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Age-related differences in sentence-level lexical-semantic processes have been extensively studied, based on the N400 component of event-related potential (ERP). However, there is still a lack of understanding in this regard at the brain-region level. This study explores aging effects on sentence-level semantic processing by comparing the characteristics of the N400 ERP component and brain engagement patterns within individual N400 time windows for two age groups (16 younger adults aged 24.38 ± 3.88 years and 15 older adults aged 67.00 ± 5.04 years) during sentence processing with different plausibility conditions. Our results demonstrated that the N400 effect according to the plausibility condition occurred in different temporal windows in the two age groups, with a delay in the older group. Moreover, it was identified that there was a distinct difference between the groups in terms of the source location of the condition-dependent N400 effect even though no significant difference was derived in its magnitude itself at the sensor-level. Interestingly, the source analysis results indicated that the two groups involved different functional networks to resolve the same semantic violations: the younger group activated the regions corresponding to the typical lexical-semantic network more, whereas the older group recruited the regions belonging to the multiple-demand network more. The findings of this study could be used as a basis for understanding the aging brain in a linguistic context.
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INTRODUCTION

Although it is well known that linguistic-cognitive difficulties and burdens increase as people age, identifying the specific locus of impairment in finite linguistic levels associated with aging has been somewhat controversial (Abrams and Farrell, 2011). Previous studies have reported that older adults demonstrate greater difficulties in understanding sentences than younger adults due to cognitive decline, particularly involving reduced working memory capacity (Caplan and Waters, 2005; Caplan et al., 2011; DeDe and Flax, 2016). However, several studies argue that while older adults may encounter comprehension impairments, their real-time sentence-processing abilities are preserved until the later stage of aging (Kemtes and Kemper, 1997; Caplan and Waters, 2005; Thornton and Light, 2006). One of the most widely used methods for examining real-time sentence-processing in terms of the brain network system is the language-related event-related potential (ERP) paradigm. This is a method of analyzing the effect of specific sensory or cognitive events using time-locked average signals for the trigger event based on EEG signals that are recorded while sentences or phrases are presented as visual or auditory stimuli (Kutas and Federmeier, 2012).

To date, numerous studies analyzing aging-related effects in sentence-processing by applying the ERP paradigm have mainly focused on lexical-semantic processes based on the N400 component (Kutas and Federmeier, 2011; Wlotko and Federmeier, 2012; Tiedt et al., 2020). The N400 is a component of ERPs that exhibits a relatively negative-going potential compared to a specific reference electrode, which peaks around 400 ms post-stimulus onset and is observed around the central and parietal electrode positions (Tiedt et al., 2020). Conventionally, the N400 has been employed as a potential biomarker to identify lexical-semantic processing (Hajra et al., 2018) with two common indices: peak amplitude and peak latency.

According to more than 30 years of scientific debate, the peak amplitude of N400 reflects the amount of cognitive processing, encompassing access to long-term memory for the retrieval of relevant knowledge and semantic integration (Tiedt et al., 2020). Therefore, it tends to increase when the features of a word or sentence are not congruent with its context; this is referred to as the N400 effect (Kutas and Federmeier, 2000, 2011; Tiedt et al., 2020). Previous studies have reliably shown a reduced N400 effect among older adults compared to younger adults (Federmeier and Kutas, 2005; Federmeier et al., 2010; Payne and Federmeier, 2017) in relation to aging effects on the N400 in semantic processing within a sentential context. Researchers have suggested that this age-related amplitude reduction is attributed to normal aging processes, such as neuroanatomical changes leading to a decreased synchronous firing of neurons (Walhovd et al., 2005; Kemmotsu et al., 2012) or a decline in cognitive resources (Kramer and Kray, 2006; Chapman et al., 2007).

Latency prolongation has also been reported consistently in aging-related N400 studies: the peak latency among older adults tends to be delayed compared to younger adults (Kutas and Iragui, 1998; Federmeier and Kutas, 2005; Wlotko et al., 2010). Researchers have associated these delayed features with slowed information processing (Salthouse, 2000) or less-efficient processing and integration at the higher-order linguistic level (Iragui et al., 1996; Federmeier et al., 2003). In particular, Federmerier et al. have demonstrated that such age-dependent latency changes do not occur monotonically due to delays in the processing phase of sensory input, but can be induced by delays in the linguistic processing phase itself (Federmeier et al., 2003).

As described above, aging effects on the N400 component in the context of lexical-semantic processes have been extensively studied at the EEG sensor-level, identifying characteristic differences between younger and older adults (Kutas and Iragui, 1998; Federmeier and Kutas, 2005; Federmeier et al., 2010; Wlotko et al., 2010; Payne and Federmeier, 2017). Nevertheless, understanding at the brain region-level is still lacking in this regard. Several source-localization studies have reported that the most prominent source of the N400 is the temporal cortex, especially in the left hemisphere (Van Petten and Luka, 2006; Khateb et al., 2010; Geukes et al., 2013; Hajra et al., 2018). However, because these studies were mainly based on data obtained from younger adults, differences at the source-level (brain region-level), which may lead to N400 characteristic differences between younger and older adults observed at the sensor-level, remain unknown.

The current study investigates aging-related dissociation in the N400 on a semantic plausibility task at the sentence level in a verb-final language, using the ERP paradigm and source analyses. This is the first attempt to examine aging effects on semantic processing by combining the features of N400 at the sensor-level and brain activation patterns at the source-level. ERP studies on aging-related semantic processing at the sentence level have primarily focused on how aging moderates the effects of sentential context by manipulating the degree of semantic association between the preceding sentential context and the target word. Those studies have demonstrated that older adults exhibit an age-related reduction in context use compared to younger adults, which indicates that aging populations might have different levels of sensitivity to the process of contextual information. Specifically, words that were weakly associated or incongruent with preceding contextual information elicited a greater N400 effect than strongly associated or congruent words. Those semantic relatedness effects were reduced and delayed in older adults compared to younger adults (Federmeier and Kutas, 2005; Federmeier, 2007; Wlotko and Federmeier, 2012; Dave et al., 2018). Most previous evidence as reviewed above has been obtained from studies of English sentences, in which N400s were primarily driven from sentence-final nouns. However, experimental paradigms from head-initial languages, such as English, cannot be applied to verb-final languages, such as Korean, as targeted in the current study. English follows the canonical Subject–Verb–Object (SVO) word order, whereas Korean is a verb-final language with the Subject–Object–Verb (SOV) word order. Furthermore, Korean allows for the relative freedom of word order with the help of case markers as far as verbs are placed at the end of a sentence, where all semantic and syntactic integrations occurred. Case markers denote the thematic relationship of noun phrases associated with verbs. Due to these cross-linguistic differences, the semantic paradigm for sentence-level ERP studies has been modified in the current study as follows.

We manipulate semantic plausibility by varying the thematic relationship between two noun phrases (NPs) including either the theme or instrumental noun in Korean, which has case marking systems as a postpositional particle. For example, the plausible condition contains sentences such as “cut the paper (theme) with the scissors (instrumental)”, whereas the example sentence used for the implausible condition is “cut the scissors (theme) with the paper (instrumental)”. Here, in the context of being used to cut something, “scissors” is a semantically well-validated instrumental noun, while “paper” is not a semantically plausible instrumental noun. For verb-final languages, syntactic constructions were as follows: (1) Plausible: “scissors”—instrumental case marker (1st NP), “paper”—theme case marker (2nd NP), “cut” (Verb); and (2) Implausible: “paper”—instrumental case marker (1st NP), “scissors”—theme case marker (2nd NP), “cut” (Verb). Manipulating semantic plausibility by changing the instrumentality of the noun property in relation to case markers attached as postpositions is a novel approach to eliciting the N400. This paradigm was previously validated in another cross-linguistic project that employed three languages, specifically English as SVO and both Korean and Japanese as SOV languages (Sung et al., in preparation). In that study, the aging-related differences between SOV and SVO languages were investigated using a sentence-picture matching paradigm in semantic plausibility judgment tasks (plausible vs. less plausible comparisons). The current study modified the previously validated paradigms for eliciting ERP signals, replacing less plausible sentences with implausible sentences that clearly contained semantic violations. This novel semantic violation paradigm may be used in future studies investigating ERP effects in verb-final languages. We first hypothesize that the N400 effect according to the plausibility condition would be elicited, as reported in previous studies. We specifically predict that N400 effects emerge predominantly under the implausible condition which carries an odd semantic relationship between the noun property and its post-positional case marker in relation to the verbs. The results in line with the prediction would contribute to psycholinguistic validation of the semantic violation ERP paradigms in a sentence-level of a verb-final language. We further predict that the aging-related differences of the N400 effect would emerge at both the sensor- and source-levels, with different spatial and temporal resolutions, based on the assumption that aging-related neural changes may induce different brain activation patterns when processing the same semantic violation.



