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Individual differences in auditory perception predict learning of non-adjacent tone sequences in 3-year-olds
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Auditory processing of speech and non-speech stimuli oftentimes involves the analysis and acquisition of non-adjacent sound patterns. Previous studies using speech material have demonstrated (i) children’s early emerging ability to extract non-adjacent dependencies (NADs) and (ii) a relation between basic auditory perception and this ability. Yet, it is currently unclear whether children show similar sensitivities and similar perceptual influences for NADs in the non-linguistic domain. We conducted an event-related potential study with 3-year-old children using a sine-tone-based oddball task, which simultaneously tested for NAD learning and auditory perception by means of varying sound intensity. Standard stimuli were A × B sine-tone sequences, in which specific A elements predicted specific B elements after variable × elements. NAD deviants violated the dependency between A and B and intensity deviants were reduced in amplitude. Both elicited similar frontally distributed positivities, suggesting successful deviant detection. Crucially, there was a predictive relationship between the amplitude of the sound intensity discrimination effect and the amplitude of the NAD learning effect. These results are taken as evidence that NAD learning in the non-linguistic domain is functional in 3-year-olds and that basic auditory processes are related to the learning of higher-order auditory regularities also outside the linguistic domain.
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Introduction

An important part of auditory cognition is the ability to build relations between sounds that do not occur in direct sequence, but are separated by other intervening sounds. The extraction and processing of such non-adjacent dependencies (NADs) has been suggested to operate both in the auditory-perceptual and linguistic domain (Peña et al., 2002; Gebhart et al., 2009; Bendixen et al., 2012; Mueller et al., 2012; Wilson et al., 2018, for review; Winkler et al., 2018). A specific case from the auditory-perceptual domain that often includes processing of NADs is the phenomenon that listeners need to split rapid sequences of variable sounds into different perceptual streams, depending on various physical characteristics of the stimuli (Bregman and Campbell, 1971). In everyday life, auditory streams which indicate objects or specific events are often interrupted by other sounds. One might hear, for example, songs of different birds and in order to identify the sounds of one specific species, the listener has to extract sequential patterns across intervening sounds from other species. The linguistic domain, which manifests mainly in speech in everyday life, involves the ability to use NADs in similar ways. NADs are basic building blocks of human language and occur in many grammatical constructions, for example, “The cat that is strolling on the roofs is very old.” Such dependencies can occur between syntactic categories (in the example, noun and verb) or between specific morphemes (in the example, the third person and singular – s).

The learning mechanisms that have been suggested to underlie the human ability to extract sequential patterns from auditory input are statistical learning of transitional probabilities and rule-learning supported by non-distributional, perceptional cues (Endress and Bonatti, 2016). Evidence for both accounts will be reviewed to motivate the present investigation, but since this study is not designed to evaluate these two accounts, the general terms “artificial grammar learning” and “NAD learning” will be used in the following without any commitment to a specific mechanism supporting this learning process. Human sequence learning abilities have been shown to be domain-general on the one hand, and tuned to specific input signals, for instance language, on the other hand. Domain-generality is attested by many experiments demonstrating that statistical learning works in the auditory, visual, and even tactile domain (Saffran et al., 1996; Kirkham et al., 2002; Conway and Christiansen, 2005). This shows that in principle, learning takes place across different modalities and materials. Yet, many experiments also attest a modulation of artificial grammar learning processes dependent on the input modality and the specific type of (linguistic) materials (Frost et al., 2015; Milne et al., 2017; Rabagliati et al., 2019; van der Kant et al., 2020; Weyers and Mueller, 2022; Weyers et al., 2022). On top of modality and stimulus differences, individual differences have been found, suggesting, for instance, that statistical learning may be considered a well-defined cognitive ability (Siegelman and Frost, 2015). Other artificial grammar learning studies suggest that interindividual differences in basic auditory abilities may have an impact on performance in auditory artificial grammar learning tasks (Mueller et al., 2012, 2019; Studer-Eichenberger et al., 2016; Vasuki et al., 2017). In light of the mentioned potential domain-specificity of sequence learning abilities in the language domain and the perceptually based individual variation, we here aim to investigate whether the learning of NADs in early childhood, as previously investigated using speech materials (Mueller et al., 2012, 2019), shows similar characteristics in the non-linguistic auditory domain and, crucially, whether learning success shows similar relations to auditory perception as it does for speech materials.

When and how infants start to extract NADs is indicative of how infants approach the problem of acquiring structural knowledge in language. One method to assess whether and how NADs can be extracted by learners of different age groups is the measurement of electrophysiological (EEG) or hemodynamic (functional near-infrared spectroscopy; fNIRS) responses during natural language processing or artificial grammar learning experiments. These studies show that when exposed to sequences of speech sounds, infants are able to remember repetitions of vowels and transitions between adjacent syllables in the first month of life (Teinonen et al., 2009; Benavides-Varela et al., 2011, 2012). Other studies have, moreover, shown that starting at the age of 3 months, infants are also sensitive to more complex NADs between syllables (Friederici et al., 2011; Mueller et al., 2012; Friedrich et al., 2022). Behavioral indicators of successful NAD learning from artificial grammars have been reported from the first birthday (Gòmez and Maye, 2005; Lany and Gòmez, 2008; Culbertson et al., 2016), including the processing of word-internal phonological NAD relations (Gonzalez-Gomez and Nazzi, 2012, 2016). The detection of such structures in infants’ native language has been attested behaviorally from around the age of 18 months (Santelmann and Jusczyk, 1998; Hoehle et al., 2006).

When it comes to the question of whether similar learning processes are also present in the non-linguistic auditory domain, behavioral studies provide in principle affirmative evidence, although with important stimulus-dependent variation. Saffran et al. (1999), for instance, showed that 8-month-olds learn transitional probabilities between tones equally easily as those between syllables. Yet, Marcus et al. (2007) observed that 7-month-old infants could learn a repetition rule instantiated with tones and animal sounds only when the rule was presented after sequences of speech sounds. At the neurophysiological level, event-related potential (ERP) studies within the first half year of life indicate that the ability to extract adjacent as well as non-adjacent regularities is present both for speech (Teinonen et al., 2009; Friederici et al., 2011; Mueller et al., 2012) and non-speech auditory stimuli (Kudo et al., 2011; Winkler et al., 2018). Yet, there is evidence that the sensitivity to specific types of stimuli presented during such learning tasks is subject to developmental changes across the first years of life. Several studies have shown that very young infants in the first half year of life learn dependencies that are not, or not so easily, learned at later ages (Dawson and Gerken, 2009; Mueller et al., 2012, 2019). A study using fNIRS showed different trajectories for learning NADs from linguistic and non-linguistic sequences (van der Kant et al., 2020). While NADs were learned at age 2, but not at age 3 when presented in the form of artificial linguistic stimuli, NADs were learned successfully at 3 years of age, but not yet at 2 years of age, when presented in the form of non-linguistic tone sequences (van der Kant et al., 2020). This apparent decline in the ability to extract linguistic NADs around age 3 was further confirmed in an ERP study using the same linguistic stimulus material (Paul et al., 2021). On the basis of these findings, one may speculate that the learning of NADs in the non-linguistic domain may be present across development and not decline as it does in the speech domain. Yet, the scarcity of developmental data does not allow for firm conclusions about the developmental trajectory of NAD learning in linguistic versus non-linguistic auditory domains.

