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Children with learning disorders (LDs) often have a lower self-concept than their typically developing peers. Neurofeedback (NFB) treatments seem to improve the cognitive and academic performance of these children, but the effects on self-concept have not been studied. In this exploratory study, 34 right-handed children (8–11 y.o.) with LD and delayed electroencephalographic maturation responded to the Piers–Harris Children’s Self-Concept Scale. One group received NFB (n = 20), and another group (n = 14) served as control, which included 9 children treated with sham-NFB and 5 on a waiting-list. A nonparametric permutation approach was used to compare the academic performance and self-concept difference (postscores – prescores) between the NFB and control groups. Given the smaller size of the control subgroups, a comparison of the percent changes between sham-NFB and the waiting-list was performed with the non-overlap of all pairs (NAP) technique. In the NFB group, the scores of reading, math, and global self-concept increased significantly, highlighting the self-concept subdomains of physical appearance, nonanxiety, popularity, and happiness. Additionally, the sham-NFB subgroup showed better outcomes than the waiting-list subgroup, perhaps due to noncontrolled factors. We found improved academic performance and self-concept in children with LDs who received NFB treatment. This study is an important exploratory step in studying a relevant treatment that seems to ameliorate symptoms of LDs such as anxiety and low self-concept.
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1. Introduction

With a prevalence range of 5–20%, learning disorders (LDs) are the most common neurodevelopmental problems afflicting school-age children (Shaywitz et al., 1999; Altarac and Saroha, 2007; Lagae, 2008; American Psychiatric Association, 2013). According to the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition, Text Revision (DSM-5-TR) (American Psychiatric Association, 2022), a specific LD is diagnosed in individuals with persistent difficulties (at least 6 months) during their development (Criterion C) in learning the basic academic skills of reading, writing, or mathematics (Criterion A), with performance scores in standardized tests substantially below those expected for their age, causing significant interference with academic performance or with activities of daily living (criterion B). The learning difficulties are not better explained by intellectual disabilities, uncorrected visual or hearing acuity, other neurological or psychiatric disorders, or inadequate educational instruction (Criterion D).

Compared with children with typical development, students with LD have higher rates of emotional disorders such as anxiety, depression (Willcutt and Pennington, 2000; Carroll et al., 2005; Nelson and Gregg, 2012), and an affected sense of self-esteem or self-concept (both concepts being often conflated; Cooley and Ayres, 1988; Smith and Nagle, 1995; Gans et al., 2003; McArthur et al., 2016, 2020; Huang et al., 2021). Self-esteem is a rather general and emotionally loaded value that people assign to themselves, while self-concept is a psychological construct of how people perceive themselves based on a multifaceted set of relatively stable self-perceptions, formed through experience and influenced by the judgments of others, which includes a sense of social worth and thoughts about one’s physical characteristics, abilities, and academic skills (Epstein, 1973; Marsh, 1990; Piers and Herzberg, 2002; Zeleke, 2004; McArthur et al., 2020). Self-concept is “essentially phenomenological in nature”; therefore, it heavily depends on the self-report of the individual to describe and evaluate him or herself (Marsh, 1990; Piers and Herzberg, 2002). Since school is considered the main social environment for young people, individuals who are receiving failing grades are more at risk of developing negative self-concepts, anxiety, and depression. Reduced self-esteem is in itself an important risk factor for depression in the young (Sowislo and Orth, 2013; Choi et al., 2019; Hards et al., 2020); it has a bidirectional relationship with anxiety (Sowislo and Orth, 2013; Francis et al., 2019), and teens with LDs show three times more suicidal ideations and attempted suicides than their peers (Daniel et al., 2006). LDs have significant societal impacts in the form of school dropout and higher levels of poverty, with most juvenile delinquents showing low academic performance (Kutner et al., 2006); thus, it is important to explore the emotional and identity dimensions of individuals with LDs and the impact of treatments to ameliorate their symptoms.

