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Abstract 

Background 

Glaucoma refers to a group of diseases causing progressive degeneration of the retinal 

ganglion cells.  It is a clinical diagnosis based on the evidence of structural damage of the optic 

nerve head with corresponding visual field loss. Structural damage is assessed by visualization of 

the optic nerve head (ONH) through various imaging and observational techniques, while the 

behavioral loss of sensitivity is assessed with an automated perimeter. However, given the 

subjective nature of visual field assessment in patients, visual function examination suffers from 

high variability as well as patient and operator- related biases. To overcome these drawbacks, past 

research has focused on the use of objective methods of quantifying retinal function in patients 

with glaucoma such as electroretinograms, visually evoked potentials, pupillometry etc. 

Electroretinograms are objective, non-invasive method of assessing retinal function, and careful 

manipulation of the visual input or stimulus can result in extraction of signals particular to select 

classes of the retinal cells, and photopic negative response (PhNR) is a component of ERG that 

reflects primarily the retinal ganglion cell function. On the other hand, pupillary response to light, 

measured objectively with a pupillometer, also indicates the functional state of the retina and the 

pupillary pathway. Hence, the study of both ERGs and pupillary response to light provide an 

objective avenue of research towards understanding the mechanisms of neurodegeneration in 

glaucoma, possibly affecting the clinical care of the patients in the long run.  

Aims 

The overall aim of the dissertation was twofold. First, to investigate the intensity 

response function of PhNR in patients with glaucoma, and determine if/how they were different 

from the visually-normal subjects, as part of the Electrophysiology study. And second, to evaluate 

whether various diametric or dynamic parameters to a 1 second duration, chromatic (red and 
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blue) stimuli recorded over 10 seconds are affected in patients with glaucoma compared to the 

visually-normal subjects as part of the Pupillometry study.  

Methods 

 ERG responses to full field brief (<5 ms) red flashes of increasing intensity (0.00625-6.4 

log cd.s/m2) under a steady blue background of 7 cd/m2 were obtained from 22 patients of 

glaucoma and 45 control subjects using an Espion system from Diagnosys LLC (MA, USA) as 

part of the electrophysiology study. PhNR amplitudes in all the participants were measured at its 

trough from baseline (BT) and from the preceding b-wave peak (PT) and b-wave amplitude was 

measured at its peak from the preceding a-wave trough or baseline if the a-wave was not present.  

The intensity response data of all three ERG measures was fitted with a generalized Naka-

Rushton function to derive the saturated amplitude (Vmax), semisaturation constant (K) and slope 

(n) parameters. Then as part of the pupillometry study, pupillary responses to 20cd/m2 to a 1 

second red and blue light were obtained from 25 glaucoma patients and 64 controls (age range- 

24 to 73 years of age) with an infrared pupillometer (RAPDx from Konan Medical Inc., CA, 

USA). Baseline pupil diameter, peak pupil diameter and post-illumination pupil response (PIPR) 

in millimeters; peak diameter normalized to the baseline and PIPR normalized to the baseline in 

percentage, and maximum velocity of constriction and maximum velocity of dilation were 

obtained offline for pupillary responses obtained under both stimulus conditions in all the patients 

with glaucoma and controls. Furthermore, visual field sensitivity profile was obtained from 24-2 

SITA standard Humphrey visual field analyzer along with average retinal nerve fiber layer 

thickness measure from Spectralis SD-OCT (Heidelberg Inc., Germany) from all glaucoma 

patients and subsets of controls (26 controls for both studies). The subset of controls chosen for 

comparison against the patients with glaucoma for both studies were over 45 years of age, and the 

means of the test and control groups were not significantly different. A p value less than 0.05 was 
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regarded to be statistically significant after adjusting for multiple comparisons using Holm’s 

correction, whenever applicable. 

 

Results and Discussion   

1. Intensity response function of the photopic negative response (PhNR): effect of age and 

test-retest reliability 

Vmax of BT was significantly smaller than that of PT and b-wave and the Vmax of PT and b-

wave were not significantly different from each other. The slope parameter (n) was smallest for 

BT and largest for b-wave and the difference between the slopes of all three measures were 

statistically significant. Small differences observed in the mean values of (K) for the different 

measures did not reach statistical significance. The Wilcoxon signed rank test indicated no 

significant differences between the two test visits for any of the Naka-Rushton parameters for the 

three ERG measures and the Bland-Altman plots indicated that the mean difference between test 

and retest measurements of the different fit parameters were close to zero and within 6% of the 

average of the test and retest values of the respective parameters for all three ERG measurements, 

indicating minimal bias. While the Coefficient of Reliability (COR, defined as 1.96 times the 

standard deviation of the test and retest difference) of each fit parameter was more or less 

comparable across the three ERG measurements, the %COR (COR normalized to the mean test 

and retest measures) was generally larger for BT compared to both PT and b-wave for each fit 

parameter. The Naka-Rushton fit parameters did not show statistically significant changes with 

age for any of the ERG measures when corrections were applied for multiple comparisons. 

However, the Vmax of BT demonstrated a weak correlation with age prior to correction for 

multiple comparisons and the effect of age on this parameter showed greater significance when 

the measure was expressed as a ratio of the Vmax of the b-wave from the same subject. 

 



v 
 

2. Intensity response function of photopic negative response in glaucomatous eyes 

Only BT Vmax of the patients with glaucoma (16.09±8.07 µV) were significantly lower than 

the controls (26.30± 4.25 µV), with p value less than 0.0001. Meanwhile, the slopes and semi-

saturation constants of the two groups were essentially similar (p>0.05). None of the parameters 

obtained from the Naka-Ruston fits of both PT and b-wave data were significantly different when 

compared between the patients with glaucoma and controls. Additionally, visual field sensitivity 

converted into linear units were significantly correlated with PhNR Vmax amplitudes (r2=0.61). 

However, the relationship between average RNFL thickness and Vmax amplitude were not found 

to be statistically significant.  

 

3. Effect of age on pupillary responses to one-second chromatic stimuli in normals 

All the diametric pupillary response parameters (prior to normalization to baseline diameters) 

and all the dynamic aspects of pupillary responses for both the red and blue stimulus conditions 

showed statistically significant (p<0.022 to 0.0001) reduction with increasing age as determined 

by linear regression analysis. The rate of reduction in the magnitude of pupillary parameters for 

red and blue stimulus conditions were 0.37 and 0.34 mm/decade for baseline diameter, 0.22 and 

0.15 mm/decade for peak diameter, 0.36 and 0.30 mm/decade for PIPR, 0.35 and 0.43 mm/s per 

decade for maximum constriction velocity, and lastly 0.12 and 0.17 mm/s per decade for 

maximum dilation velocity, respectively. The diametric aspects of pupillary responses when 

normalized to the baseline diameter did not show significant changes with age, except for the 

normalized peak diameter to the blue stimulus that showed a tendency to increase with age (1.3% 

per decade, p=0.02). Additionally, the normalized PIPR to the red stimulus was significantly 

larger than those for the blue stimulus, but the amplitude difference did not show any systematic 

changes with age.  

4. Dynamic pupillary parameters are affected in patients with glaucoma 
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The normalized peak constriction and normalized PIPR to the blue stimuli as well as the 

maximum constriction velocity (MCV) and maximum dilation velocity (MDV) to both the red 

and blue stimuli were significantly reduced in glaucoma patients relative to age-matched controls 

(p values in the range of 0.0003 - 0.009). Most of these PLR parameters showed low (r in the 

range of 0.12 to 0.61) but significant correlations (p in the range 0.0002 and 0.01 when 

significant) with RNFLT and VFS when the data of the glaucoma patients were combined with 

those of the age-matched controls. However, the correlations failed to reach statistical 

significance for the glaucoma group data when considered separately. 

 

Conclusion 

Saturated amplitude (Vmax) obtained from the intensity response function of the 

photopic negative response was the only parameter reduced in patients with glaucoma, 

characterizing response compression, and the reduction in Vmax was correlated with the decrease 

in average visual field sensitivity. Meanwhile, several aspects of PLR can serve as a marker of 

retinal ganglion cell health in glaucoma. However, the lack of graded effects with increasing 

disease severity suggests that PLR could have more of a role as an objective marker for signaling 

neuronal dysfunction in clinical screenings as opposed to a tool for assessing disease severity or 

monitoring disease progression.  

 

 

Keywords – Pupillometry, pupillary response to light, aging, glaucoma, electroretinogram, 

Photopic negative response, vision, retinal ganglion cells. 
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Introduction 

Glaucoma refers to a group of diseases causing progressive degeneration of the retinal 

ganglion cells (RGCs) and their axons. Based on the visualization of the angle of the anterior 

chamber, glaucoma could further be divided into open angle glaucoma which is associated with 

open angles on goniosopy or similar techniques, and angle-closure glaucoma which is associated 

with potentially occludable angles. Primary open angle glaucoma is defined as glaucomatous 

optic neuropathy without any evidence of angle-closure and an absence of any identifiable 

secondary cause.(1, 2) This dissertation deals exclusively with the patients having primary open 

angle glaucoma. 

Blindness due to primary open angle glaucoma still remains a significant cause of 

irreversible blindness in the United States (3) and the world (World Health Organization Action 

Plan, 2006-2011). Glaucoma affected 60.5 million people in 2010 and is projected to increase to 

around 80 million in 2020. Bilateral blindness due to primary open angle glaucoma affects about 

4.5 million and is estimated to rise to 5.9 million in 2020 (4). Due to the subtle nature of 

progression and the irreversible nature of vision loss, early diagnosis and early treatment of the 

disease has received a considerable impetus. As described above, the clinical diagnosis of the 

disease is based on the correlated damage of the optic nerve head assessed with various imaging 

or observational methods, and the visual field sensitivity which is obtained from an standard 

automated perimeter. However, visual field assessed with an automated perimeter relies on 

subjective responses from the patient, and on occasions is highly variable due to both the patient 

and operator-based biases. To circumvent this problem, a large body of research has been 

dedicated to finding objective alternative(s) to visual field testing. 

       Electroretinogram (ERG) is a non-invasive, objective method of assessing retinal 

function in patients.  The ERG measures the voltage changes occurring in the eye with response 

to light, various stimulus conditions evoke different forms of ERGs based on the stimulus 
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characteristics, that can enhance the contributions from different cell types based on stimulus 

parameters like adaptation level, flash intensity, flash wavelength and stimulus spatial 

characteristics. (5–10) The Photopic Negative Response (PhNR) is a delayed component of 

negative polarity which follows the photopic b wave or an occasional i-wave. It was shown that 

PhNR was subsequently reduced in amplitude after the application of Tetrodotoxin, a compound 

that blocks the voltage gated-sodium ion channels, preventing further action potentials in a non-

human primate model of experimental glaucoma(5,9). Additionally, amplitude of PhNR obtained 

from the full field ERG has been shown to be reduced in patients of glaucoma and has been 

shown to be correlated with vertical Cup-to-Disc ratios and visual field sensitivity(11–13).  

However, the nature of the change of PhNR in glaucoma has not received considerable 

attention. One of the methods of understanding how a certain ERG component is affected in a 

particular clinical condition is by producing an intensity response function from the affected 

cohort of patients and applying a suitable model to fit the data(14,15) that can shed light not only 

on the response amplitude but also on its sensitivity and gain. Intensity response function simply 

means the collection of ERG responses to a wide range of stimulus intensities. In our studies, we 

used the Naka-Rushton equation, which has been used extensively in the literature to model the 

intensity response function of various ERG components to interpret our results(14–18). In the 

first part of the dissertation, we attempted to establish age norms and test-retest variability of the 

PhNR test-retest variability in normals. Then, we investigated the nature of change of PhNR in 

glaucoma patients by comparing the parameters obtained from the fits of glaucoma patients and 

age-matched normals. We also explored possible relationships between PhNR and other clinical 

measures reflecting structural and functional status. 

For the second part of the dissertation, we studied pupillary responses to light in patients 

with glaucoma and control subjects. Pupils are regularly tested in the clinics and in the laboratory 

to objectively assess the overall functional health of the visual system. Alongside the 
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asymmetrical constriction of the pupils observed mainly due to asymmetrical (in laterality) 

damage of the optic nerve head in glaucoma(19–22), direct stimulation of one eye to a short 

duration stimulus (approximately 250 ms) has been found to be dynamically slower in patients 

with glaucoma, and this phenomenon was qualitatively reported to correlate with disease 

severity(23). Furthermore, with the relatively recent discovery of the intrinsically photosensitive 

retinal ganglion cells, and the understanding behind their contribution to various phases of 

pupillary constriction to light has subsequently provided additional methods of assessing retinal 

ganglion cell function(24–26). But, the characteristics of the stimulus required to evoke the 

ipRGC contribution, also termed as post-illumination pupil response (PIPR) are quite different 

from the stimulus conditions used in the clinics to test for the pupillary responses(26–28). A 

bright, blue, relatively longer (1 second or longer) stimuli has been used by several groups to 

elicit the response attributed to these class of cells, and the post-illumination pupil response 

(PIPR), which is a signature phenomenon has been demonstrated to be reduced in patients with 

glaucoma, mostly correlating with the disease severity measured clinically(29–31). However, as 

per the literature, the dynamic parameters of the pupillary responses obtained from these 

characteristic stimuli have not been studied yet. Hence, we aimed to examine the norms and 

investigate whether any diametric or dynamic aspects of pupillary responses to bright (20cd/m2), 

1 second duration, red and blue stimulus conditions in patients with glaucoma are different 

compared to aged-matched normals and study their correlation with other established clinical 

measures.  
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Chapter 1 

 

Intensity Response Function of the Photopic Negative 

Response (PhNR): Effect of age and test-retest reliability  

 

Published in Documenta Ophthalmologica, volume 135, issue 

1, pp 1-16 
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ABSTRACT 

Purpose  To assess the effect of age and test-retest reliability of the intensity response function of 

the full field Photopic Negative Response (PhNR) in normal healthy human subjects. 

 

Methods  Full field electroretinograms (ERGs) were recorded from one eye of 45 subjects and 39 

of these subjects were tested on two separate days with a Diagnosys Espion System (Lowell, MA, 

USA). The visual stimuli consisted of brief (<5ms) red flashes ranging from 0.00625 to 6.4 phot 

cd s/m2, delivered on a constant 7 cd/m2 blue background. PhNR amplitudes were measured at its 

trough from baseline (BT) and from the preceding b-wave peak (PT) and b-wave amplitude was 

measured at its peak from the preceding a-wave trough or baseline if the a-wave was not present.  

The intensity response data of all three ERG measures was fitted with a generalized Naka-

Rushton function to derive the saturated amplitude (Vmax), semisaturation constant (K) and slope 

(n) parameters. Effect of age on the fit parameters was assessed with linear regression and test-

retest reliability was assessed with the Wilcoxon Signed Rank test and Bland-Altman analysis. 

Holm’s correction was applied to account for multiple comparisons. 