While it may be the case that the learning of statistical regularities such as NADs is specifically honed to the speech signal during early development, there is ample evidence that basic auditory processes impact on the processing and learning of grammatical dependencies, as evidenced in studies both with impaired and unimpaired populations (Halliday and Bishop, 2006; Bishop, 2007; Arciuli and Simpson, 2012; Mueller et al., 2012; Kidd and Arciuli, 2016). More specifically, children with language impairments (e.g., developmental language disorders or developmental dyslexia) often display deficits also with respect to the processing of basic auditory parameters, as for example duration processing (Corriveau et al., 2007) or frequency discrimination (Hill et al., 2005; Halliday and Bishop, 2006). For example, a longitudinal study with children with and without family history of language impairment showed that early differences (from 6 to 48 months) in the maturation of auditory evoked potentials in response to non-linguistic auditory stimuli predicted language abilities at 3 and 4 years of age (Choudhury and Benasich, 2011). What is more, children and adults with developmental language disorders show difficulties in the domain of auditory statistical learning in particular (Evans et al., 2009; Kahta and Schiff, 2019). At the other end of the continuum, it has been shown that musically trained children, who possess particularly rich auditory experiences, outperform untrained children in some language and statistical learning tasks (Kraus and Chandrasekaran, 2010; Francois and Schön, 2011; Vasuki et al., 2017). Taken together, the reviewed evidence suggests that both speech and non-speech sequence learning are linked to the quality of auditory processing.

While many studies have examined how the processing of specific acoustic parameters, for example, frequency (Halliday and Bishop, 2006; Mueller et al., 2012; Halliday et al., 2014) or duration (Weber et al., 2005) are linked to language processing, it remains unclear whether the relation between the quality of auditory processing and higher order cognitive processing holds for non-linguistic sequence learning in a comparable way. On the one hand, it is possible that specific auditory parameters are predictive of language abilities due to their importance for coding linguistic information (for example, frequency information determining vowel quality, or duration parameters contributing to word stress). For example, in the study of Mueller et al. (2012), pitch perception was found to be related to the learning of NADs between syllables. As frequency is not merely an auditory parameter, but also involved in how different vowels are coded, the link between auditory perception and NAD learning in this study could be explained because both processes are based on frequency discrimination. In this line of argumentation, auditory parameters that do not code distinctive features important for dependency learning should thus not be related to sequence learning. On the other hand, it is conceivable that rather domain-general mechanisms, for instance bottom-up auditory attention (Kaya and Elhilali, 2014; Addleman and Jiang, 2019), form the common basis for the processing of both speech and non-speech structured sequential inputs. Such domain-general attentional processes might be necessary for both rather low-level auditory processing and higher-level speech-based and non-speech-based processing of auditory sequences. Individual differences with respect to these attentional processes may affect neural correlates of processing in both domains. Under such a domain-general account, a variety of auditory parameters that render stimuli salient and attract listeners’ attention should be linked to sequence learning not only in the speech domain, but also in the non-speech domain. An example for such a parameter would be a change in intensity in sequences in which intensity is not relevant for the detection of a sequential regularity that has to be learned.

In the present study, we constructed NADs between non-linguistic pure tones and presented them in an oddball design, similarly to how Mueller et al. (2012, 2019) tested for syllable-based NAD learning. Using electroencephalography, we examined 3-year-old children’s ability to differentiate frequently presented standard exemplars of these tone NADs from infrequent deviant patterns. Three-year-olds were deemed a particularly relevant research population, because a beginning decline in NAD learning for speech stimuli had previously been reported for this age group (Mueller et al., 2019; van der Kant et al., 2020; Paul et al., 2021). As we specifically aimed to explore a possible impact of auditory processing abilities on non-speech NAD learning, we presented auditory deviants, which were reduced in intensity, in addition to NAD deviants within the same continuous stimulus stream. We hypothesized (i) that 3-year-olds would still be able to learn non-linguistic NADs, given a possible language- or speech-specificity of the previously established developmental decline in NAD learning ability (van der Kant et al., 2020). In the present experimental design, successful learning can be inferred from a reliable mismatch response (MMR) in the ERP with either positive or negative polarity. We further expected (ii) that successful NAD learning would be indexed by similar ERP patterns as reported for the speech domain, because a negative MMR for violated NADs compared to standard sequences was found in Mueller et al. (2019), in a design comparable to the present study; and (iii) that this ERP effect would be modulated by the individual ability to detect acoustic changes in the stimuli (cf. Mueller et al., 2012). In the present study, we chose to test intensity changes in order to test the above outlined possibility that domain-general, stimulus-driven, attentional mechanisms may be sufficient to explain a potential link between auditory processing and NAD learning. We expected this link to be indicated by a predictive relationship between the amplitude of the intensity-related MMR and the amplitude of the NAD-related MMR. Such a relationship should be specific to auditory change discrimination and not just reflect unspecific interindividual differences in auditory processing per se, which have been identified as an important source of variance across different perceptual and cognitive domains in ERP research. Specifically for auditory stimuli, it has been shown that amplitudes of the evoked signals vary considerably across individuals (Melnik et al., 2017). To control for an impact of such unspecific interindividual variation, we also tested for a relation between amplitude variations in response to standard stimuli alone and the NAD learning effects. Such a control will allow for more compelling evidence in case of a relationship between the auditory discrimination effect and the NAD learning effect.



Materials and methods


Participants

Our study was approved by the Ethics Committee of the University of Leipzig and conformed to the guidelines of the Declaration of Helsinki (World Medical Association, 2013). Before the experiment, parents and children were verbally informed about the test procedure and the accompanying caregiver gave written informed consent. All participants had normal hearing and no history of neurological disorders, were born between the 38th and 42nd week of gestation and were German monolinguals.

