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Flash electroretinography (fERG) has been used to identify anomalies in retinal cell function in
schizophrenia. Several consistent findings have now emerged, but several potentially important param-
eters have not yet been investigated. In this study, we recorded light- (photopic) and dark-adapted
(scotopic) fERG data from 25 schizophrenia patients and 25 healthy control subjects to (1) determine if
past key findings on abnormal photoreceptor and bipolar cell signaling could be replicated; (2) for the
first time, examine retinal ganglion cell functioning using the photopic negative response of the fERG;
(3) also for the first time, determine responsiveness of schizophrenia patients to a flickering stimulus, as
an additional method to isolate cone photoreceptor function; and (4) determine if schizophrenia-related
changes in the fERG could be detected using a portable hand-held ERG device. In both photopic and
scotopic conditions, schizophrenia patients demonstrated weakened photoreceptor and bipolar cell
activations that were most pronounced in response to the most intense stimuli. A reduced cone response
to a flicker stimulus and attenuation in ganglion cell activity were also observed in the schizophrenia
group. In general, groups did not differ in implicit time of retinal cell responses. These findings (1)
replicate and extend prior studies demonstrating reduced photoreceptor (both rod and cone) and bipolar
cell functioning in schizophrenia; (2) indicate that retinal ganglion function abnormality can also be
detected using fERG; and (3) indicate that these anomalies can be detected using a portable testing
device, thereby opening up possibilities for more routine administration of ERG testing.

General Scientific Summary
This article describes a study of retinal cell function anomalies in schizophrenia, as demonstrated by
flash electroretinography (fERG). It extends the small number of prior studies in this area in several
important ways. For example, it is the first study to report an altered photopic negative response
(PhNR) in schizophrenia, which is consistent with previous, but more ambiguous, findings suggest-
ing a ganglionic dysfunction (e.g., lower contrast sensitivity) in schizophrenia. It also demonstrates
that these effects can be detected using a portable, handheld ERG device, which opens up possibil-
ities for more routine clinical and research ERG testing.
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The retina is a component of the central nervous system (CNS)
that develops from the same tissue as the brain (the ectoderm). The
flash electroretinogram (fERG) is a noninvasive, brief technique
that is typically used to examine retinal functioning in individuals

with retinal disease (e.g., rod and cone dystrophies). However,
fERG has also proven to be useful in identifying functional anom-
alies in neurological and psychiatric populations, where, in many
cases, changes in retinal activity correlate with changes in cortical
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functioning, with both relying on similar neurophysiological (in-
cluding neurotransmitter) mechanisms (J. Lavoie, Maziade, &
Hébert, 2014). The nature of these relationships is not well under-
stood at this point (i.e., whether they are causal and if so in which
direction, or whether retinal and brain physiology changes are
independent manifestations of the same genetic and/or other fac-
tors that affect the CNS). However, an emerging consensus in
psychiatry and neuro-ophthalmology is that the retina provides a
window into brain function that can be useful for understanding
brain pathophysiology and for developing biomarkers of illness
progression and possibly treatment response (Blokhuis et al., 2016;
Chu, Kolappan, Barnes, Joyce, & Ron, 2012; Dhillon & Dhillon,
2008; Frohman et al., 2008; Hyett & Parker, 2013; Jindal, 2015; J.
Lavoie et al., 2014; London, Benhar, & Schwartz, 2013; Msall,
2006; Roth, 2015; Schönfeldt-Lecuona et al., 2016; Silverstein &
Rosen, 2015).

Flash ERG records electrical potentials generated by retinal
cells in response to light stimuli. ERG recordings in photopic
(light-adapted, and rod-saturated) conditions are mainly indicative
of cone functioning, whereas data from scotopic (dark-adapted)
conditions primarily reflect rod functioning. The fERG waveform
is characterized by a negative a-wave indicative of photoreceptor
cell hyperpolarization followed by a positive b-wave arising from
bipolar-Müller cell complex depolarization. An additional wave-
form, the photopic negative response (PhNR; Machida, 2012;
Viswanathan, Frishman, Robson, Harwerth, & Smith, 1999) oc-
curs after the b-wave under specific photopic conditions, and is
generated by retinal ganglion cells (see Figures 1 and 2). Both the
amplitude and implicit time (also known as latency or time-to-
response peak) of these components are typically examined
(Hébert, Mérette, Paccalet, Gagné, & Maziade, 2017; J. Lavoie et
al., 2014; M.-P. Lavoie et al., 2009; Nowacka, Lubiński, Honcza-
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Figure 1. Retinal cellular structure. The negative ERG a-wave is driven by photoreceptor (rod and cone)
hyperpolarization. Bipolar-Müller cell complex depolarization generates a positive b-wave. The photopic
negative response reflects the activity of retinal ganglion cells. H � horizontal cell, Am � amacrine cell, DA �
displaced amacrine cell and M � Müller cell. Image reproduced from Figure 2C in: “Spatial Distribution of the
Pathways of Cholesterol Homeostasis in Human Retina,” by W. Zheng, R. E. Reem, S. Omarova, S. Huang, P. L.
DiPatre, C. D. Charvet, . . . I. A. Pikuleva, 2012, PloS ONE, 7(5), e37926. https://doi.org/10.1371/journal
.pone.0037926 via a Creative Commons Attribution (CC BY) license. See the online article for the color version
of this figure.
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renko, Potemkowski, & Safranow, 2015; Pescosolido, Fazio, &
Rusciano, 2014; Realmuto, Purple, Knobloch, & Ritvo, 1989).

