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Abstract

:

Brain electrophysiological activity within the low gamma frequencies (30–80 Hz) has been proposed to reflect information encoding and transfer processes. The 40-Hz auditory steady-state response (40-Hz ASSR) is frequently discussed in relation to changed cognitive processing in neuropsychiatric disorders. However, the relationship between ASSRs and cognitive functioning still remains unclear. Most of the studies assessed the single frequency ASSR, while the individual resonance frequency in the gamma range (30–60 Hz), also called individual gamma frequency (IGF), has received limited attention thus far. Nevertheless, IGF potentially might better reflect individual network characteristics than standardly utilized 40-Hz ASSRs. Here, we focused on the processing speed across different types of cognitive tasks and explored its relationship with responses at 40 Hz and at IGFs in an attempt to uncover how IGFs relate to certain aspects of cognitive functioning. We show that gamma activity is related to the performance speed on complex cognitive task tapping planning and problem solving, both when responses at 40 Hz and at IGFs were evaluated. With the individualized approach, the observed associations were found to be somewhat stronger, and the association seemed to primarily reflect individual differences in higher-order cognitive processing. These findings have important implications for the interpretation of gamma activity in neuropsychiatric disorders.
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1. Introduction


Brain electrophysiological activity within the low-gamma frequencies (30–80 Hz) has been proposed to reflect information encoding and transfer processes [1]. The gamma range oscillations have been linked to variety of perceptual processes [2,3] and cognitive functions [4,5,6,7]. Moreover, the impaired cognitive/perceptual processes, as observed in neuropsychiatric disorders, are often reflected in disturbed electrophysiological responses within the 30–80 Hz range [8,9]. It has therefore been proposed that the efficiency of neuronal information transfer in activated brain networks in the gamma range underlies the individual differences in cognitive performance [10].



One of the methods to explore the individual differences in neural synchronization in the gamma range is the auditory steady-state response (ASSR). The ASSR is an electrophysiological response of the brain that synchronizes to the frequency and phase of rapid, periodic auditory stimuli. The auditory stimulation evokes the greatest magnitude when stimuli are presented within the gamma range, especially around 40 Hz, and the evoked frequency is highly related to the frequency of stimulation [11,12].



Although the impairment of 40-Hz ASSRs is frequently put forward to reflect changed cognitive processing in neuropsychiatric disorders, especially schizophrenia [13,14,15,16,17], the relationship between ASSRs and cognitive functioning still remains unclear. In our recent critical review [18], we systematically analyzed existing findings on the associations between gamma-range ASSRs and cognitive functions in patients with neuropsychiatric or developmental disorders and healthy subjects. The evidence of the relationship between cognitive performance and ASSRs in pathological functioning was found across different studies (e.g., see [13,14,15,16,17,19,20,21,22,23,24,25,26]). However, there is not enough evidence in the literature to support this relationship in healthy participants.



One of the reasons why these effects have not been more prominent may lie in the resonance phenomena in the human auditory cortex. Namely, most of the previous studies assessed the single frequency ASSR, while the individual resonance frequency in the gamma range (30–60 Hz), also called individual gamma frequency (IGF [27,28,29]), has been mostly unexplored. In this respect, IGF represents the frequency at which the brain responds strongest in comparison to other frequencies when stimulated [30]. In other words, the key to the relationship between ASSR and cognitive performance may not necessarily be in the response to a single frequency such as 40 Hz, but in the response to person-dominant frequency within the gamma range.



This idea is especially compelling if the differences in cognitive performance are viewed as a continuum from “normal” to pathological [31], or more specifically, superior-average-suboptimal/pre-clinical-pathological continuum. The pathological conditions that display pronounced cognitive deficits are frequently accompanied by altered 40-Hz ASSRs [13]; however, the impairment is not limited to 40 Hz [21,24]. As the preferred oscillation frequencies of the networks are determined by the anatomical properties and the speed of neuronal communication [32], IGF potentially might better reflect individual network characteristics than standardly utilized 40-Hz ASSRs.



The responses at IGFs can be detected when multiple stimulation frequencies in the range under the interest are tested [30]. Alternatively, envelope following responses (EFRs, standing for a steady-state evoked response that follows the envelope of a stimulating waveform [33] to chirp stimulation covering the wide frequency window in one sweep [34]) show peak in the same frequency range as the individual preferred frequencies [34,35,36]. Although responses at IGFs and its individual variability have received limited attention thus far, recent research has provided evidence that frequency variation within the gamma range is related to certain functional aspects on the individual level in healthy subjects (i.e., the ability to detect small and sudden change in sound stimuli), [27,28,34] as well as in neuropsychiatric conditions (levels of psychopathology) [35,37].



However, the way responses at IGFs relate to certain aspects of cognitive functioning is not yet understood. Initial data on the gamma-range ASSRs in healthy participants showed that responses might be related to cognitive flexibility and reasoning (Tower of London task [38], Similarities [39], and the Mazes test [25]), as well as to behavioral indicators of processing speed (trial making test [25] and symbol coding [24]). Moreover, several studies showed a positive relationship between performance on gap detection task and the IGF in response to periodic stimulation [27,34]. Similarly, the individual resonant frequencies within the gamma range were negatively related to the speed on attentional control and executive tasks in patients with multiple sclerosis [19]. This suggests that the state of neural networks defining IGFs may reflect the temporal resolution, and thus may be related to the individual parameters of information processing speed. The information processing speed represents a fundamental capacity of the nervous system [40] that underlies higher-order cognitive functions such as learning, memory, and verbal and executive functions [41,42], and is often impaired in patients with neuropsychiatric and developmental disorders [43,44,45,46].



This study follows up on the idea that individual differences in the dominant gamma-band frequency may underlie the variability in the fundamental properties of cognitive functioning, even in the healthy population. Specifically, we focused on the processing speed across different types of cognitive tasks and explored its relationship with responses at 40 Hz and at IGFs.




