w

oONd O

10
11

12
13

14
15

EFFECTS OF HEALTHY AGING AND GENDER ON THE ELECTROPHYSIOLOGICAL CORRELATES OF
SEMANTIC SENTENCE COMPREHENSION: THE DEVELOPMENT OF DUTCH NORMATIVE DATA
Elissa-Marie Cocquyt®*, Emma Depuydt®, Patrick Santens¢, Pieter van Mierlo®, Wouter Duyck®, Arnaud

Szmalec®® & Miet De Letter?

@ Department of Rehabilitation Sciences, Ghent University, Belgium

b Department of Electronics and Information Systems, Medical Image and Signal Processing Group, Ghent
University, Belgium

¢ Department of Neurology, Ghent University Hospital, Belgium

4 Faculty of Psychology and Educational Sciences, Department of Experimental Psychology, Ghent
University, Belgium

¢ Psychological Sciences Research Institute, Université catholique de Louvain, Louvain-la-Neuve, Belgium

* Corresponding author. Address: Department of Rehabilitation Sciences, Ghent University, Corneel
Heymanslaan 10, B-9000 Ghent, Belgium. E-mail address: ElissaMarie.Cocquyt@UGent.be




16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

Abstract

Purpose: The clinical use of event-related potentials in patients with language disorders is increasingly
acknowledged. For this purpose, normative data should be available. Within this context, healthy aging
and gender effects on the electrophysiological correlates of semantic sentence comprehension were
investigated. Method: One hundred and ten healthy subjects (55 men and 55 women), divided among
three age groups (young, middle-aged and elderly), performed a semantic sentence congruity task in
the visual modality during electro-encephalographic recording. Results: The early visual complex was
affected by increasing age as shown by smaller P2 amplitudes in the elderly compared to the young.
Moreover, the N400 effect in the elderly was smaller than in the young, and was delayed compared to
both middle-aged and young subjects. The topography of age-related amplitude changes of the N400
effect appeared to be gender specific. The late positive complex (LPC) effect was increased at frontal
electrode sites from middle-age on, but this was not statistically significant. No gender effects were
detected regarding the early P1, N1 and P2, or the LPC effect. Conclusions: Especially aging effects
were found during semantic sentence comprehension, and this from the level of perceptual processing

on. Normative data are now available for clinical use.
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1. Introduction

1.1 Event-related potentials in a clinical context

Event-related potentials (ERPs) elicited during language paradigms are increasingly used in a variety of
clinical populations, e.g. patients with aphasia (PWA), Alzheimer’s disease (AD) and schizophrenia
(SCZ). Because of their excellent temporal resolution, ERPs provide an objective measure of the
sensory and cognitive sub-stages of phonological, semantic and grammatical processing. Each ERP
component is characterized by its amplitude (magnitude of the electrical response), latency (timing of
the electrical response) and topography (distribution of the electrical response among the scalp),
which are all parameters sensitive to neural changes. As such, reduced amplitudes, increased latencies
and/or topographical changes are often observed in PWA (Meechan et al., 2021), AD (Joyal et al., 2020)
and SCZ (Wang et al., 2011). This electrophysiological information can be combined with results from
standardized language batteries to obtain a complete picture of language capacities and, if applicable,
to develop a personalized therapy protocol (McWeeny et al., 2020). Moreover, there is increasing
evidence that ERPs 1) are sensitive to detect subtle differences in cognitive processing that are not
detected by behavioral tests (Cocquyt et al, 2021; Stoodley et al., 2006), 2) can be used to monitor
(therapy-induced) neuroplasticity (Cocquyt et al., 2020; Stalpaert et al., 2022) and 3) can be applied as
biomarkers for early disease detection (AD: Horvath et al., 2018; SCZ: Du et al., 2015) or recovery

(aphasia: Ehlers et al., 2015; Nolfe et al., 2006; Silkes & Anjum, 2021).

An implementation of ERPs as a clinical tool requires the availability of well-developed paradigms on
the one hand and normative (i.e. reference) data on the other hand. Previous research showed that
the parameters ‘age’ and ‘gender’ should be taken into account when developing normative data for
linguistic ERP tasks. For the Flemish population, this research has been performed for phoneme
perception (Aerts et al., 2013; 2015), semantic word priming (Cocquyt et al., 2022) and (grammatical)
word order processing (Dorme et al., revised), revealing specific results for each aspect of language (cf.

Table 1). However, this type of research remains lacking for semantic sentence comprehension. Since
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the latter is a crucial aspect in daily life communication, the current study aims to fill this specific
research gap by investigating the effects of increasing age and gender on the electrophysiological

correlates of semantic sentence processing.

1.2 Electrophysiological correlates of semantic sentence comprehension

In ERP studies, semantic sentence comprehension is often examined by means of a semantic sentence
congruity task (SSCT), with or without behavioral verification. In the visual modality, multiple sentences
are presented word by word in the center of a laptop or computer screen. Half of them are semantically
correct (e.g. ‘Bob buys bread at the bakery’), whereas the other half contain a semantic violation at
the end (e.g. ‘Jack has a bucket full of fever’). After the presentation of each sentence, participants can
be asked to indicate whether or not it was semantically correct by means of a button press response.
During an SSCT, the ERP component of utter interest is the N400. The N400 is a centro-parietal,
negative-going waveform reaching its maximum amplitude around 400 ms after the onset of a critical
written word (Kutas & Hillyard, 1982). Its amplitude is sensitive to the preceding context, i.e. semantic
violations elicit larger responses in comparison to words that fit well within the prior sentence.
Generally, the amplitude difference between the ERPs elicited during a semantically violated and
correct condition is called the ‘N400 effect’. Even though the N400 (effect) has been extensively
described, its exact functional correlates remain debated. According to the ‘memory retrieval view’,
the N400 amplitude reflects the effort with which the meaning of words is retrieved from semantic
memory (Lau et al., 2008; Brouwer et al., 2012). The ‘prediction account’ states that healthy individuals
make specific predictions regarding the continuation of a sentence. Whenever such a prediction is
fulfilled, this will result in a reduced N400 amplitude (Delong et al., 2005). Finally, the ‘integration
account’ refers to the ease with which a critical word is integrated within the prior context (Brown &

