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Abstract

Neuroplastic changes appear in people with visual impairment (VI) and they show greater

tactile abilities. Improvements in performance could be associated with the development of

enhanced early attentional processes based on neuroplasticity. Currently, the various early

attentional and cortical remapping strategies that are utilized by people with early (EB) and

late-onset blindness (LB) remain unclear. Thus, more research is required to develop effec-

tive rehabilitation programs and substitution devices. Our objective was to explore the differ-

ences in spatial tactile brain processing in adults with EB, LB and a sighted control group

(CG). In this cross-sectional study 27 participants with VI were categorized into EB (n = 14)

and LB (n = 13) groups. They were then compared with a CG (n = 15). A vibrotactile device

and event-related potentials (ERPs) were utilized while participants performed a spatial tac-

tile line recognition task. The P100 latency and cortical areas of maximal activity were ana-

lyzed during the task. The three groups had no statistical differences in P100 latency

(p>0.05). All subjects showed significant activation in the right superior frontal areas. Only

individuals with VI activated the left superior frontal regions. In EB subjects, a higher activa-

tion was found in the mid-frontal and occipital areas. A higher activation of the mid-frontal,

anterior cingulate cortex and orbitofrontal zones was observed in LB participants. Compared

to the CG, LB individuals showed greater activity in the left orbitofrontal zone, while EB

exhibited greater activity in the right superior parietal cortex. The EB had greater activity in

the left orbitofrontal region compared to the LB. People with VI may not have faster early

attentional processing. EB subjects activate the occipital lobe and right superior parietal cor-

tex during tactile stimulation because of an early lack of visual stimuli and a multimodal infor-

mation processing. In individuals with LB and EB the orbitofrontal area is activated,

suggesting greater emotional processing.
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Introduction

Neuroplasticity is a property of the human nervous system by which neurons change their

connectivity in various forms [1]. It occurs while learning or due to sensorial and cognitive

stimulation [2]. Plastic changes help us understand the typical cognitive functions and the

compensatory modifications that occur after an injury, such as brain damage or blindness [3–

5].

Visual impairment (VI) exists worldwide. Approximately 295 million people have a moder-

ate to severe visual deficit, and 43.3 million have total blindness. Moreover, the prevalence of

VI increases with an aging global population [6]. VI may have several origins, such as glau-

coma, retinitis pigmentosa, and optic nerve atrophy. Undeniably, the loss of vision has a detri-

mental effect on an individual’s quality of life, mobility, and independence [7]. This

demonstrates the need for a rehabilitation program to boost the functionality and indepen-

dence of those with a VI [8]. For that reason, several researchers have developed tactile substi-

tution systems for VI subjects [9, 10].

Tactile information helps supply data deficits resulting from faulty visual and auditive chan-

nels [11]. Furthermore, neuroimaging studies have shown that tactile recognition of objects

activates the occipital visual cortex in people with VI, making them more skilled than their

sighted counterparts [12–15]. Initially, the lateral occipital cortex (LOC) was supposed to be

an area specialized in the visual recognition of objects. However, it has also been proven to be

active during tactile recognition [16, 17]. Therefore, this region is a clear example of multi-

modal spatial information processing [2]. These findings reinforce the hypothesis of substitu-

tive neuroplasticity in people with VI [13].

It is suggested that neuroplasticity could be behind the superior tactile skills found in people

with VI. Some authors have hypothesized that a faster early attentional processing mechanism

based on a neuroplastic compensatory system enables people with blindness to recognize spa-

tial stimuli better [11, 17–19]. In contrast, others claim that the superior tactile abilities of peo-

ple with VI are a consequence of cognitive enhancement, rather than faster early attentional

processing [20–22]. Furthermore, none of the previous studies have explored the variations in

early attentional processing depending on the age onset of blindness.

Somatosensory event-related potentials (ERPs) can reveal valuable data about processing

spatial tactile information in the cortex [23]. After a stimulus is presented, the electroencepha-

logram typically exhibits a pattern of oscillations, including the P100 waveform, nestled amidst

a series of peaks and troughs. The emergence of P100 activity is believed to occur in primary

sensorial cortical areas, offering insight into the initial phases of the neuronal processing

within the neocortical circuit [24–27]. There is growing consensus concerning the contribu-

tion of P100 waveform in the context of global cognitive processing, notably in situations

involving attention. In paradigms in which attention must be directed to a stimulus in space,

the ERP P100 has been observed to be modulated by early attentional activity [24]. Spatial

attention modulates neural activity as early as 100 ms after stimulus presentation [28, 29].