 

Results  Vmax of BT was significantly smaller than that of PT and b-wave and the Vmax of PT and 

b-wave were not significantly different from each other. The slope parameter n was smallest for 

BT and largest for b-wave and the difference between the slopes of all three measures were 

statistically significant. Small differences observed in the mean values of K for the different 

measures did not reach statistical significance. The Wilcoxon signed rank test indicated no 

significant differences between the two test visits for any of the Naka-Rushton parameters for the 

three ERG measures and the Bland-Altman plots indicated that the mean difference between test 

and retest measurements of the different fit parameters were close to zero and within 6% of the 

average of the test and retest values of the respective parameters for all three ERG measurements, 
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indicating minimal bias. While the Coefficient of Reliability (COR, defined as 1.96 times the 

standard deviation of the test and retest difference) of each fit parameter was more or less 

comparable across the three ERG measurements, the %COR (COR normalized to the mean test 

and retest measures) was generally larger for BT compared to both PT and b-wave for each fit 

parameter. The Naka-Rushton fit parameters did not show statistically significant changes with 

age for any of the ERG measures when corrections were applied for multiple comparisons. 

However, the Vmax of BT demonstrated a weak correlation with age prior to correction for 

multiple comparisons and the effect of age on this parameter showed greater significance when 

the measure was expressed as a ratio of the Vmax of the b-wave from the same subject. 

   

Conclusion  The Vmax of the BT amplitude measure of  PhNR at the best was weakly correlated 

with age. None of the other parameters of the Naka-Rushton fit to the intensity response data of 

either the PhNR or the b-wave showed any systematic changes with age. The test-retest reliability 

of the fit parameters for PhNR BT amplitude measurements appear to be lower than those of the 

PhNR PT and b-wave amplitude measurements. 

 

 

 

Keywords: Photopic Negative Response (PhNR), Aging, Intensity response function, Naka-

Rushton, Electroretinogram (ERG) 
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INTRODUCTION 

 

The electroretinogram (ERG) recorded to a full-field flash stimulus under photopic 

condition contains an initial negative deflection, the photopic a-wave that originates from cone 

photoreceptor and off-cone bipolar cell activity [1], followed by a positive deflection, the 

photopic b-wave that originates from the combined activity of on- and off-cone bipolar cells [2], 

and finally a slow negative potential, the Photopic Negative Response (PhNR) that originates 

from the spiking activity of primarily the  retinal ganglion cells [3].  The PhNR is altered in 

myriad clinical conditions where it could be useful for evaluating retinal ganglion cell health [4-

36]. However, most of the aforementioned clinical studies with two exceptions [26, 27] analyzed 

PhNRs at a few fixed flash intensities or restricted the analysis to qualitative descriptions of the 

PhNR intensity response relationship. A quantitative description of the PhNR intensity response 

data can be potentially useful in understanding the mechanisms and severity of retinal ganglion 

cell dysfunction in disease conditions and to this effect the Naka-Rushton function has been 

recently employed to fit this data and quantify the intensity response characteristics of the PhNR 

in normal subjects [26, 27, 37] and disease patients [26, 27]. Previously, the Naka-Rushton 

function has been used quite extensively to describe the intensity response relationship of other 

flash ERG components, especially the dark-adapted b-wave and the fit parameters of saturated 

amplitude (Vmax), semisaturation constant (K) and slope (n) have been used to explore the 

underlying mechanisms of different retinal degenerative conditions [38-53]. Naka and Rushton 

originally developed this function to characterize the s-potentials from color units in the fish [54]. 

Arden and co-workers [38] as well as Massof and colleagues [39] later applied the Naka-Rushton 

function to describe the stimulus intensity response relationship of ERG components in clinical 

populations.  As shown in recent studies [26, 27, 37], the Naka-Rushton function seems to 

provide a reasonable description of the PhNR intensity response relationship. Binns and co-

workers [37] were the first to fit the PhNR intensity response data with the Naka-Rushton 

function and examined the test-retest variability of the best fit parameters from young healthy 
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subjects. Kremers and colleagues [27] employed the Naka-Rushton function to examine the 

behavior of the PhNR intensity response data for different test and background spectral 

combinations over a wide range of background intensities from glaucoma patients as well as 

control subjects and reported that the saturated amplitudes derived from Naka-Rushton fits were 

significantly reduced for glaucoma patients relative to controls. Using red test flashes on a steady 

blue background, Wang et al., [26] performed similar analysis to look at differences in the values 

of fit parameters between multiple sclerosis patients and normal subjects.  The purpose of our 

study was to evaluate the effect of age and the test-retest reliability of the Naka-Rushton function 

fit parameters of the PhNR intensity-response data in normal healthy subjects over a wider age 

range than previously employed by Binns and co-workers. The PhNR amplitudes were measured 

at its trough from baseline (BT) or from the preceding b-wave peak (PT). We found that the Vmax 

of the PhNR BT measurements, at the best showed a weak correlation with age. None of the other 

fit parameters for either the PhNR or the b-wave were significantly altered by age. We also found 

that for both PhNR amplitude measurement techniques, the test-retest reliability of Vmax was 

better than that of K or n. Further, the test-retest reliability of all three fit parameters was better 

for PT relative to BT and comparable or better for b-wave relative to PT. The subject’s age did 

not have any significant effect on the absolute values of the test-retest difference for any of the fit 

parameters.     

 

METHODS 

 

A total of 45 healthy, visually normal healthy subjects in the age range of 24 to 74 years 

(median age 49 years, 22 males and 23 females) who had a clinical eye examination within the 

previous year participated in the study. The spherical equivalent of the subjects refractive error 

was within + 6 Diopters. Written consent was obtained from all the participants and the study 

strictly adhered to the declaration of Helsinki and was approved by the Institutional Review 

Board at the State University of New York College of Optometry.  
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ERGs were recorded from one eye of 45 subjects and 39 of these subjects were tested on two 

separate days using DTL electrodes [55] from Diagnosys LLC (Lowell, Massachusetts, USA). 

The electrode was placed in the lower cul-de-sac and held in place by sticky pads on the skin of 

the outer and inner canthi after the topical application of 1% Proparacaine Hydrochloride (Akorn, 

Lake Forest, Illinois, USA). The active electrode was placed in the right eye and the electrode in 

the left eye served as reference. The pupil of the tested eye was dilated with 1% Tropicamide 

(Akorn, Lake Forest, Illinois, USA) prior to electrode placement.  The eye with the reference 

electrode was covered with a light proof patch and the subject was requested to keep the eye lids 

open under the patch to minimize electrode movement. An ear clip electrode placed on the right 

earlobe served as ground.  

 

An Espion System from Diagnosys LLC (Lowell, Massachusetts, USA) was used for visual 

stimulation and response acquisition. Visual stimuli consisted of brief (<5ms) red (660 nm peak 

and 20nm half band width) LED flashes (0.000625 – 6.4 phot cd.s/m2) delivered on 7 phot cd/m2 

constant blue (485 nm peak and 20nm half band width) background delivered in an Espion 

Ganzfeld ColorDome after 10 minutes of adaptation to the background light. Test flashes were 

delivered in the order of increasing flash intensity with responses averaged in blocks of 25 trials 

with an interstimulus interval of at least 1 second. The subjects fixated on a red LED target at the 

center of the Ganzfeld and the subject’s fixation, eye movements and blinks were continuously 

monitored through an IR video camera inside the Ganzfeld and all traces contaminated by eye 

blinks and large eye movements were rejected. Signals were amplified, filtered (0-300 Hz), 

digitized and sampled at 1kHz.  

 

PhNR amplitudes were measured at its trough after the positive i-wave, from baseline (BT) as 

well as from the preceding b-wave peak (PT). The time point beyond the i-wave, where the 
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amplitude was most negative was chosen for the amplitude measurement, if the most negative 

amplitude extended over a range of time points then the middle of the range was chosen for 

amplitude measurement. For the lower flash intensity responses for which the PhNR was not very 

well developed, we used the same time point of amplitude measurement as with the first 

succeeding brighter flash intensity for which the PhNR trough was prominently displayed.  We 

did not use one fixed time for amplitude measurements for all test intensities as the timing of the 

PhNR trough could vary as a function of not just the flash intensity but also with age [4]. 

Adopting the same strategy, the b-wave amplitudes were also measured at its peak from the 

preceding a-wave trough or baseline if the a-wave was not present.  

 

BT, PT and b-wave amplitudes were then plotted as a function of flash intensity and a generalized 

Naka-Ruston equation [38, 39] of the form V(I) = (Vmax*In)/(In+Kn) was used to fit the intensity 

response data. In this function, I is the stimulus intensity, V is the amplitude at intensity I, Vmax is 

the saturated amplitude, K is the semisaturation constant or the intensity at which the amplitude is 

half of Vmax and n is the slope. Curve fitting was performed by minimizing the sum of the squared 

differences between the observed and predicted data and without constraining the slope to 1. 

SigmaPlot version 10 (Systat Software, Inc., San Jose, CA) was used for curve fitting and all 

subsequent statistical analysis. 

 

The relative reliability of test-retest differences of the Naka-Rushton fit parameters of BT, PT and 

b-wave intensity response data as well as Vmax of BT/Vmax of b-wave was assessed with the 

Wilcoxon signed rank test at p<0.05 with correction for multiple comparisons using the Holm’s 

method [56]. The Shapiro-Wilk normality test was used to assess whether the Vmax values of BT, 

PT and b-wave were normally distributed. A simple linear regression analysis was used to study 

the effect of age of the different fit parameters, again with Holm’s correction for multiple 

comparisons. Bland-Altman analysis [57] was performed to assess the absolute test-retest 
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reliability of the Naka-Rushton fit parameters for BT, PT and b-wave intensity response data.  

The mean test-retest difference and the Coefficient of Reliability (COR or 1.96 times the standard 

deviation of the test-retest difference) was calculated for each fit parameter for BT, PT and b-

wave intensity response data.  The limits of agreement (LOA) were calculated as the mean + 

COR. Further, COR was normalized to the mean test and retest values for each parameter to 

compute the %COR that would allow comparison of COR across parameters of the BT, PT and b-

wave ERG measures. 
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RESULTS 

Figure 1A illustrates an example of the photopic ERG waveforms recorded to increasing 

flash intensities averaged from recordings on two separate occasions from a 63 year old female 

subject and Figures 1B, C and D illustrate the Naka-Rushton fits to the PhNR intensity response 

data for amplitude measurements from baseline (BT), from preceding b-wave peak (PT) and the 

b-wave itself. The amplitudes of BT, PT and b-wave all grew with flash intensity to reach 

saturation between 0.2 and 0.8 phot cd.s/m2 respectively. Beyond 1.6 phot cd.s/m2, as indicated 

for this subject in Figures 1B, C and D, the amplitudes of o 1.6 all three measures showed a 

tendency to reduce with further increase in flash intensity. Thus, the Naka-Rushton fits to all data 

were restricted to the flash intensity range of 0.000625 – 1.6 phot cd.s/m2 and within this intensity 

range the Naka-Rushton fits provided a reasonable description of the intensity response data of all 

three ERG measures.   
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Figure 1 (Fig. A) Example of photopic ERG waveforms to increasing test flash intensities from a 

63-year-old female subject with illustrations of the a-wave, b-wave and PhNR measured from 

baseline (BT) and preceding b-wave peak (PT). (Figs. B, C, D) Naka-Rushton fits to BT, PT and 
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b-wave intensity response data with corresponding values of saturated amplitude (Vmax), 

semisaturation constant (K) and slope (n) parameters 

Table 1 shows the mean (+ standard deviation) as well as the median (with low and high 

95% confidence limits) of saturated amplitude (Vmax), semisaturation constant (K) and slope (n) 

parameters derived from the Naka-Rushton fits to the intensity responses of BT, PT and b-wave 

from all the subjects. On average, the values of Vmax were smallest for BT and a paired student’s 

t-test with Holm’s correction for multiple comparisons indicated that the difference between Vmax 

of BT and PT on the one hand and between BT and the b-wave on the other were highly 

significant (p<0.001), but the Vmax of PT and b-wave were not significantly different. The slope 

parameter n was smallest for BT and largest for b-wave and the difference between the slopes of 

all three measures were statistically significant (p<0.001). Small differences observed in the mean 

values of K for the different measures did not reach statistical significance. 
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Linear dependence of Naka-Rushton fit parameters of the BT, PT and b-wave intensity 

response functions on age was assessed by computing Pearson correlation coefficients. Figures 2 

A-C illustrate the effect of age on the fit parameters for BT, Figures 2 D-F for PT and Figures 2 

G-I for b-wave intensity response data. The correlation between age and Naka-Rushton fit 

parameters was quite low (r2 between 0.04 and 0.14) and was not statistically significant (p>0.09) 

after application of Holm’s correction for multiple comparisons. 
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Figure 2 Effect of age on saturated amplitude (Vmax), semisaturation constant (K) and slope (n) 

parameters of Naka-Rushton fits to intensity response data of PhNR measured from baseline (BT 

– Figs. 2A, B, C) and preceding b-wave peak (PT – Figs. 2D, E, F) as well as b-wave (Figs. 2G, 

H, I) 

 

 

Figure 3A which illustrates a comparison of the ERG waveforms to increasing flash 

intensities recorded on two different days for the subject whose average waveforms were shown 

in Figure 1A, captures the general finding that the ERG waveforms were quite repeatable from 

day to day, with a greater variability observed for the PhNR portion of the waveform. Figures 3B, 

C and D illustrate the Naka-Rushton fits to the intensity response data for BT, PT and b-wave 

respectively for the recordings from the two different days for the same subject. These figures 

again capture the general finding that the intensity response functions were more variable for the 

BT relative to PT and b-wave measurements.  
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Figure 3 (Fig. A) Example of photopic ERG waveforms to increasing test flash intensities 

measured on two separate days from the same subject whose averaged waveforms from the two 

days are illustrated in Fig. 1A.  (Figs. 3B, C and D) Naka-Rushton fits to BT, PT and b-wave 

intensity response data from the two days with corresponding values of saturated amplitude 

(Vmax), semisaturation constant (K) and slope (n) parameters 
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The mean values and standard deviations of the test and retest measurements of Vmax, K 

and n for BT, PT and b-wave are shown in Table 2. The test-retest values were not statistically 

significant for any of the parameters as determined by Wilcoxon signed rank test with correction 

for multiple comparisons. 

 

 

Figures 4A-I depict scatter plots of the test and retest amplitudes of the Naka-Rushton fit 

parameters for BT, PT and b-wave intensity response functions to provide an overview of how 

test and retest values of the fit parameters relate to each other across the overall range of values 

for each parameter.  The dashed line indicates the one to one correspondence line. In general, for 

all parameters the data were almost equally distributed on either side of the dashed line but with a 

wide spread. The only exception was the slope parameter n of PT where the retest data on average 

appeared to be greater than the test values.  
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Figure 4 Scatter plots of test and retest values of saturated amplitude (Vmax), semisaturation 

constant (K) and slope (n) parameters of Naka-Rushton fits to intensity response data of PhNR 

measured from baseline (BT – Figs. 4A, B, C) and preceding b-wave peak (PT – Figs. 4D, E, F) 

as well as b-wave (Figs. 4G, H, I). The dashed line indicates the one to one correspondence line 
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Figures 5A-I show the Bland-Altman plots for the different Naka-Rushton fit parameters 

for BT, PT and b-wave intensity response data where the difference between the test and retest 

values are plotted against the mean of the two tests. The dashed line in each plot indicates the 

mean test and retest difference and the solid lines indicate the limits of agreement (LOA) defined 

as mean + 1.96 times the standard deviation of the test and retest differences. The mean test and 

retest differences of all parameters were close to zero.  
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Figure 5 Bland Altman plots of test and retest measures of saturated amplitude (Vmax), 

semisaturation constant (K) and slope (n) parameters of Naka-Rushton fits to intensity response 

data  of PhNR measured from baseline (BT – Figs. 5A, B, C) and preceding b-wave peak (PT – 

Figs. 5D, E, F) as well as b-wave (Figs. 5G, H, I). The dashed line represents the mean test-retest 

amplitude difference and the solid lines represent the 95% Limits of Agreement (LOA)  
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As indicated in Table 3, the mean test and retest values of all parameters were within 

+6% of the mean value of all of their respective test and retest measures indicating minimal bias 

in the test and retest differences.  Also, as indicated in Table 3, the coefficient of reliability 

(COR) defined as the 95% confidence interval (CI) or 1.96 times the standard deviation of the test 

retest differences for Vmax was slightly larger for PT and b-wave relative to BT in absolute terms 

( V). However, when the COR was normalized to the mean value of the test and retest measures 

for each measurement technique (%COR), the value was larger for BT compared to both PT and 

b-wave. For K and n, the COR and %COR were largest for BT and smallest for b-wave. 