MATERIALS AND METHODS


Participants

The experiment was evaluated and approved by the Institutional Review Board on Human Subjects of Ewha Womans University (2017-09-142-3). All participants gave their informed and written consent prior to experiments and the research was conducted in accordance with current guidelines and the Declaration of Helsinki.

In total 40 subjects [20 younger (age (mean ± SD) = 23.85 ± 4.37 years, range = 18–32, 16 women) and 20 older adults (age = 66.50 ± 4.48 years, range = 60–77, 16 women)] participated in the experiment. All participants were Korean native speakers with normal or corrected-to-normal vision. They were all right-handed with no reported history of neurological or psychiatric diseases and any major medical conditions based on a health screening questionnaire (Christensen et al., 1991). Participants were also screened for cognitive and neuropsychological impairments using the Korean Mini-Mental State Examination (K-MMSE; Kang et al., 2012); no one was excluded from the screening. Younger and older adults showed no significant difference in years of education (younger group = 14.80 ± 1.94 years, older group = 13.65 ± 2.23 years, t(38) = 1.741, p = 0.0897).



Materials

Experimental stimuli comprised 240 sentences in total, with 140 target sentences (70 plausible vs. 70 implausible) and 100 filler sentences. The target sentences were composed of five phrases: an instrumental post-positional phrase (PP), an accusative noun phrase (NP), an adnominal phrase (ADNP), a bound noun phrase, and a stative verb. Korean is a verb-final language with the canonical word order of SOV. In the Korean instrumental structure, arguments are canonically ordered as instrumental–accusative–verb (Im, 2007). Because the verb is placed at the end of a sentence, the effects at the verb always include both the verb effect and sentence wrap-up effect. Thus, to separate the verb effect from that of sentence wrap-up and focus on the effect derived from the verb, at which thematic information for each argument is provided and thus semantic plausibility could be determined, we nominalized the part of the instrumental structure (instrumental–accusative–verb) by transforming the sentence closing ending of the verb into the adnominal form (verb stem + the adnominal marker “nun”) and placing the bound noun “kes” subsequent to the adnominal phrase. We used an identical bound noun and stative verb for all the target sentences. The critical word was the ADNP, at which semantic plausibility is determined.

The target sentences were divided into two conditions: plausible vs. implausible. We manipulated the semantic plausibility by reversing the order of the nouns in the PP and the NP. In the plausible condition, the instrumental nouns were placed with instrumental case marker “lo” in the PP, followed by the theme nouns with the accusative case marker “lul” in the NP. In the implausible condition, the theme nouns were placed with the instrumental case marker “lo” in the PP, followed by the instrumental nouns with the accusative case marker “lul”. The semantic plausibility of the thematic relationship between the PP and the NP was determined based on the verb meaning at the ADNP. Table 1 provides sentence examples for each condition. We followed the Yale Romanization of Korean (Martin, 1992). All nouns in the PP and the NP had a frequency of more than 100, which indicates high-frequency words (Seo, 1998). Paired samples t-test revealed that the nouns in the PP did not significantly differ in frequency compared to those in the NP (t(69) = −0.469, p = 0.6402). Considering that mental fatigue increases throughout the task to which older adults are more vulnerable (Arnau et al., 2017), we divided the 240 sentences into two sets, one of which was alternately administered to participants. Thus, each participant conducted the semantic plausibility task composed of 120 sentences including 35 plausible, 35 implausible, and 50 filler sentences.

TABLE 1. Sentence examples for the experimental conditions.
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Experimental Procedures

Participants’ EEGs were recorded in an electrically shielded room. They were seated in front of a 24-inch LCD monitor and instructed to read each sentence and judge its semantic plausibility as quickly and accurately as possible by pressing a keyboard button. To minimize artifacts on the EEG signal, they were asked to refrain from blinking or moving while sentences were presented. A practice session was administered prior to the experimental session to familiarize participants with the task. The experimental sentences were presented according to the Rapid Serial Visual Presentation paradigm (Figure 1A). Each phrase was presented serially and the last two phrases were provided together in the visual display. The stimuli were displayed in white letters on a black screen for 600 ms and at 400 ms intervals. Next, participants were asked whether the sentence was semantically plausible. The question was presented for a maximum of 7,000 ms until participants pressed a button. The inter-trial interval was 3,000 ms. The sentences were pseudo-randomly presented with the constraint of no more than three consecutive sentences belonging to the same condition. We used E-prime 2.0 software (Psychology Software Tools, Pittsburgh, PA) to display the stimulus and record behavioral responses. The experimental stimuli were divided into four blocks and participants had a short break between each. The experiment took approximately 30 min in total.
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FIGURE 1. Language-related ERP experiment design. (A) Rapid Serial Visual Presentation paradigm. The figure shows the experimental design in which the experimental sentences are divided into four blocks and sequentially presented as visual stimuli, with the plausibility judgment task being performed at the end of the sentence. (B) Head model and EEG electrode placement. The figure shows the three-layer boundary element method head model reconstructed from the MNI ICBM 152 brain template, and the sensor locations on the scalp.



EEG data were recorded using BrainVisionBrainAmp Standard (Brain Products GmbH, Germany) with 32 actiCAP Ag-AgCl electrodes following the International 10–20 system (Fp1, Fp2, F3, F4, C3, C4, P3, P4, O1, O2, F7, F8, T7, T8, P7, P8, Fz, Cz, Pz, FC1, FC2, CP1, CP2, FC5, FC6, CP5, CP6, TP9, and TP10; Figure 1B). A single ground electrode was attached to AFz and two reference channels were attached to the right and left mastoids. The electrooculogram was recorded from an electrode below the right eye. Impedances of electrodes were kept under 10 kΩ and the sampling rate was 500 Hz.



ERP Construction and N400 Analyses

Preprocessing of the recorded EEG data was performed based on the existing preprocessing pipeline1, using the EEGLAB (version 2021.0) with MATLAB (version R2019b). The continuous EEG signals were bandpass filtered at 0.1–50 Hz, and bad channels were removed and replaced through interpolation of neighboring channels (no more than one channel per participant). The signals were then re-referenced to the common average reference, and epoched at −200 to 900 ms for the critical stimuli block, ADNP (stimulus presentation time: 0 ms). After that, signal artifacts due to ocular and muscle activities or hardware system noise were removed based on Independent Component Analysis (ICA). In particular, artifact-contaminated independent components (ICs) were automatically classified using the ICLabel module (Pion-Tonachini et al., 2019), and then the contaminated ICs were finally selected and removed via visual inspection with reference to the classification results. Among the pre-processed segments (epochs), the segments corresponding to the stimuli that showed false responses to the plausibility question were excluded. Segments containing residual significant artifacts or noise were further identified and manually removed.

Then, only data from subjects whose remaining valid stimuli were >70% of the total stimuli (i.e., more than 24 out of 35 sentences) in both conditions were included in the subsequent analyses (n = 16 for younger adults and n = 15 for older adults). All clean segments were baseline corrected using their respective pre-stimulation intervals of −200–0 ms and ERPs were then derived by averaging the segments for all valid stimuli in each condition.