Hagoort, 1993; Brown et al., 2000).
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Before and beyond the N400, multiple other ERP components are elicited during an SSCT. Nonetheless,
these components have been described to a much lesser extent. The visual P1-N1-P2 complex
precedes the N400 and is a composite of temporally overlapping activations involving the (extra)striate
cortex (Pratt, 2011). Previous ERP studies have shown that the N1 is the earliest component that is
sensitive to the type of visual information, as its amplitude is larger for words (and word-like stimuli)
than for symbols (Bentin et al., 1999; Maurer et al., 2005). In general, the N1 has been linked to
orthographic processing, i.e. the perceptual expertise for recognizing letters and typical sequences of
letters within written word forms (Maurer & McCandliss, 2008). The latter view is supported by
significant correlations between N1 amplitudes and reading proficiency skills in children (Brem et al.,
2013; Maurer et al., 2006). The P2 on the other hand, has been associated with perceptual matching.
As summarized by Evans & Federmeier (2007), this entails the comparison of visual incoming stimuli
to representations stored in memory (Luck & Hillyard, 1994; Nieuwland, 2019) or built from an
accumulating sentence context (Federmeier et al., 2005a). Finally, a post N400 positivity, also termed
late positive complex/LPC or ‘semantic P600’, has been observed in multiple studies. Corresponding
to the N400, the amplitude of the LPC is larger when elicited by semantic violations than by
semantically correct words (i.e. LPC effect). Similarly to the syntactic P600 (Kuperberg, 2007), the LPC
is assumed to index re-analysis (i.e. revising a problematic sentence), repair and/or updating (Brouwer

et al., 2012; Kuperberg et al., 2020; for a review see Van Petten & Luka, 2012).

1.3 Healthy aging effects on semantic sentence comprehension

Healthy aging implies neuroanatomical (Gunning & Brickmann, 2010; Oschwald et al., 2020; Raz et al.,
2005) and functional changes (Cabeza, 2002; Davis et al., 2008; Hoffman & Morcom, 2018; Reuter-
Lorenz & Park, 2014; Spreng et al., 2010), and these have been shown to be related to cognitive
performance. As such, older adults often show a decline in functions such as working memory,

processing speed and task switching (Salthouse, 2010). However, language comprehension is assumed
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to remain relatively intact. At word level, lexical-semantic knowledge (including categorical and
associative relations) is retained with increasing age as shown by behavioral (Giffard et al., 2003) and
electrophysiological priming studies (Cocquyt et al., 2022). At sentence level, behavioral results are
more heterogeneous since both lower (Xu et al., 2017; Zhu et al., 2018, 2019) and similar (or even
higher) accuracy scores (Federmeier et al., 2010; Iragui et al., 1996) in elderly compared to young
subjects have been reported. The latter heterogeneity is probably related to between-task differences
in the required cognitive resources. Electrophysiological studies targeting semantic congruity effects
(i.e. the comparison of ERPs elicited during a congruent and incongruent condition) in the visual
modality reveal significantly reduced amplitudes (Federmeier et al., 2010; Gunter et al., 1992; Iragui
et al., 1996; Kutas & lragui, 1998; Xu et al., 2017; Zhu et al., 2018) and increased latencies of the N400
effect (Federmeier et al., 2010; Gunter et al., 1992; Iragui et al., 1996; Kutas & lragui, 1998; Xu et al.,
2017; Zhu et al., 2018, 2019) in older compared to young participants. Gunter et al. (1992) showed
that these age-related changes were already present in middle-aged subjects (mean age: 56 years),
which clearly emphasizes the need to investigate aging effects on language processing across a broad
age range. Moreover, previous studies did not reveal healthy aging effects on the anterior-posterior
or left-right distribution of the N400 congruity effect. Both young and older participants showed a
dominant N400-effect at centro-parietal electrode sites which was characterized by a right

hemispheric lateralization (Gunter et al., 1992; Iragui et al., 1996; Kutas & Iragui, 1998).

Although less investigated, the effects of healthy aging on the early components elicited during an
SSCT seem to be rather limited. Previous studies reported significantly delayed latencies of the N1
(Kutas & Iragui, 1998) and P2 (Gunter et al., 1992), although the latter applied to the incongruent
sentence condition only. Conversely, no significant effect of aging on the N1 and P2 amplitudes has
been found (Gunter et al., 1992; Kutas et al., 1998). Finally, aging effects on the LPC effect elicited
during an SSCT have been reported by Zhu et al. (2018, 2019) and Xu et al. (2017). The authors
observed a significant LPC effect in elderly participants only. Even though this LPC effect is generally

largest at parietal electrode sites when elicited during an SSCT (Van Petten & Luka, 2012), a
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topographical shift towards frontal electrode sites was present with increasing age (Xu et al., 2017,
Zhu et al., 2019). The interpretation of this finding remains somewhat ambiguous: Zhu et al. (2018)
found a significant positive correlation between the amplitude of the LPC effect and the behavioral
accuracy of participants in the incongruent condition, whereas no significant correlations were found
by Xu et al. (2017) and Zhu et al. (2019). Similarly, Federmeier et al. (2010) observed a frontal LPC
effect in older adults only, but the authors remained inconclusive about the functional significance of

this phenomenon.

