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76 neuro-ophthalmological patients including 67 who 
were during the same session also tested with a con-
ventional VEP system.
Results  VEPpeak recordings to standard (pattern-
reversal) and non-standard (motion-onset, red-green 
alternation) were robust and repeatable and obtained 
also in immobilized patients. Good comparability of 
results was achieved between VEPpeak and standard 
examination. Some systematic differences in peak 
latencies and amplitudes are consistent with differ-
ences in stimulus characteristics of the two compared 
systems.
Discussion  VEPpeak provides an inexpensive sys-
tem for clinical use requiring portability. In addition 
to ISCEV standard VEP protocols, free choice of 
stimuli and bio-signal recordings make the device 
universal for many electrophysiological purposes.

Keywords  VEP portable device · Pattern-reversal · 
Motion-onset · Cognitive ERP · VEPpeak · VEP 
diagnostics

Introduction

Visual evoked potential (VEP) examination is almost 
exclusively dependent on robust equipment of elec-
trophysiological laboratories, which typically cannot 
be simply transported to places where examination of 
VEPs is needed. Thus, patients must be transported to 
specialized laboratories irrespective of their mobility. 

Abstract 
Introduction  We developed a new portable device 
called “VEPpeak” for the examination of visual 
evoked potentials (VEPs) to extend VEP examination 
beyond specialized electrophysiological laboratories 
and to simplify the use of this objective, noninvasive, 
and low-cost method for diagnostics of visual and 
central nervous system dysfunctions.
Methods  VEPpeak consists of a plastic headset with 
a total weight of 390 g containing four EEG ampli-
fiers, an A/D converter, a control unit, and a visual 
LED stimulator built in the front, vertically adjust-
able peak. The device is powered and controlled via 
USB connection from a standard PC/notebook using 
custom software for visual stimuli generation and for 
VEP recording and processing. Up to four electrodes 
can be placed at any scalp location or in combination 
with two dry electrodes incorporated into the headset. 
External visual stimulators, such as a tablet, can be 
used with synchronization. Feasibility and validation 
studies were conducted with 86 healthy subjects and 

Supplementary Information  The online version 
contains supplementary material available at https://​doi.​
org/​10.​1007/​s10633-​022-​09911-w.

M. Kuba (*) · J. Kremláček · F. Vít · Z. Kubová · 
J. Langrová · J. Szanyi · M. Chutná 
Electrophysiological Lab, Dept. of Pathophysiology, 
Faculty of Medicine, Charles Univ, Simkova 870, 
500 03 Hradec Králové, Czech Republic
e-mail: kuba@lfhk.cuni.cz

http://orcid.org/0000-0003-2525-0463
http://crossmark.crossref.org/dialog/?doi=10.1007/s10633-022-09911-w&domain=pdf
https://doi.org/10.1007/s10633-022-09911-w
https://doi.org/10.1007/s10633-022-09911-w


80	 Doc Ophthalmol (2023) 146:79–91

1 3
Vol:. (1234567890)

A simplified flash VEP examination which is some-
times used (e.g., https://​lkc.​com/​produ​cts/​retev​al-2/) 
does not provide sufficient information about dys-
functions of the visual pathway [1, 2]. Since complete 
VEP examination may not always be available, VEP 
diagnostic applications are still rather limited. Never-
theless, VEP examination represents a useful diagnos-
tic tool in ophthalmology and neurology and for the 
evaluation of CNS functional changes in many other 
medical specialties. This motivated us to develop a 
fully portable, inexpensive device that could be used 
in almost any place in all body positions.

We also sought to enable an effective peripheral 
visual stimulation [3–5] that would not interfere with 
the central area of the visual field. This would enable 
prolonged monitoring of VEPs by examined subjects 
even during some working activities to recognize pos-
sible changes in visual perception and attention typi-
cally due to fatigue or medicaments. The commonly 
used pattern-reversal stimulation usually covers the 
central part of the visual field (“working area”) since 
standard pattern stimuli provide smaller VEP ampli-
tudes outside the central ~ 20° of the visual field [6]. 
This can limit the sensitivity of the VEP examination 
when the pathology influences only the peripheral 
visual perception. In some cases, this may concern 
the magnocellular system or the dorsal stream of the 
visual pathway [7, 8].

Methods

The 5th version of the prototype of a portable device 
for VEP examination, called “VEPpeak,” developed 
in our laboratory, was used. It consists of a visual 
stimulator, 4-channel low-noise EEG amplifiers, and 
a control unit. It includes a 3D accelerometer for the 

rejection of head movement artifacts and a surround-
ing luminance detector for the possibility of adap-
tive regulation of visual stimuli luminance. Thus, the 
examination can be performed in various luminance 
environments. Two digital inputs are available, which 
can be used to detect the subject’s reactions in cog-
nitive evoked potential examination or external trig-
gering of recordings. All parts are built in a headset 
(see Fig. 1a), which can be fixed on the head of the 
examined subject with an adjustable fastener band. 
The device has a total weight of 390  g and can be 
connected by a galvanically isolated USB interface 
with a control and evaluation unit, such as a laptop 
computer. Special software was developed for vis-
ual stimuli generation, recording, and evaluation of 
VEPs. The device control library is currently avail-
able in the Matlab environment. Users can program 
their own stimuli, start recording with external events 
and record large spectrum of biosignals.