 

Figures 6A-I illustrate the absolute value of the test and retest differences of different 

Naka-Rushton fit parameters of BT, PT and b-wave intensity response function plotted as a 
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function of the subject’s age. The absolute differences of none of the parameters for any of the 

three ERG measures were significantly altered as a function age or the magnitude of the mean test 

and retest measures (results not shown for the latter) 

 

Figure 6 Effect of age on absolute values of test and retest differences of saturated amplitude 

(Vmax), semisaturation constant (K) and slope (n) parameters of Naka-Rushton fits to intensity 

response data of PhNR measured from baseline (BT – Figs. 6A, B, C) and preceding b-wave peak 

(PT – Figs. 6D, E, F) as well as b-wave (Figs. 6G, H, I)  
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Figure 7A shows the effect of age on the Vmax of BT expressed as a ratio of the b-wave 

Vmax. The BT Vmax normalized in this fashion demonstrated significant reduction with age (m=-

0.003, p=0.0032). The mean + standard deviation of these ratios was 0.37 + 0.1 and the median 

and upper and lower limits of the 95% confidence intervals were 0.36, 0.31 and 0.43 respectively. 

The mean of the test and retest values of these ratios (+ standard deviation) were 0.37 (+0.12) and 

0.36 (+0.13) respectively and the test and retest values were not significantly different as 

determined by Wilcoxon signed rank test.  Figure 7B shows the Bland-Altman plot for the BT 

Vmax normalized to the b-wave Vmax. The mean of the test and retest differences of this measure 

was close to zero (0.008) and approximately 2% of the mean of all test and retest values. The 

COR and %COR values of the ratios were 0.9 and 78% respectively. Figures 7C and D show the 

absolute values of the test and retest differences of the ratios plotted as a function of the mean of 

the test and retest values of the ratios and age respectively. The absolute values of the test and 

retest differences of the ratios demonstrated significant increase (m=0.55, p<0.0001) with 

increase in the magnitude of the mean values of the test and retest measures but not with age. 
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Figure 7 (A) Effect of age on saturated amplitude (Vmax) of PhNR measured from baseline (BT) 

normalized to the Vmax of b-wave. (B) Bland-Altman plots of test and retest measures of saturated 

amplitude (Vmax) of PhNR measured from baseline (BT) normalized to the Vmax of b-wave. The 

dashed line represents the mean test-retest amplitude difference and the solid lines represent the 

95% Limits of Agreement (LOA). (C) Effect of the means of test and retest measures of saturated 

amplitude (Vmax) of PhNR measured from baseline (BT) normalized to the Vmax of b-wave on 

absolute values of test and retest differences of these measures. (D) Effect of age on absolute 
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values of test and retest differences of saturated amplitude (Vmax) of PhNR measured from 

baseline (BT) normalized to the Vmax of b-wave.    

DISCUSSION 

In the present study, we recorded photopic flash ERG responses to test flashes in the 

intensity range of 0.000625 – 6.4 phot cd.s/m2. However, data only in the range of 0.000625 – 1.6 

phot cd.s/m2 was used for the Naka-Rushton fit as BT, PT and b-waves in most subjects showed 

amplitude reductions at 3.2 and 6.4 phot cd.s/m2. The b-wave amplitude reduction at the higher 

flash intensities is well documented as the photopic hill phenomenon [e.g., 58, 59]. Our finding 

that similar reductions are observed with the PhNR for red flash at intensities greater than 1.6 

phot cd.s/m2 on a 7 cd/m2 blue background reiterates the findings from other groups for 

recordings under similar stimulus conditions [26, 27, 37]. Ueno and co-workers [60] 

demonstrated that the photopic hill of the non-human primate ERG b-wave was preserved after 

elimination of inner-retinal responses in the ERG including the PhNR, and based on this and 

additional findings they concluded that the photopic hill phenomenon associated with the b-wave 

is likely due to a reduction of the ON-pathway response and a delay of the positive potential 

generated by the off pathway before the level of the inner retina (the term inner retina used here 

refers to retinal ganglion and amacrine cells). Given their findings, it is quite likely that the 

photopic hill like phenomena of the PhNR simply reflects the phenomena observed at the level of 

the b-wave and not necessarily induced at the level of the inner retina. Nevertheless, the fact that 

the photopic hill like phenomenon is seen at the level of the PhNR highlights the importance of 

restricting the flash intensities around 1.6 phot cd.s/m2 so that the PhNR amplitude can be 

maximized when recordings under these stimulus conditions.  

Our finding that the Naka-Rushton function provides a reasonable fit to the intensity 

response data for both BT and PT amplitude measurement techniques is in agreement with 

previous findings of Binns and co-workers [37] who first employed this function to fit the BT and 
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PT responses and with those of Wang and colleagues [26] as well as Kremers et al., [27] who 

measured BT amplitudes. While the absolute values of Vmax for PhNR and b-wave obtained with 

DTL electrodes were comparable between our study and that of Binns and co-workers, the 

amplitudes were generally larger in the recordings by Kremers et al. However, when the reported 

average values of Vmax of BT was considered as a ratio of the reported average Vmax of b-wave, 

the values were in good agreement between our study and those of Binns and co-workers as well 

as Kremers et al., which were all in the range of 31-35% . Wang and colleagues did not report the 

Vmax of the b-wave and thus we could not compute such ratios from their work. Our finding that 

the magnitudes of Vmax for PT and b-wave are comparable is also in agreement with Binns and 

co-workers. Also, the average K values for the BT, PT and b-wave were similar between our 

study (0.2, 0.2 and 0.2 phot cd.s/m2) and that of Binns and co-workers (0.2, 0.26 and 0.26 phot 

cd.s/m2). However, while we found that the average value for n increased from BT to PT to b-

wave (0.99, 1.35 and 1.86 respectively) and that these differences were statistically significant, 

the values were quite similar for the three amplitude measurements in the study by Binns and co-

workers (1.6, 1.9 and 1.7). These differences in the values for n could have been due to the wider 

range of test flashes (0.00625 – 1.6 vs 0.05 – 3.38 phot cd.s/m2) and the greater number of 

intensities sampled (9 vs 6) in our study, especially in the lower intensity range. The values for n 

and K of BT were comparable between our study and that of Wang and colleagues and not 

reported by Kremers et al., for the subjects whose responses were recorded with DTL fiber 

electrodes.  

We found that none of the Naka-Rushton fit parameters were significantly affected by 

age for PT, BT or b-wave measurements after applying Holm’s correction for multiple 

comparisons. It may be noteworthy to mention here that Vmax for BT measurements alone 

demonstrated a weak but statistically significant change with age (r=0.38, m=-0.11, p=0.01) prior 

to Holm’s correction. Interestingly, we also found that the Vmax of BT when normalized to the 
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Vmax of b-wave showed a statistically significant decline with increasing age. These findings 

taken together possibly suggest different rates of decline of the Vmax of BT and b-wave with 

increasing age and that normalization to an internal control, perhaps by reducing inter-subject 

variability, can better highlight the effect of age on the BT measure of PhNR.  In our analysis of 

the PhNR amplitude data we used linear values. It has been reported that ERG measures like b-

wave amplitudes are not normally distributed [61, 62] and consequently logarithmic values of 

amplitude measures might be appropriate to normalize the distribution in order to allow 

parametric statistics [62]. A Shapiro-Wilk normality test indicated that the PhNR Vmax of BT 

measures were normally distributed (W = 0.98601, p-value = 0.8715), whereas the Vmax of the b-

wave (W = 0.87116, p-value = 0.0001864) and PT (W = 0.90029, p-value = 0.0009675) that is 

dependent on the b-wave were not. Thus, we re-examined the effect of age on the Vmax of PT and 

b-wave after converting them to logarithmic values, but still the measures did not show any 

significant change with age. Previous studies that used Naka-Rushton function to fit the PhNR 

[26, 27, 37] have not examined the effect of age and studies that examined the effect of age on 

BT and/or PT amplitudes for fixed high intensity test flashes have reported either no significant 

correlation with age [4, 11, 63] or a very weak correlation [7]. Since we found a weak effect of 

age on Vmax of BT before correction for multiple comparisons and as the Vmax of BT normalized 

to the Vmax of b-wave demonstrated significant reduction with age, and also because some studies 

have found a trend for single flash amplitudes to reduce with age, we would recommend erring on 

the side of caution and using appropriate age-matched control data to make comparisons while 

analyzing PhNR data from clinical cohorts.  

 

Since previous studies have reported significant age effects on the photopic b-wave 

amplitude [62, 64], we were surprised on the finding in our study that the Vmax of the b-wave did 

not show statistically significant changes with age. This could be partly because we were 

estimating the saturated amplitudes of the photopic b-waves while the earlier studies measured 
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amplitudes at a fixed flash intensity, most likely in the linear portion of the intensity response 

curve. However, we did find a slight tendency for reduction in K and n with increase in age, but 

that effect did not reach statistical significance. Differences in background intensity as well as the 

spectral characteristics of test flash and background stimuli could have contributed to the 

disparate findings between our study and previous ones. Based on the appearance of our data we 

used a linear fit similar to Weleber [64] while Birch and Anderson [62] used an exponential fit 

that best described their data. The higher limit of the age range of the subjects was similar for the 

three studies and is less likely to have contributed to the differences observed. 

  

Wilcoxon signed rank test with correction for multiple testing indicated that the mean test 

and retest values of the Naka-Rushton function fit parameters of BT, PT and b-wave intensity 

response data were not significantly different and the Bland-Altman analysis indicated that the 

average test-retest difference was close to zero (within 6% of the mean of the test and retest 

values) for all parameters and ERG components, thereby indicating good test-retest reliability. 

Furthermore, the %COR values (percent Coefficient of Reliability or in other words 1.96 times 

the standard deviation of the test-retest difference of each fit parameter normalized to the mean of 

all test and retest values for that parameter) were smaller for PT than BT measurements, 

suggesting that the test retest reliability of the fit parameters for PT measurements were superior 

to the reliability of the fit parameters for BT measurements. Binns and co-workers [37] have 

previously shown similar results for test-retest reliability of Naka-Rushton fit parameters for BT 

and PT and similar results have been reported by others for PhNR amplitude analysis at fixed 

flash intensities [63, 65].   

In terms of its clinical applicability, a lower test retest variability of the PT parameters 

could be taken to mean that a smaller proportional change may be needed with PT than BT 

parameters in order to obtain clinically significant changes. For example, according to Table 3, to 
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observe a clinically meaningful change in Vmax, a 52% reduction is needed for BT, whereas only a 

34% reduction is needed for PT. However, this argument that a smaller proportional change in PT 

is required of a meaningful clinical effect may be misleading for the following reason. The PT 

amplitude measure of the PhNR already includes the BT amplitude measure and it is only the BT 

component of the PT measure that is likely to be compromised in a disease like glaucoma. The 

remaining portion of the PT measure is a reflection of the ERG b-wave that originates from 

bipolar cell activity and is relatively uncompromised in glaucoma. Based on the average values of 

Vmax that appear in Table 2, the BT amplitude value is approximately 35% of the normal PT 

amplitude value. Thus, to see a clinically meaningful change in PT (34% as per Table 3) in a 

disease like glaucoma, nearly a 100% reduction in BT amplitude should occur. However, also 

according to Table 3, only a 52% change is required in the BT amplitude for a significant clinical 

effect with this measure. Thus, based on the latter argument one would actually expect the BT 

amplitude measure of PhNR to be more sensitive than the PT measure for detecting glaucomatous 

neural damage.  

Earlier studies that examined PhNR amplitudes at fixed high intensity flashes have 

reported that the test retest repeatability of BT/PT amplitude ratios is better than that of BT 

amplitudes alone in control subjects [63, 65, 66]. It has also been shown that BT/b-wave 

measurements demonstrate a greater sensitivity in the detection of glaucomatous damage 

compared to BT measurements alone [67] and that its sensitivity to detect glaucomatous damage 

improves with increasing disease severity and magnitude of the b-wave amplitude [68]. 

Normalization of BT to b-wave for detection of glaucomatous damage makes sense intuitively as 

the b-wave which is generated by bipolar cell activity, in theory should not be altered in a disease 

like glaucoma where there is selective damage of retinal ganglion cells. Based on our findings 

that the ratio of Vmax of BT and b-wave is age dependent, we suggest that appropriate age norms 

be used if such ratios are computed in disease populations along with the caveat that the test retest 
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reliability of this ratio measure in normal subjects is worse than that of Vmax of BT, PT or b-wave 

alone. In our study we did not assess the effect of age and the test retest reliability of Vmax of BT 

normalized to the Vmax of PT, as both BT and PT are likely to be affected in disease like 

glaucoma and consequently computing the ratios of their Vmax may not be very useful.  
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Purpose To investigate the intensity response function of the full-field photopic negative response 

(PhNR) in glaucomatous eyes. 

 

Methods Full field photopic electroretinograms were recorded from 22 open angle glaucoma 

patients (49 – 88 years; median age of 63.5 years) and 26 healthy control subjects (44 – 74  years; 

median age of 64 years), using an Espion system from Diagnosys LLC (Lowell, MA, USA). 

Visual stimuli consisted of brief (<5ms) red flashes in the range of 0.00625 to 6.4 phot cd.s/m2 

delivered on a constant blue background of 7 cd/m2. PhNR amplitudes were measured at its 

trough from baseline (BT), as well as from the preceding b-wave peak (PT) and b-wave 

amplitudes measured from the a-wave trough. The intensity response data of BT, PT and b-wave 

were fitted with a Naka-Rushton function. The fit parameters of saturated amplitude (Vmax), K 

semisaturation constant (K) and slope (n) were compared between glaucoma patients and control 

subjects. For the fit parameters that were significantly different between the two groups, we 

studied their correlation with the average retinal nerve fiber layer (RNFL) thickness and mean 

linearized visual field sensitivity as measured with the Spectralis SD-OCT (Heidelberg Inc, 

Germany) and Humphrey Visual Field Analyzer (Zeiss Meditec, CA, USA) respectively. 