2. Methods


2.1. Subjects


Thirty-seven healthy right-handed subjects (17 females) without reported history of psychiatric and neurological disorders participated in the study (mean age ± SD 23.8 ± 4.7). The hearing thresholds of all subjects were within the normal range (<25dB HL at octave frequencies). Subjects abstained from alcohol for 24 h prior to the testing and did not consume nicotine and caffeine-containing drinks at least one hour prior to the experiment. The study was approved by the Vilnius Regional Biomedical Research Ethics Committee (no. 2020/3-1213-701), and all participants gave their written informed consent.




2.2. Procedure


The study was conducted in two blocks—cognitive assessment block in which participants performed a computerized battery of cognitive tasks, and EEG recording block, in which participants were exposed to auditory stimulation while the EEG was recorded. Cognitive assessment always followed EEG recordings.




2.3. Cognitive Assessment


The cognitive testing was performed using the Psychology Experiment Building Language [47]-based task battery, consisting of:




	
Simple reaction time task, in which participants were as asked to detect the presence of a visual stimulus (A letter) as quickly and accurately as possible.



	
Two-choice response reaction time task, in which participants had to indicate the direction of the displayed arrow by pressing the left or right button on a keyboard.



	
Lexical decision task, in which participants were asked to indicate if the correct word was presented or it contained a mistake.



	
Arithmetic decision task, in which subjects were presented with simple arithmetic expressions (simple additions or subtractions) and were asked to indicate whether the displayed outcome was correct or incorrect.



	
Semantic categorization task, in which the participants were successively presented with words, and their task was to indicate if the word belonged to the specific category, e.g., furniture, animal, utensils, etc.



	
Object judgement task assessing the mental rotation speed by making a decision as to whether two presented abstract waveforms are identical or different.



	
Tower of London task (ToL), generally considering tapping at planning and execution speed. In this task, participants had to move the colored disks to achieve the goal configuration in as few moves as possible.








As in this study we focused on processing speed, we therefore used response times (RTs) as the outcome measures across all tasks.




2.4. Auditory Stimulation


Click-based chirps consisting of 22 white noise bursts spaced with changing inter-click periods to cover 35–55 Hz range in 1 Hz step were used for the auditory stimulation. Duration of the inter-click period corresponded to the stimulation frequency (e.g., for 40 Hz stimulation, inter-click period was 25 ms for 50 Hz-20 ms; Figure 1). The chirp stimulation train lasted 475.4 ms. The auditory stimuli were designed in the Matlab 2014 environment (The MathWorks, Inc., Natick, MA, USA) and presented binaurally through Sennheiser HD 280 PRO earphones with sound pressure level adjusted to 60 dB with a DVM 401 dB meter (Velleman, TX, USA).



A total of 300 trains of chirps interspersed with single-frequency stimulation (not analyzed in the current work) were delivered with inter-stimulus intervals randomly set at 700–1000 ms. Subjects were asked to focus on stimulation and mentally count randomly presented single clicks interspersed within periodic sounds and to report the presented number after each of stimulation run in order to keep subjects’ attention towards stimulation.




2.5. EEG Recording


EEG was recorded with an ANT device (ANT Neuro, Hengelo, the Netherlands) and a 64 channel WaveGuard EEG cap (International 10–20 System) with Ag/AgCl electrodes. Mastoids were used as a reference; the ground electrode was attached close to Fz. Impedance was kept below 20 kΩ, and the sampling rate was set at 1024 Hz. Simultaneously, vertical and horizontal electro-occulograms (VEOG and HEOG) were recorded from above and below the left eye and from the right and left outer canthi.




2.6. EEG Processing


The off-line pre-processing of EEG data was performed in EEGLAB for MatLab© 2014 [48,49]. The power-line noise was removed using multi-tapering and Thomas F-statistics, as implemented in CleanLine plugin for EEGLAB. Data were visually inspected, and channels with substantial noise (shift, movements) throughout the recording were manually rejected. An independent component analysis (ICA) was performed on the remaining channels with the ICA-implementation of EEGLAB (“runica” with default settings), and independent components related to eye movements were removed.



The further data analysis was based on the usage of custom written scripts based on EEGLAB [48] and Fieldtrip functions [50]. Epochs were created from −500 ms to 1100 ms post-stimulus onset. Data were baseline-corrected to the mean of the pre-stimulus period, and epochs were further visually inspected for the remaining artefacts. A wavelet transformation was performed utilizing complex Morlet wavelet from Matlab© Wavelet Toolbox with frequencies represented from 1 to 120 Hz, with 1 Hz intervals between each frequency.



The phase-locking index (PLI), corresponding to the phase consistency over the trials, and the event-related spectral perturbation (ERSP), indicating event-related changes in power relative to a pre-stimulus baseline, were calculated according to the following formulas [49]:


  P L I  (  c , f , t  )  =  1 N    ∑  n N    X  (  c , f , t , n  )     |  X  (  c , f , t , n  )   |    ,  



(1)






  E R S P  (  c , f , t  )  =  1 N    ∑  n N  | X ( c , f , t , n  | 2  ,  



(2)




where for every channel c, frequency f, and time point t, a measure is calculated by taking time frequency decomposition X of each trial n.



For the baseline correction, the signal during stimulation was divided by the signal averaged from −400 to 0 ms for each frequency. The topographical representation of the response resembled classical distribution observed for auditory-evoked gamma-range responses with a clear fronto-central distribution [38]; thus, the extracted PLIs and ERSPs at frequencies spanning 35–55 Hz were grouped for the fronto-central (Fz, Cz, FCz, C1, C2, F1, F2, FC1, FC2) region where responses were most pronounced (Figure 2).



For the responses to chirps, the curve representing time-frequency points of the stimulation (starting with the first click presented) was used to define the exact time points for each stimulation frequency (seen as a white bold line in the time-frequency plot in Figure 2). The average response to each stimulation frequency (from 35 to 55 Hz in 1 Hz steps) was calculated using a time window of +100 ms from the stimulation line (consistently with observed response windows in the time-frequency plots, seen as a white dashed line in Figure 2). The following measures were extracted: PLI/ERSP values at 40 Hz (40 Hz EFR), and PLI/ERSP values at the maximal response (further referred to as IGF-EFR).




