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This study empirically investigates the neural noise hypothesis of developmental dyslexia using elec-
troencephalography (EEG) during a spoken language task and 7T magnetic resonance spectroscopy
(MRS). The convincing findings indicate no evidence of an imbalance between excitatory and inhib-
itory (E/I) brain activity in adolescents and young adults with dyslexia compared to controls, thereby
challenging the neural noise hypothesis. This research is valuable for advancing our understanding
of the neural mechanisms underlying dyslexia and offers broader insights into the neural processes
involved in reading development.

Abstract The neural noise hypothesis of dyslexia posits an imbalance between excitatory and
inhibitory (E/I) brain activity as an underlying mechanism of reading difficulties. This study provides
the first direct test of this hypothesis using both electroencephalography (EEG) power spectrum
measures in 120 Polish adolescents and young adults (60 with dyslexia, 60 controls) and glutamate
(Glu) and gamma-aminobutyric acid (GABA) concentrations from magnetic resonance spectroscopy
(MRS) at 7T MRI scanner in half of the sample. Our results, supported by Bayesian statistics, show no
evidence of E/I balance differences between groups, challenging the hypothesis that cortical hyper-
excitability underlies dyslexia. These findings suggest that alternative mechanisms must be explored
and highlight the need for further research into the E/I balance and its role in neurodevelopmental
disorders.

Introduction

According to the neural noise hypothesis of dyslexia, reading difficulties stem from an imbalance
between excitatory and inhibitory (E/I) neural activity (Hancock et al., 2017). The hypothesis predicts
increased cortical excitation leading to more variable and less synchronous neural firing. This insta-
bility supposedly results in disrupted sensory representations and impedes phonological awareness
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and multisensory integration skills, crucial for learning to read (Hancock et al., 2017). Yet, studies
testing this hypothesis are lacking.

The non-invasive measurement of the E/I balance can be derived through assessment of glutamate
(Glu) and gamma-aminobutyric acid (GABA) neurotransmitters concentration via magnetic resonance
spectroscopy (MRS) (Finkelman et al., 2022) or through various E/I estimations from the electroen-
cephalography (EEG) signal (Ahmad et al., 2022).

MRS measurements of Glu and GABA yielded conflicting findings. Higher Glu concentrations
in the midline occipital cortex correlated with poorer reading performance in children (Del Tufo
et al., 2018; Pugh et al., 2014), while elevated Glu levels in the anterior cingulate cortex (ACC)
corresponded to greater phonological skills (Lebel et al., 2016). Elevated GABA in the left infe-
rior frontal gyrus was linked to reduced verbal fluency in adults (Nakai and Okanoya, 2016), and
increased GABA in the midline occipital cortex in children was associated with slower reaction times
in a linguistic task (Del Tufo et al., 2018). However, notable null findings exist regarding dyslexia
status and Glu levels in the ACC among children (Horowitz-Kraus et al., 2018) as well as Glu and
GABA levels in the visual and temporo-parietal cortices in both children and adults (Kossowski
et al., 2019).

Both beta (~13-28 Hz) and gamma (>30 Hz) oscillations may serve as E/l balance indicators (Ahmad
et al., 2022), as greater GABA-ergic activity has been associated with greater beta power (Jensen
et al., 2005; Porjesz et al., 2002) and gamma power or peak frequency (Brunel and Wang, 2003;
Chen et al., 2017). Resting-state analyses often reported non-significant beta power associations
with dyslexia (Babiloni et al., 2012; Fraga Gonzalez et al., 2018; Xue et al., 2020), however, one
study indicated lower beta power in dyslexic compared to control boys (Fein et al., 1986). Mixed
results were also observed during tasks. One study found decreased beta power in the dyslexic group
(Spironelli et al., 2008), while the other noted increased beta power relative to the control group
(Rippon and Brunswick, 2000). Insignificant relationship between resting gamma power and dyslexia
was reported (Babiloni et al., 2012; Lasnick et al., 2023). When analyzing auditory steady-state
responses, the dyslexic group had a lower gamma peak frequency, while no significant differences
in gamma power were observed (Rufener and Zaehle, 2021). Essentially, the majority of studies in
dyslexia examining gamma frequencies evaluated cortical entrainment to auditory stimuli (Lehongre
et al., 2011, Marchesotti et al., 2020; Van Hirtum et al., 2019). Therefore, the results from these
tasks do not provide direct evidence of differences in either gamma power or peak frequency between
the dyslexic and control groups.

The EEG signal comprises both oscillatory, periodic activity, and aperiodic activity, characterized
by a gradual decrease in power as frequencies rise (1/f signal) (Donoghue et al., 2020). Recently
recognized as a biomarker of E/| balance, a lower exponent of signal decay (flatter slope) indicates
a greater dominance of excitation over inhibition in the brain, as shown by the simulation models
of local field potentials, ratio of AMPA/GABA, synapses in the rat hippocampus (Gao et al., 2017),
and recordings under propofol or ketamine in macaques and humans (Gao et al., 2017, Waschke
et al., 2021). However, there are also pharmacological studies providing mixed results (Colombo
et al., 2019, Salvatore et al., 2024). Nonetheless, the 1/f signal has shown associations with various
conditions putatively characterized by changes in E/I balance, such as early development in infancy
(Schaworonkow and Voytek, 2021), healthy aging (Voytek et al., 2015), and neurodevelopmental
disorders like ADHD (Ostlund et al., 2021), autism spectrum disorder (Manyukhina et al., 2022), or
schizophrenia (Molina et al., 2020). Despite its potential relevance, the evaluation of the 1/f signal
in dyslexia remains limited to one study, revealing flatter slopes among dyslexic compared to control
participants at rest (Turri et al., 2023), thereby lending support to the notion of neural noise in
dyslexia.

Here, we examined both EEG (1/f signal, beta, and gamma oscillations during both rest and
a spoken language task) and MRS (Glu and GABA) biomarkers of E/I balance in participants with
dyslexia and age-matched controls. The neural noise hypothesis predicts flatter slopes of 1/f
signal, decreased beta and gamma power, and higher Glu concentrations in the dyslexic group.
Furthermore, we tested the relationships between different E/I measures. Flatter slopes of 1/f
signal should be related to higher Glu level, while enhanced beta and gamma power to increased
GABA level.
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Results

No evidence for group differences in the EEG E/I biomarkers

We recruited 120 Polish adolescents and young adults — 60 with dyslexia diagnosis and 60 controls
matched in sex, age, and family socio-economic status. The dyslexic group scored lower in all reading
and reading-related tasks and higher in the Polish version of the Adult Reading History Questionnaire
(ARHQ-PL) (Bogdanowicz et al., 2015), where a higher score indicates a higher risk of dyslexia (see
Table 1). Although all participants were within the intellectual norm, the dyslexic group scored lower
on the 1Q scale (including nonverbal subscale only) than the control group. However, the Bayesian
statistics did not provide evidence for the difference between groups in the nonverbal IQ.

The EEG signal was recorded at rest and during a spoken language task, where participants
listened to a sentence and had to indicate its veracity. In the initial step of the analysis, we analyzed
the aperiodic (exponent and offset) components of the EEG spectrum. The exponent reflects the
steepness of the EEG power spectrum, with a higher exponent indicating a steeper signal; while the
offset represents a uniform shift in power across frequencies, with a higher offset indicating greater
power across the entire EEG spectrum (Donoghue et al., 2020).

Due to a technical error, the signal from one person (a female from the dyslexic group) was not
recorded during most of the language task and was excluded from the analyses. Hence, the results are
provided for 119 participants — 59 in the dyslexic and 60 in the control group.

First, aperiodic parameter values were averaged across all electrodes and compared between
groups (dyslexic, control) and conditions (resting state, language task) using a 2x2 repeated measures
ANOVA. Age negatively correlated both with the exponent (r=-0.27, p=0.003, BF;,=7.96) and offset
(r=-0.40, p<0.001, BF1,=3174.29) in line with previous investigations (Cellier et al., 2021, McSweeney
et al., 2021, Schaworonkow and Voytek, 2021; Voytek et al., 2015), therefore we included age as
a covariate. Post hoc tests are reported with Bonferroni corrected p-values.

For the mean exponent, we found a significant effect of age (F(1,116) = 8.90, p=0.003, 52, = 0.071,
BF.. = 10.47), while the effects of condition (F(1,116) = 2.32, p=0.131, #?, = 0.020, BF,,, = 0.39)
and group (F(1,116) = 0.08, p=0.779, #?, = 0.001, BF,,q = 0.40) were not significant and Bayes factor
did not provide evidence for either inclusion or exclusion. Interaction between group and condition
(F(1,116) = 0.16, p=0.689, 5, = 0.001, BF,4 = 0.21) was not significant and Bayes factor indicated
against including it in the model.

For the mean offset, we found significant effects of age (F(1,116) = 22.57, p<0.001, #°, = 0.163,
BF..« = 1762.19) and condition (F(1,116) = 23.04, p<0.001, #°, = 0.166, BF,, >10,000) with post hoc
comparison indicating that the offset was lower in the resting-state condition (M=-10.80, SD = 0.21)
than in the language task (M=-10.67, SD = 0.26, p..,<0.001). The effect of group (F(1,116) = 0.00,
p=0.964, *, = 0.000, BF,, = 0.54) was not significant while Bayes factor did not provide evidence for
either inclusion or exclusion. Interaction between group and condition was not significant (F(1,116) =
0.07, p=0.795, %, = 0.001, BF,,, = 0.22) and Bayes factor indicated against including it in the model.

Next, we restricted analyses to language regions and averaged exponent and offset values from
the frontal electrodes corresponding to the left (F7, FT7, FC5) and right inferior frontal gyrus (F8,
FT8, FC6), as well as temporal electrodes, corresponding to the left (T7, TP7, TP9) and right supe-
rior temporal sulcus, STS (T8, TP8, TP10) (Giacometti et al., 2014; Scrivener and Reader, 2022). A
2x2x2x2 (group, condition, hemisphere, region) repeated measures ANOVA with age as a covariate
was applied. Power spectra from the left STS at rest and during the language task are presented
in Figure 1A and C, while the results for the exponent, offset, and beta power are presented in
Figure 1B and D.

For the exponent, there were significant effects of age (F(1,116) = 14.00, p<0.001, #?, = 0.108,
BF..« = 11.46) and condition (F(1,116) = 4.06, p=0.046, %, = 0.034, BF,, = 1.88), however, Bayesian
statistics did not provide evidence for either including or excluding the condition factor. Furthermore,
post hoc comparisons did not reveal significant differences between the exponent at rest (M=1.51,
SD = 0.17) and during the language task (M=1.51, SD = 0.18, p.,, = 0.546). There was also a signif-
icant interaction between region and group, although Bayes factor indicated against including it in
the model (F(1,116) = 4.44, p=0.037, %, = 0.037, BF,, = 0.25). Post hoc comparisons indicated that
the exponent was higher in the frontal than in the temporal region both in the dyslexic (Mjon = 1.54,
SDfontal = 0.15, Miemporal = 1.49, SDiemporal = 0.18, peor<0.001) and in the control group (Mioma = 1.54,
SDtontal = 0.17, Micmporal = 1.46, SDiemporal = 0.20, P <0.001). The difference between groups was not
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Table 1. Demographic and behavioral characteristics of the entire sample of 120 participants.

DYS CON
28F, 32 M 28F, 32 M ¢
M SD M SD (df) [+) Cohen's d BF,,
Demographics
0.25
Age 19.41 3.18 19.54 2.96 (118) 0.806 0.05 0.20
Mother's education -1.19
(years) 17.20 3.36 16.58 2.28 (103.89) 0.235 -0.22 0.37
Father's education 1.71
(years) 16.12° 3.10° 17.13° 3.27¢ (114) 0.091 0.32 0.73
3.70
1Q 103.56° 11.83° 111.12 10.43 (117) <0.001 0.68 75.31
Nonverbal 1Q 242
(scaled score) 10.40 2.94 11.62 2.57 (118) 0.017 0.44 2.63
-16.04
ARHQ-PL 51.50 9.70 25.47 8.00 (113.87) <0.001 -2.93 >10,000
Reading and reading-related tasks
8.18
Words/min 108.38 20.93 134.57 13.29 (99.90) <0.001* 1.49 >10,000
9.33
Pseudowords/min 56.75 14.16 83.43 17.04 (118) <0.001* 1.70 >10,000
-3.92
RAN objects (s) 3212 5.11 28.70 4.43 (118) <0.001* -0.72 149.93
-4.04
RAN colors (s) 35.83 6.82 31.18 573 (118) <0.001* -0.74 229.96
-4.34
RAN digits(s) 19.32 4.61 16.25 2.94 (100.28) <0.001* -0.79 642.86
-4.23
RAN letters (s) 22.70 4.53 19.68 3.16 (105.42) <0.001* -0.77 433.23
-7.20
Reading comprehension (s) 64.47 20.13 43.72 9.63 (84.66) <0.001* -1.32 >10,000
Phoneme deletion 4.44
(% correct) 76.41 24.68 91.47 9.07 (74.66) <0.001* 0.81 898.25
Spoonerisms phonemes 5.28
(% correct) 54.29 35.42 82.74 22.06 (98.78) <0.001* 0.96 >10,000
Spoonerisms syllables 5.20
(% correct) 46.94 30.61 73.06 23.98 (111.62) <0.001* 0.95 >10,000
Orthographic awareness 8.12
(accuracy/time) 0.33 0.13 0.53 0.14 (118) <0.001* 1.48 >10,000
3.48
Perception speed (sten score) 3.32 2.04 4.50 1.67 (118) <0.001* 0.64 38.71
4.40
Digits forward 5.53 1.64 6.98 1.95 (118) <0.001* 0.80 792.55
5.99
Digits backward 5.25 1.49 7.33 2.25 (102.59) <0.001* 1.09 >10,000

Note: DYS - dyslexic group; CON - control group; F — females, M — males. BF;;, — Bayes factor indicating ratio of the likelihood of an alternative
hypothesis (H1) to a null hypothesis (H0). ARHQ-PL — Polish version of the Adult Reading History Questionnaire. RAN - rapid automatized naming.
Boldface indicates statistical significance at p<0.05 level (uncorrected).

*Significance after Bonferroni correction for 14 planned comparisons for reading and reading-related tasks
n = 58 (two participants did not provide information about the father’s education)
°n = 59 (one participant did not attempt a verbal subtest of the scale, thus we were not able to calculate overall IQ)
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Figure 1. Selected results for the electroencephalography (EEG) excitatory and inhibitory (E/I) balance biomarkers. n = 119 (DYS n = 59, CON n = 60).
(A) Power spectral densities averaged across three electrodes (T7, TP7, TP9)corresponding to the left superior temporal sulcus (STS) separately for
dyslexic (DYS) and control (CON) groups at rest and (C) during the language task. (B) Plots illustrating results for the exponent, offset, and the beta
power from the left STS electrodes at rest and (D) during the language task.

significant either in the frontal (p,,=0.858) or temporal region (p.,=0.441). The effects of region
(F(1,116) = 1.17, p=0.282, %, = 0.010, BF,,;>10,000) and hemisphere (F(1,116) = 1.17, p=0.282, #*, =
0.010, BF,, = 12.48) were not significant, although Bayesian statistics indicated in favor of including
them in the model. Furthermore, the interactions between condition and group (F(1,116) = 0.18,
p=0.673, %, = 0.002, BF,,q = 3.70), and between region, hemisphere, and condition (F(1,116) = 0.11,
p=0.747, %, = 0.001, BF,,q = 7.83) were not significant, however Bayesian statistics indicated in favor
of including these interactions in the model. The effect of group (F(1,116) = 0.12, p=0.733, #?, =
0.001, BF,q = 1.19) was not significant, while Bayesian statistics did not provide evidence for either
inclusion or exclusion. Any other interactions were not significant and Bayes factor indicated against
including them in the model. Since Bayes factor suggested the inclusion of the condition*group inter-
action in the model, we further conducted Bayesian t-tests to determine whether this was driven by
differences between control and dyslexic groups in either condition. The results, however, supported
the null hypothesis in both the resting-state condition (Mpys = 1.51, SDpys = 0.16, Mcoy = 1.50, SDcoy
= 0.19, BF,=0.22) and during the language task (Mpys = 1.52, SDpys = 0.17, Mcon = 1.51, SDcon =
0.19, BF,,=0.20).

In the case of offset, there were significant effects of condition (F(1,116) = 20.88, p<0.001, %, =
0.153, BF,,,>10,000) and region (F(1,116) = 6.18, p=0.014, #?, = 0.051, BF,,,>10,000). For the main
effect of condition, post hoc comparison indicated that the offset was lower in the resting-state condi-
tion (M=-10.88, SD = 0.33) than in the language task (M=-10.76, SD = 0.38, p..,<0.001), while for
the main effect of region, post hoc comparison indicated that the offset was lower in the temporal
(M=-10.94, SD = 0.37) as compared to the frontal region (M=-10.69, SD = 0.34, p.,,<0.001). There
was also a significant effect of age (F(1,116) = 20.84, p<0.001, 5%, = 0.152, BF,, = 0.23) and interaction
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between condition and hemisphere, (F(1,116) = 4.35, p=0.039, #%, = 0.036, BF,,q = 0.21), although
Bayes factor indicated against including these factors in the model. Post hoc comparisons for the
condition*hemisphere interaction indicated that the offset was lower in the resting-state condition
than in the language task both in the left (M., = =10.85, SD,o; = 0.34, M,y = =10.73, SD,, = 0.40,
Peorr<0.001) and in the right hemisphere (M = =10.91, SD.: = 0.31, My = =10.79, SD..y = 0.37,
Peorr<0.001) and that the offset was lower in the right as compared to the left hemisphere both at
rest (Pe,<0.001) and during the language task (p.,<0.001). The interactions between region and
condition (F(1,116) = 1.76, p=0.187, ?, = 0.015, BF,,>10,000), hemisphere and group (F(1,116) =
1.58, p=0.211, 5%, = 0.013, BF,,s = 1595.18), region and group (F(1,116) = 0.27, p=0.605, #?, = 0.002,
BF,.q = 9.32), as well as between region, condition, and group (F(1,116) = 0.21, p=0.651, #?, = 0.002,
BF,. = 2867.18) were not significant, although Bayesian statistics indicated in favor of including them
in the model. The effect of group (F(1,116) = 0.18, p=0.673, »?, = 0.002, BF,,4<0.00001) was not
significant and Bayesian statistics indicated against including it in the model. Any other interactions
were not significant and Bayesian statistics indicated against including them in the model or did
not provide evidence for either inclusion or exclusion. Since Bayes factor suggested the inclusion of
hemisphere*group, region*group, and region*condition*group interactions in the model, we further
conducted Bayesian t-tests to determine whether this was driven by differences between control and
dyslexic groups. The results indicated in favor of the null hypothesis both in the left (Mpys = -10.78,
SDpys = 0.38, Mcon = —=10.80, SDcon = 0.36, BF;,=0.20) and right hemisphere (Mpys = —=10.83, SDpys =
0.32, Mcon = =10.87, SDcon = 0.36, BF,;=0.24) as well as in the frontal (Mpys = —=10.68, SDpys = 0.34,
Mcon = =10.71, SDcon = 0.34, BF,,=0.21) and temporal regions (Mpys = =10.92, SDpys = 0.36, Mcon =
-10.96, SDcon = 0.38, BF,=0.22). Similarly, results for the region*condition*group interaction, indi-
cated in favor of null hypothesis both in frontal (Mpys = =10.75, SDpys = 0.31, Mcon = =10.77, SDcon =
0.32, BF;,=0.21) and temporal electrodes at rest (Mpys = =10.98, SDpys = 0.34, Moy = =11.01, SDcon
= 0.36, BF,;=0.22) as well as in frontal (Mpys = =10.61, SDpys = 0.37, Mcon = =10.64, SDcon = 0.37,
BF,,=0.21) and temporal electrodes during the language task (Mpys = =10.87, SDpys = 0.39, Mcon =
-10.90, SDcoy = 0.41, BF,,=0.22).