 

Results Only Vmax derived for the PhNR BT amplitude measures was significantly different 

between the glaucoma patients and age-matched controls. Vmax of BT amplitude measures 

showed statistically significant correlation with both linear visual field sensitivity (r2=0.62, m= 

0.014 , p<0.0005) and average retinal nerve fiber layer thickness (r2=0.43, m=0.24 , p<0.0005). 

However, within the cohort of glaucoma patients Vmax showed a tendency to reduce as a function 

of reduced RNFL thickness and linear visual field sensitivity. The effect was statistically 

significant only for comparisons with visual field sensitivity (r2=0.61, m= 0.02, p<0.0005) and 

not RNFL thickness (r2=0.13, m=0.21 , p=0.18). 
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Conclusion A selective reduction of Vmax but not semisaturation constant or slope for PhNR 

amplitude measure indicates response compression of massed retinal ganglion cell activity in 

glaucomatous eyes that can be possibly explained by a reduction in the number of viable 

generators early in the disease process.  

 

Introduction 

Glaucoma is a disease characterized by progressive vision loss that is related to retinal 

ganglion cell dysfunction and death [1].  The photopic negative response (PhNR) is a slow 

electrical potential of negative polarity in the full-field flash electroretinogram (ERG), generated 

by inner retinal neurons, primarily the retinal ganglion cells. [2] PhNR has been shown to provide 

a non-invasive and objective evaluation of retinal ganglion cell function in glaucomatous eyes [3-

15]. A quantitative description of the PhNR intensity response data can be potentially useful in 

our understanding of the underlying pathophysiology of retinal ganglion cell dysfunction in 

glaucoma. However, most of the aforementioned clinical studies restricted the analysis to a few 

fixed flash intensities or to qualitative descriptions of the PhNR over a wider range of flash 

intensities. Binns et al., [16] first reported that a generalized Naka-Rushton equation that was 

originally employed to characterize the s-potentials from color units in the fish [17] and later 

applied to describe the stimulus intensity response relationship of ERG b-wave in retinal 

degenerative condition, [e.g., 18-23] also provided a reasonable description of the PhNR intensity 

response function of normal eyes. Kremers et al., [12] used the Naka-Rushton equation to fit the 

PhNR intensity response function of glaucoma patients and compared the fit parameters to those 

from age-matched control subjects and reported that the saturated amplitude (Vmax) parameter of 

the fits from glaucomatous patients was significantly smaller than that from age-matched 

controls. They also reported that the semisaturation constant (K - stimulus intensity where the 

amplitude is 50% of the saturated amplitude) and slope (n) parameters were comparable between 

the two groups. Recently we reported effect of age and the test-retest reliability of the Naka-
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Rushton fit parameters of the PhNR intensity response function in a cohort of normal healthy 

subjects in the age range of 24-74 years [24]. Building on this previous work, the purpose of our 

current study was not only to compare the Naka-Rushton fit parameters of the PhNR intensity 

response functions of glaucomatous patients and age-matched control subjects but also to 

examine how the fit parameters that were significantly different between the two groups 

correlated with the two common clinical measures of structure and function in glaucomatous 

eyes, namely, peripapillary average retinal nerve fiber layer  thickness (RNFLT) obtained with 

spectral-domain optical coherence tomography and visual field sensitivity measures from 

standard automated perimetric testing.  PhNR amplitude was measured at its trough from baseline 

(BT) as well as from the preceding b-wave peak (PT). We found that the Vmax of the PhNR 

intensity response function for the BT amplitude measurement technique was selectively reduced 

in glaucomatous eyes relative to age-matched controls, indicating response compression of retinal 

ganglion cell function in glaucomatous eyes. The Vmax of the PhNR using the BT amplitude 

measurement showed a tendency to reduce with RNFL thinning in glaucoma patients, but the 

correlation was not statistically significant. However, the PhNR Vmax of glaucoma patients was 

linearly correlated with the average visual field sensitivity.   The Naka-Rushton fit parameters of 

the intensity response functions of the PhNR using the PT amplitude measurement technique and 

b-wave were not significantly different between the two groups. The implications of these 

findings in terms of understanding the disease mechanism and clinical use are discussed further.  

 

Methods 

22 eyes of 22 patients with a diagnosis of primary open angle glaucoma (POAG) in the 

age range of 49-88 years (median =63.5 years) with a range of degrees of severity were recruited 

from the University Eye Center (UEC) at State University of New York College of Optometry. 

For the patients, the inclusion criteria were outlined as a mandatory clinical diagnosis of POAG 

by experienced clinical practitioners using a battery of clinical tests which included a detailed 
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case history, gonioscopic assessment of the anterior chamber angle, ophthalmoscopy, 

stereoscopic assessment of the optic nerve and RNFL, applanation tonometry, visual field testing, 

posterior segment photography and optical coherence tomography of the optic nerve and RNFL. 

Patients with any history of other ocular disease (except uncomplicated cataract) or systemic 

conditions that could affect the study outcomes were excluded.  Patients had best-corrected visual 

acuity of 20/30 or better and their refractive error was within ± 6D spherical equivalent. The 

inclusion criteria for a diagnosis of glaucoma was based upon the presence of glaucomatous optic 

neuropathy and characteristic visual field loss associated with glaucoma (e.g., hemifield test 

outside normal limits, a cluster of three contiguous points at the 5% level of the pattern deviation 

plot). The vertical dimension of the cup to disc ratio also proved as an index of the glaucomatous 

loss to the neuroretinal rim. All the patients were under medical treatment for control of their 

intraocular pressure. Similarly, 26 eyes of 26 healthy, visually normal subjects without POAG in 

the age range of 44 to 74 years (median age 64 years) were also enrolled. The difference in ages 

between the two groups was not statistically significant (p=0.15). Patient demographics, mean 

deviation of 24-2 Visual Field sensitivity (in dB), average retinal nerve fiber layer thickness (in 

µm) and treatment received at the time of the testing are summarized in Table 1. Written consent 

was obtained from all the participants and the study strictly adhered to the declaration of Helsinki 

and was approved by the Institutional Review Board at the State University of New York College 

of Optometry. 
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Subject 

ID 

Gender 

 

Age 

(yrs) 

 

MD 

(dB) 

Avg. 

RNFLT 

(µm) 

 

IOP 

(mm of 

Hg) 

 

Treatment 

G1 M 53 -3.56 86 14 LP,T 

G2 F 58 -22.35 38 15 LP,D 

G3 F 57 -4.72 71 14 TP 

G4* F 59 -30.05 54 14  TP,D,T,B 

G5 M 65 -1.13 68 16 LP 

G6 F 49 -22.94 34 12 TP, D,T,B 

G7 F 60 -3.22 69 14 LP 

G8 M 72 -1.1 59 12 LP, D,T 

G9 M 55 -10.25 56 12 LP, D,T,B 

G10 F 63 -17.16 43 14 TP,D,T 

G11 M 64 -11.4 62 15 LP,T 

G12* F 51 -5.68 72 14 TF, B 

G13 F 80 -4.87 72 10 LP 

G14 F 67 -4.1 73 15 LP,B,BR 

G15* F 68 -13.37 53 14 LP,T 

G16* F 67 0.86 92 17 TP,BR 

G17* F 79 -4.65 65 17 LP 

G18* M 87 -2.42 74 18 BMP,T 

G19 M 88 -3.36 74 19 LP 

G20** F 69 -20.27 67 19 LP,BR,B 

G21 M 63 -2.66 69 14 BMP,B,T 

G22 M 60 -2.06 54 18 BMP,D,T 

 

Table 1 showing basic demographic information of the glaucoma patients, mean deviation (MD) 

in Decibels (dB) from 24-2 Humphrey visual field analysis, average retinal nerve fiber layer 

thickness (RNFLT) in microns, intra-ocular pressure (IOP) in millimeters of mercury (mm of Hg) 

and topical treatment received by the patients during the time of testing (LP-Latanoprost, BR-

Brinzolamide, B-Brimonidine, BMP-Bimatoprost, D-Dorzolamide, TP- Travoprost, T-Timolol). 

(*) indicates the patient had a history of selective laser trabeculoplasty in the eye tested, while 

(**) indicates trabeculectomy. 
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Only one eye was tested for each participant. Following the installation of one drop of topical 

anesthesia (1% Proparacaine Hydrochloride, Akorn, Lake Forest, Illinois, USA), DTL electrodes 

(Diagnosys LLC, Lowell, MA, USA) were placed in the lower cul-de-sac of the tested eye and 

referenced to another electrode in the fellow eye that was covered with a light proof patch. An ear 

clip electrode on the earlobe on the side of the tested eye served as ground. With the glaucoma 

patients, the active electrode was always placed on the eye with the greater magnitude of 

glaucomatous field defect when possible whereas, it was always the right eye that was tested for 

the control subjects.  

Pupils were dilated to at least 7 mm with the instillation of 1% topical Tropicamide (Akorn, Lake 

Forest, Illinois, USA) and the subjects adapted to the background light for 10 minutes prior to 

start of the test. Visual stimulation and responses acquisition were performed with an Espion 

system from Diagnosys LLC. A series of red flashes (660 nm peak) ranging from 0.00625 to 6.4 

phot cd.s/m2 were delivered on a steady blue background (485 nm peak) of 7 phot cd/m2 using the 

Colordome ganzfeld (Diagnosys LLC, Lowell, MA, USA). Approximately 100 responses were 

averaged for each flash intensity, delivered in blocks of 25, with an interstimulus interval of at 

least 1 second. An infrared camera inside the Ganzfeld was used to monitor eye fixation and 

traces contaminated with blinks and eye movements were excluded from the analysis. Signals 

were sampled at 1 kHz, amplified, filtered within the range of 0 to 300 Hz, and digitized.  

The PhNR was measured in 2 different ways: (1) from baseline to the PhNR trough (BT) 

following the i-wave; and (2) from peak of the b-wave to the PhNR trough (PT). At flash 

intensities where the PhNR trough was not prominent the amplitudes were measured at times 

when the trough was the most prominent in the succeeding brighter flash. The b-wave amplitude 

was measured at its peak from the preceding a-wave trough. 

BT, PT, and b wave amplitudes plotted as a function of stimulus intensity, were fit with a 

generalized Naka-Rushton equation of the form V(I) = (Vmax*In)/(In+Kn); where I is the stimulus 
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intensity; V is the amplitude at intensity I; Vmax is the saturated amplitude; K is the semi-

saturation constant or the intensity at which the amplitude is half of Vmax, and n the slope. 

SigmaPlot version 10 (Systat Software, Inc., San Jose, CA) was used for curve fitting, and all 

subsequent statistical analysis. The slopes of the individual fits were not constrained to any value 

and the fits were achieved by minimizing the sum of the squared differences between the 

observed and predicted data.      

Behavioral visual field sensitivity was assessed with the Humphrey Visual Field Analyzer (Carl 

Zeiss Meditec, USA) using the 24-2 SITA standard test. A visual field was considered reliable 

when the fixation losses were <20% and false negative and false positive rates were under 25%. 

The dB values at each test location were converted to linear values and averaged across the entire 

visual field to derive mean sensitivity values on a linear scale. Spectral-domain optical coherence 

tomography (Spectralis SD-OCT, Heidelberg Inc, Germany) scans of the peripapillary retinal 

nerve fiber layer were made with a 12-degree scanning angle with 768 A-scans in a high-speed 

mode with ART (Automatic Real Time) function. OCT data was analyzed with a built-in 

algorithm, which determines the inner and outer boundary of the retinal nerve fiber layer 

thickness, and provides an estimate of the average thickness in micrometers. Manual corrections 

were made to the segmentation profiles generated by the algorithm, in case of small aberrations. 

Statistical analysis was performed with an unpaired student t tests to compare the mean 

differences of the Naka-Rushton fit parameters between glaucoma patients and age-matched 

controls. The association between the Naka-Rushton fit parameters and RNFL thickness as well 

as mean visual field sensitivity were studied by using simple linear regressions. A p-value less 

than 0.05 was considered as significant after correcting it for multiple comparisons using Holm’s 

method of correction [25]. 
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Results 

Figures 1A and B illustrate representative photopic ERG waveforms to increasing test flash 

intensities from a 55-year-old female control subject and a 51-year-old female glaucoma patient 

respectively. These figures capture the general finding from our study that the PhNR amplitude 

was selectively reduced when the a- and b-wave amplitudes appeared relatively normal. The 

reduction of the PhNR in the glaucomatous eye also revealed a prominent i-wave in the higher 

test flash intensity responses. In the control eye responses, the i-wave is seen as a subtle signal in 

the trailing edge of the b-wave, prior to the PhNR trough. Figures 1C, D and E illustrate the 

Naka-Rushton fits to the PhNR intensity response data of the same control subject (solid line and 

open circles) and glaucoma patient (dashed line and filled circles) for amplitude measurements 

from baseline (BT), the preceding b-wave peak (PT) and the b-wave itself. Although these figures 

show the data from selected individuals, they are representative of the general finding that the 

Naka-Rushton function provides a reasonable description of the intensity response data of all 

three ERG measures from control subjects as well as glaucoma patients. The amplitudes of BT, 

PT and b-wave all increased as a function of test flash intensity and reached saturation between 

0.4 and 1.6 phot cd.s/m2. Vmax for the BT amplitude measures of the glaucoma patient illustrated 

was prominently reduced compared to that of the control subject (19 vs 35µv). While the Vmax of 

the PT amplitude measures was also reduced for the glaucoma patient relative to the control 

subject (71 vs 87µv), the difference when considered as a proportion of the Vmax of the control 

subject is smaller in comparison to the proportional reduction in the Vmax of BT amplitude 

measures (17 vs 46%). The Vmax of the b-wave was comparable between the glaucoma patient (89 

µv) and the control subject (87 µv).  
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Figure 1 Examples of photopic ERG waveforms to increasing test flashes from a 55-year old 

female control subject (A) and a 51-year-old glaucoma patient (B) with illustration of a wave, b 

wave and PhNR measured at its trough from the baseline (BT), and peak of the preceding b wave 

(PT) as well as the Naka-Rushton fits to the intensity response data obtained from BT (C), PT (D) 

and b-wave (E) respectively.  

 

The bar graphs in Figures 2A, B and C illustrate the mean (+ standard deviation) of Vmax for BT, 

PT and b-wave measures from all control subjects and glaucoma patients. The difference in the 

mean values of glaucoma patients were significantly different from that of the control group for 

BT amplitude measure (p=0.000002) but not for PT or b-wave amplitude measures (p>0.1) after 

correction for multiple comparisons. Figures 2D, E and F illustrate the mean (+ standard 
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deviation) of K and figures 2G, H and I illustrate the mean (+ standard deviation) of n for BT, PT 

and b-wave measures from all control subjects and glaucoma patients. The mean values of both K 

and n were not significantly different between the glaucoma patients and control subjects for any 

of the ERG measures (p>0.06) after correction for multiple comparisons.   

 

 

Figure 2 Comparison of Vmax (A-C), K (D-F), and n (G-I) parameters obtained from the Naka-

Ruston fits to intensity response function of BT, PT and b wave amplitudes obtained from 

glaucoma patients (black bars) and control subjects (white bars), respectively. 
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Table 2 shows the numerical values of the mean (+standard deviation) of Vmax, K and n for the 

three ERG measures from the glaucoma patients and control subjects along with the statistical 

significance of the differences between the mean values of the two groups after the application of 

Holm’s correction for multiple comparisons. 

