
ORIGINAL RESEARCH ARTICLE

Electrophysiological and pupillometric measures of inner
retina function in nonproliferative diabetic retinopathy

Jason C. Park . Felix Y. Chau . Jennifer I. Lim . J. Jason McAnany

Received: 11 January 2019 / Accepted: 15 April 2019 / Published online: 23 April 2019

� Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

Purpose To evaluate three measures of inner retina

function, the pattern electroretinogram (pERG), the

photopic negative response (PhNR), and the post-

illumination pupil response (PIPR) in diabetics with

and without nonproliferative diabetic retinopathy

(NPDR).

Methods Fifteen non-diabetic control subjects and

45 type 2 diabetic subjects participated (15 have no

clinically apparent retinopathy [NDR], 15 have mild

NPDR, and 15 have moderate/severe NPDR). The

pERG was elicited by a contrast-reversing checker-

board pattern, and the PhNRwas measured in response

to a full-field, long-wavelength flash presented against

a short-wavelength adapting field. The PIPR was

elicited by a full-field, 450 cd/m2, short-wavelength

flash. All responses were recorded and analyzed using

conventional techniques. One-way ANOVAs were

performed to compare the pERG, PhNR, and PIPR

among the control and diabetic groups.

Results ANOVA indicated statistically significant

differences among the control and diabetic subjects for

all three measures. Holm-Sidak post hoc comparisons

indicated small, nonsignificant reductions in the pERG

(8%), PhNR (8%), and PIPR (10%) for the NDR group

compared to the controls (all p[ 0.25). In contrast,

there were significant reductions in the pERG (35),

PhNR (34%), and PIPR (30%) for the mild NPDR

group compared to the controls (all p\ 0.01). Like-

wise, there were significant reductions in the pERG

(40%), PhNR (32%), and PIPR (32%) for the moder-

ate/severe NPDR group compared to the controls (all

p\ 0.01).

Conclusion Abnormalities of the pERG, PhNR, and

PIPR suggest inner retina neural dysfunction in

diabetics who have clinically apparent vascular abnor-

malities. Taken together, these measures provide a

noninvasive, objective approach to study neural

dysfunction in these individuals.

Keywords Electroretinogram � Pattern
electroretinogram � Photopic negative response �
Pupillometry � Diabetic retinopathy

Introduction

Diabetic retinopathy (DR) continues to be the leading

cause of vision loss among adults aged 20–74 years,

affecting over 90 million individuals worldwide [1]. In

addition to the well-described and widely studied
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retinal vascular abnormalities in DR, there has

recently been growing interest in the effects of

diabetes on the function of the neural retina (see

Adams and Bearse [2] and Lynch and Abramoff [3] for

reviews). The structure and function of the inner retina

in DR have been of particular interest, as the retinal

ganglion cells (RGCs) appear to be susceptible to the

effects of the disease. Since optical coherence tomog-

raphy (OCT) became widely available, several studies

have reported significantly reduced thickness of the

RGC? inner plexiform layer complex (RGC?) and of

the retinal nerve fiber layer (RNFL) in diabetic

patients who have no DR (NDR) or mild nonprolif-

erative diabetic retinopathy (NPDR) [4–9].

In addition to structural abnormalities of the inner

retina, functional deficits localized to the RGCs have

been shown in DR, even in the early stages of the

disease. For example, electrophysiological abnormal-

ities in diabetic patients with NDR or mild NPDR have

been reported [10, 11] using the pattern electroretino-

gram (pERG), which is primarily a measure of RGC

function [12]. Additionally, the photopic negative

response (PhNR) of the full-field ERG was shown to

be reduced in amplitude in diabetics who have NPDR

[13]; the PhNR is a slow negative component of the

single-flash ERG that follows the b-wave and is

largely mediated by RGCs [14]. Additional studies

using single flash, flicker, and multifocal stimuli have

shown electrophysiological changes in early-stage DR

[15–21]. Although the pERG and PhNR have not been

compared directly in diabetic subjects, the relationship

between these measures has been evaluated in other

visual disorders that affect the inner retina including

glaucoma [22–24], autosomal dominant optic atrophy

[25], and idiopathic intracranial hypertension [26].