The current research on self-concept impairments in LDs either focuses on heterogeneous samples of academic impairments, mostly working with the formerly known learning disorder not otherwise specified (LD-NOS) (American Psychiatric Association, 2000), or on the dyslexia subtype (Snowling et al., 2007; Terras et al., 2009; Huang et al., 2021), with meta-analyses showing people with dyslexia (compared to controls) having an affected sense of global self-concept together with an impaired self-perception of academic skills (McArthur et al., 2016) and anxiety (Francis et al., 2019; McArthur et al., 2020). In samples with heterogeneous types of LDs, self-esteem has been found to be affected (Lahane et al., 2013), with specific impairments in the self-concept subdomains of academic skills and conduct (Cooley and Ayres, 1988; Gans et al., 2003), including affected perceptions of intellectual ability and social acceptance (Smith and Nagle, 1995).

The main interventions to treat the academic symptoms of LDs are special education classes and remedial programs in reading, writing, or mathematics (Swanson and Hoskyn, 1998; National Reading Panel, 2000; Shaywitz and Shaywitz, 2020). It is assumed that a child’s self-concept would be indirectly improved by successfully treating their main academic impairments, due to supporting their ability to perform at school, coupled with the positive feedback from their achievements and encouragement from others (McArthur et al., 2016). However, it is not common practice to report self-concept improvements, or even general improvements in well-being, in treatments that focus on academic domains, but two studies do stand out. On the one hand, Block (1993) reported improved self-esteem together with reading improvements in children who went through a literature-based reading program; on the other hand, a meta-analysis of educational interventions found a moderate effect of treatments on the self-concept of children with LDs (Swanson and Hoskyn, 1998).

Regarding the effects of noneducational types of treatment on the self-concept of people with LDs, MacMahon and Gross (1987) treated LD children with an aerobic exercise program and found that their self-concept improved compared to a control group. Similarly, Musetti et al. (2019) found that teenagers with LDs who underwent psychosocial treatment improved their self-concept compared with healthy or untreated teens with LDs.

An EEG-based neurofeedback (NFB) treatment is also a relevant therapeutic approach. An NFB treatment is an operant conditioning training program that aims to modify brain activity for therapeutic or performance-enhancing purposes (Budzynski et al., 2009; Gruzelier, 2014; Sitaram et al., 2017). NFB treatments have an experimental treatment status (Thibault and Raz, 2016), with ongoing research of their effects on disorders such as ADHD (Lubar et al., 1995; Simkin et al., 2014, 2016), anxiety disorders (Hammond, 2006; Abdian et al., 2021), epilepsy (Egner and Sterman, 2006; Sterman and Egner, 2006; Morales-Quezada et al., 2019), and LDs (Fernández et al., 2003; Becerra et al., 2006; Breteler et al., 2010; Nazari et al., 2012; Martínez-Briones et al., 2021). Children with LD often exhibit an abnormally slower resting-state EEG than children with typical development, characterized by an excess of theta activity and a deficit of alpha activity (Chabot, 2001; Fernández et al., 2002; Fonseca et al., 2006). The research of NFB effects on LD shows that attempting to normalize the EEG by reducing the theta/alpha ratio seems to facilitate EEG maturation and, as a consequence, can boost cognitive performance (Fernández et al., 2003, 2016; Martínez-Briones et al., 2021) and improve EEG resting-state patterns (Fernández et al., 2003, 2007), with treatment effects lasting at least 2 years (Becerra et al., 2006). NFB treatments may also benefit those with LDs by improving spelling ability, which may be associated with increased EEG connectivity of the alpha-band (Breteler et al., 2010), and by improving reading and phonological awareness, with such effects possibly being related to the normalization of EEG connectivity measures (Nazari et al., 2012). However, to our knowledge, there is no evidence of an improved self-concept after NFB treatment in LD children. Three of the abovementioned studies state that most parents subjectively reported a boost in their child’s self-esteem (Becerra et al., 2006; Fernández et al., 2007, 2016), but this was not captured with a direct and objective assessment that considered self-concept as a multidomain construct. Thus, this study aimed to explore the effects of NFB treatments on the self-concept of children with LDs.

