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Abstract: Semantic deficits are common in individuals with Alzheimer’s disease (AD). These deficits
notably impact the ability to understand words. In healthy aging, semantic knowledge increases but
semantic processing (i.e., the ability to use this knowledge) may be impaired. This systematic review
aimed to investigate semantic processing in healthy aging and AD through behavioral responses
and the N400 brain event-related potential. The results of the quantitative and qualitative analyses
suggested an overall decrease in accuracy and increase in response times in healthy elderly as
compared to young adults, as well as in individuals with AD as compared to age-matched controls.
The influence of semantic association, as measured by N400 effect amplitudes, appears smaller in
healthy aging and even more so in AD patients. Thus, semantic processing differences may occur in
both healthy and pathological aging. The establishment of norms of healthy aging for these outcomes
that vary between normal and pathological aging could eventually help early detection of AD.
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1. Introduction

Semantic knowledge refers to our general knowledge about the world. Semantic processing or
semantic cognition enables us to use this knowledge in order to understand the meaning of words,
recognize objects in the environment and perform cognitive tasks, such as identifying the presence or
absence of links between concepts [1-3].

Patients with Alzheimer’s disease (AD) are known to display semantic deficits [4,5].
Nevertheless, it is yet unclear whether these semantic deficits are specific to AD or common to
both pathological and healthy aging. Indeed, in healthy aging, semantic knowledge has long been
considered intact since it increases with age [6,7]. However, recent studies suggest that semantic
processing may decline with age [8]. Some studies observed decreased accuracy in semantic tasks
which require an explicit use of semantic knowledge in elderly as compared to younger adults [9-11],
whereas other studies found similar accuracy for both age groups (e.g., [12-14]). This raises the
consequential question of whether such potential decline in semantic processing in healthy aging is
similar or not (and, if so, to which extent) to the observed deficits in AD.

One of the brain correlates known to be associated with semantic processing is the N400
event-related potential (ERP). Specifically, the N400 amplitude and peak latency represent the levels
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and timing of semantic activity in long-term memory that is elicited by a given stimulus relative to
baseline states of activity [15]. Notably, stimuli for which semantic information has been recently
preactivated through feature overlap with associated stimuli typically induce a reduction in the N400
amplitude in comparison to a control condition (e.g., with nonassociated stimuli). There is also the N400
effect, which is an index of semantic processing calculated as the amplitude difference between two
semantic conditions (e.g., semantically associated and nonassociated stimuli; [15]). It has been reported
that patients with AD showed decreased N400 effects as compared to healthy elderly adults [16-18] and
that healthy elderly adults displayed decreased N400 effects as compared to young adults (e.g., [19-21]).
Some studies indicated that the reduction in the N400 effect is due to smaller (i.e., less negative) N400
amplitudes for semantically unrelated or incongruent stimuli. This was found in AD patients [22,23] and
elderly adults [10,24], although larger N400 amplitudes were also found for semantically congruent or
predictable stimuli in these populations [25,26]. It remains unclear whether the N400 effect differences
observed in healthy and pathological aging are due to changes in the processing of stimuli that
are highly associated (e.g., rabbit—carrot), weakly associated (e.g., bird—carrot) or both. In sum,
itappears important, when studying semantic processing, to consider several semantic related measures
(e.g., behavioral accuracy and response time; N400 amplitude, latency, and effect), as well as the studied
semantic conditions (e.g., high vs. weak semantic association).

The goal of this systematic review was two-fold: (1) to investigate whether behavioral performance
of semantic processing in healthy elderly is intact, different or impaired as compared to young adults,
and (2) to identify whether the well-characterized semantic deficits seen in AD reflect normal aging or
are specific to AD. In order to address these goals, we compared behavioral (accuracy and response
time) and N400 related measures (N400 amplitude, latency, and effect) during tasks that involve
semantic processing between healthy older and younger adults, as well as between AD and healthy
elderly adults. We postulate that if healthy elderly adults display similar behavioral performance
as compared to that of younger adults, then semantic processing can be considered to be intact
in healthy aging. This would be the case even if behavioral performance differs from the N400
related measures. Behavioral performance may rely on other brain substrates than the N400 related
measures, indicating potential brain reorganization [27]. If healthy elderly adults display different
behavioral performance as compared to that of younger adults but similar to that of AD individuals,
this would indicate that what we see in AD is not specific to AD and reflects normal (albeit exacerbated)
aging. If healthy elderly adults display different behavioral performance as compared to that of younger
adults and different to that of AD, this will indicate that what we see in AD may be specific to AD
and differ from normal aging. Ultimately, the identification of the semantic conditions (e.g., highly or
weakly associated stimuli) that may differ between normal and impaired aging could allow us to detect
early and better monitor the evolution of pathological aging.