Top-down modulation of cortical activity during the early phases of perceptual processing

influences subsequent working-memory management [30]. Thus, neuroplastic changes in VI

and early attentional processing can be explored using tools such as ERPs along with quantita-

tive electroencephalography [17].

To get insight into early attentional processing in people with VI, in this study, a passive

vibrotactile device was used to compare the spatial early attentional brain processing between

sighted individuals and adults with early and late-onset VI, when carrying out a simple spatial

tactile task. We also set out to analyze the maximum brain activity in each group and to com-

pare the brain activity in subjects with early and late-onset VI and a group of sighted
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individuals. It was hypothesized that individuals with a VI might show different early atten-

tional processing and brain activity depending on the age of VI acquisition, and different from

sighted people.

Materials and methods

Participants

A convenience sample of 42 adults (27 with a VI and 15 controls) were recruited during the

second trimester of 2020 for this cross-sectional study. Participants were enlisted from associa-

tions for people with VI and universities in Madrid. The selection criteria included being

between 18 and 60 years old, having a type of VI that implies total blindness or a severe visual

deficit according to the International Classification of Diseases 11th revision [31], having a loss

of vision before five years or after 14 years of age, and being capable of understanding simple

verbal instructions. Participants with vestibular, neuropsychiatric, brain damage, or sensori-

motor disorders, were excluded. The criteria for having a VI were verified through a medical

report provided by the participant [32]. Thus, participants with a VI were categorized into two

groups: 1) early-onset blindness (EB) (loss of vision before five years of age) and 2) late-onset

blindness (LB) (loss of vision after 14 years of age) in accordance with previous research [33,

34]; and based on the developmental stages of the anatomical region of V1 described by Siu

and Murphy [35].

Age was used as a criterion to match individuals of the control group (CG), people with no

history of visual, sensorimotor, vestibular, or neuropsychiatric disorders. They were recruited

from family members of the participants with VI and the authors’ institution.

All participants were informed about the study procedures verbally and in writing. They

then provided informed written consent for their participation. In order to protect the identity

of the participants, each individual was associated with a numerical code. This information

was only available to the principal investigator. This study was in full compliance with the Dec-

laration of Helsinki and was approved by the San Carlos University Hospital Ethical Commit-

tee (20/071-E_Tesis). It is important to note that this study was conducted per the

STrengthening the Reporting of OBservational studies in Epidemiology guidelines [36].

Procedures and lines orientation task

Data collection was performed at the Department of Legal Medicine, Psychiatry and Pathology

of the Faculty of Medicine of the Complutense University of Madrid during the second and

third trimester of 2021. The demographical and clinical data of the subjects were recorded dur-

ing an interview. After that, the participants were required to remain as calm as possible while

sitting on an armchair in front of a table where the tactile stimulator device was placed. The

room used for the experiment was completely dark and isolated from external noise to ensure

equal conditions for all the participants. Then, the participants placed their left hand on the

stimulator device with their right hand on a keyboard. The tactile stimulator (stimulation

matrix) was positioned against the palm of the volunteer, and the spatial tactile stimuli were

passively received into the palm (Fig 1). The stimulation matrix had 28×28 stimulation points

aimed at showing the vibrotactile stimuli. The stimuli were projected in the stimulation matrix

at a rate of one stimulus per second [17].

Three hundred lines of stimuli were presented in the stimulator matrix. Following the odd-

ball paradigm, 80% of the lines were oriented vertically and 20% horizontally. The sequence of

line presentation was randomized, and the total time required to complete the task was five

minutes. The horizontal line (the low-frequency stimuli) was designed as the target for the
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ERPs. The participants were asked to actively press the keyboard (motor response) whenever

they detected that a horizontal line appeared in the tactile stimulator [17].

Electrophysiology. A custom-designed electrode Neuroscan cap, and an ATI electroen-

cephalography (EEG) system were used to record high-density (64 channels) EEG signals dur-

ing tactile stimulation [17, 37]. Furthermore, impedances were kept underneath 10kOhms.

We included additional electrodes to monitor eye movement (superior and inferior orbits and

the left and right lateral canthi) and references (bilateral mastoids) [38]. Then, as in previous

studies [16], the raw signals were digitized using a sampling frequency of 1000 Hz. After the

acquisition was conducted, data were analyzed through a band-pass filter of 0.05–30 Hz and a

50 Hz notch filter. The detection of muscle contractions and eye movement artifacts was

immediately achieved by visually observing the EEG waves. Hence, muscle and eye movement

artifacts were visually identified offline on a trial-by-trial basis and were removed prior to

ERP, average data processing, and ERP analysis. Also, noisy channels were replaced with mod-

erate linear interpolations of adjacent clean channels [38].