1.4 Gender effects on semantic sentence comprehension

In addition to aging effects, differences between men and women in language processing have been a
topic of major interest (Wallentin, 2009). Although anatomical differences between the linguistic
cortex of men and women have been found, e.g. larger superior temporal volumes in women
compared to men (Sowell et al., 2007), these findings should be interpreted with caution since men
show greater variance in brain structures than women across the entire lifespan (Wierenga et al.,
2022). At the functional level, however, men and women seem to use different cognitive strategies
during specific verbal tasks. It has been suggested that women rely on more detailed semantic
processing, and pay more attention to semantic features and relationships (Guillem & Mograss, 2005;
Meyers-Levi & Sternthal, 1991). The latter view is strengthened by electrophysiological research with
women showing larger N400 effects or shorter latencies compared to men during semantic word
priming tasks in the auditory (Cocquyt et al., 2022; Daltrozzo et al., 2007) and visual modality (Wirth
et al., 2007). At sentence level, similar findings (i.e. larger N400 effects in women than in men) have
been observed during an auditory congruity (Daltrozzo et al., 2007) and a who-/what-question-answer
paradigm. In the latter study (Wang et al., 2011), it was shown that women elicited significant N400
effects independent of external cues (i.e. context induced focus and accentuation of the critical word),

whereas men only showed an N400 effect in case of a match between the context induced focus and
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accentuation. Hence, the authors concluded that women ‘engaged in more elaborate semantic
processing compared to men’. Contrastingly to findings on the N400 effect, the LPC effect was larger
in men than in women during the auditory SSCT of Daltrozzo et al. (2007). To the best of our
knowledge, gender effects on the ERPs elicited during an SSCT in the visual modality have not been

investigated.

1.5 Research aims and hypotheses

The goal of the current study is to investigate healthy aging and gender effects on the
electrophysiological correlates of semantic sentence comprehension. More precisely, the effects of
age and gender on the amplitude and latency of different ERP components (P1, N1, P2, N400 and LPC)
elicited during a visual SSCT will be investigated. Moreover, age- and gender-related differences in the
amplitude, latency and topographical distribution of the N400 and LPC effects observed in the
difference waveforms will be examined. This research is performed within the context of developing

normative data for clinical purposes.

2. Methods

2.1 Participants

One hundred and ten healthy individuals (55 men and 55 women) between 21 and 84 years old
participated in this study. All subjects were native speakers of Dutch, right-handed (according to the
questionnaire of Van Strien, 1992) and without a neurological history. Based on self-report, all
participants had intact or corrected vision. Cognitive abilities were screened by means of the Dutch
version of the Montréal Cognitive Assessment (MoCA, Nasreddine et al., 2005). To be included, a
minimum score of 26/30 was required. Two subtests of the Semantic Association Test (SAT, Visch-Brink

et al., 2005) were used to evaluate linguistic (semantic) abilities, i.e. naming and verbal (written word)
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association. All participants reached a minimum score of 25/30, confirming intact semantic processing

skills.

To investigate aging and gender effects, the participants were clustered into three age groups, i.e. the
young (20-39 years, n=40), middle-aged (40-59 years, n=40) and elderly (= 60 years, n=30) (following
Karayanidis et al., 1993 and Kutas et al., 1994). Each age group consisted of an equal number of male
and female subjects. The demographic characteristics of the subjects, as well as the MoCA and SAT
scores, can be found in Table 2. This study was approved by the Ethical committee of the University
Hospital Ghent and all participants signed an informed consent. As a reward, they received a small gift

at the end of the experiment.

[Insert Table 2 here]

2.2 Experimental procedureThe paradigm was an SSCT consisting of 120 sentences. Half of the
sentences were semantically correct (e.g. ‘The carpenter got a compliment from his boss’), whereas
the other half contained a semantic violation at the end (e.g. ‘The plastic bucket is full of fever’). The
stimuli were adapted from Swaab, Brown and Hagoort (1997) and presented in the visual modality.
The syntactic structure of the sentences was matched between both conditions. Moreover,
semantically correct and incorrect sentences were similarly constraining as shown by the results from
a cloze probability test (correct condition: 60.3%, range: 29.9% — 100%, incorrect condition: 54.6%,
range: 29.2% - 100%; see Swaab, Brown and Hagoort, 1997 for a detailed description). The average
sentence length was 8.0 words (correct condition: 8.2 words, incorrect condition: 7.9 words) and most
of the sentences were active (active: n=114, passive: n=6). To be sure that observed differences
between conditions were related to the semantic fit of the final noun, these nouns were matched on
a number of psycholinguistic variables across conditions (Table 3): word frequency (SUBTLEX-NL,

Keuleers et al., 2010), orthographic length, number of orthographic neighbors (CLEARPOND, Marian et
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al.,, 2012), concreteness (Brysbaert et al., 2014), imageability (Van Loon-Vervoorn, 1985), age of

acquisition, valence, arousal, and dominance (Moors et al., 2013).

[Insert Table 3 here]

Participants were comfortably seated in front of a Dell laptop screen. They were instructed to read the
sentences internally and to judge their semantic plausibility. The 120 sentences were presented at
random by means of E-Prime 3 (Psychology Software Tools, Pittsburgh, PA) and divided among seven
blocks with pauses in between. The inter-trial interval was 1500 ms. Before the start of the actual
experiment, participants were familiarized with the test procedure during a practice block consisting

of eight sentences (half of them were correct). These sentences were not used in the analyses.