This version of the device has a CE mark indicat-
ing conformity with health, safety, and environmental 
protection standards, but its aesthetics have not been 
finalized yet.

VEP stimuli

The built‑in visual stimulator

Enables basic VEP examination. It consists of a 
matrix of 32 color LEDs (diameter of 5 mm) placed 
in two horizontal rows (2 × 16) in the front part 
(peak) of the device at about 7.5 cm from the sub-
ject’s eyes. Thus, the angular size of each LED is 
about 4°, and the total stimulus field subtends about 
65° × 10°, as shown in Fig.  1b. This arrangement 
does not allow good visual accommodation (focus-
ing) on small details, mainly in older people (thus 

Fig. 1   Left—the latest ver-
sion of the portable VEP-
peak device with accesso-
ries (control notebook and 
external stimulator tablet). 
Right—detailed view on the 
built-in LED stimulator and 
two pre-frontal dry record-
ing electrodes (circular 
targets)

https://lkc.com/products/reteval-2/


81Doc Ophthalmol (2023) 146:79–91	

1 3
Vol.: (0123456789)

for higher pattern spatial frequencies an exter-
nal stimulator is used—see below), however, it is 
o.k. with the pattern size of 4° and in motion or 
color stimuli. Individual LEDs can be controlled 
with an accuracy of 1  ms by switching them on/
off, changing the luminance (in 128 levels), or 
changing the color. Thus, it is possible to produce 
flashes, pattern-reversals, pattern on/off, apparent 
motion, color, or cognitive stimulations. But users 
can freely program a large spectrum of other visual 
stimuli. Light fixation points for monocular and 
binocular stimulations are located in appropriate 
places. The front part of the device with LEDs is 
vertically adjustable (can be manually set along the 
vertical axis), so it is possible to select either stim-
ulation of the central part of the visual field with 
LEDs in front of the eyes (for neuro-ophthalmolog-
ical diagnostics) or peripheral stimulation outside 
the central area of the visual field up to about 40° 
to the periphery. This might be useful for applica-
tions such as the long-term monitoring of VEPs. 
For this purpose visual motion-stimulation can 
be used that is effective enough in the periphery 
[3–5]. A background luminance detector helps for 
adaptive luminance control of the LEDs to main-
tain approximately constant luminance contrast 
related to the luminance of the surroundings.

The following LED stimuli were tested: Flash 
stimuli of 50-ms duration and frequency of 1  Hz 
(changeable luminance up to about 2.000  cd/m2 
is available); “Pattern-reversal” stimuli (switch-
ing the adjacent LEDs on/off) with 1 reversal per 
second (average luminance of 40  cd/m2) provides 
a spatial frequency of only 0.125 c/deg (LED size 
dependent); Motion-onset stimulation formed by 
the 200-ms apparent horizontal motion of four 
LED triplets (luminance of 20  cd/m2—the lower 
luminance corresponds to optimal parameters 
for the magnocellular pathway activation [3, 8]), 
which alternate in opposite directions with a tem-
poral frequency of about 5 Hz and a 1-s interstimu-
lus interval (ISI); isoluminant (40 cd/m2) red/green 
LED stimuli alternating in the full field with the 
frequency of 1  Hz. Because of the limited extent 
of this article visual stimuli for cognitive potentials 
(P300) examination will be described in a separate 
article (in preparation).

Additional external visual stimulators

During the first clinical tests, it was found that the 
device with the above-described visual stimula-
tions does not have sufficient diagnostic sensitivity 
in diagnostics of optic nerve disorders that influence 
visual acuities, such as Optic Neuritis and Multiple 
Sclerosis. The reason is that the spatial frequency of 
the “pattern reversal” produced by the built-in LED 
stimulator is too low (0.125 c/deg). Replacement of 
the LEDs with a subtle OLED display or implemen-
tation of some optical system that would decrease 
the size of pattern-reversal elements would be tech-
nically difficult and expensive, and we are trying to 
keep the price of the device low. Thus, the stimula-
tion possibilities were extended by introducing an 
external stimulator that does not influence the port-
ability of the whole examination set with a weight of 
2.5 kg (including the control laptop). A portable low-
weight tablet can simply be used—see Figs.  1a and 
2. All standard stimuli with comparable parameters 
according to ISCEV standard [9] (e.g., checkerboard 
pattern-reversal 60’ and 15’) or any other useful 
stimuli can be generated in this way. Below described 
motion-onset stimuli were used according to [8, 10].

The VEP recording is triggered by a photocell that 
is fixed to the stimulating display and connected to 
one of the digital inputs of the device. This external 
stimulator can be placed with the use of an adjust-
able holder in front of the eyes. The stimulus field of 
our iPad was about 28° × 21° at a distance of 40 cm 
from the eyes. It can also be used with immobilized 
patients (Fig. 2) or patients in bed.