The averages for each participant in the remaining artifact-free trials were calculated. A

temporal recording window (also known as epochs) lasting 1000 ms was opened, such that the

recording started 100 ms before stimulus presentation and continued 900 ms after stimulus

presentation, including 300 ms stimulus. In addition, the average voltage for 100 ms prior to

stimulus onset was defined as the baseline. The analysis of the EEG was conducted on frequent

Fig 1. Schematic representation of the passive stimulation task.

https://doi.org/10.1371/journal.pone.0306478.g001
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stimuli (non-target trials) to avoid contamination from motor-related neural activity associ-

ated with making a motor response [16, 17].

Source localization reconstruction. Regarding the cerebral source localization, the

sources of the P100 wave were estimated from the 64-electrode recordings in all participants.

The EEG inverse problem was applied using the Bayesian Model Averaging (BMA) approxi-

mation [39] to localize the sources of the ERP. Meanwhile, Low-Resolution Electromagnetic

Tomography (LORETA) [40] was used to decipher the individual models. Moreover, each

model was defined by constraining the solution to a specific anatomical structure using statisti-

cal mapping (SPM8) software [41, 42]. Some structures (18 areas from the cerebellum and

eight areas that comprised less than 10 voxels) were excluded from consideration. The P100

wave generated was analyzed 80–120 ms after the trigger and opening time window of -20 to

+20 ms, starting from the highest positive amplitude peak measured using the PZ electrode, to

perform the BMA analysis at non-target stimuli (vertical lines).

Statistics

The Shapiro–Wilk test was used to verify the data normality. Data were expressed as fre-

quency, mean ±standard deviation, and median [25th and 75th percentile]. After that, the

demographics between groups were compared using one-factor analysis of variance

(ANOVA) or chi-squared test (x2), where appropriate. In addition, a Student’s t-test or U of

Mann-Whitney’s test was used to compare EB and LB groups in terms of clinical visual-related

data, as appropriate. P100 latencies between the three groups were compared using a Kruskal–

Wallis’ test. The statistical significance was set at p<0.05, and data analysis was performed

using IBM SPSS Statistics software (v.23.0; IBM Corp, Armonk, NY, USA).

The statistically significant sources within each group and between groups were determined

using the SPM8 software (The MathWorks Inc., Natick, MA, USA) Thus, an analysis of inde-

pendent Hotelling’s T2 test against zero was first developed within each group to see the areas

of greatest group activity [39, 43]. Then, the differences between groups were analyzed to

determine the areas that differed the most during the passive tactile recognition task, which

computation was based on a voxel by voxel independent Hotelling’s T2 test. The SPM was

used to make population inferences over the calculated sources of the P100 wave. The software

mentioned above displayed the statistically significant source, and the significance level was set

at p<0.05. For the between groups comparisons, the statistical analyses were conducted in

accordance with the comparisons between the three groups, with the probability of type I error

set at 0.017. This was calculated by dividing the established error level (0.05) by the number of

comparisons (3).

The sample size was determined using the free software G*Power (v. 3.19.4; Heinrich,

-Heine-Universität Düsseldorf, Germany), considering the information obtained from previ-

ous research for the P100 latency variable [17]. A sample of twelve participants per group was

required for setting an alpha risk of 0.05 and a beta risk of 0.1 in a bilateral contrast. Finally, 27

participants with a VI (14 EB and 13 LB) and 15 controls were included in the study.

Results

During the participant recruitment period, fifty-four people with VI responded to the call to

participate in this study. 27 of them met the inclusion criteria (14 EB individuals and 13 LB

subjects). Regarding the control group, 19 people were recruited, but only 15 participated in

the study.

The latencies, demographical and clinical data were obtained from 42 participants, while

the localization source was acquired from 41 subjects. As a result, the source localization from
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one individual in the LB group was not properly recorded due to technical problems, and it

was not processed in the final analysis.

Demographic and clinical data

The EB group consisted of 14 individuals (nine women and five men) with a mean age of

41.14 ± 11.09 years. Thirteen subjects (eight women and five men) belonged to the LB group

(mean age of 43.15 ± 11.98 years). In addition, the CG consisted of 15 individuals (seven

women and eight men) with a mean age of 40.47 ± 11.04 years. The group members predomi-

nantly had university-level education (50% for EB, 76.9% for LB, and 80% for CG). There were

no differences between groups regarding age (p = 0.700), sex (p = 0.633), and educational level

(p = 0.216).