The LD sample of this study was heterogeneous, with impairments in the academic domains of reading, writing, and/or mathematics. We adhered to an examination of a global self-concept derived from the following subdomains or specific perceptions of self-concept: behavior, intellectual or academic skills, physical appearance, freedom from anxiety, popularity, and happiness or life satisfaction (Alexopoulos and Foudoulaki, 2002; Flahive et al., 2015). Hence, this is an exploratory study of the possible effects of NFB treatment on six aspects of self-concept in children with LDs.

Several researchers conceive cognitive achievement as the result of self-esteem or self-concept (Marsh, 1990; Núñez Pérez and Solís, 1995; González-Pienda et al., 2000; Tobia et al., 2017); however, Baumeister et al. (2003) views a high self-concept as partly the result of good school performance. In a meta-analysis based on the analysis of 105 studies involving a sample of more than 58,000 participants from the world over, Huang (2011) concluded the relationship between self-concept and academic performance as bidirectional. Since the children in this study come from primary schools, it is essential to recognize the relationship between academic performance and self-concept as stronger in elementary than in high school (Huang, 2011). Thus, because the NFB treatment aims to improve cognitive performance, an increased self-concept may be an emergent result of this study.



2. Materials and methods

The Ethics Committee of the Instituto de Neurobiología, Universidad Nacional Autónoma de México (UNAM), approved the experimental protocol (INEU/SA/CB/146). This protocol complies with the Ethical Principles for Medical Research Involving Human Subjects established by the Declaration of Helsinki (World Medical Association, 2013). Informed consent was signed by all children and their parents.


2.1. Participants

The necessary sample size for this study was calculated with G*Power 3.1 software1 using the effect size of a difference between two groups (NFB vs. sham-NFB; Martínez-Briones et al., 2021). We used the following values: a Cohen’s d effect size of 1.15, a 1:1 size ratio between the two groups, a one-tailed type 1 error rate of 0.05, and a power of 0.9. Accordingly, at least 28 participants (14 per group) were needed.

Forty right-handed children aged 8–11 years diagnosed with LD were selected from a larger sample of children referred by teachers and social workers from several elementary schools in Querétaro, México. All children fulfilled the following inclusion criteria: (1) a normal neurological and psychiatric assessment (except for the LD diagnostic requirements, as stated below), without language impairments or visual/ hearing acuity problems (those with visual problems used correcting glasses); (2) an intelligence quotient (IQ) of at least 75 [Wechsler Intelligence Scale for Children 4th Edition, WISC-4 (Wechsler, 2010)], used to exclude children with intellectual disability; (3) without severe socioeconomic disadvantages, that is, a mother (or tutor in her absence) with at least a completed elementary school education and a per capita income greater than 50 percent of the minimum wage; and (4) an abnormally high EEG resting-state theta/alpha ratio compared to a normative database (Bosch-Bayard et al., 2020b). The EEG of children with LDs often has more theta and less alpha activity than typical children; thus, we obtained the z values of the theta/alpha ratio and selected children with z values greater than 1.645 (one-tailed distribution, p = 0.05) in at least one lead of their EEG spectra.

In addition, all children had an LD diagnosis. The LD diagnosis was based on the following three criteria: (a) poor academic achievement reported by teachers and parents; (b) percentiles of 10 or lower in the subscales of reading, writing, or mathematics of the Infant Neuropsychological Scale for Children (Matute et al., 2014); and (c) the final decision of LD was delivered by a psychologist according to the DSM-5 criteria for LD (American Psychiatric Association, 2013). A few children failed to complete different items of the attentional evaluation, but they did not meet the DSM-5 criteria of ADHD (American Psychiatric Association, 2013), as others have reported (Holcomb et al., 1986; Silva-Pereyra et al., 2003).