Prior studies using fERG in schizophrenia and in high-risk
samples have demonstrated multiple anomalies in retinal cell func-
tion, with the data suggesting both trait- and state-related changes.
For example, both Balogh, Benedek, and Kéri (2008) and Warner,
Laugharne, Peet, Brown, and Rogers (1999) demonstrated reduced
a-wave amplitude in schizophrenia patients during photopic con-
ditions when compared with healthy controls (Balogh et al., 2008;
Warner et al., 1999). Warner et al. (1999) also found decreased
a-wave and b-wave amplitudes during scotopic conditions when
comparing schizophrenia patients to healthy controls (Warner et
al., 1999). In the largest ERG study of schizophrenia to date,
Hébert et al. (2015) reported abnormally reduced photopic a-wave
and b-wave amplitudes, scotopic b-wave amplitude, mixed rod-
cone b-wave amplitude, and increased photopic b-wave implicit
times compared to healthy controls (Hébert et al., 2015). More-
over, Balogh et al. (2008) demonstrated that photopic a-wave
amplitude reductions were most clearly observed in schizophrenia
patients upon hospital admission for a psychotic symptom exac-
erbation, whereas ERG parameters approached normal levels (but
were not completely normal) after eight weeks of treatment, sug-
gesting an effect of clinical state. At least some of these anomalies
are related to the diathesis for a serious mental illness, as shown by
Hébert et al. (Hébert et al., 2010), who reported reduced scotopic
b-wave maximal amplitude in a sample of nonaffected genetic
high-risk youth (offspring of parents with schizophrenia or bipolar
disorder), compared to controls. Taken together, these data suggest
that photoreceptor activity as reflected in the a-wave response may
be a state marker for schizophrenia whereas bipolar cell activity as
reflected in the b-wave may reflect trait or diathesis aspects of the
disorder. Further clarity on which aspects of the fERG are asso-
ciated with schizophrenia requires replication and extension of
past findings, however, because only a limited range of conditions
has been studied in schizophrenia so far.

In this study, we recorded fERG data under both photopic and
scotopic conditions, and included conditions not used in prior
studies, including a flickering stimulus, which is an additional
method to isolate cone functioning. We also report, for the first
time, on retinal ganglion cell activity as assessed via the PhNR.
PhNR is a potentially important variable for schizophrenia because

abnormal activity in retinal ganglion cells has been assumed to
exist in schizophrenia on the basis of contrast sensitivity (condi-
tional stimulus [CS]) studies (Skottun & Skoyles, 2007), but
psychophysical methods such as CS do not isolate ganglion cell
function (i.e., there is also likely cortical involvement; Hayes &
Merigan, 2007; Silverstein, 2016; Silverstein, Demmin, & Bednar,
2017; Virsu & Rovamo, 1979) and test data can be confounded by
generalized deficit issues such as reduced or variable motivation
and attention. In contrast, the PhNR has been localized to retinal
ganglion cells in primates (Machida, 2012). Finally, we demon-
strate the extent to which differences between people with schizo-
phrenia and controls can be observed using a portable, hand-held
device for generating the fERG.

Method

Participants

ERG data were collected on 25 patients with schizophrenia and
25 healthy controls (see Table 1). Patients were recruited from
Rutgers University Behavioral Health Care’s adult inpatient unit
(n � 5), partial hospital programs (n � 16), and outpatient pro-
gram (n � 4). At the time of testing all but one patient was
prescribed psychiatric medication. Healthy control participants
were recruited from the community via posted flyers and Internet
advertisements. All participants were between the ages of 18 and
60 years old. Participants with an active substance use disorder
within the last 6 months, diseases known to affect vision (such as
diabetes, hypertension, macular degeneration), or problems with

Figure 2. Flash ERG waveform, including the photopic negative re-
sponse (PhNR). The PhNR follows the b-wave in a cone ERG and reflects
the activity of retinal ganglion cells. See the online article for the color
version of this figure.

Table 1
Demographic Variables by Group

SCZ (N � 25) HC (N � 25)
Variable n (%) n (%)

Gender
Female 4 (16%) 7 (28%)
Male 21 (84%) 18 (72%)

Age (M [SD]) 36.80 (10.83) 32.60 (11.91)
Range 20, 58 18, 60
18–32 9 (36%) 15 (60%)
33–46 10 (40%) 7 (28%)
47–60 6 (24%) 3 (12%)

Education (M [SD]) 13.32 (2.12) 14.88 (2.03)
Race

Caucasian 13 (52%) 14 (56%)
African American 7 (28%) 7 (28%)
Asian 5 (20%) 3 (12%)
Other 0 (0%) 1 (4%)

Ethnicity
Hispanic 5 (20%) 5 (20%)

CPZ (M [SD]) 588.79 (448.68)
PANSS Factor (M [SD])

Positive 10.64 (4.09)
Negative 14.24 (5.21)
Cognitive 11.16 (3.21)
Excitement 6.92 (2.50)
Depression 13.08 (4.88)

Note. All but one patient was taking antipsychotic medication, CPZ
equivalent dose mean and standard deviation is based on N � 24. SCZ �
schizophrenia; HC � healthy control; CPZ � chlorpromazine equivalent
dose; PANSS � Positive and Negative Syndrome Scale.
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fixation (e.g., strabismus, nystagmus) were excluded from study
participation.