The leading causes of blindness were glaucoma, premature retinopathy, retinitis pigmen-

tosa, retrolental fibroplasia, and optic nerve atrophy. As displayed in Table 1, there were no

differences between EB and LB groups regarding the following variables: type of VI, carrying

out a rehabilitation program, time spent on that program, and devices used to tackle their

daily mobility. However, the EB group has lived longer with blindness (40.07 ± 10.557 years)

than the LB group (15.08 ± 10.340 years, p<0.001).

P100 latency

After analyzing the first positive wave (P100) of the ERPs, we observed that the P100 latency

was lower in the EB individuals (90.5 ms [74.0;104.5]), than in the LB (100.0 ms [95.0;111.5]),

and CG (95.0 ms [70.0;106.0]) groups. Nonetheless, the three groups had no statistically signif-

icant differences in P100 latencies (H(2) = 3.192, p = 0.203) (Fig 2).

P100 source localization

Source localization in each group. During the tactile horizontal line recognition task,

several cortical regions showed a higher statistically significant activation. The area with

Table 1. Clinical characteristics of the visual impaired individuals.

Variable EB (n = 14) LB (n = 13) P
Type of VI n (%)

Blindness 11 (78.5) 10 (76.9) 1.000a

Severe visual deficit 3 (21.5) 3 (23.1)

VI time (years) 40.07 ± 10.56 15.08 ± 10.34 < 0.001b

Rehab. Prog. n (%)

Yes 11 (80.0) 11 (78.6) 1.000a

No 3 (20.0) 2 (21.4)

Rehab. (months) 5.50 [1.00;8.25] 3.00 [1.00;5.00] 0.280c

Mobility n (%)

White cane/guide dog 13 (93.3) 11 (78.6) 0.596a

Seeing guide 1 (6.7) 2 (21.4)

Data are presented as mean ± standard deviation; median and interquartile range [percentile 25; percentile 75] (Mdn [RIC]) or as frequency and percentage (n (%)).

Statistically significant differences are highlighted in bold. VI: Visual impairment; EB: early-onset blindness; LB: late-onset blindness; Rehab. Prog: rehabilitation

program. It was considered as statistically significant when p<0.05.
aAssociation between variables calculated with Fisher’s exact test. (Bilateral signification).
bContrast carried out with the T-Student’s test.
cContrast carried out with the U of Mann-Whitney’s test.

https://doi.org/10.1371/journal.pone.0306478.t001
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maximal activation in CG individuals was located at the right frontal superior lobe, while for

EB subjects, the maximal activity was found in the bilateral superior, medial frontal, and left

occipital regions. In the LB group, the following areas showed a higher statistically significant

activity during the task above: bilateral superior and medial frontal areas, orbitofrontal zone,

and bilateral anterior cingulate cortex (Fig 3 and Table 2).

Differences in source localization between groups. At the peak amplitude of P100 dur-

ing the tactile horizontal line recognition task, the EB group exhibited a higher statistically sig-

nificant activity compared to the CG in right superior parietal zones. On the other hand, the

LB group showed higher statistically significant activation in left orbitofrontal areas compared

to the CG. Besides, EB subjects demonstrated statistically significant maximal activation in the

left orbitofrontal regions when compared to LB individuals (Fig 4 and Table 3).

Discussion

The results of this study indicated that, contrary to the initial hypothesis, P100 latencies did

not differ significantly between EG, LB, and CG subjects. Previous research found differences

in P100 latency between VI individuals and sighted subjects [17, 19]. According to Collignon

and De Volder [11] not only is the improved performance of VI subjects due to intermodal

neuroplastic compensations, but it is also the result of the enhanced efficacy of top-down

mechanisms. Attention is a prerequisite for perception [44], and the P100 wave reveals how

data is transferred from the stimulus to the consciousness [45]. However, it is well-known that

Fig 2. Event-related potentials waves are observed at the Pz electrode in all groups. The P100 wave was determined by locating the maximum amplitude in

the respective time window using the Pz electrode. EB: early-onset blindness; LB: late-onset blindness; CG: control group.

https://doi.org/10.1371/journal.pone.0306478.g002
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the P100 wave is not attributed to voluntary control of attention [24] (e. g., selective or divided

attention), but is related to early attention processing [46]. This means that the P100 wave

arises from low-level cortical regions, allowing the passage of input activity to higher-order

stages. In fact, regardless of the paradigm used, it is involved in initial bottom-up pattern pro-

cessing [24]. Therefore, this clarifies why differences in P100 latencies between groups were

not detected, as it seems that all the study subjects had high early attention, since they per-

formed the task for the first time. In contrast, participants of other studies where latencies

were shorter in the VI group had previous experience with the tactile task [17, 19].

