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Visual electrophysiological deficits have been reported in neurodegenerative 
disorders as well as in mental disorders. Such alterations have been mentioned 
in both the retina and the cortex, notably affecting the photoreceptors, retinal 
ganglion cells (RGCs) and the primary visual cortex. Interestingly, such impairments 
emphasize the functional role of the visual system. For this purpose, the present 
study reviews the existing literature with the aim of identifying key alterations in 
electroretinograms (ERGs) and visual evoked potentials electroencephalograms 
(VEP-EEGs) of subjects with neurodegenerative and psychiatric disorders. 
We focused on psychiatric and neurodegenerative diseases due to similarities in 
their neuropathophysiological mechanisms. Our research focuses on decoupled 
and coupled ERG/VEP-EEG results obtained with black-and-white checkerboards 
or low-level visual stimuli. A decoupled approach means recording first the ERG, 
then the VEP-EEG in the same subject with the same visual stimuli. The second 
method means recording both ERG and VEP-EEG simultaneously in the same 
participant with the same visual stimuli. Both coupled and decoupled results were 
found, indicating deficits mainly in the N95 ERG wave and the P100 VEP-EEG 
wave in Parkinson’s, Alzheimer’s, and major depressive disorder. Such results 
reinforce the link between the retina and the visual cortex for the diagnosis of 
psychiatric and neurodegenerative diseases. With that in mind, medical devices 
using coupled ERG/VEP-EEG measurements are being developed in order to 
further investigate the relationship between the retina and the visual cortex. 
These new techniques outline future challenges in mental health and the use of 
machine learning for the diagnosis of mental disorders, which would be a crucial 
step toward precision psychiatry.
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1. Introduction

Recent advances in neuroscience and psychiatry focus on the 
search and the development of relevant indicators that can accurately 
reflect brain condition in pathological states such as in 
neurodegenerative and psychiatric disorders. These indicators need to 
be  sensitive to the pathophysiological processes and damage 
underlying neurodegenerative such as Parkinson and Alzheimer 
diseases as well as psychiatric disorders such as schizophrenia and 
bipolar disorders. Furthermore, both types of illnesses displayed 
dysfunctions in neurotransmission, inflammation, autoimmunity, and 
neurodegeneration (1). Of all the areas of interest, the use of visual 
electrophysiological methods to evaluate visual function is of 
particular relevance. Visual electrophysiology, including retinal and 
cortical measurements, provides information about the functional 
properties of neural networks in the visual pathway from the retina to 
the brain. Visual pathway neurons display similarities to brain neurons 
in terms of function, damage, and response. Thus, examining the 
neural functioning of the visual pathway can help in the understanding 
of pathophysiological brain conditions including psychiatric disorders. 
Accordingly, the next part of this review will describe the potential 
value and the evidence for combining several 
electrophysiological indicators.

2. Potential value and evidence for 
combining several electrophysio- 
logical indicators

2.1. Anatomy of the visual pathway and 
relevant indicators for investigating 
neuropsychiatric disorders

The study of visual function is of particular interest for several 
reasons. Interestingly, both retina and brain share the same 
neurodevelopmental origin at embryological stage. Indeed, both 
structures have the same embryonic origin and derive from the 
diencephalon (2). Moreover, the retina and the visual cortex share an 
anatomical link with the optic nerve (3). The retina and the brain also 
share the same main neurotransmitters, such as glutamate, dopamine, 
serotonin, and γ-aminobutyric acid (GABA) (4). Interestingly, the 
pathophysiological processes expressed in the brain such as 
neurotransmission anomalies, neuroinflammation and 
neurodegeneration, also occur in the retina in cases of 
neurodegenerative and psychiatric disorders (5). In view of all these 
developmental, anatomical and functional similarities between the 
retina and the brain, some authors claim that the retina is considered 
to be  a window onto the brain and is relevant in neuroscience 
research (2).

Each layer of the retina has a specific importance in visual 
processing. The first layer is made up of photoreceptors, named rods 
and cones. Rods are specialized for night vision and spatial contrast 
whereas cones are responsible for daylight and color vision (6). The 
second layer is composed of bipolar cells, divided into cone bipolar 
cells and rod bipolar cells. Interneurons such as horizontal cells are 
also located between photoreceptors and bipolar cells (2). Other 
interneurons called amacrine cells may also act as local integrators and 
modulate the signal transmitted by bipolar cells to retinal ganglion 

cells (RGCs), which form the final layer of retinal neurons. RGCs are 
divided into M and P cells. M cells represent about 15% of retinal 
RGCs while P cells can represent up to 80% of all RGCs (7, 8). The 
distribution of M cells is mainly present in the peripheral retina, 
whereas the distribution of P cells is mainly present in the central 
retina and superimposed on that of the cones (9). Thus, P cells are 
sensitive to color while M cells are more specialized in contrast. These 
cells will give, respectively, the magnocellular and parvocellular 
pathways in the lateral geniculate nucleus LGN (10).

Interestingly, the phototransduction takes place in the retinal 
photoreceptor cells and this process enables us to study the electrical 
activity of the retina. For this, we can use electrophysiological methods 
such as an electroretinogram (ERG), which records the electrical 
response of different retinal layers. Such activity is recorded in 
response to the projection of visual stimuli such as flashes with the 
flash-ERG (fERG) or alternating black-and-white checkerboards with 
the pattern-ERG (PERG) (6). Use of this method sheds light on the 
physiological and pathological processes present in the retina. That is 
why the retina may offer an insight of what is happening downstream 
in the brain. One of its major advantages resides in the fact that the 
response of different retinal cells can be isolated from the fERG and 
the PERG. For instance, rod response can be explored with the Dark-
Adapted 0.01 exam, using the b-wave (6). This procedure allows the 
projection of a sequence of 16 low intensity flashes in dark conditions 
in order to investigate in more detail the scotopic system, i.e., the rods 
and the associated bipolar cells (6). Similarly, the PERG examination 
is particularly suitable for investigating the N95 and the P50 waves. 
The N95 wave corresponds to a negative wave which appears at 
approximately 95 ms post-stimulation. The P50 wave corresponds to 
a positive wave which appears at approximately 50 ms post-
stimulation. These waves correspond to the activity of the RGCs, 
notably with regards to the N95 wave (11).

The M and P RGCs project to the magnocellular and parvocellular 
layers which form the optic nerve. Both layers transmit visual 
information to the subsequent brain structure in the thalamus, the 
LGN, which is the first-order relay of visual information to the cortex 
(12). Unlike ERG, which targets the activity of various retinal layers, 
it is almost impossible to isolate the activity of the LGN in 
electrophysiology (13). However, LGN axons form neural projections 
called optic radiations, which create the connection between the LGN 
and the primary visual cortex (V1). Thus, V1 activity can 
be investigated using visual evoked potentials (VEP) in EEG (VEP-
EEG) with the same stimuli as for ERG. Hence, electrophysiological 
biomarkers in the visual cortex focus on early components, such as 
P100 in VEP-EEG. This wave reflects primary visual characteristics 
such as brightness and contrast and also emphasizes V1 activity. By 
extension from the retina to the brain, this wave also makes a 
functional link with the RGCs and the N95 wave (14, 15).

