones (Table 1). Their intrinsic melanopsin-mediated 
photoresponse is the primary signal for non-visual, light-dependent 
behaviors in mammals which include photoentrainment of the circadian 
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clock, secretion of the pineal hormone melatonin and mediation of the pupil 
light reflex (22, 33-38). 

 

Table 1. Features of the visual and non-visual photoreceptive pathways. 

Photoreceptor cell and  
function 

Rods and cones 
image formation (vision) 
pupil light reflex 

ipRGCs 
circadian photoentrainment 
pupil light reflex 

Location Outer nuclear layer of retina Ganglion cell layer and inner nuclear 
layer of retina 

Photopigment Rhodopsin  
Cone opsin 

Melanopsin 

Total number 92,000,000 rods 
5,000,000 cones 

Several 1000s 

Receptive field Very small Very large (interconnection of 
dendrites) 

Properties Adaptation to steady light 
fine spatial resolution 

Temporal integration of ambient light 

λ sensitivity All visible wavelengths (short, 
medium and long wavelengths) 

Broad band, peak sensitivity to short 
wavelength light 

 

Characteristics of the intrinsic light response in 
ipRGCs 
The ipRGCs are intrinsically photosensitive which means they can depolarize 
to light stimulation in the absence of all synaptic input. While responsive 
over a broad range of light spectra, their photopigment melanopsin shows 
maximal absorption of light around 480 nm (22, 39). As photoreceptors, the 
ipRGCs are rather inefficient at light absorbtion and activation of 
melanopsin requires much higher light levels than that needed for activating 
rods and cones. It has been estimated that the membrane density of 
melanopsin is about 1000X lower than that of photopigments in the outer 
segments of rods and cones (40). In addition to its relative insensitivity, the 
intrinsic light response of ipRGCs has extremely slow response kinetics and 
utilizes a phototransduction cascade similar to that of invertebrates such that 
the polarity of the ipRGC response is opposite to that of rods and cones, 
resulting in direct generation of action potentials (22, 39, 41, 42). 

In 2002, Berson first demonstrated and characterized the properties of the 
intrinsic light response using whole cell recordings from isolated rat retinas 
bathed in a pharmacologic cocktail that prevented all synaptic input to the 
ganglion cells (22). Light exposure evoked a large depolarizing voltage 
response with superimposed fast action potentials in the ipRGCs. The 
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latency time to response onset was typically on the order of several seconds 
but became shorter with brighter lights. For saturating light stimuli, the time 
of first spike was only a few hundred milliseconds which is still delayed 
compared to that of rods and cones (36). Constant illumination depolarized 
the ipRGCs to a peak firing rate within 10-20 seconds and then the cells 
settled to a steady-state firing rate that varied little in its spike frequency. 
Repolarization following light termination was also slow and persistent 
spiking could be seen for 5 to 60 seconds after the light was turned off (12).  

Despite their insensitivity and slowness, ipRGCs have the ability to modulate 
their sensitivity according to lighting conditions (43) and are probably 
capable of generating an intrinsic photoresponse to very brief and intense 
light flashes (44). Furthermore, recent evidence has found diversity in the 
intrinsic light response, even in the early postnatal period, which has been 
attributed to different morphological subtypes of ipRGCs (42). 

The slow response kinetic of the intrinsic light response is clearly superior to 
the rapid kinetics of rods and cones for integrating information of ambient 
light levels (irradiance) over longer time periods, as required for 
photoentrainment (46). While ipRGCs are capable of depolarizing directly 
and independently to light stimulation, their activity is also under constant 
influence of rod- and cone-mediated light signalling via synaptic connections 
with bipolar cells. Extrinsic, or synaptically-driven, responses are evoked by 
light on the order of 6 log units dimmer than intrinsic light response. In 
addition, there is a shift in the peak spectral sensitivity of ipRGCs from 
480 nm to 510 nm (47). These extrinsic influences allow ipRGCs to respond 
to light with shorter response times, larger depolarization and greater 
sensitivity to light than is possible from their own intrinsic melanopsin-
mediated response. In this way, ipRGCs expand their ability to encode and 
respond to a very broad range of different light stimuli. 

The pupil light reflex re-visited: current state of 
knowledge 
The afferent limb of the pupil light reflex can now be more precisely defined. 
There are three retinal photoreceptive inputs to the afferent limb 
(comprising the afferent pupillomotor signal) - rods, cones and melanopsin 
of ipRGCs (39, 48, 49). While physiologically different, they are functionally 
complementary and at the same time synergistic for driving the pupil light 
reflex. That is, any single photoreceptor activated in isolation of the other 
two is capable of mediating a pupillary response to light. In the absence of 
rods and cones, the intrinsic photoreception system remains fully 
operational and thus explains why persons blind from rod-cone 
degeneration have pupils that contract vigorously to light and retain wake-
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sleep habits that approximate the day-night cycle of their environment 
(50, 51).  

The relationship of the intrinsic melanopsin system to rods and cones is 
complex and is not fully elucidated, though some important information has 
emerged. Direct recordings of ipRGCs from a primate retinal mount have 
shown a differential firing pattern of these cells as a function of spectral 
wavelength and light intensity (39). Using single cell recording of ipRGCs in 
primate retina, Dacey and colleagues found a short latency (38 ms), maximal 
response to a long wavelength (550 nm) light pulse (500 ms) at mid-
photopic levels, consistent with cone-driven input to the ipRGC (39). The 
response was transient at threshold, and even at higher intensities, declined 
rapidly during maintained light. Pure rod-driven responses were best elicited 
with a 502 nm light stimuli in the scotopic range after the in vitro retina was 
kept in total darkness for 10-20 minutes. Both the cone-driven and rod-
driven responses could be completely eliminated by the addition of 2-amino-
4-phophonobutyric acid and 6-cyano-7-nitroquinoxaline-2,3-dione which 
are retinal glutamate receptors blockers and effectively block rod and cone 
signalling to the inner retina. Under pharmacologic treatment, the intrinsic 
response of the ipRGC could be recorded in isolatation of rod and cone 
influences and showed similar properties as demonstrated by Berson in rats 
(see paragraph above). When a short wavelength light (470 nm) of 
equivalent quantal level was substituted for the long wavelength light, in the 
absence of pharmacologic manipulation, a sustained depolarization having 
short onset latency was observed during maintained light, indicating a 
combined cone and melanopsin influence on the cell response. At higher 
light levels (about 3 log brighter) the cell continued to discharge after light 
offset, thus demonstrating the unique and characteristic feature of the 
intrinsic response (39). 

It is generally accepted that the highly sensitive rod system dominates 
ganglion cell activity to very low intensity (at or below visual threshold) light 
flashes presented under conditions of dark adaptation. Cones activation and 
recruitment occurs with increasing intensity of the light stimuli to photopic 
range. Both rods and cones are temporally faithful in their response to an 
abrupt change in illumination. Their powerful influence on the ipRGCs at the 
moment of light onset defines the easily recognized pupil light reflex in 
which the pupil responds to a light flash with an immediate and maximal but 
transient pupillary constriction and then promptly re-dilates back to its 
baseline size once the light is turned off (38, 49, 52). Cones rapidly adapt to 
continuous light exposure, losing some 3 log units of sensitivity within 100 
seconds (48). Melanopsin contribution, which occurs at higher levels of 
illumination, is better able to sustain a steady-state level of firing for long 
periods of light exposure under photopic conditions (48, 53, 54). At a specific 
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threshold of activation, the melanopsin photoresponse may override rod and 
cone contribution in a “winner-take-all” phenomenon (48). This grossly 
simplified model of the interaction between retinal photoreceptors does not 
yet account for influences from intra-retinal connectivity with bipolar cells 
(ON and OFF types) and amacrine cells as details of their role in the retinal 
physiology of light processing are also being re-defined in light of the new 
photoreceptor discovery. 