Regarding the source localization in each group, we found that the three groups activated

regions of their frontal lobes. This may be due to the use of the attention and working-memory

processes required for the tactile recognition of the stimulus presented. This is consistent with

our P100 latency findings. Moreover, the frontal lobe controls decision-making and executive

function through attention and memory processes [47–49].

All participants showed a higher statistically significant activation of the right superior fron-

tal regions, which control impulses. In addition, the superior frontal gyrus participates in

Fig 3. Horizontal coronal and mid-sagittal view of the mean projection of the brain areas activated for the P100

wave to tactile stimuli of the horizontal line. Summary of brain areas of maximum activation. EB: early-onset

blindness; LB: late-onset blindness; CG: control group.

https://doi.org/10.1371/journal.pone.0306478.g003
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inhibitory impulse control and motor urgency [50] and inhibitory top-down process [51].

Notably, our participants had to press the button only after recognizing the horizontal lines, so

they had to control themselves. Furthermore, it has been observed that alterations in the right

cortical frontal zones could lead to modifications in the connectivity of this area, which are

linked to changes in impulse control [52].

Only the VI groups showed a higher statistically significant activation of the left superior

frontal areas. The function of the left superior gyrus is to process spatial information, which is

also key for a working memory [53, 54]. The tactile recognition task in our study was based on

the detection of tactile stimuli with a given spatial orientation, which is consistent with activa-

tion of the left superior frontal area. In addition, a recent study demonstrated that children

with a VI have more enhanced working-memory than sighted children [55]. These findings

were also reported in adults with a VI compared with sighted adults [56].

Attention should be given to the higher statistically significant activation of the mid-frontal

areas in VI participants. Notably, the mid-frontal gyrus is a mediational structure between the

dorsal and ventral attentional networks [57], and the right mid-frontal gyrus functions as a

probabilistic area inside the dorsolateral prefrontal cortex. The latter is responsible for sus-

tained attention and self-control [58, 59], while the left mid-frontal gyrus participates in selec-

tive attention [57]. Previous studies have found activation in these areas in people with VI

when recognizing vibrotactile stimuli [17, 60, 61]. This may be because VI individuals require

Table 2. Main neuroanatomical structures according to projection areas of maximal intensity in P100 wave.

GROUP aal X Y Z Hotelling’s T2

CG Frontal Superior R 30 62 8 15.5

EB Lingual R 22 -94 12 74.79

Frontal Superior Medial R 6 27 56 60.23

Frontal Superior Medial L -3 28 56 61.64

Frontal Superior R 21 22 54 54.15

Frontal Superior L -20 22 55 62.86

LB Frontal Middle Orbital L -2 50 -4 8.14

Frontal Middle Orbital R 3 53 -4 7.81

Frontal Superior Medial L -2 44 22 7.64

Frontal Superior Medial R 3 50 7 7.11

Anterior Cingulum L -2 43 20 7.53

Anterior Cingulum R 2 50 17 7.14

aal: Anatomical label corresponding to probabilistic brain atlas. X, Y, Z: coordinates from aal in three spatial axes. T2: Hotelling’s T2 test. CG: control group; EB: early-

onset blindness; LB: late-onset blindness. R: right; L: left. It was considered as statistically significant when p<0.05.

https://doi.org/10.1371/journal.pone.0306478.t002

Table 3. Main neuroanatomical structures according to projection areas of maximal intensity in P100 wave between groups.

Group aal X Y Z Hotelling’s T2 CG<EB

CG vs. EB Parietal Superior R 15 -78 52 11.17

Group aal X Y Z Hotelling’s T2 CG<LB

CG vs. LB Frontal Inferior Orbital L -39 41 -16 11.85

Group aal X Y Z Hotelling’s T2 LB<EB

LB vs. EB Frontal Inferior Orbital L -42 37 -16 24.7

Anatomical label corresponding to probabilistic brain atlas. X, Y, Z: coordinates from aal in three spatial axes. T2: Hotelling’s T2 test. CG: control group; EB: early-onset

blindness; LB: late-onset blindness. R: right; L: left. It was considered as statistically significant when p<0.017.

https://doi.org/10.1371/journal.pone.0306478.t003
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Fig 4. Horizontal coronal and mid-sagittal view of the cortical projections of intergroup comparisons. Significant

differences maps between groups are displayed in red. EB: early-onset blindness; LB: late-onset blindness; CG: control

group. R: right; L: left. A: Anterior. P: posterior.

https://doi.org/10.1371/journal.pone.0306478.g004

PLOS ONE P100 ERP in people with early and late-onset visual impairment

PLOS ONE | https://doi.org/10.1371/journal.pone.0306478 July 9, 2024 10 / 17

https://doi.org/10.1371/journal.pone.0306478.g004
https://doi.org/10.1371/journal.pone.0306478


higher neuronal and neurochemical resources when conducting a specific task due to the lack

of vision [33, 34, 62], which implies a higher attentional demand [17].