2. Materials and Methods

We conducted this review following PRISMA guidelines [28]. The PRISMA checklist is provided
in Supplementary Material (Table S1).

2.1. Literature Search

We conducted a systematic database search in PubMed, PsycINFO and Embase on articles
published before 7 February 2020 using both controlled vocabulary and keywords terms related to
concepts of “N400” and “Aging” or “Alzheimer’s disease (AD)”. Detailed search terms are provided
in Supplementary Materials (Table S2) for each database. This database search resulted in a total of
10,775 abstracts for potential inclusion.

2.2. Selection Criteria

In a first phase of selection, two independent reviewers (M], CG) read titles and/or abstracts
and excluded articles (a) not reporting original data (e.g., reviews, meta-analyses, opinion letters),
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(b) not assessing a group of healthy older participants or a group of participants with a diagnosis
of AD, (c) not measuring the N400 event-related potential, (d) not implementing a semantic task
with the manipulation of a semantic variable, and (e) not written in English. This left a total of
392 original studies. Two reviewers then performed a full text screening (M], CB) and further excluded
328 of the 392 studies due to the preceding reasons or if the studies (f) had no statistical comparison
with a control group (i.e., a group of younger participants to be compared with the healthy elderly
group, or a group of healthy elderly participants to be compared with an AD group), (g) presented
different conditions collapsed in the N400 statistical analysis, making it impossible to isolate the effects
of the semantic variable manipulated, (h) had insufficient information, preventing us from assessing all
eligibility criteria, and (i) were not published in peer-reviewed journals, since unpublished studies tend
to show lower methodological quality than peer-reviewed articles [29,30]. In case of disagreement,
a third reviewer (MW) performed the screening to help reach a final decision. This procedure led
to the inclusion of 64 studies in the review (Figure 1). In order to perform the statistical analyses
of the quantitative review, we needed to extract mean values (i.e., group means of performance) for
experimental outcomes of interest from the articles in the review. These mean values were reported in
42 studies out of the 64 retained for the present review. These studies were thus those included in the
quantitative analysis. The 64 articles were included in the qualitative review.
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Figure 1. Schematic overview of the study selection procedure in this systematic review.

2.3. Quantitative Analysis

We extracted mean amplitudes and latencies of the N400, as well as accuracy scores and mean
response times (RTs) in semantic judgment tasks, for each group and semantic association condition.
We extracted data from the text, tables or figures of the articles. We tested potential interactions between
age and semantic association by entering each outcome reported by >10 studies into separate univariate
ANOVAs with fixed factors Group (older vs. younger or AD vs. aged-matched controls) and Semantic
association (highly vs. weakly associated) and the random factor study. Of note, we pooled together
congruent, related, associated, matched and predictable target stimuli in the high association condition,
as they share semantic links with the preceding prime stimuli. Consequently, we included incongruent,
unrelated, nonassociated, mismatched and unpredictable target stimuli in the weak association
condition. We also included the sample size as a weight variable in the ANOVAs, as previously
done by Ali et al. [31]. In case of a significant interaction, we performed simple effects tests. We also
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extracted mean amplitudes and latencies of the N400 effect for each group (since N400 effect measures
are typically calculated from the difference wave between two semantic conditions, there is no factor
of semantic association). If the N400 effect amplitudes were not available but N400 amplitudes were
reported, we calculated the N400 effect for each group by subtracting the N400 amplitude for highly
associated stimuli from the amplitude for weakly associated stimuli. When the amplitude and latency
of the N400 effect could be extracted or calculated for >10 studies, we performed separate univariate
ANOVAs with the fixed factor Group (older vs. younger or AD vs. aged-matched controls), the random
factor study and the sample size as weight variable.

When values were available for multiple age groups in a single study, we extracted values from the
older and younger adult groups. Additionally, when there were multiple conditions (e.g., two different
types of semantic links), we chose only one representative condition (e.g., “nonmetaphorical
semantic link” rather than “metaphorical semantic link”) for the quantitative analysis in order
to give each study the same number of experimental conditions. Furthermore, when values were
available for more than two levels of semantic links (e.g., best completion vs. related/sense vs.
related/nonsense vs. unrelated/nonsense), we extracted mean values of the conditions with the
strongest (e.g., best completion) and weakest (e.g., unrelated/nonsense) levels of semantic links.
Statistical analyses were performed using SPSS 25 (SPSS Inc., Chicago, IL, USA). We considered
p-values <0.05 as statistically significant.