The waveforms of the constructed ERPs were examined in nine regions of interest (ROIs): left anterior (LA; F3, F7, and FC5), middle anterior (MA; Fp1, Fp2, and Fz), right anterior (RA; F4, F8, and FC6), left central (LC; T7, C3, and CP5), middle central (MC; FC1, FC2, and Cz), right central (RC; T8, C4, and CP6), left posterior (LP; P3, P7, and O1), middle posterior (MP; CP1, CP2, and Pz), and right posterior (RP; P4, P8, and O2). Because the results of previous studies (Hajra et al., 2018; Tiedt et al., 2020) and visual inspection of our data demonstrated that the N400 component was relatively clearly observed in the midline channels compared to the lateral channels (see the Results section), peak latencies were measured in MA, MC, and MP regions. These peak detections were carried out at a time window of 250–550 ms for younger adults and 300–750 ms for older adults. The reason for not using the traditional N400 time window for older adults is that delayed N400 was often observed at ~600 ms, especially in the posterior regions; furthermore, this avoids confusion with delayed N200, another component induced by aging-related effects (Elverman et al., 2021). For the amplitude analysis of N400, the mean amplitudes within the 200 ms intervals were calculated, including 100 ms before and after based on the acquired peak latencies. In the amplitude analysis, the mean amplitudes were extracted from all nine ROIs to analyze the electric potential differences in the time window in which the N400 was generated at the entire sensor-level, even though the clear N400s were not observed in all channels. In more detail, considering that peak latencies differed slightly in MA, MC, and MP, we calculated the mean amplitudes by applying the corresponding time windows according to the anteriority.

The derived individual peak latencies and mean amplitudes were statistically compared via three-way mixed ANOVA with a group (younger and older adults), a plausibility condition (plausible and implausible), and a channel region (MA, MC, and MP for the peak latency, and nine ROIs for the mean amplitude) as independent variables. In both analyses, the between-subjects factor was set as the group and the within-subject factors were set as the plausibility condition and channel region. The significance level was defined as p < 0.05 and post-hoc analyses were performed for significant results using paired samples t-test or independent-samples t-test with Bonferroni correction. If the assumption of sphericity was violated, Greenhouse-Geisser correction was applied (Greenhouse and Geisser, 1959). For the statistical analyses, IBM SPSS STATISTICS version 22 was employed. The individual topographic patterns for the N400 were further analyzed using the electric potentials averaged within individual time windows of 200 ms, defined based on the N400 peak latencies in the MP region where both the N400s and condition-dependent N400 effects were clearly observed (see the Results section).



ERP Source Estimation and N400 Source Analyses

Source activities in the brain (cerebral cortex) were estimated from the constructed ERPs of individual participants, using Brainstorm (Tadel et al., 2011). A three-layer boundary element method (BEM) head model was constructed from the MNI ICBM 152 brain template (Fonov et al., 2009, 2011), with the following relative conductivities: scalp = 1.0, skull = 0.0125, and brain = 1.0 (Mahjoory et al., 2017). In the source space, dipoles were placed at each vertex of the triangulated surface mesh with orientations perpendicular to the surface at each vertex of the cerebral cortex. The total number of dipoles (source positions) was 15,002, and the average distance between them was ~4.8 mm. Regarding the EEG sensor placement, the standard coordinate information of actiCAP 32 channels, included as an option in Brainstrom, was employed. Because structural brain images and electrode positions of individual participants were not available here, the head model and sensor placement constructed above were applied to all participants (Figure 1B).

Forward modeling to generate the lead field matrix for source-to-sensor projection was performed via the symmetric BEM implemented in OpenMEEG (Gramfort et al., 2010). Next, inverse modeling to estimate source activities in the brain was conducted using the obtained forward model and averaged ERPs (by condition) of individual participants. Noise covariances were calculated from pre-stimulus recordings (−200–0 ms) of individual trials for each subject, and current densities at 15,002 source locations were then computed for every timepoint of the epoch by applying minimum norm estimation with dynamical statistical parametric mapping (dSPM) normalization (Dale et al., 2000; Tadel et al., 2011, 2019; Stropahl et al., 2018). As a result, for each ERP, the time series of source activities were acquired with the same interval as the epoch (−200 to 900 ms).

Prior to extracting source activation patterns in N400 time windows, spatial smoothing was applied to the estimated source signals of individual subjects, using a Gaussian kernel with a full width half maximum of 3 mm (Tadel et al., 2019). To interpret the estimated current densities in terms of brain activation regardless of polarity, we used absolute current strengths in the analyses (Tadel et al., 2019). The current strengths were then averaged over the individual N400 time windows defined above so that for each subject, N400 source activation patterns for each plausibility condition were derived. Differences in N400 source activation patterns according to plausibility conditions were identified in each group by paired samples t-test using the obtained values at each source (vertex) location (significance level: p < 0.05). The Desikan-Killiany cortical atlas was used to identify regions showing significant differences according to plausibility conditions (Desikan et al., 2006).

Through vertex-wise analyses, regions that revealed marked differences in source activities according to the plausibility conditions in each group were defined as ROIs (significance level: p < 0.01), and further statistical analyses were performed using the averaged current strengths in the corresponding ROIs. The ROI-wise source activities were compared via three-way mixed ANOVA with the group, plausibility condition, and source region as independent variables, as in sensor-level analyses (between-subjects factor = group, within-subject factors = plausibility condition and source region). The significance level was defined as p < 0.05, and the corrected significance thresholds based on Bonferroni correction were used for post-hoc analyses.




RESULTS

Sixteen younger adults and 15 older adults who met the criteria for the number of remaining trials (>70% of the total stimuli, for each condition)—excluding trials with false responses or severe signal artifacts—were included in the analyses (Table 2). The included younger and older adults showed no significant differences in years of education (t(29) = 1.562, p = 0.1291) and K-MMSE scores (t(20.2) = 2.051, p = 0.0534). During EEG preprocessing, the included subjects did not show significant differences between groups in terms of the number of bad channel interpolations (t(29) = −1.518, p = 0.1400) and the number of ICA-based artifact removals (t(29) = −0.749, p = 0.4597). However, there was a significant difference between the two groups in terms of the number of trials included in the analyses (t(29) = 2.050, p = 0.0495).

TABLE 2. Characteristics of participants included in the final analyses.
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Behavioral Analyses

Two-way mixed ANOVA (group * plausibility condition: plausible, implausible) revealed that none of the comparisons were significant: the main effects for the group (F(1,29) = 2.015, p = 0.1664, ɛ2 = 0.020) and the condition (F(1,29) = 2.708, p = 0.1107, ɛ2 = 0.021), and the interaction between them (F(1,29) = 0.587, p = 0.4497, ɛ2 = −0.005). Table 2 presents the task performance by condition in each group.



N400 ERP Analyses


Peak Latency

Three-way mixed ANOVA (group * plausibility condition * channel region: MA, MC, MP) demonstrated a significant main effect for the group (F(1,29) = 43.147, p < 0.0001, ɛ2 = 0.352), with longer latency in the older group (younger group = 391.5 ± 15.7ms, older group = 539.8 ± 16.2 ms); it also yielded a significant main effect for channel region (F(2,58) = 8.537, p = 0.0006, ɛ2 = 0.054), and the post-hoc analysis revealed that N400 latency in the MP region was longer than in the MA and MC regions (MA = 444.4 ± 18.8ms, MC = 443.9 ± 16.5 ms, MP = 508.7 ± 9.1 ms; p = 0.0108 for MP > MA, p = 0.0024 for MP > MC). Neither the main effect for the condition nor the interactions between each factor were significant. Grand-averaged ERPs show the preceding findings at a glance (Figure 2A). Visual inspection from the grand-averaged ERPs suggests that the older group clearly demonstrated the delayed N400, particularly in the MP region across conditions, whereas the younger group did not show considerable differences in N400 latency by the channel region.
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FIGURE 2. Grand-averaged ERPs and N400 topographic patterns. (A) Grand-averaged ERPs according to plausibility conditions in two age groups. The figures show the averaged ERP signals obtained from nine channel groups. The red and blue lines represent the signals acquired in the younger and older groups, and the solid and dotted lines indicate the signals derived from the plausible and implausible condition respectively. LA, left anterior; LC, left central; LP, left posterior; MA, middle anterior; MC, middle central; MP, middle posterior; RA, right anterior; RC, right central; RP, right posterior. (B) N400 topographic patterns in two age groups. The figures present the averaged N400 topographic patterns derived based on individual time windows for the N400. In the sub-figures for each group, the left and middle columns show the results for each plausibility condition, and the right columns exhibit the differences between them (implausible–plausible). The color code indicates the scalp voltage on each channel.