Pupillometry re-visited 
At the present time, infrared automated pupillometry has several specific 
applications in the ophthalmologic clinic. In refractive surgery, 
measurement of pupil size in various levels of darkness is a standard pre-
operative procedure for calculating the ablation zone (55). As mentioned 
previously, comparison of the pupil light reflex between the two eyes to 
detect asymmetry, the relative afferent pupillary defect, is an important test 
to differentiate neuroretinal causes of visual loss from refractive or cortical 
causes of visual loss. Pupillometry can reliably perform this function (56-58). 
Finally for evaluating patients with abnormal pupil size and movement, 
pupillometry is an established means to diagnosis an oculosympathetic 
deficit, or Horner syndrome (59, 60).  

What is still needed from pupillometry is a rapid and non-invasive test to 
assess light responses derived from the outer retina as well as the intrinsic 
photoresponse of a given eye for any given individual. The simplicity of 
performing selective wavelength (colored light) pupillometry and the 
objectivity of the test make it potentially an ideal alternative test to 
electroretinography for retinal assessment in children and other patients 
with limited cooperation. The outcome parameter is a reflex and cannot be 
manipulated by volition. In this century where identification of the 
molecular basis of inherited diseases is increasingly available and innovative 
modalities including gene therapy, protein replacement and even artificial 
retinal implants are being rapidly developed as potential treatments to 
reverse visual loss, novel ways to assess and quantify the retinal light 
sensitivity are being sought and pupillometry is anticipated to be one of 
them.  

The discovery of the ipRGCs and melanopsin photoreception has shed a new 
and clearer view about how light stimuli of different nature modulate the 
pupillary behavior, in particular the steady-state pupil size. The intrinsic 
melanopsin photoreception system operates predominantly at high photopic 
light levels, is not sensitive to the direction from which light strikes the 
retina and has an action spectrum similar (but not identical) to the rod 
photoreception system. In addition, it is now understood that the afferent 
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pupillomotor input is not the summed mass of all ganglion cell activity but is 
uniquely signaled from ipRGCs (38, 48, 49). Knockout models in mice have 
shown the influence of each photoreceptor in isolation on the pupil light 
reflex and it is tempting to directly translate the animal data to humans for 
interpreting pupil responses to selective wavelength light. However, pure 
isolation of a single type of photoresponse is not readily observed from pupil 
responses in the wild-type in vivo state, even in transgenic retinal degenerate 
mice (36, 61). Furthermore, we must be cautious in making direct translation 
from animal data to humans in whom the role of melanopsin photoreception 
in the human pupil light reflex is not fully established. Two lines of recent 
evidence however, suggest this latter is true. 

Gamlin et colleagues recorded ipRGC activity from in vitro retinal mounts of 
macaque monkeys and also made pupillary recordings from in vivo eyes, 
before and after an intravitreal injection of 2-amino-4-phophonobutyric acid 
and 6-cyano-7-nitroquinoxaline-2,3-dione. Pharmacologic elimination of rod 
and cone signal transmission was confirmed with electroretinography and in 
their functional absence, the pupil remained responsive to light. Ten narrow-
bandwidth wavelengths between 430 nm and 613 nm (8.5 to 15.7 log 
photons/cm2/s for 10 seconds were used to characterize the spectral 
sensitivity of the pupil light response. In untreated eyes, the pupil-irradiance 
response functions revealed reduced pupil contraction (averaged contraction 
over a 5 second period between 5 and 10 seconds from light onset) at longer 
wavelengths and the collective spectral data overlapped with known 
templates for a single pigment absorption spectrum. After intravitreal 
treatment, the pharmacologic elimination of rod and cone signal 
transmission was confirmed with electroretinography and despite their 
functional absence, the pupil remained responsive to light. These residual 
pupil responses were mediated solely by the intrinsic melanopsin 
photosystem and were largest for wavelengths between 453 and 510 nm and 
absent at 613 nm. Their collective spectral data closely matched the spectral 
sensitivity of a single photopigment, melanopsin (49). Corresponding 
experiments revealed similar spectral sensitivity results of the pupil 
contraction after light offset (averaged contraction over 10 seconds between 
6 and 16 seconds from light offset). This finding confirmed that the post-
illumination pupil contraction was driven by the melanopsin photoresponse, 
and similar threshold and action spectra of the post-illumination contraction 
was demonstrated from pupil recordings of human eyes (non-treated). 

Young and Kimura also investigated a role of melanopsin to the human pupil 
light reflex (62). They examined the potential effect of the intrinsic 
melanopsin-mediated photoreception on pupil responses to light onset 
(incremental steps of 6 seconds duration to 100X photopic visual threshold) 
using wavelengths spanning the spectral range for melanopsin and cones. 



 
 

I n t r o d u c t i o n   |  9  

 

The sustained pupil contraction during continuous light stimulation had a 
spectral peak toward 500 nm, raising a question about the relative 
contribution of S and M cones, rods versus melanopsin to the sustained 
light-ON pupil contraction. To specifically address this question, the pupil 
responses to photopically equivalent light having either 470 nm wavenlength 
or 570 nm wavelength were compared and found to become more disparate 
at higher intensities as short wavelength light produced greater contractions 
than long wavelength light. Furthermore, at high intensities, the difference 
in pupil response grew gradually over time to reach a peak around 4 to 8 
seconds after light onset, and then gradually declined. These findings 
supported a model of combined cone-melanopsin contribution to the 
photopic pupil light reflex and were consistent with the known properties of 
intrinsic photoreception, namely the high threshold intensity for melanopsin 
activation and its slower kinetics compared to cones (39). 

The pupillary methods and results of these human studies form a basis on 
which we have formulated the work described in this thesis. The ipRGCs 
provide the neural substrate by which changes in the pupil can be mediated 
via direct transfer of photic signalling from the retina. The papers described 
herein will provide further evidence that differential pupil responses to 
selective wavelength light stimuli can be evoked and analyzed to differentiate 
the functional status of rods and cones and intrinsic ipRGC response in vivo 
in humans. 
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AIM OF THE THESIS 
Rods and cones located in the outer retina are the photoreceptors of the 
visual system. The ipRGC photoreceptors located in the inner retina serve 
non-visual light functions such as circadian rhythm and pupil light reflex. 
These three photoreceptive elements of the retina (rods, cones and ipRGCs), 
demonstrate differing functional properties. We hypothesize that the 
inherent differences in their light sensitivity and response kinetics can be the 
basis for selecting light stimuli which preferentially activate one type of 
photoreceptor over the others. Under such specific light stimulus conditions, 
we also hypothesize that the pupil light reflex will reliably reflect those 
properties of the photoreceptor selected for activation. The work presented 
in this thesis has aimed to develop a clinical pupil test that provides 
quantitative information about the functional integrity of outer and inner 
retinal photoreception, particularly in the setting of hereditary retinal 
degenerative disease.  

Specific aims of the thesis:  

1. To define the optimal light stimulus conditions which will elicit 
differential pupil responses that derive primarily from the outer retina 
(rods and cones) or from the inner retina (ganglion cells).  

2. To determine the pupil response parameters that best reflect rod and 
cone function and those which best reflect intrinsic ipRGC activity.  

3. To compare rod-weighted and cone-weighted pupil responses between 
normal eyes and eyes with photoreceptor disease. 

4. To compare rod-weighted and cone-weighted pupil responses to visual 
field testing and full-field electroretinography in patients with 
progressive visual loss due to outer retinal degeneration. 

5. To identify the effects of circadian phase across a 24-hour period on 
various aspects of the pupil response derived from outer retinal 
photoreception versus inner retinal photoreception. 