2.7. Statistical Analysis


Descriptive statistics (means and standard deviations) were calculated for all variables in the study. PLI and ERSP values for 40 Hz and IGF were compared using paired sample t-test. For cognitive tasks, we performed principal component analysis to extract common latent dimension and assess the individual task loading. Pearson‘s correlation coefficients were calculated to assess the relationship between RTs from cognitive tasks and PLI/ERSP measures at 40 Hz, as well as at IGFs. To account for multiple comparisons, we Bonferroni-corrected the threshold for statistical significance, and the p-values less than 0.004 (0.05/13) were regarded as significant. Statistical analysis was performed using SPSSv20 (SPSS Inc., Chicago, IL, USA). In addition, we used JASP (version 0.14.1) [51] to conduct Bayesian analysis. To provide additional information on the level of evidence, we report Bayesian factors and credibility intervals for correlations between measures of cognitive processing speed and EEG measures.





3. Results


3.1. Cognitive Performance


The means and standard deviations of RTs on cognitive tasks are presented in Table 1. To assess the latent structure and verify common source of variance across all tasks, we conducted principal component analysis.



As expected, the first principal component accounted for almost half of the variance of RTs across different tasks (46.4%); however, two additional components with eigenvalues >1 emerged. Table 1 shows loadings of RTs for each task on all three components. Notably, all cognitive tasks except ToL showed primary loading on the first principal component. This indicates that RTs on ToL had a significant amount of variance that was task-specific, i.e., which was not shared with other cognitive speed tasks.




3.2. Envelope Following Responses


The grand averaged time-frequency representation of PLIs and ERSPs is plotted in Figure 2, along with the topographical plots of EFRs at 35, 40, 45, 50, and 55 Hz. EFRs resembled classical fronto-central topographies. The extracted individual PLI and ERSP curves are plotted in Figure 3. IGFs spanned the frequency range of 36–53 Hz with mean maximums observed around 41–42 Hz. The PLI and ERSP values were extracted at 40 Hz and at IGFs. The means and standard deviations of PLIs, ERSPs, and IGFs are presented in Table 2.




3.3. The Relationship between EEG Measures and Cognitive Processing Speed


To explore the relationship between EFRs and cognitive functions, we first calculated the Pearson’s correlation coefficients for all measures separately (Table 3). RTs from the ToL task showed significant associations to EEG measures: negative correlations were observed between RTs on ToL and PLIs, as well as ERSPs for responses at both 40 Hz and at IGFs. Of note, the correlations with cognitive speed measures at IGFs were very similar to those at 40 Hz, which was to be expected as both PLI and ERSP were highly correlated (r > 0.95); still, the associations appeared to be somewhat stronger for responses at IGFs (PLI: 40-Hz EFR BF10 = 23.19 vs. IGF-EFR BF10 = 81.78; ERSP: 40-Hz EFR BF10 = 21.10 vs. IGF-EFR BF10 = 30.40). Scatterplots of PLIs and ERSPs at IGFs against mean move times in the Tower of London task are presented in Figure 4. No correlations were observed for RTs on other tasks. The Bayesian factors and credibility intervals for all correlations are provided in the Supplementary Material.



To understand the nature of this association, we assessed whether EFR measures were related to general or unique processing speed variance form ToL. Namely, we correlated EFR measures with (a) first principal component (i.e., global processing speed variance that is shared across all cognitive tasks) and (b) unique variance of ToL (i.e., the residual variance of ToL when the global processing speed of other cognitive tasks is regressed out). The results showed zero correlations with the latent factor of global processing speed but showed stable correlations with ToL unique variance at 40 Hz (rPLI = −0.495, p = 0.002; rERSP = −0.491, p = 0.002) as well as at IGFs (rPLI = −0.537, p = 0.001; rERSP = −0.483, p = 0.002). Again, the correlation for PLI at IGFs was slightly higher than for 40 Hz when observed under the Bayesian model (PLI: 40-Hz EFR BF10 = 13.96 vs. IGF-EFR BF10 = 30.09; ERSP: 40-Hz EFR BF10 = 20.03 vs. IGF-EFR BF10 = 19.82). On the basis of the classification scheme for interpreting Bayesian factors [52], PLI at 40 Hz provides strong evidence, while the PLI at IGFs provides very strong evidence towards the hypothesis.





4. Discussion


ASSRs in the gamma range are frequently regarded as an index of impaired cognitive functioning in patients with schizophrenia [13,16,17]. Nevertheless, the association between ASSRs and cognitive domains is not that clear [18]. The 40-Hz ASSRs have received the most attention both from the clinical perspective [13,16,17,53] and as individual markers of the ability to generate synchronous gamma activity [54,55]. However, the individual resonant frequency phenomenon was observed [30], suggesting that responses assessed at IGFs might better reflect individual differences and more robustly translate into certain cognitive performance patterns.



We obtained the envelope following responses to click trains spaced in a logarithmic manner similar to chirps covering the frequency range within 35–55 Hz. IGFs were estimated as the stimulation frequencies producing the strongest and most synchronized responses [30]. A group mean maximum was observed at around 41–42 Hz with the individual peaks estimated within the 35–53 Hz range, being in line with previous reports [27,28,30,56]. We extracted phase-locking index and event-related spectral perturbation at 40 Hz (40-Hz EFR) and at IGFs (IGF-EFR) in order to be able to compare results to the existing 40-Hz ASSR literature. Both PLIs and ERSPs obtained at 40 Hz and IGFs were highly correlated, resembling topographical distribution corresponding to classical ASSRs [38,57] with a clear fronto-central locus (Figure 2). Although we did not assess 40-Hz ASSR, we believe that EFRs at 40 Hz capture similar brain activity, as can be seen from the topographical activation pattern.