Procedure

Participants completed a diagnostic interview, symptom inter-
view, visual acuity testing, and the ERG protocol (described be-
low). Schizophrenia diagnoses were confirmed using the Struc-
tured Clinical Interview for DSM–IV Axis I Disorders (SCID-IV;
First, Spitzer, Gibbon, & Williams, 2002). Control subjects were
administered the SCID Non-patient edition to assess for the pres-
ence of mood or psychotic disorders (Modules A through D; First
et al., 2002). The Positive and Negative Syndrome Scale (PANSS)
was used to assess patient symptom severity over the last 2
weeks (Kay, Fiszbein, & Opler, 1987). PANSS symptom di-
mension scores were generated based on a five-factor model
comprising positive, negative, cognitive, excitement, and de-
pression factors (Kay & Sevy, 1990; Lindenmayer, Bernstein-
Hyman, Grochowski, & Bark, 1995). After the interviews,
which lasted between 30 min and 90 min in all cases, each
subject was further light adapted for 5 min in the testing room
and then tested with the light-adapted (photopic) tests as de-
scribed below. Subsequently, subjects were dark adapted for 10
min before the dark adapted (scotopic) tests.

Diagnostic and symptom interviews were conducted by trained
research assistants who had achieved high interrater reliability
(� � .80) on the SCID-IV and the PANSS (intraclass correlation
coefficient �.80) with other interviewers and faculty-level schizo-
phrenia researchers at the Division of Schizophrenia Research
at Rutgers on gold standard training videos. Additionally, all
clinical data were reviewed by clinical raters and two experi-
enced research psychologists at a weekly diagnostic consensus
meeting. The study was approved by the Rutgers Institutional
Review Board (Pro20150002281), and written informed con-
sent was obtained from each participant. Participants received
monetary compensation for their participation.

Apparatus. ERG data were collected using the RETeval de-
vice, an FDA-approved instrument that requires neither corneal
contact nor pupil dilation (LKC Technologies, Gaithersburg, MD).
In preparation for recording, the skin at each electrode site was
cleaned using an alcohol pad. An adhesive sensor strip containing
positive, negative, and ground electrodes was then placed 2 mm
under each eye. The RETeval protocol uses Troland-based stimu-
lation, in which there is continuous measurement of pupil size and
adjustment of light intensity so that a constant number of photons
reach the retina in each trial within each condition (i.e., constant
retinal illuminance, rather than constant stimulus luminance, to
compensate for changes in pupil size; Davis, Kraszewska, &
Manning, 2017; Kato, Kondo, Sugimoto, Ikesugi, & Matsubara,
2015). Specifically, flash retinal illuminance (Td · s) is equal to the
product of photopic flash luminance (cd · s/m2) and pupillary area
(mm2). The electrical potentials were recorded at a sampling rate
of approximately 2 kHz.

ERG parameters and dependent variables. The choice of
values for light intensity, color, and flash duration were primarily
based on values associated with significant between-group dis-
crimination in the studies cited above, and in a publicly available
patent application (WO 2014/138987) from which data on schizo-
phrenia have begun to be published (e.g., Hébert et al., 2015), as

well as from fERG studies of people with retinal disorders. For
light adapted testing, a 100 Td · s flash stimulus was used in two
of the conditions because this is approximately midway between
the dimmest and middle luminance values in schizophrenia studies
reported in the patent application. The first of these stimuli used a
1 Hz repetition rate and no background luminance (P1). No back-
ground was used to maximize the pupillary response and because
previous studies in diabetic retinopathy have shown improved
detection of this condition when there is no background light
(Bresnick & Palta, 1987; Tahara, Matsuura, & Otori, 1993). An-
other condition (P2) used a 100 Td·s flash stimulus with a 340 Td
background to be more similar (though with a less intense back-
ground) to prior fERG studies in schizophrenia (Balogh et al.,
2008; Hébert et al., 2017; Warner et al., 1999) and a faster stimulus
presentation rate (2 Hz) to reduce testing time. A 58 Td·s red
stimulus with a 380 Td blue background, presented at 3.4 Hz
(PPhNR), was selected to examine the retinal ganglion cell response
as measured by the PhNR. In addition to these flash conditions, we
included a condition with an 85 Td·s flickering (at 28.3 Hz)
stimulus (PF). This test has not been previously used in psychiatric
studies; however, it is an International Society for Clinical Elec-
trophysiology of Vision (ISCEV) standard test (Burguera, Vilela,
Traba, Ameave, & Vallet, 1990) that is primarily a measure of
bipolar cell response, and that was included as an additional
method to isolate cone activity. Whereas rods cannot follow a
flicker stimulus faster than 20 Hz, faster recovery times enable
cone cells to follow a stimulus at higher frequencies (Young,
Eggenberger, & Kaufman, 2012).

The scotopic tests in this study were 2.8 Td·s (.25 Hz, S1), 28
Td·s (.1 Hz, S2), and 280 Td·s (.05 Hz, S3) white flashes without
a background light. The middle stimulus is equivalent to the
stimulus reported in the patent application to best discriminate
schizophrenia from control subjects. We added conditions that
were 10x dimmer and 10x brighter, to more fully explore between-
groups differences as a function of light intensity (see Table 2).