These previous studies are generally consistent in

showing both pERG and PhNR abnormalities in

diseases that affect the inner retina and that the two

measures are approximately equivalent in their ability

to quantify inner retina dysfunction. This is not

necessarily expected, as the measurement conditions

under which these responses are obtained differ

considerably: the pERG is driven by macular stimu-

lation using an achromatic pattern stimulus of constant

mean luminance, whereas the PhNR is typically a full-

field measure elicited by a brief, long-wavelength

pulse of light presented against a short-wavelength

adapting field.

More recently, the post-illumination pupil response

(PIPR), which was developed as an additional

approach to evaluate RGC function more directly,

has also been shown to be reduced in diabetics

[27, 28]. The PIPR is characterized by a sustained

pupillary constriction that follows the offset of a high-

luminance, short-wavelength stimulus. This response

is generally accepted to be an index of melanopsin

photopigment activation and the function of intrinsi-

cally photosensitive retinal ganglion cells (ipRGCs).

A study examining ipRGC gene expression in the

human retina indicated reductions in ipRGC density in

DR patients [29], which is consistent with the

functional data from clinical studies [27, 28].

Thus, the pERG, PhNR, and PIPR all appear to be

useful measures of RGC function in diabetes, but there

is reason to suspect that these measures may not

provide identical assessments of RGC function.

Specifically, these tests target different classes of

RGCs: the PIPR is mediated by ipRGCs that constitute

a small fraction of the total RGC population (* 1–2%

of RGCs; [30]), whereas the PhNR and pERG target

conventional (non-ipRGC) classes of RGCs. Addi-

tionally, as typically measured, the PhNR and PIPR

are both full-field measures (ganzfeld stimulation) of

RGC function that are sensitive to abnormalities of the

peripheral retina, whereas the pERG is a macular test

of RGC function (restricted area of stimulation).

Furthermore, the adaptation conditions under which

these measures are obtained also differ, as well as the

spatiotemporal characteristics of the stimuli. Specif-

ically, the PhNR and pERG are obtained under

photopic conditions that are intended to minimize

rod contributions to these measures. In contrast, the

PIPR is obtained under dark-adapted conditions, but

the response is believed to be largely driven by the

melanopsin photopigment, with relatively little rod

and cone contributions to the PIPR itself.

The primary goal of the present study was to

compare RGC function measured with the pERG,

PhNR, and PIPR to determine the extent to which

these measures are altered in diabetic subjects with or

without NPDR.We also sought to compare the relative

deficits in each of these measures across disease

severity, defined by conventional vascular markers.

The results of this study may be of use in determining

how these measures of inner retina neural function are

related, for guiding the selection of outcome measures

in future treatment trials that target retinal
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neurodegeneration in DR, and for better understanding

inner retina abnormalities in subjects with and without

NPDR.

Methods

Subjects

Forty-five individuals diagnosed with type 2 diabetes

mellitus (DM) were recruited from the Department of

Ophthalmology and Visual Sciences at the University

of Illinois at Chicago. Comprehensive histories were

obtained from their medical records, and each subject

was examined by a retina specialist, with particular

attention to the optic nerve, retina, and its vasculature.

The stage of NPDR was graded and the subjects were

clinically classified as diabetic with no clinically

apparent DR (N = 15), diabetic with mild NPDR

(N = 15), or diabetic with moderate-severe

NPDR (N = 15), according to the early treatment of

diabetic retinopathy study (ETDRS) scale [31]. One

eye (typically the right eye) was selected for testing. In

rare cases in which the disease stage of the two eyes

differed, the eye with the lower disease stage was

tested. Ten of the NPDR subjects (three mild and

seven moderate-severe) had a history of treatment

with anti-VEGF and/or focal laser therapy in the tested

eye. No subject had received panretinal photocoagu-

lation. Of the 10 treated subjects, three moderate-

severe NPDR subjects had clinically significant dia-

betic macular edema (DME) at the time of testing

(ETDRS central subfield thickness greater than

305 lm [male] and 290 lm [female] as assessed by

Heidelberg Spectralis SD-OCT [32, 33]).