Mean Amplitude

Repeating the three-way mixed ANOVA (group * plausibility condition * channel region: nine ROIs) demonstrated a significant main effect for the channel region (F(3.4,98.3) = 4.086, p = 0.0066, ɛ2 = 0.070). The post-hoc analysis revealed that there were no pairs of channel regions with significant differences in mean amplitude (corrected significance threshold = 0.0013); however, it derived relatively low p values between LP and MP (p = 0.0083) and between MP and RP (p = 0.0055), respectively (LP = 0.377 ± 0.198 μV, MP = −0.826 ± 0.202 μV, RP = 0.463 ± 0.267 μV). The interaction between condition and channel region was also significant (F(4.3, 125.1) = 7.674, p < 0.0001, ɛ2 = 0.030), and post-hoc analysis indicated that the implausible condition generated the N400 with greater amplitude (more negative) than the plausible condition in MP (plausible = −0.442 ± 0.248 μV, implausible = −1.202 ± 0.205 μV, p = 0.0016), RC (plausible = 0.482 ± 0.192 μV, implausible = −0.004 ± 0.201 μV, p = 0.0006) and RP regions (plausible = 0.819 ± 0.286 μV, implausible = 0.134 ± 0.293 μV, p = 0.0015), and the N400 with the smaller amplitude in the LA region (plausible = −0.691 ± 0.289 μV, implausible = 0.201 ± 0.277 μV, p = 0.0001). The ANOVA showed no significance for the main effects for the group and condition, or for other interactions. Figure 2A exhibits the grand-averaged ERPs by plausibility condition in each group, visualizing the former result, i.e., N400 effect identified mainly in the central and posterior regions of the middle and right sides.



Topographic Pattern

For each individual subject, the EEG topographic pattern for the N400 was obtained from the averaged potentials in each channel within the individual time windows, which are defined based on the peak latencies in the MP region where the N400 peak and the N400 effect according to the plausibility conditions were clearly observed. The averaged N400 topographic patterns in the younger group demonstrated that stronger negative potentials occurred in the central-posterior regions under the implausible condition compared to the plausible condition and those negative potentials were biased toward the right side (Figure 2B). In the older group, the differences in the N400 topographic patterns according to the plausibility conditions (implausible–plausible) were generally similar to those in the younger group but were the most pronounced in the middle-central regions (Figure 2B).




N400 Source Analyses

The brain activation patterns of the N400 were defined as the average values of the source-estimated current densities (strengths at each brain node) within individual time windows for each subject. When comparing the activation patterns in the younger group, five regions were found to be more involved in the implausible condition than the plausible condition (p < 0.05): (1) the left temporal cortex [mainly the middle temporal gyrus (MTG)]; (2) the left fusiform gyrus (FG); (3) the left superior parietal cortex (SPC); (4) the bilateral precuneus and cuneus cortices; and (5) the bilateral lateral occipital cortices [mainly the parts adjacent to (1) and the parieto-occipital region] (Figure 3A). Conversely, the left pars opercularis and the inferior part of the left postcentral gyrus were observed as less engaged in the implausible condition.
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FIGURE 3. Differences in brain activation patterns according to plausibility conditions. (A,B) Outcomes in the younger (A) and older (B) groups. In each figure, the left columns present the average results across the whole-brain, indicating brain areas that are more (red) or less (blue) activated in the implausible condition than in the plausible condition. The right columns exhibit the areas with significant differences depending on the plausibility conditions, and the color code indicates p values. The areas that showed distinct differences with significance level p < 0.01 are marked by blue circles. The sub-figure depicts the results in the lateral (left/right) view, superior/inferior view, and medial view (left/right). L-MTG, left middle temporal gyrus, L-FG, left fusiform gyrus, L-SPC, left superior parietal cortex, L-(R-)SMA, left (right) supplementary motor area, L-(R-)PCC, left (right) posterior cingulate cortex.



In the older group, regions including: (1) the right superior frontal gyrus (mainly the posterior part adjacent to the precentral gyrus); (2) the right caudal middle frontal gyrus; (3) the bilateral paracentral lobules; (4) the bilateral posterior cingulate cortices (PCCs); and (5) the right pars opercularis (the part of sulcus adjacent to the rostral middle frontal gyrus) were identified as more involved in the implausible condition than in the plausible condition (p < 0.05; Figure 3B). In contrast, the left FG showed lower source activity under the implausible condition.

Based on the above vertex-wise analyses, the regions that indicated marked differences (p < 0.01) between the plausibility conditions in each group were selected as ROIs, and further statistical analyses were conducted. The posterior part of the superior frontal gyrus, the caudal middle frontal gyrus, and the paracentral lobule identified in the older group were grouped as one ROI, the supplementary motor area (SMA). Therefore, a total of seven ROIs were employed in the analyses (Figure 3): the left MTG (L-MTG), the left FG (L-FG), the left SPC (L-SPC), the left/right SMAs (L-SMA and R-SMA), and the left/right PCCs (L-PCC and R-PCC). Detailed information on ROI locations is provided in Supplementary Figure S1.

Three-way mixed ANOVA (group * plausibility condition * source region: seven ROIs) demonstrated a significant main effect for the plausibility condition (F(1,29) = 5.491, p = 0.0261, ɛ2 = 0.026), with greater source activity under the implausible condition (plausible = 0.741 ± 0.044, implausible = 0.873 ± 0.049). The three-way interaction (group * plausibility condition * source region) was also significant (F(2.9,83.5) = 11.142, p < 0.0001, ɛ2 = 0.048), and post-hoc analysis within each group revealed that the interactions between condition and source region were significant in both groups (younger group = (F(2.8,42.7) = 4.025, p = 0.0144, ɛ2 = 0.029), older group = (F(2.5,34.8) = 7.970, p = 0.0007, ɛ2 = 0.067). Table 3 presents the results of subsequent post-hoc analyses comparing the effect of the plausibility condition for each source region. Considering the corrected significance threshold, 0.0071, L-MTG in the younger group and R-SMA in the older group were found to generate larger source activities under the implausible condition compared to the plausible condition.

TABLE 3. Comparison of source activity according to plausibility condition for each ROI (within each group).

[image: image]




DISCUSSION

The current study investigated aging-related differences in sentence processing containing semantic plausibility manipulations, by employing an ERP paradigm. We manipulated the semantic plausibility by varying the noun property that is marked by the instrumental case markers. By focusing on the N400 components of the acquired ERPs, one of the biomarkers of semantic processing (Hajra et al., 2018), we systematically explored differences between younger and older groups at the EEG sensor-level and brain regional source-level. An overview of the current results showed that significant differences emerged between younger and older groups in the peak latency of N400 and its related source locations, whereas there were no significant group differences in accuracy from the behavioral analyses and in the mean amplitude of N400. It is interesting to note that the accuracy and mean amplitude of N400 turned out to be the outcome variables that did not contribute to differentiating an aging population from the younger group, while the peak latency and the source activation pattern of N400 were identified as the critical factors that elicited aging-related dissociations in the current semantic plausibility paradigm.

In terms of peak latency of the N400, significant group differences were identified from the statistical analysis results, indicating that the peak latency was longer in the older group. These findings are consistent with previous results that reported a clear delay of the N400 in the older group (Kutas and Iragui, 1998; Federmeier and Kutas, 2005; Wlotko et al., 2010). The researchers speculated that the delayed N400 reflects an aging-related decline in processing speed and a reduction in working memory capacity for both information retrieval and integration processes (Salthouse, 1992, 1996; Federmeier and Kutas, 2005; Wlotko et al., 2010). The main effect for the channel region was also significant, indicating longer latency in the posterior region than in the anterior and central regions. Although the interaction between the group and channel region was not statistically significant (p = 0.0620), visual inspection of the grand-averaged ERPs suggests that the characteristics in the older group with a clear delayed N400 in the posterior region may have derived the result. Meanwhile, none of the effects related to the plausibility condition were significant, demonstrating that the delayed feature of N400 in the older group was universally observed. The results may indicate that the peak latency reflects a general slowdown of cognitive processing associated with aging across plausibility manipulations. As we confirmed the delayed peak latency in the older group, we observed a wide range of individual variability for the time window where the N400 component was observed. To take this into account, we individually defined N400 time windows based on peak latencies and employed them for the following analyses.