Investigation of retinal and cortical electrophysiological 
biomarkers would appear to be a powerful tool for the diagnosis of 
neurodegenerative disorder such as Parkinson and Alzheimer diseases 
as well as psychiatric disorders such as schizophrenia and bipolar 
disorders. For instance, major retinal outcomes in psychiatric 
disorders showed that photoreceptor and retinal ganglion cell 
response in patients with neurodegenerative diseases such as 
Huntington’s disease, Alzheimer’s disease (AD) and schizophrenia was 
delayed compared to control subjects (16–18). Such results highlight 
a gradual reduction in the transmission of visual information in 
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patients under both scotopic and photopic conditions (19). In the 
visual cortex, visual sensory processing during low-level visual tasks 
such as spatial frequency gratings, flashes and visual contour tasks has 
been highlighted in neurodegenerative disorder such as Alzheimer 
and psychiatric diseases such as schizophrenia and bipolar disorders 
with substantially reduced amplitude of the P100 wave (20–23). That 
is why, visual dysfunctions are considered as one of early symptoms 
in neurodegenerative diseases (24) and also in psychiatric disease (25). 
All in all, such results provide continuity between retinal and cortical 
abnormalities in neurodegenerative and psychiatric disorders and also 
bring to light relevant research perspectives regarding the potential 
value of combining several indicators in clinical research (Figure 1).

2.2. Potential value of gathering various 
visual indicators in clinical research

At present time, one of the major problems identified in routine 
clinical practice is the lack of objectivity in diagnosis. For this reason, 
the addition of new approaches such as electrophysiological indicators 
to routine clinical assessments facilitates diagnosis and ultimately 
improves data robustness via the development of additional and 
specific biomarkers of a psychiatric illness (1). Furthermore, 
electrophysiological visual indicators such as ERG and VEP-EEG offer 
a high level of objectivity, specificity and sensitivity (26). Moreover, 

they could provide a multitude of endophenotypes which, in addition 
to other techniques, would enable the creation of homogeneous 
subgroups of patients within a pathology or even the differentiation 
of one disease from another (27–29).

From a methodological and practical point of view, the use of 
electrophysiological indicators is relatively cost-effective, easy to 
record compared to other research methods, such as imaging, which 
often take up a lot of space and are of limited use in clinical practice. 
Moreover, they have the advantage of reflecting the objective 
measurement of normal biological or pathological processes, being 
valid, specific, and measured in a way that is easily reproducible 
between different categories of subjects (30). Although there is intra- 
and inter-individual variability, electrophysiological measurements 
benefit from a standardized methodology that allows the collection of 
similar plots between different subjects. Linked to the visual system, 
electrophysiology can map the flow of the visual signal extending from 
the retina to cortical regions. In short, both electrophysiological 
methods such as ERG and VEP-EEG are relevant because they reflect 
the neurophysiological underpinnings of pathophysiological 
processes, making it possible to isolate relevant indicators at the 
retinal and the visual cortical stages (31).

Such arguments underline that both ERG and VEP-EEG 
approaches could pave the way for creating new indicators in 
research, and hence contribute to the development of precision 
medicine in psychiatry. This would enable the creation of a 

FIGURE 1

Schematic representation of the visual pathway highlighting the anatomical and physiological continuity between the retina and the brain, as well as 
the feasibility of functional exploration of these pathways using electrophysiological measurements (ERG/VEP-EEG). These two systems can 
be stimulated by the same types of visual stimuli as defined by the ISCEV international criteria (flashes and black-and-white checkerboard). Structural 
and functional similarities between the retina and the visual cortex encourage the investigation of electrophysiological visual indicators, which could 
have a use as relevant diagnostic biomarkers in psychiatric disorders.
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personalized medical model and improve clinical decisions, 
treatments, or practices for subgroups of patients in place of a single 
medication model. In the future, one of the scientific and clinical 
challenges would be  to contribute to the medical diagnosis of 
patients, which would allow, in addition to other preclinical signs, to 
make an earlier diagnosis (32).

For this purpose, our research focused on ERG and VEP-EEG 
measurements performed in neurodegenerative and psychiatric 
disorders. Indeed, there is a frequent transition from psychiatric 
disorders to neurodegenerative disorders. Moreover, the 
pathophysiological hypothesis of neurodegeneration remains within 
the realms of psychiatric conditions when many psychiatric 
symptoms are part of the clinical picture of neurodegenerative 
disorders. The literature mentions two methods for recording ERG 
and VEP-EEG. The first involves decoupling, which means recording 
first the ERG, then the VEP-EEG in the same subject with the same 
stimuli, for instance with flashes or black-and-white checkerboards. 
The second is a coupled approach, where both ERG and VEP-EEG 
are recorded simultaneously in the same participant with the same 
stimuli. The advantage of coupled measurements allows to investigate 
the continuity of the visual signal along the visual pathways from the 
retina to V1 and thus to precisely localize the deficits. Optionally, it 
is possible thanks to coupled measurements to isolate the time 
response between the retina and the visual cortex. That is why the 
goal of this present review is to discover the main indicators found in 
ERG and VEP-EEG, in both coupled and decoupled measurements 
and to determine the main components affected in neurodegenerative 
and psychiatric diseases. Finally, we will address the potential value 
of adding such measurements, in combination with advanced 
machine-learning algorithms, to routine clinical assessments with the 
aim of creating new biomarkers for clinical research.

3. Materials and methods

In order to thoroughly explore the literature on visual 
electrophysiological (retinal and cortical) indicators in psychiatric 
disorders, a search for relevant articles was conducted in the Pubmed 
and Google Scholar databases using the following keywords (“flash 
electroretinogram” OR “pattern electroretinogram” OR “retinal 
electrophysiological measurements” OR “electroencephalogram” OR 
“visual evoked potentials” OR “visual electrophysiology”) AND 
(“psychiatric disorders” OR “mental disorders” OR “schizophrenia” 
OR “psychotic disorders” OR “mood disorders” OR “bipolar 
disorders” OR “depressive disorders” OR “Alzheimer’s” OR 
“Parkinson’s disease”). All results up to April 1st, 2023, were examined 
for the selection process. Relevant publications were chosen via 
individual independent selection of titles by the authors: IR, KT, TS 
and VL. The articles selected had to be  written in English and 
be related to the topic of the review. Additionally, a manual search was 
performed on the bibliography of each selected article.

4. Results

One of the first articles which investigated decoupled ERG and 
VEP-EEG techniques was Nightingale et al. (33) in 36 patients aged 
63 years with Parkinson’s disease (PD) compared to 28 matched 

control subjects. Interestingly, the patients showed a significant 
reduction in PERG responses as reflected in the positive peak (PP1), 
which corresponds nowadays to the P50 ERG wave, and the second 
negative peak (PN2), which corresponds nowadays to the N95 ERG 
wave. Reductions were also found with regards to the P100 wave in 
VEP-EEG. Moreover, there was a significant inverse correlation 
between P100 latency and PERG amplitude independent of the age 
or sex of the patients. Thus, retinal disorders can affect the 
characteristics of the VEP-EEG at cortical level. According to the 
authors, PERG measurement may be  particularly relevant to the 
investigation concerning a retinal origin of an abnormal VEP-EEG 
in PD (33).