Of the 49 infants who participated in the study, data from 23 children (15 female) were excluded from analysis for the following reasons: children did not want to participate in the EEG measurement or wanted to stop it before the experiment ended (n = 7), data loss because of experimenter error (n = 1), children had been diagnosed with or were at risk for a developmental disorder (n = 2), high artifact rate (n = 13). The remaining 26 participants (7 female) had a mean age of 36.8 months (SD = 0.4).



Experimental design and stimuli

The study made use of a modified oddball paradigm with triplets of sine tones. As illustrated in Figure 1, standard triplets conformed to an A × B grammar of item-specific NADs, in which the first tone A of a triplet reliably predicted the third tone B, while the intervening tone × varied. The individual tones covered a frequency range of 600–1,750 Hz in steps of 50 Hz and each tone had a duration of 100 ms. Two different A × B dependencies were used. The first type, A1 × B1, comprised an NAD between a 600 and a 1,450 Hz tone, the second type, A2 × B2, an NAD between a 1,750 and a 900 Hz tone. The middle × element was filled with the remaining set of 20 different tones (650, 700, 750, 800, 850, 950, 1,000, 1,050, 1,100, 1,150, 1,200, 1,250, 1,300, 1,350, 1,400, 1,500, 1,550, 1,600, 1,650, and 1,700 Hz) in a pseudorandom manner. Within each A × B triplet, tones were separated by 50 ms pauses, and between triplets there was a pause of 700 ms. A total of 80% of trials were standard stimuli, 10% were NAD deviants in which the NAD between A and B was violated (e.g., A1 was incorrectly paired with B2), and another 10% of trials were acoustic deviants, which were characterized by an intensity decrease of 25% (reduction from 82.27 to 62.83 dB).
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FIGURE 1
Schematic illustration of intensity (A), frequency (B), sequential structure (C, two types of NAD are indexed with the numbers 1 and 2 in the subscript) and condition of tone stimuli (D) embedded within an example of a presentation sequence.


Stimuli were presented according to a randomization scheme ensuring that each type of A × B triplet occurred with equal frequency in a given series of standards and that the same A × B triplet was not repeated more than three times in a row. Between two deviants, sequences consisting of two, four, six, or eight standard stimuli occurred. When standard sequences were shorter than four standards, different deviant types occurred before and after in order to provide enough exemplars to re-establish the correct A × B dependency. In total, 818 stimuli were presented, with 658 standard stimuli conforming to the A × B dependency and 80 exemplars of NAD deviants and intensity deviants each.



Procedure

During stimulus presentation, children sat on their caregiver’s lap in a sound-attenuated testing booth. Caregivers wore sound-attenuating earplugs. Stimuli were played via two loudspeakers at the same comfortable sound level across participants. During the experiment, children were presented with a silent animation movie in order to prevent excessive movements of body and head (for a similar procedure, see Männel and Friederici, 2011; Männel et al., 2013). The whole experiment took approximately 14 min.



EEG recording and analysis

The continuous electroencephalogram (EEG) was recorded from 23 Ag/AgCl monopolar electrodes fixed in an elastic cap placed on the child’s head (EASYCAP GmbH, Germany) at the following standard positions corresponding to the international 10–20 system (Jasper, 1958): F7, F3, Fz, F4, F8, FC3, FC4, T7, C3, Cz, C4, T8, CP5, CP6, P7, P3, Pz, P4, P8, O1, O2, M1, and M2. Signal recorded from the electrode positions F9 and F10 served to calculate the horizontal electrooculogram. The vertical electrooculogram was recorded from the electrode FP2 and an additional electrode placed below the right eye. FP1 served as the ground electrode, and Cz as online reference. Electrode impedances were largely kept below 10 kΩ (at least below 20 kΩ). The EEG signal was amplified with a gain of 20 using a PORT-32/MREFA amplifier (Twente Medical Systems International B.V.) with an input impedance of 1,012 Ω, and digitized online at 500 Hz (AD converter with 22 bit, digital filter from DC to 125 Hz). The following pre-processing steps were performed using MATLAB (version R2018b; The MathWorks Inc., 2018) and the EEGLAB open source toolbox (version 14.1.1b; Delorme and Makeig, 2004). Offline, the EEG was re-referenced to the average of both mastoids (M1 and M2). The continuous EEG was epochized from −200 to 800 ms relative to the onset of the final tone in each triplet and band-pass filtered between 0.5 and 30 Hz (digital windowed sinc FIR-filter, −6 dB half-amplitude cut-off, cut-off frequencies of 0.6 and 29.99 Hz). For the correction of eye-movements, the data were band-pass filtered between 1 and 30 Hz (−6 dB, cut-off frequencies of 1.06 and 29.96 Hz) and submitted to an ICA. After removing the ICA components related to eye-movements based on subjective evaluation, the ICA weights from this dataset were applied to dataset with the 0.5–30 Hz band-pass filter. In an additional step, any remaining artifacts were rejected manually. ERPs were calculated for the epochs with a pre-stimulus baseline of 100 ms for each condition separately, i.e., for standards stimuli, intensity deviants and NAD deviants.

Only children with a minimum of 20 deviant trials (25%) per condition remaining were included in the statistical analysis. The resulting mean number of artifact-free trials was identical across deviant conditions (NAD deviants: M = 36; SD = 3; intensity deviants: M = 36; SD = 4; standards: M = 216; SD = 34). Finally, a 10-Hz low-pass filter was applied for data visualization only.



Statistical analysis

The statistical analyses of the overall effects of the NAD and intensity violations were conducted using the FieldTrip toolbox (Version 20170228; Oostenveld et al., 2011). Additional regression analyses were implemented using the statistical computing software R, Version 4.3.1 (R Core Team, 2022). As a first step, non-parametric, cluster-based permutation tests using dependent-sample t-tests were performed for each of the two experimental conditions, comparing ERP responses to the final tones of standard triplets to those in response to NAD deviants and intensity deviants, respectively. The entire epoch (0–800 ms) and all electrodes (except reference and EOG electrodes) were included in the analysis. In order to be included in a spatial cluster, a minimum of two significant neighboring electrodes was set, with spatial neighborhood defined based on the triangulation method. The statistical threshold for a specific time-sample to be included in a cluster was p < 0.05. The cluster-statistic permutation test (maxsum approach) was conducted using 1,000 draws from the permutation distribution via Monte-Carlo simulation and an alpha level of p < 0.05 (two-tailed).