 

Naka-Rushton 

parameters Vmax  K n 

BT     

Mean Control + sd 26.30+4.25 0.19+ 0.16 1.02+0.32 

Mean Glaucoma + sd 16.09+8.07 0.11+0.12 1.06+0.6 

p value with HC  2*10-6  0.12  0.8 

PT     

Mean Control + sd 76.83+18 0.17+0.06 1.39+0.33 

Mean Glaucoma + sd 67.78+21 0.17+0.10 1.42+0.45 

p value with HC  0.25  0.44 1 

b-wave     

Mean Control + sd 82.22+23 0.20+0.07 1.78+0.52 

Mean Glaucoma + sd 71.71+23 0.21+0.11 1.39+0.37 

p value with HC  0.1 0.76 0.056 

 

Table 2 Mean test and retest values and standard deviations (sd) of saturated amplitude (Vmax) in 

microvolts (µV), semisaturation constant (K) in phot cd.s/m2 and slope (n) of PhNR intensity 

response functions for measurements from baseline to trough (BT), b-wave peak to trough (PT) 

and b-wave intensity response functions along with the statistical significance of the differences 

between glaucoma and control populations determined by Student’s t test with Holm’s correction 

(HC) for multiple testing 

 

Figures 3 A and B illustrate the relationship between Vmax of PhNR BT measurement and average 

retinal nerve fiber layer (RNFL) thickness and average visual field sensitivity expressed in linear 

units, respectively. The data from the glaucoma patients and control subjects are represented by 

filled and open circles and the dashed and dotted lines represent the linear regression fits to the 
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control subjects and glaucoma patients, respectively. The solid lines represent the fit to the 

combined data. The slopes of the lines for the combined data were significantly different from 

zero (p<0.0005) and the correlation coefficient was larger for the relationship with visual fields 

(r2=0.53), compared to that of RNFL thickness (r2= 0.43). For the glaucoma patients, while there 

was a significant correlation between PhNR Vmax and visual field sensitivity (r2=0.61, m=0.02, 

p<0.0005), the correlation did not reach statistical significance for RNFL thickness (r2=0.13, 

m=0.21, p=0.18) in spite of the observed trend for Vmax to reduce with RNFL thinning.  There 

was no significant correlation between PhNR Vmax with either visual field sensitivity or RNFL 

thickness for the control subjects.  

 

 

Figure 3 Relationship between Vmax of BT and (A) average retinal nerve fiber layer thickness 

(RNFLT) in microns and (B) average visual field sensitivity in arbitrary linear units in glaucoma 

patients (filled symbols) age-matched controls (open symbols). Dotted lines represent the linear 

fits through the glaucoma patient data, dashed lines represent linear fits through the control data, 

and solid lines represent the fit for the combined dataset.
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Discussion 

In the present study, we compared the Naka-Rushton fit parameters of the PhNR intensity 

response function between glaucoma patients and age-matched controls. The PhNR amplitudes 

were measured at its trough from baseline (BT) as well as from the preceding b-wave peak (PT). 

We found that the saturated amplitude (Vmax) of the BT measurements was the only Naka-

Rushton fit parameter that was significantly different from those of age-matched control subjects. 

This finding was true even when the PhNR amplitudes were measured at a fixed time of 65 ms as 

opposed to the trough (data not shown). This finding is in general agreement with results 

previously reported by Kremers et al., [12] who measured the intensity response functions of 

PhNR BT. This finding implies that an intensity response function may not provide any more 

information than recording PhNR to a test flash of fixed intensity in the range of 0.8 to 1.6 

cd.s/m2 where the PhNR amplitude will normally saturate using the background intensity 

employed in this study. Using any higher test flash intensities is not recommended as the PhNR 

amplitude has a tendency to reduce at higher intensities [12, 16, 24, 26]. 

 

A selective reduction of PhNR Vmax with no significant changes in slope (n) or 

semisaturation constant (K) indicates response compression that can be possibly explained by a 

reduction in the number of viable ganglion cells and alteration of glial activity in glaucomatous 

eyes. Retinal ganglion cell sensitivity will be expected to be reduced in glaucoma as a 

consequence of direct damage to their axons or due to reduced input from the presynaptic 

neurons. However, evidence suggests that the retinal ganglion cells die soon after the insult is 

initiated [27] and that at any given time there are very few ganglion cells undergoing apoptosis 

[28], thereby reducing the probability that sensitivity changes if any from a small number of sick 

cells may not be reflected in massed potentials like the PhNR, that is recorded at the level of the 

cornea. In our study, as previously shown by Kremers et al., [12] we did not find any changes 

with the Naka-Rushton fit parameters of the b-wave, the ERG component that reflects cone 
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bipolar cell activity [29], suggesting that the input the retinal ganglion cells are not likely to be 

compromised. Pruning or shrinkage of ganglion cell dendrites has been reported in animal models 

of glaucoma [30-32] that could potentially reduce bipolar cell input to ganglion cells and reduce 

their sensitivity. However, this process may be restricted to subtypes of ganglion cells [33, 34] 

and further may not be a consistent finding [31, 32]. It is therefore unclear how prevalent these 

effects are and if changes in sensitivity of a small number of ganglion cells is likely to be 

reflected in the full-field ERG response. 

 

In this study, we found that the PhNR amplitudes measured from baseline and not the 

preceding b-wave peak was significantly reduced in glaucoma patients. Previous studies that 

examined the test-retest reliability of the PhNR amplitude in normal subjects reported less 

variability for amplitudes measured from the b-wave peak (PT) as opposed to measurements from 

baseline (BT), suggesting the PT measurements could be more useful in evaluating ganglion cell 

function disease states [16, 35, 36]. This was based on the calculation of percent coefficient of 

reliability (%COR or 1.96 times the standard deviation of the test-retest difference normalized to 

the mean of all test and retest values) of the PhNR amplitude at a fixed flash intensity [35, 36] or 

the Vmax of the PhNR intensity response function [16]. Similar to these studies, we have also 

shown that, an almost 50% change is required for reliable detection of reduction in BT Vmax, 

whereas only about a 35% change is required for reliable detection of a change in PT Vmax [24]. 

However, since the BT amplitude on average constitutes almost 35% of the PT amplitude, we 

have also argued that the BT Vmax should reduce by almost 100% before a 35% change can be 

seen with the PT Vmax. This implies that Vmax of BT, rather than PT measure, is advantageous for 

detecting changes in ganglion cell function in disease conditions. Our present finding in glaucoma 

patients confirms the previous prediction.  
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Previous studies of ERGs recorded to a fixed flash intensity from normal subjects have 

reported that the test-retest variability of the PhNR improves when normalized to the b-wave 

amplitude [35, 36]. Studies with glaucoma patients have reported mixed results. Additionally, 

some studies have reported that the BT/b-wave amplitude ratios show greater sensitivity for the 

detection of glaucomatous damage [14], while others have reported that the BT amplitudes have 

better sensitivity and specificity for detecting changes in mild and moderate glaucoma [6] and 

that the sensitivity for the BT/b-wave amplitude ratios increases with disease severity and 

magnitude of the b-wave amplitude [5]. In the present study, we found that the Vmax of BT/Vmax 

of b-wave was significantly lower in glaucoma patients relative to age matched controls 

(p<0.00007) but no better than the differences observed for BT Vmax alone (p=0.000002). Based 

on this finding and our recent report that the test-retest reliability of the BT Vmax is better than that 

of Vmax of BT/Vmax of b-wave in control subjects [24] we would predict that sensitivity for 

detection of glaucoma will be greater for the BT Vmax estimates. However, a larger sample size of 

glaucoma patients and range of severities will be required to test this hypothesis. We did not 

evaluate the effect of glaucoma on the Vmax of BT normalized to the Vmax of PT, as both BT and 

PT are likely to be affected in disease like glaucoma and consequently computing the ratios of 

their Vmax may not be very useful.      

 

We found that while the BT Vmax amplitude was significantly correlated with decrease in 

RNFL thickness when the data from the glaucoma patients and age-matched controls were 

combined. This finding is similar to the correlations between optic nerve structural measures and 

PhNR amplitudes at fixed flash intensities previously reported by us and others [3, 6, 15]. 

However, in the present study we also found that Vmax did not show a significant correlation with 

RNFL thickness for the glaucoma patient cohort in isolation. This was surprising given the PhNR 

relies on the spiking activity of retinal ganglion cell axons [2]. Several factors may contribute to 

this finding. The glaucoma patient and the control groups appeared to form two separate clusters 
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with very little overlap of either their RNFL thickness or PhNR Vmax. Inclusion of more glaucoma 

patients from earlier stages of the disease would have allowed an extension of data for both 

structural and functional measures into the normal range to allow for a better correlation. 

Additionally, the structural and functional measures could be dominated by different underlying 

factors in different stages of the disease. While the PhNR relies on the spiking activity of retinal 

ganglion cells [2], the nature of its slow time course and reduction by suppression of K+ currents 

in glial cells [37] suggest glial mediation in its generation. Glaucoma is a condition characterized 

by retinal ganglion cell death as well as glial transformations that can manifest early in the 

disease process [e.g., 38-41] and consequently, changes with either or both of these cellular 

elements are likely to contribute to the reduction in Vmax of the PhNR in glaucoma. Similarly, 

glial transformations can also mask RNFL thickness changes, especially in the late stages of the 

disease [42]. Thus, the differences in the relative contributions from glial and neuronal alterations 

to PhNR reduction on the one hand and RNFL thickness on the other in different stages of the 

disease may confound the correlation between the two measures.     

  

We found that the PhNR Vmax showed a significant correlation with mean visual field 

sensitivity converted to linear units when the data from the glaucoma patients and age-matched 

controls were combined as well as for the glaucoma patient cohort in isolation. We did not use the 

mean deviation values in decibel (dB) units generated by the visual field test machine for two 

reasons. First, the machine generated values are relative their own normative data base for which 

the ERG measurements are not available. Second, a test of linear relationship between structure 

and function can be better assessed when both quantities are expressed in linear units. The linear 

relationship between PhNR Vmax and visual field sensitivity was not surprising as both are 

reflection of neuronal responses and alterations in glial functions are likely to alter neuronal 

responses over time. We also found that when the mean sensitivity of the visual field was reduced 

below the normal range the PhNR Vmax was always reduced. Whereas, when the PhNR Vmax was 
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reduced below the normal range 30% of the eyes (7/22) showed visual field sensitivity within the 

normal range. This suggests that the PhNR Vmax could be more sensitive than mean visual field 

sensitivity in signaling glaucomatous damage.  However, a larger sample size would be required 

to test that hypothesis.     
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Abstract –  

Purpose To investigate the effect of age on diametric and dynamic parameters of the pupillary 

light response to chromatic stimuli. 

 

Methods Pupillary responses to 1 second duration, 20 cd/m2, red (LCD chromaticity values of 

x=0.645, y=0.341) and blue (x=0.153, y= 0.053) stimuli were measured from 66 normal subjects 

in the age range of 22 to 73 years, using a commercially available infrared pupillometer (RAPDx, 

Konan Medical Inc, CA, USA). Baseline pupil diameter was recorded for 300 ms from both eyes 

after an initial 10 minute adaptation to a white light background of 0.69 cd/m2. Pupillary 

responses were then recorded from both eyes over 11 seconds after the onset of the red stimulus 

presented to the right eye. Following a 2 minute wait period when the subjects viewed the white 

background the baseline pupil dimeter was recorded again for 300 ms after which pupillary 

responses were recorded to another 1 second red stimulus for 11 seconds and the response of the 

two repeats averaged. The test paradigm was then repeated with a blue test stimulus. Alongside 

baseline pupil dimeter (in mm), diameter of the maximum or peak constriction (in mm), pupillary 

diameter at 6 seconds following the stimulus offset referred to as post-illumination pupil response  

(PIPR in mm), latency of constriction (ms), time to peak (ms), maximum constriction velocity 

(mm/s), and maximum dilation velocity (mm/s) were obtained from the pupillary response 

profiles offline. Additionally, the peak pupillary diameters and PIPR were normalized to their 

respective baseline pupil diameters and expressed in percentages and the difference in the 

normalized PIPR values of the red and blue stimuli were also computed. The effect of age was 

analyzed on all parameters.  

 

Results All the diametric pupillary response parameters (prior to normalization to baseline 

diameters) and all the dynamic aspects of pupillary responses for both the red and blue stimulus 

conditions showed statistically significant (p<0.022 to 0.0001) reduction with increasing age as 
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determined by linear regression analysis. The rate of reduction in the magnitude of pupillary 

parameters for red and blue stimulus conditions were 0.37 and 0.34 mm/decade for baseline 

diameter, 0.22 and 0.15 mm/decade for peak diameter, 0.36 and 0.30 mm/decade for PIPR, 0.35 

and 0.43 mm/s per decade for maximum constriction velocity, and lastly 0.12 and 0.17 mm/s per 

decade for maximum dilation velocity, respectively. The diametric aspects of pupillary responses 

when normalized to the baseline diameter did not show significant changes with age, except for 

the normalized peak diameter to the blue stimulus that showed a tendency to increase with age 

(1.3% per decade, p=0.02). Additionally, the normalized PIPR to the red stimulus was 

significantly larger than those for the blue stimulus, but the amplitude difference did not show 

any systematic changes with age.  

 

Conclusion Age has a significant effect on both diametric and dynamic aspects of pupillary 

responses to red and blue chromatic stimuli. However, these effects are scaled with age-related 

changes in the baseline pupil diameter. Thus, normalizing pupillary response parameters to the 

baseline pupil diameter can potentially separate the effects of age and the disease process on pupil 

response parameters.   

 

Introduction  

Pupillary light response (PLR) is driven by inputs from at least three different types of 

photoreceptors: namely the rods, cones, and intrinsically photosensitive retinal ganglion cells 

(ipRGCs), whose relative contributions vary with stimulus conditions and the response phase (1–

5). Input from the rods and cones drive the early phase of pupil constriction. The response to blue 

and red light at different stimulus intensities under dark-adapted conditions are driven by varying 

combinations of rod and cone photoreceptor inputs, whereas, the chromatic stimuli delivered on 

rod saturating backgrounds are driven by cone inputs alone (1).  The  ipRGC contributions are 
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generally apparent as a sustained constriction in the later portion of the pupillary response, also 

known as post-illumination pupil response (PIPR) or sustained constriction whose characteristics 

is determined by the inherently longer latency in the generation of neuronal action potentials by 

ipRGCs combined with their continued firing of action potentials even after the offset of the 

stimulus (2,3,6). Based on the spectral characteristics of the melanopsin photopigments and the 

kinetics of the phototransduction cascade in ipRGCs, the PIPR is best elicited with bright blue 

stimuli (470 nm peak wavelength) of long duration, usually >1 second and is usually not apparent 

in response to red stimuli over a wide range of stimulus intensities (1,3,6–8).   