Flash ERG output included measurements of amplitude (in
microvolts; �V) and implicit time (i.e., latency, in milliseconds;
ms). Amplitude of the a-wave was measured from the baseline to
the negative trough of the a-wave, as per convention (Creel, 2015).
Amplitude of the b-wave was measured as the voltage difference
from the a-wave through to the b-wave peak (Creel, 2015). Im-
plicit time measurements for each component were measured from
flash onset to the response peak (or trough; McCulloch et al.,
2015), analogous to latency measurements of visual evoked po-
tentials (VEPs; American Clinical Neurophysiology Society,
2006). Amplitudes and implicit times were measured for all fERG
conditions using flash stimuli. These variables represent the
strength and the speed of retinal cell response, respectively, and
both have consistently been found to be abnormal in multiple
forms of retinal disease (Creel, 2015; Pescosolido et al., 2014).
The stimulus for the photopic flicker test is sufficiently fast that the
fERG response is not characterized by separate a-wave and b-wave
responses (see Figure 3) and therefore only a peak-to-peak ampli-
tude and implicit time (i.e., average time between positive peaks)
measurement were obtained for this condition. PhNR amplitude
was recorded from baseline to PhNR trough and implicit time was
measured from stimulus onset to PhNR trough (Kizawa, Machida,
Kobayashi, Gotoh, & Kurosaka, 2006). For the PhNR, we re-
stricted our analyses to the two most conceptually relevant indices:
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(1) the minimum amplitude of the post b-wave negative deflection
and (2) the negativity of the deflection at 72 ms poststimulus, the
time point at which PhNR is generally considered, in the ophthal-
mology literature, to be maximal (assuming no conduction delays).
Because it cannot necessarily be assumed, however, based on past
studies of a- and b-wave implicit time in schizophrenia, that there
would be no delays in the PhNR in schizophrenia, both metrics
were used. In addition to waveform characteristics, we also re-
corded pupil diameter prior to the onset of each condition, and the
pupillary response (change in diameter) to each light stimulus.
Testing time was approximately 4 min per eye for each lighting
condition (and so, �16 min to test both eyes in photopic and
scotopic conditions).

Statistical analyses. Group differences in demographic vari-
ables were assessed with independent samples t tests and chi-square
tests of independence. To examine fERG a-wave and b-wave ampli-
tudes for photopic and scotopic conditions, 2 (group) � 3 (stimulus
condition) mixed-model analyses of variance (ANOVAs), with re-
peated measures on the stimulus condition factors, were conducted
for each condition type (photopic, scotopic), with amplitudes (a-
wave, b-wave) as the dependent variables. Implicit times for
a-waves and b-waves were also examined, with similarly struc-

tured ANOVAs. Regression coefficients for scotopic a-wave and
b-wave amplitudes, across the three conditions of monotonically
increasing luminance, were calculated individually for each par-
ticipant and compared between groups in two separate independent
samples t tests. Flicker test, PhNR amplitude, and pupillary re-
sponse data were also analyzed using independent samples t tests.
For the pupillary response data, the alpha trimmed mean and
standard deviations were used for each condition. Correlations
between fERG variables (a-wave amplitudes and implicit times,
b-wave amplitudes and implicit times, PhNR amplitudes and im-
plicit times) and PANSS symptom dimension total scores, as well
as antipsychotic medication dosage (in chlorpromazine equivalent
dosages), were also performed, but these analyses were explor-
atory. As such, p values from both uncorrected and false discovery
rate (FDR; Benjamini & Hochberg, 1995) corrected correlations
are reported. Amplitude and implicit time variables were calcu-
lated using averages of left and right eye data. In cases in which
data from both eyes were not obtained (n � 2), data from a single
eye were used. Dependent variable data were tested to ensure they
did not violate statistical test assumptions. In cases of violations of
sphericity in repeated measures data, Greenhouse–Geisser cor-
rected statistical values are reported. Significant interactions were
further explored with post hoc independent samples t tests, whose
p values were adjusted using the FDR method to control for
multiple analyses.

Results

Descriptive Statistics

Table 1 presents demographic data for the schizophrenia and
control groups. There were no significant differences between
samples in terms of demographic variables.

ERG Amplitude

Photopic conditions. For a-wave amplitude, there were sig-
nificant main effects of stimulus condition (p � .001, 	p

2 � .93)
and group (p � .013, 	p

2 � .12), which were qualified by a

Table 2
FERG Test Conditions

Test Cell type Flash luminance energy Background luminance Number of flashes

P1a Cones 100 Td·s at 1 Hz None 30
P1b Bipolar cells
PPhNRa Cones 58 Td·s, Red at 3.4 Hz 380 Td, Blue 100
PPhNRb Bipolar cells
PPhNR Ganglion cells
P2a Cones 100 Td·s at 2 Hz 340 Td 30
P2b Bipolar cells
PF Cones 85 Td·s at 28.3 Hz 848 Td 141–424
S1a Rods 2.8 Td·s at .25 Hz None 5
S1b Bipolar cells
S2a Mixed rods-cones 28 Td·s at .1 Hz None 5
S2b Bipolar cells
S3a Mixed rods-cones 280 Td·s at .05 Hz None 5
S3b Bipolar cells

Note. P � photopic; S � scotopic; a � a-wave; b � b-wave; PhNR � photopic negative response; F � flicker
test.