6. To examine for any correlation between subjective sleepiness and 
pupil responses derived from outer versus inner retinal 
photoreception.  
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METHODS 

Subjects 
All subjects gave informed consent for participation and all experiments 
were conducted according to the tenets of the Declaration of Helsinki and 
received approval from the local ethical committee. Control subjects with 
normal eyes were recruited from posted flyers and from hospital personnel. 
Inclusion criteria were a normal eye exam with best corrected acuity of 
20/25 or better, no history of past or present ocular disease and no use of 
any topical or systemic medications which could adversely influence 
pupillary movement. Patients with a diagnosis of retinitis pigmentosa were 
recruited from the hospital clinic and data base. Inclusion criteria included 
progressive visual loss, characteristic fundus appearance and an abnormal 
electroretinogram. In all patients, results of visual acuity, visual field testing, 
electroretinography and fundus photos were recorded. 

Pupillometer 
The light stimulator was a ColorDome Ganzfeld ERG apparatus (Diagnosys, 
Lowell, Mass) which provides a diffuse, wide-field light stimulation using 
light emitting diodes over a number of predetermined spectral bandwidths. 
At a distance of 75 mm from the front of the eye to the opening of the bowl, 
the horizontal radius of the viewing angle is 45 degrees (conservative 
estimate). For all experiments, a light having the spectral bandwidth of 
640±10 nm (red light) was used to represent the long wavelength light 
stimulus and 467±17 nm (blue light) as a short wavelength stimulus. The 
Ganzfeld stimulator was connected via an electronic board to a dual channel 
binocular eye frame pupillometer (Arrington Research, Scottsdale, AZ) 
which had a recording frequency of 30 Hz or 60 Hz.  

All recordings were performed monocularly on non-dilated pupils by 
covering one eye with a light-occluding eye patch. The adaptation level (light, 
dark or mesopic) is specified in the section entitled testing protocol for each 
experiment.  

Study design 
All experiments were non-randomized prospective interventional studies in 
which the intervention was pupil testing under selective light stimulus 
conditions. 
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Testing protocol for Paper 1 and Paper 2 
Forty-three normal subjects and a heterogeneous group of 32 patients with 
retinitis pigmentosa were tested under mesopic conditions of light 
adaptation (approximately 1 cd/m2 for 10 minutes). As the pupillometer was 
a novel, customized instrument, there were no existing light stimulus 
protocols and normative data. Thus, working from the current knowledge of 
the anatomy and physiology of rods, cones and melanopsin, we had to 
develop a prototype testing protocol from which pupil responses to red and 
blue light could be characterized and compared between controls and 
patients. Our prototype light stimulus was a continuous 39 second red or 
blue light composed of three intensities (1, 10, and 100 cd/m2) presented for 
13 seconds each in stairstep fashion. This prototype was based on pre-
experimental studies (unpublished data) in which a 10 second dark interval 
had been inserted between intensity steps. However, subjects reported 
significant discomfort and manifested excessive blinking when, from total 
darkness, the 100 cd/m2 stimulus was abruptly turned on. Therefore, the 
dark interval was removed to allow a continuous stepwise increase in light 
intensity. In order to ensure melanopsin activation and contribution to the 
pupil response, a moderately long stimulus duration of 13 seconds was used 
(22, 48, 50). For all subjects, the red light stimulus was presented first and 
following few minutes of re-adaptation to the mesopic light conditions, the 
blue light stimulus was presented. 

The main outcome parameters derived from the recorded pupil tracings to 
the prototype light stimulus were the transient and sustained pupil 
responses. The transient pupil response was operationally defined as the 
maximal percent change from the baseline pupil size during a time window 
180-500 ms after the onset of stimulus intensity at each intensity step (1, 10 
and 100 cd/m2). The sustained pupil response was how much the pupil had 
remained contracted at the last (13th) second of light stimulation. 

For the patients with retinitis pigmentosa, the electroretinograms were 
examined and categorized as non-recordable, abnormal, or normal. This was 
performed independently for the scotopic and the photopic 
electroretinogram. The visual field tests (Goldmann kinetic perimetry) for 
each patient was also examined and then objectively quantified using a 
manual grid scoring system (63, 64). This method assigns a point for 
different regions of intact visual field defined by a III4e isopter and a perfect 
score is 100.  
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Testing protocol for Paper 3 
For this study, a genetically homogeneous cohort of patients was studied. 
Nine patients with the same disease-causing Gly56Arg mutation of the 
NR2E3 gene and 12 control subjects were tested. To isolate activation of a 
single photoreceptor type as much as possible, the light stimulus conditions 
of this experiment were more rigorous and exacting, compared to the 
prototype stimulus used in papers 1 and 2. The range of intensities was 
greatly increased to cover a 9 log-unit span of light intensities (from -6.0 log 
cd/m2 to 2.6 log cd/m2 where 0 log = 1 cd/m2). Two stimulus protocols for 
pupil testing were developed and used.  

The first stimulus protocol was performed under conditions of dark-
adaptation (0 cd/m2 for 10 minutes). A sequence of alternating blue and red 
stimulus lights having 1 second duration each was presented, starting at a 
very dim intensity (sub-threshold for visual perception and for pupil 
response) and then increasing by 0.5 log-unit steps over a 7 log-unit range 
(-6.0 to 1.0 log cd/m2). The dark interval between stimulations varied 
between 3 and 30 seconds, with increasing dark intervals at brighter light 
intensities to allow the pupil to return to baseline size before the next light 
stimulation. A bright (2.6 log cd/m2) red and blue stimulus was presented at 
the end of the test sequence to assess for the amount of pupillary contraction 
that persisted after light termination, i.e. the post-stimulus pupil response 
that is attributable to melanopsin activation. The pupil was recorded 
continuously throughout the entire stimulus protocol. 

The second stimulus protocol was designed to favor cone activation while 
minimizing the rod and melanopsin contributions to the ipRGC activity and 
thus the pupil response. These specifications included pre-test light 
adaptation, a continuous short wavelength background light in the Ganzfeld 
bowl, light stimulus having a long wavelength (red color), and higher 
stimulus intensities. The second pupil recording was performed following 10 
minutes of adaptation to room light and 3 minutes of adaptation to a blue 
light (0.78 log cd/m2) in the Ganzfeld bowl. A series of 1-second red-light 
stimuli of increasing intensity (from -1.0 to 1.5 log cd/m2) was presented in 
consecutive 0.5 log-unit steps. In addition, a bright red and blue stimulus 
(2.6 log cd/m2) was also given at the end of the second testing sequence. 
During each testing, the subject was instructed to signal with a finger tap 
when he or she could first see a stimulus light. For the first testing protocol 
which used red and blue lights, the subject was also asked to signal when the 
stimulus light first appeared non-white and to name the color.  

The main outcome pupil parameters were the response threshold (the lowest 
intensity generating a pupil light reflex) and the logI50 (the intensity 
generating a half-maximal response). Using a linear regression analysis 
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through the pupil responses to the dimmest blue stimuli (between -6.0 and -
1.0 log cd/m2), the “rod threshold” was defined as the lowest stimulus light 
intensity expected to produce a 5% criterion pupil contraction. The “cone 
threshold” was similarly determined from pupil responses in the light-
adapted red-light stimulus condition. The logI50 was the intensity which 
produced a pupil response that was half of the maximal response, as 
determined from the response curves to the dark-adapted blue light stimuli 
(rod-weighted stimulus condition) and the light-adapted red light stimuli 
(cone-weighted stimulus condition). Finally, the intrinsic melanopsin 
activation of ipRGCs was estimated from how much the pupil stayed 
contracted following the 2.6 log cd/m2 blue light. Using the post-stimuus 
contraction to red light as a control (since red light at this intensity does not 
in theory, activate melanopsin), the melanopsin pupil response was 
operationally defined as the difference between the relative pupil size at 6 
seconds after termination of the red vs blue light. 