Other than diabetes, no subject had systemic

disease known to affect retinal function. Subjects

who had sickle cell disease, high myopia, retinal

vascular occlusions, hypertensive retinopathy, age-

related macular degeneration, glaucoma, or other

ocular disease were not recruited. Subject character-

istics including age, sex, visual acuity, estimated

diabetes duration, HbA1c percentage, and treatment

history are provided in Table 1.

Fifteen visually normal, non-diabetic, control sub-

jects also participated. The right eye of each control

subject was selected for testing. All control subjects

had best-corrected visual acuity of 0.06 log MAR

(equivalent to approximately 20/23 Snellen acuity) or

better, as assessed with the Lighthouse distance visual

acuity chart, and normal letter contrast sensitivity as

measured with a Pelli-Robson contrast sensitivity

chart. The mean age of the control subjects did not

differ significantly from that of the diabetic subjects

(F = 1.53, p = 0.22). Ten of the control subjects and

18 of the diabetic subjects participated in a previous

study of electrophysiological function in diabetes [28].

Pupillometry: apparatus, stimuli, procedure,

and analysis

Stimuli for the pupil measurements were generated by

and presented in a ColorDome desktop ganzfeld

system (Diagnosys LLC, Lowell, MA) that we have

used previously and described elsewhere [26, 34].

Prior to testing, the subject was dark-adapted for

10 min and a high-luminance (450 cd/m2), 1-s dura-

tion, short-wavelength stimulus (dominant wave-

length of 465 nm) was presented in the dark. In

addition, pupil responses were elicited by a 450 cd/m2,

Table 1 Subject characteristics

Control (N = 15) NDR (N = 15) Mild NPDR (N = 15) Mod-Sev NPDR (N = 15)

Age (yr) 52.2 ± 8.9 52.7 ± 6.8 55.1 ± 7.7 57.3 ± 4.3

Sex 6M 9F 2M 13F 7M 8F 6M 9F

Log MAR acuity - 0.06 ± 0.06 0.01 ± 0.07 0.00 ± 0.05 0.03 ± 0.09

Disease duration (yr) 7.8 ± 5.9 15.5 ± 8.6 18.1 ± 10.3

HbA1c (%) 8.4 ± 2.3 8.4 ± 1.5 8.0 ± 1.4

Anti-VEGF Tx (N) 0 3 5

Focal laser Tx (N) 0 0 4

N number of subjects, yr years, M male and F female, MAR minimum angle of resolution, HbA1c glycated hemoglobin, Tx treatment
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1-s duration, long-wavelength stimulus (dominant

wavelength of 642 nm) presented in the dark. The

responses of the pupil to these stimuli were recorded

from the test eye using an infrared camera system

(ViewPoint EyeTracker, Arrington Research, Scotts-

dale, AZ), with the fellow eye patched. A minimum of

2 responses for each stimulus were obtained and

averaged for analysis.

Data were analyzed offline using custom scripts

programmed in MATLAB (MathWorks, Inc., Natick,

MA, USA) as follows: first, a median filter with a

300-ms time window was applied to remove eye

blinks. Long eye blinks could not be removed by the

filter, and these artifacts were removed manually. The

filtered pupil responses were then normalized by the

median pupil size during the 1 s prior to each stimulus

onset (prestimulus baseline pupil size). The relative

pupillary light reflex (PLR) was defined as the ratio of

the absolute pupil size (mm) to the baseline pupil size

(mm), and the PIPR was defined as the median relative

PLR between 5 and 7 s after stimulus offset

[28, 34, 35].

pERG: apparatus, stimuli, procedure, and analysis

The pERG recordings generally conformed to ISCEV

standards [12]. In brief, an achromatic checkerboard

stimulus was displayed on a CRT monitor (ViewSonic

model G90FB, Brea, CA, USA) at a refresh rate of

100 Hz. From the 57 cm test distance, each check

subtended 0.9� and the total visual field size was 35�
(width) 9 25� (height). The photopic luminance for

the light and dark checks was 82.4 cd/m2 and 4.2 cd/

m2, respectively, yielding a Michelson contrast of

90%. The checkerboard contrast-reversed at 2 Hz (4

reversals per second). Subjects viewed the checker-

board stimulus through appropriate refractive correc-

tion with natural pupils.