Similarly, with coupled ERG and VEP-EEG measurements, 
Calzetti et al. (34) investigated the N95 ERG wave, the P50 ERG wave 
and the P100 VEP-EEG wave in 9 patients aged 64 years with early-
stage PD of 6 months’ duration compared to 12 healthy controls. 
Stimuli were either transient PERG/VEP-EEG presented at different 
spatial and temporal frequencies. Authors showed a significant 
increase in PERG latency in the patients compared to the controls, 
with stimuli presented at 2.44c/d spatial frequency and 5.4 reversals 
per second. They also found reductions in VEP-EEG amplitudes and 
increased VEP-EEG latencies under the same condition between 
patients and controls. This VEP-EEG result was also found with 
transient and steady-state visual responses at different spatial 
frequencies. The authors suggested that PERG and VEP-EEG 
abnormalities can be highlighted in early-stage PD and appear to 
be stimulus-feature dependent. These changes in electrophysiological 
waves at both retinal and visual cortical level could provide a suitable 
basis for representing pathophysiological indicators of this 
neurodegenerative disorder (34).

With regards to Alzheimer’s disease, research using ERG and 
VEP-EEG is more recent. For instance, Krasodomska et  al. (35) 
measured left eye activity using PERG and VEP-EEG measurements 
in 30 early-stage AD patients with a mean age of 73 years compared to 
30 controls. Interestingly, they explored the retino-cortical time 
(RCT), which corresponds to the time difference between the cortical 
response and the retinal response. Firstly, patients displayed retinal 
ganglion cell dysfunctions, reflected by an increase in P50 ERG latency 
and reductions in P50 and N95 ERG amplitudes. Secondly, they 
reported an increase in P100 VEP-EEG latency as well as a significant 
increase in RCT in patients compared to controls (35). According to 
the authors, beta-amyloid and amyloid deposits in the retina and the 
optic nerve partly explain the cause of such electrophysiological 
deficits observed in Alzheimer’s patients. These deficits could also 
be  provoked by deficits in retinal neurotransmitters, 
notably acetylcholine.

A more recent study by Ngoo et al. (36) investigated decoupled 
retinal and visual cortical electrophysiological measurements, 
studying right eye activity using PERG and VEP-EEG in 25 AD 
patients and 25 healthy controls. They also used optical coherence 
tomography (OCT) to investigate whether structural anomalies were 
present in the Retinal Nerve Fiber Layer (RNFL). Interestingly, the 
P50 ERG latency, the P50 ERG amplitude and the N95 ERG amplitude 
were correlated with RNFL thickness reduction in the average, 
superior and inferior quadrant in patients compared to controls. 
Results also indicated significant reduction of VEP-EEG amplitude 
and increased P100 and N130 VEP-EEG latencies in the visual cortex. 
According to the authors, the use of ERG and VEP-EEG combined 
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with OCT would provide a better understanding of visual dysfunctions 
early in the visual pathway in AD patients (36).

In psychiatric disorders, only one study investigated both retinal 
and cortical electrophysiological measurements. This study was 
conducted by Bubl et al. (37) who investigated ERG and VEP-EEG 
responses in 40 patients with major depressive disorder (MDD) and 28 
healthy controls. The analysis was performed not in the spatial domain 
but in the frequency domain, using a Fast Fourier Transform (FFT). The 
authors used checkerboard visual stimuli of 0.51° check size with 12.5 
reversals per second (12.5 Hz) and a contrast of 3 to 80%. The results 
showed a reduction in VEP-EEG amplitude compared to healthy 
subjects. PERG amplitude and VEP-EEG amplitude were reduced to 
approximately 50 and 75%, respectively, in patients compared to 
controls. Interestingly, these results were correlated with the intensity of 
the depression, suggesting that deficits in electrophysiological 
measurements are correlated with the clinical symptomatology of the 
pathology, at both retinal and cortical level (37). Despite the relevant 
findings of this study, the frequency domain analysis poses a limitation 
for comparison with other results in the spatial domain.

Overall, the studies show increases in latency and decreases in 
amplitude, both in the ERG and in the VEPs. Indeed, we find decreases 
in P50 and N95 amplitudes at the retinal level and decreases in P100 
amplitude at the cortical level in Parkinson’s and Alzheimer’s disease. 
All these results have been summarized in Table 1.

5. Discussion

Using coupled and decoupled ERG and VEP-EEG studies, this 
review investigated which electrophysiological visual indicators are 
relevant in neurodegenerative and psychiatric diseases. Major results 
indicated deficits in both retinal and cortical measurements obtained 
using a decoupled technique. Such abnormalities are reflected in a 
decrease in PERG amplitude in the retina, such as in the N95 and the 
P50 ERG waves, and increased VEP-EEG latency in the visual cortex, 
such as in the P100 VEP-EEG wave, which could reflect retinal and 
cortical visual abnormalities. However, there are some factors that 
may influence the reproducibility of the electrophysiological waves.

5.1. Influence of several factors on 
electrophysiological parameters

5.1.1. Neurodegeneration
Some pathophysiological mechanisms linked to the disease can 

be  mapped in electrophysiological plots, thereby improving 
predictions about the disease. For example, a drop in the level of 
neurotransmitters initiates a neurodegenerative process and could 
have an incidence on the electrophysiological waves in psychiatric 
diseases (37–40). By way of illustration, electrophysiological 

TABLE 1 Summary of the coupled and decoupled PERG and VEP-EEG results found in the literature for pattern stimulation.

Coupled (C) 
Decoupled (D)

Population Results for patients compared to HC Comments Authors

PERG VEP – EEG

P50 N95 P100 N1 N135

D 36 PD patients

28 HC

↓AMP ↓AMP ↓AMP

↑LAT

NA NA Inverse correlation 

between P100 latency 

and P50 amplitude/

N95 amplitude

Nightingale et al. 

(33)

C 9 PD patients

12 HC

↑LAT ↑LAT ↓AMP

↑LAT

↓AMP

↑LAT

NA ↓VEP-EEG with 

transient and steady-

state responses at 

different spatial 

frequencies

Calzetti et al. (34)

D 30 AD patients

30 HC

↓AMP

↑LAT

↓AMP ↑LAT NA NA ↑RCT

in patients compared 

to controls

Krasodomska 

et al. (35)

D 15 AD patients

15 HC

↓AMP

↑LAT

↓AMP ↓AMP

↑LAT

NA ↓AMP

↑LAT

Combined OCT and 

ERG/VEP-EEG 

recording

↓RNFL thickness 

correlated with PERG 

measurements

Ngoo et al. (36)

D 40 MDD patients

28 HC

↓AMP (~75%) ↓AMP (~50%) Fast Fourier 

Transform analysis 

(FFT)

Checkerboards visual 

stimuli at High 

Frequency

Bubl et al. (37)

AD, Alzheimer’s Disease; PD, Parkinson’s Disease; MDD, Major Depressive Disorder; HC, Healthy Controls; FFT, Fast Fourier Transform; PERG, Pattern Electroretinogram; VEP-EEG, Visual 
Evoked Potentials in EEG; RCT, Retino-Cortical-Time; N, sample size; NA, non-Applicable.
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alterations in AD are probably due to fibrillar neurodegeneration 
and the deposit of amyloid proteins, which causes degeneration of 
the optic nerve and therefore impacts the function of the RGCs. 
Parisi et  al. (18) also argued that neural toxicity and RGCs 
dysfunction in ERG studies were mediated by abnormalities in 
neurotransmitters such as acetylcholine in AD. Similarly, PD is 
characterized by electrophysiological anomalies which can 
be caused by the destruction of dopamine neurons in the retina and 
the brain. The reverse is true where dopaminergic treatments such 
as L-Dopa can also influence retinal function (41–43). Such 
assumptions were also supported in dementia with Lewy body 
disease, where reduced a-wave and b-wave amplitude appears to 
be  linked to a loss in dopamine cells (44). In sum, 
electrophysiological measurements could act as functional 
biosignatures for investigation of neurodegeneration and neural 
network activity (1).