The PIPR has been explored as a surrogate measure for retinal ganglion cell functionality 

in normal healthy eyes and in various disease states (1,2,9–13). The PIPR is typically measured at 

6 seconds after the offset of a 1  second stimulus and normalized to the baseline pupil diameter 

and normalized to the baseline pupil diameter and the difference in the normalized PIPR between 

red and blue stimulus conditions is commonly used to assess (or the lack of) ipRGC driven pupil 

constriction (1–3,6,14). While the measurements in the aforementioned studies were performed 

with customized instrumentation, the availability of commercial infrared pupillometers have now 

facilitated their use with patients in standard clinical settings. Establishing the effect of age on 

various diametric and dynamic aspects of pupillary responses to chromatic stimuli with these 

clinical instruments will be useful for assessing the pupillary responses in patients with a variety 

of disorders. The effect of age on the pupil diameter at peak constriction and PIPR to chromatic 

stimuli has been reported in a normal population (5,15). However, while the dynamic aspects of 

pupil responses like maximum constriction velocity, maximum dilation velocity and time to peak 

have been reported to be useful metrics in studies involving patients with autonomic disorders, 

diabetes and mild traumatic brain injury (9,10,16) the effect of age on the dynamic aspects of 

pupillary constriction to chromatic stimuli eliciting PIPR have not been reported. The purpose of 

this study was to determine the effect of age of both the diametric and dynamic aspects of the 
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pupil response to 1-second long red and blue stimuli of a fixed intensity, using a commercially 

available pupillometer, in a cohort of normal subjects.  We found that all of the diametric and 

dynamic parameters of the pupil responses obtained under both the blue and red stimulus 

conditions significantly decreased linearly with increasing age. However, these effects are scaled 

with the age-related changes in the baseline pupil diameter and thus, normalizing pupillary 

response parameters to the baseline pupil diameter eliminates the effect of age and can be 

potentially useful to study the effect of the disease process on pupil response parameters, 

irrespective of the patient’s age. 

Methods 

Subjects – 66 normal subjects in the age range of 22 to 73 years (mean ± standard deviation of 48 

± 14.8 years, 24 males and 42 females) were included in the study. All the subjects were recruited 

from the students, staff and patients at the State University of New York College of Optometry 

who had received a comprehensive eye examination within the previous year. Subjects with a 

history of systemic and ocular disease, surgery or medication that could directly affect the 

pupillary response were excluded. The refractive error of the participants was within ±6 Diopters 

(spherical equivalent) with astigmatism under 2 Diopters. The study strictly adhered to the tenets 

of the declaration of Helsinki and informed consent was obtained from the subjects after 

explanation of the nature and possible adverse consequences of the study procedures. This 

research was approved by the Institutional Review Board of the State University of New York 

College of Optometry.  

 

Measurement of pupil responses - All the participants underwent a basic eye examination 

before the start of the study.  A commercially available infrared pupillometer, RAPDx (Konan 

Medical Inc, USA) with a 40Hz sampling rate was used to for visual stimulation and 

measurement of the pupillary responses. The schema of the stimulus protocol is illustrated in 
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figure 1. Briefly, baseline pupil diameter was recorded for 300 ms from both eyes following 10 

minutes of light adaptation to a 0.69 cd/m2 white background. Pupillary responses were then 

recorded from both eyes over 11 seconds after the onset of 1 second duration, 20 cd/m2, 25° 

central red (LCD chromaticity value of x=0.645, y = 0.341) test stimulus presented only to the 

right eye. A septum built into the instrument stopped stray light from entering the fellow eye 

when the stimulus was being delivered to the test eye. Following a 2 minute wait period when the 

subjects viewed the white background the baseline pupil dimeter was recorded again for 300 ms 

after which pupillary responses were recorded to a second red flash and the response of the two 

repeats were averaged. The test paradigm was then repeated with a blue test stimulus (LCD 

chromaticity value of x=0.153, y= 0.053). The test duration of this protocol comprising the red 

and the blue test flashes was just under 17 minutes. The entire test protocol comprising the red 

and the blue stimulus was then repeated another time although the results are being presented 

only for the first of the two repeats.  Only the direct and not the consensual pupil responses were 

analyzed. 

 

Figure 1 shows the schematic representation of the procedure described in the method section 

 

Analysis of pupil responses - The pupil responses recorded with the instrument was exported as 

a comma separated text file and the responses were analyzed offline using Excel 2010 (Microsoft, 

Redmont, WA) and SigmaPlot 10.0 (SyStat Software, San Jose, CA). Segments of pupil 

responses disrupted by blinks were manually filtered out.  Mean of pupil sizes recorded for the 
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first 300 ms prior to the delivery of the test flash was considered the baseline (B) pupil diameter. 

The time (in ms) between the onset of the stimulus and the onset of the first consistently 

detectable constriction was called the latency. The diameter of maximum constriction was called 

the Peak (P) and the time taken from stimulus onset to reach peak constriction was called “Time 

to Peak”. Peak pupil amplitudes were also normalized to their respective baseline pupil diameters, 

and were termed as normalized peak pupil diameters (NP). We also measured the pupil diameter 

averaged over a 1 second duration centered at 6 seconds following the stimulus offset that was 

considered as the ipRGC mediated sustained constriction or post-illumination pupil response 

(PIPR), PIPR was also normalized to respective baseline pupil diameters to obtain “normalized 

PIPR”. Pupil responses were also binned in 100ms epochs for the calculation of constriction and 

dilation velocity, from which we obtained the maximum constriction velocity (MCV) and 

Maximum Dilation Velocity (MDV) parameters from the respective velocity profiles.  

 

Statistical analysis - Paired t tests were used to compare the pupil response parameters for two 

different test conditions. Simple linear regressions were performed to study the relationship 

between age and pupil response parameters. Holm’s correction applied to compensate for 

multiple comparisons (17). 

 

Results 

Figure 2A illustrates representative raw traces of direct pupil light responses (PLR) to 1 

second duration, 20 cd/m2 red (dashed line) and blue (solid line) stimuli from a 52-year- old male. 

Pupil responses demonstrated a rapid constriction followed by an initial rapid and then slower 

dilation phases.  Figure 2B illustrates the same traces normalized to their respective baseline pupil 

diameters. The normalization highlights the general finding that the magnitude of the sustained 

pupil constriction or the post-illumination pupil response (PIPR) was relatively larger for the blue 

compared to the red stimulus (95% of baseline for blue compared to 100% of baseline for red). 
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Figure 2C shows the velocity profiles of the pupil responses obtained under the red and blue 

stimulus conditions from the same subject. The peak velocities of constriction and dilation red 

and blue stimuli occur at early times during the constriction (400 ms for both red and blue 

respectively) and initial dilation (1900ms for both red and blue) phases. 

 

 



73 
 

 

 

 

Figure 2A shows a representative raw trace of pupil responses to 1-second red (dashed line) and 

blue (solid line) stimuli from a 52-year-old male over time. Figure 2B illustrates the same 
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responses normalized to the baseline pupil diameter over time. Figure 2C shows the velocity 

profile of the same pupillary response traces shown in 1 (A) in mm/s over time. 

     

Table 1 describes the average (± 1 standard deviation) values of all the pupillary response 

parameters obtained with the red and blue stimuli for all the subjects tested. Only the PIPR 

normalized to the baseline pupil diameter was significantly different (p=0.01) between the red 

and blue stimuli after Holms correction for multiple comparisons. 

 

Pupillary parameter 

 

Red 

stimulus 

Blue 

stimulus 

P value 

(corrected) 

 

Baseline pupil size (B) mm 

 

 

4.64±1.03 

 

4.49±0.98 

 

0.99 

Peak pupil diameter (P) mm 

 

3.06±0.70 2.86±0.56 0.99 

PIPR mm 4.62±1.00 4.38±0.91 0.75 

 

Latency (ms) 

 

 

251±20 

 

251±21 

 

0.56 

Time to peak (ms) 

 

1141±97 1156±80 0.84 

Maximum Constriction velocity (MCV) mm/s 

 

4.13±0.97 4.40±1.02 0.72 

Maximum Dilation Velocity (MDV) mm/s 

 

2.01±0.37 2.14±0.48 0.63 

Normalized Peak (NP) % 

 

66.21±4.74 64.27±5.16 0.24 

Normalized PIPR (%) 

 

99.98±4.66 97.78±3.32 0.01 

 

Table 1 Mean (+standard deviation) of all pupillary response parameters obtained with the red 

and blue stimuli: Baseline pupil diameter (B) in mm; Peak pupil diameter (P) in mm; Post-

illumination pupil response (PIPR) in mm; latency of constriction from the onset of the stimulus 

in milliseconds (ms); Time taken from the onset of the stimulus to the onset of dilation, time to 
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peak in ms; maximum constriction velocity in mm/s; maximum dilation velocity in mm/s; peak 

pupil diameter normalized to its respective baseline pupil size in percentage, and PIPR 

normalized to its corresponding baseline pupil diameter (B) expressed in percentage. The 

corrected p values for the respective comparisons are listed in the 4th column.       

Figures 3 illustrates the effect of age on the PLR parameters, namely baseline (B), peak 

(P) and PIPR for the red (3A, B and C) and blue (1D, E and F) stimuli respectively. The solid 

lines represent the linear regression fits to the data. All three parameters were significantly 

correlated with age (p<0.022) with the magnitude of each parameter reducing with increase in age 

(slope between -0.02 and -0.04). The values for the r-squared ranged between 0.15 and 0.29  
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Figure 3 Effect of age on baseline pupil diameter, peak pupil diameter and post-illumination pupil 

response (PIPR) to red (A-C) and blue (D-F) stimuli. Solid lines represent the linear regression 

fits to the relationship between various pupillary response parameters and age.                        

 

Figure 4(A-D) shows the effect of age on the maximum constriction and velocities of 

pupillary light response to red (4A and B) and blue (4C and D) stimuli respectively. The solid 

lines again represent the linear regression fits to the data. MCV and MDV, both significantly 

reduced with increasing age (p<0.0001) even after Holm’s correction for multiple comparisons. 

The r-squared values ranged from 0.38 to 0.21 and slopes from -0.01 to -0.04.   
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Figure 4 Effect of age on maximum constriction velocity (MCV) and maximum dilation velocity 

(MDV) obtained under red (A and B) and blue (C and D) stimulus conditions, respectively. Solid 

lines represent the linear regression fits to the relationship between various pupillary parameters 

with age.         

Figures 5 A and C illustrate the effect of age on the peak pupil diameters normalized to 

the baseline pupil diameter (NP) for the red (circles) and blue (diamond) stimuli respectively and 

figures 5 B and D illustrate the effect of age on the post-illumination pupil response (PIPR) 

normalized to the baseline pupil diameter to the red and blue stimuli. The solid lines represent the 

linear regression fits. The normalized peak pupil diameters for the red stimulus condition and the 
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normalized PIPR for both the red and the blue stimulus conditions were not significantly 

correlated with age.  However, the normalized Peak diameter for the blue stimulus condition 

showed a small but significant (r2=0.15, slope= 0.13, p=0.02) increase with advancing age.   

                                       

        

 Figure 5 Effect of age on normalized peak pupil diameters (A and C) and normalized post-

illumination pupillary responses or PIPR (B and C) to red (circles) and blue (diamonds) stimulus 

conditions, respectively. Solid lines represent the linear regression fits to the relationship between 

various pupillary parameters with age.                                
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Figure 6 illustrates the difference between the normalized PIPR for red and blue stimulus 

conditions. The normalized PIPR for the red was on average larger than the normalized PIPR for 

blue as indicated by the positive value of the mean difference (dashed line). The differences were 

small (2.6%), yet significant (p=0.01 after Holm’s correction) as also shown in table 1. The 

differences in the normalized PIPR between the red and the blue stimuli were not significantly 

correlated with age.   

 

Figure 6 Difference between the post-illumination pupil response (PIPR) normalized to the 

baseline diameter between the red and blue stimulus conditions plotted as a function of age. The 

Solid line represents the linear regression fit through the data, the dashed line represents the mean 

difference and the dotted line represents zero difference. 
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Discussion- 

In this study, we observed that the baseline pupil diameter decreased with age. This 

finding is consistent with previous studies which have looked at baseline diameters of normal 

subjects at different levels of scotopic and photopic illumination (5,15,18–21). Also, the 

magnitude of the decrease observed in our study, approximately 0.35mm per decade, is consistent 

with 0.4mm/decade decrease for low background illumination similar to our experiment reported 

by previous studies (5,18,22). Increased iris tissue rigidity, alteration of sympathetic innervation 

and changes in tissue thickness have all been speculated as potential contributory factors for the 

observed age-related effect (5,15,18). In this study we also found that the amplitude of peak 

pupillary constriction reduced with increasing age for both red and blue test stimuli, again 

consistent with previous reports (5,20,23,24). While the magnitude of change with age was larger 

for the red (0.22 mm/decade) stimuli compared to blue (0.15 mm/decade) the difference failed to 

reach statistical significance as previously reported by Sharma et al., 2016 (5). The small 

differences in the value of the slopes, could be due to an increase in blue light absorption by the 

aging lens (5,23,25). Even though we excluded patients with any significant lenticular opacity 

i.e., greater than a score of 2 which was consistent with LOCS III (26), it is still possible that the 

blue-blocking capacity of the lens could have contributed to our findings in subjects in the higher 

age range. Moreover, we also found that the pupil diameters after 6 seconds from the offset of the 

stimulus, namely the post-illumination pupillary response (PIPR) was on average smaller for the 

blue (mean value =4.36 mm) compared to the red (mean value =4.60 mm) stimuli, a finding that 

reached statistical significance only after PIPR was normalized to the baseline pupil diameter. 

The lack of significant difference between PIPR of red and blue stimulus conditions, is likely due 

to the small contributions from ipRGCs at the flash intensity levels used in our study as we were 

constrained by the dynamic range of flash intensities available with the commercial instrument 

used in this study. Park et al., (1) demonstrated that the ipRGC normalized PIPR is first revealed 
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for flash intensities just greater than 0.5 log cd/m2 and thereafter it increases at higher flash 

intensities. The 2.6% average difference in PIPR that we observed is in close to the average 

differences in normalized PIPR values around 1.3 log cd/m2 (or 20 cd/m2) that can be computed 

from their data. Nonetheless, we lacked the test flash intensity to elicit a clear PIPR in all 

subjects, and higher levels of illumination for the blue test conditions would have shown more 

reliable and robust levels of sustained constrictions (2,3,14,15). We found that while the 

normalized PIPR for the red stimulus condition was larger than that for blue the difference in the 

normalized PIPR between the two stimulus conditions did not change significantly with age. 

Similar age-independent characteristic of the PIPR has been demonstrated by others (15,25).  

 

In agreement with the findings from previous studies (22, 24), the maximum constriction 

and dilation velocities for both the stimulus conditions showed significant decrease with 

increasing age. Bremner (24) as well as Ellis (27) have previously shown that the maximum 

constriction velocity is dependent on the amplitude of pupil constriction, an effect that has been 

explained by the neurological main sequence theory (28–30). Given this effect along with the 

finding that the amplitude of pupil constriction reduces with increasing age it is not surprising 

that the maximum velocity of constriction and dilation show a similar trend. In fact, we found that 

age had no significant effect on maximum constriction and dilation velocities when the maximum 

velocities were normalized to the amplitude of peak constriction (results not shown).  