We evaluated processing speed on different cognitive tasks that reveal simple and complex information processing, the later covering semantic, spatial, arithmetic, and lexical aspects. However, the only observed association to gamma-range responses was a negative correlation between mean response times on ToL task and measures at both 40 Hz and at IGFs. Interestingly, the results showed that the observed relationship was unique to the ToL speed variance. This negative association between response times and the level of synchronization showed that subjects with better synchronization properties in this study were faster when a planning/problem solving task was performed. This finding is in line with sparse earlier observations showing a positive correlation between the performance on the complex planning and reasoning tasks such as the Mazes test from MATRICS and Similarities and the phase-locking properties of 40-Hz ASSR in both patients with schizophrenia and controls [24,25], indicating better performance in subjects with more synchronized ASSRs. Additionally, gamma-range ASSRs in healthy subjects were positively related to behavioral indicators of processing speed on two other multifaceted tests—trial making test [25] and symbol coding [24]. In our previous work, we did not observe an association between parameters of 40-Hz ASSRs and response times on a set of cognitive tasks. However, we observed a positive association between parameters of 40-Hz ASSR and number of moves made on the Tower of London task [38]. Taken together, the relationship to measures of gamma activity suggests that synchronization properties of the brain shape individual potential to perform complex reasoning and planning tasks. Moreover, this type of response does not reflect simple motor or sensory processes but rather higher-order speed of cognitive performance. To this point, it was previously suggested that individual performance of ToL task depends on elaboration of diverse strategies [58], with different working memory [59,60] and abstract thinking [61,62] demands and distinct brain activation patterns [63]. Moreover, ToL is sensitive to trait variance in levels of impulsivity [60]. Thus, the finding that the lower number of moves in ToL [38] and higher response speed (current study) are related to higher synchronization level implies that these neurophysiological processes underline distinct cognitive subdomains.



In line with our expectations, responses at IGFs showed somewhat stronger association to behavioral measures than responses at 40 Hz. This trend was even more prominent when ToL unique variance was assessed. The fact that both responses at 40 Hz and at IGFs were related to the same cognitive domain measure was expected. We have previously shown that both 40-Hz ASSRs and responses to chirp stimulation within 38–43 Hz were related to clinical assessment scores in patients with disorders of consciousness [64,65]. Although the individual peaks estimated in this study were within the 35–53 Hz range, corresponding to the ranges reported in previous reports [27,28,30,56], the majority of subjects had their IGFs at 40–42 Hz. Gransier et al. suggested that the scalp-recorded ASSRs within the 30–60 Hz range originate from the same generators and the choice of stimulation frequency does not have a large effect on relative measures, even though peak frequencies differ across subjects [56]. This assumption is supported by similar topographies observed at different frequencies, as can be seen in Figure 2 and by our recent studies in clinical populations utilizing chirp stimulation where the significant associations with clinical symptoms spanned a certain frequency range: hallucination scores and PLIs in patients with schizophrenia were associated within the frequency range of 32–43 Hz [35], and a correlation between Coma Rating Scale—Revised total score in patients with disorder of consciousness was detected within the 38–42 Hz window [64,65]. However, individual peak frequencies of gamma oscillations were shown to determine temporal resolution, i.e., reflect the individual ability to detect small and sudden change in sound stimuli [27,28]. In patients with multiple sclerosis, IGFs were negatively related to the speed on attentional control and executive tasks [19]. We expected that the state of neural networks defining individual gamma frequencies would also reflect the temporal dynamics on more general cognitive tasks reflecting different aspects of simple and complex information processing. However, as shown by the lack of association between IGFs and processing speed in our sample, it is possible that connection can be observed in clinical populations with clearly impaired cognitive processing, or be highly modality-specific (i.e., auditory response is associated to the performance of auditory tasks). The latter assumption connects with a recent suggestion of Molina et al. [66] that evoked gamma may be an index of the brain’s overall “adaptive integrity“ of the lower-level perceptual networks. We tested healthy young participants, and all tasks utilized in the current research were based on visual domain assessment. Future research should combine visual and auditory domain-based processing in order to untangle the role that task modality plays in this relationship. Finally, it should be acknowledged that the sample size is not sufficient to reliably detect small-to-medium-sized correlations. Therefore, strength of evidence for the lack of the relationship between processing speed across different tasks and gamma oscillations needs to be replicated in a larger sample.




5. Conclusions


Gamma activity, as a response at 40 Hz and at IGFs, is related to the performance speed on complex cognitive task tapping planning and problem solving. With the individualized approach, the observed associations is somewhat stronger, and the association seem to primary reflect individual differences in higher-order cognitive processing. These findings are particularly important for the interpretation of gamma activity in neuropsychiatric disorders.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/jpm11060453/s1, Table S1: Bayesian correlation outcomes between EEG measures and cognitive measures.





Author Contributions


Conceptualization, M.P., V.J., and I.G.-B.; formal analysis, V.P., E.P., A.V., J.B., V.J., and I.G.-B.; funding acquisition, I.G.-B.; investigation, E.P. and M.P.; methodology, E.P. and A.V.; software, A.V.; supervision, I.G.-B.; validation, E.P. and I.G.-B.; writing—original draft, V.P., J.B., and I.G.-B.; writing—review and editing, J.B. and I.G.-B. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by the Research Council of Lithuania (LMTLT agreement no. S-LJB-20-1). J.B. received institutional support from the Ministry of Education, Science and Technological Development of the Republic of Serbia (contract: 451-03-68/2020-14/200015).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Vilnius Regional Biomedical Research Ethics Committee (no. 2020/3-1213-701).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to privacy restrictions.




Acknowledgments


Authors would like to thank all the volunteers who participated in the experiment.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Legget, K.T.; Hild, A.K.; Steinmetz, S.E.; Simon, S.T.; Rojas, D.C. MEG and EEG Demonstrate Similar Test-Retest Reliability of the 40 Hz Auditory Steady-State Response. Int. J. Psychophysiol. 2017, 114, 16–23. [Google Scholar] [CrossRef] [PubMed]

	



Rodriguez, E.; George, N.; Lachaux, J.-P.; Martinerie, J.; Renault, B.; Varela, F.J. Perception’s Shadow: Long-Distance Synchronization of Human Brain Activity. Nature 1999, 397, 430–433. [Google Scholar] [CrossRef]

	



Tallon-Baudry, C.; Bertrand, O.; Delpuech, C.; Pernier, J. Stimulus Specificity of Phase-Locked and Non-Phase-Locked 40 Hz Visual Responses in Human. J. Neurosci. 1996, 16, 4240–4249. [Google Scholar] [CrossRef] [PubMed]

	