With respect to the mean amplitude of the N400, the statistical analysis results demonstrated that the main effect of the channel region was significant. Even though post-hoc analysis did not extract the channel region pairs representing significant differences in the mean amplitude among the nine ROIs, relatively low p values were identified between LP and MP regions (p = 0.0083) and between MP and RP regions (p = 0.0055). These results were derived from that the MP region had a lower amplitude than the LP and RP regions, which is consistent with previous studies in which the N400 component was generally observed in the centro-parietal regions (Hajra et al., 2018; Payne and Federmeier, 2018; Tiedt et al., 2020). The effect of the channel region further significantly interacted with the plausibility condition, revealing that the condition-dependent N400 effect (i.e., the larger negative peak under the implausible condition) was mainly induced in the central and posterior regions across the groups. These results are consistent with previous findings that reported that the semantically implausible conditions elicited a larger N400 (Kutas et al., 2007; Kutas and Federmeier, 2011; Hajra et al., 2018; Payne and Federmeier, 2018; Tiedt et al., 2020). The researchers have interpreted the greater N400 as an index to represent greater cognitive demand for resolving semantic anomalies (Kutas et al., 2007; Kutas and Federmeier, 2011). Meanwhile, our study did not yield any statistically significant results in terms of group differences in N400 amplitude. These results are not aligned with those of several previous studies in which the condition-dependent N400 effect was significantly attenuated in older adults (Federmeier and Kutas, 2005; Federmeier et al., 2010; Payne and Federmeier, 2017, 2018; Tiedt et al., 2020). This can likely be attributed to the differences in the characteristics of experimental stimuli. In the current study, we presented a context consisting of two phrases only, including nouns and case markers, and analyzed the N400 at the verb. In contrast, previous studies of English sentences mainly had presented a full sentence or more than a full sentence as context to analyze the N400 at the sentence-final noun. Considering the context input, the current study used relatively shorter sentences, which may have reduced processing demands, leading to reduced age-related differences in the N400 amplitude at the target word. This speculation of a relatively reduced processing demand imposed by the current paradigm is also supported by our behavioral results, where older adults did not significantly differ from the younger group in the semantic plausibility judgment.

Although statistical analysis for the mean amplitude of N400 did not yield significant results for group differences, the topographic patterns of the N400 in the EEG sensor space demonstrated an interesting dissociation between the two groups: in the younger group, the condition-dependent N400 effect was mainly observed in the right-biased central-posterior regions, and in the older group, it was identified around the middle central regions. To scrutinize how those group differences were associated with neural activation patterns at the brain region-level, we further performed source analyses on the N400.

The source estimation results demonstrated that different regions were recruited depending on the plausibility conditions in each group. In the younger group, the left MTG was found to be most clearly engaged in the implausible condition rather than the plausible condition, and the left FG and left SPC were also found to be more involved in the implausible condition with medium to large effect sizes. Given that the current experiment employed the semantic violation paradigm, the results are clearly aligned with previous findings that suggest the left temporal region is the largest source for the N400 effect associated with semantic context (Van Petten and Luka, 2006; Khateb et al., 2010; Geukes et al., 2013; Hajra et al., 2018). Furthermore, the left MTG and left FG that were recruited more under the implausible condition are core areas belonging to the general lexical-semantic networks as reported in previous studies, especially based on functional MRI (Binder et al., 2009; Binder and Fernandino, 2015; Liuzzi et al., 2020).

In contrast, in the older group, the bilateral regions spanning from the posterior regions of the superior frontal gyrus (adjacent to the precentral gyrus) to the medial areas, including the paracentral lobules and PCCs, were found to be more involved under the implausible condition; these patterns were more pronounced in the right-hemisphere than in the left-hemisphere, and in the left-hemisphere, they were mainly observed in the medial areas. These regions considerably overlap with the SMAs that have been reported as core areas for multiple-demand networks (Müller et al., 2015; Davey et al., 2016; Hoffman and Morcom, 2018). In particular, a review on the functions of SMA suggested that the SMA carries out diverse superordinate control functions for language perception and processing, especially when task demands increase (Hertrich et al., 2016). When considering that the implausible condition contains semantic violations, which may impose greater cognitive-linguistic processing demands than the plausible condition, the source analysis results suggest that processing implausible sentences recruits more cognitive resources. It is interesting to note that we found aging-related differences in this regard. Younger adults seemed to rely on the brain regions associated with lexical-semantic functions when resolving semantic violations, whereas older adults seemed to induce more engagement of the brain regions related to controlled attention or superordinate executive functions.

Another interesting difference in group comparisons was right-hemisphere involvement. The source estimation results demonstrated that older adults activated right-hemisphere regions with medium to large effect sizes, which contrasted with younger adults, who engaged the left-lateralized regions. These findings are consistent with previous studies that reported that attenuated activation in the left-hemisphere regions and enhanced activation in the right-hemisphere regions were identified in older adults with respect to control and regulation of semantic processing (Cabeza, 2002; Hoffman and Morcom, 2018). Recruitment of the nondominant hemisphere is generally known to be associated with inefficient or more dedifferentiated neural processing (Morcom and Johnson, 2015; Knights et al., 2021) and to reflect compensatory mechanisms that may contribute to preserving linguistic and cognitive function, especially among older adults (Wingfield and Grossman, 2006; Bergerbest et al., 2009; Cabeza et al., 2018) or in patients with function degradation due to brain damage (Thiel et al., 2001; Riès et al., 2016). Given that the older adults in this study did not show any significant difference from the younger adults in the plausibility judgment, our source analysis results may suggest that older adults could achieve similar task performance to younger adults, by compensating for the under-activation of the left-lateralized core semantic network through the recruitment of the bilateral or right multiple-demand network. In other words, the results demonstrated that older adults rely on more domain-general processing resources to resolve semantic violations, which may support age-related compensation mechanisms based on neurocognitive flexibility (Lövdén et al., 2010; Hoffman and Morcom, 2018).

Meanwhile, further ROI-based statistical analyses more clearly revealed the results for source activities described in the above paragraphs. First, the main effect for the plausibility condition was found to be significant, showing that larger source activities were generated under the implausible condition than the plausible condition, across the groups. The result indicates that more cognitive resources were devoted to processing sentences with semantic violations in both groups. The statistical analyses further identified that the three-way interaction between each factor was significant, and subsequent analyses demonstrated that the two groups activated distinct brain regions when resolving the same semantic violations. In particular, it was confirmed that the younger group actively involved the L-MTG, which is a core region of the lexical-semantic network, whereas the older group recruited SMAs (mainly in the right hemisphere), which are responsible for superordinate control functions, as parts of the multiple-demand network.

To summarize, the current study examined aging-related differences in sentence processing using the semantic violation plausibility judgment paradigm in a verb-final language. Both younger and older groups seemed to recruit more cognitive resources under the implausible condition to resolve semantic conflicts. In contrast, age-related dissociations clearly emerged in the functional networks that each group recruited for resolving the semantic conflicts. To the best of our knowledge, the current study is the first attempt to determine age-group differences through EEG source analyses under the semantic violation paradigm in a sentential level for those who use a verb-final language. Despite a relatively small sample size, it is noteworthy that we found significant group differences with fairly good effect sizes in the peak latency and its related source analyses. In addition to the extension of sample size with language diversities, we suggest that future studies need to further elaborate the approaches of source analyses. In order to identify the differences in the source locations between the two plausibility conditions, the current study analyzed the magnitude differences based on the source current strengths as used in several previous studies (Geukes et al., 2013; Sokoliuk et al., 2019). We presented the results on general N400-related brain activation regardless of the polarity of the source current. However, this approach makes it difficult to explore the underlying mechanisms involving the polarity of the current and to scrutinize how the direction of the current in each brain region is associated with behavioral results. Further studies are required to examine the aging-related group differences at a sentence-level by reflecting the polarity of the source current in larger samples.

