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Abstract 

Variability in user performance has been a crucial hurdle that prevents the adoption of brain-computer 
interfaces (BCIs), but the factors that led to the variations were unclear. This study investigates the 
effect of age on the strength of steady-state visual evoked potentials (SSVEPs) – an important attribute 
that determines the BCI performance. Ninety-three subjects ranging from six to 78 years old were 
recruited for the study, and each of them was tested for their SSVEPs in response to flickering lights of 
five different frequencies presented at random sequences. The results showed that there is a significant 
correlation between the strength of SSVEP and user age, with weaker SSVEP response registered 
in older subjects at all stimulation frequencies tested. Further inter-group comparisons indicated that 
older subjects tended to show more attenuated SSVEP response compared to the younger and the 
middle-aged subjects, while there is no significant difference in the SSVEP amplitude between the 
subjects from the younger and the middle-age groups. The SSVEP response was stronger when elicited 
using light-emitting diode (LED) compared to liquid crystal display (LCD) stimulators. These findings 
suggest that age as an important factor in BCI performance, and learning about the age-associated 
changes could provide additional insight into adapting the BCI system to individual users.
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INTRODUCTION 

A brain-computer interface (BCI) is a system 
that translates users’ brain signals into messages 
or commands.1 Its original purpose is to enable 
severely disabled patients to communicate and 
to control external devices. However, in recent 
years, it has also been identified as a useful 
communication tool for moderately disabled 
patients2, as well as to aid with the rehabilitation 
of a specific group of patients requiring advanced 
neurofeedback.3-5 Unfortunately, despite of the 
great potentials, BCIs have not gained sufficient 
popularity in the clinical settings. One of the most 
crucial hurdles that prevent the adoption of BCIs 
is the variability in user performance.2 Notably, a 
considerable fraction of BCI illiterate has been 
consistently reported in the studies involving 
various BCI approaches over the years.6-9

	 A salient attribute that determines the 
performance of BCIs is undoubtedly the strength 
of the electrophysiological signals that are 
required to drive the system. Accordingly, various 
efforts have been directed towards enhancing 
the signal strength, many of which related to 
the system parameters and designs.10-12 While 
these endeavours have led to some encouraging 
successes, in many cases, it involved extensive 
testing and customization of a variety of 
parameters for individual users.13,14,15 Learning 
about individual differences, such as age and 
gender, as well as the various neurophysiological 
factors that may influence the signal strength16 
is therefore crucial to simplify the hectic yet 
frustrating testing procedure. More importantly, 
this could help to increase the chances to arrive 
at the best BCIs for individual users. 
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	 The present study investigates the effect of age 
on the strength of the steady-state visual evoked 
potential (SSVEP), a type of electrophysiological 
signal used to drive the BCI system. Age-
associated changes of electrophysiological signals 
have been widely reported in BCI literature, but 
many were on other types of signals such as 
P30017-18 and mu rhythm.19 Tomoda et al.20 and 
Porciatti et al.21 elucidated the relationship 
between age and strength of SSVEPs, but the 
studies were based upon signals induced by 
cathode ray tube (CRT) that is less popularly 
in use in today’s BCI settings. Other studies on 
SSVEPs used the more common liquid crystal 
displays (LCDs) or light-emitting diodes (LEDs) 
as visual stimulators, but focused either only on a 
single stimulation frequency22-23 or a small number 
of subjects.24 Here we extended the above work 
by examining the correlation between age and the 
amplitude of SSVEPs in a large number of subjects 
in response to a set of stimulation frequencies. 
In addition to evaluating the effect of age, the 
difference in the strength of SSVEPs evoked by 
LCD and LED stimulators was also assessed. 