Jensen, O.; Kaiser, J.; Lachaux, J.-P. Human Gamma-Frequency Oscillations Associated with Attention and Memory. Trends Neurosci. 2007, 30, 317–324. [Google Scholar] [CrossRef] [PubMed]

	



Keil, A.; Müller, M.M.; Ray, W.J.; Gruber, T.; Elbert, T. Human Gamma Band Activity and Perception of a Gestalt. J. Neurosci. 1999, 19, 7152–7161. [Google Scholar] [CrossRef] [PubMed]

	



Pulvermüller, F.; Lutzenberger, W.; Preißl, H.; Birbaumer, N. Spectral Responses in the Gamma-Band Physiological Signs of Higher Cognitive Processes? Neurorep. Int. J. Rapid Commun. Res. Neurosci. 1995, 6, 2059–2064. [Google Scholar] [CrossRef]

	



Tallon-Baudry, C.; Bertrand, O. Oscillatory Gamma Activity in Humans and Its Role in Object Representation. Trends Cogn. Sci. 1999, 3, 151–162. [Google Scholar] [CrossRef]

	



Herrmann, C.S.; Demiralp, T. Human EEG Gamma Oscillations in Neuropsychiatric Disorders. Clin. Neurophysiol. 2005, 116, 2719–2733. [Google Scholar] [CrossRef]

	



Mathalon, D.H.; Sohal, V.S. Neural Oscillations and Synchrony in Brain Dysfunction and Neuropsychiatric Disorders: It’s About Time. JAMA Psychiatry 2015, 72, 840–844. [Google Scholar] [CrossRef]

	



van Es, M.W.J.; Schoffelen, J.-M. Stimulus-Induced Gamma Power Predicts the Amplitude of the Subsequent Visual Evoked Response. NeuroImage 2019, 186, 703–712. [Google Scholar] [CrossRef]

	



Picton, T.W.; John, M.S.; Dimitrijevic, A.; Purcell, D. Human Auditory Steady-State Responses: Respuestas Auditivas de Estado Estable En Humanos. Int. J. Audiol. 2003, 42, 177–219. [Google Scholar] [CrossRef] [PubMed]

	



Picton, T. Hearing in Time: Evoked Potential Studies of Temporal Processing. Ear Hear. 2013, 34, 385–401. [Google Scholar] [CrossRef] [PubMed]

	



Light, G.A.; Hsu, J.L.; Hsieh, M.H.; Meyer-Gomes, K.; Sprock, J.; Swerdlow, N.R.; Braff, D.L. Gamma Band Oscillations Reveal Neural Network Cortical Coherence Dysfunction in Schizophrenia Patients. Biol. Psychiatry 2006, 60, 1231–1240. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.; Jang, S.-K.; Kim, D.-W.; Shim, M.; Kim, Y.-W.; Im, C.-H.; Lee, S.-H. Cortical Volume and 40-Hz Auditory-Steady-State Responses in Patients with Schizophrenia and Healthy Controls. NeuroImage Clin. 2019, 22, 101732. [Google Scholar] [CrossRef] [PubMed]

	



Koshiyama, D.; Miyakoshi, M.; Joshi, Y.B.; Molina, J.L.; Tanaka-Koshiyama, K.; Sprock, J.; Braff, D.L.; Swerdlow, N.R.; Light, G.A. A Distributed Frontotemporal Network Underlies Gamma-Band Synchronization Impairments in Schizophrenia Patients. Neuropsychopharmacology 2020, 45, 2198–2206. [Google Scholar] [CrossRef] [PubMed]

	



Koshiyama, D.; Thomas, M.L.; Miyakoshi, M.; Joshi, Y.B.; Molina, J.L.; Tanaka-Koshiyama, K.; Sprock, J.; Braff, D.L.; Swerdlow, N.R.; Light, G.A. Hierarchical Pathways from Sensory Processing to Cognitive, Clinical, and Functional Impairments in Schizophrenia. Schizophr. Bull. 2020, 47. [Google Scholar] [CrossRef]

	



Koshiyama, D.; Miyakoshi, M.; Thomas, M.L.; Joshi, Y.B.; Molina, J.L.; Tanaka-Koshiyama, K.; Sprock, J.; Braff, D.L.; Swerdlow, N.R.; Light, G.A. Unique Contributions of Sensory Discrimination and Gamma Synchronization Deficits to Cognitive, Clinical, and Psychosocial Functional Impairments in Schizophrenia. Schizophr. Res. 2021, 228, 280–287. [Google Scholar] [CrossRef]

	



Parciauskaite, V.; Bjekic, J.; Griskova-Bulanova, I. Gamma-Range Auditory Steady-State Responses and Cognitive Performance: A Systematic Review. Brain Sci. 2021, 11, 217. [Google Scholar] [CrossRef]

	



Arrondo, G.; Alegre, M.; Sepulcre, J.; Iriarte, J.; Artieda, J.; Villoslada, P. Abnormalities in Brain Synchronization Are Correlated with Cognitive Impairment in Multiple Sclerosis. Mult. Scler. Houndmills Basingstoke Engl. 2009, 15, 509–516. [Google Scholar] [CrossRef]

	



van Deursen, J.A.; Vuurman, E.F.P.M.; van Kranen-Mastenbroek, V.H.J.M.; Verhey, F.R.J.; Riedel, W.J. 40-Hz Steady State Response in Alzheimer’s Disease and Mild Cognitive Impairment. Neurobiol. Aging 2011, 32, 24–30. [Google Scholar] [CrossRef] [PubMed]

	



Lehongre, K.; Ramus, F.; Villiermet, N.; Schwartz, D.; Giraud, A.-L. Altered Low-Gamma Sampling in Auditory Cortex Accounts for the Three Main Facets of Dyslexia. Neuron 2011, 72, 1080–1090. [Google Scholar] [CrossRef]

	



Hirtum, T.V.; Ghesquière, P.; Wouters, J. Atypical Neural Processing of Rise Time by Adults with Dyslexia. Cortex 2019, 113, 128–140. [Google Scholar] [CrossRef]

	