As a second step, we performed step-wise regression analyses to test whether an identified NAD effect was related to the intensity effect. Post hoc, we extracted the mean amplitude values of the NAD and intensity effects for the indicated approximate time window of the dependency effect (195–329 ms) from seven frontal electrodes (F7, F3, Fz, F4, F8, FC3, and FC4) which were identified as part of the clusters in both NAD and intensity conditions. In order to ensure that any such relation was between NAD learning and intensity discrimination specifically and not grounded in interindividual differences with respect to amplitudes of auditory-related ERPs per se (which might affect both the NAD and intensity effects), we included the amplitude of the ERP response to standard stimuli as an additional predictor. This amplitude was extracted from the same time window as was used for the NAD and the intensity effect (195–329 ms).




Results

Figure 2 displays the ERP waveforms in response to the final tones of the triplets. The ERPs show a negative peak immediately after the onset of the final tone, which is followed by a short positive peak and a somewhat longer-lasting negativity. Before the baseline period (−100 to 0 ms), another negative peak is visible followed by a short positive peak, which can be related to the presentation of the second tone in the triplet. The short sequence of negative peaks accompanying the rapid presentation of single tones suggests that each tone elicits a characteristic ERP response consisting of obligatory auditory components appropriate for this age group (Ceponiene et al., 2002). Note, however, that these ERP responses to individual tones cannot be disentangled due to our short SOAs of 150 ms (from onset to onset). Importantly, the second tones, for which the responses are visible in the baseline, were similarly distributed from a set of 20 different tones across standard sequences as well as intensity and NAD deviant sequences.
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FIGURE 2
(A) Event-related potential (ERP) effects for NAD deviants (red lines) compared to standard stimuli (black lines) at three frontal electrode sites (marked with bold stars in the topographies). A topographic difference map on the right displays the positivity at its maximum with electrode sites included in the cluster marked with stars. (B) ERP effects for intensity deviants (blue lines) compared to standard stimuli (black lines) at three frontal electrode sites. A topographic difference map displays the positivity at its maximum with significant electrode sites marked. The sites of the electrodes included in the cluster are marked with stars.



NAD learning and intensity effects

Averaged ERPs across fronto-central electrode sites show a positive deflection for NAD deviants compared to standard stimuli (cf. Figure 2). The non-parametric cluster-based permutation test revealed this condition difference to be statistically significant (clusterstat T = 2.186, p < 0.05) within a time window ranging from approximately 195–326 ms relative to the onset of the last tone of the triplet (Figure 2A). For the comparison of standards versus intensity deviants, a similar, somewhat more broadly distributed positivity is visible at fronto-central electrodes. This condition difference is also confirmed statistically by a cluster-based permutation test (clusterstat T = 12.933, p < 0.01) (cf. Figure 2B) for an approximate time window of 142–479 ms relative to the onset of the last tone in the triplet.



Regression analysis

The step-wise regression revealed that only the intensity effect predicted the NAD effect, while the amplitude in response to the standard stimuli alone did not. Akaike information criterion (AIC) was used to determine whether a factor significantly contributed to the predictive power of the model. Results revealed that of the tested models, the model including the intensity effect as a sole predictor was an at least equal fit to explain the data (AIC 37.62) compared to the full model (AIC 39.44), which included both intensity effect and standard amplitudes, and a significantly better fit compared to the model with only the standard amplitude (AIC 42.2). In the final model, the amplitude of the intensity effect was a significant predictor of the NAD effect amplitude [F(1,24) = 4.76, p < 0.05], with an explained variance of R2 = 0.13. Figure 3 displays scatterplots of the results including Pearson correlation coefficients.
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FIGURE 3
(Left) Statistically significant positive relation between the difference amplitude values of the intensity effect and the NAD effect in the ERP data. (Middle) Electrode sites from which the amplitude values were extracted. (Right) No statistically significant relation between the ERP amplitude of the standard stimuli and the NAD effect.





Discussion

The goal of the present study was to evaluate whether NAD learning could be observed in 3-year-old infants for non-linguistic tone sequences, similarly to the processing of linguistic sequences reported previously (Mueller et al., 2019). Additionally, the study probed the relationship between basic auditory processing ability in terms of intensity variation detection and NAD learning. Here, we found that learning of non-adjacent tone sequences is present in 3-year-olds. Yet, in contrast to our original hypothesis derived from findings of linguistic NAD learning at this age, successful learning and deviant detection was evidenced by a positive, not a negative, deflection in the ERP response. Further, the present data suggest that non-linguistic NAD learning is linked to intensity discrimination, similarly to how linguistic NAD learning has been linked to auditory pitch discrimination (Mueller et al., 2012). As a note of caution, given that our sample comprised more male than female participants, we cannot exclude that this bias influenced our findings.

The successful learning of non-linguistic NADs in the present study is consistent with the findings of van der Kant et al. (2020), who reported fNIRS evidence for the learning of NADs in tone sequences, but not in linguistic sequences, in 3-year-olds. Relatedly, two ERP studies reported that ERP indices of linguistic NAD learning decreased in amplitude between the first birthday and the age of 4 years (Mueller et al., 2019; Paul et al., 2021). Given that for the present study, no longitudinal data is available, it remains an open question whether the observed NAD learning effect for non-linguistic auditory stimuli would also decrease with increasing age. Initially, it may seem counterintuitive that sine tones, which are much less relevant and appealing for humans than speech (Vouloumanos and Werker, 2004), yield a more robust learning effect than species-specific communicative sounds. A whole range of experiments with younger infants has indeed suggested the opposite, namely an advantage of speech stimuli (and other communicative signals) over non-speech stimuli for the learning of repetition-based regularities (Ferguson and Lew-Williams, 2016; Rabagliati et al., 2019). We argue here that by the age of 3 years, language and its basic regularities may be so familiar already, and potentially even entrenched, that identifying and learning new language dependencies may require much more effort compared to the acquisition of new dependencies in a non-familiar sound system. Entrenchment, that is, the reduced plasticity of a system after it has settled in a stable state due to extensive exposure, has been brought up as a mechanism that applies to human statistical learning (Bulgarelli and Weiss, 2016; Siegelman et al., 2018) and as a potential explanation for some of the difficulties second language learners experience (MacWhinney, 2016). Thus, NADs in sine tone sequences might be easy to learn for 3-year-olds because they do not interfere with an entrenched rule system that is used for communication. Yet, whether previous experience plays a decisive role in explaining the auditory signal-specific differences modulating the efficiency of NAD learning in our study has to be tackled by further research.