The pERG was recorded with DTL electrodes;

gold-cup electrodes were used as reference (ear) and

ground (forehead). Amplifier bandpass settings were

0.6–100 Hz, and the sampling frequency was 2 kHz.

A minimum of 150 responses that were free of blink

artifacts were obtained and averaged for analysis. The

P50 and N95 components of the pERG were selected

manually, and the amplitude difference between these

waveform components was used to define the pERG

amplitude, per convention [12].

PhNR: apparatus, stimuli, procedure, and analysis

Flash stimuli for the PhNR studies were generated by

and presented in a ColorDome desktop ganzfeld

system (Diagnosys LLC, Lowell, MA), as described

elsewhere [26, 36]. Prior to testing, the pupil of the

tested eye was dilated (2.5% phenylephrine

hydrochloride and 1% tropicamide drops) and the

subject was light-adapted for 2 min to a uniform,

short-wavelength, rod-suppressing field (465 nm;

12.5 cd/m2). The stimulus consisted of a brief

(4 ms), long-wavelength (642 nm) flash (3 cd-s/m2).

ERGs were recorded with DTL electrodes; gold-

cup electrodes were used as reference (ear) and ground

(forehead). Amplifier bandpass settings were

0.3–300 Hz, and the sampling frequency was 2 kHz.

A minimum of 5 responses that were free of eye blink

and eye movement artifacts were obtained and aver-

aged for analysis. The PhNR amplitude was defined as

the difference between the mean baseline amplitude

(10 ms before the stimulus was presented) and the

mean amplitude within a 5-ms window centered at the

trough of the response, consistent with conventional

definitions [26, 36].

Statistical analysis

Data were analyzed using one-way analyses of

variance (ANOVAs). Subject group (control, NDR,

mild NPDR, and moderate-severe NPDR) was

included as the main effect. Post hoc multiple

comparisons between the subject groups were per-

formed using the Holm-Sidak method. Receiver

operating characteristic (ROC) curves were con-

structed to compare the control and diabetic groups

based on response amplitude. From these curves, test

sensitivity, specificity, and area under the curve

(AUC) were derived. All statistical analyses were

performed in SigmaPlot version 12.0 (SPSS; Chicago,

IL, USA) with an alpha value of 0.05.

Results

Figure 1 shows the mean pERG (A), PhNR (B), and

PLRs elicited by short-wavelength (C), and long-

wavelength (D) stimuli. Mean traces are shown for the

control subjects (black), NDR subjects (green), mild

NPDR subjects (orange), and moderate-severe NPDR
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subjects (red). The mean waveforms for the pERG and

PhNR were similar for the NDR and control subjects.

The mean response abnormality for the diabetics

became apparent for the mild NPDR and moderate-

severe NPDR subject groups (Fig. 1a, b). Likewise,

the PLR elicited by short-wavelength light (C) was

similar for the NDR and control subjects over the

range in which the PIPR is measured (6–8 s following

flash onset; dashed vertical lines). The response

abnormality became apparent for the mild NPDR

and moderate-severe NPDR subject groups. For the

long-wavelength stimulus that was photopically

matched to the short-wavelength stimulus (D), the

PIPR measured 6–8 s after stimulus onset (dashed

vertical lines) was absent for all four subject groups, as

expected; the responses for the four subject groups

were highly similar. Given the absence of the PIPR for

the long-wavelength stimulus, these data were not

analyzed further. The waveforms shown in Fig. 1 are

intended to provide examples of the pattern of

responses for the different subject groups, and data

for individual subjects are discussed below.