Figure 3. Flash ERG waveform in response to a flicker test stimulus (85
Td·s at 28.3 Hz), consisting of only positive deflections. See the online
article for the color version of this figure.
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significant Group � Condition interaction, F(1.23,59.11) � 7.39,
p � .005, 	p

2 � .13, where the degree to which a-wave amplitude
was reduced in schizophrenia relative to the control group differed
across conditions. Two of the post hoc tests were significant after
FDR adjustment (cutoff � 0.03). There was a significant differ-
ence between groups in a-wave amplitude for Condition P1 (100
Td·s at 1 Hz, unlit background; t[48] � 2.86, p � .006, d � .81,
95% CI [.23, 1.39]) and Condition PPhNR (58 Td·s red at 3.4 Hz,
blue background; t[48] � 2.33, p � .024, d � .66, 95% CI [.09,
1.23]), with the schizophrenia group demonstrating reduced a-wave
amplitudes in both cases. Results are displayed in Figure 4.

For b-wave amplitude during photopic conditions there were
also significant main effects of stimulus condition (p � .001, 	p

2 �
.84) and group (p � .010, 	p

2 � .13) and a significant Group �
Condition interaction, F(1.65,79.26) � 6.98, p � .003, 	p

2 � .13.
There was a significant difference between groups in b-wave
amplitude for Conditions P1, t(48) � 
2.92, p � .005, d � .83,
95% CI [.25, 1.40], and P2 (100 Td·s at 2 Hz, 340 Td background;
t[48] � 
2.69, p � .010, d � .76, 95% CI [.19, 1.33]), with the
schizophrenia group demonstrating reduced amplitudes in both
cases (see Figure 5).

Scotopic conditions. For a-wave amplitude there was a sig-
nificant main effect of stimulus condition (p � .001, 	p

2 � .89) and
a significant Group � Condition interaction, F(1.58,74.46) �
14.50, p � .001, 	p

2 � .24. Follow-up comparisons indicated a
significant group difference in a-wave amplitude only for Condi-
tion S3 (280 Td·s; t[47] � 3.84, p � .001, d � 1.10, 95% CI [.50,
1.70]), with the schizophrenia group demonstrating reduced
a-wave amplitudes relative to controls (see Figure 6). The groups
also differed significantly in regression coefficients (slopes) across
the 3 conditions of increasing luminance, t(47) � 4.34, p � .001,
d � 1.24, 95% CI [.63, 1.85], with the schizophrenia group

demonstrating a flatter slope across conditions (M � 
15.92,
SD � 5.92) than the control group (M � 
23.43, SD � 6.19).

Finally, for scotopic b-wave amplitude there were significant
main effects of stimulus condition (p � .001, 	p

2 � .47) and group
(p � .002, 	p

2 � .18) and a significant Group � Condition
interaction, F(1.56,73.23) � 3.57, p � .044, 	p

2 � .071. Post hoc
comparisons revealed a significant difference between groups in
b-wave amplitude for Conditions S2 (28 Td·s; t[47] � 
3.88, p �
.001, d � 1.11, 95% CI [.51, 1.71]) and S3, t(47) � 
2.93, p �
.005, d � .84, 95% CI [.25, 1.42], with the schizophrenia group
(n � 24) demonstrating reduced amplitudes in both cases (see
Figure 7). There was a trend-level difference between groups in
slope of b-wave peak amplitudes across the three scotopic condi-
tions, t(47) � 
1.78, p � .085, d � .51, 95% CI [–.06, 1.08].

ERG Implicit Time

Photopic conditions. For a-wave implicit time, there was a
significant main effect of stimulus condition (p � .001, 	p

2 � .70)
and a significant Group � Condition interaction, F(1.65,78.97) �
3.39, p � .047, 	p

2 � .07, but the main effect of group was not
significant, and the groups did not differ significantly in any of the
conditions. For b-wave implicit time, there were significant main
effects of stimulus condition (p � .001, 	p

2 � .865) and group (p �
.009, 	p

2 � .133), but the interaction was not significant (p � .05).
There was a significant difference between groups in b-wave
implicit time for Condition P2, t(47.93) � 2.57, p � .013; d � .73,
95% CI [.15, 1.30], with the schizophrenia group demonstrating
longer latencies. No other post hoc comparisons were significant.

Scotopic conditions. In the mixed-model ANOVA examining
implicit time during scotopic conditions there were no significant
effects of group or Group � Condition interactions for either the

Figure 4. a-wave amplitude during photopic conditions. There was a significant difference between groups in
photopic a-wave amplitude for the 100 Td·s at 1 Hz, unlit background condition (P1; t(48) � 2.86, p � .006, d �
.81, CI [.23, 1.39]) and 58 Td·s red at 3.4 Hz, blue background condition (PPhNR; t(48) � 2.33, p � .024, d �
.66, CI [.09, 1.23]), with the schizophrenia group demonstrating reduced photopic a-wave amplitudes as
compared to the control group. There was no significant difference between groups in a-wave amplitude during
the 100 Td·s at 2 Hz, 340 Td background condition (P2; � p � .03�). Error bars represent standard errors.
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a-wave or b-wave data. There was a significant main effect of
condition for both a-wave (p � .001, 	p

2 � .838) and b-wave (p �
.001, 	p

2 � .525) implicit time, with implicit times being longer for
less intense stimuli in both groups.

Flicker Test

There was a significant difference between groups in amplitude,
t(48) � 
3.58, p � .001, d � 1.01, 95% CI [.46, 1.60], with the

schizophrenia group demonstrating reduced amplitudes relative to
the control group. The groups were not significantly different in
implicit time.