Notably, we expected NAD learning/deviancy detection to be indexed by a negative-going ERP effect as our experiment was closely modeled after Mueller et al. (2019), who reported negative responses for linguistic NAD deviants compared to standards for both 2-year-olds and 4-year-olds. Yet, in our study, both deviant conditions yielded positive-going responses with similar fronto-central distributions. Although the polarity of these responses was unexpected for the current design, they still indexed children’s successful detection of both acoustic and NAD changes. Moreover, positive-going responses for deviancy detection have previously been reported in similar oddball experiments with infants during their first year of life (Friederici et al., 2011; Mueller et al., 2012; Weyers et al., 2022). In addition to younger children often showing positivities and older children negativities in deviancy detection (e.g., Pihko et al., 1999; Cheng et al., 2013, 2015; Reh et al., 2021), several stimulus and experimental factors seem to influence the polarity of the deviancy response. For example, the type and acoustic distance of the tested sound contrasts (e.g., Morr et al., 2002; Cheng et al., 2013, 2015), experimental conditions (e.g., duration of inter-stimulus-interval; Cheour et al., 2002; Kushnerenko et al., 2002), and data-analysis decisions (e.g., Weber et al., 2004; He et al., 2007) have been reported to impact on the polarity of the deviancy response. For the current study, differences in the properties of non-linguistic and linguistic stimuli and the way NADs were encoded are particularly relevant. Here, previous infant studies reported positivities for deviancy detection of smaller stimulus differences and negativities for larger differences (Cheng et al., 2013, 2015). However, quantitative aspects of the difference between correct and incorrect NADs across tone and speech stimuli are difficult to judge. Furthermore, in studies with linguistic stimuli, positive responses have been proposed to reflect acoustic processing and negativities rather phonological processing (Rivera-Gaxiola et al., 2005; Garcia-Sierra et al., 2016; Ferjan Ramírez et al., 2017). Taken together, non-linguistic and linguistic stimuli are likely to trigger different processing levels in listeners’ deviancy detection, resulting in positive responses for both acoustic and NAD changes in pure-tone sequences in the current study.

As hypothesized, we found a predictive relation between the ERP effect reflecting intensity discrimination and the ERP effect reflecting the detection of the NAD deviant. Similar links were reported previously for linguistic NAD learning in 3-month-olds, 4-year-olds, and adult participants, whereby larger responses for pitch discrimination were positively related to the responses for the detection of NAD violations (Mueller et al., 2012, 2019). These studies left unclear, however, whether this relation is specific to the frequency domain, or whether it is indicative of a more general effect linking auditory perception and sequence learning. In our study, the NADs were coded by pitch, while intensity was held constant across all standard stimuli. The feature intensity was thus not relevant for the extraction of the regularity. Nonetheless, participants’ response for intensity discrimination was predictive of their response for NAD violation detection. Interindividual differences in the amplitude of the ERP response to the standard stimuli alone did not contribute to this link. This makes it unlikely that unspecific interindividual differences with respect to the measured ERP amplitudes (Melnik et al., 2017) explain the effects we found. The present results suggest that aspects of auditory processing ability, namely the ability to discriminate sounds based on their intensity, is predictive of the ability to detect NADs in tone sequences. We interpret this as indicative of a general link between auditory perception and stimulus-driven learning. What could it be that links the two? Since intensity discrimination and the detection of tone sequence patterns are not intrinsically related, we suggest that both are linked via a shared process, namely bottom-up auditory attention (Addleman and Jiang, 2019). It has been suggested that stimulus-driven auditory attention is affected by a variety of internal and external factors, which contribute to the salience of a stimulus over space and time. Specifically, pitch and intensity have shown to contribute to this process (Kaya and Elhilali, 2014; Addleman and Jiang, 2019). Following this, our data suggest that there are interindividual differences in how strongly children react to stimulus-driven saliency across different perceptual domains – namely intensity and pitch modulation over time (which could be one way to describe the NADs in the current study in which pitch patterned in complex ways across three items). The underlying link could thus be an attention-based mechanism, modulated by the sensitivity to respond to salient auditory stimuli, be it on the basis of the temporary state the child is in at the particular moment of testing, or a more general individual ability.



Conclusion

In sum, the current study provided ERP evidence for the ability of 3-year-old children to extract NADs from sine tone sequences. Although the specific ERP pattern (positivity) indicating learning success contrasts with evidence from similar studies from the linguistic domain, the evidence is consistent with the idea that NAD learning in early childhood is present across the linguistic and the non-linguistic domain. Further, we were able to extend the finding of a relation between auditory processing and NAD learning to the domain of non-linguistic tones. We propose that this is due to a shared attentional mechanism linking perception and NAD learning in the present design. Further studies will have to test the pervasiveness of such a potential linking mechanism across modalities and types of input.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving humans were approved by the Ethics Advisory Board of the Medical Faculty of the University of Leipzig. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants’ legal guardians/next of kin.



Author contributions

JM: Conceptualization, Data curation, Investigation, Methodology, Project administration, Supervision, Visualization, Writing – original draft. IW: Methodology, Writing – review & editing. AF: Conceptualization, Resources, Writing – review & editing. CM: Conceptualization, Investigation, Methodology, Supervision, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. Open Access Funding provided by University of Vienna.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

Addleman, D. A., and Jiang, Y. V. (2019). Experience-driven auditory attention. Trends Cogn. Sci. 23, 927–937. doi: 10.1016/j.tics.2019.08.002

Arciuli, J., and Simpson, I. C. (2012). Statistical learning is related to reading ability in children and adults. Cogn. Sci. 36, 286–304. doi: 10.1111/j.1551-6709.2011.01200.x

Benavides-Varela, S., Gómez, D. M., Macagno, F., Bion, R. A. H., Peretz, I., and Mehler, J. (2011). Memory in the neonate brain. PLoS One 6:e27497. doi: 10.1371/journal.pone.0027497

Benavides-Varela, S., Hochmann, J.-R., Macagno, F., Nespor, M., and Mehler, J. (2012). Newborn’s brain activity signals the origin of word memories. Proc. Natl. Acad. Sci. U.S.A. 109, 17908–17913. doi: 10.1073/pnas.1205413109