5.1.2. Medication
The influence of medication such as dopaminergic antagonists 

may have an impact on electrophysiological measurements and could 
be of use as a treatment response indicator in psychiatric diseases. 
Indeed, in schizophrenia, antipsychotics play an important role in the 
ERG waves, with studies such as that by Bernardin et al. (26) having 
pointed out the link between ERG parameters and dopaminergic 
implication. Similarly, dopamine treatment, in particular D2-class 
dopamine antagonists, could change the amplitude and suprathreshold 
of the components of the fERG exam such as the b-wave (45). In mice 
models, the knockout of dopaminergic type 1 and type 2 receptors 
indicated a decrease in b-wave amplitude (46). Interestingly, the 
model was developed to suggest the role of GABA (including GABA-
dopamine interactions) in schizophrenia (47). Many studies also 
confirmed the role of genetic deletion of various receptors such as 
GABAR and their potential impact on the ERG components such as 
the b-wave (48). Similarly, glutamate is one of the main 
neurotransmitters involved in vertical retinal neurotransmission (49). 
In the psychiatric field, antipsychotics for schizophrenia emphasize 
glutamatergic treatment (50, 51), which may also have an impact on 
the ERG waves (52, 53).

However, these theories remain controversial since various studies 
have shown that alterations in the cone response and in other ERG 
waves were independent of medication or the dose of antipsychotic 
medication (42, 54, 55), particularly in the acute stage of the disease 
(56). Furthermore, other studies using dopaminergic antagonists, 
serotonergic antagonists and dopaminergic administration had no 
effect on ERG waves (57, 58), which could suggest that 
electrophysiological anomalies are present above and beyond the 
effect of medication (59).

5.1.3. Variation factors on electrophysiological 
measurements

Although electrophysiological abnormalities were identifiable in 
psychiatric diseases, it is important to bear in mind that such findings 
could be influenced in a minor way by other factors unrelated to the 
pathology, which is also represent a limitation. Age or sex gender may 
be  a consideration in the influence of these electrophysiological 
parameters (33). For instance, age might impact the perception of 
spatial frequency as early as the retina and upstream to the visual 
cortex (60) due to the loss of visual cells (61). Similarly, sex gender and 

notably hormones could influence retinal and cortical visual function 
(62–64).

5.2. Why is it important to add new 
indicators in clinical research?

Adding electrophysiological indicators such as ERG and 
VEP-EEG to routine medical assessments would improve the 
prognosis in psychiatric disorders. Furthermore, such measurements 
could enhance data robustness, improve the performance of current 
pathophysiological biomarkers, and increase our understanding of the 
localization and timing of potential electrophysiological deficits along 
the entire visual pathway. In short, finding strong biomarkers that will 
allow clinicians and psychiatrists to develop precision psychiatry will 
undoubtedly advance research (1, 2, 65).

Secondly, ERG and VEP-EEG visual dysfunctions would also exist 
in a more comprehensive spectrum of psychosis (66, 67) encompassing 
addictive substance use and subgroups of subjects at high risk for 
mental disorders (29, 68–70). Accordingly, adding further indicators 
such as coupled ERG and VEP-EEG measurements would predict 
vulnerabilities for later transition to a psychiatric disorder, particularly 
for bipolar disorders and schizophrenia (1, 71). Thus, the clinical 
applications of combined ERG and VEP-EEG methods are intended 
to highlight biomarkers of mental disorders, which will be useful in 
solving current clinical problems in terms of differential diagnosis, 
early detection, prediction of response to treatment, or clustering of 
clinical populations into homogeneous groups (72). One of the 
perspectives will be to orient the diagnosis towards electrophysiological 
signatures in mental health, while considering the patient’s care 
pathway in terms of personalized, predictive, participative, and 
preventive medicine. In fact, studies emphasize the strong link 
between the retina and the brain. Moreover, ophthalmologic 
manifestations often precede symptoms in the brain, indicating that 
eye investigations could offer a means of early diagnosis in many 
diseases (5). Coupled ERG and VEP-EEG methods could offer the 
possibility of strengthening the link between visual retinal and visual 
cortical measures, instead of recording these parameters alone. In 
addition, coupled ERG and VEP-EEG measurements could prevent 
the loss of important information between the retinal and cortical 
stages along the visual pathways. This point is in accordance with the 
study of Celesia et al. (61) and Krasodomska et al. (35) with regards to 
the RCT which could bring more precise information about the 
neuronal communication at the level of visual pathways between the 
retina and the visual cortex. Today, considerable and growing research 
efforts are therefore being made to improve current indicators and 
also to identify new ones in psychiatric illnesses.

In the future, the simultaneous acquisition of ERG and VEP-EEG 
measurements will undoubtedly provide additional information. This 
kind of combined data integrates both the very early retinal level as 
well as the primary visual brain areas in the occipital cortex. These two 
visual levels carrying different but complementary information on the 
same phenomena. Rather than such integrative treatment consisting 
of analyzing each modality, separately and combining the results at a 
second stage, it is more efficient to consider the data set as a whole to 
capture in full more complex relationships within the data. This could 
be resumed by the assumption of Aristotle who said that “the whole is 
greater than the sum of the parts.” Such fusion methodologies have 

https://doi.org/10.3389/fpsyt.2023.1167654
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org


Tursini et al. 10.3389/fpsyt.2023.1167654

Frontiers in Psychiatry 07 frontiersin.org

already been proven to increase the sensitivity of the methods in 
various fields (73) and in particular in medical applications (74). In 
this perspective, the fusion of data acquired in response to different 
stimuli, each revealing different signatures of alterations in the system 
under examination, are likely to be helpful in discriminating disorders 
(75). Such advances are also possible thanks to signal processing and 
machine learning, which are tools of particular interest for the 
extraction of robust biomarkers from multimodal data, due to their 
ability to collate and combine information.