Each trial started with a fixation cross in the middle of the screen for 1500 ms. The sentences appeared
word by word (white text color on a black background) with each word being displayed for 500 ms,
followed by a black screen for 500 ms. A semantic plausibility judgment had to be made after reading
the final word of each sentence, when the Dutch word ‘Druk’ (‘press’) appeared. Participants had to
press a green (correct condition) or red button (incorrect condition) with their left or right index finger.
The button press response was delayed (i.e. minimum 1 second after the presentation of the final
word), such that action-related potentials could not contaminate the ERPs of experimental interest
(Van Vliet et al., 2014). The allocation of the green and red button was switched for half of the men
and women within each age group. The button press accuracy scores were logged automatically in E-

Prime 3.

2.3 EEG recording

Continuous EEG was recorded from 32 Ag/AgCl scalp electrodes mounted in Easycap electrode caps
(Brain Products, Munich, Germany). The electrode sites were the following: Fp1/2, Fpz, F3/4, F7/8, Fz,

FC1/2, FC5/6, C3/4,T7/8, Cz, CP1/2, CP5/6, P3/4, Pz, TP9/10, POz, O1/2 and Oz. During the recording,

10
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all electrodes were referenced to FCz, whereas AFz was used as the ground electrode. We aimed to
keep all electrode impedances below 10 kQ by using an abrasive electrolyte gel (Abralyt 2000,
Easycap). The continuous EEG data were amplified using a BrainAmp DC/MR plus (Brain Products,

Munich, Germany) and digitized with a sample rate of 500 Hz.

2.4 ERP data analysis

MNE-Python (v1.0.0, Gramfort et al., 2013) was used to analyze the recorded EEG data offline. The
first step was to remove the practice block. Second, the continuous EEG data were band-pass filtered
using an infinite impulse response filter (i.e. zero phase shift Butterworth filter) with half-amplitude
cut-off frequencies of 0.3 and 30Hz and a slope of 12 dB/octave. Also, a notch filter of 50Hz was applied
to remove power line noise. Components related to eye blinks and horizontal eye movements were
automatically isolated and removed by means of Independent Component Analysis (ICA). The data
were re-referenced to the average of the left (TP9) and right mastoids (TP10) to avoid the presence of
a hemispheric asymmetry in the reference (Duncan et al., 2009). Subsequently, the responses elicited
by the critical nouns (i.e. the last word in each sentence) were segmented into epochs of 300 ms pre-
stimulus and 1200 ms post-stimulus, for the semantically correct and incorrect trials separately. Only
trials that were evaluated accurately (button press response), were included for further analyses. All
epochs were baseline corrected, using the 300 ms pre-stimulus period. Next, epochs with artefacts
were automatically rejected using the following criteria: 1) a gradient criterion of 75 uV (the absolute
difference between two adjacent samples cannot exceed 75 pV), 2) a maximal allowed difference of
150 pV between the minimum and maximum voltage in intervals of 200 ms, 3) a minimal and maximal
allowed amplitude of -75 and 75 uV respectively and 4) a low activity criterion of 0.5 pV during 100 ms
(i.e. the difference between the minimum and maximum voltage cannot be less than 0.5 pV during a
time window of 100 ms). Finally, average waveforms were computed for the semantically correct and

incorrect condition separately. In all participants, these averages were based on more than 75% of the
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presented trials (Table 4). In addition, difference waves were created by subtracting the average ERP

to the semantically correct condition from the average ERP elicited during the incorrect condition.

[Insert Table 4 here]

Amplitude and latency values were extracted in component specific time windows at nine electrode
positions (F3, Fz, F4, C3, Cz, C4, P3, Pz and P4, consistent with Cocquyt et al., 2022). The time windows
were determined through the collapsed localizers approach, i.e. using the topography of the average
waveform across both conditions and all participants (Luck & Gaspelin, 2017). For the correct and
incorrect condition, mean amplitudes and 50% fractional area latencies (Luck, 2014) were obtained in
the following time windows: P1 (120-170 ms), N1 (170-230 ms), P2 (230-300 ms), N400 (300-500 ms)
and LPC (500-900 ms). In addition, difference waves (i.e. a subtraction of the average ERPs to the
semantically correct condition from the average ERPs elicited during the incorrect condition) were
created to investigate the N400 and LPC effects. The amplitude and latency of the N400 and LPC effects
were defined as the mean amplitude and 50% signed (N400: negative, LPC: positive) area latency

within their corresponding time windows (N400: 300-500 ms, LPC: 500-900 ms).

2.5 Statistical analyses

IBM SPSS statistics (version 28) was used to perform all statistical analyses. The 0.05 alpha level was
chosen to determine statistical significance. First, effects of aging and gender on the behavioral
accuracy of participants (i.e. number of correct button press responses) during the SSCT was examined

by a univariate analysis of variance (ANOVA) with age group and gender as independent variables.

Second, mean amplitudes of the early ERP components (P1, N1 and P2), the N400 and LPC across the
nine electrode positions (F3, Fz, F4, C3, Cz, C4, P3, Pz and P4) were subjected to a repeated measures

ANOVA with condition (semantically correct versus incorrect) as a within-subject variable and age
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group and gender as between-subject variables. For the N400 effect, the within-subject factor
condition did not apply, but the within-subject factors region (frontal, central and parietal) and
lateralization (left, middle and right) were added to examine possible (aging or gender related)
differences in the topographical distribution. For the LPC effect, a similar analysis was performed, but
to replicate results from previous studies (Xu et al., 2017; Zhu et al., 2018, 2019) only the within-subject

factor region (frontal, central and parietal) was targeted.