METHODS

Subjects

Ninety-three subjects (64 males, 29 females) 
aged between six and 78 were enrolled in this 
study. They were separately recruited from a 
public exhibition (10th Malaysia Festival of the 
Mind), a local university, orphanages, as well as 
the community. A pre-enrolment screening was 
performed to identify the eligible subjects – only 
those with normal or corrected-to-normal vision, 
no prior history of neurological diseases, and no 
previous experience in BCI were recruited. All 

the subjects provided informed consent before 
the start of the study. Permissions were obtained 
from the respective parents/ teachers/ authorized 
guardians for children below 12 years old. This 
study was approved by UTAR Scientific and 
Ethical Review Committee (U/SERC/06/2016).

Apparatus 

Electroencephalography (EEG) signals were 
recorded using a custom-made acquisition device 
developed from a 24-bit Delta-Sigma analogue 
front-end with analog-to-digital converter (Texas 
Instrument, ADS1299). Electrodes were placed at 
Oz and the two mastoids behind the ears, with 
the latter serves as ground and reference. Signals 
were acquired at a sampling rate of 250 Hz and 
bandpass-filtered between 2 and 23 Hz.
	 For the purpose of the current study, two 
types of visual stimulators were used. The first 
type comprised of standard LEDs encased in 
custom fabricated aluminium cylinders with 
semi-transparent plastics as diffuser. They were 
mounted on the two sides of the laptop using an 
aluminium frame. A PIC24 microcontroller was 
used to vary the frequencies of the LEDs. The 
second type of stimulator, LCD stimulator is a 
much simpler construct. Flickering patches of 
light with different frequencies were generated 
directly on the computer screen and controlled 
using DirectX, eliminating the needs for dedicated 
hardware. To enhance the SSVEP responses, white 
stimuli and black background were used for both 
types of stimulators.15,25 The average luminance 
intensities for the LCD and the LED stimulators 
were 207 lux and 620 lux respectively, measured 
using a light meter (LX-101, Lutron Electronic). 
Figure 1 depicts the BCI systems featuring the 
two different types of stimulators.

Figure 1.	BCI systems. Photographs showing BCI systems featuring LCD (left) and LED stimulators (right). The 
units on the right of both photos are the EEG acquisition module. 
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Test paradigm 

A BCI test was performed to assess the SSVEPs 
elicited in the subjects. Each subject was tested 
for their evoked responses with both the LCD and 
the LED stimulators. The order of the tests was 
made random for the subjects to minimize any 
bias. During the tests, the subjects were seated 
comfortably in an arm-chair at about 50 cm in 
front of the BCI system. 
	 The test consisted of 25 trials. One trial 
lasted for 15 seconds. From second 0 to 5, 
a cue (blue-colored arrow) appeared on the 
screen for the subject to get ready of the target 
stimulus. Subsequently, five squares flickering 
simultaneously at different frequencies (8, 12, 13, 
14, and 15 Hz) appeared. The flickering lasted 
for 10 seconds and the subjects were asked to 
focus on the targeted stimulus indicated by the 
cue. The cue would randomly point to one of the 
five squares during each trial, five times each for 
a single stimulation frequency. SSVEP would be 
registered if the subjects focused on the correct 
target during the flickering period. The paradigm 
for the test is illustrated in Figure 2.

Signal Processing

To determine the amplitude of the SSVEPs, 
the raw EEG signals were first decomposed 
into individual frequency components using a 
1024-point Fast Fourier Transform. This algorithm 

was performed on every 2-second window at 
every 0.1-second interval. We then searched 
for the peak amplitude of the target frequency 
component within the 10-second flickering period, 
and take the value as the SSVEP amplitude of a 
particular trial (Figure 3). Thus, trials with weak 
or no SSVEP registered would give very low 
amplitude and vice versa. Trials contaminated by 
artifacts (identified as signals exceeding ±50 μV) 
were excluded from further analysis.
	 The mean SSVEP amplitude, SSVEP for 
each stimulation frequency is then calculated by 
averaging the SSVEP amplitude across the five 
trials.