VEP recording with portable “VEPpeak” device

Four unipolar channels can be recorded with dry sur-
face electrodes using built-in EEG low-noise ampli-
fiers (0.8–100 Hz). The attenuation of the high pass 
filter is 40 dB/decade, and that of the low pass filter 
is 60 dB/decade). An integrated 16-bit A/D converter 
with a sampling frequency of 1 kHz is used, and a sig-
nal resolution of about 0.1 µV is achieved. Two fixed 
electrodes are built into the frontal part of the headset 
fixation band at positions Fp1 and Fp2, which do not 
require any special montage on a non-hairy forehead. 
These two channels are ready for immediate, simple, 
and even non-professional monitoring of VEPs. VEPs 
are recordable in this location when suitable visual 
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stimuli are used, such as peripheral motion-onset 
stimulation (see Fig. 3). However, large artifacts can 
appear in the fixed pre-frontal channels due to blink-
ing eyes, which can be eliminated online by properly 
setting the rejection amplitude level of the signal.

Two additional electrodes are free and can be 
placed adequately according to the type of visual 
stimulation, such as at Oz for pattern-reversal VEPs 
and at Pz or lateral parieto-occipital electrodes for 
motion-onset VEPs [3, 5, 8]. Also, the fixed pre-fron-
tal electrodes can be replaced with free electrodes for 
higher flexibility of the 4-channel VEP recordings. 
The reference electrode and the electrode for noise 
suppression of the recorded signal (Czech Technical 
University in Prague—patent CZ 302,454) are placed 
on the opposite sides of an earlobe clip.

VEP recording settings

Before each VEP examination, the used channels 
and visual stimulation are selected from a menu 
along with the number of single VEP sweeps (EEG 
segments for averaging), their duration, ISI, levels 
for artifact rejections, and signal smoothing with 
a Savitzky–Golay filter. Additionally, “notch fil-
ter” and “detrend” functions can also be used. The 
number of accepted non-rejected single VEPs and 
the average VEP is displayed for each channel. It is 
also possible to visualize continuous EEG and some 
statistical characteristics of the signal, such as the 
signal-to-noise ratio, standard deviation, and the 
significant peaks/segments of the average VEPs. 
The layout of the whole display is shown in Fig. 4. 

All single VEPs are saved, and any manipulation of 
data is available off-line.

The noise content in the recorded EEG signal 
is quite low thanks to the special noise-reduction 
method, so a sufficient signal-to-noise ratio in the 
averaged VEPs is achieved with a low number of 
single VEPs. In most of our experiments with this 
VEP device, only 20 single VEP sweeps were aver-
aged. This significantly decreases the duration of 
one average VEP acquisition (usually 20  s only), 
which can help to improve the quality and reliability 
of the average VEPs (fewer blinks, motion artifacts, 
lower tiredness—better concentration).

Evaluation of VEPs

During recording, visualization of the significance 
of emerging peaks can be used to manually termi-
nate the recording. In off-line evaluation, it is possi-
ble to mark significant peaks. Values of their laten-
cies and amplitudes are saved, and a summarized 
table appears in the printed protocol of the VEP 
record. It is also possible to display and print out up 
to nine overlapped VEP records for visual inspec-
tion of either interocular differences, intra-indi-
vidual stability of the repeated VEP recordings, or 
inter-individual differences (Fig.  5). In the case of 
visually evoked cognitive potentials, target and non-
target responses are displayed online in different 
colors. Saved VEPs can be re-evaluated repeatedly 

Fig. 2   Arrangement of 
VEP examination with the 
built-in LED stimulator 
(left) and in an immobilized 
patient (right) with the use 
of the external stimulator in 
the adjustable holder
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Fig. 3   Comparison of the efficiency of central and peripheral 
motion-onset stimulations in top-two pre-frontal leads and bot-
tom-two parieto-occipital leads Central stimulation activates 

mainly the occipital and parietal cortex, the stimulation in the 
lower periphery (outside the central 20°) provides the largest 
amplitudes at both pre-frontal electrodes
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with different settings for smoothing and rejection 
criteria.

“Standard” VEP examination at our laboratory 
(SGlab system) with which the VEPpeak was 
compared

Our laboratory (founded in 1969) uses some long 
unchanged stimulation parameters that partially differ 

from those recommended by ISCEV. The differences 
between the used stimulations concerned stimulus 
luminance and spatial frequencies of checkerboard 
pattern-reversal (see below).

VEP recordings are performed in a Faraday cage, 
and they include unipolar derivations (with the right 
ear lobe reference) from the midline Oz, Pz, Cz and 
Fz, and Ol and Or (5  cm to the left and right from 
the Oz position). The lateral recording sites are used 

Fig. 4   Display of average pattern-reversal VEP from the 20 single responses Oz-A1 lead has the dominant positivity at 110 ms and 
inter-peak amplitudes of 16 and 15 µV. In the right part of the screen, VEP recording settings are available
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because the N2 peak of the motion-onset VEPs can 
be lateralized (due to different specialization of hemi-
spheres to motion-perception) toward the temporo-
occipital cortex [8].