Third, the latency of the P1, N1 and P2 across the nine electrode positions (F3, Fz, F4, C3, Cz, C4, P3, Pz
and P4), of the N400 across the centroparietal electrode sites (C3, Cz, C4, P3, Pz and P4) and of the LPC
across the parietal electrodes (P3, Pz and P4) ! were subjected to a repeated measures ANOVA with
condition as a within-subject variable and age group and gender as between subject variables. For all
repeated measures, inhomogeneous covariances (as determined by Mauchly’s test) were
compensated for by applying the ‘Greenhouse-Geisser’ (GG) or ‘Huynh-Feldt’ (HF) correction (epsilon
< 0.75 or > 0.75 respectively; Verma, 2015) if there were more than two levels of a within-subject
factor. In this case, the adjusted p-values, unadjusted degrees of freedom and GG or HF epsilon values
were reported. Finally, latencies of the centroparietal N40O effect and parietal LPC effect were
investigated by a univariate ANOVA with age group and gender as independent variables. Significant
main effects were investigated by post hoc multiple comparisons with a Bonferroni correction,
whereas the nature of significant interactions was explored by Bonferroni corrected simple main

effects (Field, 2009).

! Latency values were averaged across C3, Cz, C4, P3, Pz and P4 for the N40O (effect) and across P3, Pz and P4 for
the LPC (effect) as these components are typically largest at centroparietal and parietal electrode sites
respectively during semantic sentence comprehension tasks (Kutas & Federmeier, 2011; Van Petten & Luka,
2012).
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3. Results

3.1 Behavioral results

Table 5 provides an overview of the mean accuracy scores per condition for men and women of each
age group. No significant main effects of age group (F(2, 104) = 0.07, p > 0.05) and gender (F(1, 104) =
3.59, p > 0.05), nor a significant interaction between both variables (F(2, 104) = 0.84, p > 0.05), could
be detected regarding the button press accuracy scores (total). The same findings apply to the accuracy
scores in the correct (main effect of age group: F(2, 104) = 0.67, p > 0.05; main effect of gender: F(1,
104) = 3.33, p > 0.05; age group x gender: F(2, 104) = 0.56, p > 0.05) and incorrect condition (main
effect of age group: F(2, 104) = 0.36, p > 0.05; main effect of gender: F(1, 104) = 0.90, p > 0.05; age

group x gender: F(2, 104) = 0.84, p > 0.05) separately.

[Insert Table 5 here]

3.2 Electrophysiological results

The grand average waveforms elicited during by the critical words during the correct and incorrect
condition within each age group are presented in Figure 1. The target words elicited an early visual
complex consisting of a C1, P1, N1 and P2. In this paper, the C1 component is not of interest and will

not be further discussed. Beyond the P2, an N400 and post-N400 positivity (LPC) could be observed.

[Insert Figure 1 here]

3.2.1 P1-N1-P2

Table 6 provides an overview of the statistical results regarding the early components. The
corresponding normative data can be found in Appendix A. P1 amplitudes were significantly higher in

the incorrect than in the correct condition (main effect of condition: F(1,104) =4.67, p < 0.05), whereas
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for the N1 there was no significant difference between conditions. For both components, neither age
group nor gender had a significant effect on the amplitude. Regarding the P2, mean amplitudes were
higher in the correct than incorrect condition (main effect of condition: F(1, 104) = 28.05, p < 0.001).
This difference was larger in the young and middle-aged group compared to the elderly group
(condition by age group interaction: F(2, 104) = 4.54, p < 0.05). Moreover, the main effect of age group
was significant (F(2, 104) = 3.80, p < 0.05). Post hoc pairwise comparisons revealed significantly lower
P2 amplitudes in the elderly compared to the young group (mean difference: 1.4 uV, 95% Cl: 0.1 - 2.7,

see Figure 1).

P1, N1 and P2 latencies did not statistically differ between the correct and incorrect condition. Also,

no significant age group or gender effects were detected.

[Insert Table 6 here]

3.2.2 N400 (effect)

The statistical results and normative data can be found in Table 7 and Appendices B (amplitude and
latency) and C (topography) respectively. Across conditions, there were no significant effects of age
group and gender on the N400 amplitude and latency. As expected, N400 amplitudes were significantly
larger for the incorrect than for the correct condition (main effect of condition: F(1, 104) = 220.21, p <
0.001). The interaction between condition and age group was significant (F(2, 104) = 8.10, p < 0.001)
and even though simple main effects showed that a significant effect of condition (i.e. the N400 effect)
was present in each of the three age groups (p < 0.001), the between condition difference became
smaller with increasing age. Moreover, the latency of the N400 was significantly shorter for the correct
than for the incorrect condition (main effect of condition: F(1, 104) = 8.10, p < 0.01), independent of