Puvvada, K.C.; Summerfelt, A.; Du, X.; Krishna, N.; Kochunov, P.; Rowland, L.M.; Simon, J.Z.; Hong, L.E. Delta Vs. Gamma Auditory Steady State Synchrony in Schizophrenia. Schizophr. Bull. 2018, 44, 378–387. [Google Scholar] [CrossRef]

	



Rass, O.; Forsyth, J.; Krishnan, G.; Hetrick, W.P.; Klaunig, M.; Breier, A.; O’Donnell, B.F.; Brenner, C.A. Auditory Steady State Response in the Schizophrenia, First-Degree Relatives, and Schizotypal Personality Disorder. Schizophr. Res. 2012, 136, 143–149. [Google Scholar] [CrossRef] [PubMed]

	



Sun, C.; Zhou, P.; Wang, C.; Fan, Y.; Tian, Q.; Dong, F.; Zhou, F.; Wang, C. Defects of Gamma Oscillations in Auditory Steady-State Evoked Potential of Schizophrenia. Shanghai Arch. Psychiatry 2018, 30, 27. [Google Scholar]

	



Tada, M.; Nagai, T.; Kirihara, K.; Koike, S.; Suga, M.; Araki, T.; Kobayashi, T.; Kasai, K. Differential Alterations of Auditory Gamma Oscillatory Responses Between Pre-Onset High-Risk Individuals and First-Episode Schizophrenia. Cereb. Cortex 2016, 26, 1027–1035. [Google Scholar] [CrossRef]

	



Baltus, A.; Herrmann, C.S. Auditory Temporal Resolution Is Linked to Resonance Frequency of the Auditory Cortex. Int. J. Psychophysiol. 2015, 98, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Baltus, A.; Herrmann, C.S. The Importance of Individual Frequencies of Endogenous Brain Oscillations for Auditory Cognition—A Short Review. Brain Res. 2016, 1640, 243–250. [Google Scholar] [CrossRef] [PubMed]

	



Baltus, A.; Wagner, S.; Wolters, C.H.; Herrmann, C.S. Optimized Auditory Transcranial Alternating Current Stimulation Improves Individual Auditory Temporal Resolution. Brain Stimulat. 2018, 11, 118–124. [Google Scholar] [CrossRef]

	



Zaehle, T.; Lenz, D.; Ohl, F.W.; Herrmann, C.S. Resonance Phenomena in the Human Auditory Cortex: Individual Resonance Frequencies of the Cerebral Cortex Determine Electrophysiological Responses. Exp. Brain Res. 2010, 203, 629–635. [Google Scholar] [CrossRef] [PubMed]

	



Regier, D.A.; Kuhl, E.A.; Kupfer, D.J. The DSM-5: Classification and Criteria Changes. World Psychiatry 2013, 12, 92–98. [Google Scholar] [CrossRef]

	



Buzsáki, G.; Draguhn, A. Neuronal Oscillations in Cortical Networks. Science 2004, 304, 1926–1929. [Google Scholar] [CrossRef]

	



Dolphin, W.F. The Envelope Following Response to Multiple Tone Pair Stimuli. Hear. Res. 1997, 110, 1–14. [Google Scholar] [CrossRef]

	



Purcell, D.W.; John, S.M.; Schneider, B.A.; Picton, T.W. Human Temporal Auditory Acuity as Assessed by Envelope Following Responses. J. Acoust. Soc. Am. 2004, 116, 3581–3593. [Google Scholar] [CrossRef] [PubMed]

	



Griskova-Bulanova, I.; Voicikas, A.; Dapsys, K.; Melynyte, S.; Andruskevicius, S.; Pipinis, E. Envelope Following Response to 440 Hz Carrier Chirp-Modulated Tones Show Clinically Relevant Changes in Schizophrenia. Brain Sci. 2021, 11, 22. [Google Scholar] [CrossRef]

	



Artieda, J.; Valencia, M.; Alegre, M.; Olaziregi, O.; Urrestarazu, E.; Iriarte, J. Potentials Evoked by Chirp-Modulated Tones: A New Technique to Evaluate Oscillatory Activity in the Auditory Pathway. Clin. Neurophysiol. 2004, 115, 699–709. [Google Scholar] [CrossRef] [PubMed]

	



Arnfred, S.M.; Raballo, A.; Morup, M.; Parnas, J. Self-Disorder and Brain Processing of Proprioception in Schizophrenia Spectrum Patients: A Re-Analysis. Psychopathology 2015, 48, 60–64. [Google Scholar] [CrossRef] [PubMed]

	



Parciauskaite, V.; Voicikas, A.; Jurkuvenas, V.; Tarailis, P.; Kraulaidis, M.; Pipinis, E.; Griskova-Bulanova, I. 40-Hz Auditory Steady-State Responses and the Complex Information Processing: An Exploratory Study in Healthy Young Males. PLoS ONE 2019, 14, e0223127. [Google Scholar] [CrossRef]

	



Rass, O.; Krishnan, G.; Brenner, C.A.; Hetrick, W.P.; Merrill, C.C.; Shekhar, A.; O’Donnell, B.F. Auditory Steady State Response in Bipolar Disorder: Relation to Clinical State, Cognitive Performance, Medication Status, and Substance Disorders. Bipolar Disord. 2010, 12, 793–803. [Google Scholar] [CrossRef]

	



Deary, I.J.; Johnson, W.; Starr, J.M. Are Processing Speed Tasks Biomarkers of Cognitive Aging? Psychol. Aging 2010, 25, 219–228. [Google Scholar] [CrossRef]

	



Lu, P.H.; Lee, G.J.; Tishler, T.A.; Meghpara, M.; Thompson, P.M.; Bartzokis, G. Myelin Breakdown Mediates Age-Related Slowing in Cognitive Processing Speed in Healthy Elderly Men. Brain Cogn. 2013, 81, 131–138. [Google Scholar] [CrossRef]

	



Salthouse, T.A. The Processing-Speed Theory of Adult Age Differences in Cognition. Psychol. Rev. 1996, 103, 403–428. [Google Scholar] [CrossRef] [PubMed]

	