Figure 2a shows the pERG amplitude for the four

groups using the same color coding conventions as in

Fig. 1. The gray boxes and horizontal bars show the

range and mean of each group. It is apparent that the

pERG amplitude tended to decrease across the subject

groups, with the largest reductions observed for the

moderate-severe NPDR subjects. A one-way ANOVA

showed a significant pERG amplitude difference

among the four subject groups (F[3,59] = 15.22,

p\ 0.001). Holm-Sidak pairwise comparisons indi-

cated a statistically significant reduction in pERG

amplitude for the mild NPDR group (t = 4.86,

p\ 0.001) and moderate-severe NPDR group

(t = 5.64, p\ 0.001) compared to the control group.

However, the NDR group did not differ significantly

from the control group (t = 1.16, p = 0.25). Thus,

pERG amplitude was significantly reduced in both the

mild NPDR group (35%) and moderate-severe NPDR

group (40%), compared to the controls.

Figure 2b shows the PhNR amplitude for the four

groups in the same manner as in panel A. The mean

PhNR amplitude was slightly lower in the NDR group

compared to the control group. The PhNR amplitude

Fig. 1 Mean waveforms obtained for the pERG (a), PhNR (b),
and PLR elicited by short-wavelength (c), and long-wavelength
(d) stimuli. Each trace represents the mean response from the

control subjects (black), NDR subjects (green), mild NPDR

subjects (orange), and moderate-severe NPDR subjects (red).

The vertical dashed lines in panels C and D mark the time

window over which the PIPR is measured
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reduction was more apparent for the mild and mod-

erate-severe groups, as compared to the controls. One-

way ANOVA indicated a significant difference among

the PhNR amplitude for the four groups

(F[3,59] = 6.26, p\ 0.001). Holm-Sidak pairwise

comparisons indicated a statistically significant reduc-

tion in PhNR amplitude for the mild NPDR group

(t = 3.52, p = 0.003) and moderate-severe NPDR

group (t = 3.30, p = 0.003) compared to the control

group. The PhNR was reduced by 34% for the mild

NPDR group and by 32% for the moderate-severe

NPDR group compared to the controls. The NDR

group, however, did not differ significantly from the

control group (t = 0.81, p = 0.42).

Figure 2c shows the PIPR amplitudes for the four

groups in the same manner as in panels A and B. The

mean PIPR was slightly lower in the NDR group

compared to the control group. The PIPR reduction

was more apparent for the mild and moderate-severe

groups, as compared to the controls. One-way

ANOVA indicated significant differences in the PIPR

among the four subject groups (F[3,59] = 4.73,

p = 0.005). Holm-Sidak pairwise comparisons indi-

cated a statistically significant reduction in the PIPR

for the mild NPDR group (t = 2.96, p = 0.01) and

moderate-severe NPDR group (t = 3.15, p = 0.01)

compared to the control group. The PIPR was reduced

by 30% for the mild NPDR group and by 32% for the

moderate-severe NPDR group compared to the con-

trols. The NDR group did not differ significantly from

the control group (t = 0.97, p = 0.34). The data

presented in Fig. 2a–c are summarized in Table 2.

Data in Table 2 represent the mean and standard

deviation (SD) for each measure for each group.

Additionally, the associated p values (based on

pairwise comparisons to the control group) for the

three measures are provided.

As noted above, 10 subjects had a history of anti-

VEGF and/or focal laser treatment. It is possible that

current DME (N = 3), previous DME (N = 10), or

treatment itself could have effects on retinal function

[37]. To account for these potential effects, subjects

with a history of treatment (including the three

bFig. 2 Distribution of amplitudes for the pERG (a), PhNR (b),
and PIPR (c). The gray regions indicate the range for each group
and the horizontal bars show the mean of each group. Asterisks

mark groups that differed significantly from the control group
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subjects who had DME at the time of testing) were

excluded and the analyses described above were

repeated. The results were not fundamentally different

after excluding these 10 subjects, with one exception:

the PIPR for the mild NPDR group became not

significantly different from that of the controls.