Statistical analysis

The results from Shapiro-Wilk test showed that 
the data are non-normally distributed; thus, non-
parametric tests were used to assess the effect of 
age on the SSVEP amplitude for each stimulation 
frequencies. The strength of the correlation 
between SSVEP amplitude and age was measured 
by computing the Spearman rank-order correlation 
coefficient, (Spearman rho). Kruskal-Wallis 
test and Mann-Whitney U test using Bonferroni 
correction were used to make comparisons 
between age groups. Wilcoxon signed-rank 
analysis was used to determine the variations in 
the SSVEPs elicited by the two different types 
of visual stimulators.

Figure 2.	Test paradigm. A trial started off with a ready phase for 5 seconds. A cue is shown during this phase 
for the subject to prepare for the selection. Flickering squares then appeared for 10 seconds (stimulus 
phase) and the subjects were required to focus on the one indicated by the cue.
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RESULTS

Figure 4 presents variations in the mean amplitude 
of SSVEPs induced by LCD and LED stimulators 
as a function of age. We found a moderate negative 
correlation (rs~.5) at all stimulation frequencies, 
indicating that the strength of SSVEPs was related 
to age. Statistical validation tests confirmed that 
the results were statistically significant (p<.001).
	 To investigate whether significant difference 
exists in the SSVEP amplitude in subjects from 
different age groups, they were categorized into 
younger (6 - 19 years old; n = 34), middle-age 
(20 - 39 years old; n = 31) and older (≥40 years 
old; n=28) subjects, and their evoked response 
were compared. The comparisons among the 
three age groups are illustrated in Figure 5. It is 
notable that older subjects yielded significantly 
weaker SSVEP response than subjects from the 
younger and the middle-aged groups at all five 
stimulation frequencies, regardless of the type 
of visual stimulators used (Kruskal-Wallis test, 
p<.05; Mann-Whitney U-test, p<.0167). The 
difference between the younger and the middle-
aged subjects was not statistically significant, 
although the younger subjects in general showed 
stronger SSVEP response than the subjects from 
the middle-age group (Mann-Whitney U-test, 
p>.0167). 
	 The comparison of the strength of SSVEPs 
induced by the two types of visual stimulators 
was performed by matched-pair Wilcoxon test 

(Figure 5). The strength of SSVEP response 
evoked by LED stimulators was significantly 
larger than that of the LCD stimulators, in 
agreement with previous studies.26 Note, however, 
that the distinction was greater when stimulated 
using medium frequencies (12 - 15 Hz, p<.001) 
compared to the low frequency (8 Hz; p<.01).

DISCUSSION

The present study delineates the aging effect on 
SSVEPs, using a combination of low and medium 
frequencies that were commonly used in the 
BCI applications.27,28 While the variations of the 
evoked potentials within this frequency range 
could possibly be caused by modulation of the 
higher-order cognitive processes such as memory, 
attention, and emotional responses22-24, their effects 
were minimized in our current study that features 
only passive viewing of the flickering stimuli. Our 
results reinforced the earlier proposed idea on 
age-associated changes in evoked potentials20-21, 
albeit the level of degradation and the operating 
principles underlying the changes of the individual 
frequencies may differ from one another.29

	 The changes in the SSVEP amplitude noted 
in our current study also indicate that age as an 
important factor in BCI performance. Indeed, 
the effect of age on BCI performance has been 
shown in earlier work in terms of classification 
accuracy29, or more commonly information 
transfer rate.30 Although these two measures were 

Figure 3.	Determining the SSVEP amplitude. Spectogram of EEG signals recorded from a subject in response to 14 
Hz stimulation, color-coded according to the bar at right. The arrow indicates the peak of the spectrum, 
which is taken as the amplitude of the SSVEP of the particular trial. 
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Figure 4.	Variations of SSVEP as a function of age. Graphs show data acquired from BCI tests performed using 
LCD (left) and LED (right) stimulators. Each circle represents the SSVEP from an individual. The 
regression line for each data set is shown in black.