Friedova, L.; Rusz, J.; Motyl, J.; Srpova, B.; Vodehnalova, K.; Andelova, M.; Novotna, K.; Novotny, M.; Ruzickova, H.; Tykalova, T.; et al. Slowed Articulation Rate Is Associated with Information Processing Speed Decline in Multiple Sclerosis: A Pilot Study. J. Clin. Neurosci. 2019, 65, 28–33. [Google Scholar] [CrossRef] [PubMed]

	



Karbasforoushan, H.; Duffy, B.; Blackford, J.U.; Woodward, N.D. Processing Speed Impairment in Schizophrenia Is Mediated by White Matter Integrity. Psychol. Med. 2015, 45, 109–120. [Google Scholar] [CrossRef] [PubMed]

	



McKenna, B.S.; Theilmann, R.J.; Sutherland, A.N.; Eyler, L.T. Fusing Functional MRI and Diffusion Tensor Imaging Measures of Brain Function and Structure to Predict Working Memory and Processing Speed Performance among Inter-Episode Bipolar Patients. J. Int. Neuropsychol. Soc. 2015, 21, 330–341. [Google Scholar] [CrossRef]

	



Patrick, K.E.; Schultheis, M.T.; Agate, F.T.; McCurdy, M.D.; Daly, B.P.; Tarazi, R.A.; Chute, D.L.; Hurewitz, F. Executive Function “Drives” Differences in Simulated Driving Performance between Young Adults with and without Autism Spectrum Disorder. Child Neuropsychol. 2020, 26, 1–17. [Google Scholar] [CrossRef]

	



Mueller, S.T.; Piper, B.J. The Psychology Experiment Building Language (PEBL) and PEBL Test Battery. J. Neurosci. Methods 2014, 222, 250–259. [Google Scholar] [CrossRef]

	



Delorme, A.; Makeig, S. EEGLAB: An Open Source Toolbox for Analysis of Single-Trial EEG Dynamics Including Independent Component Analysis. J. Neurosci. Methods 2004, 134, 9–21. [Google Scholar] [CrossRef]

	



Mørup, M.; Hansen, L.K.; Arnfred, S.M. ERPWAVELAB: A Toolbox for Multi-Channel Analysis of Time-Frequency Transformed Event Related Potentials. J. Neurosci. Methods 2007, 161, 361–368. [Google Scholar] [CrossRef]

	



Oostenveld, R.; Fries, P.; Maris, E.; Schoffelen, J.-M. FieldTrip: Open Source Software for Advanced Analysis of MEG, EEG, and Invasive Electrophysiological Data. Comput. Intell. Neurosci. 2011, 2011, 156869. [Google Scholar] [CrossRef]

	



Love, J.; Selker, R.; Verhagen, J.; Marsman, M.; Gronau, Q.F.; Jamil, T.; Smira, M.; Epskamp, S.; Wild, A.; Ly, A.; et al. Software to Sharpen Your Stats. APS Obs. 2015, 28, 27–29. [Google Scholar]

	



Lee, M.D.; Wagenmakers, E.-J. Bayesian Cognitive Modeling: A Practical Course; Cambridge University Press: Cambridge, UK, 2014; ISBN 978-1-107-65391-7. [Google Scholar]

	



Oda, Y.; Onitsuka, T.; Tsuchimoto, R.; Hirano, S.; Oribe, N.; Ueno, T.; Hirano, Y.; Nakamura, I.; Miura, T.; Kanba, S. Gamma Band Neural Synchronization Deficits for Auditory Steady State Responses in Bipolar Disorder Patients. PLoS ONE 2012, 7, e39955. [Google Scholar] [CrossRef] [PubMed]

	



O’Donnell, B.F.; Vohs, J.L.; Krishnan, G.P.; Rass, O.; Hetrick, W.P.; Morzorati, S.L. The Auditory Steady-State Response (ASSR): A Translational Biomarker for Schizophrenia. Suppl. Clin. Neurophysiol. 2013, 62, 101–112. [Google Scholar] [PubMed]

	



Thuné, H.; Recasens, M.; Uhlhaas, P.J. The 40-Hz Auditory Steady-State Response in Patients With Schizophrenia: A Meta-Analysis. JAMA Psychiatry 2016, 73, 1145–1153. [Google Scholar] [CrossRef] [PubMed]

	



Gransier, R.; Hofmann, M.; van Wieringen, A.; Wouters, J. Stimulus-Evoked Phase-Locked Activity along the Human Auditory Pathway Strongly Varies across Individuals. Sci. Rep. 2021, 11, 143. [Google Scholar] [CrossRef]

	



Parker, D.A.; Hamm, J.P.; McDowell, J.E.; Keedy, S.K.; Gershon, E.S.; Ivleva, E.I.; Pearlson, G.D.; Keshavan, M.S.; Tamminga, C.A.; Sweeney, J.A.; et al. Auditory Steady-State EEG Response across the Schizo-Bipolar Spectrum. Schizophr. Res. 2019, 209, 218–226. [Google Scholar] [CrossRef]

	



Cazalis, F.; Valabrègue, R.; Pélégrini-Issac, M.; Asloun, S.; Robbins, T.W.; Granon, S. Individual Differences in Prefrontal Cortical Activation on the Tower of London Planning Task: Implication for Effortful Processing. Eur. J. Neurosci. 2003, 17, 2219–2225. [Google Scholar] [CrossRef]

	



Pulos, S.; Denzine, G. Individual Differences in Planning Behavior and Working Memory: A Study of the Tower of London. Individ. Differ. Res. 2005, 3, 99–104. [Google Scholar]

	



Luciana, M.; Collins, P.F.; Olson, E.A.; Schissel, A.M. Tower of London Performance in Healthy Adolescents: The Development of Planning Skills and Associations With Self-Reported Inattention and Impulsivity. Dev. Neuropsychol. 2009, 34, 461–475. [Google Scholar] [CrossRef]

	



Phillips, L.H. The Role of Memory in the Tower of London Task. Memory 1999, 7, 209–231. [Google Scholar] [CrossRef]

	



Unterrainer, J.M.; Rahm, B.; Kaller, C.P.; Leonhart, R.; Quiske, K.; Hoppe-Seyler, K.; Meier, C.; Müller, C.; Halsband, U. Planning Abilities and the Tower of London: Is This Task Measuring a Discrete Cognitive Function? J. Clin. Exp. Neuropsychol. 2004, 26, 846–856. [Google Scholar] [CrossRef] [PubMed]