Visual stimuli are generated using VSG 2.5 (CRS 
Ltd., UK) on a 21″ Iyama CRT monitor (Japan) 
with a vertical frequency of 105  Hz. The stimulus 
field subtends 37 × 28  deg with a viewing distance 
of 0.6 m, and the average luminance for all stimuli 
is 17  cd/m2. Using this rather low luminance is 

based on our own experience and some recommen-
dations, e.g., [11], leading to increased examination 
sensitivity by optic nerve pathology. The correct 
visual fixation is monitored via an infrared CCD 
camera. In the pattern-reversal stimulation, black-
white checkerboards with element sizes of 40’, 20’, 
and 10’ (standard set for about normal visual acu-
ity) and with 96% contrast according to Michelson 
are reversing at a frequency of 2 reversals/s.

Fig. 5   Example of overlapping VEPs for intra-/inter-indi-
vidual comparisons Twice-repeated monocular VEPs are dis-
played (left eye in green/gray, right eye in blue). The shape of 
pattern-reversal and red-green alternation VEPs is similar, with 

slightly longer latencies in red-green VEP. Pattern-reversal has 
here a detectable response (negativity) in pre-frontal electrodes 
(upper two)
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For the motion-onset VEPs, radial motion 
(“expansion/contraction”) of low contrast (10%) con-
centric circles with sinusoidal luminance modulation. 
The spatial frequency structure decreases, and the 
motion velocity increases from the center (fixation 
point) toward the periphery respecting the size of the 
retinal receptive fields and the sensitivity to motion 
velocity across the retina [12]. The moving stimuli 
have timing with 200 ms of motion, followed by 1 s 
ISI. For details of the standard methods in our labora-
tory, see, e.g., [13].

Examined healthy subjects and patients

Several pilot studies in healthy subjects and patients 
(groups 1–5) were already performed with the VEP-
peak to verify:

(a)	 The reliability of the new device (groups 1, 2)
(b)	 Comparability of the recorded VEPs with our 

standard laboratory equipment (group 3)
(c)	 Feasibility and sensitivity of the VEP examina‑

tion with the VEPpeak in neuro-ophthalmologi‑
cal patients (groups 4, 5)

Group 1: The first study with 20 healthy volun-
teers (21–24 years old) was oriented to compare 
parameters of VEPs acquired with the built-in 
LED visual stimulator.
Group 2: In a larger group of 51 non-experi-
enced healthy subjects (20–26 years old), sta-
tistical characteristics of the VEPs were tested, 
using the portable device with the external stim-
ulator. They were tested outside the laboratory 
in different variable environments to prove the 
device’s usability in almost any condition.
Group 3: After the introduction of the external 
stimulation, a group of 15 healthy subjects 
(eight women and seven men aged 22–25 years) 
was tested to compare differences between 
parameters of VEPs recorded with the use of the 
mobile device (VEPpeak) and VEPs recorded 
with our standard laboratory equipment.
Group 4: Fifty-two patients were examined 
from the departments of ophthalmology (e.g., 
with suspected optic neuritis, compression or 
trauma of the optic nerve, glaucoma, amblyo-
pia), from neurology (with suspected Multiple 

Sclerosis), and the department of infectious dis-
eases (with neuroborreliosis influencing optic 
nerves). After standard VEP examination in our 
laboratory, also the portable device was used to 
record monocular pattern-reversal VEPs (60’ 
and 15’ check size) and motion-onset VEPs and 
the results of both examinations were compared.
Group 5: Examination of VEPs using the port-
able device was done in 24 immobile patients 
with Multiple Sclerosis (62 ± 10 years).

Thus, altogether the functions of the portable VEP 
device have been tested in 86 healthy experimental 
subjects and 76 neuro-ophthalmological patients.

Statistical analysis

The data were statistically processed with R soft-
ware version 3.6.2 using the “nortest,” “ggplot2” and 
“BlandAltmanLeh” packages (R: A language and 
environment for statistical computing. R Foundation 
for Statistical Computing, Vienna, Austria).

The Anderson–Darling test for normal distribu-
tion was performed. Depending on the result, either 
a paired Student’s t test or the Wilcoxon signed-rank 
test was used to evaluate the differences between the 
VEP parameters from the VEPpeak and standard 
laboratory examination (SGlab system). For com-
parison of the diagnostic conformity of the VEPs 
from the portable device and standard examination, 
evaluation of the Pearson correlation coefficient “r” 
(coefficient of determination “r2”) was used but also 
Bland–Altman plots [14] and “concordance correla-
tion coefficients” [15], which are recommended to 
illustrate the agreement between a new method with 
an existing method (alignment between instruments) 
[16]. Besides the basic statistical characteristics of the 
compared data in the text, more details (taking into 
consideration their rather asymmetric distributions) 
are included in Supplementary Material.

Results

VEPs recorded with built‑in LED visual stimulation

The tests were done with 20 healthy volunteers—
group 1 specified in Methods. They provided satis-
factorily large VEP amplitudes, with relatively low 
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variability (see variation coefficients) and low vari-
ability of latencies compared to flash VEPs as it is 
shown in Table  1. The results showed that pattern-
reversal, motion-onset, and also red/green LED vis-
ual stimuli might be well used for diagnostics with 
VEPpeak.