All children were randomly assigned to either an NFB treatment that reinforced a reduction in the theta/alpha ratio (NFB group) or a sham-NFB treatment (control group). The treatment (NFB or sham) was delivered via the lead with the highest abnormal z value.

Eleven children were impaired in all three domains (reading, writing, and mathematics); four children were impaired in reading and writing; seven children were impaired in reading and mathematics; four children were impaired in writing and mathematics; four children were impaired in reading; one child was impaired in writing; and three children were impaired in mathematics (Figure 1). It can be noted that our sample of children with LDs was heterogeneous in its distribution of academic impairments, yet both groups were reasonably similar (see Table 1 and Figure 1) for comparison in further analyses.
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FIGURE 1
 Venn diagrams of the distribution of academic impairments.




TABLE 1 Descriptive data for the neurofeedback (NFB) and control (CTRL) groups.
[image: Table1]

All children were randomly assigned to either an NFB treatment that reinforced a reduction in the theta/alpha ratio (NFB group; n = 20, 9 females) or a sham-NFB treatment (control group). The treatment (NFB or sham) was delivered via the lead with the highest abnormal z value. However, only 9 children in the control group received sham-NFB treatment; the remaining 11 could not receive any treatment due to COVID-19 pandemic-related lockdowns. Nonetheless, we were able to carry out the evaluations for 5 of them after a period of waiting. Therefore, the control group (Ctrl group; n = 14, 6 female) was made up of two subgroups of children: a sham subgroup (n = 9) and another subgroup, which we considered to be a waiting-list group (WL group; n = 5).



2.2. Instruments


2.2.1. Neuropsychological scale for children (ENI)

The Neuropsychological Scale for Children (ENI: Escala Neuropsicológica Infantil; Matute et al., 2014) is standardized by age for the Mexican population. Three ENI domains are evaluated, namely, reading, writing, and mathematics, with several variables assessed for each domain (reading: accuracy, comprehension, and speed; writing: accuracy, narrative composition, and speed; mathematics: counting, number management, calculus, and logical reasoning). Raw scores were transformed to percentiles according to the scale attributes. Reading and writing speeds were measured in terms of the time needed to read a text and write a composition; the correct responses were measured for the other subdomains of the three ENI domains.



2.2.2. Piers–Harris children’s self-concept scale

All participants responded to the Piers–Harris Children’s Self-Concept Scale, a self-report questionnaire chosen for its multidimensional structure, which allows the categorization of self-perceptions of different domains of experience. The scale’s items describe real scenarios with which the children could feel identified. Participants were instructed to answer yes or no to a list of 80 statements about how they think and feel about themselves. A psychologist clarified the confidentiality of the test and explained the importance of giving truthful answers. The psychologist was also present during the performance of the scale to assist with children’s doubts.

The scale gives a global score as a general measure of self-concept taken from 6 specific subdomains: behavior, academic competence, physical appearance, freedom from anxiety, popularity, and happiness. A higher score indicates a more positive self-evaluation in the measured subdomain. In this study, the Piers–Harris 2 was used. It was standardized by scholastic grade with a U.S. sample of 1,387 children (49.7% male and 50.3% female) ranging from 7 to 18 years. We considered that the sample may be slightly underrepresentative of a Hispanic or Latino population; however, it has been recognized as appropriate in research, educational, and clinical settings (Alexopoulos and Foudoulaki, 2002; Review of the Piers-Harris Children’s Self-Concept Scale 2nd Edition, 2011; Flahive et al., 2015).