This review concerning coupled electrophysiological 
measurements has many strengths. To the best of our knowledge, this 
is the first review which summarized coupled and decoupled results 
of visual electrophysiological parameters in neurodegenerative and 
psychiatric diseases. Previously, only studies presenting ERG or 
VEP-EEG results alone were published. Second, although these 
methods are relatively old, the development of precision psychiatry on 
these measures may bring to light interesting new research 
perspectives regarding this current research topic in psychiatry. This 
review has also limitations. For instance, there were very few results 
regarding coupled or decoupled results and methodology associated 
to the results are outdated. In the same way, we noticed that some 
parameters can influence the electrophysiological measurements, but 
it also can be a strength by providing evidence of the effect of the 
medication treatments in various psychiatric disorders.

6. Conclusion

Electrophysiological measures related to the visual system are of 
particular interest for mental health, especially if added to other 
indicators in routine clinical assessments. The literature mainly 
showed deficits in N95 ERG wave and P100 VEP-EEG wave obtained 
with coupled and decoupled ERG/VEP-EEG measurements in PD, 
AD, and major depressive disorder. Although several factors — such 
as age, sex gender and medication — influence electrophysiological 

data, the present results reveal the challenge of including additional 
electrophysiological indicators associated with the visual system in 
clinical research. For instance, coupled ERG and VEP-EEG 
measurements with the help of machine learning techniques are also 
required to improve precision medicine and to accurately establish the 
location of abnormalities along the visual pathway. The advantages 
they offer will improve patient management in healthcare services and 
optimize the clinical diagnosis of various neurodegenerative and 
psychiatric pathologies such as PD, AD, schizophrenia and bipolar 
disorders to create precision medicine.

Author contributions

TS, VL, VL-D, and RS were responsible for the research concept 
and design. KT, IR, HM-M, and GG participated in all bibliographic 
research. KT, IR, TS, and SC drafted the manuscript. All authors 
contributed to the article and approved the submitted version.

Conflict of interest

KT, IR, and HM-M were employed by BioSerenity.
The remaining authors declare that the research was conducted in 

the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
 1. Schwitzer T, Leboyer M, Laprévote V, Louis Dorr V, Schwan R. Using retinal 

electrophysiology toward precision psychiatry. Eur Psychiatry. (2022) 65:e9. doi: 
10.1192/j.eurpsy.2022.3

 2. Hoon M, Okawa H, Della Santina L, Wong ROL. Functional architecture of the 
retina: development and disease. Prog Retin Eye Res. (2014) 42:44–84. doi: 10.1016/j.
preteyeres.2014.06.003

 3. Famiglietti EV, Kolb H. Structural basis for ON-and OFF-center responses in retinal 
ganglion cells. Science. (1976) 194:193–5. doi: 10.1126/science.959847

 4. Wässle H. Parallel processing in the mammalian retina. Nat Rev Neurosci. (2004) 
5:747–57. doi: 10.1038/nrn1497

 5. London A, Benhar I, Schwartz M. The retina as a window to the brain-from eye 
research to CNS disorders. Nat Rev Neurol. (2013) 9:44–53. doi: 10.1038/
nrneurol.2012.227

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

 7. Dacey DM. The mosaic of midget ganglion cells in the human retina. J Neurosci. 
(1993) 13:5334–55. doi: 10.1523/JNEUROSCI.13-12-05334.1993

 8. Perry VH, Oehler R, Cowey A. Retinal ganglion cells that project to the dorsal 
lateral geniculate nucleus in the macaque monkey. Neuroscience. (1984) 12:1101–23. doi: 
10.1016/0306-4522(84)90006-x

 9. Kolb H, Linberg KA, Fisher SK. Neurons of the human retina: a Golgi study. J Comp 
Neurol. (1992) 318:147–87. doi: 10.1002/cne.903180204

 10. Croner LJ, Kaplan E. Receptive fields of P and M ganglion cells across the primate 
retina. Vis Res. (1995) 35:7–24. doi: 10.1016/0042-6989(94)E0066-T

 11. Froehlich J, Kaufman DI. The pattern electroretinogram: N95 amplitudes in 
normal subjects and optic neuritis patients. Electroencephalogr Clin Neurophysiol. (1993) 
88:83–91. doi: 10.1016/0168-5597(93)90059-x

 12. Milner AD, Goodale MA. Two visual systems re-viewed. Neuropsychologia. (2008) 
46:774–85. doi: 10.1016/j.neuropsychologia.2007.10.005

 13. DeValois RL, DeValois KK. Spatial Vision. New York, NY: OUP (1990). 396 p.

 14. Hubel DH, Wiesel TN. Ferrier lecture  - functional architecture of macaque 
monkey visual cortex. Proc. R. Soc. B: Biol. Sci. (1977) 198:1–59. doi: 10.1098/
rspb.1977.0085

 15. Kremers J, McKeefry DJ, Murray IJ, Parry NRA. Developments in non-invasive 
visual electrophysiology: a review. Vis Res. (2020) 174:50–6. doi: 10.1016/j.
visres.2020.05.003

 16. Silverstein SM, Fradkin SI, Demmin DL. Schizophrenia and the retina: towards 
a 2020 perspective. Schizophr Res. (2020) 219:84–94. doi: 10.1016/j.
schres.2019.09.016

 17. Pearl JR, Heath LM, Bergey DE, Kelly JP, Smith C, Laurino MY, et al. Enhanced 
retinal responses in Huntington’s disease patients. J Huntingtons Dis. (2017) 6:237–47. 
doi: 10.3233/JHD-170255

 18. Parisi V, Restuccia R, Fattapposta F, Mina C, Bucci MG, Pierelli F. Morphological 
and functional retinal impairment in Alzheimer’s disease patients. Clin Neurophysiol. 
(2001) 112:1860–7. doi: 10.1016/s1388-2457(01)00620-4

https://doi.org/10.3389/fpsyt.2023.1167654
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://doi.org/10.1192/j.eurpsy.2022.3
https://doi.org/10.1016/j.preteyeres.2014.06.003
https://doi.org/10.1016/j.preteyeres.2014.06.003
https://doi.org/10.1126/science.959847
https://doi.org/10.1038/nrn1497
https://doi.org/10.1038/nrneurol.2012.227
https://doi.org/10.1038/nrneurol.2012.227
https://doi.org/10.1007/s10633-014-9473-7
https://doi.org/10.1523/JNEUROSCI.13-12-05334.1993
https://doi.org/10.1016/0306-4522(84)90006-x
https://doi.org/10.1002/cne.903180204
https://doi.org/10.1016/0042-6989(94)E0066-T
https://doi.org/10.1016/0168-5597(93)90059-x
https://doi.org/10.1016/j.neuropsychologia.2007.10.005
https://doi.org/10.1098/rspb.1977.0085
https://doi.org/10.1098/rspb.1977.0085
https://doi.org/10.1016/j.visres.2020.05.003
https://doi.org/10.1016/j.visres.2020.05.003
https://doi.org/10.1016/j.schres.2019.09.016
https://doi.org/10.1016/j.schres.2019.09.016
https://doi.org/10.3233/JHD-170255
https://doi.org/10.1016/s1388-2457(01)00620-4


Tursini et al. 10.3389/fpsyt.2023.1167654

Frontiers in Psychiatry 08 frontiersin.org

 19. Bernardin F, Schwitzer T, Angioi-Duprez K, Giersch A, Jansen C, Schwan R, et al. 
Retinal ganglion cells dysfunctions in schizophrenia patients with or without visual 
hallucinations. Schizophr Res. (2020) 219:47–55. doi: 10.1016/j.schres.2019.07.007

 20. Butler PD, Martinez A, Foxe JJ, Kim D, Zemon V, Silipo G, et al. Subcortical visual 
dysfunction in schizophrenia drives secondary cortical impairments. Brain. (2007) 
130:417–30. doi: 10.1093/brain/awl233

 21. Yeap S, Kelly SP, Reilly RB, Thakore JH, Foxe JJ. Visual sensory processing deficits 
in patients with bipolar disorder revealed through high-density electrical mapping. J 
Psychiatry Neurosci. (2009) 34:1180–4882.