In conclusion, the results of this study clearly show that the diametric and dynamic 

aspects of the direct pupillary light response to 1-second duration 20 cd/m2, red and blue stimuli 

are affected by age. The results also demonstrate that normalizing the diametric and dynamic 

aspects of pupillary response to baseline and peak constriction diameters, considerably minimizes 

the effect of age. Such normalization technique might allow the opportunity to explore the effects 

of disease processes on the pupillary light response without the being confounded by age-related 

changes.  
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Abstract-  

Purpose To determine whether diametric and dynamic aspects of chromatic pupillary light 

response (PLR) are altered in glaucoma 

 

Methods PLR to 1 second (sec) duration, 20 cd/m2, red and blue stimuli were recorded in 25 open 

angle glaucoma patients with varying degrees of disease severity, and 34 normal age-matched 

controls with a commercially available pupillometer (RAPDx, Konan Medical Inc., CA, USA). 

Baseline pupil diameter was recorded for 300 milliseconds followed by another 11 sec of 

recording following the stimulus onset. The diametric aspects of pupillary light responses that 

were measured included the baseline pupil diameter, the peak constriction and post illumination 

pupil response (PIPR) in millimeters as well as the peak constriction and PIPR normalized to the 

baseline pupil diameter. The dynamic aspects of the pupillary light responses measured included 

the latency, time to peak, maximum constriction velocity (MCV) and maximum dilation velocity 

(MDV). Average peripapillary retinal nerve fiber thickness (RNFLT) was measured using the 

Spectralis SD-OCT (Heidelberg Inc, Germany) and mean visual field sensitivity was obtained 

with SITA-standard 24-2 testing paradigm of the Humphrey visual field analyzer (Zeiss Meditec., 

CA, USA) from all the patients (n=25), and a subset of age-matched controls (n=26). Differences 

in PLR parameters between glaucoma patients and age-matched control subjects was assessed 

using the student’s t test with Holm’s correction for multiple comparisons.  The correlation of the 

PLR parameters that were significantly altered in glaucoma patients to the corresponding 

measures of average RNFLT and VFS in linear units were also explored using linear regression 

analysis. 

 

Results The normalized peak constriction and normalized PIPR to the blue stimuli as well as the 

MCV and MDV to both the red and blue stimuli were significantly reduced in glaucoma patients 

relative to age-matched controls (p values in the range of 0.0003 - 0.009). Most of these PLR 
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parameters showed low (r in the range of 0.12 to 0.61) but significant correlations (p in the range 

0.0002 and 0.01 when significant) with RNFLT and VFS when the data of the glaucoma patients 

were combined with those of the age-matched controls. However, the correlations failed to reach 

statistical significance for the glaucoma group data when considered separately.  

 

Conclusion Several aspects of PLR can serve as a marker of retinal ganglion cell health in 

glaucoma. However, the lack of graded effects with increasing disease severity suggests that PLR 

could have more of a role as an objective marker for signaling neuronal dysfunction in clinical 

screenings as opposed to a tool for assessing disease severity or monitoring disease progression.  

 

Introduction –Glaucoma is a blinding disease which manifests as a slow, often asymmetric (in 

laterality), damage of the retinal ganglion cells. It is a clinical diagnosis, made by correlating 

structural evidence of damage to the optic nerve head (ONH) to functional loss. Meanwhile, 

pupillometry serves as a quick, and objective measure of retinal function, and has been used 

extensively to investigate the functional integrity of the retina, or the visual system as a whole (1). 

In the clinical literature, pupillary light response (PLR) has been studied to show the asymmetric 

nature of structural and functional loss in patients with glaucoma, by comparing the amplitude of 

pupil constriction to the same stimulus in two eyes tested alternatively, referred to as relative 

afferent pupillary defect (APD), with several studies reporting the correlation of the difference in 

the amplitude of constriction between two eyes to the difference in global measures of average 

retinal nerve fiber layer thickness (RNFLT), and visual field sensitivity.(2–6)  

Furthermore, from recent studies, it is now clear that the input to pupillary light reflex 

(PLR) is derived from 3 different photoreceptors, namely: the rods, cones and intrinsically 

photosensitive retinal ganglion cells (ipRGCs); all contributing to pupillary constriction to light 

under specific stimulus conditions and phases of the PLR(7). Due to a quick phototransduction 

process, rod and cone contributions are seen during the earlier portion of the constriction 
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response. Meanwhile, due to the delays in the activation of the melanopsin photopigment and the 

ensuing phototransduction cascade in the ipRGCs and their prolonged firing of action potentials 

even after cessation of the light stimulus(8,9), the melanopsin driven ipRGC responses 

contributes to sustained constriction during the late phase of the pupillary response, termed as 

post illumination pupil response (PIPR)(10,11). In a number of clinical studies, bright, 1-10 

second (s) duration, red and blue stimuli were used to quantify PIPR(12–15). Pupillary responses 

to red stimulus condition reflects the contribution from the rods and cones, while the pupillary 

responses to blue stimulus condition entails the contribution from all 3 class of photoreceptors 

i.e., rods, cones, and ipRGCs, all in an intensity dependent fashion also depending on the level of 

background light adaptation (11,16,17). 

 Recently, post illumination pupil response (PIPR) has been shown to be reduced in 

patients with glaucoma (12–16,18) suggesting that this aspect of the pupil response could be 

useful in the assessment of neural damage in glaucoma. Additionally, while various dynamic 

parameters of the pupillary light responses have been studied in traumatic brain injury(19–21) 

and autonomic disorders(22). However, they have not been explored much in glaucoma.  

Thus, in this study, we tested various static, and dynamic parameters of the pupillary 

responses to a 1-second, chromatic (red and blue), 20 cd/m2 stimuli in glaucoma patients and age-

matched normal subjects. The intensity of the blue light was around threshold for eliciting PIPR 

(Park et al, 2011) (16), which makes it more tolerable to be used in a patient population . We also 

investigated the correlations of these pupillary parameters to other clinical measures of structure 

(retinal nerve fiber layer thickness) and function (visual field sensitivity). We found that the 

normalized peak constriction and PIPR to the blue stimuli as well as the maximum constriction 

and dilation velocities to both red and blue stimuli were significantly reduced in glaucoma 

patients relative to age-matched controls. Lack of a graded effect with disease severity as 

assessed by average RNFL thickness and mean visual field sensitivity indicated that while these 
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pupillary response parameters may serve as an objective screening tests that can be easily 

administered, its value for monitoring the progression of the disease may be questionable. 

 

 

 

Methods 

25 eyes of 25 patients with various severity of glaucoma (median age = 63 years), and 34 

eyes of 34 normals (15 males and 23 females, median age= 61 years ranging from 46 to 73 years) 

were enrolled in the study. The difference of mean ages between two groups were not 

significantly different (p=0.15). The diagnoses of glaucoma were made by experienced clinicians 

at the University Eye Center at State University of New York College of Optometry, and the 

inclusion criteria for a diagnosis of glaucoma was based upon the presence of glaucomatous optic 

neuropathy and characteristic visual field loss associated with glaucoma (e.g., hemifield test 

outside normal limits, a cluster of three contiguous points at the 5% level of the pattern deviation 

plot). The vertical dimension of the cup to disc ratio also proved as an index of the glaucomatous 

loss to the neuroretinal rim. The eye with the worse visual field defect (mean deviation) was 

chosen for the study. Basic demographical information, and other relevant clinical information of 

the glaucoma patients are listed in Table 1.  
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Subject 

ID 

Gender 

 

Age 

(yrs) 

 

MD 

(dB) 

Avg. 

RNFLT 

(µm) 

 

IOP 

(mm of 

Hg) 

 

Treatment 

G1 M 53 -3.56 86 14 LP,T 

G2 F 58 -22.35 38 15 LP,D 

G3 F 57 -4.72 71 14 TP 

G4* F 59 -30.05 54 14  TP,D,T,B 

G5 M 65 -1.13 68 16 LP 

G6 F 49 -22.94 34 12 TP, D,T,B 

G7 F 60 -3.22 69 14 LP 

G8 M 72 -1.1 59 12 LP, D,T 

G9 M 55 -10.25 56 12 LP, D,T,B 

G10 F 63 -17.16 43 14 TP,D,T 

G11 M 64 -11.4 62 15 LP,T 

G12* F 51 -5.68 72 14 TF, B 

G13 F 80 -4.87 72 10 LP 

G14 F 67 -4.1 73 15 LP,B,BR 

G15* F 68 -13.37 53 14 LP,T 

G16* F 67 0.86 92 17 TP,BR 

G17* F 79 -4.65 65 17 LP 

G18* M 87 -2.42 74 18 BMP,T 

G19 M 88 -3.36 74 19 LP 

G20** F 69 -20.27 67 19 LP,BR,B 

G21 M 63 -2.66 69 14 BMP,B,T 

G22 M 60 -2.06 54 18 BMP,D,T 

G23 F 61 -2.30 85 18 LP 

G24 F 68 -19.52 39 13 LP,D,T, B 

G25 F 52 -2.89 70 16 D,T,BMP 

       

Table 1 showing basic demographic information of the glaucoma patients, Mean Deviation (MD) 

in Decibels (dB) from 24-2 Humphrey visual field analysis, average retinal nerve fiber layer 

thickness (NFLT) in microns, intra-ocular pressure (IOP) in millimeters of mercury (mm of Hg) 

and topical treatment received by the patients during the time of testing (LP-Latanoprost, BR-

Brinzolamide, B-Brimonidine, BMP-Bimatoprost, D-Dorzolamide, TP- Travoprost, T-Timolol). 

(*) indicates the patient had a history of selective laser trabeculoplasty in the eye tested, while 

(**) indicates trabeculectomy. 
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All the normals had a history of an eye-check up within a year of testing, and had no 

ocular complaints during the time of testing. Their refractive errors were within ± 6 Diopters 

spherical equivalent, and all the procedures were performed for only one eye, i.e., the right eye. 

Most of the normals were staff and students at SUNY College of Optometry. The study adhered 

to the tenets of the Declaration of Helsinki, and was approved by the Institutional Review Board 

at the university.  

 

A 40-Hz, digital, binocular, infrared pupilometer, RAPDx (Konan Medical Inc., CA, 

USA) was used for stimulus presentation, and recording of pupil responses to light. Following an 

initial adaptation of 10 minutes to the grey background of 0.69 cd/m2, a 1 second duration red 

(LCD chromaticity value of x=0.645, y = 0.341) stimulus of 20cd/m2 was projected in one eye of 

the participants, and both direct and consensual reflex to light were recorded, simultaneously. The 

participants were instructed to keep both of their eyes open during testing, and the scattering of 

the stimulus to the fellow eye was stopped by an in-built septum. After an interval of 2 minutes of 

adaptation to background light conditions, the same stimulus was again presented to the same 

eye, and pupil reaction were measured in a similar manner. Two minutes of adaptation to 

background was allowed for recovery of the PLR to baseline after every flash. Pupillometric 

recordings to the red stimulus conditions were followed by measurement of PLR to 1-second 

duration blue (LCD chromaticity value of x=0.153, y=0.053) of 20 cd/m2 stimuli using the same 

protocol as described above for the red stimulus conditions. However, only direct responses were 

chosen for further analysis. The patients were instructed to maintain their fixation at the crosses in 

the screen at all times, and keep their eye open without blinking for 10 seconds, after the offset of 

the flash, if possible. At least 2 sets of pupil responses to the red and blue stimulus conditions 

were obtained from each participant. Schematic representation of the protocol used to obtain 

pupillary responses is shown in figure 1. 
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Figure 1: Schematic representation of the protocol used to obtain pupillary responses 

The trials with blinks were manually filtered out, and all the responses were exported as a 

comma separated file (csv format) and analyzed offline. The pupil response information in pixels 

were converted to millimeters (pixels/mm for the instrument = 28.75 pixels/mm), and binned in 

100 millisecond blocks. Average of pupil diameters approximately 300 ms before the onset of the 

stimulus was considered as baseline; the smallest pupil diameter following the onset of flash was 

called the “Peak”, and the average pupil size from 5.5 to 6.5 seconds following the offset of the 

stimulus was termed as the pupil diameter at 6 seconds after the offset of the flash i.e., post-

illumination pupil response (PIPR). Latency was defined as the interval between the onset of the 

stimulus and the start of constriction response. Time to peak was defined as the interval between 

the peak pupil response and the onset of stimulus. Peak pupil size and PIPR were also 

additionally, expressed in percentages of the baseline pupil diameter as normalized peak (NP) and 

normalized PIPR, respectively. Maximum constriction velocity (MCV) and maximum dilation 

velocity (MDV) were also calculated from the velocity profile of the averaged pupil responses. 

MCV and MDV were further normalized by constriction amplitude i.e., peak diameter subtracted 

from baseline pupil diameter. 

Additionally, we also obtained the 24-2 visual field sensitivity profiles and average 

retinal nerve fiber thickness from all the 25 glaucoma patients and a subset of 26 normals. Visual 

field sensitivity profiles were obtained using 24-2 (SITA-standard paradigm) from a Humphrey 

visual field analyzer (Carl Zeiss Meditec Inc., CA, USA). All 54 points corresponding to the 
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visual field sensitivity in various locations of the retina in the central 24 degrees were converted 

to linear units, and averaged to denote a global sensitivity parameter in arbitrary linear units. 

Average retinal nerve fiber layer thickness was assessed with a peripapillary scan using the 

Spectralis spectral-domain Optical Coherence Tomography. The inner and the outer boundary of 

the RNFL was performed by the in-built algorithm of the OCT. Small manual corrections were 

also made offline, if the algorithm failed to properly identify the inner and the outer boundaries of 

the internal limiting membrane (ILM) or Bruch’s membrane. SD-OCT scans of the peripapillary 

area were made with a scanning angle of 12 degrees with 768 A-scans in high speed mode with 

ART (Automatic Real Time) function. Global RNFL thickness in microns were obtained from 2 

high quality scans and averaged. 

 

Differences in various parameters between the patients with glaucoma and normals were 

investigated with Student’s t test and Holm’s correction was used, whenever appropriate, to 

correct the p-values for multiple comparisons. P value less than 0.05 was considered as 

significant, following Holm’s correction (23).  

 

Results- 

Figures 2 illustrates group averaged pupillary light responses from glaucoma patients 

(dotted lines) and normals (solid lines). Figures 2A and B show the average responses to red and 

blue stimuli respectively in terms of pupil diameter expressed in millimeters (mm). The first 300 

milliseconds (ms) of the response represents the baseline diameter, followed by responses over 11 

seconds after the onset of the 1 sec stimulus. The baseline diameter, peak constriction and the 

post illumination pupillary response (PIPR), all appeared to be reduced for the glaucoma group 

relative to age-matched controls. The mean and standard deviation values of these pupil response 

parameters are shown in Table 2. While the group averages for these response parameters are 

consistently lower by a small magnitude for the glaucoma group relative to age-matched controls, 
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these differences failed to reach statistical significance.  Figures 2C and D show the pupillary 

responses from figures 2A and B normalized to their respective average baseline pupil diameters. 