presented as important indicators of the control 
ability of the BCI users, they are greatly subjected 
to the algorithms for the various parameters 
composing the BCI system, including filtering, 
artifact removal, feature extraction, feature 
selection, as well as classification.31 Understanding 
how the strength of the evoked potential itself 
varied with user age could provide additional 
insight into adapting the BCI system to the users, 
for example, to find a reasonable estimate of the 
classification threshold for users of different age 
range to ease the calibration process.
	 Degradation of visual sensitivity with age 
has previously been suggested to account for 
the decrease in the SSVEP amplitude in older 
people.23,24 In fact, visual evoked potentials have 
been used to determine the visual system loss in 
clinical assessments of visual function.32 An earlier 
study33 reported that the visual sensitivity in human 

started to decline at the age of 40, which may 
reasonably explain why there is a drastic decrease 
in the SSVEP amplitude in the older subjects 
above 40 years old in our current study. However, 
others also postulated that the changes in the visual 
evoked potentials could possibly be influenced 
by factors operating outside the retina, including 
cell death in the neuronal structures involved in 
the central visual pathways20, the developmental 
changes of the underlying neuronal oscillators29, 
as well as the decrease in the amplitude of the 
overall EEG activity.23 A full understanding of 
the mechanism underlying the generation of the 
evoked potentials would certainly require further 
study.
	 Comparison of the performance between 
the two types of visual stimulators showed that 
LEDs were more effective than LCDs in eliciting 
SSVEPs, consistent with the previous studies.26 It 
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should be noted, however, that the light intensity 
was not normalized for LCDs and LEDs. LEDs 
with a higher brightness level were found to be 
able to induce SSVEPs in some of the subjects, 
especially older people which did not respond 
to LCDs at the same tested frequencies. This 
observation also suggests that LED stimulators are 
a better choice when considering the applicability 
for a wider group of people, including those who 
showed attenuated SSVEP response. The use of 
LED stimulators in SSVEP-based BCIs could, 
in part, compensate for the inferiority in the 
electrophysiological signals caused by aging or 
other factors, and allow more people to benefit 
from BCIs. 
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Figure 5.	Comparison of SSVEP among three age groups. Results obtained from tests performed using LCD 
stimulators (top) and LED stimulators (bottom). Error bars indicate the mean and the standard deviations. 

	 **indicates statistically significant difference (p<.001) between groups in response to stimulation at the 
same frequency. 

REFERENCES 
	 1.	 Wolpaw JR, Birbaumer N, McFarland DJ, 

Pfurtscheller G, Vaughan TM. Brain–computer 
interfaces for communication and control. Clin 
Neurophys 2002;113(6):767-91. https://doi.
org/10.1016/S1388-2457(02)00057-3.

	 2.	 Wan X, Zhang K, Ramkumar S, Deny J, 
Emayavaramban G, Ramkumar MS, Hussein AF. 
A review on electroencephalogram based brain 
computer interface for elderly disabled. IEEE 
Access 2019;7:36380-7. https://doi.org/10.1109/
ACCESS.2019.2903235.

	 3.	 Jeunet C, Glize B, McGonigal A, Batail JM, 
Micoulaud-Franchi JA. Using EEG-based brain 
computer interface and neurofeedback targeting 
sensorimotor rhythms to improve motor skills: 
Theoretical background, applications and prospects. 
Neurophysiologie Clinique 2019;49(2):125-36. 
https://doi.org/10.1016/j.neucli.2018.10.068.

	 4.	 Mane R, Chouhan T, Guan C. BCI for stroke 
rehabilitation: motor and beyond. J Neural Eng 
2020;17(4):041001. https://doi.org/10.1088/1741-
2552/aba162.

	 5.	 Papanastasiou G, Drigas A, Skianis C, Lytras 
M. Brain computer interface based applications 
for training and rehabilitation of students with 



751

neurodevelopmental disorders. A literature review. 
Heliyon 2020;6(9):e04250. https://doi.org/10.1016/j.
heliyon.2020.e04250.