2.3. Neurofeedback and sham treatments

A resting-state EEG was recorded during an eyes-closed condition while the child was seated in a dimly lit, faradized, and soundproofed room using 19 leads of the 10–20 International System (ElectroCap™ Inc., Eaton, OH, United States) referenced to linked earlobes (A1A2). For this purpose, we used a Medicid™ IV system and Track Walker™ v2.0 software (Neuronic Mexicana, SA, Mexico City, Mexico). The amplifier bandwidth was set from 0.5 to 50 Hz. All electrode impedances were a maximum of 10 kΩ, and the signal was amplified with a gain of 20,000. EEG data were sampled with a frequency of 200 Hz and edited offline. On average, 24 artifact-free segments of 2.56 s were used for analysis.

To obtain the theta(θ)/alpha(α) (θ/α) ratio, first, the absolute power (AP) of the broad-band model was calculated in the frequency domain, and then θ/α was obtained as the ratio of AP(θ) to AP(α) for each lead. Here, we used the theta and alpha frequency bands in their traditional definitions: theta comprises the frequencies of 3.6–7.5 Hz, and alpha comprises the frequencies of 7.6–12.5 Hz (Fernández et al., 2003), with a frequency resolution of 0.39 Hz.

To calculate the z value of the theta/alpha ratio (z[θ/α]), we obtained the population age-dependent mean [μ(age)] and standard deviation (σ) for the eyes-closed resting-state EEG for each lead used in our study. This was performed by calculating the θ/α index in each lead for all subjects of the Cuban normative database (Bosch-Bayard et al., 2020b) and 2nd-order polynomial age-dependent regressions of those indices to obtain μ(age) and σ (Bosch-Bayard et al., 2001, 2020a).

The NFB treatment was applied at the lead with the highest z(θ/α) using a neurofeedback program adapted by Fernández et al. (2003) for the Medicid IV recording system. Every 20 ms, this program automatically selects a 1,280 ms segment and calculates the θ/α ratio. This ratio is compared to the threshold value previously established by the therapist; only if the θ/α ratio is lower than the threshold value is a tone of 500 Hz at 60 dB (positive reinforcer) emitted. This process is repeated until the EEG recording finishes, using overlapped 1,280 ms segments. The child is told to keep the sound going because it means their brain is working well; in this way, the tone assumes a positive value. The criterion for establishing this threshold the first time was using the subject’s value in their resting-state EEG recorded in the sample selection phase, but this was adjusted by trial and error until the tone was delivered approximately 70% of the time. Later (every 3 min), it was verified whether the percentage of time remained between 60 and 80% of the 3 min period, and if so, the threshold was not modified further. If the tone appeared for more than 80% of the time, the most common situation, the therapist changed the threshold to a lower value. Likewise, if the tone appeared less than 60% of the time, the threshold was increased.

The sham treatment was identical to the NFB treatment, except that it was noncontingent with the EEG activity of the child. The goal of a sham-NFB treatment is that the individual has the “feeling” of receiving a real treatment; for this, the same rewarding stimulus of the real NFB is given, but this is not related to their brain activity. There are several ways to obtain this kind of fake stimulus: one is by using the stimulus produced by recording a real NFB treatment of another participant, and the other is by randomly emitting the stimulus with a given frequency, such as between 60 and 80% of the time. The latter approach was used in this study. In other studies, some participants who received the sham treatment reported “finding the feedback confusing and ineffective” (Angelakis et al., 2007); no child in our sham group reported anything of that nature. In this study, none of the participants knew which condition they were in, nor did they know that there were both experimental and control conditions.

Each subject received 30 training sessions three times a week over 10–12 weeks, with a duration of 30 min per session. At the beginning of each session, the children were told that they would receive candy at the end of the session according to their performance. To motivate the child, a learning curve plot was updated for each session showing the last successful θ/α ratio.

All children were examined with the ENI and self-concept scales in both pre- and posttreatment conditions.