Testing protocol for Paper 4 
Ten normal subjects were examined with pupillometry, salivary sampling for 
melatonin and analog scales for subjective sleepiness over an entire 24-h 
period (two sessions of 12 hours each). For pupillometry, red and blue light 
stimuli were matched for equal photon density (1.0 x 10 14 photons/cm2/s) 
as this experiment specifically aimed to assess inner retinal photoreception. 
From the scientific literature, this irradiance level had been shown by other 
groups to activate melanopsin in isolated ipRGCs in vitro and to produce in 
vivo the signature pupillary behavior of melanopsin-dominated ipRGC 
activity: a contracted state that persists after light termination (39, 49). Two 
stimulus durations were used: 1 second and 30 seconds. The stimulus 
protocol for this experiment was as follows: 1 minute of dark adaptation, 
then 1-second light stimulus followed by 60 seconds of darkness, then 30-
second light stimulus followed by another 60 seconds of darkness. As in 
previous experiments, the red light was used first and following an interval 
of 3-5 minutes of mesopic light adaptation (<6 lux), the stimulus protocol 
was repeated with the blue light.  

The first 12-h session started within the first hour after habitual wake time. 
In the laboratory (constant light level <6 lux), subjects were permitted to 
read, to listen to music or to engage in conversation but could not have any 
supplementary light sources, for example a portable telephone. Every 30 
minutes, the subject was asked to fill out a subjective sleepiness scale. Every 
60 minutes, a saliva sample was collected for melatonin analysis, and pupil 
testing was performed, as described in the previous paragraph. After the first 
12-hour session, the subjects went to bed and arose at his or her habitual 
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wake time. The second 12-hour session was performed 13 hours after 
habitual wake time.  

The main outcome parameters from the pupil recordings were the maximal 
pupil contraction, the sustained pupil contraction defined as mean pupil size 
during the 30 seconds light stimulus and the post-stimulus pupil contraction 
defined as the relative pupil size at the 6th second after light termination. In 
addition, the dynamics of the pupil as it returns to baseline size during the 
light-off period were assessed from the exponential re-dilation rate, the 
asymptotic re-dilation size, and the area under the curve between actual 
pupil size and the extrapolated baseline. 

The dim light melatonin was defined as the time when salivary melatonin 
concentrations exceeded 2 standard deviations, compared to averaged 
daytime values (65), and was used to align all subjects to a standardized 24 
hour cycle. Subjective sleepiness data were averaged per hour and plotted as 
2 hour bins over 24 hours. 

Pupillographic recording, pre-processing and 
analysis 
The video signal from the miniature video cameras of the pupillometer was 
relayed to a processing board which recorded the maximal pupil diameter in 
real time into a text file. Blinking and eye movement artifacts were removed 
by applying a customized semi-automated filter function whereas other large 
amplitude artifacts were identified by inspection of tracings and removed 
manually. To reduce high-frequency, non-physiologic variations in the pupil 
tracing, a 5% weighted smoothing function was applied to the graph of the 
tracings. In order to normalize the pupil movement to the initial baseline 
size, raw pupil sizes were converted to relative pupil sizes and expressed as 
ratio of the baseline as follows: actual pupil size divided by baseline pupil 
size. The baseline pupil size was derived from the median pupil size during 
the dark interval (ranging 1 to 10 seconds) just before onset of each light 
stimulus. Pupil contraction was expressed as percentage of baseline pupil 
size. The relative pupil size or the percent pupil contraction was then plotted 
as a function of time to visualize the dynamics of the pupil movement in 
response to the stimulus paradigm. The stimulus response curve for 
protocols using more than 3 light intensities (experiment 3) was generated 
by plotting percent pupil contraction as a function of stimulus light intensity 
and applying an asymptotic exponential function for a curve fit.  
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Statistics 
Descriptive statistics were used to characterize the distribution of the main 
outcome pupil parameters for the control and patient groups. Comparison of 
outcome parameters between patient group and control group was made 
using parametric (t-test and analysis of variance (ANOVA) for normally 
distributed data) and non-parametric (Mann-Whitney rank sum test) paired 
statistical comparisons. A p≤0.05 level was considered significant. The 
distribution of any given outcome parameter for subgroups (2 or more) of 
patients was compared to controls using one way ANOVA (Holm-Sidak 
method for normally distributed data and Dunn method for non-parametric 
data analyzed by rank).  

Where appropriate, Spearman rank correlation analyses were performed to 
examine for a relationship between the pupil outcome parameters and the 
other indicators of clinical disease (electroretinogram, visual field score).  

For post-hoc analysis t-tests or the Duncan multiple rank tests, all p-values 
were adjusted for multiple comparisons. 
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RESULTS 

Paper 1 
In normal eyes, the pupil response to blue light was always greater compared 
to red light at photopically-matched intensities of 1, 10 and 100 cd/m2. In 
addition, for both red and blue light, the transient pupil response always 
exceeded the sustained pupil response, indicating pupil escape (Figure 1A). 
This was most apparent with the dimmest (1 cd/m2) red light stimulus in 
which pupillary escape was immediate and often so marked that there was 
little by way of a sustained pupil response. In one-third of subjects, the pupil 
could sustain only a 5-10% contraction by the 13th second of continuous 
light stimulation. With increasing light intensity, this difference favoring the 
transient over the sustained pupil response diminished, particularly for the 
blue light stimulus. In almost all subjects, during blue light stimulation using 
the brightest intensity (100 cd/m2), there was almost no pupillary escape and 
the sustained pupil response was essentially equal to the transient pupil 
response (Figure 1B). 

Figure 1A. Figure 1B. 

 

Figure 1 (taken from figure 2 and figure 4 of paper 1).  

A. Example of a pupil tracing from a normal eye in response to red and blue light 
stimulation of 3 increasing intensities. The y-axis represents the pupil contraction from 
baseline (in %) and the x-axis represents time. The arrows indicate the location in the 
tracing of the transient (T) and sustained (S) components of the pupil response at each 
intensity.  

B. Graph of the sustained pupil response as a function of the transient pupil response at 
3 different light intensities for 43 normal eyes. The differential red and blue pupil 
response can also be visualized in the insert which reflects the median pupillogram of 
43 subjects. 
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In a post-experiment analysis to address the intra-subject variability of pupil 
responses using colored light stimuli, 9 subjects (not reported in the original 
data) underwent pupillometry on 2 separate days by the same technician. 
There was a good correlation between test-retest responses for transient and 
sustained pupil responses to red and blue light was obtained. (r2=0.89), 
indicating repeatability of results. 

Paper 2 
Compared to the control group described in paper 1, patients with retinitis 
pigmentosa showed a significant reduction of their transient pupil responses. 
This was particularly true for pupil responses to the light stimulus conditions 
weighted to emphasize activation of either rod photoreceptors (1 cd/m2 blue 
light) or cone photoreceptors (100 cd/m2 red light). 

When compared to visual field testing, the patients with the worst visual 
field loss tended to have the poorest pupil responses whereas the patients 
with relatively preserved visual fields had the best pupil responses. When 
compared to electroretinography, the patients who showed the greatest loss 
of their rod-weighted and cone-weighted pupil responses had the most 
severe electrophysiologic abnormality (Figure 2). Compared to controls, 
differences were significant for rod-weighted pupil responses of patients 
with a non-recordable scotopic (p<0.001) and for cone-weighted pupil 
responses of patients with a non-recordable or abnormal photopic 
electroretinogram (p<0.05). 
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Figure 2A. Figure 2B. 

    
 

Figure 2 (taken from figure 3 and figure 4 of paper 2).  

A. Scatterplot of the rod-weighted pupil responses (1 cd/m2 blue light stimulus) from 32 
patients with retinitis pigmentosa grouped by their scotopic electroretinogram result. 

B. Scatterplot of the cone-weighted pupil responses (100 cd/m2 red light stimulus) from 
32 patients with retinitis pigmentosa grouped by their photopic electroretinogram result. 
For each graph, the individual patient responses (median shown by the long horizontal 
black line) are superimposed on the box plot showing the median, 75th, 25th, 95th, and 
5th percentile level for the group of 43 normal eyes reported in paper 1. N.S.= not 
significant. 