2.4. Qualitative Review

We collected data relative to study design, participants, materials and procedures, as well as the
behavioral and N400 outcomes on semantic tasks. Specific attention was given to key elements of
materials and procedures that should be reported in EEG studies [32]. When the information was not
clearly identifiable, we considered it as not reported. We only reported results obtained from statistical
comparisons between groups of participants and simple effects tests.

3. Results

Please refer to Tables A1 and A2 provided in the appendix for the main characteristics of the
studies included in this review for the healthy and AD groups, respectively.

3.1. Study Design

All articles reviewed described observational studies, mostly case-control studies (n = 56).
Some were observational studies with a single group of older participants (n = 6), but they referred
to another article in which the same materials and procedures were used with a group of young
participants, from which we could extract the data. One study can be characterized as a proof of
concept study and another one as a correlational study.

3.2. Participants

The 64 retained articles included a total of 1097 healthy elderly participants (mean age = 67.7 years old,
5D =5.9), 1060 healthy younger participants (mean age = 23.4 years old, SD = 5.6) and 181 AD participants
(meanage =71.7 yearsold, SD =8.1). These samples were respectively composed of 53.7%, 53.2% and 49.6%
of females. The mean number of years of education was reported in 33 studies (older = 14.6 years,
younger = 15.2 years, AD = 13.2 years). In some studies, groups were matched for age (AD vs.
controls; n = 6), sex (n = 5) and education (n = 16). AD participants were at a mild or moderate
stage of the disease (this information was unavailable in four studies). AD participants had mean
scores at the Mini-Mental State Examination (MMSE; [33]) ranging from 16.5 to 25.1 (mean = 21.6,
SD =2.9). None of the studies reported any sample size calculation, but two reported some justification
of the sample size (e.g., greater number of older participants to better equate power in the two
samples). Twenty-one studies reported the exclusion of participants. At least 47 elderly participants,



Brain Sci. 2020, 10, 770 6 of 40

17 AD participants and 22 younger participants were excluded, mainly due to excessive artefacts in
electroencephalographic (EEG) data.

3.3. Materials and Procedures

3.3.1. Stimuli

In most of the studies, stimuli were sentences with the target word in the final (n = 24), medial (n = 6)
or varying positions (n = 1). Other experimental tasks involved word pairs (1 = 15), picture pairs (n = 5),
or word-picture/picture-word pairs (n = 4). Other studies included phrases followed by a target word
(n = 5), series of five words (n = 1), word triplets (n = 2), single words (1 = 3) or number pairs (1 = 1).
Target stimuli were either presented visually (n = 52), auditorily (n = 11) or both (n = 1). Word stimuli
were in English (1 = 36), Dutch (n = 6), Chinese (n = 5), French (n = 2), Swedish (n = 2), German (n = 2),
Hungarian (n = 1), Finnish (n = 1), Korean (n = 1) or in two different languages within the same task
(n = 2). From the 57 studies which involved an experimental task with words as targets, 34 matched
stimuli across some conditions for at least one psycholinguistic variable (e.g., word length, frequency).
Of note, psycholinguistic characteristics of words were reported in nine additional studies, although
no statistical tests were performed for the matching of stimuli.

3.3.2. Experimental Tasks

The included studies used various tasks, including semantic judgment (i.e., making a decision
about the meaning of stimuli; n = 35), reading (n = 19), listening (1 = 5), lexical decision with semantic
priming (n = 3), recognition memory (n = 1) or a conceptual combination and frequency-comparison
tasks (n = 1). The number of semantic conditions in these tasks varied from 2 to 6. Almost all
studies (n = 63) measured semantic association, by means of at least one of the following factors:
stimuli congruence (congruent vs. incongruent, n = 30), relatedness (related vs. unrelated, n = 14),
predictability/expectancy (expected vs. unexpected, n = 12), matching (match vs. mismatch, n = 5),
association (high vs. low, n = 4), plausibility (plausible vs. implausible, n = 2), correctness (correct vs.
semantic anomaly, 7 = 1) or synonymy (synonym vs. nonsynonym, n = 1). Some studies measured the
influence of other semantic variables: semantic link (metaphorical or idiomatic vs. nonmetaphorical
or literal n = 2; category vs. antonymy, n = 2), concreteness (concrete vs. abstract, n = 2), typicality
(high vs. low, n = 1), category level (superordinate vs. basic vs. subordinate, n = 1) or semantic
selection demand (high vs. low, n = 1). The number of trials per condition ranged from 22 to 256
(mean = 70.1, SD = 48.3). In 47 studies, targets were presented for a fixed amount of time, ranging from
100 to 2000 ms. In other studies, the presentation time of targets varied between trials or conditions
(n = 5) or targets remained on the computer screen until the participant responded or a time limit was
reached (n = 4). Experimental tasks required a response from the participants at each trial in 47 studies
and on filler trials in one study. In other studies, no response was required during the task, but in
most cases participants had to perform a recognition or recall memory test between blocks (1 = 4) or
after the end of the task (n = 9). Of note, whether participants had to respond or not was unclear in
one study. From the 47 studies which required a response during the task, participants had to respond
by button press (n = 37) or verbally (n = 8). Response modality was not reported in two studies.
Of note, 25 studies designed their task so participants’ responses were delayed primarily to reduce
movement artefacts.