Then, we analyzed the aperiodic-adjusted brain oscillations. Since the algorithm did not find the
gamma peak (30-43 Hz) above the aperiodic component in the majority of participants, we report the
results only for the beta (14-30 Hz) power. We performed a similar regional analysis as for the expo-
nent and offset with a 2x2x2x2 (group, condition, hemisphere, region) repeated measures ANOVA.
However, we did not include age as a covariate, as it did not correlate with any of the periodic
measures. The sample size was 117 (DYS n=57, CON n=60) since in two participants the algorithm did
not find the beta peak above the aperiodic component in the left frontal electrodes during the task.

The analysis revealed a significant effect of condition (F(1,115) = 8.58, p=0.004, %, = 0.069, BF,., =
5.82) with post hoc comparison indicating that the beta power was greater during the language task
(M=0.53, SD = 0.22) than at rest (M=0.50, SD = 0.19, pc, = 0.004). There were also significant effects
of region (F(1,115) = 10.98, p=0.001, #?, = 0.087, BF,,q = 23.71), and hemisphere (F(1,115) = 12.08,
p<0.001, #%, = 0.095, BF,,q = 23.91). For the main effect of region, post hoc comparisons indicated
that the beta power was greater in the temporal (M=0.52, SD = 0.21) as compared to the frontal
region (M=0.50, SD = 0.19, pcr = 0.001), while for the main effect of hemisphere, post hoc compar-
isons indicated that the beta power was greater in the right (M=0.52, SD = 0.20) than in the left
hemisphere (M=0.51, SD = 0.20, p..,<0.001). There was a significant interaction between condition
and region (F(1,115) = 12.68, p<0.001, 7%, = 0.099, BF,,, = 55.26) with greater beta power during the
language task as compared to rest significant in the temporal (M., = 0.50, SD,.; = 0.20, M.,y = 0.55,
SD.q = 0.24, p..<0.001), while not in the frontal region (M, = 0.49, SD,.i = 0.18, Mg = 0.51, SD.q
= 0.22, peor = 0.077). Also, greater beta power in the temporal as compared to the frontal region was
significant during the language task (p.,<0.001), while not at rest (p.,,=0.283). The effect of group
(F(1,115) = 0.05, p=0.817, 5%, = 0.000, BF,,;<0.00001) was not significant and Bayes factor indicated
against including it in the model. Any other interactions were not significant and Bayesian statistics
indicated against including them in the model or did not provide evidence for either inclusion or
exclusion. Descriptive statistics for EEG results separately for dyslexic and control groups are provided
in Appendix 1—table 1.

Additionally, building upon previous findings which demonstrated differences in dyslexia in aperi-
odic and periodic components within the parieto-occipital region (Turri et al., 2023), we have included
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analyses for the same cluster of electrodes in Appendix 1. However, in this region, we also did not find
evidence for group differences either in the exponent, offset, or beta power.

No evidence for group differences in Glu and GABA+ concentrations in
the left STS

The MRS voxel was placed in the left STS, in a region showing highest activation for both visual and
auditory words (compared to control stimuli) localized individually in each participant, based on an
fMRI task (see Figure 2—figure supplement 1 and Appendix 1—table 5, Appendix 1—table 6,
and Appendix 1—table 7 for the group-level results from the fMRI task). Sample voxel localiza-
tion and sample MRS spectrum are presented in Figure 2A and B, while overlap of the MRS voxel
placement across participants and MRS spectra separately for the dyslexic and control groups are
presented in Figure 2C and D. We decided to analyze the neurometabolites’ levels derived from
the left STS, as this region is consistently related to functional and structural differences in dyslexia
across languages (Yan et al., 2021). Moreover, the neural noise hypothesis of dyslexia identifies
perisylvian areas as being affected by increased glutamatergic signaling, and directly predicts asso-
ciations between Glu and GABA levels in the superior temporal regions and phonological skills
(Hancock et al., 2017).

Due to financial and logistical constraints, 59 out of the 120 recruited subjects, selected progres-
sively as the study unfolded, were examined with MRS. Subjects were matched by age and sex
between the dyslexic and control groups. Due to technical issues and to prevent delays and discom-
fort for the participants, we collected 54 complete sessions. Additionally, four datasets were excluded
based on our quality control criteria (linewidth>20 Hz and visual inspection), and three GABA+ esti-
mates exceeded the selected CRLB threshold (>20%). Ultimately, we report 50 estimates for Glu (21
participants with dyslexia) and 47 for GABA+ and Glu/GABA+ ratios (20 participants with dyslexia).
Demographic and behavioral characteristics for the subsample of 47 participants are provided in
Appendix 1—table 2. For comparability with previous studies in dyslexia (Del Tufo et al., 2018; Pugh
et al., 2014) we report Glu and GABA as a ratio to total creatine (tCr).

For each metabolite, we performed a separate univariate ANCOVA with the effect of group being
tested and voxel’s gray matter volume (GMV) as a covariate (see Figure 2E). For the Glu analysis, we
also included age as a covariate, due to negative correlation between variables (r=-0.35, p=0.014,
BF;,=3.41). The analysis revealed significant effect of GMV (F(1,46) = 8.18, p=0.006, 7%, = 0.151,
BF.. = 12.54), while the effects of age (F(1,46) = 3.01, p=0.090, #%, = 0.061, BF,,, = 1.15) and group
F(1,46) = 1.94, p=0.170, %, = 0.040, BF,, = 0.63 were not significant and Bayes factor did not provide
evidence for either inclusion or exclusion.

Conversely, GABA+ did not correlate with age (r=-0.11, p=0.481, BF;,=0.23), thus age was not
included as a covariate. The analysis revealed a significant effect of GMV (F(1,44) = 4.39, p=0.042, #?,
=0.091, BF,, = 1.64), however Bayes factor did not provide evidence for either inclusion or exclusion.
The effect of group was not significant (F(1,44) = 0.49, p=0.490, »?, = 0.011, BF,,4 = 0.35) although
Bayesian statistics did not provide evidence for either inclusion or exclusion.

Also, Glu/GABA+ ratio did not correlate with age (r=—0.05, p=0.744, BF,,=0.19), therefore age was
not included as a covariate. The results indicated that the effect of GMV was not significant (F(1,44) =
0.95, p=0.335, 5%, = 0.021, BF,,y = 0.43) while Bayes factor did not provide evidence for either inclu-
sion or exclusion. The effect of group was not significant (F(1,44) = 0.01, p=0.933, 5%, = 0.000, BF,, =
0.29) and Bayes factor indicated against including it in the model.

Following a recent study examining developmental changes in both EEG and MRS E/I biomarkers
(McKeon et al., 2024), we calculated an additional measure of Glu/GABA+ imbalance, computed as
the absolute residual value from the linear regression of Glu predicted by GABA+ with greater values
indicating greater Glu/GABA+ imbalance. Alike the previous work (McKeon et al., 2024), we took the
square root of this value to ensure a normal distribution of the data. This measure did not correlate
with age (r=-0.05, p=0.719, BF;;=0.19); thus, age was not included as a covariate. The results indi-
cated that the effect of GMV was not significant (F(1,44) = 0.63, p=0.430, #?, = 0.014, BF,,, = 0.37)
while Bayes factor did not provide evidence for either inclusion or exclusion. The effect of group was
not significant (F(1,44) = 0.74, p=0.396, °, = 0.016, BF,,q = 0.39) although Bayesian statistics did not
provide evidence for either inclusion or exclusion. Descriptive statistics for MRS results separately for
dyslexic and control groups are provided in Appendix 1—table 1.
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Figure 2. Selected results for the magnetic resonance spectroscopy (MRS) excitatory and inhibitory (E/I) balance biomarkers. (A) Sample MRS voxel
localization. (B) Sample MRS spectrum with individual total creatine (tCr), Glu, and GABA+ contributions plotted below. (C) Group results (CON>DYS)
from the fMRI localizer task for words compared to the control stimuli (p<0.05 FWE cluster threshold) and overlap of the MRS voxel placement across
participants. n = 50 (DYS n = 21, CON n = 29). (D) MRS spectra separately for the dyslexic (DYS) and control (CON) groups. n =50 (DYS n =21, CON n=
29). (E) Plots illustrating results for the Glu, n = 50 (DYS n = 21, CON n = 29), GABA+, n = 47 (DYS n = 20, CON n = 27), Glu/GABA+ ratio, n = 47 (DYS n
=20, CON n = 27), and the Glu/GABA+ imbalance, n = 47 (DYS n = 20, CON n = 27).

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. Main effect of group CON>DYS for both visual (words > false fonts) and auditory runs (words > words backward) from the fMRI

localizer task.

Correspondence between Glu and GABA+ concentrations and EEG E/I

biomarkers is limited
Next, we investigated correlations between Glu and GABA+ concentrations in the left STS and
EEG biomarkers of E/I balance. Semi-partial correlations were performed (Table 2) to control for
confounding variables — for Glu the effects of age and GMV were regressed, for GABA+, Glu/GABA+
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Table 2. Semi-partial correlations between magnetic resonance spectroscopy (MRS) and electroencephalography (EEG) biomarkers

of excitatory-inhibitory balance.

For Glu the effects of age and gray matter volume (GMV) were regressed, for GABA+, Glu/GABA+ ratio, and Glu/GABA+
imbalance the effect of GMV was regressed, while for exponents and offsets the effect of age was regressed.

Variable 1. 2. 3. 4. 5. 6. 7. 8.
r
(BFo)
EEG resting state
1. Glu -
0.32*®
2. GABA+ (1.82) -
-0.08° —0.97*x*a
3. Glu/GABA+ ratio (0.21) (>10,000) -
0.12° 0.31* -0.18°
4. Glu/GABA+ imbalance (0.25) (1.63) (0.37) -
-0.03° 0.04° -0.11*  0.29*
5. Exponent mean (rest) (0.18) 0.19) 0.23) (1.21) -
-0.21° 0.08° -0.17° 0.25° 0.68***<
6. Offset mean (rest) (0.49) (0.21) (0.35) (0.69) (>10,000) -
7. Exponent -0.16° 0.012 -0.07*  0.35* 0.68***< 0.45%**c
left STS (rest) (0.32) (0.18) (0.20) (2.87) (>10,000) (>10,000) -
8. Offset —-0.38%*° -0.10° 0.02° 0.18° 0.18*¢ 0.47***c 0.66%**<
left STS (rest) (6.28) (0.23) (0.18) (0.38) (0.80) (>10,000) (>10,000) -
9. Beta power -0.12° 0.172 -0.25° 0.01° 0.18*¢ 0.21* 0.57%**c 0.59***c
left STS (rest) (0.25) (0.33) (0.74) (0.18) (0.80) (1.40) (>10,000) (>10,000)
EEG language task
-0.10° 0.06° -0.15° 0.21°
5. Exponent mean (task) 0.22) (0.20) (0.29) (0.49) -
-0.26° 0.09° -0.20° 0.22¢ 0.72%**c
6. Offset mean (task) (0.92) (0.22) (0.43) (0.53) (>10,000) -
7. Exponent -0.20° 0.01° -0.09° 0.22° 0.65***< 0.57%**c
left STS (task) (0.44) (0.18) (0.22) (0.51) (>10000) (>10,000) -
8. Offset —-0.37**b -0.08° 0.00° 0.15° 0.29%*¢ 0.55%**c 0.77%%*c
left STS (task) (5.05) (0.21) (0.18) (0.30) (18.31) (>10,000) (>10,000) -
9. Beta power -0.19° 0.16° -0.228  -0.03° 0.05° 0.13¢ 0.47%**< 0.607%**<
left STS (task) (0.42) (0.32) (0.55) (0.19) (0.13) (0.31) (>10,000) (>10,000)

Note: r— Pearson’s correlation coefficient; BF;, — Bayes factor indicating ratio of the likelihood of an alternative hypothesis (H1) to a null hypothesis (H0);
mean - values averaged across all electrodes; left STS — values averaged across three electrodes corresponding to the left superior temporal sulcus (T7,

TP7, TP9).

***p < 0.001 (uncorrected); **p < 0.01 (uncorrected); *p < 0.05 (uncorrected)

°n=47;°n=50;n =119

ratio, and Glu/GABA+ imbalance the effect of GMV was regressed, while for exponents and offsets
the effect of age was regressed. For zero-order correlations between variables, see Appendix 1—
table 3.

Glu negatively correlated with offset in the left STS both at rest (r=-0.38, p=0.007, BF,,=6.28,;
Figure 3A) and during the language task (r=-0.37, p=0.009, BF;,=5.05), while any other correlations
between Glu and EEG biomarkers were not significant and Bayesian statistics indicated in favor of null
hypothesis or provided absence of evidence for either hypothesis. Furthermore, Glu/GABA+ imbal-
ance positively correlated with exponent at rest both averaged across all electrodes (r=0.29, p=0.048,
BF,,=1.21), as well as in the left STS electrodes (r=0.35, p=0.017, BF,,=2.87; Figure 3B) although
Bayes factor provided absence of evidence for either alternative or null hypothesis. Conversely,
GABA+ and Glu/GABA+ ratio were not significantly correlated with any of the EEG biomarkers and
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Figure 3. Relationships between electroencephalography (EEG) and magnetic resonance spectroscopy (MRS) excitatory and inhibitory (E/I) balance
biomarkers. (A) Semi-partial correlation between offset at rest in the left superior temporal sulcus (STS) electrodes and Glu controlling for age and gray
matter volume (GMV), n = 50 (DYS n = 21, CON n = 29). (B) Semi-partial correlation between exponent at rest in the left STS electrodes (controlled for
age) and Glu/GABA+ imbalance (controlled for GMV), n = 47 (DYS n = 20, CON n = 27).

Bayesian statistics indicated in favor of null hypothesis or provided absence of evidence for either
hypothesis.

Testing the paths from neural noise to reading

The neural noise hypothesis of dyslexia predicts impact of the neural noise on reading through the
impairment of (1) phonological awareness, (2) lexical access and generalization, and (3) multisensory
integration (Hancock et al., 2017). Therefore, we analyzed correlations between these variables,
reading skills and MRS and EEG biomarkers of E/I balance. For the composite score of phonological
awareness, we averaged z-scores from phoneme deletion, phoneme and syllable spoonerisms tasks.
For the composite score of lexical access and generalization we averaged z-scores from objects,
colors, letters, and digits subtests from rapid automatized naming (RAN) task, while for the composite
score of reading we averaged z-scores from words and pseudowords read per minute, and text
reading time in reading comprehension task. The outcomes from the RAN and reading comprehen-
sion task have been transformed from raw time scores to items/time scores in order to provide the
same direction of relationships for all z-scored measures, with greater values indicating better skills.
For the multisensory integration score we used results from the redundant target effect task reported
in our previous work (Glica et al., 2024), with greater values indicating a greater magnitude of multi-
sensory integration.

Age positively correlated with multisensory integration (r=0.38, p<0.001, BF,,=87.98), composite
scores of reading (r=0.22, p=0.014, BF;,=2.24), and phonological awareness (r=0.21, p=0.021,
BF,,=1.59), while not with the composite score of RAN (r=0.13, p=0.151, BF;;=0.32). Hence, we
regressed the effect of age from multisensory integration, reading, and phonological awareness scores
and performed semi-partial correlations (Table 3, for zero-order correlations, see Appendix 1—table
4).

Phonological awareness positively correlated with offset in the left STS at rest (r=0.18, p=0.049,
BF,,=0.77) and with beta power in the left STS both at rest (r=0.23, p=0.011, BF,,=2.73; Figure 4A)
and during the language task (r=0.23, p=0.011, BF,,=2.84; Figure 4B), although Bayes factor provided
absence of evidence for either alternative or null hypothesis. Furthermore, multisensory integration
positively correlated with GABA+ concentration (r=0.31, p=0.034, BF,;=1.62) and negatively with
Glu/GABA+ ratio (r=-0.32, p=0.029, BF,,=1.84), although Bayes factor provided absence of evidence
for either alternative or null hypothesis. Any other correlations between reading skills and E/I balance
biomarkers were not significant and Bayesian statistics indicated in favor of null hypothesis or provided
absence of evidence for either hypothesis.

Given that beta power correlated with phonological awareness, and considering the prediction that
neural noise impedes reading by affecting phonological awareness — we examined this relationship
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Table 3. Semi-partial correlations between reading, phonological awareness, rapid automatized naming (RAN), multisensory
integration, and biomarkers of excitatory-inhibitory balance.
For reading, phonological awareness, and multisensory integration the effect of age was regressed, for Glu the effects of age
and gray matter volume (GMV) were regressed, for GABA+, Glu/GABA+ ratio, and Glu/GABA+ imbalance the effect of GMV was

regressed, while for exponents and offsets the effect of age was regressed.

Variable 1. 2. 3. 4,
r
(BF4o)
EEG resting state
1. Reading _
0.60***C
2. Phonological awareness (>10,000) -
0.7" *kkC 0'48***5
3.RAN (>10,000) (>10,000) -
0.16¢ 0.25*d 0.02¢
4. Multisensory integration 0.41) (2.09) 0.14) -
-0.03° -0.12° -0.05° 0.03°
5. Glu (0.18) (0.25) 0.19) (0.18)
-0.18° -0.06° -0.23° 0.31*
6. GABA+ (0.36) (0.20) (0.56) (1.62)
0.07° 0.04° 0.09° -0.32*
7. Glu/GABA+ ratio (0.20) 0.19) 0.22) (1.84)
-0.21° -0.08° -0.20° 0.17°
8. Glu/GABA+ imbalance (0.47) 0.21) (0.44) (0.33)
9. Exponent mean -0.08° 0.10¢ -0.06¢ 0.02¢
(rest) 0.17) (0.20) (0.14) (0.14)
10. Offset mean 0.06¢ 0.14¢ 0.03¢ 0.16¢
(rest) (0.14) (0.35) 0.12) (0.38)
11. Exponent left STS -0.08¢ 0.06¢ -0.04¢ -0.04¢
(rest) (0.16) 0.14) 0.12) (0.14)
12. Offset left STS 0.12¢ 0.18* 0.08° 0.08¢
(rest) (0.25) 0.77) 0.17) (0.18)
13. Beta power left STS 0.04¢ 0.23*¢ —-0.04¢ 0.05¢
(rest) 0.13) (2.73) 0.12) (0.15)
EEG language task
9. Exponent mean -0.07¢ 0.13¢ -0.10¢ 0.01¢
(task) (0.16) (0.30) 0.21) (0.14)
10. Offset mean 0.05¢ 0.14¢ 0.01¢ 0.18¢
(task) (0.13) (0.34) 0.12) (0.50)
11. Exponent left STS -0.03¢ 0.09¢ -0.07¢ -0.04¢
(task) 0.12) (0.18) (0.15) 0.14)
12. Offset left STS 0.13¢ 0.18° 0.07¢ 0.09¢
(task) (0.28) 0.71) (0.15) 0.19)
13. Beta power left STS 0.07¢ 0.23* 0.02¢ 0.15¢
(task) (0.15) (2.84) 0.12) (0.33)

Note: r— Pearson’s correlation coefficient; BF;, — Bayes factor indicating ratio of the likelihood of an alternative hypothesis (H1) to a null hypothesis (HO);
mean — values averaged across all electrodes; left STS — values averaged across three electrodes corresponding to the left superior temporal sulcus (T7,

TP7, TP9).

***5 < 0.001 (uncorrected); **p < 0.01 (uncorrected); *p < 0.05 (uncorrected)
°n=47°%n=50;°n=119;9n = 87
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Figure 4. Associations between beta power, phonological awareness, and reading. n = 119 (DYS n = 59, CON n = 60). (A) Semi-partial correlation

between phonological awareness controlling for age and beta power (in the left superior temporal sulcus [STS] electrodes) at rest and (B) during the
language task. (C) Partial correlation between phonological awareness and reading controlling for age. (D) Mediation analysis results. Unstandardized
b regression coefficients are presented. Age was included in the analysis as a covariate. 95% Cl — 95% confidence intervals; left STS - values averaged
across three electrodes corresponding to the left superior temporal sulcus (T7, TP7, TP9).

through a mediation model. Since phonological awareness correlated with beta power in the left STS both
at rest and during language task, the outcomes from these two conditions were averaged prior to the
mediation analysis. Macro PROCESS v4.2 (Hayes, 2017) on IBM SPSS Statistics v29 with model 4 (simple
mediation) with 5000 Bootstrap samples to assess the significance of indirect effect was employed. Since
age correlated both with phonological awareness and reading, we also included age as a covariate.