 

Thirteen patients had a non-recordable combined electroretinographic 
response yet rod-weighted and cone-weighted pupil responses were 
recordable. The contraction amplitudes ranged from 9% to 43% for rod-
weighted pupil responses, and from 0% to 61% for cone-weighted pupil 
responses. Even in one patient who was completely blind (no light 
perception), a pupil response was evoked but it was only in response to the 
brightest (100 cd/m2) blue light which was the melanopsin-weighted 
stimulus condition. Unexpectedly, the melanopsin-mediated pupil response 
of patients was significantly lower compared to controls (50.9% and 56.8%, 
respectively, p<0.05) but the range of responses was large.  

Because of this unexpected finding, a qualitative post-hoc assessment of the 
post-stimulus pupillary behavior (how it re-dilates during 20 seconds after 
termination of the light stimulus) was undertaken by subjective examination 
of the pupil tracings. Patients with retinitis pigmentosa commonly showed 
an asymmetry in the rate of pupillary re-dilation after light offset such that 
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the pupil tended to remain small and constricted following a bright blue light 
stimulus (100 cd/m2). This post-stimulus pupil contraction was not seen in 
pupil tracings taken from a photopically matched red light (100 cd/m2). 
Normal eyes did not show a post-stimulus contraction to either the red or 
blue prototype light stimulus. 

Paper 3 
This genetically homogenous group comprised 9 patients (6 men and 3 
women, aged 13 to 60 years) from two families who harbored the same 
disease-causing pGly56Arg mutation of the NR2E3 gene. The control group 
was 12 subjects (6 men and 6 women, aged 12 years to 57 years). The clinical 
expression of disease correlated positively with increasing age (r2=0.7, 
p<0.05). 

Pupil responses using the rod-weighted stimulus condition (very dim blue 
lights spanning a 5 log-unit range and presented under dark-adaptation) 
were reduced in patients compared to controls. The rod-weighted stimulus 
response curves were flatter and shifted to the right, accompanied by a 
significant increase in the half-max intensity logI50 (Figure 3). The mean 
rod-weighted logI50 was -1.2 log cd/m2 for patients (compared to the control 
mean -2.5 log cd/m2; p=0.004) and it correlated with severity of disease 
(r2=0.7, p=0.02). The pupil-derived rod threshold, as determined from 
regression analysis of pupil responses to blue light was also significantly 
higher for patients compared to controls (mean±standard deviation -3.4±1.1 
log cd/m2 versus -4.7±0.4 log cd/m2, respectively) and the difference 
between these 2 groups was significant (p=0.006) (Figure 4). The rod 
threshold showed a general tendency to increase with disease rank but did 
not quite reach statistical significance (r2=0.3, p>0.05). 
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Figure 3 (unpublished graph). Individual rod-weighted stimulus response curves for 9 
patients with NR2E3-associated retinitis pigmentosa who are numbered in rank order of 
disease severity. The blue light stimulation is presented under dark adaptation and 
begins at -6 log cd/m2 which is sub-threshold for a pupil response. The stimulus intensity 
is increased by half- log steps until -1 log cd/m2. This range of intensities approaches a 
rod isolated stimulus condition. The black line represents the mean response curve for a 
control group (n=12). Note the progressive change in the shape of the patients’ 
response curves with increasing clinical disease. 
 

 
Figure 4 (taken from figure 3 of paper 3). Distribution plots for the half-maximum 
intensity, the logI50, and the threshold intensities for 12 controls and 9 patients with 
NR2E3-associated retinitis pigmentosa. The blue light stimulus under dark adaption is the 
rod-weighed stimulus condition and the red light stimulus under light adaptation is the 
cone-weighted stimulus condition. Pupil responses for the rod-weighted condition are 
significantly reduced in patients compared to controls. 



 
 

2 2  |   A k i  K a w a s a k i  

 

Regarding the subjective visual perception under conditions of dark 
adaptation, the patients needed, on average, 2.0 log-units brighter light to 
first perceive the light stimulus but individual values were highly variable, 
ranging from -4.5 to 2.6 log cd/m2 (mean±standard deviation -2.5±2.2 log 
cd/m2). For 4 patients, their visual perceptual threshold occurred at the 
same intensity at which they first distinguished the color of the light 
stimulus.  

Unexpectedly, the pupil responses obtained using the cone-weighted 
stimulus condition (red lights presented under light adaptation) did not 
differ between controls and patients, either in the shape of the stimulus 
response curve or in the distribution of cone threshold values (mean cone 
threshold -0.7±0.4 vs -0.7±0.5 log cd/m2 for controls and patients, 
respectively, p=0.97). Similarly, under conditions of light adaptation, there 
was no difference in the visual perceptual threshold of the light stimulus 
between patients and controls (-0.5 versus -0.7 log cd/m2 respectively, 
p=0.39).  

There was a significant difference in the mean post-illumination pupil 
response between patients and controls (p=0.02). To examine the possibility 
that rods contributed to this pupillographic measure of melanopsin activity, 
the rod threshold was correlated against the post-illumination response but 
this correlation was not significant (p>0.05). 

Paper 4 
Ten healthy subjects maintained a stable sleep-wake cycle for 2 weeks prior 
to testing. Their salivary melatonin concentrations confirmed an entrained 
circadian rhythm with dim-light onset of melatonin secretion occurring at a 
mean time of 21:31 ±86 minutes. Subjective sleepiness increased with 
elapsed time of wakefulness and subjects became significantly sleepier 
starting at 17 hours after habitual wake time (p<0.05). 

Baseline pupil size did not demonstrate any significant change across 24 
hours (p>0.16). As previously shown, the blue light stimulus (both 1 second 
and 30 seconds duration) evoked a greater maximal transient and sustained 
pupil contraction compared to equiluminant red light. In addition, following 
offset of the blue light stimulus, the pupil remained significantly more 
contracted (smaller size) and showed a slower re-dilation rate resulting in an 
overall larger area under the curve, as compared to offset of the red light 
stimulus (p<0.05). For both colors of light, there was a significant effect of 
the time of testing (day vs night). The post-stimulus pupil contraction, 
particularly after the 30 second light stimulus, was more pronounced during 
night time than day time. 
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With respect to increasing time of wakefulness over a 24-hour period, the 
maximal transient pupil contraction significantly increased using the red 
light stimuli but not blue light. With respect to the circadian rhythm, the 
post-stimulus pupil size following offset of the blue light stimuli was 
significantly related to the different circadian times (Figure 5). In particular, 
the time course of the post-stimulus pupil size following the 1-second blue 
light showed a significant modulation over a 24-hour period with a 
maximum post-stimulus pupil size at around 150° which is close to habitual 
wake time. In other words, this was the time of day when the tendency for 
the pupil to stay contracted after termination of blue light was the least 
responsive (Figure 5). Correlation analyses showed that greater melatonin 
concentrations were significantly associated with greater post-stimulus pupil 
size after 1-second of blue light stimulus.  
 