Specifically, one-way ANOVA showed a significant

pERG amplitude difference among the four subject

groups (F[3,49] = 8.06, p\ 0.001). Holm-Sidak pair-

wise comparisons indicated a statistically significant

reduction in pERG amplitude for the mild NPDR

group (t = 4.18, p\ 0.001) and moderate-severe

NPDR group (t = 3.78, p\ 0.001) compared to the

control group. ANOVA also indicated significant

differences among the four groups in PhNR amplitude

(F[3,49] = 4.29, p\ 0.001). Holm-Sidak pairwise

comparisons indicated a statistically significant reduc-

tion in PhNR amplitude for the mild NPDR group

(t = 3.07, p = 0.011) and moderate-severe NPDR

group (t = 2.57, p = 0.027) compared to the control

group. Likewise, one-way ANOVA indicated signif-

icant differences in the PIPR among the four subject

groups (F[3,49] = 2.83, p = 0.048). Holm-Sidak pair-

wise comparisons indicated a statistically significant

reduction in the PIPR for the moderate-severe NPDR

group (t = 2.33, p = 0.048) compared to the control

group, but not for the mild NPDR group (t = 2.45,

p = 0.054). Thus, the pattern of results before and after

exclusion of treated subjects was generally the same.

We note, however, that the sample size (N = 3) is

underpowered to detect potential effects of current

DME on these measures.

To compare the PhNR and pERG amplitude

abnormalities, Fig. 3a plots the log PhNR amplitude

loss versus the log pERG amplitude loss. In this figure,

the data plotted on the x-axis and y-axis are normalized

to the control mean. For example, in panel A, a value

located at - 0.5 (x-axis) and - 0.5 (y-axis) would

indicate a 0.5 log unit loss of pERG amplitude (x-axis)

and a 0.5 log unit loss of PhNR amplitude (y-axis)

relative to the control mean. The horizontal and

vertical dashed lines mark the lower limit of the

control PhNR (- 0.19) and pERG (- 0.13) ampli-

tudes, respectively. All control subjects and 17 of the

diabetic subjects fall in the upper right quadrant

(normal pERG and PhNR). Diabetics who had reduced

pERG amplitude but normal PhNR amplitude

(N = 14) fall in the upper left quadrant, whereas

diabetics who had a reduced PhNR amplitude but

normal pERG amplitude (N = 4) fall in the lower right

quadrant. Subjects who had reductions in both pERG

and PhNR amplitude (N = 10) fall in the lower left

quadrant.

Figure 3b compares the PhNR and PIPR losses by

plotting the log PhNR amplitude loss versus the PIPR

amplitude loss (other conventions are as in A). The

horizontal and vertical dashed lines mark the lower

limit of the control PhNR (- 0.19) and PIPR (- 0.15)

amplitudes, respectively. All control subjects and 23

of the diabetic subjects fall in the upper right quadrant

(both normal PIPR and PhNR). Diabetics who had a

reduced PIPR but normal PhNR amplitude (N = 8) fall

in the upper left quadrant, whereas diabetics who had a

reduced PhNR amplitude but normal PIPR amplitude

(N = 9) fall in the lower right quadrant. Subjects who

had reductions in both PIPR and PhNR amplitude

(N = 5) fall in the lower left quadrant.

Figure 3c compares pERG and PIPR losses in the

same manner as panels A and B. The horizontal and

vertical dashed lines mark the lower limit of the

control pERG (- 0.13) and PIPR (- 0.15) ampli-

tudes, respectively. All control subjects and 16

diabetic subjects fall in the upper right quadrant (both

normal PIPR and pERG). Diabetics who had a reduced

PIPR but normal pERG amplitude (N = 5) fall in the

upper left quadrant, whereas diabetics who had a

reduced pERG amplitude but a normal PIPR (N = 16)

Table 2 Summary of results

Amplitude SD p value

pERG

Control 10.66 2.15 0.253

NDR 9.77 2.15

Mild NPDR 6.94 2.50 \ 0.001

Mod-Sev NPDR 6.35 1.43 \ 0.001

PhNR

Control 40.50 11.27 0.420

NDR 37.29 11.25

Mild NPDR 26.54 8.26 0.003

Mod-Sev NPDR 27.43 12.22 0.003

PIPR

Control 0.41 0.09 0.337

NDR 0.37 0.11

Mild NPDR 0.29 0.11 0.009

Mod-Sev NPDR 0.28 0.13 0.008
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fall in the lower right quadrant. Subjects who had

reductions in both pERG and PIPR (N = 8) fall in the

lower left quadrant.