The results indicated that both effects of beta power in the left STS (b=0.96, t(116) = 2.71, p=0.008,
BF..« = 7.53) and age (b=0.06, t(116) = 2.55, p=0.012, BF,, = 5.98) on phonological awareness were
significant. The effect of phonological awareness on reading was also significant (b=0.69, #(115) =
8.16, p<0.001, BF;,>10,000), while the effects of beta power (b=-0.42, t(115) = -1.25, p=0.213, BF,,y
= 0.52) and age (b=0.03, #(115) = 1.18, p=0.241, BF,,, = 0.49) on reading were not significant when
controlling for phonological awareness. Finally, the indirect effect of beta power on reading through
phonological awareness was significant (b=0.66, SE = 0.24, 95% Cl = [0.24, 1.18]), while the total
effect of beta power was not significant (b=0.24, t(116) = 0.61, p=0.546, BF,, = 0.41). The results from
the mediation analysis are presented in Figure 4D.

Although similar mediation analysis could have been conducted for the Glu/GABA+ ratio, multi-
sensory integration, and reading based on the correlations between these variables, we did not test
this model due to the small sample size (47 participants), which resulted in insufficient statistical power.

Discussion

The current study aimed to validate the neural noise hypothesis of dyslexia (Hancock et al., 2017)
utilizing E/I balance biomarkers from EEG power spectra and ultra-high-field MRS. Contrary to its
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predictions, we did not observe differences either in 1/f slope, beta power, or Glu and GABA+
concentrations in participants with dyslexia. Relations between E/I balance biomarkers were limited
to significant correlations between Glu and the offset when controlling for age, and between Glu/
GABA+ imbalance and the exponent.

In terms of EEG biomarkers, our study found no evidence of group differences in the aperiodic
components of the EEG signal. In most of the models, we did not find evidence for either including
or excluding the effect of the group when Bayesian statistics were evaluated. The only exception was
the regional analysis for the offset, where results indicated against including the group factor in the
model. These findings diverge from previous research on an Italian cohort, which reported decreased
exponent and offset in the dyslexic group at rest, specifically within the parieto-occipital region, but
not the frontal region (Turri et al., 2023). Despite our study involving twice the number of participants
and utilizing a longer acquisition time, we observed no group differences, even in the same cluster of
electrodes (refer to Appendix 1). The participants in both studies were of similar ages. The only meth-
odological difference — EEG acquisition with eyes open in our study versus both eyes-open and eyes-
closed in the work by Turri et al., 2023 — cannot fully account for the overall lack of group differences
observed. The diverging study outcomes highlight the importance of considering potential inflation
of effect sizes in studies with smaller samples.

Although a lower exponent of the EEG power spectrum has been associated with other neuro-
developmental disorders, such as ADHD (Ostlund et al., 2021) or ASD (but only in children with IQ
below average) (Manyukhina et al., 2022), our study suggests that this is not the case for dyslexia.
Considering the frequent comorbidity of dyslexia and ADHD (Germané et al., 2010; Langer et al.,
2019), increased neural noise could serve as a common underlying mechanism for both disorders.
However, our specific exclusion of participants with a comorbid ADHD diagnosis indicates that the
EEG spectral exponent cannot serve as a neurobiological marker for dyslexia in isolation. No informa-
tion regarding such exclusion criteria was provided in the study by Turri et al., 2023; thus, potential
comorbidity with ADHD may explain the positive findings related to dyslexia reported therein.

Regarding the aperiodic-adjusted oscillatory EEG activity, Bayesian statistics for beta power indi-
cated in favor of excluding the group factor from the model. Non-significant group differences in beta
power at rest have been previously reported in studies that did not account for aperiodic components
(Babiloni et al., 2012; Fraga Gonzalez et al., 2018; Xue et al., 2020). This again contrasts with the
study by Turri et al., 2023, which observed lower aperiodic-adjusted beta power (at 15-25 Hz) in the
dyslexic group. Concerning beta power during task, our results also contrast with previous studies
which showed either reduced (Spironelli et al., 2008) or increased (Rippon and Brunswick, 2000)
beta activity in participants with dyslexia. Nevertheless, since both of these studies employed phono-
logical tasks involved children’s samples and did not account for aperiodic activity, their relevance to
our work is limited.

We could not perform analyses for the gamma oscillations since in the majority of participants the
gamma peak was not detected above the aperiodic component. Due to the 1/f properties of the EEG
spectrum, both aperiodic and periodic components should be disentangled to analyze ‘true’ gamma
oscillations; however, this approach is not typically recognized in electrophysiology research (Hudson
and Jones, 2022). Indeed, previous studies that analyzed gamma activity in dyslexia (Babiloni et al.,
2012; Lasnick et al., 2023; Rufener and Zaehle, 2021) did not separate the background aperiodic
activity. For the same reason, we could not analyze results for the theta band, which often does not
meet the criteria for an oscillatory component manifested as a peak in the power spectrum (Klimesch,
1999). Moreover, results from a study investigating developmental changes in both periodic and
aperiodic components suggest that theta oscillations in older participants are mostly observed in
frontal midline electrodes (Cellier et al., 2021), which were not analyzed in the current study.

Remarkably, in some models, results from Bayesian and frequentist statistics yielded divergent
conclusions regarding the inclusion of non-significant effects. This was observed in more complex
ANOVA models, whereas no such discrepancies appeared in t-tests or correlations. Given reports
of high variability in Bayesian ANOVA estimates across repeated runs of the same analysis (Pfister,
2021), these results should be interpreted with caution. Therefore, following the recommendation
to simplify complex models into Bayesian t-tests for more reliable estimates (Pfister, 2021), we
conducted follow-up Bayesian t-tests in every case that favored the inclusion of non-significant inter-
actions with the group factor. These analyses provided further evidence for the lack of differences
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between the dyslexic and control groups. Another source of discrepancy between the two methods
may stem from the inclusion of interactions between covariates and within-subject effects in frequen-
tist ANOVA, which were not included in Bayesian ANOVA to adhere to the recommendation for
simpler Bayesian models (Pfister, 2021).

In terms of neurometabolite concentrations derived from the MRS, we found no evidence for
group differences in either Glu, GABA+, or Glu/GABA+ imbalance in the language-sensitive left STS.
Conversely, the Bayes factor suggested against including the group factor in the model for the Glu/
GABA+ ratio. While no previous study has localized the MRS voxel based on the individual activation
levels, non-significant group differences in Glu and GABA concentrations within the temporo-parietal
and visual cortices have been reported in both children and adults (Kossowski et al., 2019), as well
as in the ACC in children (Horowitz-Kraus et al., 2018). Although our MRS sample size was half that
of the EEG sample, previous research reporting group differences in Glu concentrations involved an
even smaller dyslexic cohort (10 participants with dyslexia and 45 typical readers in Pugh et al., 2014).
Consistent with earlier studies that identified group differences in Glu and GABA concentrations (Del
Tufo et al., 2018; Pugh et al., 2014), we reported neurometabolite levels relative to tCr with GMV
included as a covariate in the models, indicating that the absence of corresponding results cannot
be ascribed to reference differences. Notably, our analysis of the fMRI localizer task revealed greater
activation in the control group as compared to the dyslexic group within the left STS for words than
control stimuli (see Figure 2C and Appendix 1—table 5, Appendix 1—table 6, and Appendix 1—
table 7) in line with previous observations (Blau et al., 2009, D¢bska et al., 2021; Yan et al., 2021).

We chose ultra-high-field MRS to improve data quality (Oziitemiz et al., 2023) as the increased
sensitivity and spectral resolution at 7T allows for better separation of overlapping metabolites
compared to lower field strengths. Additionally, 7T provides a higher signal-to-noise ratio (SNR),
improving the reliability of metabolite measurements and enabling the detection of small changes in
Glu and GABA concentrations. Despite the theoretical advantages, several practical obstacles should
be considered, such as susceptibility artifacts and inhomogeneities at higher field strengths that can
impact data quality. Interestingly, actual methodological comparisons (Pradhan et al., 2015; Terpstra
et al., 2016) show only a slight practical advantage of 7T single-voxel MRS when compared to opti-
mized 3T acquisition. For example, fitting quality yielded reduced estimates of variance in concentra-
tion of Glu in 7T (CRLB) and slightly improved reproducibility levels for Glu and GABA (at both fields
below 5%). Choosing the appropriate MRS sequence involves a trade-off between the accuracy of Glu
and GABA measurements, as different sequences are recommended for each metabolite. J-edited
MRS is recommended for measuring GABA, particularly with 3T scanners (Mullins et al., 2014).
However, at 7T, more reliable results can be obtained using moderate echo-time, non-edited MRS
(Finkelman et al., 2022). We have opted for a short-echo time sequence (28 ms), which is optimal for
measuring Glu. However, this approach results in macromolecule contamination of the GABA signal
(referred to as GABA+). Moreover, as Finkelman et al., 2022, demonstrated that TE of 80 ms was
superior to a shorter echo time of 42 ms for resolving Glu and GABA at 7T, the data reported in the
present study are likely influenced by the difficulty in resolving overlapping Glu and GABA peaks at
2.3 ppm, which could impact our measures of the Glu/GABA+ ratio and imbalance.

Irrespective of dyslexia status, we found negative correlations between age and exponent and
offset, consistent with previous research (Cellier et al., 2021; McSweeney et al., 2021; Schawor-
onkow and Voytek, 2021; Voytek et al., 2015) and providing further evidence for maturational
changes in the aperiodic components (indicative of increased E/I ratio). At the same time, in line
with previous MRS works (Kossowski et al., 2019; Marsman et al., 2013), we observed a negative
correlation between age and Glu concentrations. This suggests a contrasting pattern to EEG results,
indicating a decrease in neuronal excitation with age. We also found a condition-dependent change in
offset, with a lower offset observed at rest than during the language task. The offset value represents
the uniform shift in power across frequencies (Donoghue et al., 2020), with a higher offset linked
to increased neuronal spiking rates (Manning et al., 2009). Change in offset between conditions is
consistent with observed increased alpha and beta power during the task, indicating elevated activity
in both broadband (offset) and narrowband (alpha and beta oscillations) frequency ranges during the
language task.

In regard to relationships between EEG and MRS E/I balance biomarkers, we observed a nega-
tive correlation between the offset in the left STS (both at rest and during the task) and Glu levels,
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after controlling for age and GMV. This correlation was not observed in zero-order correlations (see
Appendix 1—table 3). Contrary to our predictions, informed by previous studies linking the exponent
to E/I ratio (Colombo et al., 2019; Gao et al., 2017; Waschke et al., 2021), we found the correla-
tion with Glu levels to involve the offset rather than the exponent. This outcome was unexpected, as
none of the referenced studies reported results for the offset. However, given the strong correlation
between the exponent and offset observed in our study (r=0.68, p<0.001, BF,,>10,000 and r=0.72,
p<0.001, BF;,>10,000 at rest and during the task respectively) it is conceivable that similar association
might be identified for the offset if it were analyzed.

Nevertheless, previous studies examining relationships between EEG and MRS E/I balance
biomarkers (McKeon et al., 2024; van Bueren et al., 2023) did not identify a similar negative asso-
ciation between Glu and the offset. Instead, one study noted a positive correlation between the Glu/
GABA ratio and the exponent (van Bueren et al., 2023), which was significant in the intraparietal
sulcus but not in the middle frontal gyrus. This finding presents counterintuitive evidence, suggesting
that an increased E/I balance, as indicated by MRS, is associated with a higher aperiodic exponent,
considered indicative of decreased E/I balance. In line with this pattern, another study discovered
a positive relationship between the exponent and Glu levels in the dorsolateral prefrontal cortex
(McKeon et al., 2024). Furthermore, they observed a positive correlation between the exponent and
the Glu/GABA imbalance measure, calculated as the absolute residual value of a linear relationship
between Glu and GABA (McKeon et al., 2024), a finding replicated in the current work. This implies
that a higher spectral exponent might not be directly linked to MRS-derived Glu or GABA levels, but
rather to a greater disproportion (in either direction) between these neurotransmitters. These find-
ings, alongside the contrasting relationships between EEG and MRS biomarkers and age, suggest that
these methods may reflect distinct biological mechanisms of E/I balance.

Evidence regarding associations between neurotransmitters levels and oscillatory activity also
remains mixed. One study found a positive correlation between gamma peak frequency and GABA
concentration in the visual cortex (Muthukumaraswamy et al., 2009), a finding later challenged by a
study with a larger sample (Cousijn et al., 2014). Similarly, a different study noted a positive correla-
tion between GABA in the left STS and gamma power (Balz et al., 2016), another study found non-
significant relation between these measures (Wyss et al., 2017). Moreover, in a simultaneous EEG and
MRS study, an event-related increase in Glu following visual stimulation was found to correlate with
greater gamma power (Lally et al., 2014). We could not investigate such associations, as the algo-
rithm failed to identify a gamma peak above the aperiodic component for the majority of participants.
Also, contrary to previous findings showing associations between GABA in the motor and senso-
rimotor cortices and beta power (Cheng et al., 2017, Gaetz et al., 2011) or beta peak frequency
(Baumgarten et al., 2016), we observed no correlation between Glu or GABA+ levels and beta power.
However, these studies placed MRS voxels in motor regions which are typically linked to movement-
related beta activity (Baker et al., 1999; Rubino et al., 2006; Sanes and Donoghue, 1993) and did
not adjust beta power for aperiodic components, making direct comparisons with our findings limited.

Finally, we examined pathways posited by the neural noise hypothesis of dyslexia, through which
increased neural noise may impact reading: phonological awareness, lexical access and generaliza-
tion, and multisensory integration (Hancock et al., 2017). Phonological awareness was positively
correlated with the offset in the left STS at rest, and with beta power in the left STS, both at rest and
during the task. Additionally, multisensory integration showed correlations with GABA+ and the Glu/
GABA+ ratio. Since the Bayes factor did not provide conclusive evidence supporting either the alter-
native or null hypothesis, these associations appear rather weak. Nonetheless, given the hypothesis’s
prediction of a causal link between these variables, we further examined a mediation model involving
beta power, phonological awareness, and reading skills. The results suggested a positive indirect
effect of beta power on reading via phonological awareness, whereas both the direct (controlling for
phonological awareness and age) and total effects (without controlling for phonological awareness)
were not significant. This finding is noteworthy, considering that participants with dyslexia exhibited
reduced phonological awareness and reading skills, despite no observed differences in beta power.
Given the cross-sectional nature of our study, further longitudinal research is necessary to confirm the
causal relation among these variables. The effects of GABA+ and the Glu/GABA+ ratio on reading,
mediated by multisensory integration, warrant further investigation. Additionally, considering our
finding that only males with dyslexia showed deficits in multisensory integration (Glica et al., 2024),
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sex should be considered as a potential moderating factor in future analyses. We did not test this
model here due to the smaller sample size for GABA+ measurements.

Our findings suggest that the neural noise hypothesis, as proposed by Hancock et al., 2017, does
not fully explain the reading difficulties observed in dyslexia. Despite the innovative use of both EEG
and MRS biomarkers to assess E/| balance, neither method provided evidence supporting an E/l imbal-
ance in dyslexic individuals. Importantly, our study focused on adolescents and young adults, and the
EEG recordings were conducted during rest and a spoken language task. These factors may limit the
generalizability of our results. Future research should include younger populations and incorporate
a broader array of tasks, such as reading and phonological processing, to provide a more compre-
hensive evaluation of the E/I balance hypothesis. Moreover, since the MRS data was collected only
from the left STS, it is plausible that other areas might be associated with differences in Glu or GABA
concentrations in dyslexia. Nevertheless, the neural noise hypothesis predicted increased glutama-
tergic signaling in perisylvian regions, specifically in the left superior temporal cortex (Hancock et al.,
2017). Furthermore, although our results do not support the idea of E/I balance alterations as a source
of neural noise in dyslexia, they do not preclude other mechanisms leading to less synchronous neural
firing posited by the hypothesis. In this context, there is evidence showing increased trial-to-trial
inconsistency of neural responses in individuals with dyslexia (Centanni et al., 2022) or poor readers
(Hornickel and Kraus, 2013) and its associations with specific dyslexia risk genes (Centanni et al.,
2018; Neef et al., 2017). At the same time, the observed trial-to-trial inconsistency was either present
only in a subset of participants (Centanni et al., 2018), limited to some experimental conditions
(Centanni et al., 2022), or specific brain regions — e.g., brainstem in Hornickel and Kraus, 2013, left
auditory cortex in Centanni et al., 2018, or left supramarginal gyrus in Centanni et al., 2022. Also,
one study analyzing behavioral and fMRI response patterns did not find similar evidence for increased
variability in dyslexia (Tan et al., 2022). Together, these results highlight the need to explore alterna-
tive neural mechanisms underlying dyslexia and suggest that cortical hyperexcitability may not be the
primary cause of reading difficulties.

In conclusion, while our study challenges the neural noise hypothesis as a sole explanatory frame-
work for dyslexia, it also underscores the complexity of the disorder and the necessity for multifac-
eted research approaches. By refining our understanding of the neural underpinnings of dyslexia, we
can better inform future studies and develop more effective interventions for those affected by this
condition.

Materials and methods

Participants

A total of 120 Polish participants aged between 15.09 and 24.95 years (M=19.47, SD = 3.06) took
part in the study. This included 60 individuals with a clinical diagnosis of dyslexia performed by the
psychological and pedagogical counseling centers (28 females and 32 males) and 60 control partici-
pants without a history of reading difficulties (28 females and 32 males). Since there are no standard-
ized diagnostic norms for dyslexia in adults in Poland, individuals were assigned to the dyslexic group
based on a past diagnosis of dyslexia. All participants were right-handed, born at term, without any
reported neurological/psychiatric diagnosis and treatment (including ADHD), without hearing impair-
ment, with normal or corrected-to-normal vision, and IQ higher than 80 as assessed by the Polish
version of the Abbreviated Battery of the Stanford-Binet Intelligence Scale-Fifth Edition (SB5) (Roid
et al., 2017).

The study was approved by the institutional review board at the University of Warsaw, Poland
(reference number 2N/02/2021). All participants (or their parents in the case of underaged partici-
pants) provided written informed consent and received monetary remuneration for taking part in the
study.

Reading and reading-related tasks

Participants’ reading skills were assessed by multiple paper-pencil tasks described in detail in our
previous work (Glica et al., 2024). Briefly, we evaluated words and pseudowords read in 1 min
(Szczerbinski and Pelc Pe¢kata, 2013), RAN (Fecenec et al., 2013), and reading comprehension
speed. We also assessed phonological awareness by a phoneme deletion task (Szczerbinski and Pelc
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Pekata, 2013) and spoonerisms tasks (Bogdanowicz et al., 2016), as well as orthographic awareness
(Awramiuk and Krasowicz Kupis, 2014). Furthermore, we evaluated non-verbal perception speed
(Ciechanowicz and Stanczak, 2006) and short-term and working memory by forward and backward
conditions from the Digit Span subtest from the WAIS-R (Wechsler, 1981). We also assessed partici-
pants’ multisensory audiovisual integration by a redundant target effect task, which results have been
reported in our previous work (Glica et al., 2024).

EEG acquisition and procedure

EEG was recorded from 62 scalp and 2 ear electrodes using the Brain Products system (actiCHamp
Plus, Brain Products GmbH, Gilching, Germany). Data were recorded in BrainVision Recorder Software
(version 1.22.0002, Brain Products GmbH, Gilching, Germany) with a 500 Hz sampling rate. Electrodes
were positioned in line with the extended 10-20 system. Electrode Cz served as an online reference,
while the Fpz as a ground electrode. All electrodes’ impedances were kept below 10 kQ. Participants
sat in a chair with their heads on a chin-rest in a dark, sound-attenuated, and electrically shielded room
while the EEG was recorded during both a 5 min eyes-open resting state and the spoken language
comprehension task. The paradigm was prepared in the Presentation software (version 20.1, Neuro-
behavioral Systems, Inc, Berkeley, CA, USA https://www.neurobs.com/).

During rest, participants were instructed to relax and fixate their eyes on a white cross presented
centrally on a black background. After 5 min, the spoken language comprehension task automatically
started. The task consisted of 3-5 word-long sentences recorded in a speech synthesizer which were
presented binaurally through sound-isolating earphones. After hearing a sentence, participants were
asked to indicate whether the sentence was true or false by pressing a corresponding button. In total,
there were 256 sentences — 128 true (e.g. ‘Plants need water’) and 128 false (e.g. ‘Dogs can fly’).