 
 
Figure 5 (taken from figure 5 in paper 4). Mean post-stimulus pupil size (n=10) following 
1-second red light (red line) and blue light (blue line) stimulation collapsed into 2-hour 
bins across circadian phase 0° to 360° degrees. Values are aligned to phase 0° which is 
the time of dim light melatonin onset, DLMO) and then are double plotted. Grey filled 
area represents the averaged salivary melatonin concentrations which are also aligned 
to circadian phase 0° and double plotted. Dashed line indicates mean salivary DLMO 
threshold. 
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There was no relation of circadian timing and the red-light post-stimulus 
pupil size. As stated earlier, greater subjective sleepiness (increased time of 
wakefulness) was associated with greater pupil response (maximal transient 
pupil contraction) to the red light stimuli. In addition, greater sleepiness was 
related to a greater tendency for the pupil to stay contracted (smaller post-
stimulus pupil size) following offset of the 1-second red light stimulus but 
not blue light stimulus. 
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DISCUSSION 
The discovery of intrinsically photosensitive retinal ganglion cells (ipRGCs) 
has provided new insights about how the pupil responds to different 
properties of light and a renewed interest in the pupil light reflex as a means 
to assess retinal function non-invasively has emerged. Rods and cones are 
fast-acting, fast adapting photoreceptors and demonstrate a time-locked 
responsiveness to light onset and offset. When ipRGCs are driven primarily 
by trans-synaptic signaling from rods and/or cones, their activity 
demonstrates a rapid-onset, maximal discharge of cell firing at light onset 
and an abrupt cessation of cell firing with light offset, similar to the response 
properties of rods and cones. When ipRGCs are, however, activated 
exclusively by their own intrinsic melanopsin-mediated signaling, their 
behavior is quite different and demonstrates a delay and slowness of 
response (cell firing) relative to the time of light onset and offset (22, 39). At 
any given moment, the ipRGC must integrate their intrinsic message with 
the extrinsic (trans-synaptic) signals as both influence and modulate the 
firing activity of the cell. 

Of clinical interest is that the ipRGC activity translates almost directly to an 
observable behavior, pupillary movement, due to direct connections to the 
pretectal olivary nucleus. While other supranuclear inputs also synapse at 
the pretectal olivary nucleus, the only source of retinal light information 
derives from the ipRGCs. This newly-recognized parallel in the 
electrophysiologic behavior of ipRGCs and the pupillary behavior to narrow-
bandwidth (colored) light stimuli over a range of intensities has established a 
solid framework for better understanding the different ways in which the 
pupil can respond to light onset as well as to light offset (re-dilation 
dynamics), depending on the specific characteristics of the light stimulus. 
For example, a briefly presented red light stimulus presented under photopic 
conditions produces a time-locked burst of spikes in ipRGCs that attenuate 
rapidly and similarly an immediate but transient pupil contraction, 
presumably because medium and long wavelength cones are mostly 
responsive to the red light flash. A bright blue light stimulus presented at 
steady-state illumination continuously for several seconds evokes a different 
ipRGC and pupillary response: an immediate and then steady-state response 
and even overly prolonged response which presumably derives from the 
mixed contribution of short and medium wavelength cones and melanopsin. 
In fact, the distinctive prolongation of pupillary contraction that persists 
after termination of the light stimulus occurs when melanopsin-mediated 
intrinsic photoactivation of ipRGCs dominates the afferent pupillomotor 
input (48, 49). This thesis aimed to explore and better define the light 
conditions that could be used in a clinical setting to separate and quantify 
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the cone, rod and melanopsin-driven pupil responses as a means to assess 
outer and inner retinal photoreception in healthy subjects and in subjects 
with photoreceptor disease. 

As a first step, we needed to construct the hardware and develop a working 
stimulus. By electronically linking two commercially available products 
(Ganzfeld Colordome light stimulator and Arrington eye tracker), a 
customized pupillometer with the means to provide controlled red and blue 
light stimuli and to record pupils monocularly or binocularly from a pair of 
lightweight eyeglasses was achieved. The bandwidths of the light stimuli for 
the first (prototype) pupil test were based on spectral sensitivities previously 
reported in the literature and a 2-logunit range of intensities was hoped to be 
broad enough to preferentially activate the very sensitive rods as well as the 
very insensitive melanopsin, the photopigment for intrinsic activation of 
ipRGCs (39, 48, 49). 

The prototype testing did confirm the hypothesis that red and blue light 
given at different light intensities would produce different pupil responses. 
Our interpretation of the differential responses was as follows. The transient 
pupil responses to red light derived primarily from cones as melanopsin as 
rod are quite insensitive to the long wavelengths (640±10 nm) used in the 
study, whereas green and particularly red cones have peak sensitivities in 
this wavelength range. The rapid loss of pupil contraction (or pupillary 
escape) despite a continuous 13 seconds of red light stimulation was 
consistent with the known adaptation of the cones to steady state light. The 
increasing intensity of red light evoked increasingly larger transient pupil 
response, most simply explained by increased recruitment of green (medium 
wavelength) and red (long wavelength) cones. 

The transient pupil response to dim, low intensity (1 cd/m2) blue light 
stimulus was larger than that evoked by equiluminant red light but showed 
similar pupillary escape during continuous light stimulation. This transient 
response to dim blue light was believed to be primarily rod-mediated, as rods 
are present in sheer greater number (92 million) compared to cones 
(5 million) and can be functional at mesopic light levels. This interpretation 
was guarded and we acknowledged some level of doubt to this interpretation 
because the wavelength used (467 nm) is included in the range of spectral 
sensitivities to which green (medium wavelength) cones and blue (short 
wavelength) cones are responsive. Furthermore, we had to assume that non 
dark-adapted rods were more sensitive than cones to short wavelength light.  

With increasing blue light intensity, the most notable change in the 
waveform of the pupil tracings was an increasingly sustained contraction of 
the pupil during the 13 seconds of light stimulation. To the brightest blue 
light (100 cd/m2), there was no longer pupillary escape during light 
stimulation. While a reasonable interpretation was that the sustained pupil 
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contraction indicated when melanopsin contribution entered the afferent 
pupillary signal, we also supposed that a significant cone influence was still 
present because the pupillary contraction did not persist after termination of 
the blue light stimulus. This could be explained by a strong inhibitory action 
of cones, an OFF signal to light termination, which overwhelmed the nascent 
modulating influence of melanopsin at this intensity (40). 

From these interpretations of the selective wavelength pupillometry results 
in the normal population, we chose 3 light stimulus conditions which seemed 
to appropriate a preferential activation of one photoreceptor over the others: 
bright red light as a cone-weighted stimulus, dim blue light as a rod-
weighted stimulus and bright blue light as a melanopsin-weighted stimulus. 
For the cone and rod-weighted conditions, the transient pupil response was 
used as the outcome parameter and for the melanopsin-weighted condition, 
the sustained pupil response. If these conditions and parameters were 
correct, it was expected to see differences between the control subjects with 
normal eyes and patients with visual loss due to retinitis pigmentosa. 
Indeed, patients with retinitis pigmentosa had significantly smaller rod-
weighted and cone-weighted pupil responses but individual pupil responses 
were variable with some patients falling within the normal range. 
Unexpectedly, the patients also showed a reduced melanopsin-weighted 
pupil response. These findings were best explained by the simple fact that 
the chosen light conditions were still inoptimal for preferential activation of 
a single photoreceptor. The dim blue light intended for rod activation was 
surely also recruiting a good number of cones and the bright blue light, while 
capable of activating melanopsin, did not exclude simultaneous activation of 
rods and cones. 

Despite these recognized limitations of the prototype light stimulus 
described in papers 1 and 2, other more encouraging results emerged from 
the data in support of selective wavelength pupillometry as an alternative 
means to assess rod and cone activity in clinical patients. First of all, there 
was a good correspondence in the assessment of the severity of rod and cone 
degeneration between pupillometry, electroretinography and visual 
perimetry. The “rod-weighted” pupil response (transient contraction to a 
1 cd/m2 blue light) and the “cone-weighted” pupil response (transient 
contraction to a 100 cd/m2 red light) of patients with severe visual loss and 
completely non-recordable electroretinogram were significantly lower than 
those of patients with moderate visual loss and an abnormal but still 
recordable electroretinogram. Likewise, the rod-weighted pupil responses 
were preserved in patients with a normal scotopic electroretinogram and 
cone-weighted pupil responses of patients with normal photopic 
electroretinogram were not different from controls.  