A higher statistically significant activity appeared in the anterior cingulate cortex and orbi-

tofrontal areas of LB subjects. The higher activity of the orbitofrontal area was also found in

LB individuals when compared to CG. During decision-making, the anterior cingulate cortex

plays an essential role in error detection, outcome tracking, and evaluating positive or negative

results [63]. Additionally, the anterior cingulate and the orbital cortex are synchronized during

an effort-based decision-making task [64]. Burton et al. [65] detected activation in areas close

to the anterior cingulate cortex in LB people, suggesting the participation of emotional pro-

cesses during the task. Moreover, the orbitofrontal cortex is involved in reward value and emo-

tional processing. This structure then sends data to the anterior cingulate cortex to learn from

the reward or non-reward results [66, 67].

On the other hand, the higher statistically significant activation found in the occipital areas

of EB participants in our study, absent in the LB group, suggests that this findings could be

due to cross-modal plasticity and its variations, depending on the age of onset blindness.

Cross-modal plasticity mainly consists of the brain’s capability to perceive and process stimuli

from a sensorial modality different from the original input [13, 68]. It is an adaptive form of

neuroplasticity that appears when there is restriction or loss of a sensorial channel [68]. This

has been well-documented in people with VI [12, 13, 68].

It is well-documented in the scientific literature that the occipital cortex remains activated

even after blindness acquisition [17, 34, 69]. Therefore, the activation of occipital structures in

EB subjects in our research may be because they mainly utilize the forenamed regions to man-

age non-visual information. In fact, some studies have claimed that in early-onset visual depri-

vation, the specialization of hetero-modal areas is preserved, and the ventral and dorsal visual

streams are adapted to managing auditory and tactile data [34, 70]. Notably, the LOC is a

structure that processes non-visual stimuli and, as Voss [70] and Ortiz Alonso [17] stated, it is

active in EB individuals, suggesting no need for prior visual experience to recognize tactile

objects and shapes in the occipital cortex.

In addition, the visual cortex participates in the early recognition of tactile objects (usually

between 100–150 ms post-stimulus) [23, 71], which is consistent with the present study’s

results from the recognition of horizontal lines task. However, a special mention should be

made of the fact that no statistical significant higher activity was found in the occipital region

in the LB group. According to Lazzouni and Leporé [34], this could be due to the fact that the

occipital areas of people with LB remains preserved for visual information management.

Finally, our results indicate that, compared to the sighted, the EB group exhibited greater

activity in the right superior parietal region. Superior parietal areas are considered as struc-

tures that manage a wide range of somatosensory and cognitive processes (e.g., somatosensory

integration, mental rotation, motor learning, spatial perception, etc.) [72], and their volume

and connectivity are increased in people with EB [73, 74]. Our results may be explained

because, after early visual loss, the parietal region would consequently acquire the capacity to

integrate a greater amount of multimodal information compared to sighted individuals [75].

This augmented capacity could also result from a greater tactile experience [34], as people with

VI typically interact with the external world through their sense of touch [76].

It is important to note the greater activity observed in the left orbitofrontal area among par-

ticipants with EB compared to LB individuals. The increased activation of this region in the EB

group could be linked to the early lack of vision, influencing emotional processes, decision-

making, social behavior and cognitive flexibility in a more profound manner. The orbitofron-

tal cortex plays a crucial role in the ability to adapt flexibly to a dynamically changing environ-

ment [77]. In the present study, vertical and horizontal lines where presented in a random
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sequence, and participants were required to press the button only when the horizontal line

appeared, thereby complying with the examiner’s instructions. The maximum activation

observed in the orbitofrontal cortex of subjects with EB aligns with the forenamed line detec-

tion sequence, as this cortical region is associated with the processing of emotional signals that

guide human behavior in tasks where social judgment, reward and punishment are present

[66, 67]. Additionally, the orbitofrontal cortex is implicated in regulating social behavior,

including solving interpersonal problems and fostering social closeness [78]. Vision loss may

prompt behavioral adaptations in social interactions (e. g., politeness, humor, avoidance, apol-

ogies, etc.) [79], enhanced decision-making [80] and improved detection of ecologically signif-

icant emotions [81].