	 6.	 Volosyak I, Rezeika A, Benda M, Gembler F, Stawicki 
P. Towards solving of the illiteracy phenomenon 
for vep-based brain-computer interfaces. Biomed 
Phys Eng Express 2020;6(3):035034. https://doi.
org/10.1088/2057-1976/ab87e6.

	 7.	 Müller-Putz GR, Scherer R, Brauneis C, Pfurtscheller 
G. Steady-state visual evoked potential (SSVEP)-
based communication: impact of harmonic frequency 
components. J Neural Eng 2005;2(4):123. https://doi.
org/10.1088/1741-2560/2/4/008.

	 8.	 Hammer EM, Halder S, Blankertz B, et al. 
Psychological predictors of SMR-BCI performance. 
Biol Psychol  2012;89(1):80-6. https://doi.
org/10.1016/j.biopsycho.2011.09.006.

	 9.	 Sannelli C, Vidaurre C, Müller KR, Blankertz B. 
A large scale screening study with a SMR-based 
BCI: Categorization of BCI users and differences in 
their SMR activity. PLoS One 2019;14(1):e0207351. 
https://doi.org/10.1371/journal.pone.0207351.

	10.	 Kumar GK, Reddy MR. Constructing an exactly 
periodic subspace for enhancing SSVEP based 
BCI. Adv Eng Inform 2020;44:101046. https://doi.
org/10.1016/j.aei.2020.101046.

	11.	 Wai AA, Lee MH, Lee SW, Guan C. Improving the 
performance of SSVEP BCI with short response time 
by temporal alignments enhanced CCA. In 2019 
9th International IEEE/EMBS Conf Neural Eng 
(NER) 2019 Mar 20 (pp. 155-158). IEEE. https://
doi.org/10.1109/NER.2019.8716985.

	12.	 Trigui O, Daoud S, Ghorbel M, Mhiri C. SSVEP 
Enhancement using moving average filter controlled 
by phase features. Comput Intel Neurosci 2020; 
7459587. https://doi.org/10.1155/2020/7459587.

	13.	 Cheng M, Gao X, Gao S, Xu D. Design and 
implementation of a brain-computer interface 
with high transfer rates. IEEE T Biomed Eng. 
2002;49(10):1181-6. http://doi.org/10.1109/
TBME.2002.803536.

	14.	 Nijholt A, Tan D, Pfurtscheller G, et al. Brain-
computer interfacing for intelligent systems. IEEE 
Intell Syst. 2008;23(3):72-9. https://doi.org/10.1109/
MIS.2008.41. 

	15. 	 Mah WL, Chin SS, Mok SY, et al. SSVEP-based 
BCI for a DMD patient – A case study. In 2019 
IEEE Conference on Sustainable Utilization and 
Development in Engineering and Technologies 
(CSUDET) (pp. 12-16). IEEE. https://doi.org/10.1109/
CSUDET47057.2019.9214663. 

16. Blankertz B, Sannelli C, Halder S, et al. 
Neurophysiological predictor of SMR-based BCI 
performance. Neuroimage. 2010;51(4):1303-9. 
https://doi.org/10.1016/j.neuroimage.2010.03.022. 

	17.	 Pasion R, Fernandes C, Gonçalves AR, et al. The effect 
of aging on the (mis) perception of intentionality-an 
ERP study. Soc Neurosci 2019;14(2):149-61. https://
doi.org/10.1080/17470919.2018.1430614. 

	18.	 Dias NS, Mendes PM, Correia JH. Subject age in P300 
BCI. In Conference Proceedings. 2nd International 
IEEE EMBS Conf Neural Eng, 2005. 2005 Mar 
16 (pp. 579-582). IEEE. https://doi.org/10.1109/
CNE.2005.1419690. 

	19.	 Randolph A, Karmakar S, Jackson M. Towards 
predicting control of a brain-computer interface. 
ICIS 2006 Proceedings. 2006 Dec 31:53. 