the age group or gender.
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Although there was an N400 effect in each age group (observed in the difference waveforms), its
amplitude was modulated by increasing age (Figure 2, Appendix D), as reflected by the significant main
effect of age group (F(2,104) = 8.10, p < 0.001). Post hoc pairwise comparisons showed that the elderly
had a significant smaller N400 effect in comparison to the young subjects (mean difference: 1.2 uV,
95% Cl: 0.5 - 2.0). There was no significant main effect of gender, nor a significant interaction between
age group and gender (Figure 4, Appendix E). Similar to findings on the amplitude, the latency of the
N400 effect was subjective to aging as shown by the significant main effect of age group (F(2, 104) =
10.15, p < 0.001). Post hoc pairwise comparisons revealed that the N400 effect was significantly
delayed in elderly compared to both the young (mean difference: 21 ms, 95% Cl: 10-32 ms) and middle-
aged subjects (mean difference: 13 ms, 95%Cl: 2-24 ms). Regarding the topographical distribution of
the N400 effect (Figure 3), a significant main effect of region (F(2, 208) = 18.88, p < 0.001, GG epsilon
=0.61) and lateralization (F(2, 208) = 26.37, p < 0.001, HF epsilon = 0.84) was found as well a significant
region by lateralization interaction (F(4, 416) = 11.04, p < 0.001, HF epsilon = 0.87). Simple main effects
revealed that the N400 effect was significantly larger at central (p < 0.001) and parietal electrodes (p
< 0.05) than at frontal sites. Moreover, the N400 effect was significantly larger at the midline (p <
0.001) and right electrode positions (p < 0.001) in comparison to left electrode positions. The
amplitude of the midline and right N400-effect did not statistically differ. The latter applied to
centroparietal sites only since the frontal N400 effect was significantly larger at the right than at the
midline (p < 0.001). Finally, a significant three way interaction between region, age group and gender
(F(4,208) =3.53, p<0.05, GG epsilon =0.61) showed that young women had significantly smaller N400
effects compared to elderly women at frontal, but not at central and parietal electrode sites. Whereas
in men, the opposite result was observed, i.e. significantly smaller N400 effects in young men

compared to elderly men at central and parietal, but not at frontal electrode sites.

[Insert Figures 2, 3 and 4 here]

16



379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

3.2.3 Late positive complex (effect)

Across conditions, the LPC amplitude was not affected by age group, but it was larger in women than
in men (mean difference: 0.9 uV, 95% Cl: 0.1 — 1.7) as shown by the main effect of gender (F(1, 104) =
493, p < 0.05). For the LPC latency across conditions, there were no significant between-gender
differences, but the main effect of age group (F(2, 104) =9.23, p < 0.001) revealed a significantly higher

latency in the elderly compared to the young group (mean difference = 34 ms, 95% Cl: 15-53 ms).

Regarding between-condition differences, the main effect of condition (F(1, 104) = 30.51, p < 0.001)
revealed significantly larger LPC amplitudes for the incorrect than for the correct condition (i.e. LPC
effect), independent of the age group or gender. Parallel with the N40O0 latency, the latency of the LPC
was significantly shorter for the correct than for the incorrect condition (main effect of condition: F(1,

104) = 8.99, p < 0.01), in both young, middle-aged and elderly men and women.

The topographical distribution of the LPC effect (i.e. difference wave) was characterized by a parietal
maximum as shown by the main effect of region (F(2, 208) = 18.09, p < 0.001, GG epsilon = 0.62). Visual
inspection suggested a larger LPC effect in the elderly and middle-aged compared to the young, and
this especially at frontal electrode sites (Figure 3). However, this was not borne out by a significant
main effect of age group (p = 0.09) or region by age group interaction (p = 0.2). In addition, no
significant effect of gender could be detected (Figure 4). Finally, the latency of the LPC effect did not
statistically differ between age groups, or between male and female subjects. The statistical findings
and normative data are reported in Table 7 and Appendices B (amplitude and latency) and C

(topography) respectively.

[Insert Table 7 here]
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4. Discussion

The current study aimed to investigate healthy aging and gender effects on the electrophysiological
correlates of semantic sentence comprehension in the visual modality. The results showed that aging
has an important effect on multiple ERP components elicited during an SSCT, whereas between-gender
differences are minimal. This research occurred within the context of developing normative data for

subsequent clinical use in patients with brain damage.

4.1 Aging effects on semantic sentence comprehension

In contrast to the absence of significant aging effects on the early P1 and N1 components, the
amplitude of the P2 was reduced in elderly compared to young adults. Although significant P2
reductions have not been observed in previous studies using an SSCT (Gunter et al., 1992; Kutas &
Iragui, 1998), the authors reported on the difficulty to examine the P2 statistically due to overlap with
subsequent ERPs (Kutas & Iragui, 1998). Interestingly, our findings do correspond to Federmeier et al.
(2005b) and Wlotko & Federmeier (2012). Their tasks, consisting of semantically congruent sentences
presented in either two constraint conditions (strong versus weak, Federmeier et al., 2005b) or across
a broad range of cloze probabilities (Wlotko et al., 2012), revealed significantly smaller, frontal P2
responses in the older subjects than in the young. Our study expands these findings by showing that
age-related reductions of the P2 occur for both semantically congruent and incongruent conditions,
and are not limited to frontal electrode positions. Together, these results suggest that aging effects
during semantic sentence comprehension start at the level of perceptual matching, i.e. the comparison
of incoming information to representations built from the available context. However, we should
consider the possibility of a partial overlap between the P2 and N400 (see Nieuwland, 2019) since the
latter can start as early as 250 ms after the onset of a critical word (Hagoort et al., 2003). This could
also explain why P2 amplitudes were more positive (or less negative in terms of the N400) in the

semantically correct condition. Moreover, all the participants reported normal or corrected vision, but
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this was not properly evaluated, which can be seen as a limitation of this study. Even though no
behavioral accuracy differences between age groups were present and no aging effects were detected
for the P1 and N1 components, age related changes in visual word processing (e.g. Finnigan et al.,
2011) might have contributed to the observed P2 amplitude reduction (as well as to the N400 effect

amplitude reduction and latency increase) in the elderly.