Bendixen, A., Schröger, E., Ritter, W., and Winkler, I. (2012). Regularity extraction from non-adjacent sounds. Front. Psychol. 3:19473. doi: 10.3389/FPSYG.2012.00143/ABSTRACT

Bishop, D. V. M. (2007). Using mismatch negativity to study central auditory processing in developmental language and literacy impairments: Where are we, and where should we be going? Psychol. Bull. 133, 651–672. doi: 10.1037/0033-2909.133.4.651

Bregman, A. S., and Campbell, J. (1971). Primary auditory stream segregation and perception of order in rapid sequences of tones. J. Exp. Psychol. 89, 244–249. doi: 10.1037/H0031163

Bulgarelli, F., and Weiss, D. J. (2016). Anchors aweigh: The impact of overlearning on entrenchment effects in statistical learning. J. Exp. Psychol. 42, 1621–1631. doi: 10.1037/XLM0000263

Ceponiene, R., Rinne, T., and Näätänen, R. (2002). Maturation of cortical sound processing as indexed by event-related potentials. Clin. Neurophysiol. 113, 870–882. doi: 10.1016/S1388-2457(02)00078-0

Cheng, Y. Y., Wu, H. C., Tzeng, Y. L., Yang, M. T., Zhao, L. L., and Lee, C. Y. (2013). The development of mismatch responses to mandarin lexical tones in early infancy. Dev. Neuropsychol. 38, 281–300. doi: 10.1080/87565641.2013.799672

Cheng, Y. Y., Wu, H. C., Tzeng, Y. L., Yang, M. T., Zhao, L. L., and Lee, C. Y. (2015). Feature-specific transition from positive mismatch response to mismatch negativity in early infancy: Mismatch responses to vowels and initial consonants. Int. J. Psychophysiol. 96, 84–94. doi: 10.1016/J.IJPSYCHO.2015.03.007

Cheour, M., Martynova, O., Naatanen, R., Erkkola, R., Sillanpaa, M., Kero, P., et al. (2002). Speech sounds learned by sleeping newborns. Nature 415, 599–600. doi: 10.1038/415599b415599b

Choudhury, N., and Benasich, A. A. (2011). Maturation of auditory evoked potentials from 6 to 48 months: Prediction to 3 and 4 year language and cognitive abilities. Clin. Neurophysiol. 122, 320–338. doi: 10.1016/j.clinph.2010.05.035

Conway, C. M., and Christiansen, M. H. (2005). Modality-constrained statistical learning of tactile, visual, and auditory sequences. J. Exp. Psychol. 31, 24–39. doi: 10.1037/0278-7393.31.1.24

Corriveau, K., Pasquini, E., and Goswami, U. (2007). Basic auditory processing skills and specific language impairment: A new look at an old hypothesis. J. Speech Lang. Hear. Res. 50, 647–666. doi: 10.1044/1092-4388(2007/046)

Culbertson, J., Koulaguina, E., Gonzalez-Gomez, N., Legendre, G., and Nazzi, T. (2016). Developing knowledge of nonadjacent dependencies. Dev. Psychol. 52, 2174–2183. doi: 10.1037/dev0000246

Dawson, C., and Gerken, L. (2009). From domain-generality to domain-sensitivity: 4-Month-olds learn an abstract repetition rule in music that 7-month-olds do not. Cognition 111, 378–382. doi: 10.1016/j.cognition.2009.02.010

Delorme, A, and Makeig, S. (2004). EEGLAB: an open source toolbox for analysis of single-trial EEG dynamics including independent component analysis. J. Neurosci. Methods 134, 9–21. doi: 10.1016/j.jneumeth.2003.10.009

Endress, A. D., and Bonatti, L. L. (2016). Words, rules, and mechanisms of language acquisition. Wiley Interdiscip. Rev. Cogn. Sci. 7, 19–35. doi: 10.1002/wcs.1376

Evans, J. L., Saffran, J. R., and Robe-Torres, K. (2009). Statistical learning in children with specific language impairment. J. Speech Lang. Hear. Res. 52, 321–335. doi: 10.1044/1092-4388(2009/07-0189

Ferguson, B., and Lew-Williams, C. (2016). Communicative signals support abstract rule learning by 7-month-old infants. Sci. Rep. 6:25434. doi: 10.1038/srep25434

Ferjan Ramírez, N., Ramírez, R. R., Clarke, M., Taulu, S., and Kuhl, P. K. (2017). Speech discrimination in 11-month-old bilingual and monolingual infants: A magnetoencephalography study. Dev. Sci. 20:e12427. doi: 10.1111/DESC.12427

Francois, C., and Schön, D. (2011). Musical expertise boosts implicit learning of both musical and linguistic structures. Cereb. Cortex 21, 2357–2365. doi: 10.1093/CERCOR/BHR022

Friederici, A. D., Mueller, J. L., and Oberecker, R. (2011). Precursors to natural grammar learning: Preliminary evidence from 4-month-old infants. PLoS One 6:e17920. doi: 10.1371/journal.pone.0017920

Friedrich, M., Mölle, M., Born, J., and Friederici, A. D. (2022). Memory for nonadjacent dependencies in the first year of life and its relation to sleep. Nat. Commun. 13:7896. doi: 10.1038/S41467-022-35558-X

Frost, R., Armstrong, B. C., Siegelman, N., and Christiansen, M. H. (2015). Domain generality versus modality specificity: The paradox of statistical learning. Trends Cogn. Sci. 19, 117–125. doi: 10.1016/j.tics.2014.12.010

Garcia-Sierra, A., Ramírez-Esparza, N., and Kuhl, P. K. (2016). Relationships between quantity of language input and brain responses in bilingual and monolingual infants. Int. J. Psychophysiol. 110, 1–17. doi: 10.1016/J.IJPSYCHO.2016.10.004

Gebhart, A. L., Newport, E. L., and Aslin, R. N. (2009). Statistical learning of adjacent and nonadjacent dependencies among nonlinguistic sounds. Psychon. Bull. Rev. 16, 486–490. doi: 10.3758/PBR.16.3.486

Gòmez, R. L., and Maye, J. (2005). The developmental trajectory of nonadjacent dependency learning. Infancy 7, 183–206.