Sentences were presented in a random order in two blocks of 128 trials. At the beginning of
each trial, a white fixation cross was presented centrally on a black background for 500 ms, then a
blank screen appeared for either 500, 600, 700, or 800 ms (durations set randomly and equiprobably)
followed by an auditory sentence presentation. The length of sentences ranged between 1.17 and
2.78 s and was balanced between true (M=1.82 s, SD = 0.29) and false sentences (M=1.82's, SD =
0.32; t(254) = -0.21, p=0.835; BF,,=0.14). After a sentence presentation, a blank screen was displayed
for 1000 ms before starting the next trial. To reduce participants’ fatigue, a 1 min break between two
blocks of trials was introduced, and it took approximately 15 min to complete the task.

fMRI acquisition and procedure

MRI data were acquired using Siemens 3T Trio system with a 32-channel head coil. Structural data
were acquired using whole-brain 3D T1-weighted image (MP_RAGE, Tl = 1100 ms, GRAPPA parallel
imaging with acceleration factor PE = 2, voxel resolution = 1 mm?®, dimensions = 256x256x176). Func-
tional data were acquired using whole-brain echo planar imaging sequence (TE = 30 ms, TR = 1410
ms, flip angle FA = 90°, FOV = 212 mm, matrix size = 92x92, 60 axial slices 2.3 mm thick, 2.3x2.3 mm?
in-plane resolution, multiband acceleration factor = 3). Due to a technical issue, data from two partic-
ipants were acquired with a 12-channel coil using whole-brain echo planar imaging sequence (TE =
28 ms, TR = 2500 ms, flip angle FA = 80°, FOV = 216 mm, matrix size = 72x72, 42 axial slices 3 mm
thick, 3x3 mm? in-plane resolution).

The fMRI task served as a localizer for later MRS voxel placement in language-sensitive left STS. The
task was prepared using Presentation software (version 20.1, Neurobehavioral Systems, Inc, Berkeley,
CA, USA https://www.neurobs.com/) and consisted of three runs, each lasting 5 min and 9 s. Two runs
involved the presentation of visual stimuli, while the third run of auditory stimuli. In each run, stimuli
were presented in 12 blocks, with 14 stimuli per block. In visual runs, there were four blocks from
each category: (1) 3-4 letters-long words, (2) the same words presented as a false font string (BACS
font) (Vidal et al., 2017), and (3) strings of 3-4-long consonants. Similarly, in the auditory run, there
were four blocks from each category: (1) words recorded in a speech synthesizer, (2) the same words
presented backward, and (3) consonant strings recorded in a speech synthesizer. Stimuli within each
block were presented for 800 ms with a 400 ms break in between. The duration of each block was
16.8 s. Between blocks, a fixation cross was displayed for 8 s. Participants performed a 1-back task
to maintain focus. The blocks were presented in a pseudorandom order and each block included 2-3
repeated stimuli.
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MRS acquisition and procedure
The GE 7T system with a 32-channel coil was utilized. Structural data were acquired using whole-
brain 3D T1-weighted image (3D-SPGR BRAVO, Tl = 450 ms, TE = 2.6 ms, TR = 6.6 ms, flip angle =
12°, bandwidth = £32.5 kHz, ARC acceleration factor PE = 2, voxel resolution = 1 mm, dimensions
= 256x256x180). MRS spectra with 320 averages were acquired from the left STS using single-voxel
spectroscopy semilLaser sequence (Deelchand et al., 2021) (voxel size = 15x15x15 mm?3, TE = 28 ms,
TR = 4000 ms, 4096 data points, water suppressed using VAPOR). Eight averages with unsuppressed
water as a reference were collected.

To localize left STS, T1-weighted images from fMRI and MRS sessions were coregistered and fMRI
peak coordinates were used as a center of voxel volume for MRS. Voxels were then adjusted to include
only the brain tissue. During the acquisition, participants took part in a simple orthographic task.

Statistical analyses

EEG data

The continuous EEG signal was preprocessed in the EEGLAB (Delorme and Makeig, 2004). The data
were filtered between 0.5 and 45 Hz (Butterworth filter, fourth order) and re-referenced to the average
of both ear electrodes. The data recorded during the break between blocks, as well as bad channels,
were manually rejected. The number of rejected channels ranged between 0 and 4 (M=0.19, SD =
0.63). Next, independent component analysis was applied. Components were automatically labeled
by ICLabel (Pion-Tonachini et al., 2019), and those classified with 50-100% source probability as eye
blinks, muscle activity, heart activity, channel noise, and line noise, or with 0-50% source probability
as brain activity, were excluded. Components labeled as ‘other’ were visually inspected, and those
identified as eye blinks and muscle activity were also rejected. The number of rejected components
ranged between 11 and 46 (M=28.43, SD = 7.26). Previously rejected bad channels were interpolated
using the nearest neighbor spline (Perrin et al., 1987; Perrin et al., 1989).

The preprocessed data were divided into a 5 min resting-state signal and a signal recorded during
a spoken language comprehension task using MNE (Gramfort, 2013) and custom Python scripts. The
signal from the task was cut up based on the event markers indicating the beginning and end of a
sentence. Only trials with correct responses given between 0 and 1000 ms after the end of a sentence
were included. The signals recorded during every trial were further multiplied by the Tukey window
with ¢=0.01 in order to normalize signal amplitudes at the beginning and end of every trial. This
allowed a smooth concatenation of signals recorded during task trials, resulting in a continuous signal
derived only when participants were listening to the sentences.

The continuous signal from the resting state and the language task was epoched into 2-s-long
segments. An automatic rejection criterion of 200 pV was applied to exclude epochs with excessive
amplitudes. The number of epochs retained in the analysis ranged between 140 and 150 (M=149.66,
SD = 1.20) in the resting-state condition and between 102 and 226 (M=178.24, SD = 28.94) in the
spoken language comprehension task.

Power spectral density (PSD) for 0.5-45 Hz in 0.5 Hz increments was calculated for every artifact-
free epoch using Welch’s method for 2-s-long data segments windowed with a Hamming window with
no overlap. The estimated PSDs were averaged for each participant and each channel separately for
the resting-state condition and the language task. Aperiodic and periodic (oscillatory) components
were parameterized using the FOOOF method (Donoghue et al., 2020). For each PSD, we extracted
parameters for the 1-43 Hz frequency range using the following settings: peak_width_limits = [1, 12],
max_n_peaks = infinite, peak_threshold = 2.0, mean_peak_height = 0.0, aperiodic_mode = ‘fixed'.

Two broadband aperiodic parameters were extracted: the exponent, which quantifies the steep-
ness of the EEG power spectrum, and the offset, which indicates signal’'s power across the entire
frequency spectrum. We also extracted aperiodic-adjusted oscillatory power, bandwidth, and the
center frequency parameters for the theta (4-7 Hz), alpha (7-14 Hz), beta (14-30 Hz), and gamma
(30-43 Hz) bands. Since in the majority of participants, the algorithm did not find the peak above the
aperiodic component in theta and gamma bands, we calculated the results only for the alpha and beta
bands. The results for other periodic parameters than the beta power are reported in Appendix 1.

First, exponent and offset values were averaged across all electrodes and analyzed using a 2x2
repeated measures ANOVA with group (dyslexic, control) as a between-subjects factor and condition
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(resting state, language task) as a within-subjects factor. Age was included in the analyses as a covariate
due to correlation between variables.

Next, exponent and offset values were averaged across electrodes corresponding to the left (F7,
FT7, FC5) and right inferior frontal gyrus (F8, FT8, FC6), and to the left (T7, TP7, TP9) and right supe-
rior temporal sulcus (T8, TP8, TP10). The electrodes were selected based on the analyses outlined by
Giacometti et al., 2014, and Scrivener and Reader, 2022. For these analyses, a 2x2x2x2 repeated
measures ANOVA with age as a covariate was conducted with group (dyslexic, control) as a between-
subjects factor and condition (resting state, language task), hemisphere (left, right), and region (frontal,
temporal) as within-subjects factors.

Results for the alpha and beta bands were calculated for the same clusters of frontal and temporal
electrodes and analyzed with a similar 2x2x2x2 repeated measures ANOVA; however, for these anal-
yses, age was not included as a covariate due to a lack of significant correlations.

Apart from the frequentist statistics, we also performed Bayesian statistics using JASP (JASP Team,
2023). For Bayesian repeated measures ANOVA, we reported the Bayes factor for the inclusion of a
given effect (BF,) with the ‘across matched model’ option, as suggested by Keysers et al., 2020,
calculated as a likelihood ratio of models with a presence of a specific factor to equivalent models
differing only in the absence of the specific factor. For Bayesian t-tests and correlations, we reported
the BFy, value, indicating the ratio of the likelihood of an alternative hypothesis to a null hypothesis.
We considered BF, /10>3 and BF;,10<1/3 as evidence for alternative and null hypotheses respectively,
while 1/3<BF,.;10<3 as the absence of evidence (Keysers et al., 2020).

fMRI data

MRS voxel localization in the native space

The data were analyzed using Statistical Parametric Mapping (SPM12, Wellcome Trust Centre for
Neuroimaging, London, UK) run on MATLAB R2020b (The MathWorks Inc, Natick, MA, USA). First, all
functional images were realigned to the participant’s mean. Then, T1-weighted images were coregis-
tered to functional images for each subject. Finally, fMRI data were smoothed with a 6 mm isotropic
Gaussian kernel.

In each subject, the left STS was localized in the native space as a cluster in the middle and poste-
rior left superior temporal sulcus, exhibiting higher activation for visual words versus false font strings
and auditory words versus backward words (logical AND conjunction) at p<0.01 uncorrected. For
six participants (DYS n=2, CON n=4), the threshold was lowered to p<0.05 uncorrected, while for
another six participants (DYS n=3, CON n=3) the contrast from the auditory run was changed to audi-
tory words versus fixation cross due to a lack of activation for other contrasts.

Group-level analysis

The group-level results from the fMRI task are reported in Appendix 1—table 5, Appendix 1—table
6, and Appendix 1—table 7. For this analysis, the following preprocessing steps were conducted:
(1) realignment of all functional images to the participant’s mean, (2) coregistration of T1-weighted
images to functional images for each subject, (3) segmentation of coregistered anatomical images,
(4) normalization of functional images, and (5) smoothing of functional data with a 6 mm isotropic
Gaussian kernel. We also used ART (artifact detection tools with default options) to add movement
regressors and reject volumes identified as motion outliers.

In the second-level analysis, we conducted one-sample t-tests to examine activation maps sepa-
rately for visual (words>false fonts) and auditory runs (words>backward) within each group (dyslexic,
control). We also employed paired t-tests to assess activations for both visual and auditory runs
(logical AND conjunction), examining them separately for the groups. Finally, a flexible factorial model
was utilized with the main factor of subject and an interaction factor between group and condi-
tion to investigate the effect of group in both visual and auditory runs. We reported the results at
p<0.001 height threshold corrected for multiple comparisons using p<0.05 FWE cluster threshold.
The anatomical regions were labeled based on the AAL3 atlas (Rolls et al., 2020). The results are
reported for 50 participants — 21 in the dyslexic (12 females, 9 males) and 29 in the control group
(13 females, 16 males) reflecting the sample size for Glu results from the MRS.
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MRS data

MRS data were analyzed using fsl-mrs version 2.0.7 (Clarke et al., 2021). Data stored in pfile format
were converted into NIfTI-MRS using spec2nii tool. We then used the fs|_mrs_preproc function to
automatically perform coil combination, frequency and phase alignment, bad average removal, combi-
nation of spectra, eddy current correction, shifting frequency to reference peak and phase correction.

To obtain information about the percentage of WM, GM, and CSF in the voxel, we used the svs_
segmentation with results of fs|_anat as an input. Voxel segmentation was performed on structural
images from a 3T scanner, coregistered to 7T structural images in SPM12, as the latter exhibited
excessive artifacts and intensity bias in the temporal regions. Next, quantitative fitting was performed
using fsl_mrs function. As a basis set, we utilized a collection of 27 metabolite spectra simulated using
FID-A (Simpson et al., 2017) and a script tailored for our experiment. We supplemented this with
synthetic macromolecule spectra provided by fsl_mrs. In contrast to symmetrical editing technique
(Edden et al., 2012), we were unable to fully separate GABA peaks from the spectra of macromole-
cules. Therefore, we use ‘GABA+’ as an abbreviation to indicate the potential contributions of other
compounds. Signals acquired with unsuppressed water served as water reference.

Spectra underwent quantitative assessment and visual inspection and those with linewidth higher
than 20 Hz, %CRLB higher than 20%, and poor fit to the model were excluded from the analysis (see
Appendix 1—table 8 for a detailed checklist). Glu and GABA+ concentrations were expressed as a
ratio to tCr (creatine+phosphocreatine) following previous MRS studies in dyslexia (Del Tufo et al.,
2018; Pugh et al., 2014).

To analyze the metabolite results, separate univariate ANCOVAs were conducted for Glu, GABA+,
Glu/GABA+ ratio, and Glu/GABA+ imbalance measures with group (control, dyslexic) as a between-
subjects factor and voxel GMV as a covariate. Additionally, for the Glu analysis, age was included
as a covariate due to a correlation between variables. Both frequentist and Bayesian statistics were
calculated. Glu/GABA+ imbalance measure was calculated as the square root of the absolute residual
value of a linear relationship between Glu and GABA+ (McKeon et al., 2024).

Acknowledgements

This study was supported by the National Science Centre grant (2019/35/B/HS6/01763) awarded to
Katarzyna Jednorég. We gratefully acknowledge valuable discussions with Ralph Noeske from GE
Healthcare for his support in setting up the protocol for an ultra-high-field MR spectroscopy and
sharing the set-up for basis set simulation in FID-A.

Additional information

Funding
Funder Grant reference number Author
Narodowe Centrum Nauki 2019/35/B/HS6/01763 Katarzyna Jednorég

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Agnieszka Glica, Katarzyna Wasilewska, Data curation, Formal analysis, Investigation, Visualization,
Writing — original draft; Julia Jurkowska, Data curation, Investigation, Writing — review and editing;
Jarostaw Zygierewicz, Supervision, Methodology, Writing — review and editing; Bartosz Kossowski,
Conceptualization, Supervision, Methodology, Writing — review and editing; Katarzyna Jednordg,
Conceptualization, Supervision, Funding acquisition, Visualization, Methodology, Writing — original
draft, Project administration, Writing — review and editing

Author ORCIDs
Agnieszka Glica ® https://orcid.org/0000-0003-4102-8950
Katarzyna Jednordg @ https://orcid.org/0000-0003-3072-6956

Glica et al. eLife 2024;13:RP99920. DOI: https://doi.org/10.7554/eLife.99920 20 of 40


https://doi.org/10.7554/eLife.99920
https://orcid.org/0000-0003-4102-8950
https://orcid.org/0000-0003-3072-6956

e Llfe Research article

Neuroscience

Ethics

The study was approved by the institutional review board at the University of Warsaw, Poland (refer-
ence number 2N/02/2021). All participants (or their parents in the case of underaged participants)
provided written informed consent and received monetary remuneration for taking part in the study.

Peer review material

Reviewer #1 (Public review): https://doi.org/10.7554/elife.99920.4.sal
Reviewer #2 (Public review): https://doi.org/10.7554/elife.99920.4.sa2
Reviewer #3 (Public review): https://doi.org/10.7554/elife.99920.4.sa3
Author response https://doi.org/10.7554/elife.99920.4.sa4

Additional files

Supplementary files
MDAR checklist

Data availability

Behavioral data, raw and preprocessed EEG data, 2nd level fMRI data, preprocessed MRS data and
Python script for the analysis of preprocessed EEG data can be found at OSF: https://osf.io/4e7ps/
(https://doi.org/10.17605/OSF.IO/4E7PS).

The following dataset was generated:

Author(s) Year Dataset title Dataset URL Database and Identifier

Glica A, Wasilewska K 2024 Neural Noise https://doi.org/10. Open Science Framework,
17605/OSF.IO/4E7PS  10.17605/OSF.IO/4E7PS

References

Ahmad J, Ellis C, Leech R, Voytek B, Garces P, Jones E, Buitelaar J, Loth E, Dos Santos FP, Amil AF,

Verschure PFMJ, Murphy D, McAlonan G. 2022. From mechanisms to markers: novel noninvasive EEG proxy
markers of the neural excitation and inhibition system in humans. Translational Psychiatry 12:467. DOI: https://
doi.org/10.1038/s41398-022-02218-z, PMID: 36344497

Awramiuk E, Krasowicz Kupis G. 2014. Reading and spelling acquisition in Polish: educational and linguistic
determinants. L1-Educ Stud Lang Lit 14:1-24. DOI: https://doi.org/10.17239/L1ESLL-2014.01.13

Babiloni C, Stella G, Buffo P, Vecchio F, Onorati P, Muratori C, Miano S, Gheller F, Antonaci L, Albertini G,
Rossini PM. 2012. Cortical sources of resting state EEG rhythms are abnormal in dyslexic children. Clinical
Neurophysiology 123:2384-2391. DOI: https://doi.org/10.1016/j.clinph.2012.05.002, PMID: 22658819

Baker SN, Kilner JM, Pinches EM, Lemon RN. 1999. The role of synchrony and oscillations in the motor output.
Experimental Brain Research 128:109-117. DOI: https://doi.org/10.1007/s002210050825, PMID: 10473748

Balz J, Keil J, Roa Romero Y, Mekle R, Schubert F, Aydin S, Ittermann B, Gallinat J, Senkowski D. 2016. GABA
concentration in superior temporal sulcus predicts gamma power and perception in the sound-induced flash
illusion. Neurolmage 125:724-730. DOI: https://doi.org/10.1016/j.neuroimage.2015.10.087, PMID:
26546865

Baumgarten TJ, Oeltzschner G, Hoogenboom N, Wittsack HJ, Schnitzler A, Lange J. 2016. Beta peak
frequencies at rest correlate with endogenous GABA+/Cr concentrations in sensorimotor cortex areas. PLOS
ONE 11:e0156829. DOI: https://doi.org/10.1371/journal.pone.0156829, PMID: 27258089

Blau V, van Atteveldt N, Ekkebus M, Goebel R, Blomert L. 2009. Reduced neural integration of letters and
speech sounds links phonological and reading deficits in adult dyslexia. Current Biology 19:503-508. DOI:
https://doi.org/10.1016/j.cub.2009.01.065, PMID: 19285401

Bogdanowicz KM, Wiejak K, Krasowicz Kupis G, Gawron N. 2015. Ocena przydatnosci kwestionariusza Adult
Reading History Questionnaire do diagnozy rodzinnego ryzyka dysleksji w Polsce. Edukacja 1:117-138.

Bogdanowicz M, Sajewicz-Radtke U, Radtke BM, Kalka D, Karpinska E, Bogdanowicz KM, kockiewicz M. 2016.
Bateria metod diagnozy przyczyn niepowodzen szkolnych u uczniéw powyzej 16. roku zycia. BATERIA-16 plus
[B-16]. [Gdansk: PTiP Pracownia Testéw Psychologicznych i Pedagogicznych].