The normalized average response of the glaucoma patients were smaller than those of the age-

matched control subjects for both the red and the blue stimuli. As shown in table 2, the 

differences in the values of the normalized peak constriction and PIPR between the two groups 

reached statistical significance only for the blue stimulus condition. However, the magnitude of 

these differences were quite small. Figures 2E and F illustrate the first derivative or the velocity 

profiles of the average pupillary responses previously shown in figures 2A and B. For both the 

red (2E) and blue (2F) stimulus conditions the average velocity profiles of the glaucoma group 

(dotted line) has been shifted by 500 ms to the right of the control group profiles (solid line) for 

better visualization of the traces. The sharp trough and the peak in the traces represent the 

maximum constriction velocity (MCV) and maximum dilation velocity (MDV) respectively. 

Both, MCV and MDV were lower for glaucoma group relative to the age-matched normals and 

shown in table 2, the these differences albeit small, were statistically significant for both the red 

as well as the blue stimulus conditions. The latency as well as the time to peak were on average 

longer for the glaucoma patients relative to controls for both stimulus conditions (Table 2). 

However, these differences were not statistically significant.  
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Figure 2(A and B) show average pupillary diameters (mm) over time obtained from the red and 

blue stimulus conditions from patients with glaucoma (dotted lines) and normals (solid lines). 

Figures 2(C and D) represent the pupillary response profiles shown in 2(A and B) normalized to 

their respective baseline diameter and expressed in percentage over time. Figures 2 (E and F) 

show the velocity profile (mm/s) over time for the average pupillary responses shown in figures 

1(A and B). [Note: The dotted velocity profiles corresponding to the patients with glaucoma has 

been offset by 500 ms for clarity.]  
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Pupil parameter Normals Glaucoma Difference 

between normals 

and glaucoma 

Red Blue Red Blue Red Blue 

Baseline diameter 

(mm) 

4.24±0.89 4.15±0.85 3.97±0.84 3.92±0.71 0.99 0.99 

Peak diameter mm) 

 

2.81±0.64 2.71±0.54 2.78±0.68 2.69±0.56 0.84 0.99 

PIPR (mm) 

 

4.23±0.82 4.06±0.80 4.07±0.80 3.99±0.73 0.99 0.95 

Normalized Peak (%) 

 

66.32±5.07 65.74±4.36 69.64±5.23 68.63±4.67 0.10 0.013 

Normalized PIPR (%) 

 

100.12±4.14 98.3±3.55 102.86±5.02 102.01±3.69 0.12 0.0005 

Latency (ms) 251±20 251±21 255±24 255±26 0.99 0.99 

       

Time to peak (ms) 1157±98 1146±80 1165±101 1155±93 0.99 0.99 

       

MCV (mm/s) 

 

3.75±0.79 3.95±0.72 3.09±0.84 3.38±0.86 0.009 0.0001 

MDV (mm/s) 

 

1.87±0.29 1.93±0.38 1.45±0.34 1.66±0.34 0.00003 0.0003 

 

Table 2 showing mean and standard deviation of various pupil parameters in patients with 

glaucoma and normals for the red and blue stimulus conditions, alongside the corrected p values 

for the difference between the two groups for the two test conditions. [Note: Corrected p values 

<0.05 have been underlined]  

For the pupillary response parameters that were significantly different between the two 

groups, we examined their relationship to other clinical measures of retinal ganglion cell structure 

(average retinal nerve fiber layer thickness - RNFLT) and function (average visual field 

sensitivity). Figure 3A illustrates the relationship between the normalized peak constriction to the 

blue stimuli and RNFLT of the glaucoma patients (filled symbols) and age-matched controls 

(open symbols), and 3B illustrates the relationship between the normalized PIPR to the blue 

stimuli and average RNFLT. The dashed and solid lines in these represent the linear regression 

fits for the combined data and for the glaucoma patients alone, respectively.  For the combined 

data, both pupillary response parameters showed low (r= 0.31 and 0.33), but statistically 
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significant (p=0.02) correlations with RNFLT. The negative slopes (-0.05 and -0.06) indicate that 

both peak constriction and PIPR increase with reduction in average RNFLT. However, there was 

no statistically significant correlation between the normalized pupil response parameters and 

average RNFLT when the glaucoma patient cohort were analyzed separately, indicating that these 

effects are not graded with the severity of the glaucomatous neural damage. Figures 3C and D 

show the relationship of normalized peak constriction and PIPR for the blue stimuli respectively 

with mean visual field sensitivity expressed in linear units. Neither of these parameters were 

significantly correlated with mean visual field sensitivity for either the combined data or the 

glaucoma group.    

 

 

Figures 3 A and B show the relationship of maximum constriction velocity (MCV) and 

maximum dilation velocity (MDV) for the red stimuli respectively with average RNFLT, and 
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figures 4C and D shows their relationship with mean visual field sensitivity. For the combined 

data, statistically significant correlations were observed for MCV and MDV with RNFLT, but 

only for MDV with visual field sensitivity when tested in the cohort of glaucoma patients alone. 

For the glaucoma patients, statistically significant correlation was observed only between MDV 

and average RNFLT. 

 

 

Figure 4 (A-D) showing the relationship between maximum constriction velocity (MCV) 

and maximum dilation velocity (MDV) obtained from the red stimulus conditions with 
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corresponding average retinal nerve fiber layer thickness (RNFLT) in µm, and average visual 

field sensitivity (VFS) in arbitrary linear units, respectively. The dashed lines represent linear 

regression fits to the combined dataset of patients with glaucoma and normals, and the solid lines 

represent the linear regression fits through the data corresponding to only the patients with 

glaucoma. 

Figures 5 A and B show the relationship of maximum constriction velocity (MCV) and 

maximum dilation velocity (MDV) for the blue stimuli respectively with average RNFLT, and 

figures 5C and D show their relationship with mean VFS. For the combined data, statistically 

significant correlations were observed for MCV and MDV with both average RNFLT and mean 

VFS. No significant correlations were observed between any of these measures in the group 

consisting of only glaucoma patients. 
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Figure 5(A-D) showing the relationship between maximum constriction velocity (MCV) and 

maximum dilation velocity (MDV) obtained from the blue stimulus conditions with 

corresponding average retinal nerve fiber layer thickness (RNFLT) in µm, and average visual 

field sensitivity (VFS) in arbitrary linear units, respectively. The dashed lines represent linear 

regression fits to the combined dataset of patients with glaucoma and normals, and the solid lines 

represent the linear regression fits through the data corresponding to only the patients with 

glaucoma. 

 

Discussion 

In this study we found that the peak constriction and PIPR were not significantly different 

between the glaucoma patients and age-matched controls for both red and blue stimuli for 

absolute pupil diameters in millimeters. However, when these response parameters were 

normalized to the baseline pupil diameter, the differences were statistically significant under the 

blue stimulus condition. This finding is consistent with previous reports of reduced normalized 

PIPR in glaucomatous eyes (12–15,18). The normalization process likely reduced inter-subject 

variability from multiple sources. Previously (in chapter 3), we showed that baseline pupil 

diameter, peak constriction as well as PIPR, all show a tendency to reduce with increasing age 

and that normalizing the peak constriction and PIPR to baseline pupil diameter eliminates this 

age-dependent effect. It is likely that the normalization also minimized inter-subject variability 

arising also from sources other than age that similarly affected all aspects of pupillary light 

responses.  

The normalized PIPR was significantly reduced in the glaucomatous eyes for the blue 

stimulus condition. The PIPR is considered to be a consequence of the sustained firing of the 

ipRGCs, which in turn results from the phototransduction cascade that follows activation of the 

melanopsin photopigment (9,17,24). If the ipRGCs are dysfunctional in glaucomatous eyes, then 

reduced input from the ipRGCs to the pupillary centers in the brain stem can be expected to 
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reduce the PIPR in glaucomatous eyes. The stimulus intensity used in this study was quite low 

and close to the threshold for observing melanopsin driven PIPR with the blue stimuli (16), and 

the spectral sensitivity of the melanopsin photopigment has a greater sensitivity to the blue than 

to red stimuli (9,24). For these reasons, it is not surprising that the PIPR to the blue and not the 

red stimuli was significantly reduced. Additionally, the relatively lower inter-subject variability 

of the PIPR for the blue stimuli might also have been a contributory factor. However, the 

reduction observed with the blue stimuli, while was statistically significant, was quite small (~4% 

reduction) which would be as expected, since the PIPR in the normals were small to begin with as 

a result of the low stimulus intensity.  

In this study, we also found that the normalized peak constriction was significantly higher 

in the glaucoma patients relative to age-matched controls, again for the blue but not the red 

stimuli. In this context, it will be noteworthy to highlight two important finding from the 

published literature on the ipRGCs. First, it appears that the ipRGCs although, constituting only 

about 2% of all retinal ganglions cells, are actually mediating almost the entire pupillary light 

response, at least in studies performed in mice(25). Second, nearly the entire pupillary light 

responses at low light levels and the transient responses (that includes the peak constriction) at all 

light levels are mediated by inputs to ipRGCs from conventional photoreceptors, and it is the 

sustained aspects of pupillary light response (PIPR) at higher stimulus intensities that involve 

melanopsin phototransduction(26). Thus, in theory, a dysfunction of ipRGCs in glaucoma can 

potentially reduce the transient response including the peak constriction to both the red and the 

blue stimuli. However, the small magnitude of the reduction in peak constriction combined with 

the slightly larger inter-subject variability of this measure under the red stimulus conditions could 

have contributed to their failure to reach statistical significance.  

Moreover, we also found that the maximum constriction and dilation velocities are 

slower in glaucomatous eyes for PLR obtained from both the red and blue stimuli. This finding is 

consistent with previous reports of reduced constriction velocity in glaucomatous eyes (Martucci 
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et al., 2014)(27). Peak constriction diameters as well as peak velocities of constriction and 

dilation are known to be scaled with stimulus intensity on the one hand and with each other on the 

other (Bremner, 2012)(28). Dysfunctional ipRGCs in glaucomatous eyes likely provide less drive 

to the brain stem pupil control centers, with resulting effects being similar to lowered stimulus 

intensity, consequently reducing both the peak velocities.  

In this study, we found that the normalized peak constriction and PIPR to the blue stimuli 

showed significant correlations with RNFLT when the data for the glaucoma patients and age-

matched controls were grouped together. Gracitelli et al (2014) and Adhikari et al., (2016)(13,15) 

have previously reported similar findings when they combined data from glaucoma patients and 

control subjects. Additionally, Adhikari et al., (2016) also included glaucoma suspects in their 

analysis. Based on their published data, visually, it appears that the correlation would not have 

been significant at the reported levels, if the data of the glaucoma patients were analyzed 

separately. The lack of a graded change in the PIPR with the severity of the neural damage 

suggests that the PIPR reduces earlier in the disease process with only small changes occurring 

thereafter with disease progression. Given the different stimulus intensities used in our study and 

the previous work (20 cd/m2 in our study vs 250 cd/m2 in the previous studies), it appears that 

increasing the stimulus intensity may not improve the correlation of RNFL thickness and PIPR in 

glaucomatous eyes. We also found that the MCV and MDV for both the red and blue stimuli 

showed significant correlation with RNFLT when the data for the glaucoma patients and age-

matched controls were combined together. However, with the exception of MDV to red stimuli, 

we did not find a significant correlation between these pupillary light response parameters and 

average RNFLT in the glaucoma subject cohort. To the best of our knowledge, the correlation 

between MCV and MDV with average RNFLT in glaucoma patients or control subjects has not 

been explored previously for a stimulus capable of eliciting PIPR.    

Additionally, we also found that the normalized peak response and PIPR to the blue 

stimuli failed to show significant correlation with mean visual field sensitivity expressed in linear 
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units for either the combined data or for the glaucoma patients alone. However, while Adhikari et 

al., (2016) found a significant non-linear relationship between normalized PIPR to the high 

intensity blue stimuli and visual field sensitivity loss in decibels (dB) for their combined data(15), 

it appears that they too found no correlation with PIPR and visual sensitivity loss within the 

glaucoma patient cohort. Kankipati et al., (2011) and Rukmini et al., (2016) found significant 

correlation of PIPR and visual field sensitivity loss in dB(12,18). However, these studies used a 

10 second steady bright stimuli or a bright stimulus that was slowly ramped up over a 2 minute 

duration. Thus, it appears that PIPR change could be correlated with visual field sensitivity 

changes for special stimulus conditions. However, patient tolerance to such bright and long 

duration stimuli may pose additional challenges. We also found that the maximum constriction 

and dilation velocities of the combined data (with the exception of MCV of red) showed 

significant correlations with mean visual field sensitivity. However, there was no correlation with 

visual field sensitivity for any of the velocity parameters for both stimulus conditions when the 

glaucoma patient data analyzed separately.  

In conclusion, of the different diametric and dynamic aspects of pupillary light responses, 

the normalized peak constriction and PIPR to the blue stimuli as well as the MCV and MDV to 

both red and blue stimuli are significantly reduced in glaucoma patients relative to age-matched 

controls. These effects are observed for relatively lower stimulus intensities than what has been 

previously used in laboratory studies. Lack of a graded effect with disease severity as assessed by 

average RNFL thickness and mean visual field sensitivity indicates that while this may serve as 

an objective screening test that can be easily administered its value for monitoring the progression 

of the disease may be questionable.  
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Conclusion 

Investigation of the intensity response function of the photopic negative response (PhNR) 

with Naka-Rushton equation showed that the response saturated above a certain range of 

intensities of the red stimulus flashes (0.8-1.6 log phot cd.s/m2) under a steady blue background 

of 7.2 cd/m2. Additionally, the test-retest and age-related information on the intensity response 

function of PhNR obtained from the normative study will be valuable for standardization of the 

technique and will help to further research in this area. Moreover, this study has already proven to 

be useful in providing baseline information to compare patients with glaucoma as shown in 

chapter 2, and other disease conditions. Analysis of intensity response function of PhNR in 

patients with glaucoma revealed response compression, characterized by the reduction of the 

saturated amplitudes, unaccompanied by changes in other parameters obtained from the Naka-

Rushton equation. This is suggestive of damage or death of generators of PhNR i.e., ganglion 

cells and other spiking cells of the retina, and argues against the loss of sensitivity of the 

generators in the disease process over a prolonged period of time. Moreover, a strong correlation 

of Vmax parameter with average visual field sensitivity but a weak correlation with average retinal 

nerve fiber layer thickness, is suggestive of additional mechanisms other than pure axonal loss to 

be responsible for reduction of PhNR in glaucoma. We propose that PhNR reduction could also 

be signaling retinal ganglion cell loss as well as glial tissue damage in the disease.  The latter 

being one of the pathological changes occurring in the initial phases of the disease cascade. 

  Effect of age on all the diametric and dynamic parameters obtained from pupillary 

responses to 1 second duration, chromatic (red and blue) stimuli in normals was strong and 

consistent. However, pupillary responses to red light when normalized to the baseline pupil 

diameter was not affected by the age of the subjects. The normative database was then used to 

compare the pupillary parameters obtained from the patients with glaucoma using the same 

protocol, which showed that several aspects of PLR could serve as a marker of retinal ganglion 

cell health in glaucoma. However, the lack of graded effects with increasing disease severity 
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suggested that PLR could have more of a role as an objective marker for signaling neuronal 

dysfunction in clinical screenings as opposed to a tool for assessing disease severity or 

monitoring disease progression.  

 

 Thus, this dissertation adds to the previous body of research assessing retinal function in 

patients with glaucoma using objective measures.      

 

 

 