Also, in patients who no longer had any recordable electrophysiological 
evidence of rod or cone function, pupillometry was able to quantify a 
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residual level of cone and rod function based on pupil responses to colored 
lights. This suggested an important potential advantage of selective 
wavelength pupillometry, namely that of a greater dynamic range for 
monitoring outer retinal photoreceptor function at a stage when standard 
electrophysiological testing could no longer yield useful clinical information. 
Finally, from analysis of the pupillary dynamics following light termination, 
it was observed that patients with retinitis pigmentosa had a notable delay in 
pupil re-dilation after termination of the bright blue light compared to red 
light offset. Because quantification of pupillary re-dilation dynamics was not 
the main goal of paper 1 or paper 2, we undertook a third study using the 
prototype protocol to address the question of differential re-dilation 
dynamics between blue and red light with a more critical analysis of the 
pupillary behavior to light offset in a control group as well as patients with 
outer retinal disease and patients with ganglion cell loss (optic neuropathy) 
(66). We thus quantified the post-stimulus pupil response (pupil response to 
abrupt light offset) using 3 parameters: pupil size during early and late 
phases of re-dilation, time (in seconds) to recover 90% of baseline size and 
the difference in re-dilation time following blue vs right light (100 cd/m2). 

In normal eyes and in patients with optic neuropathy, the pupil promptly re-
dilated back to baseline following termination of the blue bright light 
stimulus (time to recover 90% baseline size was 16 seconds and 11 seconds, 
respectively; p>0.05) whereas in patients with retinitis pigmentosa, after 
offset of blue light, the pupil stayed smaller in size for a longer period time 
and pupillary re-dilation was notably slower (34 seconds, p<0.05). The 
differential re-dilation time (difference between blue and red light) in 
patients with retinitis pigmentosa was significantly greater (28.0 seconds vs. 
5.5 seconds for controls, p<0.05).  

These findings seemed to confirm our suspicion that the bright blue light 
used in our prototype testing protocol was a mixed, nonselective stimulus 
condition in which melanopsin strongly influenced the pupil response during 
light stimulation but upon light offset, the outer retinal photoreceptors 
subsequently dominated the pupillary behavior. When the proportionate 
contributions of pupillomotor input were pathologically shifted in favour of 
melanopsin, as occurred from degenerative disease of rods and cones, then 
the melanopsin activity during light stimulation and at light offset could be 
observed in the pupil.  

Thus, when melanopsin contribution to the afferent pupillomotor input is 
predominant, the signature pupillograhic finding is a protracted pupil 
contraction that persists even after light termination such that return to 
baseline pupil size is delayed on the order of several minutes (49, 67). Thus 
for the next step of the thesis, the light stimulus and testing protocol had to 
be optimized for more selective single photoreceptor activation. For 
pupillometry to be a clinically useful test, we had to be able to achieve a 
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sufficient discrimination between functional status of rods versus cones 
versus melanopsin for any given individual subject. To address this question, 
we performed a pilot study using a more rigorous testing protocol which 
purported to give more selective activation of each photoreceptor type (68).  

Ten control subjects and 6 patients with Leber congenital amaurosis were 
tested (69). Leber congenital amaurosis is the earliest and most severe of the 
retinal degenerative disorders in which visual impairment is already severe 
at infancy and the electroretinogram is typically extinguished early in the 
course of disease (70). In this study, all subjects were dark adapted for 10-15 
minutes before pupillometric testing. The protocol used 1-second red and 
blue light having intensity from -4.0 to 2.0 log cd/m2 in half-log steps while 
recording the pupil continuously. In addition, a very bright 2.6 log cd/m2 
intensity stimulus also having a duration of 1 second was presented at the 
end of the stimulus sequence. The pupil responses obtained within an 
intensity range of -4.0 to -1.0 log cd/m2 under dark adaptation were 
considered to represent rod-weighted pupil responses and the intrinsic 
melanopsin-mediated pupil response was estimated from pupil size at the 6th 
second following termination of the bright (2.6 log cd/m2) blue light 
stimulus (68).  

In normal eyes, rod-weighted pupil responses to dim light stimuli were easily 
recordable and showed a greater sensitivity to blue light compared to red 
light, consistent with the spectral sensitivity of rods. Except for one patient, 
Leber patients had no recordable pupil responses to light intensities below 
-1.0 log cd/m2, consistent with extinguished rod function. Pupil responses to 
brighter red light (>0.5 log cd/m2) were readily recordable and mediated 
predominantly by residual working cones. Melanopsin activity was not 
significantly different between patients and controls. This study confirmed 
that when degenerating rods have lost their contribution to afferent retinal 
signaling, residual working cones and melanopsin mediate the pupil light 
reflex (69). Using selective wavelength pupillometry, cone function can be 
quantified separately from melanopsin function, even when the 
electroretinogram is non-recordable. This experiment showed conclusively 
that pupillometry has a greater dynamic range than standard 
electroretinography at lower levels of outer retinal photoreceptor activity in 
patients with retinal degeneration. 

In this era that envisions gene replacement therapy as a possible treatment 
for hereditary retinal degenerative disease (71, 72), there is a need for 
reliable tests to monitor rod and cone function. Selective wavelength 
pupillometry is promising as one such tool, particularly as it has 
exceptionally high sensitivity for detecting and quantifying outer 
photoreceptor function when there is only a small residual level of working 
rods and cones. In order to understand how changes in the functional level 
of rods and cones might change pupil responses, our next step was to focus 
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pupillometric testing to a homogeneous cohort having the same disease. For 
this purpose, we identified two families harboring the same missense 
mutation (p.Gly56Arg) of the NR2E3 gene. The clinical phenotype of this 
single disease-causing mutation is a progressive rod-cone dystrophy. Night 
blindness and rod dysfunction (abnormal scotopic electroretinogram) are 
apparent during childhood. Cone dysfunction, however, occurs relatively late 
in the disease course and usually at the point when rod function is already 
electrophysiologically undetectable (73). The severity of disease progresses 
with increasing age. In these patients, chromatic pupillometry was used to 
objectively assess and characterize photoreceptor function at various stages 
of disease. 

One fundamental finding of this study was confirmation of a test condition 
that effectively isolates rod activation for pupillometry. This required dark-
adaption of the patient and use of very dim light intensities which were 
below threshold for visual perception. As proof of rod isolation, normal 
subjects perceived the first 2 or 3 of the dimmest blue light stimuli as having 
no color, consistent with absence of cone intrusion. Patients with NR2E3-
associated retinitis pigmentosa did not report seeing the blue light stimulus 
until a much higher intensity was reached and in all cases, they could see the 
blue color at the first perceived stimulus, indicating cone recruitment and 
activity was already present in the patients under these same testing 
conditions. This is consistent with the pathophysiology of a rod-cone 
dystrophy. 

Compared to normal subjects, the patients demonstrated a loss of rod 
sensitivity (dark-adapted pupil responses to blue light) which correlated with 
clinical severity of disease. Rod function was able to be assessed 
pupillometrically even at stages of disease where the scotopic 
electroretinogram was already extinguished. Surprisingly, the cone-weighted 
pupil responses (red stimulus lights in the light-adapted state) were not 
abnormal in patients, even though most had an abnormal photopic 
electroretinogram. We interpreted this finding to indicate that the patients 
retained a high degree of viable cone function which, due to summation 
effects at the ganglion cell level, results in a relative lack of sensitivity of 
pupillometry, compared to electroretinography, for detecting early cone 
dysfunction. Further studies will be directed to identifying characteristics of 
pupil responses which are specific or suggestive of a given gene mutation. 
We envision that having various templates of such a pupil profile may aid 
diagnosis and direct molecular testing of patients with retinal degenerative 
disease. 