Brunel N, Wang XJ. 2003. What determines the frequency of fast network oscillations with irregular neural
discharges? I. Synaptic Dynamics and Excitation-Inhibition Balance J Neurophysiol 90:415-430. DOI: https://
doi.org/10.1152/jn.01095.2002, PMID: 12611969

Cellier D, Riddle J, Petersen |, Hwang K. 2021. The development of theta and alpha neural oscillations from ages
3 to 24 years. Developmental Cognitive Neuroscience 50:100969. DOI: https://doi.org/10.1016/j.dcn.2021.
100969, PMID: 34174512

Glica et al. eLife 2024;13:RP99920. DOI: https://doi.org/10.7554/eLife.99920 21 of 40


https://doi.org/10.7554/eLife.99920
https://doi.org/10.7554/eLife.99920.4.sa1
https://doi.org/10.7554/eLife.99920.4.sa2
https://doi.org/10.7554/eLife.99920.4.sa3
https://doi.org/10.7554/eLife.99920.4.sa4
https://osf.io/4e7ps/
https://doi.org/10.17605/OSF.IO/4E7PS
https://doi.org/10.17605/OSF.IO/4E7PS
https://doi.org/10.17605/OSF.IO/4E7PS
https://doi.org/10.1038/s41398-022-02218-z
https://doi.org/10.1038/s41398-022-02218-z
http://www.ncbi.nlm.nih.gov/pubmed/36344497
https://doi.org/10.17239/L1ESLL-2014.01.13
https://doi.org/10.1016/j.clinph.2012.05.002
http://www.ncbi.nlm.nih.gov/pubmed/22658819
https://doi.org/10.1007/s002210050825
http://www.ncbi.nlm.nih.gov/pubmed/10473748
https://doi.org/10.1016/j.neuroimage.2015.10.087
http://www.ncbi.nlm.nih.gov/pubmed/26546865
https://doi.org/10.1371/journal.pone.0156829
http://www.ncbi.nlm.nih.gov/pubmed/27258089
https://doi.org/10.1016/j.cub.2009.01.065
http://www.ncbi.nlm.nih.gov/pubmed/19285401
https://doi.org/10.1152/jn.01095.2002
https://doi.org/10.1152/jn.01095.2002
http://www.ncbi.nlm.nih.gov/pubmed/12611969
https://doi.org/10.1016/j.dcn.2021.100969
https://doi.org/10.1016/j.dcn.2021.100969
http://www.ncbi.nlm.nih.gov/pubmed/34174512

e Llfe Research article

Neuroscience

Centanni TM, Pantazis D, Truong DT, Gruen JR, Gabrieli JDE, Hogan TP. 2018. Increased variability of stimulus-
driven cortical responses is associated with genetic variability in children with and without dyslexia.
Developmental Cognitive Neuroscience 34:7-17. DOI: https://doi.org/10.1016/].dcn.2018.05.008, PMID:
29894888

Centanni TM, Beach SD, Ozernov-Palchik O, May S, Pantazis D, Gabrieli JDE. 2022. Categorical perception and
influence of attention on neural consistency in response to speech sounds in adults with dyslexia. Annals of
Dyslexia 72:56~78. DOI: https://doi.org/10.1007/s11881-021-00241-1, PMID: 34495457

Chen G, Zhang Y, Li X, Zhao X, Ye Q, Lin Y, Tao HW, Rasch MJ, Zhang X. 2017. Distinct inhibitory circuits
orchestrate cortical beta and gamma band oscillations. Neuron 96:1403-1418. DOI: https://doi.org/10.1016/j.
neuron.2017.11.033, PMID: 29268099

Cheng CH, Tsai SY, Liu CY, Niddam DM. 2017. Automatic inhibitory function in the human somatosensory and
motor cortices: an MEG-MRS study. Scientific Reports 7:4234. DOI: https://doi.org/10.1038/s41598-017-
04564-1, PMID: 28652623

Ciechanowicz A, Stanczak J. 2006. Testy Uwagi i Spostrzegawczosci: TUS: podrecznik. [Attention and
Perceptiveness Tests: TUS: handbook].. [Polish Psychological Association].

Clarke WT, Stagg CJ, Jbabdi S. 2021. FSL-MRS: an end-to-end spectroscopy analysis package. Magn Reson
Med 85:2950-2964. DOI: https://doi.org/10.1002/mrm.28630, PMID: 33280161

Colombo MA, Napolitani M, Boly M, Gosseries O, Casarotto S, Rosanova M, Brichant JF, Boveroux P, Rex S,
Laureys S, Massimini M, Chieregato A, Sarasso S. 2019. The spectral exponent of the resting EEG indexes the
presence of consciousness during unresponsiveness induced by propofol, xenon, and ketamine. Neurolmage
189:631-644. DOI: https://doi.org/10.1016/j.neuroimage.2019.01.024, PMID: 30639334

Cousijn H, Haegens S, Wallis G, Near J, Stokes MG, Harrison PJ, Nobre AC. 2014. Resting GABA and glutamate
concentrations do not predict visual gamma frequency or amplitude. PNAS 111:9301-9306. DOI: https://doi.
org/10.1073/pnas.1321072111, PMID: 24927588

Debska A, Banfi C, Chyl K, Dziegiel-Fivet G, Kacprzak A, kuniewska M, Plewko J, Grabowska A, Landerl K,
Jednordg K. 2021. Neural patterns of word processing differ in children with dyslexia and isolated spelling
deficit. Brain Structure & Function 226:1467-1478. DOI: https://doi.org/10.1007/s00429-021-02255-2, PMID:
33761000

Deelchand DK, Berrington A, Noeske R, Joers JM, Arani A, Gillen J, Schar M, Nielsen J-F, Peltier S,
Seraji-Bozorgzad N, Landheer K, Juchem C, Soher BJ, Noll DC, Kantarci K, Ratai EM, Mareci TH, Barker PB,
Oz G. 2021. Across-vendor standardization of semi-LASER for single-voxel MRS at 3T. NMR in Biomedicine
34:e4218. DOI: https://doi.org/10.1002/nbm.4218, PMID: 31854045

Del Tufo SN, Frost SJ, Hoeft F, Cutting LE, Molfese PJ, Mason GF, Rothman DL, Fulbright RK, Pugh KR. 2018.
Neurochemistry predicts convergence of written and spoken language: a proton magnetic resonance
spectroscopy study of cross-modal language integration. Frontiers in Psychology 9:1507. DOI: https://doi.org/
10.3389/fpsyg.2018.01507, PMID: 30233445

Delorme A, Makeig S. 2004. EEGLAB: an open source toolbox for analysis of single-trial EEG dynamics including
independent component analysis. Journal of Neuroscience Methods 134:9-21. DOI: https://doi.org/10.1016/].
jneumeth.2003.10.009, PMID: 15102499

Donoghue T, Haller M, Peterson EJ, Varma P, Sebastian P, Gao R, Noto T, Lara AH, Wallis JD, Knight RT,
Shestyuk A, Voytek B. 2020. Parameterizing neural power spectra into periodic and aperiodic components.
Nature Neuroscience 23:1655-1665. DOI: https://doi.org/10.1038/s41593-020-00744-x, PMID: 33230329

Edden RAE, Puts NAJ, Barker PB. 2012. Macromolecule-suppressed GABA-edited magnetic resonance
spectroscopy at 3T. Magnetic Resonance in Medicine 68:657-661. DOI: https://doi.org/10.1002/mrm.24391,
PMID: 22777748

Fecenec D, Jaworowska A, Matczak A, Stanczak J, Zalewska E. 2013. Test szybkiego nazywania (TSN). [Rapid
Automatized Naming Task]. [Polish Psychological Association].

Fein G, Galin D, Yingling CD, Johnstone J, Davenport L, Herron J. 1986. EEG spectra in dyslexic and control
boys during resting conditions. Electroencephalogr Clin Neurophysiol 63:87-97. DOI: https://doi.org/10.1016/
0013-4694(86)90001-5

Finkelman T, Furman-Haran E, Paz R, Tal A. 2022. Quantifying the excitatory-inhibitory balance: a comparison of
SemiLASER and MEGA-SemiLASER for simultaneously measuring GABA and glutamate at 7T. Neurolmage
247:118810. DOI: https://doi.org/10.1016/j.neuroimage.2021.118810, PMID: 34906716

Fraga Gonzalez G, Smit DJA, van der Molen MJW, Tijms J, Stam CJ, de Geus EJC, van der Molen MW. 2018.
EEG resting state functional connectivity in adult dyslexics using phase lag index and graph analysis. Frontiers
in Human Neuroscience 12:341. DOI: https://doi.org/10.3389/fnhum.2018.00341, PMID: 30214403

Gaetz W, Edgar JC, Wang DJ, Roberts TPL. 2011. Relating MEG measured motor cortical oscillations to resting
y-aminobutyric acid (GABA) concentration. Neurolmage 55:616-621. DOI: https://doi.org/10.1016/j.
neuroimage.2010.12.077, PMID: 21215806

Gao R, Peterson EJ, Voytek B. 2017. Inferring synaptic excitation/inhibition balance from field potentials.
Neurolmage 158:70-78. DOI: https://doi.org/10.1016/j.neurcimage.2017.06.078, PMID: 28676297

Germano E, Gagliano A, Curatolo P. 2010. Comorbidity of ADHD and dyslexia. Developmental Neuropsychology
35:475-493. DOI: https://doi.org/10.1080/87565641.2010.494748, PMID: 20721770

Giacometti P, Perdue KL, Diamond SG. 2014. Algorithm to find high density EEG scalp coordinates and analysis
of their correspondence to structural and functional regions of the brain. Journal of Neuroscience Methods
229:84-96. DOI: https://doi.org/10.1016/j.jneumeth.2014.04.020, PMID: 24769168

Glica et al. eLife 2024;13:RP99920. DOI: https://doi.org/10.7554/eLife.99920 22 of 40


https://doi.org/10.7554/eLife.99920
https://doi.org/10.1016/j.dcn.2018.05.008
http://www.ncbi.nlm.nih.gov/pubmed/29894888
https://doi.org/10.1007/s11881-021-00241-1
http://www.ncbi.nlm.nih.gov/pubmed/34495457
https://doi.org/10.1016/j.neuron.2017.11.033
https://doi.org/10.1016/j.neuron.2017.11.033
http://www.ncbi.nlm.nih.gov/pubmed/29268099
https://doi.org/10.1038/s41598-017-04564-1
https://doi.org/10.1038/s41598-017-04564-1
http://www.ncbi.nlm.nih.gov/pubmed/28652623
https://doi.org/10.1002/mrm.28630
http://www.ncbi.nlm.nih.gov/pubmed/33280161
https://doi.org/10.1016/j.neuroimage.2019.01.024
http://www.ncbi.nlm.nih.gov/pubmed/30639334
https://doi.org/10.1073/pnas.1321072111
https://doi.org/10.1073/pnas.1321072111
http://www.ncbi.nlm.nih.gov/pubmed/24927588
https://doi.org/10.1007/s00429-021-02255-2
http://www.ncbi.nlm.nih.gov/pubmed/33761000
https://doi.org/10.1002/nbm.4218
http://www.ncbi.nlm.nih.gov/pubmed/31854045
https://doi.org/10.3389/fpsyg.2018.01507
https://doi.org/10.3389/fpsyg.2018.01507
http://www.ncbi.nlm.nih.gov/pubmed/30233445
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.1016/j.jneumeth.2003.10.009
http://www.ncbi.nlm.nih.gov/pubmed/15102499
https://doi.org/10.1038/s41593-020-00744-x
http://www.ncbi.nlm.nih.gov/pubmed/33230329
https://doi.org/10.1002/mrm.24391
http://www.ncbi.nlm.nih.gov/pubmed/22777748
https://doi.org/10.1016/0013-4694(86)90001-5
https://doi.org/10.1016/0013-4694(86)90001-5
https://doi.org/10.1016/j.neuroimage.2021.118810
http://www.ncbi.nlm.nih.gov/pubmed/34906716
https://doi.org/10.3389/fnhum.2018.00341
http://www.ncbi.nlm.nih.gov/pubmed/30214403
https://doi.org/10.1016/j.neuroimage.2010.12.077
https://doi.org/10.1016/j.neuroimage.2010.12.077
http://www.ncbi.nlm.nih.gov/pubmed/21215806
https://doi.org/10.1016/j.neuroimage.2017.06.078
http://www.ncbi.nlm.nih.gov/pubmed/28676297
https://doi.org/10.1080/87565641.2010.494748
http://www.ncbi.nlm.nih.gov/pubmed/20721770
https://doi.org/10.1016/j.jneumeth.2014.04.020
http://www.ncbi.nlm.nih.gov/pubmed/24769168

e Llfe Research article

Neuroscience

Glica A, Wasilewska K, Kossowski B, Zygierewicz J, Jednorég K. 2024. Sex differences in low-level multisensory
integration in developmental Dyslexia. The Journal of Neuroscience 44:e0944232023. DOI: https://doi.org/10.
1523/JNEUROSCI.0944-23.2023, PMID: 38050156

Gramfort A. 2013. MEG and EEG data analysis with MNE-Python. Front Neurosci 7:267. DOI: https://doi.org/10.
3389/fnins.2013.00267

Hancock R, Pugh KR, Hoeft F. 2017. Neural noise hypothesis of developmental dyslexia. Trends Cogn Sci
21:434-448. DOI: https://doi.org/10.1016/j.tics.2017.03.008

Hayes AF. 2017. Introduction to Mediation, Moderation, and Conditional Process Analysis: A Regression-Based
Approach. Guilford publications.

Hornickel J, Kraus N. 2013. Unstable representation of sound: A biological marker of dyslexia. The Journal of
Neuroscience 33:3500-3504. DOI: https://doi.org/10.1523/JNEUROSCI.4205-12.2013, PMID: 23426677

Horowitz-Kraus T, Brunst KJ, Cecil KM. 2018. Children with dyslexia and typical readers: sex-based choline
differences revealed using proton magnetic resonance spectroscopy acquired within anterior cingulate
cortex. Frontiers in Human Neuroscience 12:466. DOI: https://doi.org/10.3389/fnhum.2018.00466, PMID:
30532701

Hudson MR, Jones NC. 2022. Deciphering the code: identifying true gamma neural oscillations. Experimental
Neurology 357:114205. DOI: https://doi.org/10.1016/j.expneurol.2022.114205, PMID: 35985554

JASP Team. 2023. JASP. 0.18.1. Computer Software. https://jasp-stats.org/download/

Jensen O, Goel P, Kopell N, Pohja M, Hari R, Ermentrout B. 2005. On the human sensorimotor-cortex beta
rhythm. Sources and Modeling Neuroimage 26:347-355. DOI: https://doi.org/10.1016/j.neuroimage.2005.02.
008

Keysers C, Gazzola V, Wagenmakers EJ. 2020. Using Bayes factor hypothesis testing in neuroscience to establish
evidence of absence. Nature Neuroscience 23:788-799. DOI: https://doi.org/10.1038/s41593-020-0660-4

Klimesch W. 1999. EEG alpha and theta oscillations reflect cognitive and memory performance: a review and
analysis. Brain Research. Brain Research Reviews 29:169-195. DOI: https://doi.org/10.1016/s0165-0173(98)
00056-3, PMID: 10209231

Kossowski B, Chyl K, Kacprzak A, Bogorodzki P, Jednorég K. 2019. Dyslexia and age related effects in the
neurometabolites concentration in the visual and temporo-parietal cortex. Scientific Reports 9:5096. DOI:
https://doi.org/10.1038/s41598-019-41473-x

Lally N, Mullins PG, Roberts MV, Price D, Gruber T, Haenschel C. 2014. Glutamatergic correlates of gamma-band
oscillatory activity during cognition: a concurrent ER-MRS and EEG study. Neurolmage 85 Pt 2:823-833. DOI:
https://doi.org/10.1016/j.neuroimage.2013.07.049, PMID: 23891885

Langer N, Benjamin C, Becker BLC, Gaab N. 2019. Comorbidity of reading disabilities and ADHD: structural and
functional brain characteristics. Human Brain Mapping 40:2677-2698. DOI: https://doi.org/10.1002/hbm.
24552, PMID: 30784139

Lasnick OHM, Hancock R, Hoeft F. 2023. Left-dominance for resting-state temporal low-gamma power in
children with impaired word-decoding and without comorbid ADHD. PLOS ONE 18:€0292330. DOI: https://
doi.org/10.1371/journal.pone.0292330, PMID: 38157354

Lebel C, MacMaster FP, Dewey D. 2016. Brain metabolite levels and language abilities in preschool children.
Brain and Behavior 6:e00547. DOI: https://doi.org/10.1002/brb3.547, PMID: 27781150

Lehongre K, Ramus F, Villiermet N, Schwartz D, Giraud AL. 2011. Altered low-y sampling in auditory cortex
accounts for the three main facets of dyslexia. Neuron 72:1080-1090. DOI: https://doi.org/10.1016/j.neuron.
2011.11.002, PMID: 22196341

Manning JR, Jacobs J, Fried |, Kahana MJ. 2009. Broadband shifts in local field potential power spectra are
correlated with single-neuron spiking in humans. The Journal of Neuroscience 29:13613-13620. DOI: https://
doi.org/10.1523/JNEUROSCI.2041-09.2009, PMID: 19864573

Manyukhina VO, Prokofyev AO, Galuta IA, Goiaeva DE, Obukhova TS, Schneiderman JF, Altukhov DI,
Stroganova TA, Orekhova EV. 2022. Globally elevated excitation-inhibition ratio in children with autism
spectrum disorder and below-average intelligence. Molecular Autism 13:20. DOI: https://doi.org/10.1186/
$13229-022-00498-2, PMID: 35550191

Marchesotti S, Nicolle J, Merlet |, Arnal LH, Donoghue JP, Giraud AL. 2020. Selective enhancement of low-
gamma activity by tACS improves phonemic processing and reading accuracy in dyslexia. PLOS Biology
18:3000833. DOI: https://doi.org/10.1371/journal.pbio.3000833, PMID: 32898188

Marsman A, Mand| RCW, van den Heuvel MP, Boer VO, Wijnen JP, Klomp DWJ, Luijten PR, Hilleke E HP. 2013.
Glutamate changes in healthy young adulthood. European Neuropsychopharmacology 23:1484-1490. DOI:
https://doi.org/10.1016/j.euroneuro.2012.11.003, PMID: 23245833

McKeon SD, Perica MI, Parr AC, Calabro FJ, Foran W, Hetherington H, Moon CH, Luna B. 2024. Aperiodic EEG
and 7T MRSI evidence for maturation of E/I balance supporting the development of working memory through
adolescence. Developmental Cognitive Neuroscience 66:101373. DOI: https://doi.org/10.1016/j.dcn.2024.
101373, PMID: 38574406

McSweeney M, Morales S, Valadez EA, Buzzell GA, Fox NA. 2021. Longitudinal age- and sex-related change in
background aperiodic activity during early adolescence. Developmental Cognitive Neuroscience 52:101035.
DOI: https://doi.org/10.1016/j.den.2021.101035, PMID: 34781249

Molina JL, Voytek B, Thomas ML, Joshi YB, Bhakta SG, Talledo JA, Swerdlow NR, Light GA. 2020. Memantine
effects on electroencephalographic measures of putative excitatory/inhibitory balance in schizophrenia.
Biological Psychiatry 5:562-568. DOI: https://doi.org/10.1016/].bpsc.2020.02.004

Glica et al. eLife 2024;13:RP99920. DOI: https://doi.org/10.7554/eLife.99920 23 of 40


https://doi.org/10.7554/eLife.99920
https://doi.org/10.1523/JNEUROSCI.0944-23.2023
https://doi.org/10.1523/JNEUROSCI.0944-23.2023
http://www.ncbi.nlm.nih.gov/pubmed/38050156
https://doi.org/10.3389/fnins.2013.00267
https://doi.org/10.3389/fnins.2013.00267
https://doi.org/10.1016/j.tics.2017.03.008
https://doi.org/10.1523/JNEUROSCI.4205-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23426677
https://doi.org/10.3389/fnhum.2018.00466
http://www.ncbi.nlm.nih.gov/pubmed/30532701
https://doi.org/10.1016/j.expneurol.2022.114205
http://www.ncbi.nlm.nih.gov/pubmed/35985554
https://jasp-stats.org/download/
https://doi.org/10.1016/j.neuroimage.2005.02.008
https://doi.org/10.1016/j.neuroimage.2005.02.008
https://doi.org/10.1038/s41593-020-0660-4
https://doi.org/10.1016/s0165-0173(98)00056-3
https://doi.org/10.1016/s0165-0173(98)00056-3
http://www.ncbi.nlm.nih.gov/pubmed/10209231
https://doi.org/10.1038/s41598-019-41473-x
https://doi.org/10.1016/j.neuroimage.2013.07.049
http://www.ncbi.nlm.nih.gov/pubmed/23891885
https://doi.org/10.1002/hbm.24552
https://doi.org/10.1002/hbm.24552
http://www.ncbi.nlm.nih.gov/pubmed/30784139
https://doi.org/10.1371/journal.pone.0292330
https://doi.org/10.1371/journal.pone.0292330
http://www.ncbi.nlm.nih.gov/pubmed/38157354
https://doi.org/10.1002/brb3.547
http://www.ncbi.nlm.nih.gov/pubmed/27781150
https://doi.org/10.1016/j.neuron.2011.11.002
https://doi.org/10.1016/j.neuron.2011.11.002
http://www.ncbi.nlm.nih.gov/pubmed/22196341
https://doi.org/10.1523/JNEUROSCI.2041-09.2009
https://doi.org/10.1523/JNEUROSCI.2041-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19864573
https://doi.org/10.1186/s13229-022-00498-2
https://doi.org/10.1186/s13229-022-00498-2
http://www.ncbi.nlm.nih.gov/pubmed/35550191
https://doi.org/10.1371/journal.pbio.3000833
http://www.ncbi.nlm.nih.gov/pubmed/32898188
https://doi.org/10.1016/j.euroneuro.2012.11.003
http://www.ncbi.nlm.nih.gov/pubmed/23245833
https://doi.org/10.1016/j.dcn.2024.101373
https://doi.org/10.1016/j.dcn.2024.101373
http://www.ncbi.nlm.nih.gov/pubmed/38574406
https://doi.org/10.1016/j.dcn.2021.101035
http://www.ncbi.nlm.nih.gov/pubmed/34781249
https://doi.org/10.1016/j.bpsc.2020.02.004

e Llfe Research article

Neuroscience

Mullins PG, McGonigle DJ, O'Gorman RL, Puts NAJ, Vidyasagar R, Evans CJ, Cardiff Symposium on MRS of
GABA, Edden RAE. 2014. Current practice in the use of MEGA-PRESS spectroscopy for the detection of
GABA. Neurolmage 86:43-52. DOI: https://doi.org/10.1016/j.neurcimage.2012.12.004, PMID: 23246994