A significant N400 effect was present in each of the three age groups. However, with increasing age,
there was a clear amplitude reduction, leading to a significantly smaller N40O0 effect in older compared
to young adults. In women, this was observed at frontal electrode sites and, in men, at centroparietal
sites. Based on the behavioral findings (button press accuracy scores), no aging related decline in
semantic sentence comprehension could be detected. However, ERPs revealed (gender specific) age
related neuroplasticity and, possibly the use of compensation mechanisms (see 4.1, LPC effect). A
higher sensitivity of ERPs to detect (subtle) deficits has been suggested in previous research (Cocquyt
et al, 2021; Stoodley et al., 2006), hence, this cannot be ruled out in the elderly group. Decreased
amplitudes of the N400 effect in older adults correspond to the (fMRI-based) findings of Hoffman &
Morcom (2018). In their meta-analysis on age-related neural changes during semantic processing, a
reduced activation of (among others) the left inferior frontal gyrus and the posterior temporal cortex
(including the medial temporal gyrus) was found, regions that have been postulated as potential
generators of the N400 (Halgren et al., 1994; Johnson & Hamm, 2000; Lau et al., 2008; Van Petten &
Luka, 2006). A significantly decreased N400 effect in older adults has been observed in previous
experiments with both low (Federmeier et al., 2010; Iragui et al., 1996; Kutas & Iragui, 1998) and higher
working memory demands (Xu et al., 2017; Zhu et al., 2018, 2019), and were generally interpreted as
a decline in semantic processing (Xu et al., 2017), or more specifically as a decreased/less efficient
reliance on prediction mechanisms during language comprehension (Federmeier et al., 2010; Zhu et

al., 2018) or poor integration of information within a semantic context (Iragui et al., 1996; Kutas &
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Iragui, 1998; Zhu et al., 2018, 2019), corresponding to the prediction (Delong et al., 2005) and
integration account (Brown & Hagoort, 1993; Brown et al., 2000) to explain the underlying mechanisms
of the N400 (effect). Since the current paradigm was not designed to specifically target one of these
accounts, both declined prediction and integration abilities could have contributed to the reduced
N400 effect in the elderly. Remarkably, Gunter et al. (1992) observed amplitude reductions of the N400
effects from middle age on, but this was not confirmed in our study. A possible explanation for this
discrepancy could be the age range under investigation. Gunter and colleagues included participants
between 50 and 67 years, whereas ‘middle-aged’ corresponded to subjects between 40 and 59 years
in our study. Moreover, Gunter et al. matched their participants regarding verbal I1Q, but no cognitive
screening was performed. In our study, we used a rather strict cutoff score on the MoCA, namely 26/30
as recommended by Nasredinne et al. (2005). More recently, it was shown that a cutoff score of 23/30
is more optimal in terms of specificity and diagnostic accuracy (Carson et al., 2018). Hence, our
participants can be considered as cognitively high performers, which could also have contributed to

the observed difference with the results from Gunter et al. (1992).

Regarding the latency of the N400, shorter latencies for the correct than for the incorrect condition
were present in the three age groups. The same result was observed for the LPC occurring later in time.
These findings show that words that fit within the prior context are processed more efficiently, and
this independent of age. Contrarily, the latency of the N400 effect was significantly delayed in the
elderly compared to both the young and middle-aged subjects. The latter finding is in line with previous
research (Federmeier et al., 2010; Iragui et al., 1996; Kutas & Iragui, 1998; Xu et al., 2017; Zhu et al.,
2018), although peak latency measures were consistently used in these studies to quantify the timing
of the N400 effect. Currently, it is well known that ERP peaks are not very reliable as they are highly
influenced by the amount of included trials and the presence of noise. Therefore, fractional area
latencies provide a better alternative (Luck, 2014). In addition to peak measures, Iragui et al. (1996)
also examined aging effects on the 50% fractional signed (negative) area latency in the time-window

200-800 ms, and found significantly higher latencies in older compared to young subjects as well. Our

20



479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

findings in the time-window 300-500 ms correspond to theirs. Moreover, the observed delay cannot
be explained by a delay of earlier processes, as we could not find a significant delay in the P1, N1 and
P2 latencies. The latter is in contrast with the observations by Kutas et al. (1998) and Gunter et al.
(1992), who found a significant delay of the N1 and P2 (incongruent condition) respectively. These
authors extracted peak latencies at different electrode sites (N1: occipital, P2: frontal) and in slightly

different time-windows (N1: 100-200ms, P2: 200-300 ms), which could explain our divergent results.

Interestingly, Federmeier & Kutas (2005b) stated that individual differences in the timing of the N400
effect in older adults could be linked to between-subject differences in executive abilities. In more
detail, the authors found that the N400 effect peak latency was negatively correlated with the reading
span, such that older adults with higher reader spans had a smaller delay of the N400 effect. We were
not able to (dis)confirm these findings since working memory capacities were not explicitly assessed
in this study. To gain insights into inter-individual differences in the timing (and size) of the N400 effect,
future research should include a proper neuropsychological test battery targeting multiple executive
abilities (e.g. inhibition, attention and working memory). Executive test scores should then be

correlated with more reliable ERP parameters (e.g. mean amplitudes and fractional area latencies).