Gonzalez-Gomez, N., and Nazzi, T. (2012). Acquisition of nonadjacent phonological dependencies in the native language during the first year of life. Infancy 17, 498–524. doi: 10.1111/j.1532-7078.2011.00104.x

Gonzalez-Gomez, N., and Nazzi, T. (2016). Delayed acquisition of non-adjacent vocalic distributional regularities. J. Child Lang. 43, 186–206. doi: 10.1017/S0305000915000112

Halliday, L. F., and Bishop, D. V. M. (2006). Auditory frequency discrimination in children with dyslexia. J. Res. Read. 29, 213–228. doi: 10.1111/j.1467-9817.2006.00286.x

Halliday, L. F., Barry, J. G., Hardiman, M. J., and Bishop, D. V. (2014). Late, not early mismatch responses to changes in frequency are reduced or deviant in children with dyslexia: An event-related potential study. J. Neurodev. Disord. 6:21. doi: 10.1186/1866-1955-6-21

He, C., Hotson, L., and Trainor, L. J. (2007). Mismatch responses to pitch changes in early infancy. J. Cogn. Neurosci. 19, 878–892. doi: 10.1162/JOCN.2007.19.5.878

Hill, P. R., Hogben, J. H., and Bishop, D. M. V. (2005). Auditory frequency discrimination in children with specific language impairment: A longitudinal study. J. Speech Lang. Hear. Res. 48, 1136–1146. doi: 10.1044/1092-4388(2005/080)

Hoehle, B., Schmitz, M., Santelmann, L. M., and Weissenborn, J. (2006). The recognition of discontinuous verbal dependencies by German 19-month-olds: Evidence for lexical and structural influences on children’s early processing capacities. Lang. Learn. Dev. 2, 277–300. doi: 10.1207/s15473341lld0204_3

Jasper, H. (1958). The ten twenty electrode system of the international federation. Electroencephalogr. Clin. Neurophysiol. 10, 371–375.

Kahta, S., and Schiff, R. (2019). Deficits in statistical leaning of auditory sequences among adults with dyslexia. Dyslexia 25, 142–157. doi: 10.1002/DYS.1618

Kaya, E. M., and Elhilali, M. (2014). Investigating bottom-up auditory attention. Front. Hum. Neurosci. 8:85912. doi: 10.3389/fnhum.2014.00327

Kidd, E., and Arciuli, J. (2016). Individual differences in statistical learning predict children’s comprehension of syntax. Child Dev. 87, 184–193. doi: 10.1111/cdev.12461

Kirkham, N. Z., Slemmer, J. A., and Johnson, S. P. (2002). Visual statistical learning in infancy: Evidence for a domain general learning mechanism. Cognition 83, B35–B42. doi: 10.1016/S0010-0277(02)00004-5

Kraus, N., and Chandrasekaran, B. (2010). Music training for the development of auditory skills. Nat. Rev. Neurosci. 11, 599–605. doi: 10.1038/nrn2882

Kudo, N., Nonaka, Y., Mizuno, N., Mizuno, K., and Okanoya, K. (2011). On-line statistical segmentation of a non-speech auditory stream in neonates as demonstrated by event-related brain potentials. Dev. Sci. 14, 1100–1106. doi: 10.1111/j.1467-7687.2011.01056.x

Kushnerenko, E., Ceponiene, R., Balan, P., Fellman, V., and Naatanen, R. (2002). Maturation of the auditory change detection response in infants: A longitudinal ERP study. Neuroreport 13, 1843–1848.

Lany, J., and Gòmez, R. L. (2008). Twelve-month-old infants benefit from prior experience in statistical learning. Psychol. Sci. 19, 1247–1252. doi: 10.1111/j.1467-9280.2008.02233.x

MacWhinney, B. (2016). “Entrenchment in second-language learning,” in Entrenchment and the psychology of language learning: How we reorganize and adapt linguistic knowledge, ed. H. Schmid (Washington, DC: American Psychological Association), 343–366. doi: 10.1037/15969-016

Männel, C., and Friederici, A. D. (2011). Intonational phrase structure processing at different stages of syntax acquisition: ERP studies in 2-, 3-, and 6-year-old children. Dev. Sci. 14, 786–798. doi: 10.1111/j.1467-7687.2010.01025.x

Männel, C., Schipke, C. S., and Friederici, A. D. (2013). The role of pause as a prosodic boundary marker: Language ERP studies in German 3-and 6-year-olds. Dev. Cogn. Neurosci. 5, 86–94. doi: 10.1016/j.dcn.2013.01.003

Marcus, G. F., Fernandes, K. J., and Johnson, S. P. (2007). Infant rule learning facilitated by speech. Psychol. Sci. 18, 387–391. doi: 10.1111/j.1467-9280.2007.01910.x

Melnik, A., Legkov, P., Izdebski, K., Kärcher, S. M., Hairston, W. D., Ferris, D. P., et al. (2017). Systems, subjects, sessions: To what extent do these factors influence EEG data? Front. Hum. Neurosci. 11:245570. doi: 10.3389/FNHUM.2017.00150

Milne, A. E., Petkov, C. I., and Wilson, B. (2017). Auditory and visual sequence learning in humans and monkeys using an artificial grammar learning paradigm. Neuroscience 389, 104–117. doi: 10.1016/j.neuroscience.2017.06.059

Morr, M. L., Shafer, V. L., Kreuzer, J. A., and Kurtzberg, D. (2002). Maturation of mismatch negativity in typically developing infants and preschool children. Ear Hear. 23, 118–136.

Mueller, J. L., Friederici, A. D., and Männel, C. (2012). Auditory perception at the root of language learning. Proc. Natl. Acad. Sci. U.S.A. 109, 15953–15958. doi: 10.1073/pnas.1204319109

Mueller, J. L., Friederici, A. D., and Männel, C. (2019). Developmental changes in automatic rule-learning mechanisms across early childhood. Dev. Sci. 22:e12700. doi: 10.1111/desc.12700

Oostenveld, R., Fries, P., Maris, E., and Schoffelen, J. M. (2011). FieldTrip: Open source software for advanced analysis of MEG, EEG, and invasive electrophysiological data. Comput. Intell. Neurosci. 2011. doi: 10.1155/2011/156869

Paul, M., Männel, C., van der Kant, A., Mueller, J. L., Höhle, B., Wartenburger, I., et al. (2021). Gradual development of non-adjacent dependency learning during early childhood. Dev. Cogn. Neurosci. 50:100975. doi: 10.1016/J.DCN.2021.100975

Peña, M., Bonatti, L. L., Nespor, M., and Mehler, J. (2002). Signal-driven computations in speech processing. Science 298, 604–607. doi: 10.1126/science.1072901

Pihko, E., Leppänen, P. H. T., Eklund, K. M., Cheour, M., Guttorm, T. K., and Lyytinen, H. (1999). Cortical responses of infants with and without a genetic risk for dyslexia: I. Age effects. Neuroreport 10, 901–905. doi: 10.1097/00001756-199904060-00002

R Core Team (2022). R: A language and environment for statistical computing. Vienna: R Foundation for Statistical Computing.