Muthukumaraswamy SD, Edden RAE, Jones DK, Swettenham JB, Singh KD. 2009. Resting GABA concentration
predicts peak gamma frequency and fMRI amplitude in response to visual stimulation in humans. PNAS
106:8356-8361. DOI: https://doi.org/10.1073/pnas.0900728106, PMID: 19416820

Nakai T, Okanoya K. 2016. Individual variability in verbal fluency correlates with y-aminobutyric acid
concentration in the left inferior frontal gyrus. Neuroreport 27:987-991. DOI: https://doi.org/10.1097/WNR.
0000000000000645, PMID: 27454241

Neef NE, Miiller B, Liebig J, Schaadt G, Grigutsch M, Gunter TC, Wilcke A, Kirsten H, Skeide MA, Kraft |,

Kraus N, Emmrich F, Brauer J, Boltze J, Friederici AD. 2017. Dyslexia risk gene relates to representation of
sound in the auditory brainstem. Developmental Cognitive Neuroscience 24:63-71. DOI: https://doi.org/10.
1016/}.dcn.2017.01.008, PMID: 28182973

Ostlund BD, Alperin BR, Drew T, Karalunas SL. 2021. Behavioral and cognitive correlates of the aperiodic
(1/f-like) exponent of the EEG power spectrum in adolescents with and without ADHD. Developmental
Cognitive Neuroscience 48:100931. DOI: https://doi.org/10.1016/].dcn.2021.100931, PMID: 33535138

Oziitemiz C, White M, Elvendahl W, Eryaman Y, Marjanska M, Metzger GJ, Patriat R, Kulesa J, Harel N,
Watanabe Y, Grant A, Genovese G, Cayci Z. 2023. Use of A Commercial 7-T MRI scanner for clinical brain
imaging: indications, protocols, challenges, and solutions—a single-center experience. American Journal of
Roentgenology 221:788-804. DOI: https://doi.org/10.2214/AJR.23.29342

Perrin F, Pernier J, Bertnard O, Giard MH, Echallier JF. 1987. Mapping of scalp potentials by surface spline
interpolation. Electroencephalogr Clin Neurophysiol 66:75-81. DOI: https://doi.org/10.1016/0013-4694(87)
90141-6, PMID: 2431869

Perrin F, Pernier J, Bertrand O, Echallier JF. 1989. Spherical splines for scalp potential and current density
mapping. Electroencephalography and Clinical Neurophysiology 72:184-187. DOI: https://doi.org/10.1016/
0013-4694(89)90180-6, PMID: 2464490

Pfister R. 2021. Variability of bayes factor estimates in bayesian analysis of variance. The Quantitative Methods
for Psychology 17:40-45. DOI: https://doi.org/10.20982/tqmp.17.1.p040

Pion-Tonachini L, Kreutz-Delgado K, Makeig S. 2019. ICLabel: An automated electroencephalographic
independent component classifier, dataset, and website. Neurolmage 198:181-197. DOI: https://doi.org/10.
1016/j.neuroimage.2019.05.026, PMID: 31103785

Porjesz B, Almasy L, Edenberg HJ, Wang K, Chorlian DB, Foroud T, Goate A, Rice JP, O'Connor SJ, Rohrbaugh J,
Kuperman S, Bauer LO, Crowe RR, Schuckit MA, Hesselbrock V, Conneally PM, Tischfield JA, Li T-K, Reich T,
Begleiter H. 2002. Linkage disequilibrium between the beta frequency of the human EEG and a GABAA
receptor gene locus. PNAS 99:3729-3733. DOI: https://doi.org/10.1073/pnas.052716399, PMID: 11891318

Pradhan S, Bonekamp S, Gillen JS, Rowland LM, Wijtenburg SA, Edden RAE, Barker PB. 2015. Comparison of
single voxel brain MRS AT 3T and 7T using 32-channel head coils. Magnetic Resonance Imaging 33:1013-1018.
DOI: https://doi.org/10.1016/j.mri.2015.06.003

Pugh KR, Frost SJ, Rothman DL, Hoeft F, Del Tufo SN, Mason GF, Molfese PJ, Mencl WE, Grigorenko EL,

Landi N, Preston JL, Jacobsen L, Seidenberg MS, Fulbright RK. 2014. Glutamate and choline levels predict
individual differences in reading ability in emergent readers. The Journal of Neuroscience 34:4082-4089. DOI:
https://doi.org/10.1523/JNEUROSCI.3907-13.2014, PMID: 24623786

Rippon G, Brunswick N. 2000. Trait and state EEG indices of information processing in developmental dyslexia.
Int J Psychophysiol 36:251-265. DOI: https://doi.org/10.1016/50167-8760(00)00075-1

Roid GH, Sajewicz-Radtke U, Radtke BM, Lipowska M. 2017. Skale Inteligencji Stanford-Binet, Edycja Piata.
Podrecznik techniczny. [Pracownia Testéw Psychologicznych i Pedagogicznych].

Rolls ET, Huang CC, Lin CP, Feng J, Joliot M. 2020. Automated anatomical labelling atlas 3. Neurolmage
206:116189. DOI: https://doi.org/10.1016/j.neuroimage.2019.116189, PMID: 31521825

Rubino D, Robbins KA, Hatsopoulos NG. 2006. Propagating waves mediate information transfer in the motor
cortex. Nat Neurosci 9:1549-1557. DOI: https://doi.org/10.1038/nn1802

Rufener KS, Zaehle T. 2021. Dysfunctional auditory gamma oscillations in developmental dyslexia: a potential
target for A tACS-based intervention. Prog Brain Res 264:211-232. DOI: https://doi.org/10.1016/bs.pbr.2021.
01.016

Salvatore SV, Lambert PM, Benz A, Rensing NR, Wong M, Zorumski CF, Mennerick S. 2024. Periodic and
aperiodic changes to cortical EEG in response to pharmacological manipulation. Journal of Neurophysiology
131:529-540. DOI: https://doi.org/10.1152/jn.00445.2023, PMID: 38323322

Sanes JN, Donoghue JP. 1993. Oscillations in local field potentials of the primate motor cortex during voluntary
movement. PNAS 90:4470-4474. DOI: https://doi.org/10.1073/pnas.90.10.4470, PMID: 8506287

Schaworonkow N, Voytek B. 2021. Longitudinal changes in aperiodic and periodic activity in
electrophysiological recordings in the first seven months of life. Developmental Cognitive Neuroscience
47:100895. DOI: https://doi.org/10.1016/j.dcn.2020.100895, PMID: 33316695

Scrivener CL, Reader AT. 2022. Variability of EEG electrode positions and their underlying brain regions:
visualizing gel artifacts from a simultaneous EEG-fMRI dataset. Brain and Behavior 12:2476. DOI: https://doi.
org/10.1002/brb3.2476, PMID: 35040596

Simpson R, Devenyi GA, Jezzard P, Hennessy TJ, Near J. 2017. Advanced processing and simulation of MRS data
using the FID appliance (FID-A) — an open source, MATLAB-based toolkit. Magn Reson Med 77:23-33. DOI:
https://doi.org/10.1002/mrm.26091

Glica et al. eLife 2024;13:RP99920. DOI: https://doi.org/10.7554/eLife.99920 24 of 40


https://doi.org/10.7554/eLife.99920
https://doi.org/10.1016/j.neuroimage.2012.12.004
http://www.ncbi.nlm.nih.gov/pubmed/23246994
https://doi.org/10.1073/pnas.0900728106
http://www.ncbi.nlm.nih.gov/pubmed/19416820
https://doi.org/10.1097/WNR.0000000000000645
https://doi.org/10.1097/WNR.0000000000000645
http://www.ncbi.nlm.nih.gov/pubmed/27454241
https://doi.org/10.1016/j.dcn.2017.01.008
https://doi.org/10.1016/j.dcn.2017.01.008
http://www.ncbi.nlm.nih.gov/pubmed/28182973
https://doi.org/10.1016/j.dcn.2021.100931
http://www.ncbi.nlm.nih.gov/pubmed/33535138
https://doi.org/10.2214/AJR.23.29342
https://doi.org/10.1016/0013-4694(87)90141-6
https://doi.org/10.1016/0013-4694(87)90141-6
http://www.ncbi.nlm.nih.gov/pubmed/2431869
https://doi.org/10.1016/0013-4694(89)90180-6
https://doi.org/10.1016/0013-4694(89)90180-6
http://www.ncbi.nlm.nih.gov/pubmed/2464490
https://doi.org/10.20982/tqmp.17.1.p040
https://doi.org/10.1016/j.neuroimage.2019.05.026
https://doi.org/10.1016/j.neuroimage.2019.05.026
http://www.ncbi.nlm.nih.gov/pubmed/31103785
https://doi.org/10.1073/pnas.052716399
http://www.ncbi.nlm.nih.gov/pubmed/11891318
https://doi.org/10.1016/j.mri.2015.06.003
https://doi.org/10.1523/JNEUROSCI.3907-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24623786
https://doi.org/10.1016/S0167-8760(00)00075-1
https://doi.org/10.1016/j.neuroimage.2019.116189
http://www.ncbi.nlm.nih.gov/pubmed/31521825
https://doi.org/10.1038/nn1802
https://doi.org/10.1016/bs.pbr.2021.01.016
https://doi.org/10.1016/bs.pbr.2021.01.016
https://doi.org/10.1152/jn.00445.2023
http://www.ncbi.nlm.nih.gov/pubmed/38323322
https://doi.org/10.1073/pnas.90.10.4470
http://www.ncbi.nlm.nih.gov/pubmed/8506287
https://doi.org/10.1016/j.dcn.2020.100895
http://www.ncbi.nlm.nih.gov/pubmed/33316695
https://doi.org/10.1002/brb3.2476
https://doi.org/10.1002/brb3.2476
http://www.ncbi.nlm.nih.gov/pubmed/35040596
https://doi.org/10.1002/mrm.26091

e Llfe Research article

Neuroscience

Spironelli C, Penolazzi B, Angrilli A. 2008. Dysfunctional hemispheric asymmetry of theta and beta EEG activity
during linguistic tasks in developmental dyslexia. Biological Psychology 77:123-131. DOI: https://doi.org/10.
1016/j.biopsycho.2007.09.009

Szczerbinski M, Pelc Pekata O. 2013. Zestaw Metod Do Diagnozy Trudnosci w Czytaniu. Laboratory of
Psychological and Pedagogical Tests.

Tan Y, Chanoine V, Cavalli E, Anton JL, Ziegler JC. 2022. Is there evidence for a noisy computation deficit in
developmental dyslexia? Frontiers in Human Neuroscience 16:919465. DOI: https://doi.org/10.3389/fnhum.
2022.919465, PMID: 36248689

Terpstra M, Cheong |, Lyu T, Deelchand DK, Emir UE, Bednafik P, Eberly LE, Oz G. 2016. Test-retest
reproducibility of neurochemical profiles with short-echo, single-voxel MR spectroscopy at 3T and 7T. Magnetic
Resonance in Medicine 76:1083-1091. DOI: https://doi.org/10.1002/mrm.26022

Turri C, Di Dona G, Santoni A, Zamfira DA, Franchin L, Melcher D, Ronconi L. 2023. Periodic and Aperiodic EEG
features as potential markers of developmental Dyslexia. Biomedicines 11:1607. DOI: https://doi.org/10.3390/
biomedicines11061607, PMID: 37371702

van Bueren NER, van der Ven SHG, Hochman S, Sella F, Cohen Kadosh R. 2023. Human neuronal excitation/
inhibition balance explains and predicts neurostimulation induced learning benefits. PLOS Biology
21:€3002193. DOI: https://doi.org/10.1371/journal.pbio.3002193, PMID: 37651315

Van Hirtum T, Ghesquiére P, Wouters J. 2019. Atypical neural processing of rise time by adults with dyslexia.
Cortex; a Journal Devoted to the Study of the Nervous System and Behavior 113:128-140. DOI: https://doi.
org/10.1016/j.cortex.2018.12.006, PMID: 30640141

Vidal C, Content A, Chetail F. 2017. BACS: the brussels artificial character sets for studies in cognitive psychology
and neuroscience. Behavior Research Methods 49:2093-2112. DOI: https://doi.org/10.3758/s13428-016-0844-
8

Voytek B, Kramer MA, Case J, Lepage KQ, Tempesta ZR, Knight RT, Gazzaley A. 2015. Age-related changes in
1/f neural electrophysiological noise. The Journal of Neuroscience 35:13257-13265. DOI: https://doi.org/10.
1523/JNEUROSCI.2332-14.2015, PMID: 26400953

Waschke L, Donoghue T, Fiedler L, Smith S, Garrett DD, Voytek B, Obleser J. 2021. Modality-specific tracking of
attention and sensory statistics in the human electrophysiological spectral exponent. eLife 10:e70068. DOI:
https://doi.org/10.7554/eLife.70068, PMID: 34672259

Wechsler D. 1981. Wechsler Adult Intelligence Scale-Revised (WAIS-R). Psychological Corporation.

Wyss C, Tse DHY, Kometer M, Dammers J, Achermann R, Shah NJ, Kawoh| W, Neuner I. 2017. GABA
metabolism and its role in gamma-band oscillatory activity during auditory processing: an MRS and EEG study.
Human Brain Mapping 38:3975-3987. DOI: https://doi.org/10.1002/hbm.23642, PMID: 28480987

Xue H, Wang Z, Tan Y, Yang H, Fu W, Xue L, Zhao J. 2020. Resting-state EEG reveals global network deficiency in
dyslexic children. Neuropsychologia 138:107343. DOI: https://doi.org/10.1016/j.neuropsychologia.2020.
107343, PMID: 31952981

Yan X, Jiang K, Li H, Wang Z, Perkins K, Cao F. 2021. Convergent and divergent brain structural and functional
abnormalities associated with developmental dyslexia. eLife 10:69523. DOI: https://doi.org/10.7554/eLife.
69523

Glica et al. eLife 2024;13:RP99920. DOI: https://doi.org/10.7554/eLife.99920 25 of 40


https://doi.org/10.7554/eLife.99920
https://doi.org/10.1016/j.biopsycho.2007.09.009
https://doi.org/10.1016/j.biopsycho.2007.09.009
https://doi.org/10.3389/fnhum.2022.919465
https://doi.org/10.3389/fnhum.2022.919465
http://www.ncbi.nlm.nih.gov/pubmed/36248689
https://doi.org/10.1002/mrm.26022
https://doi.org/10.3390/biomedicines11061607
https://doi.org/10.3390/biomedicines11061607
http://www.ncbi.nlm.nih.gov/pubmed/37371702
https://doi.org/10.1371/journal.pbio.3002193
http://www.ncbi.nlm.nih.gov/pubmed/37651315
https://doi.org/10.1016/j.cortex.2018.12.006
https://doi.org/10.1016/j.cortex.2018.12.006
http://www.ncbi.nlm.nih.gov/pubmed/30640141
https://doi.org/10.3758/s13428-016-0844-8
https://doi.org/10.3758/s13428-016-0844-8
https://doi.org/10.1523/JNEUROSCI.2332-14.2015
https://doi.org/10.1523/JNEUROSCI.2332-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/26400953
https://doi.org/10.7554/eLife.70068
http://www.ncbi.nlm.nih.gov/pubmed/34672259
https://doi.org/10.1002/hbm.23642
http://www.ncbi.nlm.nih.gov/pubmed/28480987
https://doi.org/10.1016/j.neuropsychologia.2020.107343
https://doi.org/10.1016/j.neuropsychologia.2020.107343
http://www.ncbi.nlm.nih.gov/pubmed/31952981
https://doi.org/10.7554/eLife.69523
https://doi.org/10.7554/eLife.69523

e Llfe Research article

Appendix 1

Neuroscience

Appendix 1—table 1. Descriptive statistics for electroencephalography (EEG) and magnetic

resonance spectroscopy (MRS) results separately for the groups.

DYS CON

M SD M SD
EEG resting state®
Exponent mean (rest) 1.54 0.14 1.54 0.18
Exponent left IFG (rest) 1.54 0.16 1.53 0.18
Exponent left STS (rest) 1.50 0.18 1.47 0.22
Exponent right IFG (rest) 1.54 0.15 1.54 0.18
Exponent right STS (rest) 1.48 0.18 1.45 0.22
Offset mean (rest) -10.80 0.19 -10.80 0.24
Offset left IFG (rest) -10.72 0.34 -10.74 0.33
Offset left STS (rest) -10.97 0.38 -10.98 0.37
Offset right IFG (rest) -10.79 0.29 -10.81 0.32
Offset right STS (rest) -10.99 0.31 -11.04 0.36
Beta power left IFG (rest) 0.48 0.18 0.48 0.20
Beta power left STS (rest) 0.49 0.19 0.48 0.21
Beta power right IFG (rest) 0.49 0.18 0.50 0.19
Beta power right STS (rest) 0.51 0.20 0.50 0.21
EEG language task®
Exponent mean (task) 1.55 0.15 1.56 0.18
Exponent left IFG (task) 1.55 0.16 1.55 0.19
Exponent left STS (task) 1.50 0.20 1.47 0.21
Exponent right IFG (task) 1.54 0.17 1.55 0.19
Exponent right STS (task) 1.47 0.19 1.45 0.22
Offset mean (task) -10.67 0.25 -10.67 0.28
Offset left IFG (task) -10.58 0.39 -10.60 0.37
Offset left STS (task) -10.86 0.44 -10.87 0.42
Offset right IFG (task) -10.65 0.36 -10.68 0.37
Offset right STS (task) -10.88 0.36 -10.94 0.41
Beta power left IFG (task)® 0.50 0.23 0.51 0.21
Beta power left STS (task) 0.54 0.24 0.53 0.23
Beta power right IFG (task) 0.51 0.23 0.52 0.21
Beta power right STS (task) 0.55 0.26 0.55 0.23
MRS
Glu® 1.11 0.12 1.07 0.10
GABA+¢ 0.46 0.14 0.44 0.12
Glu/GABA +ratio® 2.67 0.87 2.68 0.75
Glu/GABA +imbalance? 0.27 0.11 0.24 0.12
Appendix T—table 1 Continued on next page
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Appendix T—table 1 Continued
DYS CON

Note: DYS — dyslexic group; CON - control group; mean — values averaged across all electrodes; left IFG — values
averaged across three electrodes corresponding to the left inferior frontal gyrus (F7, FT7, FC5); left STS — values
averaged across three electrodes corresponding to the left superior temporal sulcus (T7, TP7, TP9); right IFG —
values averaged across three electrodes corresponding to the right inferior frontal gyrus (F8, FT8, FC6); right STS
—values averaged across three electrodes corresponding to the right superior temporal sulcus (T8, TP8, TP10).

n =119 (DYS n =59, CON n = 60); °n = 117 (DYS n = 57, CON n = 60); °n = 50 (DYS n = 21, CON n = 29); °n = 47
(DYS n =20, CON n = 27).