Flash VEPs had the largest latency variability with 
a variation coefficient of over 20%. However, they 
remain part of the standard set of VEPs for the mobile 
device since high luminance flashes sometimes rep-
resent the only effective stimuli for acquiring detect-
able cortical responses in severely affected vision or 
babies. Motion-onset VEPs with low latency variabil-
ity represent the obligatory part of our VEP examina-
tion because they test the magnocellular system and 
the dorsal stream of the visual pathway quite selec-
tively [8].

VEPs recorded with external visual stimulation

Introducing an external stimulator led to the mag-
nification of the pattern-reversal and motion-onset 
VEPs and decreased their variability. In the group 
2 of 51 healthy subjects, variation coefficients of the 

dominant peak latencies of pattern-reversal VEPs 
from the portable device decreased below 10%, which 
is quite comparable with the VEPs recorded in much 
more constant laboratory conditions. Latencies and 
amplitudes distribution of all recorded VEPs is pro-
vided in Supplementary Material 1.

Comparison of VEPpeak with our standard 
laboratory equipment

We tested the parameters of the acquired VEPs 
(group 3) with the mobile device in a normal envi-
ronment and compared them with the parameters of 
VEPs recorded in our standard laboratory conditions 
in a Faraday cage. Comparable parameters of visual 
stimulations were used in both examinations per-
formed during one joint session without any change 
of the recording electrodes. Two repeated VEPs 
examinations in group 3 were done in a 1-month 
interval, and monocular VEPs from the dominant eye 
with normal visual acuity (with correction if needed) 
were recorded twice in each of the two examinations.

There were no significant differences in VEP 
parameters among the two repeated sessions showing 

Table 1   VEP parameters with built-in LED visual stimulation

Dominant peak latency is specified in each VEP type (P100 in pattern-reversal, positivity in red/green alternation, positivity in flash 
VEP and N2 peak in the motion-onset VEP). Amplitudes represent mean inter-peak amplitudes (average of two amplitudes of the 
dominant peak)

Stimulation Lead Latency [ms] Var. coeff. [%] Amplitude [µV] Var. coeff. [%]

Reversal 4° Oz 95 ± 11 12 4.3 ± 1.3 30
R/G alternat Oz 99 ± 10 10 4.7 ± 1.6 34
Flash 1 Hz Oz 103 ± 22 21 7.1 ± 3.6 51
Motion-onset Pz 158 ± 15 9 4.9 ± 1.9 39

Table 2   Comparison of VEP parameters in healthy subjects – portable device vs. standard lab

a Not comparable cognitive stimuli with the portable device
Dominant peak parameters are specified as in Table 1. P300 (P3b) parameters were evaluated in cognitive evoked potentials

VEP type Lead Portable device Standard laboratory

Lat [ms] Var. 
coeff. 
[%]

Amp [µV] Var. coeff. [%] Lat [ms] Var. 
coeff. 
[%]

Amp [µV] Var. coeff. [%]

Pattern rev. 60´ Oz 106 ± 8 8 13 ± 5 38 108 ± 5 5 15 ± 6 40
Pattern rev. 15´ Oz 111 ± 8 7 12 ± 6 50 113 ± 5 4 16 ± 9 56
Motion-onset Pz 153 ± 12 8 8 ± 3 37 149 ± 10 7 10 ± 3 30
Cognitive EP Cz 335 ± 24 7 23 ± 9 39 368 ± 24a 7 18 ± 71 39
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their good reproducibility. The average results from 
the second session are summarized in Table  2. Full 
statistical analysis is provided in Supplementary 
Material 2.

Except for visually evoked cognitive potentials 
(in which the cognitive stimulation in the laboratory 
was not comparable with the LED cognitive stimulus 
in the VEPpeak), all other kinds of VEPs had larger 
amplitudes and lower variability of latencies in stand-
ard laboratory conditions with a larger stimulus field 
and precisely constant physical parameters of the 
environment, including the electromagnetic shielding 
in the Faraday cage. Despite some latency differences 
dependent on the stimulus parameters and recording 
conditions, VEPs from the mobile device are robust 
enough to be suitable for diagnostic purposes.

Results of the pilot testing of the diagnostic 
sensitivity of the VEPpeak

In group 4, we have examined 52 patients (104 eyes) 
to verify whether the VEP results of the portable 
device agree with the diagnostic conclusions based 
on the standard VEP examination. Data and statisti-
cal parameters of all evaluated electrophysiological 
data for each examined eye are provided in Supple-
mentary Material 3. Summarized average values 
in Table 3 show that there are small but significant 
differences in paired comparison. Systematically 
smaller amplitudes and shorter latencies of VEPs 
from the portable device result highly probably from 
the smaller stimulus field and higher luminance of 
stimuli (40  cd/m2 vs. 17  cd/m2 in laboratory condi-
tions). However, all parameters displayed close cor-
relation (Pearson’s r = 0.57–0.81) and Bland–Altman 
plots [14] and “concordance correlation coefficients” 
[15] (in Supplementary Material 3) signalize good 
agreement between both VEP examination methods.