Photopic Negative Response

The schizophrenia group demonstrated attenuated negativity of the
PhNR at 72 ms poststimulus: t(48) � 2.39, p � .021, d � .68, 95%
CI [.11, 1.25]. On the variable of minimum PhNR, the degree of

Figure 5. b-wave amplitude during photopic conditions. There was a significant difference between groups in
photopic b-wave amplitude for the 100 Td·s at 1 Hz, unlit background condition (P1; t(48) � 
2.92, p � .005,
d � .83, CI [.25, 1.40]) and 100 Td·s at 2 Hz, 340 Td background condition (P2; t(48) � 
2.69, p � .010, d �
.76, CI [.19, 1.33]), with the schizophrenia group demonstrating reduced photopic b-wave amplitudes as
compared to the control group. There was no significant difference between groups in b-wave amplitude during
the 58 Td·s red at 3.4 Hz, blue background condition (PPhNR; � p � .03�). Error bars represent standard errors.

Figure 6. a-wave amplitude during scotopic conditions. There was a significant group difference in scotopic
a-wave amplitude for the 280 Td·s condition (S3; t(47) � 3.84, p � .001, d � 1.10, CI [.50, 1.70]) with the
schizophrenia group demonstrating reduced b-wave amplitudes compared to the control group. However, there
was no significant difference between groups in a-wave amplitude during the 2.8 Td·s (S1) or 28 Td·s (S2)
conditions (� p � .03�). Error bars represent standard errors.
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schizophrenia-related attenuation relative to controls approached sig-
nificance: t(48) � 1.77, p � .083, d � .50, 95% CI [–.06, 1.06].

Baseline Pupil Diameter and Pupillary Response

In most stimulus conditions (P1, PPhNR, PF, S1, S2, S3) the
average pupil diameter prior to the initial stimulus presentation
was significantly smaller in the patient sample (ps � .002, .030,
.01, .004, .01, and .03, respectively), and in the other stimulus
condition (P2), there was a similar trend (p � .051). However, the
degree of increase in pupil size in response to light stimulation
(expressed as percentage increase over the baseline pupil size after
stimulus presentation) did not differ between groups. This suggests
that both groups were responding to the same degree—in terms of
extent of pupil size increase—to stimulus onsets. Although this
also means that the schizophrenia group had small pupil sizes at
baseline and after stimulus presentation, this could not account for
group differences in fERG amplitudes and latencies, because the
intensity of the light stimuli was continuously adjusted, based on
pupil size, to ensure constant retinal illuminance in each condition
(see the Method section; Davis et al., 2017).

Correlations With Symptom Dimensions and
Medication Dose

The PANSS five-factor negative symptom dimension yielded
large, significant correlations with a-wave amplitude during pho-
topic conditions (PPhNR; r � .62, p � .001) and with b-wave
amplitude during scotopic conditions (S1; r � 
.57, p � .004) and
correlated with a-wave implicit time during scotopic conditions to
a lesser extent (S1; r � .45, p � .027). An increase in negative
symptoms was also correlated with an attenuated (i.e., less nega-
tive) minimum PhNR amplitude (r � .40, p � .047) and PhNR

amplitude when measured at 72 ms poststimulus (r � .44, p �
.029). The PANSS excitement symptom dimension was signifi-
cantly correlated with b-wave implicit time during one scotopic
conditions (S2; r � .76, p � .001). No other correlations were
significant. When an FDR correction was applied to the correla-
tional analyses between fERG indices (amplitudes and implicit
times) and the five symptom factors, however, only two of the
correlations remained significant: negative symptoms and a-wave
amplitude during photopic conditions (PPhNR; FDR corrected p �
.029) and excitement symptoms and b-wave implicit time during
scotopic conditions (S2; FDR corrected p � .014). There were no
significant correlations between chlorpromazine equivalent dosage
and photopic or scotopic fERG amplitudes or implicit times (p �
.05 uncorrected in all cases; rs � .01–.36).

Discussion

The primary goal of this study was to refine our understanding
of the nature and meaning of retinal dysfunction in schizophrenia.
To achieve this, we (1) tested the same patients under both pho-
topic and scotopic conditions; (2) used Troland-based stimulation,
which ensured constant retinal illuminance in each condition,
regardless of baseline pupil size or degree of change in pupil size
in response to light stimulation; (3) sampled patients with a wide
range of symptomatology; (4) excluded patients with medical
conditions known to affect retinal health; (5) examined cone
response to a flickering stimulus, and the PhNR of the retinal
ganglion cells for the first time in a fERG study of schizophrenia;
and (6) explored the relationships between fERG changes and
symptom dimensions in schizophrenia. Importantly, all of these
issues were examined using a portable ERG device, whose use
could greatly increase feasibility of data collection in standard
psychiatric clinical and research environments.