EEG results - frontal and temporal electrodes
Beta (14-30 Hz) aperiodic-adjusted

Beta center frequency

There was a significant effect of condition (F(1,115) = 6.12, p=0.015, %, = 0.051, BF,,, = 2.94) with
post hoc comparison indicating that the beta peak was at higher frequencies at rest (M=19.86, SD =
2.64) than during the language task (M=19.44, SD = 2.48, p... = 0.015). There was also a significant
interaction between condition and region, although the Bayes factor did not provide evidence for
either inclusion or exclusion (F(1,115) = 5.96, p=0.016, #%, = 0.049, BF, , = 1.52). Post hoc comparisons
indicated that the beta peak was at higher frequencies at rest than during the language task in
the frontal region (M, = 20.03, SD,oy = 2.79, My, = 19.43, SD.gy = 2.51, peorr = 0.002), while this
difference was not significant in the temporal region (M, = 19.68, SD,o: = 2.76, Moy = 19.45, SD,q
= 2.70, peorr = 0.207). Furthermore, at rest, the beta peak was at higher frequencies in the frontal as
compared to the temporal region (p.., = 0.028), while this difference was not significant during the
language task (p.,r = 0.878). The effect of group (F(1,115) = 0.02, p=0.896, #*, = 0.000, BF,, = 0.001)
was not significant and Bayes factor indicated against including it in the model. Any other effects of
interactions were not significant and Bayesian statistics indicated against including these factors in
the model or did not provide evidence for either inclusion or exclusion.

Beta bandwidth

The interaction between region, hemisphere, and group was not significant, although Bayesian
statistics indicated in favor of including it in the model (F(1,115) = 1.92, p=0.169, 5, = 0.016, BF,, =
389.67). The effect of group (F(1,115) = 0.39, p=0.532, #?, = 0.003, BF,,, = 0.60) was not significant
while Bayes factor did not provide evidence for either inclusion or exclusion. Any other effects of
interactions were not significant and Bayesian statistics indicated against including them in the
model or did not provide evidence for either inclusion or exclusion. Since Bayes factor suggested the
inclusion of the region*hemisphere*group interaction in the model, we further conducted Bayesian
t-tests to determine whether this was driven by differences between control and dyslexic groups.
The results, however, supported the null hypothesis in both the left (Mpys = 7.19, SDpys = 2.64, Mcon
= 6.96, SDcon = 2.84, BF,,=0.22) and right hemisphere in the frontal region (Mpys = 6.93, SDpys =
2.86, Mcon = 7.07, SDcon = 2.80, BF,,=0.20) as well as in the left hemisphere in the temporal region
(Mpys = 7.32, SDpys = 2.57, Mcon = 6.86, SDcon = 2.72, BF4,=0.29). The results in the right hemisphere
in the temporal region were inconclusive (Mpys = 7.09, SDpys = 2.25, Mcony = 6.36, SDcon = 2.61,
BF1,=0.66).

Alpha (7-14 Hz) aperiodic-adjusted
For these analyses, the sample size was 112 (DYS n=56, CON n=56), since in 7 participants the
algorithm did not find the alpha peak above the aperiodic component in selected electrodes.

Alpha power

There was a significant effect of condition (F(1,110) = 63.47, p<0.001, »?, = 0.366, BF,,,>10,000)
with post hoc comparison indicating that the alpha power was greater during the language task
(M=1.21, SD = 0.47) than at rest (M=0.99, SD = 0.39, p.,»<0.001). There were also significant effects
of hemisphere (F(1,110) = 13.84, p<0.001, #?, = 0.112, BF,,q = 76.81) and region (F(1,110) = 6.34,
p=0.013, %, = 0.054, BF,, = 2.98). For the main effect of hemisphere, post hoc comparison indicated
that alpha power was greater in the right (M=1.11, SD = 0.41) as compared to the left hemisphere
(M=1.09, SD = 0.42, p..,<0.001), while for the main effect of region, post hoc comparison indicated
that the alpha power was greater in the temporal (M=1.11, SD = 0.41) as compared to the frontal
region (M=1.09, SD = 0.42, p., = 0.013). Furthermore, there were significant interactions between

Glica et al. eLife 2024;13:RP99920. DOI: https://doi.org/10.7554/eLife.99920 27 of 40


https://doi.org/10.7554/eLife.99920

e Llfe Research article

Neuroscience

condition, region, and group (F(1,110) = 4.78, p=0.031, 5, = 0.042, BF,,, = 64.84) as well as between
hemisphere and region (F(1,110) = 4.35, p=0.039, #?, = 0.038, BF,,q = 0.92) although Bayes factor
did not provide evidence for either inclusion or exclusion the hemisphere*region interaction. For the
condition*region*group interaction, post hoc comparisons indicated that in both groups and in both
regions, alpha power was greater in the language task than at rest (for all comparisons p.,,<0.001).
Furthermore, in the control group during resting-state condition, alpha power was greater in the
temporal (M=0.99, SD = 0.36) as compared to the frontal region (M=0.95, SD = 0.38, p.,,=0.003),
while any other comparisons were not significant. For the hemisphere*region interaction, post hoc
comparisons indicated that greater alpha power in the temporal as compared to the frontal region
was significant in the right (Mionm = 1.10, SDional = 0.42, Micmporal = 1.13, SDicrmporal = 0.40, peorr =
0.001), while not in the left hemisphere (Mioni = 1.08, SDjontal = 0.42, Micrporal = 1.09, SDiemporal = 0.42,
Peorr = 0.386). Also, in the temporal region, greater alpha power was found in the right than in the left
hemisphere (p..,<0.001), while the difference between hemispheres was not significant in the frontal
region (Peor = 0.110). The effect of group (F(1,110) = 0.27, p=0.607, #%, = 0.002, BF,,, = 0.02) was
not significant and Bayes factor indicated against including it in the model. Any other interactions
were not significant and Bayesian statistics indicated against including them in the model or did not
provide evidence for either inclusion or exclusion.

Alpha center frequency

There was a significant effect of condition (F(1,110) = 15.24, p<0.001, #?%, = 0.122, BF,,q = 144.27)
with post hoc comparison indicating that alpha peak was at lower frequencies at rest (M=10.51, SD
= 0.98) than during the language task (M=10.73, SD = 0.94, p»<0.001). There were also significant
interactions between condition and hemisphere (F(1,110) = 9.99, p=0.002, %, = 0.083, BF,y =
14.42), as well as between condition and region (F(1,110) = 4.28, p=0.041, #°, = 0.037, BF,,q = 0.82),
although Bayes factor did not provide evidence for either including or excluding condition*region
interaction. For the condition*hemisphere interaction, post hoc comparisons indicated that the alpha
peak was at lower frequencies at rest than during the language task both in the left (M, = 10.59,
SD.est = 1.04, My = 10.72, SD,.y = 0.95, peorr = 0.048) and in the right hemisphere (M., = 10.42,
SD,et = 1.03, Mg = 10.75, SDyy = 0.95, Peorr<0.001). Furthermore, in the resting-state condition,
the alpha peak was at lower frequencies in the right as compared to the left hemisphere (pe,. =
0.008), while the difference between hemispheres was not significant during the language task (pcor
= 0.334). For the condition*region interaction, post hoc comparisons indicated that alpha peak was
at lower frequencies at rest than during the language task both in the temporal (M, = 10.48, SD,.;
=0.98, M,y = 10.76, SDy,g = 0.96, peorr <0.001) and in the frontal region (Ms = 10.53, SD,, = 1.02,
Mg = 10.71, SDog = 0.97, peorr = 0.008), while the difference between frontal and temporal regions
was not significant either at rest (p.., = 0.128) or during the language task (p.., = 0.288). The effect
of group (F(1,110) = 1.55, p=0.216, #°, = 0.014, BF,, = 0.70) was not significant while Bayes factor
did not provide evidence for either inclusion or exclusion. Any other interactions were not significant
and Bayesian statistics indicated against including them in the model or did not provide evidence
for either inclusion or exclusion.

Alpha bandwidth

The analysis revealed a significant effect of condition (F(1,110) = 6.21, p=0.014, #?, = 0.053, BF,,, =
3.06) with post hoc comparison indicating that the alpha peak was wider at rest (M=3.18, SD = 1.25)
than during the language task (M=2.91, SD = 0.94, p.,, = 0.014). There was also a significant effect
of region, although Bayesian statistics did not provide evidence for either inclusion or exclusion
(F(1,110) = 5.42, p=0.022, #?, = 0.047, BF;,q = 1.64). Post hoc comparison indicated that the alpha
peak was wider in the temporal (M=3.12, SD = 0.94) as compared to the frontal region (M=2.97,
SD = 1.04, p.or = 0.022). There were also significant interactions between region and condition
(F(1,110) = 7.33, p=0.008, 7%, = 0.062, BF;,q = 4.15) as well as between region and group (F(1,110)
= 5.59, p=0.020, #?, = 0.048, BF,, = 0.38), although Bayes factor did not provide evidence for
either including or excluding region*group interaction. For the region*condition interaction, post
hoc comparisons indicated that the alpha peak was wider in the resting-state condition as compared
to the language task in the frontal region (M,o; = 3.18, SD,o; = 1.45, My = 2.77, SDyogc = 0.99, pPeor =
0.001), while this difference was not significant in the temporal region (M,et = 3.19, SD,ot = 1.22, Miogi
= 3.04, SD,.o = 1.03, pcorr = 0.225). Furthermore, during the language task, the alpha peak was wider
in the temporal than in the frontal region (p.,,<0.001), while the difference between regions was not
significant during the resting-state condition (p.., = 0.932). For the region*group interaction, post
hoc comparisons indicated that in the dyslexic group, the alpha peak was wider in the temporal
as compared to the frontal region (Mgona = 2.85, SDqontal = 1.09, Micmporal = 3.14, SDiempora = 1.01,
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Peorr = 0.001), while this difference was not significant in the control group (Mo = 3.10, SDjontal =
0.98, Micmporal = 3.09, SDicrmporal = 0.87, peorr = 0.980). The difference between dyslexic and control
groups was not significant either in the frontal (p.,» = 0.214) or in the temporal region (p.., = 0.810).
The interaction between region, hemisphere, and condition was not significant, although Bayesian
statistics indicated in favor of including it in the model (F(1,110) = 1.54, p=0.217, #°, = 0.014, BF;, =
5.96). The effect of group (F(1,110) = 0.33, p=0.569, 5%, = 0.003, BF;,; = 0.05) was not significant and
Bayes factor indicated against including it in the model. Any other interactions were not significant
and Bayesian statistics indicated against including them in the model or did not provide evidence
for either inclusion or exclusion.

EEG results — parieto-occipital electrodes

Following the previous study, which revealed differences in aperiodic and periodic components
between dyslexic and control groups in the parieto-occipital region (Turri et al., 2023), we conducted
additional analyses using the same cluster of electrodes from the left (PO7, PO3, O1) and the right
hemisphere (PO8, PO4, O2). For the exponent and offset, we employed a 2x2x2 (group, condition,
hemisphere) repeated measures ANOVA with age included as a covariate. For the beta and alpha
bands results, we used a similar model but without the effect of age included as a covariate.

Exponent

The analysis revealed significant effects of age (F(1,116) = 5.22, p=0.024, #*, = 0.043, BF,, = 2.07)
and hemisphere (F(1,116) = 6.37, p=0.013, #?, = 0.052, BF,,>10,000) with post hoc comparison
indicating that the exponent was lower in the left (M=1.46, SD = 0.21) as compared to the right
hemisphere (M=1.53, SD = 0.19, p.,<0.001). The effect of group was not significant (F(1,116) =
0.07, p=0.786, 7%, = 0.001, BF,,q = 0.65) although Bayes factor did not provide evidence for either
inclusion or exclusion. Any other effects or interactions were not significant and Bayesian statistics
indicated against including them in the model or did not provide evidence for either inclusion or
exclusion.

Offset

There were significant effects of hemisphere (F(1,116) = 15.20, p<0.001, #?, = 0.116, BF,,,>10,000)
and condition (F(1,116) = 8.70, p=0.004, #?, = 0.070, BF,,,>10,000) with post hoc comparisons
indicating that the offset was lower in the left (M=-11.19, SD = 0.52) as compared to the right
hemisphere (M=-10.73, SD = 0.27, p.,,<0.001), and at rest (M=-11.03, SD = 0.35) than during
the language task (M=-10.90, SD = 0.39, p.,<0.001). The interaction between condition and
hemisphere (F(1,116) = 0.13, p=0.725, 5, = 0.001, BF,,q = 31.62) was not significant although Bayes
factor indicated in favor of including it in the model. The effect of group (F(1,116) = 0.08, p=0.781,
7% = 0.001, BF,q = 0.04) was not significant and Bayes factor indicated against including it in the
model. Any other effects or interactions were not significant and Bayesian statistics indicated against
including them in the model or did not provide evidence for either inclusion or exclusion.

Beta (14-30 Hz) aperiodic-adjusted

Beta power

The analysis revealed significant effects of hemisphere (F(1,117) = 18.74, p<0.001, 5%, = 0.138, BF,,
= 612.30) and condition (F(1,117) = 24.05, p<0.001, #*, = 0.170, BF,y = 4545.40). For the main
effect of hemisphere, post hoc comparison indicated that the beta power was greater in the right
(M=0.56, SD = 0.19) as compared to the left hemisphere (M=0.53, SD = 0.18, p»<0.001), while for
the main effect of condition, post hoc comparison indicated that the beta power was greater during
the language task (M=0.57, SD = 0.21) than at rest (M=0.51, SD = 0.18, p.,,<0.001). The effect of
group was not significant (F(1,117) = 0.06, p=0.841, 5%, = 0.000, BF,, = 0.55), although Bayes factor
did not provide evidence for either inclusion or exclusion. Any other interactions were not significant
and Bayesian statistics indicated against including them in the model or did not provide evidence
for either inclusion or exclusion.

Beta center frequency

The analysis revealed significant interactions between group and hemisphere (F(1,117) = 5.10,
p=0.026, °, = 0.042, BF,,, = 1.74), as well as between group, hemisphere, and condition (F(1,117) =
4.15, p=0.044, #?, = 0.034, BF,,q = 1.89), although Bayes factor did not provide evidence for either
inclusion or exclusion. For the group*hemisphere interaction, post hoc comparisons did not reveal

Glica et al. eLife 2024;13:RP99920. DOI: https://doi.org/10.7554/eLife.99920 29 of 40


https://doi.org/10.7554/eLife.99920

e Llfe Research article

Neuroscience

any significant differences. For the group*hemisphere*condition interaction, post hoc comparisons
indicated that in the dyslexic group during the resting-state condition, beta peak was at lower
frequencies in the right (M=18.51, SD = 1.95) as compared to the left hemisphere (M=19.07, SD
= 2.24, peor = 0.026), while any other comparisons were not significant. The effect of group was
not significant (F(1,117) = 0.20, p = 0.659, #°, = 0.002, BF,, = 0.37), although Bayes factor did
not provide evidence for either inclusion or exclusion. Any other effects or interactions were not
significant and Bayesian statistics indicated against including them in the model.

Beta bandwidth

The effect of group was not significant (F(1,117) = 0.02, p=0.890, %, = 0.000, BF,,q = 0.19) and
Bayes factor indicated against including it in the model. Any other effects or interactions were not
significant and Bayesian statistics indicated against including them in the model or did not provide
evidence for either inclusion or exclusion.

Alpha (7-14 Hz) aperiodic-adjusted
For these analyses, the sample size was 117 (DYS n=59, CON n=58), since in two participants the
algorithm did not find the alpha peak above the aperiodic component in selected electrodes.

Alpha power

There were significant effects of hemisphere (F(1,115) = 63.01, p<0.001, #?, = 0.354, BF;,,>10,000)
and condition (F(1,115) = 93.58, p<0.001, »*, = 0.449, BF,,>10,000). For the main effect of
hemisphere, post hoc comparison indicated that the alpha power was greater in the right (M=1.30,
SD = 0.36) as compared to the left hemisphere (M=1.22, SD = 0.34, p.,<0.001), while for the
main effect of condition, post hoc comparison indicated that the alpha power was greater during
the language task (M=1.38, SD = 0.36) than at rest (M=1.15, SD = 0.38, p.,<0.001). There were
also significant interactions between group and hemisphere (F(1,115) = 5.25, p=0.024, °, = 0.044,
BF,.« = 2.26), as well as between hemisphere and condition (F(1,115) = 4.01, p=0.048, »?, = 0.034,
BFi... = 1.36), however Bayes factor did not provide the evidence for either inclusion or exclusion.
For the group*hemisphere interactions, post hoc comparisons indicated that greater alpha power
was in the right as compared to the left hemisphere both in the dyslexic (M.« = 1.20, SD,.« = 0.35,
Migne = 1.31, SDiigne = 0.36, peor<0.001) and in the control group (M, = 1.24, SDoe = 0.33, Mg
= 1.30, SD,g« = 0.36, p..»<0.001), while the difference between the dyslexic and control group
was not significant either in the left (p.., = 0.497) or in the right hemisphere (p.. = 0.926). For
the hemisphere*condition interaction, post hoc comparisons indicated that the alpha power was
greater in the right as compared to the left hemisphere both at rest and during the language task
(all comparisons p,,<0.001), and that the alpha power was greater during the task than at rest
both in the left and in the right hemisphere (all comparisons p.,,<0.001). The effect of group was
not significant (F(1,115) = 0.08, p=0.776, »?, = 0.001, BF,,q = 0.56), although Bayes factor did not
provide evidence for either inclusion or exclusion. Any other interactions were not significant and
Bayesian statistics indicated against including them in the model or did not provide evidence for
either inclusion or exclusion.

Alpha center frequency

There was a significant effect of condition (F(1,115) = 92.36, p<0.001, #?, = 0.445, BF,,,>10,000) with
post hoc comparison indicating that the alpha peak was at lower frequencies at rest (M=10.44, SD =
0.95) than during the language task (M=10.87, SD = 0.93, p..»<0.001). The effect of group was not
significant (F(1,115) = 2.94, p=0.089, »?, = 0.025, BF,,, = 0.60), although Bayes factor did not provide
evidence for either inclusion or exclusion. Any other effects or interactions were not significant and
Bayesian statistics indicated against including them in the model or did not provide evidence for
either inclusion or exclusion.

Alpha bandwidth

The effect of group was not significant (F(1,115) = 0.01, p=0.923, »*, = 0.000, BF,, = 0.36),
although Bayes factor did not provide evidence for either inclusion or exclusion. Any other effects
or interactions were not significant and Bayesian statistics indicated against including them in the
model or did not provide evidence for either inclusion or exclusion.
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DYS CON

(n=20) (n=27)

M SD M SD Test <] Effect size  BF,,
Demographics
Sex 12F,8M 1MFE16M x=1.71 0.192 phi=-0.19  0.81
Age 1998 392 2033 325 U=2610 0.846 ry, =0.03 0.29
Mother’s education
(years) 17.48 368 1663 256 U=2425 0.551 rp =-0.10 0.36
Father’s education
(years) 16.74*  346° 1641 349  U=237.0 0.659  r,=-0.08 0.31
1Q 103.80 1430 113.56 9.23  #30.41)=2.67 0.012 d=0.81 6.65
Nonverbal IQ
(scaled score) 1045 314 1237 217 U=1745 0.038 ryp =0.35 1.79
ARHQ-PL 5290 1078 2426 671 U=60 <0.001 r,=-0.98 1060.02
Reading and reading-related tasks
Words/min 110.80 19.59 136.11 12.80 U=74.0 <0.001* r,=0.73 108.53
Pseudowords/min 59.15 1391 8559 15.83 t(45)=5.96 <0.001* d=1.76 >10,000
RAN objects (s) 3255 436 2856 446 U=1220 0.001*  r,=-0.55 7.92
RAN colors (s) 3640 491 3063 3.67  t(45)=-4.61 <0.001* d=-1.36 571.37
RAN digits(s) 1935 400 1633 224 U=1340 0.003* r,=-0.50 3.82
RAN letters (s) 2175 324 1952 253  t(45)=-2.65 0.011 d=-0.78 4.52
Reading comprehension (s) 63.10 1830 4389 7.87 U=82.0 <0.001* r,=-0.70 65.88
Phoneme deletion
(% correct) 74.62 2920 9416 @ 6.61 U=120.0 0.001* r,=0.56 13.46
Spoonerisms phonemes
(% correct) 5214 3823 87.83 836 U=1065 <0.001* r, =0.61 17.43
Spoonerisms syllables
(% correct) 41.67 2986 77.78 20.67 U=87.5 <0.001* r,=0.68 27.77
Orthographic awareness
(accuracy/time) 0.35 0.16 0.54 0.13  t45)=4.26 <0.001* d=1.26 215.19
Perception speed (sten score) 2.95 179 433 1.64 U=126.0 0.002* r, =053 4.49
Digits forward 5.65 179 7.04 203 U=158.0 0.014 rp = 0.42 213
Digits backward 4.95 173 748 206  t(45)=4.45 <0.001* d=1.31 355.64

Note: DYS - dyslexic group; CON - control group; F — females, M — males. BF,, — Bayes factor indicating ratio of the likelihood of an
alternative hypothesis (H1) to a null hypothesis (H0). ARHQ-PL — Polish version of the Adult Reading History Questionnaire. RAN - rapid
automatized naming. Non-parametric Mann-Whitney test was performed when assumption of normal distribution was violated. r,, — rank
biserial correlation provided as an effect size parameter for Mann-Whitney test. Boldface indicates statistical significance at p<0.05 level

(uncorrected).