ROC curves were constructed as an additional

approach to compare the control and diabetic groups

based on response amplitude. Figure 4 plots test

sensitivity (proportion of diabetic subjects classified

as abnormal) as a function of 1-specificity (proportion

of control subjects classified as abnormal). The

optimal cutoff, sensitivity, specificity, and AUC based

Fig. 3 The relationship

between the PhNR

amplitude loss and the

pERG amplitude loss is

shown in a; relationship
between the PhNR

amplitude loss and the PIPR

loss is shown in b;
relationship between the

pERG amplitude loss and

the PIPR loss is shown in

c. All measurements have

been normalized to the

control mean, as discussed

in the text. Control subjects

are shown in black, NDR

subjects are shown in green,

mild NPDR subjects are

shown in orange and

moderate-severe NPDR

subjects are shown in red.

The vertical and horizontal

dashed lines mark the lower

limits of the control ranges,

as described in the text
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on these curves are shown in Table 3 for each subject

group. For the NDR subjects (A), no measure was able

to produce a statistically significant separation

between the patients and the controls (all AUC

B 0.64, p C 0.21). Relatively poor sensitivity, speci-

ficity, and a low AUC are expected based on the

control and NDR data ranges shown in Fig. 2, which

largely overlap. In comparison, the AUC values for the

mild NPDR (B) and moderate-severe NPDR

(C) groups were statistically significant for all three

measures (all AUC C 0.79, p B 0.01). In general, the

sensitivity values (0.60–1.00), specificity values

(0.73–0.93), and AUC values (0.79–0.96) were

approximately similar for the three measures for the

mild and moderate-severe NPDR groups.

Discussion

The purpose of this study was to compare RGC deficits

measured with the pERG, PhNR, and PIPR in a sample

of diabetic subjects who have a range of disease

severity. Our goal was to determine the extent to

which these measures are altered in these individuals.

The results showed that all three measures of RGC

function were altered significantly in diabetic subjects

who had mild or moderate-severe NPDR. In contrast,

only nonsignificant trends of abnormality were appar-

ent in diabetic subjects who had no clinically apparent

retinopathy.

Overall, two-thirds of our sample of diabetic

subjects had an abnormality on at least one measure.

Approximately 53% had a pERG amplitude reduction,

29% had PhNR reduction, and 29% had a PIPR

reduction (i.e., a value below the normal control

range). Typically, when one measure was found to be

abnormal, at least one other measure was found to be

abnormal as well. For example, 92% of subjects who

had a reduced PhNR also had a pERG and/or PIPR

abnormality; only one patient had reduced PhNR

amplitude with normal pERG and PIPR amplitude.

Likewise, 77% of subjects who had a reduced PIPR

bFig. 4 Receiver operating characteristic curves for the NDR

subjects (a), mild NPDR subjects (b), and moderate-severe

NPDR subjects (c). The proportion of the DM subjects classified

as abnormal (sensitivity) is plotted as a function of the

proportion of the controls classified as abnormal (1-specificity;

false positives). Data for the pERG are shown in gray, PhNR are

shown in pink, and PIPR are shown in blue. The AUC values are

provided in the inset. The optimal cutoff values, sensitivity,

specificity, AUC, and corresponding p values derived from these

plots are given in Table 3
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also had a pERG and/or PhNR abnormality. We did,

however, observe subjects who had pERG amplitude

loss with no PhNR or PIPR loss (37% of subjects).

Nevertheless, subjects who had pERG amplitude loss

also typically had either PhNR or PIPR abnormalities

(63% of subjects).

ROC curves were constructed to determine the

sensitivity, specificity, and AUC of the three measures

for each patient group. In general, no measure was

capable of significantly separating the NDR subjects

from the control subjects (all AUC B 0.64, p[ 0.21).

In contrast, all three measures had good diagnostic

capability for the mild NPDR and the moderate-severe

NPDR subject groups. The pERG tended to perform

somewhat better than the PhNR or the PIPR in

distinguishing the NPDR patients from the controls

(i.e., larger AUC). Overall, there were modest differ-

ences in sensitivity, specificity, and AUC for the three

measures, but the pERG did seem to be a somewhat

better metric based on sensitivity, specificity, and

AUC.