Figure 7. b-wave amplitude during scotopic conditions. There was a significant difference between groups in
scotopic b-wave amplitude for the 28 Td·s condition (S2; t(47) � 
3.88, p � .001, d � 1.11, CI [.51, 1.71]) and
the 280 Td·s condition (S3; t(47) � 
2.93, p � .005, d � .84, CI [.25, 1.42]) with the schizophrenia group
demonstrating reduced scotopic b-wave amplitudes as compared to the control group. There was no significant
difference between groups in b-wave amplitude during the 2.8 Td·s condition (S1; � p � .03�). Error bars represent
standard errors.
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Data from photopic conditions suggest weakened cone and
bipolar cell activity in schizophrenia. This effect was observed for
both photoreceptors and bipolar cells when the difference between
the background illuminance and stimulus flash intensity was large
and when the stimulus was presented for a longer duration (e.g., 1
Hz vs. 2 Hz). However, even with less intense contrast between the
stimulus and background, we observed amplitude reductions in pho-
toreceptors or bipolar cells (but never both in any one of these weaker
intensity conditions). Of note, the finding that schizophrenia-control
differences are most observable when processing more intense stimuli
is consistent with findings from other electrophysiological studies of
schizophrenia (e.g., of mismatch negativity), and may indicate a
reduced dynamic range within which the central nervous system can
represent the environment (Todd, Michie, Schall, Ward, & Catts,
2012).

The finding of reduced representational range was observed
most clearly, however, under scotopic conditions, where flash
intensity increased from 2.8 to 280 Td·s by a factor of 10 across
three conditions. As predicted, a-wave and b-wave amplitudes
increased linearly, for both groups, with increases in stimulus
intensity. However, as intensity increased, the schizophrenia group
failed to demonstrate a similar increase in rod response to the
control group, suggesting reduced response gain. The same pattern
was observed for scotopic b-wave amplitude (bipolar cell) data,
although to a lesser extent. Overall, these findings replicate data
from prior studies, and show that retinal anomalies in schizophre-
nia occur in both light- and dark adapted conditions in the same
patients, across a range of lighting and stimulus intensity condi-
tions, and in patients without comorbid medical conditions that
could confound findings. Importantly, however, the hypothesis
regarding fERG detecting a compression of representational range
in schizophrenia needs to be further explored using a larger num-
ber of light intensity conditions.

The findings of a between-groups difference in the PhNR when
measured as negativity at 72 ms, and a trend-level between-groups
difference in the overall PhNR minimum values, are intriguing,
given that the stimuli that generated them also generated reduced
a-wave activity but not b-wave activity. This suggests that while
reduced signaling may characterize retinal ganglion cell activity in
schizophrenia, this is not likely due to weakened input from
bipolar cells, and may be due to neurotransmitter changes at the
ganglion cell level (see the following text). An important question
for future research is whether ganglion cell activity, which pro-
vides the primary feedforward input to the lateral geniculate nu-
cleus of the thalamus, is related to reduced VEP amplitudes at V1,
as weakened VEPs have been reported in many schizophrenia
studies (Butler et al., 2007; González-Hernández et al., 2015).

An exploratory aim of the study was to examine relationships
between fERG data and symptoms in the patient group. In a prior
study, in a sample of acutely psychotic schizophrenia patients,
Balogh et al. (2008) observed a negative correlation between
PANSS positive symptoms and cone activity that was not observed
after eight weeks of treatment. As in Balogh et al.’s posttreatment
data, we did not observe a significant correlation with positive
symptoms, which may be due to our schizophrenia sample con-
sisting mainly (80%) of patients from post-inpatient levels of care.
However, we observed five statistically significant correlations
(when uncorrected for multiple comparisons) between attenuated
retinal responsiveness and negative symptoms, which were most

pronounced for amplitudes and implicit times in response to the
least intense stimuli. These data suggest that reduced retinal ac-
tivity may be a manifestation of the same neurotransmitter distur-
bance(s) leading to aspects of reduced behavioral activation sub-
sumed under the category of negative symptoms. After FDR
correction, however, only one of the findings with negative symp-
toms was significant. Therefore, important questions for future
research are whether our correlational findings can be replicated,
and whether changes in ERG amplitudes covary significantly with
changes in negative symptoms over time. If both of these are
found, it could suggest that reduced ERG amplitudes reflect (1)
reduced retinal dopamine, since all retinal cell types have dopa-
mine receptors, and reduced dopamine in the mesocortical path-
way projecting to the prefrontal cortex is a proposed pathophysi-
ology for negative symptoms (Abi-Dargham & Moore, 2003); (2)
reduced retinal and cortical glutamate, as glutamate is the primary
neurotransmitter used to convey photoreceptor signals forward in
the visual system, and reduced cortical glutamate results in insuf-
ficient dopamine reaching prefrontal cortex regions (Citrome,
2014; Stahl, 2013); and/or (3) abnormalities in other neurotrans-
mitter systems that have been observed in the brain in schizophre-
nia and that are involved in retinal function, such as GABA,
glycine, serotonin, acetylcholine, nitric oxide, and BDNF (re-
viewed in Yang & Tsai, 2017 and Zrenner, 2006). In particular,
interneurons such as horizontal cells are strongly GABA-ergic and
changes in horizontal cell signaling could affect both photorecep-
tor and bipolar cell output (i.e., a-wave and b-wave characteris-
tics). Interestingly, although all except one of the correlations with
negative symptoms occurred with ERG indices on which patients
and controls did not differ in amplitude or implicit time, the
relationships may still reflect shared variance between variables
that is unique to schizophrenia. As another recent example of this,
whereas schizophrenia patients did not differ from people with
bipolar disorder or healthy controls on several structural measures
of the left and right optic radiations, optic radiation volume cor-
related with masking thresholds in a backward masking task for
the schizophrenia group only (Reavis et al., 2017).