“Significance after Bonferroni correction for 14 planned comparisons for reading and reading-related tasks;

°n =19 (one participant did not provide information about the father’s education).
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Appendix 1—table 3. Zero-order correlations between magnetic resonance spectroscopy (MRS)
and electroencephalography (EEG) biomarkers of excitatory-inhibitory balance.

Variable 1. 2. 3. 4. 5. 6. 7. 8.

r
(BF10)

EEG resting state

1. Glu -
0.40%*
2. GABA+ (8.08) -
-0.11  -0.90***2
3. Glu/GABA +ratio (0.24)>  (>10,000) -

0.16 0.33* -0.19
4. Glu/GABA +imbalance (0.32)° (2.14) (0.42) -

0.13 0.10 -0.11  0.31*
5. Exponent mean (rest) (0.25)° (0.23)° (0.24)> (1.58)° -

0.10 0.17 -0.15  0.26 0.70%**
6. Offset mean (rest) (0.23)° (0.35)2 (0.30° (0.79)* (>10,000) -
7. Exponent 0.04 0.09 -0.08 0.37* 0.70%** 0.52%**
left STS (rest) (0.18)° (0.22) (0.21)*  (4.06)* (>10,000)* (>10,000) -
8. Offset -0.09 0.01 0.00 0.21 0.24** 0.54*** 0.70%**
left STS (rest) 0.21)° (0.18) (0.18)= (0.48) (3.92) (>10,000)°  (>10,000) -
9. Beta power -0.06 0.22 -0.28  0.03 0.19* 0.20* 0.50%** 0.56***
left STS (rest) (0.19) (0.53)° (1.04)*  (0.19) (0.85) (1.29)c (>10,000)c  (>10,000)
EEG language task
0.14 0.15 -0.14  0.24

5. Exponent mean (task)  (0.27)° (0.29)2 (0.28)* (0.64) -

0.10 0.19 -0.16  0.23 0.75%**

6. Offset mean (task) (0.23)° (0.41)® (0.31)* (0.59° (>10,000) -

7. Exponent 0.05 0.09 -0.09 024 0.69*** 0.58***

left STS (task) (0.19) (0.22)° (0.21)*  (0.64)* (>10000)c (>10,000) -

8. Offset -0.07 0.03 -0.01 0.18 0.36*** 0.62*** 0.80***

left STS (task) (0.20)° (0.19) (0.18)> (0.38)* (375.45)° (>10,000)° (>10,000) -

9. Beta power -0.07 0.22 -0.25 -0.01 0.07 0.15 0.47%** 0.59%**
left STS (task) (0.20)° (0.52) (0.77)> (0.18) (0.15)° (0.43)° (>10,000)c  (>10,000)

Note: r— Pearson’s correlation coefficient; BF;, — Bayes factor indicating ratio of the likelihood of an alternative
hypothesis (H1) to a null hypothesis (HO); mean — values averaged across all electrodes; left STS — values averaged
across three electrodes corresponding to the left superior temporal sulcus (T7, TP7, TP9).

***p < 0.001 (uncorrected); **p < 0.01 (uncorrected); *p < 0.05 (uncorrected).

an=47;°n=50; °n = 119.
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Appendix 1—table 4. Zero-order correlations between reading, phonological awareness, rapid
automatized naming, multisensory integration, and biomarkers of excitatory-inhibitory balance.

Variable 1. 2. 3. 4.
r

(BF10)
EEG resting state
1. Reading -

0.62***
2. Phonological awareness (>10,000)° -

0.73*** 0.50%**
3. RAN (>10,000) (>10,000) -

0.24* 0.33** 0.08
4. Multisensory integration (1.44)¢ (16.94)¢ (0.17)¢ -

-0.10 -0.16 -0.08 -0.08
5.Glu (0.22)° (0.32 (0.20)° (0.21)°

-0.17 -0.02 -0.19 0.24
6. GABA+ (0.35)° (0.18)° 0.41)* (0.62)

0.03 -0.02 0.08 -0.31*

7. Glu/GABA+ ratio 0.19¢ 0.18) 0.21) (1.62)°

-0.21 -0.06 -0.19 0.13
8. Glu/GABA+ imbalance 0.47y (0.20)° (0.40y° 0.27)
9. Exponent mean -0.13 0.05 -0.08 -0.05
(rest) (0.30) (0.13) (0.17)° (0.15)°
10. Offset mean -0.03 0.04 -0.02 -0.01
(rest) (0.12) 0.13) (0.12) (0.14)¢
11. Exponent left STS -0.14 -0.01 -0.07 -0.15
(rest) (0.37) 0.12)¢ (0.16) (0.33)¢
12. Offset left STS 0.03 0.09 0.03 -0.07
(rest) 0.12) 0.18)° (0.12) 0.17)°
13. Beta power left STS' 0.03 0.22* -0.04 0.04
(rest) (0.12) (1.96)° (0.12) (0.14)¢
EEG language task
9. Exponent mean -0.13 0.06 -0.14 -0.09
(task) (0.32) (0.14)° (0.34) (0.19)¢
10. Offset mean -0.05 0.04 -0.05 -0.01
(task) 0.13) 0.12) (0.13) (0.13)°
11. Exponent left STS -0.11 0.01 -0.11 -0.17
(task) (0.23)° 0.12) (0.24)° (0.48)¢
12. Offset left STS 0.04 0.09 0.01 -0.07
(task) 0.12) (0.18)° 0.12) (0.16)¢
13. Beta power left STS 0.05 0.21* 0.02 0.11
(task) 0.13) (1.61)° (0.12) (0.22)¢

Note: r — Pearson’s correlation coefficient; BF;, — Bayes factor indicating ratio of the likelihood of an alternative hypothesis (H1) to a null
hypothesis (H0); mean — values averaged across all electrodes; left STS - values averaged across three electrodes corresponding to the left

superior temporal sulcus (T7, TP7, TP9).

***p < 0.001 (uncorrected); **p < 0.01 (uncorrected); *p < 0.05 (uncorrected).

°n =47;°n =50; n = 119; %n = 87.
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Appendix 1—table 5. One-sample t-tests separately for visual (words>false fonts) and auditory runs
(words>words backward) within control (CON) and dyslexic groups (DYS).

Peak of cluster coordinates Number of

Brain regions Hemisphere x y z t-Value voxels

CON (n=29) visual runs (FWEc = 127)

Middle temporal gyrus, L -62 -54 10 9.78 5360
superior temporal

gyrus, inferior frontal

gyrus (pars triangularis,
orbitalis, opercularis),
supramarginal gyrus,
temporal pole (superior
and middle temporal

gyri), postcentral gyrus,
hippocampus, posterior
orbital gyrus, amygdala,
parahippocampal gyrus,
inferior parietal gyrus,
rolandic operculum, lateral
orbital gyrus, pallidum,
anterior orbital gyrus,
inferior frontal gyrus,
putamen, middle frontal
gyrus, insula, angular gyrus

Precuneus, posterior L/R -4 -52 20 7.17 957
cingulate gyrus,

middle cingulate and

paracingulate gyri,

calcarine fissure, cuneus

Middle temporal gyrus, R 60 -34 0 7.10 117
superior temporal gyrus,

temporal pole (superior

and middle temporal gyri),

inferior temporal gyrus

Cuneus, superior occipital L/R 14 92 26 5.98 334
gyrus, calcarine fissure

—
'
[ee]

Superior frontal gyrus 54 34 5.95 678

(dorsolateral and medial)

Superior frontal gyrus L/R -8 50 -8 5.33 194
(medial orbital), anterior

cingulate cortex

(pregenual), superior

frontal gyrus (medial)

Insula, putamen, rolandic L -36 4 6 5.09 127
operculum, inferior frontal
gyrus (pars opercularis)

Angular gyrus, middle L -40 -58 26 4.56 167
temporal gyrus, middle
occipital gyrus

DYS (n=21) visual runs (FWEc = 665)

Inferior frontal gyrus (pars L -48 24 0 6.54 665
triangularis, orbitalis,

opercularis), posterior

orbital gyrus

Middle temporal gyrus, L -62 -32 2 6.40 677
superior temporal gyrus,
supramarginal gyrus

CON (n=29) auditory run (FWEc = 124)

Appendix T—table 5 Continued on next page
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Peak of cluster coordinates

Brain regions Hemisphere X y

z

t-Value

Neuroscience

Number of

voxels

Middle temporal gyrus, L/R -52 -12
postcentral gyrus,
cingulate gyrus (mid
part), superior parietal
gyrus, precentral

gyrus, precuneus,
middle occipital gyrus,
supramarginal gyrus,
inferior parietal gyrus,
inferior temporal gyrus,
calcarine fissure, fusiform
gyrus, superior temporal
gyrus, angular gyrus,
temporal pole (superior
and temporal gyri),
cuneus, supplementary
motor area, lingual gyrus,
inferior frontal gyrus (pars
triangularis, orbitalis),
posterior cingulate
gyrus, superior frontal
gyrus (dorsolateral),
inferior occipital gyrus,
posterior orbital gyrus,
paracentral lobule,
rolandic operculum,
parahippocampal gyrus,
lateral orbital gyrus,
middle frontal gyrus,
superior occipital gyrus,
anterior orbital gyrus

-10

9.75

13,444

Middle temporal gyrus, R 50 -4
superior temporal gyrus,

temporal pole (superior

temporal gyrus), inferior

temporal gyrus

7.98

1038

Putamen, insula, rolandic L -34 -20
operculum, pallidum,

Heschl's gyrus, amygdala,

hippocampus, thalamus

(lateral geniculate)

6.15

463

Thalamus (mediodorsal L -10 -20
medial magnocellular,
intralaminar, pulvinar
medial, ventral
posterolateral,
mediodorsal lateral
parvocellular, ventral
lateral, pulvinar anterior,
lateral posterior, pulvinar
inferior, medial geniculate),
hippocampus, lingual
gyrus, parahippocampal
gyrus

5.82

259

Superior frontal gyrus L/R -6, 60
(dorsolateral and medial),
middle frontal gyrus

34

5.81

438

Appendix T—table 5 Continued on next page
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Appendix T—table 5 Continued

Peak of cluster coordinates

Neuroscience

Number of

Brain regions Hemisphere X y z

t-Value voxels

Thalamus (ventral R 14 -20 4
posterolateral, pulvinar

medial, pulvinar anterior,

lateral geniculate,

intralaminar, pulvinar

inferior, pulvinar lateral,

ventral lateral, medial

geniculate), hippocampus

5.68 149

Middle occipital gyrus, R 36 -76 40
middle temporal gyrus,

angular gyrus, superior

occipital gyrus, superior

temporal gyrus, superior

parietal gyrus, cuneus,

supramarginal gyrus,

inferior parietal gyrus

5.46 978

Cerebellar hemispheres L/R 12, -50 -30
(lobules IV, V, VI, VI, IX,

crus |, crus Il), vermis

(lobules VI, VI, VI, IX)

5.35 630

Inferior frontal gyrus (pars L -50 22 20
triangularis)

4.54 124

DYS (n=21) auditory run (FWEc = 192)

Middle temporal gyrus, L -52 -12 -12
superior temporal gyrus,

temporal pole (superior

temporal gyrus)

7.00 403

Middle temporal gyrus L -56 -38 0

533 192

Note: L - left, R - right. All results are reported at p<0.001 height threshold corrected for multiple comparisons

using p<0.05 FWE cluster threshold.

Appendix 1—table 6. Logical conjunction results from paired t-tests for both visual (words>false
fonts) and auditory runs (words>words backward) within control (CON) and dyslexic groups (DYS).

Peak of cluster coordinates

Number of

Brain regions Hemisphere X y z

t-Value voxels

CON (n=29) visual and auditory runs conjunction (FWEc = 143)

Middle temporal L -54 -58 12
gyrus, inferior

frontal gyrus (pars
triangularis, orbitalis,
opercularis),

superior temporal
gyrus, temporal

pole (superior and
middle temporal
gyri), supramarginal
gyrus, posterior
orbital gyrus, inferior
parietal gyrus,
angular gyrus, lateral
orbital gyrus, anterior
orbital gyrus, middle
occipital gyrus

9.58 3164

Middle temporal R 50 -34 -2
gyrus, superior
temporal gyrus

7.98 186

Appendix T—table é Continued on next page
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Appendix T—table 6 Continued

Brain regions Hemisphere

Peak of cluster coordinates

Neuroscience

Number of

X y z

t-Value voxels

Superior frontal gyrus L
(dorsolateral and
medial)

-6 56 36

5.94 430

Superior temporal R
gyrus, temporal pole
(superior and middle
temporal gyri),

middle temporal

gyrus

52 10 -16

576 175

Precuneus, posterior L/R
cingulate gyrus,

middle cingulate and
paracingulate gyri

-2 -56 30

5.48 448

Supramarginal gyrus, L
postcentral gyrus,
rolandic operculum,
superior temporal

gyrus

5.35 217

Middle cingulate and  L/R
paracingulate gyri

-2 -10 40

5.17 143

DYS (n=21) visual and auditory runs conjunction (FWEc = 545)

Middle temporal gyrus, L
superior temporal gyrus

52 _12 -5

6.73 545

Note: L — left, R — right. All results are reported at p<0.001 height threshold corrected for multiple comparisons

using p<0.05 FWE cluster threshold.

Appendix 1—table 7. Results from the flexible factorial model for both visual (words>false fonts)
and auditory runs (words>words backward) between control (CON) and dyslexic groups (DYS).

Brain regions

Hemisphere

Peak of cluster coordinates

Number of

X y z

t-Value voxels

CON>DYS main effect of group for visual and auditory runs (FWEc = 121)

Middle temporal L
gyrus, supramarginal
gyrus, superior
temporal gyrus,
inferior temporal
gyrus, inferior parietal
gyrus, middle occipital
gyrus, fusiform

gyrus, angular gyrus,
postcentral gyrus,
rolandic operculum

-58 -30 30

7.19 2181

Rolandic operculum, R
superior temporal
gyrus, middle
temporal gyrus,
supramarginal gyrus,
insula, postcentral
gyrus, precentral
gyrus, inferior

frontal gyrus (pars
opercularis), putamen,
inferior temporal

gyrus

46 -4 14

7.07 1512

Appendix T—table 7 Continued on next page
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Appendix T—table 7 Continued

Hemisphere

Peak of cluster coordinates

X

y

z

t-Value

Neuroscience

Number of

voxels

Superior frontal gyrus
(dorsolateral and
medial), middle frontal

gyrus

R

22

34

54

6.56

464

Insula, rolandic
operculum, superior
temporal gyrus,
Heschl's gyrus

18

6.21

266

Middle cingulate and
paracingulate gyri,
paracentral lobule,
supplementary motor
area, precuneus

L/R

42

5.96

1108

Precentral gyrus,
superior frontal gyrus
(dorsolateral)

-8

68

5.70

191

Angular gyrus,
supramarginal gyrus,
inferior parietal gyrus,
middle occipital gyrus

52

-62

40

5.37

516

Superior frontal gyrus
(dorsolateral and
medial), middle frontal

gyrus

-18

38

34

5.13

241

Precentral gyrus,
postcentral gyrus,
middle frontal gyrus

58

46

5.09

140

Lingual gyrus,
cerebellar hemisphere
(lobule V1), fusiform

gyrus

14

-68

-10

5.04

209

Temporal pole
(superior temporal
gyrus), middle
temporal gyrus,
superior temporal

gyrus

-16

5.00

156

Supplementary motor
area, middle cingulate
and paracingulate gyri

L/R

48

4.93

174

Postcentral gyrus,
superior parietal gyrus

24

58

4.85

121

Postcentral gyrus,
supramarginal gyrus

38

-32

36

4.78

137

DYS>CON main effect of group for visual and auditory runs

No suprathreshold
clusters

Note: L - left, R - right. All results are reported at p<0.001 height threshold corrected for multiple comparisons
using p<0.05 FWE cluster threshold.
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Appendix 1—table 8. Magnetic resonance spectroscopy (MRS) checklist.

Hardware
Field strength [T] 7T
Manufacturer GE Healthcare

Model (software version if
available) Discovery MR 950

RF coils: nuclei (transmit/
receive), number of
channels, type, body part  H' 32 channel head coil

Additional hardware MR Safe Response PAD
Acquisition
Pulse sequence Semi-Laser

Volume of interest (VOI)
locations Left superior temporal sulcus (STS)

Nominal VOI size [cm?,
mm?] 15x15x15 mm?

Repetition time (TR), echo
time (TE) [ms, s] TR =4000 ms TE = 28 ms

Total number of excitations
or acquisitions per
spectrum 320 averages

Additional sequence

parameters

(spectral width in Hz,

number of spectral points,

frequency offsets) 5000 Hz, 4096 points

Water suppression method VAPOR

Shimming method,

reference peak, and

thresholds for ‘acceptance

of shim’ chosen Automated linear shims adjustment, 0 and first shim order only, water peak, <20 Hz

Triggering or motion

correction method

(respiratory, peripheral,

cardiac triggering, incl.

device used and delays)  N/A

Data analysis methods
and outputs

Analysis software fsl-mrs (version 2.0.7)

Processing steps deviating
from quoted reference or
product fsl_mrs default pipeline+simulated basis set

Output measure

(e.g. absolute

concentration, institutional

units, ratio)

Processing steps deviating

from quoted reference or

product Ratio to total creatine

Quantification references  The customized basis set includes: Ala, Asc, Asp, Cit, Cr, EtOH, GABA, GPC, GSH,
and assumptions, fitting  Glc, Gln, Glu, Gly, Ins, Lac, NAA, NAAG, PCh, PCr, PE, Phenyl, Scyllo, Ser, Tau, Tyros,
model assumptions bHB, bHG. Macromolecules MM09, MM12, MM14, MM17, MM21 were added.
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Data quality

Neuroscience

Reported variables
(SNR, linewidth
(with reference peaks))

Linewidth (for metabolite group reported by fsl_mrs): mean 11.11 Hz, SD = 2.79 Hz
SNR (for NAA reported by fsl_mrs): mean 7.05, SD = 23.95

Data exclusion criteria

Linewidth >20 Hz, CRLB >20% and Visual inspection (baseline, residuals)
Glu -4 subjects excluded GABA - 7 subjects excluded

Quality measures of
postprocessing

Model fitting (e.g. CRLB,
goodness of fit, SD of
residual)

%CRLB of Glu: mean 2.96, SD = 0.79
%CRLB of GABA: mean 10.59, SD = 2.76
%CRLB of NAA: 1.76 SD = 0.46

Sample spectrum

0
—103
}

— data
—— model fit

12 A

10 A

T T T T T T T T T T T T T T T T T T T
42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 10 08 06 04 0.2
Chemical shift (ppm)
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