Figure 6 shows the distribution of the most sensi-
tive diagnostic criterion—the P100 latency of the pat-
tern-reversal 15’ (VEPpeak) or 20’ (standard labora-
tory system SGlab). Only 8 out of 94 eyes (= 8.5%) in 
which reliable VEPs were earned (in low visual acu-
ity they were not detectable) are in the right bottom 
quadrant of the graph—gray points are over the limit 
(> M + 2SD = 123 ms) for SGlab but below the limit 
for VEPpeak, another two have border latency values. 
This signalizes a slightly lower sensitivity (detection 
of a pathology) of the VEPpeak, which might depend 
on the little bit higher variability of VEP latencies 
from the portable device (Table  2) or it is possibly 
because of the specified suspected higher sensitiv-
ity of VEPs in the lower stimulation luminance [11]. 
There was also one case/eye (left upper quadrant) 
in which the pathology of the optic pathway was 
detected only with the portable device.

Similar results were also in comparison of the 
other evaluated VEP parameters. Altogether, in about 
90% of the examined eyes, the diagnostic conclusions 
from both examinations were identical.

In the group of 24 immobile patients with mul-
tiple sclerosis (group 5), it was confirmed that the 
VEP examination with the portable device is feasi-
ble in patients who could hardly undergo the stand-
ard VEP recordings in a normal electrophysiologi-
cal laboratory. In all these severely affected patients, 
significantly prolonged pattern-reversal or motion-
onset VEP latencies were found in at least one eye. 
The mean latency value for pattern-reversal 60’ P100 
peak was 142 ± 16 ms (upper limit 122 ms), and that 
for motion-onset N2 peak 201 ± 21  ms (upper limit 
177 ms). More details are in Supplementary Mate-
rial 4.

We also tested the device by examining three 
comatose babies with severe perinatal post-traumatic/
hypoxic brain involvement in the ICU. Using flash 
stimuli over closed eyelids, we successfully verified 

Table 3   Comparison of 
VEP parameters from 
standard examination 
(SGlab) and portable device 
(VEPpeak) in 52 neuro-
ophthalmological patients
R40´—pattern-reversal 
40´ and accordingly R60´, 
R20´, R15´; MO – motion-
onset VEP

Stimulation Latency [ms] Var. coeff. [%] Amplitude [µV] Var. coeff. [%]

SGlab R40´ 111 ± 11 10 10 ± 6 60
VEPpeak R60´ 103 ± 12 12 7 ± 5 71
SGlab R20´ 117 ± 13 11 10 ± 6 60
VEPpeak R15´ 112 ± 14 12 7 ± 5 71
SGlab MO 163 ± 18 11 8 ± 4 50
VEPpeak MO 168 ± 18 11 7 ± 4 57
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that there was the functioning projection by the vis-
ual pathway up to the primary visual cortex, result-
ing in detectable VEPs but with prolonged latencies. 
Such urgent diagnostic examination in the ICU would 
probably not be simply possible with standard VEP 
equipment.

Discussion

The development of the portable VEP device took 
about 10 years but here we provide only a description 
of the properties and parameters of the 5th latest ver-
sion of the prototype which is now ready for clinical 
use in neuro-ophthalmology. The most difficult tech-
nical problem was the elimination of stimulation arti-
facts from the recorded signal caused by the current 
for the LED stimulator.

The testing of a large spectrum of possible visual 
stimuli should continue since, e.g., the proposed long-
term VEP monitoring for possible detection of CNS 
fatigue and dysfunctions requires the use of adequate 
stimulation that also activates pre-frontal areas. Then, 
only the dry electrodes on the forehead might be suf-
ficient without any other electrode montage. This 
would simplify using the device for repeated self-
examinations of VEPs in some CNS dysfunctions that 
change over time—e.g., in some chronic encepha-
lopathies (uremic, hepatic), in changes of glycemia or 
in monitoring of effects of psychofarmacs.

VEPs to red/green alternation are not diagnosti-
cally used yet because of their more difficult interpre-
tation. They display larger inter-individual shape vari-
ability and distinct resistance to the pathology of the 
visual pathway. But they are quite robust and record-
able also in pre-frontal areas.

Fig. 6   Correlation between pattern-reversal VEP latencies from standard laboratory examination and VEPpeak in 94 eyes of neuro-
ophthalmological patients
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The achieved low inter-individual variability of 
VEPs from VEPpeak allows the creation of rela-
tively narrow latency norms, which is an important 
prerequisite for good diagnostic usability of the 
device, even in improvised conditions outside the 
standard laboratories.

In about 90% of the examined eyes, the diagnos-
tic conclusions from VEP examinations with the 
new portable device and the standard VEP equip-
ment were identical, which can be considered a 
good recommendation for using the portable device 
for a basic screening (monitoring) of a visual path-
way pathology. It should still improve when more 
precise norms from a larger group of control sub-
jects (age-dependent norms) as we have it for the 
SGlab system [13] will be created for the VEPpeak.