Regarding the topographical distribution, the N400 effect was characterized by a centroparietal
maximum and was largest over the right hemispheric electrode sites, which corresponds to previous
studies using a semantic congruity paradigm in the visual modality (Gunter et al., 1992; Hagoort et al.,
2003; Kutas & Hillyard, 1982). Remarkably, no significant main effect of aging on the topography of the
N400 effect was found, which is also in line with previous ERP research (Gunter et al., 1992; Iragui et
al., 1996; Kutas & lragui, 1998). In the context of numerous descriptions of age-related changes in
semantic neural networks (Hoffman & Morcom, 2018), this result may seem rather odd. However, the
latter observations mainly stem from spatial imaging techniques, and such insights are not obtained

by basic ERP research.
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Finally, although not statistically significant, an interesting observation in this study was the increase
of the LPC effect in middle-aged and elderly participants compared to the young, and this especially at
frontal electrode sites. The latter pattern has been observed multiple times in previous studies
(Federmeier et al., 2010; Xu et al., 2017; Zhu et al., 2018, 2019), but a clear interpretation remains
lacking. The LPC is generally linked to re-analysis, repair and/or updating (Kuperberg et al., 2020; Van
Petten & Luka, 2012). Although it remains debated whether a posterior to anterior shift of neural
activity is a compensatory or maladaptive mechanism (see Grady, 2012 for a review), the observed
increase of the (frontal) LPC effect in our study could be compensatory in nature, as along significantly
reduced amplitudes of the P2 and N400 effect, no significant differences between the behavioral
accuracy scores (button press responses) of young, middle-aged and elderly subjects were found. To
confirm this hypothesis, future research should include correlations between accuracy scores and LPC
effect amplitudes, as the currently available findings are contradictory (Xu et al., 2017; Zhu et al., 2018,
2019). The latter analysis was not performed in this study due to the (very) high accuracy in all subjects
(Table 5). Moreover, a comparison of LPC effects elicited by (a similar amount of) correctly and

incorrectly judged trials would be beneficial to gain insights on this matter.

4.2 Gender effects on semantic sentence comprehension

Compared to aging effects, research towards the effects of gender on semantic processing is more
limited. At the behavioral level, women and men often obtain similar accuracy scores (e.g. Cocquyt et
al.,, 2022), parallel with the observations in this study. However, previous studies reported on
significantly larger or earlier N40O effects in women than in men, elicited during auditory (Cocquyt et
al., 2022; Daltrozzo et al., 2007) and visual word priming (Wirth et al., 2007), as well as during an
auditory sentence congruity (Daltrozzo et al., 2007) and a who-/what-question-answer paradigm
(Wang et al., 2011). Differences in cognitive strategy, i.e. more attention to semantic features in

women than in men, have been premised as a possible explanation. Contrastingly, our sentence
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congruity task in the visual modality revealed no significant main effect of gender regarding the size or
timing of the N400 effect. Although it is difficult to draw conclusions from our null result, several
variables might have influenced our result. First of all, a different input modality and differences in the
ERP analysis (e.g. chosen time-windows) could be possible explanations for our deviating result.
Second, it is remarkable that three of the four previous experiments (Daltrozzo et al., 2007; Wang et
al., 2011; Wirth et al., 2007) did not require a behavioral reaction, like the congruity evaluation (button
press response) in our study. More precisely, all our participants were explicitly instructed to judge the
semantic congruity of each sentence, which might have led to an increase of attention to semantic
properties in men, possibly reaching a similar level as women. Apparently, to reach this goal, the task
should require a relatively high amount of cognitive resources (e.g. working memory, attention) as well
since Cocquyt et al. (2022) observed significantly larger N400 effects during associative word priming
in women than in men, even though this task included a semantic relatedness evaluation. This should,
however, be affirmed in future studies. Hence, whereas women spontaneously seem to engage in
elaborated/detailed semantic processing, the used experimental stimuli and presence of explicit task

instructions may have an important influence in men.

Lastly, we observed larger LPC amplitudes in women than in men across both conditions, but no
significant influence of gender was found on the LPC effect. Conversely, in one previous study using an
auditory sentence congruity task (Daltrozzo et al., 2007), men displayed larger LPC effects compared
to women, due to men’s higher suppression of the LPC during congruent sentences. Although the
findings of Daltrozzo and colleagues should be interpreted with some caution because their sample
size was smaller (i.e. 10 men and 10 women), the absence of task demands accompanied smaller N400
effects in men than in women, which could have led to a higher need for repair or updating (as

reflected by the LPC effect) in men. Again, a replication of this finding in future studies is needed.
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4.3 Clinical added value of normative electrophysiological data for semantic sentence

comprehension

In this study, healthy aging and gender related differences in the electrophysiological correlates of
semantic sentence comprehension were examined in the context of developing normative data for
clinical purposes. In future research, the current SSCT will be used in patients with stroke-related
aphasia. Significant correlations between the N400 congruity effect and the severity of language
comprehension deficits can be expected (Chang et al., 2016; Kawohl et al., 2010). Importantly, our
paradigm has already been used successfully in patients with primary progressive aphasia (PPA). More
precisely, the elicited N40O effect revealed additional insights on top of the behavioral language tests,
and helped to differentiate patients with the nonfluent/agrammatic PPA variant from patients with
the logopenic or semantic variant (Stalpaert et al., 2021). Moreover, the N400 effect seems to be
sensitive to therapy-induced neuroplastic changes (Stalpaert et al., 2022). Both studies of Stalpaert
and colleagues support the use of ERPs (including the N400) during the diagnostic evaluation and
follow-up of semantic processing abilities. The availability of normative data will facilitate the

interpretation of ERP parameters in patients.

5. Conclusion

This study shows that especially aging has an important effect on the electrophysiological correlates
of semantic sentence processing. Whereas no behavioral deterioration could be detected, amplitudes
of the P2 and N400 effect were smaller in elderly than in young subjects. Moreover, the N400 effect
was significantly delayed in older compared to middle-aged and young adults. Future research should
target whether an increased LPC effect is present in middle-aged and older adults and whether it is
compensatory in nature. Finally, the availability of normative data will be an added value to map and

monitor language functions in patients with brain damage.
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