Rabagliati, H., Ferguson, B., and Lew-Williams, C. (2019). The profile of abstract rule learning in infancy: Meta-analytic and experimental evidence. Dev. Sci. 22:e12704. doi: 10.1111/desc.12704

Reh, R. K., Hensch, T. K., and Werker, J. F. (2021). Distributional learning of speech sound categories is gated by sensitive periods. Cognition 213:104653. doi: 10.1016/J.COGNITION.2021.104653

Rivera-Gaxiola, M., Silva-Pereyra, J., and Kuhl, P. K. (2005). Brain potentials to native and non-native speech contrasts in 7–and 11-month-old American infants. Dev. Sci. 8, 162–172. doi: 10.1111/J.1467-7687.2005.00403.X

Saffran, J. R., Aslin, R. N., and Newport, E. L. (1996). Statistical learning by 8-month-old infants. Science 274, 1926–1928.

Saffran, J. R., Johnson, E. K., Aslin, R. N., and Newport, E. L. (1999). Statistical learning of tone sequences by human infants and adults. Cognition 70, 27–52.

Santelmann, L. M., and Jusczyk, P. W. (1998). Sensitivity to discontinuous dependencies in language learners: Evidence for limitations in processing space. Cognition 69, 105–134. doi: 10.1016/S0010-0277(98)00060-2

Siegelman, N., and Frost, R. (2015). Statistical learning as an individual ability: Theoretical perspectives and empirical evidence. J. Mem. Lang. 81, 105–120. doi: 10.1016/j.jml.2015.02.001

Siegelman, N., Bogaerts, L., Elazar, A., Arciuli, J., and Frost, R. (2018). Linguistic entrenchment: Prior knowledge impacts statistical learning performance. Cognition 177, 198–213. doi: 10.1016/j.cognition.2018.04.011

Studer-Eichenberger, E., Studer-Eichenberger, F., and Koenig, T. (2016). Statistical learning, syllable processing, and speech production in healthy hearing and hearing-impaired preschool children. Ear Hear. 37, e57–e71. doi: 10.1097/AUD.0000000000000197

Teinonen, T., Fellman, V., Näätänen, R., Alku, P., and Huotilainen, M. (2009). Statistical language learning in neonates revealed by event-related brain potentials. BMC Neurosci. 10:21. doi: 10.1186/1471-2202-10-21

The MathWorks Inc. (2018). MATLAB version: 9.5 (R2018b). Natick, MA: The MathWorks Inc. Available online at: https://www.mathworks.com

van der Kant, A., Männel, C., Paul, M., Friederici, A. D., Höhle, B., and Wartenburger, I. (2020). Linguistic and non-linguistic non-adjacent dependency learning in early development. Dev. Cogn. Neurosci. 45:100819. doi: 10.1016/J.DCN.2020.100819

Vasuki, P. R. M., Sharma, M., Ibrahim, R., and Arciuli, J. (2017). Statistical learning and auditory processing in children with music training: An ERP study. Clin. Neurophysiol. 128, 1270–1281. doi: 10.1016/j.clinph.2017.04.010

Vouloumanos, A., and Werker, J. F. (2004). Tuned to the signal: The privileged status of speech for young infants. Dev. Sci. 7, 270–276. doi: 10.1111/J.1467-7687.2004.00345.X

Weber, C., Hahne, A., Friedrich, M., and Friederici, A. D. (2004). Discrimination of word stress in early infant perception: Electrophysiological evidence. Brain Res. Cogn. Brain Res. 18, 149–161.

Weber, C., Hahne, A., Friedrich, M., and Friederici, A. D. (2005). Reduced stress pattern discrimination in 5-month-olds as a marker of risk for later language impairment: Neurophysiologial evidence. Cogn. Brain Res. 25, 180–187.

Weyers, I., and Mueller, J. L. (2022). A special role of syllables, but not vowels or consonants, for nonadjacent dependency learning. J. Cogn. Neurosci. 34, 1467–1487. doi: 10.1162/JOCN_A_01874

Weyers, I., Männel, C., and Mueller, J. L. (2022). Constraints on infants’ ability to extract non-adjacent dependencies from vowels and consonants. Dev. Cogn. Neurosci. 57:101149. doi: 10.1016/J.DCN.2022.101149

Wilson, B., Spierings, M., Ravignani, A., Mueller, J. L., Mintz, T. H., Wijnen, F., et al. (2018). Non-adjacent dependency learning in humans and other animals. Top. Cogn. Sci. 12, 843–858. doi: 10.1111/tops.12381

Winkler, M., Mueller, J. L., Friederici, A. D., and Männel, C. (2018). Infant cognition includes the potentially human-unique ability to encode embedding. Sci. Adv. 4:eaar8334. doi: 10.1126/sciadv.aar8334

World Medical Association (2013). World Medical Association Declaration of Helsinki: ethical principles for medical research involving human subjects. JAMA 310, 2191–2194. doi: 10.1001/jama.2013.281053


Copyright
 © 2024 Mueller, Weyers, Friederici and Männel. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnhum-18-1358380-g002.jpg
NAD Effect

(NGNS

Intensity Effect

254 ms

Fz W T F4

|
|
02 b 04 08s 181 ms





OPS/images/cross.jpg
©

|





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Individual differences in auditory perception predict learning of non-adjacent tone sequences in 3-year-olds



		Introduction



		Materials and methods



		Participants



		Experimental design and stimuli



		Procedure



		EEG recording and analysis



		Statistical analysis







		Results



		NAD learning and intensity effects



		Regression analysis







		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References

















OPS/images/fnhum-18-1358380-g001.jpg
O

1
AXB,

Standard

AXB,

AXB,

AXB,  AXB,

Intensity Deviant

AXB,

NAD Deviant

AX

B, AX B,





OPS/images/fnhum-18-1358380-g003.jpg
NAD effect (uV)

*
R=041

0 2
intensity effect (uV)

NAD effect (uV)

N

(@)

5

standards (uV)





OPS/images/cover.jpg
& frontiers | Frontiers in Human Neuroscience

Individual differences
In auditory perception predict
learning of non-adjacent tone
sequences in 3-year-olds












OPS/images/logo.jpg
’ frontiers | Frontiers in Human Neuroscience