3.3.3. EEG Recording

The number of electrodes used for the EEG recordings varied from 3 to 128 (mean = 27.4, SD = 21.5).
Fifty studies reported the name of the EEG system they used and 27 reported the name of the EEG
software. Impedances during recordings were kept below 5 k() in most studies (1 = 32), but 21
studies did not report this information. Data were referenced to the average of both mastoids (n = 34),
linked earlobes (1 = 12), the nose (1 = 5), the right mastoid (n = 4), the left mastoid (n = 3), the right
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earlobe (1 = 1) or the average of all electrodes (n = 4). The reference electrodes were not mentioned
in one study. Sampling rates ranged from 100 to 1024 Hz (mean = 347.6, SD = 245.5) but were not
reported in three studies.

3.3.4. Preprocessing

EEG data were high-pass filtered in the majority of studies (n = 47), with cut-off values between
0.01 and 1.25 Hz (mean = 0.23, SD = 0.30). EEG data were low-pass filtered in all studies, mostly with
cut-off values of 100 Hz (n = 23) and 30 Hz (n = 15), although the cut-off varied between 8 and 300 Hz
(mean =73.2, SD = 49.9). Epoch duration ranged from 750 to 2200 ms (mean = 1137.5, SD = 315.9) after
target onset. Epochs were computed to a relative prestimulus baseline (mean = 151.1 ms, SD = 115.9) in
44 studies. All studies removed or corrected EEG artefacts, using one or more of the following methods:
correction of ocular artefacts (1 = 31), removal of trials based on thresholds (1 = 29), visual inspection
(n = 23) or independent component analysis (1 = 9). Of note, methods used to remove contaminated
trials were not described in eight studies. Twenty-nine studies reported the number or percent of trials
removed and 12 studies reported the mean or minimum number of remaining trials.

3.3.5. Statistical Analysis

Reviewed studies measured mean amplitude (n = 54), peak amplitude (n = 14), peak latency
(n = 29), fractional area latency (n = 5), individual ERP topographies (1 = 2) or electrical field strength
(n = 1) of the N400 or N400 effect (i.e., difference wave between two semantic conditions, such as
congruent vs. incongruent). Time-windows for the analysis of the N400 varied, with a starting point
between 200 and 800 ms and an ending point between 276 and 1000 ms. Twenty-five studies used a
single time-window for all groups of participants and experimental conditions, whereas time-windows
varied in other studies. The time-window was not reported in two studies. A total of 36 studies
provided a justification for the choice of the time-window (based on visual inspection or data driven,
n = 19; based on previous studies, n = 10; or both, n = 6). The number of electrodes considered for
the analyses of the N400 varied from 1 to 128 (mean = 14.6, SD = 16.5). Data were either analyzed
for each individual electrode (n = 36), the average of a single group of electrodes (1 = 7), or multiple
regions of interest (n = 21). Forty studies provided some justification for the selection of the electrodes
included in the statistical analyses. The justifications were mostly based on previous studies (1 = 24) or
on visual inspection/data driven (e.g., analyzed electrodes with the largest peak amplitudes; n = 13).
Most studies reported ANOVAs to analyze the effects of age/group or semantic condition on the N400
(n = 50). Other statistical tests used were linear mixed-effect models (n = 5), t-tests (n = 6), multivariate
analysis of variance (n = 4), regression analysis (n = 2), analysis of covariance (n = 1), topographic
analysis of variance and randomization tests (1 = 1) or Kruskall-Wallis tests (1 = 1). From the 56 studies
which performed multiple comparisons, 21 reported the use of a correction method to control for type
1 error (Bonferroni, n = 8; Tukey, nn = 5; False discovery rate, n = 2; Newman-Keuls, n = 2; Fischer’s least
significant difference, n = 2; Scheffé, n = 1; Jackknife correction, n = 1). From the 53 studies which
performed repeated measures analyses, 42 used an epsilon correction (Greenhouse-Geisser correction,
n = 29; Huynh-Feldt, n = 13).