2.4. Data analysis


2.4.1. Pretreatment comparison between groups

A non-parametric permutation t-test (5,000 permutations) was applied for the comparison between groups in terms of age, z score of the theta/alpha ratio, academic performance (reading, writing, and mathematics), and global self-concept using a statistical tool from eLORETA software (Pascual-Marqui et al., 2011). This nonparametric technique does not require a theoretical distribution since the null-hypothesis distribution of statistical tests is iteratively generated by shuffling processing of the data and does not need corrections for multiple comparisons when several time points are assessed. A chi-square analysis was performed to assess whether the sex distribution was homogenous between groups using SPSS (version 25).



2.4.2. Pre- vs. posttreatment comparison between and within groups

Z score of theta/alpha ratio after treatment: A non-parametric permutation t test (5,000 permutations) was performed to compare the difference (postscores – prescores) between the NFB group and the sham subgroup. This analysis was not applied to the waiting-list subgroup, given its lack of postevaluation.

Academic performance after treatment: The academic performance was analyzed using the same permutation t test described before to compare the NFB and Ctrl groups’ percentile score differences (postscores – prescores) in the reading, writing, and mathematics domains. A similar analysis was applied to observe the differences within groups.

Self-concept after treatment: The permutation t test was performed to compare the differences (postscores – prescores) between the NFB and Ctrl groups in the global self-concept score. The same statistical analysis was applied to the self-concept subdomains (behavior, academic skills, physical appearance, non-anxiety, popularity, and happiness).



2.4.3. Sham vs. waiting-list

Given that the Ctrl group consisted of two subgroups (sham and waiting-list), we were interested in analyzing possible between-group prepost changes in academic performance and global self-concept. Due to their small sample size, a qualitative comparison based on the percent changes was performed with the nonoverlapping all pairs (NAP) technique (Parker and Vannest, 2009) using the web-based NAP calculator from Vannest et al. (2016). With this, each variable of the pre- and postconditions was computed from the scaled scores of the respective subscales of each variable. For example, reading depends on reading accuracy, reading comprehension, and reading speed, while global self-concept depends on the following subdomains: behavior, academic skills, physical appearance, nonanxiety, popularity, and happiness. A similar description of the technique is given by Parker et al. (2011) and Flores-Gallegos et al. (2022).





3. Results


3.1. Pretreatment comparison between groups

In the comparison between the NFB and Ctrl groups, no significant differences were found in age, gender distribution, intelligence coefficient (IQ), academic performance, or z scores of theta/alpha ratio. The Ctrl group had a higher global self-concept than the NFB group, as shown in Table 1.



3.2. Pre vs. posttreatment comparison between and within groups


3.2.1. Theta/alpha ratio

There was no significant difference between the NFB group (mean difference = −0.64, SD = 1.05) and the sham subgroup (mean difference = −0.45, SD = 0.45) in the theta/alpha ratio change (postscores – prescores) (t = −0.52, p = 0.34, d = −0.24). The within-group analyses showed a significant decrease in the theta/alpha ratio after treatment for both the NFB group and the sham subgroup (Table 2).



TABLE 2 Within groups pre vs. post z score (theta/alpha) differences for NFB and sham.
[image: Table2]



3.2.2. Academic performance

There was a significant gain for the NFB group (mean difference = 7.74, SD = 15.75) in mathematics (t = 2.86, p = 0.01, d = 0.80) compared to the Ctrl group (mean difference = −8.78, SD = 18.89), with 14/20 subjects of the NFB group improving compared to 5/14 controls, as Figure 2 shows. The within-group analyses showed a significant improvement in reading for the NFB group (t = 3.46, p = 0.005, d = 0.59), with 17/20 subjects improving, while there were no significant differences posttreatment for the Ctrl group (Figure 2B). Additional data can be found in the Supplementary Tables S1–S3.

[image: Figure 2]

FIGURE 2
 Scatterplots of the percentile difference scores (post – pretreatment)of the academic performance for the NFB and Ctrl groups. The majority of observations are above the unity (dotted) line, showing overall group effects in all but the writing domain of the NFB group and the mathematics domain of the Ctrl group. The black dashes indicate the mean values.