	



Newman, S.D.; Carpenter, P.A.; Varma, S.; Just, M.A. Frontal and Parietal Participation in Problem Solving in the Tower of London: FMRI and Computational Modeling of Planning and High-Level Perception. Neuropsychologia 2003, 41, 1668–1682. [Google Scholar] [CrossRef]

	



Binder, M.; Górska, U.; Griskova-Bulanova, I. 40Hz Auditory Steady-State Responses in Patients with Disorders of Consciousness: Correlation between Phase-Locking Index and Coma Recovery Scale-Revised Score. Clin. Neurophysiol. 2017, 128, 799–806. [Google Scholar] [CrossRef] [PubMed]

	



Binder, M.; Górska, U.; Pipinis, E.; Voicikas, A.; Griskova-Bulanova, I. Auditory Steady-State Response to Chirp-Modulated Tones: A Pilot Study in Patients with Disorders of Consciousness. NeuroImage Clin. 2020, 27, 102261. [Google Scholar] [CrossRef] [PubMed]

	



Molina, J.L.; Thomas, M.L.; Joshi, Y.B.; Hochberger, W.C.; Koshiyama, D.; Nungaray, J.A.; Cardoso, L.; Sprock, J.; Braff, D.L.; Swerdlow, N.R.; et al. Gamma Oscillations Predict Pro-Cognitive and Clinical Response to Auditory-Based Cognitive Training in Schizophrenia. Transl. Psychiatry 2020, 10, 405. [Google Scholar] [CrossRef] [PubMed]








[image: Jpm 11 00453 g001 550] 





Figure 1. A schematic representation of chirp stimulus used in the study. 
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Figure 2. Time-frequency plots of PLIs and ERSPs for envelope following response. The white solid line corresponds to the course of auditory stimulation; the white dashed line denotes +100 ms window from the stimulation line. The grand-averaged topographies for envelope-following response at 35, 40, 45, 50, and 55 Hz stimulation are presented alongside the time-frequency plots. 
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Figure 3. Individual phase-locking index (PLI) and event-related spectral perturbation (ERSP) curves with individual gamma frequency distributions. 
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Figure 4. Scatterplots of PLIs and ERSPs at IGFs against the Tower of London task response times. 
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Table 1. Means, standard deviations and loadings of each task RT on all three components.
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Task

	
RT (ms)

	
Principal Component Loadings




	
Mean

	
SD

	
Component 1

	
Component 2

	
Component 3






	
Simple reaction time task

	
294.38

	
50.75

	
0.65 *

	
0.59

	
−0.33




	
Two-choice response time task

	
378.16

	
61.19

	
0.76 *

	
0.51

	
-




	
Arithmetic decision task

	
1116.12

	
327.84

	
0.72 *

	
-

	
0.31




	
Lexical decision task

	
1248.64

	
357.79

	
0.63 *

	
−0.62

	
−0.40




	
Semantic categorization task

	
751.97

	
209.61

	
0.84 *

	
−0.44

	
-




	
Object judgement task

	
814.68

	
188.15

	
0.61 *

	
-

	
0.41




	
Tower of London task

	
1997.52

	
626.12

	
0.51

	
-

	
0.62 *








Note: For PCA the loadings <0.30 were suppressed; primary loadings marked with *.
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Table 2. Means and standard deviations of PLIs and ERSPs at 40 Hz and at IGFs.
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40-Hz EFR

	
IGF-EFR

	
t-Test

	
IGF






	
PLI

	
Mean

	
7.07

	
7.63

	
−6.534, p < 0.001

	
41.89




	
SD

	
2.39

	
2.20

	
2.27




	
ERSP

	
Mean

	
1.29

	
1.35

	
−6.849, p < 0.001

	
42.19




	
SD

	
0.20

	
0.20

	
2.57








EFR—envelope following response; IGF—individual gamma frequency; IGF-EFR—envelope following response at individual gamma frequency.
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Table 3. Correlation coefficients and corresponding p-values for correlations between envelope following response measures and response times on cognitive tasks.
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Task

	

	
PLI

	
ERSP




	
40-Hz EFR

	
IGF-EFR

	
IGF

	
40-Hz EFR

	
IGF-EFR

	
IGF






	
Simple reaction time task

	
r

	
0.05

	
0.04

	
−0.03

	
0.03

	
0.03

	
0.01




	
p

	
0.79

	
0.83

	
0.86

	
0.86

	
0.85

	
0.94




	
Two-choice response time task

	
r

	
0.08

	
0.02

	
−0.18

	
0.09

	
0.03

	
−0.20




	
p

	
0.62

	
0.93

	
0.29

	
0.60

	
0.87

	
0.23




	
Arithmetic decision task

	
r

	
−0.13

	
−0.15

	
−0.06

	
−0.12

	
−0.16

	
−0.12




	
p

	
0.46

	
0.36

	
0.71

	
0.47

	
0.34

	
0.49




	
Lexical decision task

	
r

	
−0.10

	
−0.11

	
−0.02

	
−0.03

	
−0.07

	
−0.18




	
p

	
0.58

	
0.52

	
0.90

	
0.87

	
0.70

	
0.28




	
Semantic categorization task

	
r

	
−0.20

	
−0.23

	
−0.04

	
−0.15

	
−0.18

	
−0.10




	
p

	
0.23

	
0.18

	
0.80

	
0.39

	
0.28

	
0.55




	
Mental rotation task

	
r

	
−0.16

	
−0.16

	
0.21

	
−0.10

	
−0.12

	
0.10




	
p

	
0.35

	
0.34

	
0.21

	
0.54

	
0.47

	
0.57




	
Tower of London task

	
r

	
−0.50

	
−0.55

	
0.08

	
−0.49

	
−0.51

	
0.09




	
p

	
0.002

	
<0.001

	
0.65

	
0.002

	
0.001

	
0.60








EFR—envelope following response; IGF—individual gamma frequency; IGF-EFR—envelope following response at individual gamma frequency.
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