 22. Knebel J-F, Javitt DC, Murray MM. Impaired early visual response modulations to 
spatial information in chronic schizophrenia. Psychiatry Res. (2011) 193:168–76. doi: 
10.1016/j.pscychresns.2011.02.006

 23. Kirby E, Bandelow S, Hogervorst E. Visual impairment in Alzheimer’s disease: a 
critical review. J Alzheimers Dis. (2010) 21:15–34. doi: 10.3233/JAD-2010-080785

 24. Leruez S, Annweiller C, Etcharry-Bouyx F, Verny C, Beauchet O, Milea D. Les 
troubles visuels au cours de la maladie d’Alzheimer. J Fr Ophtalmol. (2012) 35:308–11. 
doi: 10.1016/j.jfo.2011.11.003

 25. Bernardin F, Schwitzer T, Angioi-Duprez K, Giersch A, Ligier F, Bourion-Bedes S, 
et al. Retinal dysfunctions in a patient with a clinical high risk for psychosis and severe 
visual disturbances: a single case report. Early Interv Psychiatry. (2020) 15:1784–8. doi: 
10.1111/eip.13103

 26. Bernardin F, Schwitzer T, Schwan R, Angioi-Duprez K, Ligier F, Bourion-Bedes S, 
et al. Altered central vision and amacrine cells dysfunction as marker of 
hypodopaminergic activity in treated patients with schizophrenia. Schizophr Res. (2022) 
239:134–41. doi: 10.1016/j.schres.2021.11.049

 27. Tursini K, Le Cam S, Schwan R, Gross G, Angioi-Duprez K, Conart J-B, et al. 
Visual electrophysiology and neuropsychology in bipolar disorders: a review on current 
state and perspectives. Neurosci Biobehav Rev. (2022) 140:104764. doi: 10.1016/j.
neubiorev.2022.104764

 28. Hébert M, Mérette C, Gagné A-M, Paccalet T, Moreau I, Lavoie J, et al. The 
Electroretinogram may differentiate schizophrenia from bipolar disorder. Biol 
Psychiatry. (2020) 87:263–70. doi: 10.1016/j.biopsych.2019.06.014

 29. Youssef P, Nath S, Chaimowitz GA, Prat SS. Electroretinography in psychiatry: a 
systematic literature review. Eur Psychiatry. (2019) 62:97–106. doi: 10.1016/j.
eurpsy.2019.09.006

 30. Sunderland T, Gur RE, Arnold SE. The use of biomarkers in the elderly: current 
and future challenges. Biol Psychiatry. (2005) 58:272–6. doi: 10.1016/j.
biopsych.2005.05.016

 31. Duncan CC, Barry RJ, Connolly JF, Fischer C, Michie PT, Näätänen R, et al. Event-
related potentials in clinical research: guidelines for eliciting, recording, and quantifying 
mismatch negativity, P300, and N400. Clin Neurophysiol. (2009) 120:1883–908. doi: 
10.1016/j.clinph.2009.07.045

 32. Williams LM. Precision Psychiatry: Using Neuroscience Insights to Inform Personally 
Tailored, Measurement-Based Care. Washington, DC: American Psychiatric Pub (2021). 
302 p.

 33. Nightingale S, Mitchell KW, Howe JW. Visual evoked cortical potentials and 
pattern electroretinograms in Parkinson’s disease and control subjects. J Neurol 
Neurosurg Psychiatry. (1986) 49:1280–7. doi: 10.1136/jnnp.49.11.1280

 34. Calzetti S, Franchi A, Taratufolo G, Groppi E. Simultaneous VEP and PERG 
investigations in early Parkinson’s disease. J Neurol Neurosurg Psychiatry. (1990) 
53:114–7. doi: 10.1136/jnnp.53.2.114

 35. Krasodomska K, Lubiński W, Potemkowski A, Honczarenko K. Pattern 
electroretinogram (PERG) and pattern visual evoked potential (PVEP) in the early 
stages of Alzheimer’s disease. Doc Ophthalmol. (2010) 121:111–21. doi: 10.1007/
s10633-010-9238-x

 36. Ngoo QZ, Wan Hitam WH, Ab RA. Evaluation of retinal nerve Fiber layer 
thickness, Electroretinogram and visual evoked potential in patients with Alzheimer’s 
disease. J Ophthalmol. (2019) 2019:6248185–7. doi: 10.1155/2019/6248185

 37. Bubl E, Kern E, Ebert D, Riedel A, Tebartz van Elst L, Bach M. Retinal dysfunction 
of contrast processing in major depression also apparent in cortical activity. Eur Arch 
Psychiatry Clin Neurosci. (2015) 265:343–50. doi: 10.1007/s00406-014-0573-x

 38. Castrogiovanni P, Di Muro A, Maremmani I, Perossini M, Marazziti D. Interaction 
between the serotonin and dopamine systems in humans: preliminary findings. Brain 
Res. (1989) 504:129–31. doi: 10.1016/0006-8993(89)91608-9

 39. Hanitzsch R, Küppers L, Flade A. The effect of GABA and the GABA-uptake-
blocker NO-711 on the b-wave of the ERG and the responses of horizontal cells to light. 
Graefes Arch Clin Exp Ophthalmol. (2004) 242:784–91. doi: 10.1007/s00417-004-0919-6

 40. Porciatti V, Alesci R, Bagnoli P, Signorini G, Raffaelli A. Serotonin depletion 
modifies the pigeon electroretinogram. Doc Ophthalmol. (1989) 72:93–100. doi: 10.1007/
BF00155218

 41. Gottlob I, Weghaupt H, Vass C, Auff E. Effect of levodopa on the human pattern 
electroretinogram and pattern visual evoked potentials. Graefes Arch Clin Exp 
Ophthalmol. (1989) 227:421–7. doi: 10.1007/BF02172892

 42. Marmor MF, Hock P, Schechter G, Pfefferbaum A, Berger PA, Maurice R. 
Oscillatory potentials as a marker for dopaminergic disease. Doc Ophthalmol. (1988) 
69:255–61. doi: 10.1007/BF00154406

 43. Peppe A, Stanzione P, Pierelli F, Stefano E, Rizzo PA, Tagliati M, et al. Low contrast 
stimuli enhance PERG sensitivity to the visual dysfunction in Parkinson’s disease. 
Electroencephalogr Clin Neurophysiol. (1992) 82:453–7. doi: 
10.1016/0013-4694(92)90051-i