	20.	 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(3):201-11. https://doi.
org/10.1007/BF00161368. 

	21.	 Porciatti V, Burr DC, Morrone MC, Fiorentini A. The 
effects of ageing on the pattern electroretinogram 
and visual evoked potential in humans. Vis Res 
1992;32(7):1199-209. https://doi.org/10.1016/0042-
6989(92)90214-4. 

	22.	 Macpherson H, Pipingas A, Silberstein R. A steady 
state visually evoked potential investigation of 
memory and ageing. Brain Cogn 2009;69(3):571-9. 
https://doi.org/10.1016/j.bandc.2008.12.003. 

	23.	 Birca A, Carmant L, Lortie A, et al. Maturational 
changes of 5 Hz SSVEPs elicited by intermittent photic 
stimulation. Int  J Psychophysiol 2010;78(3):295-8. 
https://doi.org/10.1016/j.ijpsycho.2010.09.003.

	24.	 Hsu HT, Lee IH, Tsai HT, et al. Evaluate the 
feasibility of using frontal SSVEP to implement an 
SSVEP-based BCI in young, elderly and ALS groups. 
IEEE T Neur Sys Reh 2015;24(5):603-15. https://doi.
org/10.1109/TNSRE.2015.2496184.

	25.	 Cao T, Wan F, Wong CM, da Cruz JN, Hu Y. 
Objective evaluation of fatigue by EEG spectral 
analysis in steady-state visual evoked potential-
based brain-computer interfaces. Biomed Eng 
Online 2014;13(1):1-3. https://doi.org/10.1186/1475-
925X-13-28. 

	26.	 Wu Z, Lai Y, Xia Y, Wu D, Yao D. Stimulator 
selection in SSVEP-based BCI. Med Eng Physics 
2008;30(8):1079-88. https://doi.org/10.1016/j.
medengphy.2008.01.004. 

	27.	 Pastor MA, Artieda J, Arbizu J, Valencia M, 
Masdeu JC. Human cerebral activation during 
steady-state visual-evoked responses. J Neurosci 
2003;23(37):11621-7. https://doi.org/10.1523/
JNEUROSCI.23-37-11621.2003. 

	28.	 Muller-Putz GR, Pfurtscheller G. Control of an 
electrical prosthesis with an SSVEP-based BCI. 
IEEE T Biomed Eng 2007;55(1):361-4. https://doi.
org/10.1109/TBME.2007.897815. 

	29.	 Ehlers J, Valbuena D, Stiller A, Gräser A. Age-specific 
mechanisms in an SSVEP-based BCI scenario: 
evidences from spontaneous rhythms and neuronal 
oscillators. Comput Intel Neurosc 2012;2012. https://
doi.org/10.1155/2012/967305. 

	30.	 Gembler F, Stawicki P, Volosyak I. A comparison 
of ssvep-based bci-performance between different 
age groups. In International Work-Conference on 
Artificial Neural Networks 2015 Jun 10 (pp. 71-77). 
Springer, Cham. https://doi.org/10.1007/978-3-319-
19258-1_6. 

	31.	 Liu Q, Chen K, Ai Q, Xie SQ. Recent development of 
signal processing algorithms for SSVEP-based brain 
computer interfaces. J Med Biol Eng 2014;34(4):299-
309. https://doi.org/10.5405/JMBE.1522. 

	32.	 Jeon J, Oh S, Kyung S. Assessment of visual disability 
using visual evoked potentials. BMC Ophthal. 
2012;12(1):1-9. https://doi.org/10.1186/1471-2415-
12-36. 



Neurology Asia September 2022

752

	33.	 Collin HB, Han C, Khor PC. Age changes in the 
visual field using the Humphrey visual field analyser. 
Clin Exp Optom 1988;71(6):174-8.   https://doi.
org/10.1111/j.1444-0938.1988.tb03848.x.