Our first results with cognitive potentials in 
schizophrenics (in preparation) show that the 
mobile device can also be used to examine patients 
who are not fully cooperative. Their potential anxi-
ety decreases when they are examined in an envi-
ronment they are familiar with (instead of a labora-
tory setting).

To our knowledge, there are recently numerous 
portable EEG devices in various headsets, but they 
are equipped with neither suitable visual stimulators 
nor software for clinical diagnostic VEP examination. 
Few exceptions exist, e.g., RETeval by “LKC,” a port-
able handheld ERG/VEP device providing only flash 
VEPs examination (https://​lkc.​com/​produ​cts/​retev​
al-2/). Just now, a new solution using smart glasses 
or Google Cardboard for pattern-reversal stimulation 
(instead of a PC monitor) combined with the small 
OpenBCI Cyton Board appeared [17]. Thus, it looks 
as though the need to provide a mobile VEP examina-
tion is already being understood.

Improvised VEP examinations outside a standard 
laboratory using existing stationary VEP equipment 
are not a common practice, mainly because of trou-
bles with montage/demontage and transport. There-
fore, a simple fully portable device can be helpful in 
many situations. Based on our first experience, we 
believe that the device might also extend the detection 
of such CNS and visual pathway dysfunctions that 
might not be sometimes recognizable by CT or MRI, 
such as in neuroborreliosis [18] various encephalopa-
thies [19, 20] or HIV positive patients [21]. However, 
a larger multicentric studies are needed for verifica-
tion of its practical usability.

Conclusions

The VEPpeak device offers full portability and a 
4-channel high-quality signal that is noise-resistant 
and free of motion artifacts. It has large visual stimu-
lation facilities, ISCEV VEP standard compatibility, 
the possibility of long-term VEP (self-) monitoring, 
quick and simple use, and a low price. These proper-
ties might help extend the diagnostic use and improve 
the accessibility of VEP examination, of which the 
importance currently seems to be underestimated.

Acknowledgements  The authors are grateful for the finan-
cial support from the Ministry of Health of the Czech Republic 
(Grant AZV No. NV18-08-00314), by the project of Charles 
University PROGRES Q40/07, and from the International 
Society for Clinical Electrophysiology of Vision (Marmor 
Award for Clinical Innovation).

Funding  This work was supported by the Ministry of Health 
of the Czech Republic (Grant AZV No. NV18-08–00314, by 
the project of Charles University PROGRES Q40/07) and by 
the International Society for Clinical Electrophysiology of 
Vision (Marmor Award). The sponsors provided financial sup-
port in the form of salaries and consumables and had no role in 
the design or conduct of this research.

Data availability  The dataset is obtainable from the corre-
sponding author upon reasonable request. More information is 
available at “VEPpeak.com.”

Code availability  The analysis script is available from the 
corresponding author upon reasonable request.

Declarations 

Conflicts of interest  All authors certify that they have no af-
filiations with or involvement in any organization or entity with 
any financial interest (such as honoraria; educational grants; 
participation in speakers’ bureaus; membership, employment, 
consultancies, stock ownership, or other equity interest; and 
expert testimony or patent-licensing arrangements), or non-
financial interest (such as personal or professional relationships, 
affiliations, knowledge, or beliefs) in the subject matter or mate-
rials discussed in this manuscript.

Consent to participate  Informed consent was obtained from 
all individual participants included in the study.

Ethical approval  The study was approved by the Ethical 
committee of the University Hospital in Hradec Kralove (No. 
201604 S19P).

Statement of human rights  All procedures performed in our 
study were in accordance with the ethical standards of the insti-
tutional and/or national research committee, as well as the 1964 
Helsinki Declaration and its later amendments or comparable 
ethical standards.

https://lkc.com/products/reteval-2/
https://lkc.com/products/reteval-2/


91Doc Ophthalmol (2023) 146:79–91	

1 3
Vol.: (0123456789)

Statement on the welfare of animals  This report does not 
contain any studies with animals performed by any of the 
authors.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Sokol S (1976) Visually evoked potentials: theory, tech-
niques and clinical applications. Surv Ophthalmol 
21:18–44

	 2.	 Walsh P, Kane N, Butler S (2005) The clinical role of 
evoked potentials. J Neurol Neurosurg Psychiatry 76:16–
22. https://​doi.​org/​10.​1136/​jnnp.​2005.​068130

	 3.	 Kuba M, Kubová Z (1992) Visual evoked potentials spe-
cific for motion-onset. Doc Ophthalmol 80:83–89

	 4.	 Schlykowa L, van Dijk BW, Ehrenstein WH (1993) 
Motion-onset visual-evoked potentials as a function of ret-
inal eccentricity in man. Cognitive Brain Res 1:169–174

	 5.	 Kremláček J, Kuba M, Chlubnová J, Kubová Z (2004) 
Effect of stimulus localisation on motion-onset VEP. 
Vision Res 44:2989–3000

	 6.	 Bartl G, van Lith GHM, van Marle W (1978) Cortical 
potentials evoked by a TV pattern reversal stimulus with 
varying check sizes and stimulus field. Br J Ophthalmol 
62:216–219