 44. Devos D, Tir M, Maurage CA, Waucquier N, Defebvre L, Defoort-Dhellemmes S, 
et al. ERG and anatomical abnormalities suggesting retinopathy in dementia with Lewy 
bodies. Neurology. (2005) 65:1107–10. doi: 10.1212/01.wnl.0000178896.44905.33

 45. Popova E, Kupenova P. Effects of dopamine receptor blockade on the intensity-
response function of ERG b- and d-waves in dark adapted eyes. Vis Res. (2013) 88:22–9. 
doi: 10.1016/j.visres.2013.06.004

 46. Chen G, Henter ID, Manji HK. Looking ahead: electroretinographic anomalies, 
glycogen synthase kinase-3, and biomarkers for neuropsychiatric disorders. Biol 
Psychiatry. (2014) 76:86–8. doi: 10.1016/j.biopsych.2014.05.005

 47. Wassef A, Baker J, Kochan LD. GABA and schizophrenia: a review of basic science 
and clinical studies. J Clin Psychopharmacol. (2003) 23:601–40. doi: 10.1097/01.
jcp.0000095349.32154.a5

 48. Wang J, Mojumder DK, Yan J, Xie A, Standaert RF, Qian H, et al. In vivo 
electroretinographic studies of the role of GABAC receptors in retinal signal processing. 
Exp Eye Res. (2015) 139:48–63. doi: 10.1016/j.exer.2015.07.002

 49. Wu SM, Maple BR. Amino acid neurotransmitters in the retina: a functional 
overview. Vis Res. (1998) 38:1371–84. doi: 10.1016/S0042-6989(97)00296-4

 50. Falkenberg LE, Westerhausen R, Craven AR, Johnsen E, Kroken RA, Loberg E-M, 
et al. Impact of glutamate levels on neuronal response and cognitive abilities in 
schizophrenia. NeuroImage. (2014) 4:576, 576–84. doi: 10.1016/j.nicl.2014.03.014

 51. Kantrowitz J, Javitt DC. Glutamatergic transmission in schizophrenia: from basic 
research to clinical practice. Curr Opin Psychiatry. (2012) 25:96–102. doi: 10.1097/
YCO.0b013e32835035b2

 52. Lee IO, Skuse DH, Constable PA, Marmolejo-Ramos F, Olsen LR, Thompson DA. 
The electroretinogram b-wave amplitude: a differential physiological measure for 
attention deficit hyperactivity disorder and autism Spectrum disorder. J Neurodev 
Disord. (2022) 14:30. doi: 10.1186/s11689-022-09440-2

 53. Horiguchi M, Suzuki S, Kondo M, Tanikawa A, Miyake Y. Effect of glutamate 
analogues and inhibitory neurotransmitters on the electroretinograms elicited by 
random sequence stimuli in rabbits. Invest Ophthalmol Vis Sci. (1998) 39:2171–6.

 54. Warner R, Laugharne J, Peet M, Brown L, Rogers N. Retinal function as a marker 
for cell membrane omega-3 fatty acid depletion in schizophrenia: a pilot study. Biol 
Psychiatry. (1999) 45:1138–42. doi: 10.1016/s0006-3223(98)00379-5

 55. Moghimi P, Torres Jimenez N, McLoon LK, Netoff TI, Lee MS, MacDonald A, et al. 
Electoretinographic evidence of retinal ganglion cell-dependent function in 
schizophrenia. Schizophr Res. (2020) 219:34–46. doi: 10.1016/j.schres.2019.09.005

 56. Balogh Z, Benedek G, Kéri S. Retinal dysfunctions in schizophrenia. Prog 
Neuro-Psychopharmacol Biol Psychiatry. (2008) 32:297–300. doi: 10.1016/j.
pnpbp.2007.08.024

 57. Roy A, Roy M, Smelson DA. Risperidone, ERG, and cocaine craving. Am J Addict. 
(1998) 7:90–0. doi: 10.1111/j.1521-0391.1998.tb00473.x

 58. Sato T, Yoneyama T, Kim HK, Suzuki TA. Effect of dopamine and haloperidol on 
the c-wave and light peak of light-induced retinal responses in chick eye. Doc 
Ophthalmol. (1987) 65:87–95. doi: 10.1007/BF00162724

 59. Hébert M, Mérette C, Paccalet T, Gagné A-M, Maziade M. Electroretinographic 
anomalies in medicated and drug free patients with major depression: tagging the 
developmental roots of major psychiatric disorders. Prog Neuro-Psychopharmacol Biol 
Psychiatry. (2017) 75:10–5. doi: 10.1016/j.pnpbp.2016.12.002

 60. Tomoda H, Celesia GG, Brigell MG, Toleikis S. The effects of age on steady-state 
pattern electroretinograms and visual evoked potentials. Doc Ophthalmol. (1991) 
77:201–11. doi: 10.1007/BF00161368

 61. Celesia GG, Kaufman D, Cone S. Effects of age and sex on pattern 
electroretinograms and visual evoked potentials. Electroencephalogr Clin Neurophysiol. 
(1987) 68:161–71. doi: 10.1016/0168-5597(87)90023-2

 62. Boyes WK, Degn L, George BJ, Gilbert ME. Moderate perinatal thyroid hormone 
insufficiency alters visual system function in adult rats. Neurotoxicology. (2018) 
67:73–83. doi: 10.1016/j.neuro.2018.04.013

 63. Chaychi S, Polosa A, Lachapelle P. Differences in retinal structure and 
function between aging male and female Sprague-Dawley rats are strongly 
influenced by the estrus cycle. PLoS One. (2015) 10:e0136056. doi: 10.1371/journal.
pone.0136056

 64. Jägle H, Heine J, Kurtenbach A. L:M-cone ratio estimates of the outer and inner 
retina and its impact on sex differences in ERG amplitudes. Doc Ophthalmol. (2006) 
113:105–13. doi: 10.1007/s10633-006-9019-8

 65. Lavoie J, Maziade M, Hébert M. The brain through the retina: the flash 
electroretinogram as a tool to investigate psychiatric disorders. Prog Neuro-
Psychopharmacol Biol Psychiatry. (2014) 48:129–34. doi: 10.1016/j.
pnpbp.2013.09.020