The current study delivers some critical implications in that it provides an evidence-based experimental paradigm for researchers who endeavor to elaborate aging studies using ERP and source analyses in a verb-final language. Further studies are required to conduct more in-depth analyses of individual variables such as neuropsychological test scores and demographic characteristics as potentially mediating factors that account for age-related differential patterns of activated brain networks. From the perspective of utilizing multiple EEG characteristics, we suggest that researchers consider employing the power spectral density and functional connectivity (Ewald et al., 2012; Teng et al., 2018; Packard et al., 2020) in addition to the specific component of ERP that we focused on in this study to explore the underlying cognitive mechanisms associated with the aged brain in more detail. Despite some limitations of the study, it has great importance in that it demonstrated that our task paradigm is effective at revealing the aging effects on sentence processing in ERP peak latency and its related brain source identification under the sentential-level semantic violation paradigm in a verb-final language.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, and further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Institutional Review Board on Human Subjects of Ewha Womans University (2017-09-142-3). The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

SA contributed to analysis and interpretation of the data and wrote the main manuscript text. SJO contributed to data acquisition, interpretation of the data, and wrote the main manuscript text. SBJ contributed to interpretation of the data and substantively revised the article. JES contributed to the conception of the work, interpretation of the data, and substantively revised the article. All authors contributed to the article and approved the submitted version.



FUNDING

This research was supported by the National Research Council of Science & Technology (NST) grant by the Korea government (MSIT; No. CAP21051-000), Convergent Technology R&D Program for Human Augmentation through the National Research Foundation of Korea (NRF) funded by the Ministry of Science and ICT (NRF-2019M3C1B8090805), Basic Science Research Program through the NRF funded by the Korea government (NRF-2022R1A2C2005062), Basic Science Research Program through the NRF funded by the Ministry of Education (NRF-2020R1I1A1A01073605), and RP-Grant 2020 of Ewha Womans University.



FOOTNOTES

1^https://sccn.ucsd.edu/wiki/Makoto’s_preprocessing_pipeline



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnagi.2022.877235/full#supplementary-material.



REFERENCES


Abrams, L., and Farrell, M. T. (2011). “Language processing in normal aging,” in The Handbook of Psycholinguistic and Cognitive Processes Perspectives in Communication Disorders, eds J. Guendouzi F. Loncke and M. J. Williams (London: Routledge), 49–73.


Arnau, S., Möckel, T., Rinkenauer, G., and Wascher, E. (2017). The interconnection of mental fatigue and aging: an EEG study. Int. J. Psychophysiol. 117, 17–25. doi: 10.1016/j.ijpsycho.2017.04.003

Bergerbest, D., Gabrieli, J. D. E., Whitfield-Gabrieli, S., Kim, H., Stebbins, G. T., Bennett, D. A., et al. (2009). Age-associated reduction of asymmetry in prefrontal function and preservation of conceptual repetition priming. Neuroimage 45, 237–246. doi: 10.1016/j.neuroimage.2008.10.019

Binder, J. R., Desai, R. H., Graves, W. W., and Conant, L. L. (2009). Where is the semantic system? a critical review and meta-analysis of 120 functional neuroimaging studies. Cereb. Cortex 19, 2767–2796. doi: 10.1093/cercor/bhp055


Binder, J. R., and Fernandino, L. (2015). “Semantic processing,” in Brain Mapping: An Encyclopedic Reference, ed A. W. Toga (Cambridge, MA, USA: Academic Press), 445–454.


Cabeza, R. (2002). Hemispheric asymmetry reduction in older adults: the HAROLD model. Psychol. Aging 17, 85–100. doi: 10.1037//0882-7974.17.1.85

Cabeza, R., Albert, M., Belleville, S., Craik, F. I. M., Duarte, A., Grady, C. L., et al. (2018). Maintenance, reserve and compensation: the cognitive neuroscience of healthy ageing. Nat. Rev. Neurosci. 19, 701–710. doi: 10.1038/s41583-018-0068-2

Caplan, D., and Waters, G. (2005). The relationship between age, processing speed, working memory capacity and language comprehension. Memory 13, 403–413. doi: 10.1080/09658210344000459

Caplan, D., DeDe, G., Waters, G., Michaud, J., and Tripodis, Y. (2011). Effects of age, speed of processing and working memory on comprehension of sentences with relative clauses. Psychol. Aging 26:439. doi: 10.1037/a0021837

Chapman, R. M., Nowlis, G. H., McCrary, J. W., Chapman, J. A., Sandoval, T. C., Guillily, M. D., et al. (2007). Brain event-related potentials: diagnosing early-stage Alzheimer’s disease. Neurobiol. Aging 28, 194–201. doi: 10.1016/j.neurobiolaging.2005.12.008


Christensen, K. J., Multhaup, K. S., Nordstrom, S. K., and Voss, K. A. (1991). A new cognitive battery for dementia: relative severity of deficits in Alzheimer’s disease. Dev. Neuropsychol. 7, 435–449.


Dale, A. M., Liu, A. K., Fischl, B. R., Buckner, R. L., Belliveau, J. W., Lewine, J. D., et al. (2000). Dynamic statistical parametric mapping: combining fMRI and MEG for high-resolution imaging of cortical activity. Neuron 26, 55–67. doi: 10.1016/s0896-6273(00)81138-1

Dave, S., Brothers, T. A., Traxler, M. J., Ferreira, F., Henderson, J. M., and Swaab, T. Y. (2018). Electrophysiological evidence for preserved primacy of lexical prediction in aging. Neuropsychologia 117, 135–147. doi: 10.1016/j.neuropsychologia.2018.05.023

Davey, J., Thompson, H. E., Hallam, G., Karapanagiotidis, T., Murphy, C., Caso, I. D., et al. (2016). Exploring the role of the posterior middle temporal gyrus in semantic cognition: integration of anterior temporal lobe with executive processes. Neuroimage 137, 165–177. doi: 10.1016/j.neuroimage.2016.05.051


DeDe, G., and Flax, J. K. (2016). “Language comprehension in aging,” in Cognition, Language and Aging, ed H. H. Wright (Amsterdam, Netherlands: John Benjamins Publishing Company), 107–133.


Desikan, R. S., Ségonne, F., Fischl, B., Quinn, B. T., Dickerson, B. C., Blacker, D., et al. (2006). An automated labeling system for subdividing the human Cereb. cortex on MRI scans into gyral based regions of interest. Neuroimage 31, 968–980. doi: 10.1016/j.neuroimage.2006.01.021

Durlak, J. A. (2009). How to select, calculate and interpret effect sizes. J. Pediatr. Psychol. 34, 917–928. doi: 10.1093/jpepsy/jsp004

Elverman, K. H., Paitel, E. R., Figueroa, C. M., McKindles, R. J., and Nielson, K. A. (2021). Event-related potentials, inhibition and risk for Alzheimer’s disease among cognitively intact elders. J. Alzheimer’s Dis. 80, 1413–1428. doi: 10.3233/JAD-201559

Ewald, A., Aristei, S., Nolte, G., and Rahman, R. A. (2012). Brain oscillations and functional connectivity during overt language production. Front. Psychol. 3:166. doi: 10.3389/fpsyg.2012.00166

Federmeier, K. D. (2007). Thinking ahead: the role and roots of prediction in language comprehension. Psychophysiology 44, 491–505. doi: 10.1111/j.1469-8986.2007.00531.x

Federmeier, K. D., and Kutas, M. (2005). Aging in context: age-related changes in context use during language comprehension. Psychophysiology 42, 133–141. doi: 10.1111/j.1469-8986.2005.00274.x

Federmeier, K. D., Kutas, M., and Schul, R. (2010). Age-related and individual differences in the use of prediction during language comprehension. Brain Lang. 115, 149–161. doi: 10.1016/j.bandl.2010.07.006

Federmeier, K. D., Van Petten, C., Schwartz, T. J., and Kutas, M. (2003). Sounds, words, sentences: age-related changes across levels of language processing. Psychol. Aging 18:858. doi: 10.1037/0882-7974.18.4.858

Fonov, V., Evans, A. C., Botteron, K., Almli, C. R., McKinstry, R. C., Collins, D. L., et al. (2011). Unbiased average age-appropriate atlases for pediatric studies. Neuroimage 54, 313–327. doi: 10.1016/j.neuroimage.2010.07.033