	 7.	 Heinrich SP (2007) A primer on motion visual evoked 
potentials. Doc Ophthalmol 114:83–105. https://​doi.​org/​
10.​1007/​s10633-​006-​9043-8

	 8.	 Kuba M, Kubová Z, Kremláček J et  al (2007) Motion-
onset VEPs: characteristics, methods, and diagnostic use. 
Vision Res 47:189–202. https://​doi.​org/​10.​1016/j.​visres.​
2006.​09.​020

	 9.	 Odom JV, Bach M, Brigell M et al (2016) ISCEV stand-
ard for clinical visual evoked potentials (2016 update). 
Doc Ophthalmol 133:1–9. https://​doi.​org/​10.​1007/​
s10633-​016-​9553-y

	10.	 Kremláček J, Kuba M, Kubová Z et  al (2007) Within-
session reproducibility of motion-onset VEPs: effect of 
adaptation/habituation or fatigue on N2 peak amplitude 
and latency. Doc Ophthalmol 115:95–103

	11.	 Cant BR, Hume Ann L, Shaw NA (1978) Effects of lumi-
nance on the pattern visual evoked potentials in multiple 
Sclerosis. Electroenceph Clin Neurophysiol 45:496–504

	12.	 Kremláček J, Kuba M, Kubová Z, Chlubnová J (2004) 
Motion-onset VEPs to translating, radial, rotating and spi-
ral stimuli. Doc Ophthalmol 109:169–175

	13.	 Kuba M, Kremlacek J, Langrova J, Kubova Z, Szanyi J, 
Vit F (2012) Aging effect in pattern, motion and cognitive 
visual evoked potentials. Vis Res 62:9–16

	14.	 Altman DG, Bland JM (1983) Measurement in medicine: 
the analysis of method comparison studies. The Statisti-
cian 32:307–317. https://​doi.​org/​10.​2307/​29879​37

	15.	 Lin LI (1989) A concordance correlation coefficient to 
evaluate reproducibility. Biometrics 45:255–268

	16.	 Parker RA, Scott C, Vanda I, Stevens NT (2020) Using 
multiple agreement methods for continuous repeated 
measures data: a tutorial for practitioners. BMC Med Res 
Methodol 20:1–14

	17.	 Terracciano R, Sanginario A, Puleo L et  al (2022) A 
novel system for measuring visual potentials evoked 
by passive head-mounted display stimulators. Doc 
Ophthalmol 144:125–135. https://​doi.​org/​10.​1007/​
s10633-​021-​09856-6

	18.	 Kubová Z, Szanyi J, Langrová J et al (2006) Motion-onset 
and pattern-reversal VEPs in diagnostics of Neuroborre-
liosis. J Clin Neurophysiol 23:416–420

	19.	 Kuba M, Kremláček J, Hulek P et  al (1996) Advanced 
electrophysiological diagnostics of hepatic and portosys-
temic encephalopathy. Acta Medica (Hradec Kralove) 
39:21–26

	20.	 Kamino D, Almazrooei A, Pang EW et al (2021) Abnor-
malities in evoked potentials associated with abnormal 
glycemia and brain injury in neonatal hypoxic-ischemic 
encephalopathy. Clin Neurophysiol 132:307–313. https://​
doi.​org/​10.​1016/j.​clinph.​2020.​09.​024

	21.	 Szanyi J, Kremláček J, Kubová Z, Kuba M, Gebouský P, 
Kapla J, Szanyi J, Vít F, Langrová J (2019) Visual evoked 
and event-related brain potentials in HIV-infected adults: 
a longitudinal study over 2.5 years. Doc Ophthalmol 
139:83–97

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1136/jnnp.2005.068130
https://doi.org/10.1007/s10633-006-9043-8
https://doi.org/10.1007/s10633-006-9043-8
https://doi.org/10.1016/j.visres.2006.09.020
https://doi.org/10.1016/j.visres.2006.09.020
https://doi.org/10.1007/s10633-016-9553-y
https://doi.org/10.1007/s10633-016-9553-y
https://doi.org/10.2307/2987937
https://doi.org/10.1007/s10633-021-09856-6
https://doi.org/10.1007/s10633-021-09856-6
https://doi.org/10.1016/j.clinph.2020.09.024
https://doi.org/10.1016/j.clinph.2020.09.024

	VEP examination with new portable device
	Abstract 
	Introduction 
	Methods 
	Results 
	Discussion 

	Introduction
	Methods
	VEP stimuli
	The built-in visual stimulator
	Additional external visual stimulators

	VEP recording with portable “VEPpeak” device
	VEP recording settings
	Evaluation of VEPs

	“Standard” VEP examination at our laboratory (SGlab system) with which the VEPpeak was compared
	Examined healthy subjects and patients
	Statistical analysis

	Results
	VEPs recorded with built-in LED visual stimulation
	VEPs recorded with external visual stimulation
	Comparison of VEPpeak with our standard laboratory equipment
	Results of the pilot testing of the diagnostic sensitivity of the VEPpeak

	Discussion
	Conclusions
	Acknowledgements 
	References