3.2.3. Self-concept

There was a significant gain for the NFB group (mean difference = 7.90, SD = 7.91) in the global self-concept difference (postscore – prescore) (t = 1.69, p = 0.05, d = 0.59) in comparison to the Ctrl group (mean difference = 2.14, SD = 11.48), with 17/20 subjects improving in the former group compared to 9/14 in the latter (including 3/5 subjects in the waiting-list subgroup).

The within-group analysis (Figure 3) indicated significant increases (p < 0.05) in self-concept for the NFB group in the following subdomains: physical appearance (12/20 subjects), nonanxiety (15/20), popularity (12/20), and happiness (12/20). There were no significant differences for the Ctrl group. Additional data can also be found in the Supplementary Tables S4, S5.

[image: Figure 3]

FIGURE 3
 Scatterplots of the difference scores (post-pretreatment) of the self-concept subdomains for the NFB group and Ctrl groups. The majority of observations are above the unity (dotted) line, showing overall group effects in all but the subdomains of academic skills and physical appearance of the Ctrl group. The black dashes indicate the mean values.





3.3. Sham vs. waiting-list

In the comparison between the sham and waiting-list subgroups, there were no significant differences in the gender distribution (X2 = 0.93, p = 0.33) or intellectual coefficient (IQ, t = −1.23, p = 0.27) before treatment. There was a significant difference in age between subgroups (t = 5.81, p = 0.001), but this did not affect the qualitative analysis.

The sham subgroup had a higher percent change in NAP value over the waiting-list subgroup in the academic performance domains of reading, writing, and mathematics, as shown in Table 3.



TABLE 3 Non-overlap of all pairs (NAP) assessment of academic performance for sham and waiting-list subgroups.
[image: Table3]

There was also a higher NAP value for global self-concept in the sham subgroup (NAP = 0.55, SD = 0.12, z = 4.76, CI 90% [0.36–0.74]) compared to the waiting-list subgroup (NAP = 0.48, SD = 0.16, z = 3.06, CI 90% [0.22–0.73]), as shown in Figure 4.

[image: Figure 4]

FIGURE 4
 Non-overlap of all pairs (NAP) assessment of global self-concept for participants in the sham subgroup (7/9 above 0.5 NAP) and waiting-list subgroup (2/5 above 0.5 NAP).





4. Discussion

The main objective of this study was to explore the indirect effects of NFB on the self-concept of children with LDs. We expected the children in the NFB group to show an improved self-concept compared to the Ctrl group. Additionally, since it has been reported that NFB treatments have a direct effect on the EEG activity of LD children (Fernández et al., 2003), with a concomitant positive impact on academic performance (Breteler et al., 2010; Nazari et al., 2012), we also expected the NFB group to show a larger theta/alpha ratio decrease and better academic performance. As discussed below, these expectations were mostly met.

Regarding the changes produced by each respective treatment in the theta/alpha ratio, no significant differences were found between the NFB and sham groups. However, the within-group analyses did show significant ratio reductions for both groups. In the NFB group, this was an expected and desired result, since this reduction is an index of the operant learning involved in NFB treatments. For the sham group, some reduction in any case would be anticipated due to expectation (Schönenberg et al., 2021), the placebo effect (Geuter et al., 2017), and meta-cognitive mechanisms (Huang et al., 2020). However, above all, since the comparison was made between the NFB group and the sham subgroup (9 children) of the Ctrl group, the statistical power could not have been optimal to detect a proper difference due to the sample size.

Regarding the academic performance comparison, our heterogeneous sample of children with LDs was mainly affected in terms of reading and mathematics abilities; a corresponding improvement was observed only for the NFB group and only in those domains. A boost in reading ability has been previously found in children with LDs after receiving an NFB treatment (Breteler et al., 2010; Nazari et al., 2012), but, to our knowledge, the present study is the first that also reported an improvement in mathematics after an NFB treatment.