Fonov, V. S., Evans, A. C., Mckinstry, R. C., and Almli, C. R. (2009). Unbiased nonlinear average age-appropriate brain templates from birth to adulthood. Neuroimage 47:S102. doi: 10.1016/S1053-8119(09)70884-5

Geukes, S., Huster, R. J., Wollbrink, A., Junghöfer, M., Zwitserlood, P., Dobel, C., et al. (2013). A large N400 but no BOLD effect-comparing source activations of semantic priming in simultaneous EEG-fMRI. PloS One 8:e84029. doi: 10.1371/journal.pone.0084029

Gramfort, A., Papadopoulo, T., Olivi, E., and Clerc, M. (2010). OpenMEEG: opensource software for quasistatic bioelectromagnetics. Biomed. Eng. Online 9, 1–20. doi: 10.1186/1475-925X-9-45

Greenhouse, S. W., and Geisser, S. (1959). On methods in the analysis of profile data. Psychometrika 24, 95–112. doi: 10.1007/BF02289823

Hajra, S. G., Liu, C. C., Song, X., Fickling, S. D., Cheung, T. P. L., D’Arcy, R. C. N., et al. (2018). Multimodal characterization of the semantic N400 response within a rapid evaluation brain vital sign framework. J. Transl. Med. 16, 1–11. doi: 10.1186/s12967-018-1527-2

Hertrich, I., Dietrich, S., and Ackermann, H. (2016). The role of the supplementary motor area for speech and language processing. Neurosci. Biobehav. Rev. 68, 602–610. doi: 10.1016/j.neubiorev.2016.06.030

Hoffman, P., and Morcom, A. M. (2018). Age-related changes in the neural networks supporting semantic cognition: a meta-analysis of 47 functional neuroimaging studies. Neurosci. Biobehav. Rev. 84, 134–150. doi: 10.1016/j.neubiorev.2017.11.010


Im, H.-P. (2007). Language typological approach to word order and basic word order of korean. Hum. Res. Inst. 22, 53–120. Available online at: https://www.dbpia.co.kr/Journal/articleDetail?nodeId=NODE01387129



Iragui, V., Kutas, M., and Salmon, D. P. (1996). Event-related brain potentials during semantic categorization in normal aging and senile dementia of the Alzheimer’s type. Electroencephalogr. Clin. Neurophysiol. 100, 392–406.



Kang, Y., Jang, S., and Na, D. (2012). Seoul Neuropsychological Screening Battery-II. Incheon, South Korea: Human Brain Research Consulting Co.


Kemmotsu, N., Girard, H. M., Kucukboyaci, N. E., McEvoy, L. K., Hagler, D. J., Jr., Dale, A. M., et al. (2012). Age-related changes in the neurophysiology of language in adults: relationship to regional cortical thinning and white matter microstructure. J. Neurosci. 32, 12204–12213. doi: 10.1523/JNEUROSCI.0136-12.2012

Kemtes, K. A., and Kemper, S. (1997). Younger and older adults’ on-line processing of syntactically ambiguous sentences. Psychol. Aging 12:362. doi: 10.1037//0882-7974.12.2.362

Khateb, A., Pegna, A. J., Landis, T., Mouthon, M. S., and Annoni, J.-M. (2010). On the origin of the N400 effects: an ERP waveform and source localization analysis in three matching tasks. Brain Topogr. 23, 311–320. doi: 10.1007/s10548-010-0149-7

Knights, E., Morcom, A., and Henson, R. N. (2021). Does hemispheric asymmetry reduction in older adults in motor cortex reflect compensation? J. Neurosci. 41, 9361–9373. doi: 10.1523/JNEUROSCI.1111-21.2021


Kramer, A., and Kray, J. (2006). “Aging and attention,” in Lifespan Cognition: Mechanisms of Change, eds E. Bialystok and F. I. M. Craik (New York: Oxford University Press), 57–69.


Kutas, M., and Federmeier, K. D. (2000). Electrophysiology reveals semantic memory use in language comprehension. Trends Cogn. Sci. 4, 463–470. doi: 10.1016/s1364-6613(00)01560-6

Kutas, M., and Federmeier, K. D. (2011). Thirty years and counting: finding meaning in the N400 component of the event-related brain potential (ERP). Annu. Rev. Psychol. 62, 621–647. doi: 10.1146/annurev.psych.093008.131123


Kutas, M., and Federmeier, K. D. (2012). “Event-related brain potential (ERP) studies of sentence processing,” in The Oxford Handbook of Psycholinguistics, ed M. G. Gaskell (New York: Oxford University Press), 385–406.



Kutas, M., Federmeier, K. D., Staab, J., and Kluender, R. (2007). “Language,” in Handbook of psychophysiology, eds J. T. Cacioppo L. G. Tassinary and G. Berntson (United Kingdom: Cambridge university press), 555–580.


Kutas, M., and Iragui, V. (1998). The N400 in a semantic categorization task across 6 decades. Electroencephal. Clin. Neurophysiol. 108, 456–471. doi: 10.1016/s0168-5597(98)00023-9

Liuzzi, A. G., Aglinskas, A., and Fairhall, S. L. (2020). General and feature-based semantic representations in the semantic network. Sci. Rep. 10:8931. doi: 10.1038/s41598-020-65906-0

Lövdén, M., Bäckman, L., Lindenberger, U., Schaefer, S., and Schmiedek, F. (2010). A theoretical framework for the study of adult cognitive plasticity. Psychol. Bull. 136:659. doi: 10.1037/a0020080

Mahjoory, K., Nikulin, V. V., Botrel, L., Linkenkaer-Hansen, K., Fato, M. M., and Haufe, S. (2017). Consistency of EEG source localization and connectivity estimates. Neuroimage 152, 590–601. doi: 10.1016/j.neuroimage.2017.02.076


Martin, S. E. (1992). A Reference Grammar of Korean: A Complete Guide to the Grammar and History of the Korean Language. Tokyo: Tuttle.


Morcom, A. M., and Johnson, W. (2015). Neural reorganization and compensation in aging. J. Cogn. Neurosci. 27, 1275–1285. doi: 10.1162/jocn_a_00783

Müller, V. I., Langner, R., Cieslik, E. C., Rottschy, C., and Eickhoff, S. B. (2015). Interindividual differences in cognitive flexibility: influence of gray matter volume, functional connectivity and trait impulsivity. Brain Struct. Funct. 220, 2401–2414. doi: 10.1007/s00429-014-0797-6

Packard, P. A., Steiger, T. K., Fuentemilla, L., and Bunzeck, N. (2020). Neural oscillations and event-related potentials reveal how semantic congruence drives long-term memory in both young and older humans. Sci. Rep. 10:9116. doi: 10.1038/s41598-020-65872-7

Payne, B. R., and Federmeier, K. D. (2017). Event-related brain potentials reveal age-related changes in parafoveal-foveal integration during sentence processing. Neuropsychologia 106, 358–370. doi: 10.1016/j.neuropsychologia.2017.10.002

Payne, B. R., and Federmeier, K. D. (2018). Contextual constraints on lexico-semantic processing in aging: evidence from single-word event-related brain potentials. Brain Res. 1687, 117–128. doi: 10.1016/j.brainres.2018.02.021

Pion-Tonachini, L., Kreutz-Delgado, K., and Makeig, S. (2019). ICLabel: an automated electroencephalographic independent component classifier, dataset and website. Neuroimage 198, 181–197. doi: 10.1016/j.neuroimage.2019.05.026

Riès, S. K., Dronkers, N. F., and Knight, R. T. (2016). Choosing words: left hemisphere, right hemisphere, or both? Perspective on the lateralization of word retrieval. Ann. N Y Acad. Sci. 1369:111. doi: 10.1111/nyas.12993

Salthouse, T. A. (1992). Influence of processing speed on adult age differences in working memory. Acta Psychol. (Amst) 79, 155–170. doi: 10.1016/0001-6918(92)90030-h

Salthouse, T. A. (1996). The processing-speed theory of adult age differences in cognition. Psychol. Rev. 103:403. doi: 10.1037/0033-295x.103.3.403

Salthouse, T. A. (2000). Aging and measures of processing speed. Biol. Psychol. 54, 35–54. doi: 10.1016/s0301-0511(00)00052-1


Seo, S. K. (1998). The Frequency of Words in Present Korean. Seoul: Yonsei Institute of Language and Information Studies.