Limitations and future research

There are some limitations to this research that should be noted. Specifically, as mentioned in

previous sections, we could not analyze the data from one participant due to technical prob-

lems. Although there are no apparent reasons why this could have affected our findings, it

should be considered. In addition, it is necessary to recognize the difficulties in generalizing

this study’s results to the entire VI population. The inclusion criteria determined that partici-

pants should have total blindness or a severe visual deficit acquired before five or after 14 years

old, which led them to use technical aids for mobility. Therefore, the study sample represents a

distinct group of individuals evaluated at a specific moment.

Furthermore, it should be noted that, as previously stated, the P100 wave is modulated by

unconscious and involuntary attention in paradigms where the subject must direct attention

to a spatial stimulus [24]. However, the analysis of executive responses associated with deviant

stimuli is more closely related to cognitive and decision-making processes [82], which were

not the subject of this study and therefore this aspect was not examined. Future studies should

focus on the analysis of the deviant stimulus to gain insight into the cognitive and decision-

making processes of people with VI.

Conclusions

This study provides insights into the neuroplastic mechanisms underlying visual deprivation.

The EEG brain activity displayed the participation of the right superior frontal structures dur-

ing the task in all the study’s participants. Nonetheless, only the EB and LB subjects showed

maximal activation of their left superior frontal areas, essential for working-memory and spa-

tial processing. Additionally, the EB and LB participants activated mid-frontal areas that are

relevant for attentional processes. On the other hand, LB subjects activated the anterior cingu-

late cortex and orbitofrontal areas, suggesting emotional processing and a task reward evalua-

tion. The higher activation of the orbitofrontal cortex in LB was also found when compared to

sighted individuals. Moreover, EB individuals showed a higher statistically significant activa-

tion of the occipital areas due to these regions’ role in managing non-visual data. Participants

with EB showed maximal activity in the superior parietal region compared to sighted subjects.

In addition, when compared to the LB group, individuals with EB exhibited greater activity in

the left orbitofrontal region. These findings suggest multimodal information processing, as

well as emotional processing associated with social behavior regulation and reward elicitation.

Furthermore, variations in P100 latencies between participants with VI and sighted individ-

uals were not detected in this study. This suggests that people with a VI may not have faster

processing of early attention. However, whether their superior abilities are attributed to faster

cognitive processing remains unknown. Therefore, further studies are required to clarify the

participation of attentional processes in people with a VI. Ultimately, this knowledge may
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assist clinicians and physiotherapists in enhancing rehabilitation programs to foster compen-

satory strategies in this population. These findings may also affect the development of appro-

priate neuroprostheses to aid or restore vision.
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Conceptualization: Mónica-Alba Ahulló-Fuster, M. Luz Sánchez-Sánchez, Tomás Ortiz.

Data curation: Tomás Ortiz.
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1. Fuchs E, Flügge G. Adult Neuroplasticity: More Than 40 Years of Research. Neural Plast. 2014;1–10.

https://doi.org/10.1155/2014/541870 PMID: 24883212

2. Stilla R, Sathian K. Selective visuo-haptic processing of shape and texture. Hum Brain Mapp. 2007 Oct

9; 29(10):1123–38.

3. Baroncelli L, Lunghi C. Neuroplasticity of the visual cortex: in sickness and in health. Experimental Neu-

rology. 2021 Jan 1; 335:113515. https://doi.org/10.1016/j.expneurol.2020.113515 PMID: 33132181

4. Stillman CM, Jakicic J, Rogers R, Alfini AJ, Smith JC, Watt J, et al. Changes in cerebral perfusion follow-

ing a 12-month exercise and diet intervention. Psychophysiology. 2021 Jul; 58(7):e13589. https://doi.

org/10.1111/psyp.13589 PMID: 32343445

5. Zimmerman B, Rypma B, Gratton G, Fabiani M. Age-related changes in cerebrovascular health and

their effects on neural function and cognition: A comprehensive review. Psychophysiology. 2021 Jul; 58

(7):e13796. https://doi.org/10.1111/psyp.13796 PMID: 33728712

6. Bourne R, Steinmetz JD, Flaxman S, Briant PS, Taylor HR, Resnikoff S, et al. Trends in prevalence of

blindness and distance and near vision impairment over 30 years: an analysis for the Global Burden of

Disease Study. The Lancet Global Health. 2021 Feb 1; 9(2):e130–43. https://doi.org/10.1016/S2214-