Concerning the main self-concept results, the impaired domains reported in the field of dyslexia are the global self-concept and the subdomains of academic skills (McArthur et al., 2016) and anxiety (Francis et al., 2019; McArthur et al., 2020). In heterogeneous LD populations such as ours, specific impairments have been found in the subdomains of academic skills, behavior (Cooley and Ayres, 1988; Gans et al., 2003), intellectual ability, and social acceptance (Smith and Nagle, 1995). Thus, after the NFB treatment, we would expect improvements in the self-concept perceptions of academic skills, behavior, and popularity (as an index of social acceptance) on the Piers–Harris scale. In this study, we found that the NFB group showed an improved global self-concept, highlighting improvements in the following subdomains: physical appearance, nonanxiety, popularity, and happiness. It has been reported that NFB treatments can positively affect anxiety (Mennella et al., 2017; López-Pinar et al., 2020; Chen et al., 2021) and depression (Choi et al., 2010; López-Pinar et al., 2020), findings that are congruent with our increased self-concept perceptions of non-anxiety and happiness. In the Piers–Harris scale, the global self-concept directly depends on the significantly affected subdomains. According to our results, the nonanxiety dimension had the largest effect size and may have exerted the most influence over the other subdomains. These results are congruent with previous findings of a prominent role of anxiety and its possible bidirectional relationship with self-concept (Sowislo and Orth, 2013).

Although the sample sizes of the Ctrl subgroups differed, the NAP analysis over each participant represented a percent change that reduced the limitation of the low statistical power. This analysis revealed that the academic performance and global self-concept in the sham subgroup improved more than in the waiting-list subgroup, which indicates a treatment effect that may be due to placebo. The placebo effect of a sham-NFB treatment arises from the technological context (e.g., noticing the signals from the EEG in a computer) and the encouragement and verbal information from the researchers and parents around the training sessions (Colloca and Miller, 2011; Schönenberg et al., 2021), which are factors that, by causing an expectation of improvement, end in a placebo response in the person. Moreover, the placebo effect could be linked to endorphin and dopamine increases that may affect the EEG alpha activity (Thornton, 2018), a finding that could also explain the lack of difference between the NFB and sham’s theta/alpha ratio change, with both groups showing a significant ratio decrease. In the sham subgroup, the placebo effect seemed to have affected the academic performance and global self-concept, with larger improvements above the waiting-list subgroup. A similar finding was reported by Qiu et al. (2022), where a placebo group with explicitly detailed information about the self-esteem and fitness benefits of a physical training session was compared to a simpler placebo group (with less explicit information) and a control group, with the placebo group improving over the control group but not as much as the explicit placebo. Thus, a placebo effect would explain some of the academic performance and self-concept improvements in our groups.

Although the previous analysis indicated that 14 individuals per group were required for a statistical power of 0.9 with an error rate of 0.05, we realize that the sample sizes are small and make generalization difficult. However, these recent times of transition are not ideal for increasing sample sizes or conducting new experiments that include children with LD, as the diagnosis is based on pre-pandemic norms, and this period was characterized by poor school instruction (Lewis et al., 2021). Also, social isolation had negative psychological effects, promoting anxiety, depression, and other factors that could affect self-concept (Orgilés et al., 2020; Xie et al., 2020).



5. Conclusion

Neurofeedback treatments have previously been used to ameliorate the academic impairments of children with LDs. Since a child’s self-concept might be indirectly improved by treating such impairments, this is the first exploratory study that aimed to investigate the effects of NFB on the self-concept of children with LDs. We found a positive effect of NFB on the global self-concept of these children, possibly due to the improved perceptions of physical appearance, nonanxiety, popularity, and happiness. Future studies could attempt to replicate these findings with a larger sample of children with LDs and delayed EEG maturation.
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