Rather unexpectedly, the post-stimulus pupil response (the amount the pupil 
stays constricted after light offset) was significantly reduced in NR2E3 
patients. The post-illumination pupil response following a blue light is 
generally melanopsin-dependent and reflective of the intrinsic 
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photoresponse. We considered the possibility that the reduced post-stimulus 
pupil response was influenced by rod loss in the patients but the absence of 
correlation between the rod threshold and the post-stimulus response did 
not support this hypothesis. At this time, it remains inadequately explained 
why the post-stimulus pupil response is sometimes reduced in patients with 
retinitis pigmentosa. Whether or not the differences of pupil dynamics after 
light offset reflects a primary difference in melanopsin expression or is a 
secondary effect of deranged outer-inner retinal signalling cannot be sorted 
out with the data from this current study. 

At this point, a testing protocol that provides differential activation of rods 
from cones as well as effectively and preferentially activates melanopsin was 
defined. Its chief limiting factor for use as a clinic-friendly test was the total 
testing time which exceeded 40 minutes.  Admittedly an electroretinogram 
can involve a similar amount of time but as pupillometry is intended to be an 
easier, faster and non-invasive test performed without use of eye drops, like 
automated perimetry. Such a test would be ideal for serial monitoring of 
patients and for use in young children and demented patients in whom 
comprehension and cooperation during testing is less-than-desired. Thus the 
next phase of studies will combine the information amassed from this thesis 
to continue development of a pupil testing protocol that can be readily 
incorporated into the busy clinical setting. We think that such a test should 
be confined to 10-15 minutes.  

The last paper of this thesis focused on comparing outer and inner retinal 
photoreception as a function of the 24-hour day. The substantial 
involvement of ipRGCs in acute and circadian light responses raises the 
question whether these cells or their projections, when damaged, contribute 
to human pathologies and circadian misalignment. It has been observed that 
many blind patients suffer chronic sleep disturbances and insomnia (74, 75). 
This is explained by the fact that certain optic neuropathies like glaucoma 
cause diffuse, non-selective death of retinal ganglion cells, ipRGCs included, 
and thus disrupt both visual function and circadian rhythm. An animal 
model for glaucoma has demonstrated that circadian re-adjustment of 
activity rhythms to a shifted light-dark cycle takes significantly longer 
compared to normal animals (76). Humans with glaucoma respond with less 
melatonin suppression to nocturnal bright light and show a reduction of the 
post-stimulus pupil contraction to blue light (77-79). 

As discussed earlier, it is not known if the post-stimulus pupil contraction is 
driven exclusively by melanopsin but its finding is certainly considered a 
clinical marker of intrinsic, melanopsin-driven ipRGC activity. The specific 
aspect of the post-stimulus (re-dilation) pupillary dynamics that best defines 
melanopsin activity has not yet been established and so in our study, we 
evaluated various outcome parameters including mean post-stimulus pupil 
size, re-dilation rate, area under the post-stimulus pupil response curve, 
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pupil size at 6 seconds after light offset, among others. We then assessed 
each of these parameters in relation to salivary melatonin secretion and 
subjective sleepiness in order to understand how they related to circadian or 
wakefulness-dependent dynamics. The post-stimulus pupil size (measured at 
the 6th second after termination of a 1 second bright blue light) showed the 
most clear circadian modulation across a continuous 24-hour period and is 
presumably thus the superior parameter for assessing intrinsic melanopsin 
activation.  

The post-stimulus pupil size to blue light was negatively correlated with 
melatonin secretion, meaning that pupils were less contracted (larger size) at 
times with higher melatonin secretion. This suggests that the intrinsic 
melanopsin system becomes less sensitive to light in the second half of the 
night, after the peak of melatonin secretion and closer to wake time. The 
finding of lesser pupil responsiveness, i.e. larger pupil size, might at first 
glance appear counterintuitive to clinical observations of smaller pupils 
associated with sleepiness. Subjective sleepiness caused greater blink rates 
and fatigue waves on the pupil tracings and correlated with variations in the 
cone-mediated pupil responses to red light. Thus, our data has added further 
evidence that pupillary responsiveness to light, while mediated by retinal 
pupillomotor input via rods, cones, and melanopsin through ipRGC activity 
in a wavelength-dependent manner, it is also under central modulation of 
both the endogenous circadian clock and homeostatic mechanisms such as 
subjective sleepiness.  

The domain of chronobiology and study of biologic rhythms is now 
irrevocably linked with visual science due to the discovery of ipRGCs. These 
cells are acknowledged as the circadian photoreceptors that detect and 
convey environmental irradiance to the brain and via their modulation of 
sleep, cognition, alertness and mood, they most likely also contribute to 
cyclic changes of human physiology. The next series of studies examining 
inner retinal photoreception will more critically investigate the relationship 
between the melanopsin-mediated pupil response (the post-stimulus pupil 
size to blue light) and circadian rhythm by simultaneously measuring these 
two non-visual functions of the ipRGCs in normally-sighted healthy subjects. 
To understand how disease might alter the day-night cycle and the pupillary 
response, a comparative analysis of pupil function and circadian function 
between patients having widespread retinal ganglion cell disease and a 
control group is planned. We also anticipate future chronobiologic and 
psychological studies to include pupillometry as a means to detect circadian 
misalignment and to monitor effects of treatment of related sleep and mood 
disorders, including phototherapy. 
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CONCLUSIONS 
1. Pre-selected light stimuli presented under conditions of dark and light 

adaptation do elicit differential pupil responses which derive either from 
outer retinal photoreception (rods and cones) or from the inner retinal 
photoreception (ipRGCs). Specific conditions for «weighting» the 
pupillomotor signal in favor of one photoreceptor are as follows. For rod 
isolation, very dim, brief light stimuli (0.1 cd/m2 and less) under dark 
adaptation are used. To detect the highest sensitivity of the rod system, 
short wavelength (blue) light should be used. Cones may be activated by 
any light in photopic range but to minimize rod and melanopsin co-
activation, long wavelength (red) light, light adaptation, blue background 
light and high intensities are maneuvers used during testing. Melanopsin 
can be activated by short wavelength, high intensity light. 

2. Based on the known response dynamics of rods, cones and intrinsic 
ipRGC photoreception, the aspect of the pupil response which best 
parallels rod and cone activity is the immediate and transient maximal 
contraction amplitude to a light stimulus. In contrast, the post-stimulus 
pupillary behavior, in particular the persistance of contraction after light 
offset, best reflects melanopsin-mediated intrinsic ipRGC activity.  

3. As expected, the rod-weighted and cone-weighted pupil responses are 
reduced in patients with outer retinal photoreceptor disease (retinitis 
pigmentosa). Unexpectedly, the melanopsin-mediated pupil response is 
also reduced in some of these patients and reasons for this are not yet 
elucidated.  

4. As expected, the rod-weighted and cone-weighted pupil responses are 
most severely reduced in patients with severe visual field loss and 
nonrecordable full-field electroretinogram. In a subgroup of retinitis 
pigmentosa due to a missense mutation in the NR2E3 gene, the stimulus 
response curve representing the rod system correlates with the range of 
disease expression (from subclinical stage to end-stage disease). In 
patients with end-stage retinitis pigmentosa, pupillometry is more 
sensitive than electroretinography to detect residual low-level rod and 
cone activity, consistent with residual visual function. 

5. While various aspects of the post-stimulus pupillary behavior can be 
measured (for example, redilation rate, area under the curve, etc), the 
pupil size at 6 seconds after bright blue light offset appears to be the 
superior marker of intrinsic ipRGC activity. The post-stimulus pupil size 
has a circadian modulation across 24 hours. The transient maximal pupil 
contraction (pupil response derived from outer retinal photoreception) 
does not modulate in circadian phase.  
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6. With respect to non-circadian homeostatic influences on the pupil light 
reflex, increasing sleepiness over a 24-hour period correlates with 
increased maximal transient pupil contraction to a bright red light (cone-
weighted pupil response) but this is not observed with pupil responses 
derived from inner retinal photoreception. 
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