It is important to note several limitations of this study. One is
that participants underwent a somewhat brief dark adaptation
period prior to scotopic test administration (10 min) as compared
to the ISCEV standard for optimizing rod functioning (20 min;
Marmor et al., 2009). This practice may have resulted in a less-
than-desired rod photoreceptor response and a greater than ex-
pected contribution of cones during scotopic tests. Though the use
of a 10 min as opposed to a standard 20 min adaptation period has
been shown to lead to only slight activity reductions (Hamilton &
Graham, 2016), we cannot be certain that our findings would have
been identical if a 20 min dark adaptation period was used. In fact,
if rod abnormalities are indeed characteristic of schizophrenia, a
full 20-min dark adaptation period might have led to larger be-
tween group differences than those we observed. On the other
hand, the effect sizes we observed were similar to those reported
in past studies using a longer dark adaptation period (e.g., Hébert
et al., 2017), which suggests that the effects are robust to varying
amounts of dark adaptation between 10 min and 20 min. Similarly,
our most intense scotopic test condition (280 Td·s) may have
stimulated both rod and cone photoreceptors, generating a mixed
rod-cone ERG response rather than reflecting pure rod activity.
Nevertheless, results of our scotopic tests support previous find-
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ings of reduced a- and b-wave amplitudes in schizophrenia (Hébert
et al., 2015; Warner et al., 1999).

A second limitation is the use of skin electrodes, as opposed to
corneal contact or Dawson, Trick, and Litzkow (Dawson, Trick, &
Litzkow, 1979) electrodes that have been used in past studies.
Although skin electrodes offer an advantage of greater comfort, the
ERG signals produced are generally smaller in amplitude, noisier,
and more variable than those from direct contact methods (Heck-
enlively & Arden, 2006). A way to minimize noise and variability
effects with skin electrodes is to average results over repeated
trials in each condition (Creel, 2015), which is a feature of all
RETeval protocols. Because our study results are consistent with
findings from past studies demonstrating reduced a-wave and
b-wave amplitudes, this suggests that the RETeval device, when
used with skin electrodes, is sensitive enough to detect group
differences. However, the possibility remains that some between
group effects might have been larger if we had used more tradi-
tional electrode methods, even though this does risk greater po-
tential data loss due to subjects not wishing to undergo testing
using those methods.

Third, although both groups were matched on age, given known
age-related decreases in retinal cell functioning (Lin, Tsubota, &
Apte, 2016) these findings should be replicated in a younger
sample in order to rule out the possibility of an effect of age on
these results. Additionally, our interpretation that the increasing
extent of schizophrenia-control differences as a function of light
intensity reflects a reduced dynamic range of retinal signaling in
schizophrenia is a post hoc explanation. Therefore, replication of
this effect, across a wider range of stimulus intensities, is neces-
sary in order to confirm this hypothesis. Furthermore, in this study
the relationship between negative symptoms and attenuated retinal
activity was observed using the PANSS, which is an established
but older measure that has been criticized for not reflecting the
current understanding of negative symptoms in terms of their
multidimensionality, and for inadequate coverage of the construct
(Blanchard & Cohen, 2006; Kumari, Malik, Florival, Manalai, &
Sonje, 2017). Newer instruments such as the Clinical Assessment
Interview for Negative Symptoms (Horan, Kring, Gur, Reise, &
Blanchard, 2011; Kring, Gur, Blanchard, Horan, & Reise, 2013)
and the Brief Negative Symptom Scale (Kirkpatrick et al., 2011)
are thought to be more valid measures of negative symptoms, and
it is possible that use of one of these scales may have led to
different results.

A final limitation is that although this study examined retinal
functioning under a range of light stimuli and lighting conditions,
to replicate promising findings from past studies, the parameters
chosen in this study may not have been sufficient to capture the
full scope of retinal impairment in schizophrenia and so additional
parameters should be explored in future research. For example, to
adequately assess the hypothesis that photoreceptor and bipolar
cell response gain is attenuated in schizophrenia, multiple condi-
tions that differ only in light intensity (i.e., not in color or temporal
frequency) need to be tested within the same session under both
scotopic and photopic conditions. Furthermore, in an effort to
balance using ISCEV standard tests, as well as other tests that may
be relevant to schizophrenia, we chose stimulus parameters in
some cases that were similar to tests from past studies, but are not
ISCEV standard tests. However, several of the stimulus parameters
used in prior fERG studies in schizophrenia were not reexamined

in this study and perhaps, if combined with the current protocol,
would provide superior between-groups discrimination. Future
research in this area should aim toward creating a unified protocol
for use in studies of schizophrenia. However, given the limited
number of fERG studies of the disorder conducted to date, further
exploration of retinal cell functioning in a wider range of condi-
tions is needed before an optimally discriminating standardized
protocol can be finalized.

In conclusion, we identified multiple stimulus conditions in the
flash ERG that reliably discriminated between people with schizo-
phrenia and psychiatrically healthy controls. This includes dem-
onstrating the utility of a flicker stimulus for isolating cone-related
activity, and the use of the PhNR for isolating retinal ganglion cell
activity. We also demonstrated that the results appear to be inde-
pendent of medication effects. Finally, we demonstrated that these
findings can be obtained using a portable ERG device whose use
does not require pupil dilation or the use of corneal contact
electrodes, and where each stimulus condition can be typically
completed in 1-2 min. This highlights the feasibility of ERG
testing in routine clinical practice, something that may become
important should future data confirm the status of ERG indices as
biomarkers of schizophrenia, specific symptom clusters, risk sta-
tus, and/or treatment-related changes.
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