Sokoliuk, R., Calzolari, S., and Cruse, D. (2019). Dissociable electrophysiological correlates of semantic access of motor and non-motor concepts. Sci. Rep. 9:11482. doi: 10.1038/s41598-019-47835-9

Stropahl, M., Bauer, A. K. R., Debener, S., and Bleichner, M. G. (2018). Source-Modeling auditory processes of EEG data using EEGLAB and brainstorm. Front. Neurosci. 12:309. doi: 10.3389/fnins.2018.00309

Tadel, F., Baillet, S., Mosher, J. C., Pantazis, D., and Leahy, R. M. (2011). Brainstorm: a user-friendly application for MEG/EEG analysis. Comput. Intell. Neurosci. 2011:879716. doi: 10.1155/2011/879716

Tadel, F., Bock, E., Niso, G., Mosher, J. C., Cousineau, M., Pantazis, D. (2019). MEG/EEG group analysis with brainstorm. Front. Neurosci. 13:76. doi: 10.3389/fnins.2019.00076

Teng, C., Cheng, Y., Wang, C., Ren, Y., Xu, W., and Xu, J. (2018). Aging-related changes of EEG synchronization during a visual working memory task. Cogn. Neurodyn. 12, 561–568. doi: 10.1007/s11571-018-9500-6

Thiel, A., Herholz, K., Koyuncu, A., Ghaemi, M., Kracht, L. W., Habedank, B., et al. (2001). Plasticity of language networks in patients with brain tumors: a positron emission tomography activation study. Ann. Neurol. 50, 620–629. doi: 10.1002/ana.1253


Thornton, R., and Light, L. L. (2006). “Language comprehension and production in normal aging,” in Handbook of the Psychology of Aging eds J. E. Birren and K. W. Schaire (Amsterdam: Elsevier), 261–287.


Tiedt, H. O., Ehlen, F., and Klostermann, F. (2020). Age-related dissociation of N400 effect and lexical priming. Sci. Rep. 10:20291. doi: 10.1038/s41598-020-77116-9

Van Petten, C., and Luka, B. J. (2006). Neural localization of semantic context effects in electromagnetic and hemodynamic studies. Brain Lang. 97, 279–293. doi: 10.1016/j.bandl.2005.11.003

Walhovd, K. B., Fjell, A. M., Reinvang, I., Lundervold, A., Dale, A. M., Eilertsen, D. E., et al. (2005). Effects of age on volumes of cortex, white matter and subcortical structures. Neurobiol. Aging 26, 1261–1270. doi: 10.1016/j.neurobiolaging.2005.05.020

Wingfield, A., and Grossman, M. (2006). Language and the aging brain: patterns of neural compensation revealed by functional brain imaging. J. Neurophysiol. 96, 2830–2839. doi: 10.1152/jn.00628.2006

Wlotko, E. W., and Federmeier, K. D. (2012). Age-related changes in the impact of contextual strength on multiple aspects of sentence comprehension. Psychophysiology 49, 770–785. doi: 10.1111/j.1469-8986.2012.01366.x

Wlotko, E. W., Lee, C. L., and Federmeier, K. D. (2010). Language of the aging brain: event-related potential studies of comprehension in older adults. Lang. Linguist. Compass 4, 623–638. doi: 10.1111/j.1749-818X.2010.00224.x

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.

Copyright © 2022 An, Oh, Jun and Sung. 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/fnagi-14-877235-g003.gif
B
Younger grouj lausible - plausible Older group (implausi lausible)
Difference in source current strengths  Regions with significant differences Difference in source current strengths  Regions with significant differences
. » . »
N ; . .- M. S .
Lateral (eft) mml(rum) Lateral (left) Lateral (left)  Lateral (right)
. » .

Superior nferior

[ @

5 3 &
Medial (left) Medial (right)  Medial (lef) ° I(right)  Medial (left) Medial (right)  Medial (left)  °






OPS/images/fnagi-14-877235-t003.jpg
ROIs Younger group - Source current density (strength) Older group - Source current density (strength)
Plausible Implausible p value Effect size Plausible Implausible p value Effect size
L-MTG 0668 +0.057 0939 + 0.095 0.0035* 0.764 0897 +0.145 0.731 + 0,068 0.2505 0271
LFG 0668 +0.084 0881 +0.082 00173 0592 0867 +0.105 0.715+ 0,084 02385 0279
L-sPC 0729 +0.066 1.008 % 0.103 00153 0.605 0872 + 0085 0.990 + 0,417 0.4632 0.474
L-SMA 0784 +0.080 0776 + 0.087 0.9308 0.020 0,660 + 0,065 1.001 £ 0.096 0.0124 0649
R-SMA 0.820 £0.079 0853+ 0.111 0.7560 0070 0607 + 0,061 1.047 £ 0.101 0.0067 0719
L-PCC 0727 +£0.092 0695+ 0.085 0.7320 0077 0618+ 0070 0.934+0.118 0.0084 0693
R-PCC 0735 £ 0,091 0695+ 0.083 0.6670 0.007 0627 + 0,081 0.955+0.119 0.0082 0.696

Asterisks indlicate significant differences. L-MTG, left midlle temporal gyrus; L-FG, left fusiform gyrus; L-SPC, left superior parietal cortex; L-(R-JSMA, left (ight) supplementary motor
area; L-(RJPCC, left (right) posterior cingulate cortex. The effect size was presented based on the corrected Cohen’s D (Durlak, 2009).





OPS/images/fnagi-14-877235-t002.jpg
Younger group (1 =16)

Older group (n =15)

Demographic data

67.00 £ 5.04 (range = 60-77)

Age* 24.38 + 3.8 (range = 18-32)

Years of education 1513+ 1.80 13.93+2.34

K-MMSE 2075+ 0.58 20.07 +1.16

EEG preprocessing

Bad channel interpolation none 043+0.35

ICA-based artifact removal 319+ 1.56 3,60+ 1.50

The number of trials included in analyses* 60.13 + 4.81 55.93 + 6.50

Task performance (the number of sentences with true responses)

Plausible condition 3275+ 178 3147 £2.62
3319+ 266 3267 +1.80

Implausible condition

Alcrikor Sncnles vriahias with sl trotes Cifcrintos.





OPS/images/fnagi-14-877235-g002.gif
A

— Younger group, plausible
Younger group, implausible:

vz,

— Older group, plausible

Older group, implausible

iz,

B

RA

ms1

ms)
[ w2 [y
c RC
o SgesA O NI
o0 o w0 a0 eon smolms) (ms) 200 0 20 w0 w0 w0

ms)

Younger group

Plausible Implausible Implausible - Plausible
1) I Iu«w
Older group
Plausible Implausible Implausible - Plausible

1) 2]
N ’ H“





OPS/images/crossmark.jpg





OPS/xhtml/Nav.xhtml


Contents





		Cover



		Aging-Related Dissociation of Spatial and Temporal N400 in Sentence-Level Semantic Processing: Evidence From Source Analyses



		Introduction



		Materials And Methods



		Participants



		Materials



		Experimental Procedures



		Erp Construction And N400 Analyses



		Erp Source Estimation And N400 Source Analyses











		Results



		Behavioral Analyses



		N400 Erp Analyses



		N400 Source Analyses











		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Footnotes



		Supplementary Material



		References

















OPS/images/fnagi-14-877235-t001.jpg
Conditions Sentence examples

Plausible Itis possible to sharpen a pencil with a knife.
khal-lo yenphil-ul
aknife-INS a penci-ACC
implausible Itis possible to sharpen a knife with a pencil.
yenphi-lo khal-ul
apenci-INS aknife-ACC

kkak-nun
sharpen-ADN

kkak-nun
sharpen-ADN

kes-i
thing-NOM

kes-i
thing-NOM

kanungha-ta
is possible-PRES-IND

kanungha-ta
is possible-PRES-IND

The table contains sentence examples in each plausibity condition, and the critical phrases where semantic pleusibity is determined are shaded. ACC, accusative; ADN, adnominel;

IND, indicative mood: INS, instrumental: NOM, nominative; PRES, present.
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