109X(20)30425-3 PMID: 33275950

PLOS ONE P100 ERP in people with early and late-onset visual impairment

PLOS ONE | https://doi.org/10.1371/journal.pone.0306478 July 9, 2024 13 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0306478.s001
https://doi.org/10.1155/2014/541870
http://www.ncbi.nlm.nih.gov/pubmed/24883212
https://doi.org/10.1016/j.expneurol.2020.113515
http://www.ncbi.nlm.nih.gov/pubmed/33132181
https://doi.org/10.1111/psyp.13589
https://doi.org/10.1111/psyp.13589
http://www.ncbi.nlm.nih.gov/pubmed/32343445
https://doi.org/10.1111/psyp.13796
http://www.ncbi.nlm.nih.gov/pubmed/33728712
https://doi.org/10.1016/S2214-109X%2820%2930425-3
https://doi.org/10.1016/S2214-109X%2820%2930425-3
http://www.ncbi.nlm.nih.gov/pubmed/33275950
https://doi.org/10.1371/journal.pone.0306478


7. Raffin E, Salamanca-Giron RF, Hummel FC. Perspectives: Hemianopia-Toward Novel Treatment

Options Based on Oscillatory Activity? Neurorehabil Neural Repair. 2020 Jan; 34(1):13–25. https://doi.

org/10.1177/1545968319893286 PMID: 31858874

8. World Health Organization. Global Data on Visual Impairments [Internet]. 2012. Available from: https://

www.who.int/blindness/

9. McDaniel T, Krishna S, Balasubramanian V, Colbry D, Panchanathan S. Using a Haptic Belt to Convey

Non-Verbal Communication Cues during Social Interactions to Individuals who are Blind. In 2008. p.

13–8.

10. Van Erp JB, Van Veen HA, Jansen C, Dobbins T. Waypoint navigation with a vibrotactile waist belt.

ACM Trans Appl Percept. 2005 Apr 1; 2(2):106–17.

11. Collignon O, De Volder AG. Further evidence that congenitally blind participants react faster to auditory

and tactile spatial targets. Can J Exp Psychol. 2009; 63(4):287–93. https://doi.org/10.1037/a0015415

PMID: 20025387

12. Pascual-Leone A, Amedi A, Fregni F, Merabet LB. The plastic human brain cortex. Annu Rev Neurosci.

2005; 28:377–401. https://doi.org/10.1146/annurev.neuro.27.070203.144216 PMID: 16022601

13. Bavelier D, Neville HJ. Cross-modal plasticity: where and how? Nat Rev Neurosci. 2002 Jun; 3(6):443–

52. https://doi.org/10.1038/nrn848 PMID: 12042879

14. Burton H. Visual Cortex Activity in Early and Late Blind People. J Neurosci. 2003 May 15; 23(10):4005–

11. https://doi.org/10.1523/JNEUROSCI.23-10-04005.2003 PMID: 12764085

15. Sadato N, Okada T, Kubota K, Yonekura Y. Tactile discrimination activates the visual cortex of the

recently blind naive to Braille: a functional magnetic resonance imaging study in humans. Neurosci Lett.

2004 Apr 8; 359(1–2):49–52. https://doi.org/10.1016/j.neulet.2004.02.005 PMID: 15050709

16. Ortiz T, Poch J, Santos JM, Requena C, Martı́nez AM, Ortiz-Terán L, et al. Recruitment of occipital cor-

tex during sensory substitution training linked to subjective experience of seeing in people with blind-

ness. PLoS ONE. 2011; 6(8):e23264. https://doi.org/10.1371/journal.pone.0023264 PMID: 21853098

17. Ortiz Alonso T, Santos JM, Ortiz Terán L, Borrego Hernández M, Poch Broto J, de Erausquin GA. Dif-

ferences in Early Stages of Tactile ERP Temporal Sequence (P100) in Cortical Organization during

Passive Tactile Stimulation in Children with Blindness and Controls. PLoS One [Internet]. 2015 Jul 30

[cited 2019 Jun 1];10(7). Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4520520/

https://doi.org/10.1371/journal.pone.0124527 PMID: 26225827

18. Collignon O, Renier L, Bruyer R, Tranduy D, Veraart C. Improved selective and divided spatial attention

in early blind subjects. Brain Res. 2006 Feb 23; 1075(1):175–82. https://doi.org/10.1016/j.brainres.

2005.12.079 PMID: 16460716

19. Forster B, Eardley AF, Eimer M. Altered tactile spatial attention in the early blind. Brain Res. 2007 Feb

2; 1131(1):149–54. https://doi.org/10.1016/j.brainres.2006.11.004 PMID: 17173872

20. Feinsod M, Bach-y-Rita P, Madey JM. Somatosensory evoked responses: latency differences in blind

and sighted persons. Brain Res. 1973 Sep 28; 60(1):219–23. https://doi.org/10.1016/0006-8993(73)

90860-3 PMID: 4744762
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