 66. Hébert M, Mérette C, Paccalet T, Émond C, Gagné A-M, Sasseville A, et al. Light 
evoked potentials measured by electroretinogram may tap into the neurodevelopmental 
roots of schizophrenia. Schizophr Res. (2015) 162:294–5. doi: 10.1016/j.
schres.2014.12.030

https://doi.org/10.3389/fpsyt.2023.1167654
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://doi.org/10.1016/j.schres.2019.07.007
https://doi.org/10.1093/brain/awl233
https://doi.org/10.1016/j.pscychresns.2011.02.006
https://doi.org/10.3233/JAD-2010-080785
https://doi.org/10.1016/j.jfo.2011.11.003
https://doi.org/10.1111/eip.13103
https://doi.org/10.1016/j.schres.2021.11.049
https://doi.org/10.1016/j.neubiorev.2022.104764
https://doi.org/10.1016/j.neubiorev.2022.104764
https://doi.org/10.1016/j.biopsych.2019.06.014
https://doi.org/10.1016/j.eurpsy.2019.09.006
https://doi.org/10.1016/j.eurpsy.2019.09.006
https://doi.org/10.1016/j.biopsych.2005.05.016
https://doi.org/10.1016/j.biopsych.2005.05.016
https://doi.org/10.1016/j.clinph.2009.07.045
https://doi.org/10.1136/jnnp.49.11.1280
https://doi.org/10.1136/jnnp.53.2.114
https://doi.org/10.1007/s10633-010-9238-x
https://doi.org/10.1007/s10633-010-9238-x
https://doi.org/10.1155/2019/6248185
https://doi.org/10.1007/s00406-014-0573-x
https://doi.org/10.1016/0006-8993(89)91608-9
https://doi.org/10.1007/s00417-004-0919-6
https://doi.org/10.1007/BF00155218
https://doi.org/10.1007/BF00155218
https://doi.org/10.1007/BF02172892
https://doi.org/10.1007/BF00154406
https://doi.org/10.1016/0013-4694(92)90051-i
https://doi.org/10.1212/01.wnl.0000178896.44905.33
https://doi.org/10.1016/j.visres.2013.06.004
https://doi.org/10.1016/j.biopsych.2014.05.005
https://doi.org/10.1097/01.jcp.0000095349.32154.a5
https://doi.org/10.1097/01.jcp.0000095349.32154.a5
https://doi.org/10.1016/j.exer.2015.07.002
https://doi.org/10.1016/S0042-6989(97)00296-4
https://doi.org/10.1016/j.nicl.2014.03.014
https://doi.org/10.1097/YCO.0b013e32835035b2
https://doi.org/10.1097/YCO.0b013e32835035b2
https://doi.org/10.1186/s11689-022-09440-2
https://doi.org/10.1016/s0006-3223(98)00379-5
https://doi.org/10.1016/j.schres.2019.09.005
https://doi.org/10.1016/j.pnpbp.2007.08.024
https://doi.org/10.1016/j.pnpbp.2007.08.024
https://doi.org/10.1111/j.1521-0391.1998.tb00473.x
https://doi.org/10.1007/BF00162724
https://doi.org/10.1016/j.pnpbp.2016.12.002
https://doi.org/10.1007/BF00161368
https://doi.org/10.1016/0168-5597(87)90023-2
https://doi.org/10.1016/j.neuro.2018.04.013
https://doi.org/10.1371/journal.pone.0136056
https://doi.org/10.1371/journal.pone.0136056
https://doi.org/10.1007/s10633-006-9019-8
https://doi.org/10.1016/j.pnpbp.2013.09.020
https://doi.org/10.1016/j.pnpbp.2013.09.020
https://doi.org/10.1016/j.schres.2014.12.030
https://doi.org/10.1016/j.schres.2014.12.030


Tursini et al. 10.3389/fpsyt.2023.1167654

Frontiers in Psychiatry 09 frontiersin.org

 67. Hébert M, Gagné A-M, Paradis M-E, Jomphe V, Roy M-A, Mérette C, et al. 
Retinal response to light in young nonaffected offspring at high genetic risk of 
neuropsychiatric brain disorders. Biol Psychiatry. (2010) 67:270–4. doi: 10.1016/j.
biopsych.2009.08.016

 68. Remy I, Schwitzer T, Albuisson É, Schwan R, Krieg J, Bernardin F, et al. Impaired 
P100 among regular cannabis users in response to magnocellular biased visual stimuli. 
Prog Neuro-Psychopharmacol Biol Psychiatry. (2022) 113:110437. doi: 10.1016/j.
pnpbp.2021.110437

 69. Adams SA, Nasrallah HA. Multiple retinal anomalies in schizophrenia. Schizophr 
Res. (2018) 195:3–12. doi: 10.1016/j.schres.2017.07.018

 70. Gagné A-M, Moreau I, St-Amour I, Marquet P, Maziade M. Retinal function 
anomalies in young offspring at genetic risk of schizophrenia and mood disorder: the 
meaning for the illness pathophysiology. Schizophr Res. (2020) 219:19–24. doi: 10.1016/j.
schres.2019.06.021

 71. Maziade M, Raynaud J-P. Transformer les pratiques entre la psychiatrie de l’enfant 
et de l’adolescent et la psychiatrie de l’adulte pour une réelle prévention. Neuropsychiatr 
Enfance Adolesc. (2021) 69:401–9. doi: 10.1016/j.neurenf.2021.10.003

 72. McLoughlin G, Makeig S, Tsuang MT. In search of biomarkers in psychiatry: EEG-
based measures of brain function. Am J Med Genet B Neuropsychiatr Genet. (2014) 
165:111–21. doi: 10.1002/ajmg.b.32208

 73. Lahat D, Adali T, Jutten C. Multimodal data fusion: an overview of methods, 
challenges, and prospects. Proc IEEE. (2015) 103:1449–77. doi: 10.1109/
JPROC.2015.2460697

 74. James AP, Dasarathy BV. Medical image fusion: a survey of the state of the art. Inf 
Fusion. (2014) 19:4–19. doi: 10.1016/j.inffus.2013.12.002

 75. Cai H, Qu Z, Li Z, Zhang Y, Hu X, Hu B. Feature-level fusion approaches based on 
multimodal EEG data for depression recognition. Inf Fusion. (2020) 59:127–38. doi: 
10.1016/j.inffus.2020.01.008

https://doi.org/10.3389/fpsyt.2023.1167654
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://doi.org/10.1016/j.biopsych.2009.08.016
https://doi.org/10.1016/j.biopsych.2009.08.016
https://doi.org/10.1016/j.pnpbp.2021.110437
https://doi.org/10.1016/j.pnpbp.2021.110437
https://doi.org/10.1016/j.schres.2017.07.018
https://doi.org/10.1016/j.schres.2019.06.021
https://doi.org/10.1016/j.schres.2019.06.021
https://doi.org/10.1016/j.neurenf.2021.10.003
https://doi.org/10.1002/ajmg.b.32208
https://doi.org/10.1109/JPROC.2015.2460697
https://doi.org/10.1109/JPROC.2015.2460697
https://doi.org/10.1016/j.inffus.2013.12.002
https://doi.org/10.1016/j.inffus.2020.01.008

	Subsequent and simultaneous electrophysiological investigation of the retina and the visual cortex in neurodegenerative and psychiatric diseases: what are the forecasts for the medicine of tomorrow?
	1. Introduction
	2. Potential value and evidence for combining several electrophysio- logical indicators
	2.1. Anatomy of the visual pathway and relevant indicators for investigating neuropsychiatric disorders
	2.2. Potential value of gathering various visual indicators in clinical research

	3. Materials and methods
	4. Results
	5. Discussion
	5.1. Influence of several factors on electrophysiological parameters
	5.1.1. Neurodegeneration
	5.1.2. Medication
	5.1.3. Variation factors on electrophysiological measurements
	5.2. Why is it important to add new indicators in clinical research?

	6. Conclusion
	Author contributions
	Conflict of interest
	Publisher’s note

	References