The approximate equivalence among the three tests

suggests that they may be measuring a common effect

of the disease on inner retina function. This is

somewhat unexpected, given the marked differences

in the spatiotemporal characteristics of the three tests,

as discussed above. Furthermore, the PIPR is mediated

by a small subset of RGCs (ipRGCs) that differs in

many respects from the larger population of RGCs that

are assessed with the pERG and PhNR. However, if

diabetes similarly affects all RGC subtypes, then

similar abnormalities obtained with the three measures

might be expected. This appears to be the case in other

inner retina disorders that affect RGCs. In glaucoma,

for example, the PIPR becomes more abnormal as the

degree of structural impairment of the total RGC

population increases [38–40]. Our group also showed

that patients who have idiopathic intracranial hyper-

tension (IIH) can have reduced PIPRs and the degree

of abnormality is correlated with macular RGC

volume [34]. The pERG and PhNR were also reduced

in these individuals [26, 36], and the reductions were

correlated with macular RGC volume. Despite these

reports of RGC structure–function associations, it is

important to consider that the pERG, PhNR, and PIPR

are shaped by factors beyond the inner retina. For

example, if diabetes affects the outer retina, then

abnormalities in each of the functional measures may

be expected, given that the outer retina is the source of

RGC input. The PIPR, however, may be less affected

by outer retina dysfunction, as this measure is largely

driven by melanopsin activation of ipRGCs. Likewise,

alterations in the vascular supply to the inner and/or

outer retina may affect neurovascular coupling, which

in turn might affect the pERG, PhNR, and PIPR. Thus,

the three functional measures used in the present study

are thought to arise from the inner retina, but potential

contributions from other mechanisms (e.g., outer

retina function, neurovascular coupling) cannot be

ignored.

Given the similar abnormalities for each of the

three measures, the choice of which test to use in

future treatment trials or in clinical research may be

based on convenience and available resources. That is,

each measure has advantages and disadvantages for

application to studying neural dysfunction in diabetes.

Table 3 Results of ROC

analysis
Cutoff Sensitivity Specificity AUC P value

pERG

NDR 1.03 0.60 0.80 0.64 0.21

Mild NPDR 0.93 0.80 0.80 0.89 \ 0.001

Mod-Sev NPDR 0.88 1.00 0.80 0.96 \ 0.001

PhNR

NDR 1.64 0.33 0.80 0.53 0.76

Mild NPDR 1.54 0.73 0.80 0.84 \ 0.01

Mod-Sev NPDR 1.54 0.73 0.73 0.79 0.01

PIPR

NDR 0.46 0.47 0.87 0.61 0.30

Mild NPDR 0.38 0.67 0.80 0.79 0.01

Mod-Sev NPDR 0.41 0.60 0.93 0.79 0.01
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For example, the pERG is performed with natural

pupils and without dark adaptation; the pERG also

provided the largest AUC in our sample of subjects.

The pERG, however, requires appropriate refractive

correction, stable fixation, and equipment that is not

available in many clinics. The PhNR does not require

dark adaptation, refractive correction, or prolonged

fixation, but this measure typically requires pupil

dilation and is susceptible to eye movement artifacts

and baseline drift [41]. Note that outer retina dysfunc-

tion could affect both the pERG and PhNR, which may

complicate the interpretation of these measures.

Finally, the PIPR is a more direct measure of ipRGC

function, but this measure requires dark adaptation

(10 min in the present study), specialized equipment

(infrared videography), and is a measure of a unique,

small population of RGCs.

In conclusion, the pERG, PhNR, and PIPR, three

measures of RGC function, can be abnormal in

diabetics who have at least some clinically apparent

retinopathy, as defined by vascular abnormalities.

Abnormalities in NPDR subjects recorded with these

methodologies were approximately equivalent, indi-

cating (1) the three measures may target similar

underlying disease mechanisms and (2) the choice of

which functional measure to use in future work can be

guided by practical considerations.
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