In what follows, we present the behavioral and N400 results of the present systematic review
for healthy participants followed by those of Alzheimer’s disease patients. For the sake of simplicity,
for each section, we produced a general summary of the results, followed by the quantitative analyses
and the qualitative review. We will only present the results of the main effects of interest age/group and
semantic association and their interaction. For a more detailed summary of interactions or age/group
effects related to other semantic variables (e.g., concreteness), we refer the reader to Tables A1 and A2.
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3.4. Behavioral and N400 Outcomes on Semantic Tasks

3.4.1. Behavioral Accuracy

For the healthy elderly, the quantitative results of the studies grouped together show lower
accuracy in older than younger adults for semantic association, regardless of the stimuli, but the
qualitative review indicates that only a few studies found significant main effects of age. For AD
patients, the qualitative review indicates poorer performance in semantic judgment tasks as compared
to healthy control groups, possibly affecting trials with both highly and weakly associated stimuli.

Quantitative Analyses

We carried out analyses from the 18 studies that reported mean accuracy scores as a function of
age and semantic association. There was a small to moderate main effect of age (univariate ANOVA,
p = 0.001, np? = 0.18), see Table 1, indicating lower accuracy scores in older as compared to younger
participants (older: mean = 90.52%, SEM = 1.73; younger: mean = 92.93%, SEM = 1.47). There were no
significant main effects of semantic association (p = 0.28, np2 = 0.02) or of the interaction between age
and semantic association (p = 0.22, np2 =0.03).

Table 1. Results of univariate ANOVAs and tests of simple effects for comparisons between older and

younger healthy adults.
Outcome Factor df FValue  p Value np?
Age 1/51 11.435 0.001 * 0.183
A Semantic association 1/51 1.192 0.280 0.023
ceuracy Age X Semantic

ge > >em 1/51 1.523 0.223 0.029

Association
Study 17/51 19.647 0.000 ** 0.868
Age 1/33 25.934 0.000 ** 0.440
Semantic association 1/33 15.505 0.000 ** 0.320

RTs Age X Semantic

. 1/33 0.323 0.574 0.010

Association
Study 11/33 78.584 0.000 ** 0.963
Age 1/60 4.338 0.042 * 0.067
Semantic association 1/60 64.889 0.000 ** 0.520
Age x Semantic 1/60 11128  0001*  0.156

N400 amplitude Association
High association: O vs. Y 1/20 0.764 0.392 0.037
Weak association: O vs. Y 1/20 13.272 0.002 * 0.399
Older: High vs. Weak 1/20 52.716 0.000 ** 0.725
Younger: High vs. Weak 1/20 77.119 0.000 ** 0.794
Study 20/60 16.497 0.000 ** 0.846
. Age 1/30 89.605 0.000 ** 0.749

400 effect litud
N400 effect amplitude Study 30/30 5287 0.000% 0841
Age 1/11 51.393 0.000 ** 0.824
400 eff 1

N400 effect peak latency Study 11/11 12476 0.000* 0926

Note: df: degrees of freedom; RTs: Response times; O: Older; Y: Younger. * p < 0.05; ** p < 0.001.

For patients with Alzheimer’s disease, accuracy was reported as a function of group and semantic
association in only six studies. Therefore, we did not perform statistical analyses for accuracy.

Qualitative Review

Overall, accuracy was measured as a function of age group in 26 studies in which participants
performed a semantic judgment task, see Figure 2. From them, 17 studies found no main effect
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of age, six studies reported a main effect of age (five found lower accuracy for older than younger
participants, whereas one found greater accuracy in older than younger groups), two studies did not
report the significance of this effect, and one study did not report statistical comparisons for accuracy.
Seventeen studies (without an AD group) investigated the main effect of semantic association. Nine of
them found a main effect of semantic association (five found higher accuracy for highly than weakly
associated stimuli, two found higher accuracy for weakly than highly associated stimuli, and two
found more complex interactions involving more than two conditions), seven found no main effect of
semantic association and one did not report the significance of this effect. Nineteen studies investigated
the interaction between age and semantic association. Twelve of them found no interaction, six found
a significant interaction, and one did not report the significance of this interaction. From the six studies
that found significant interactions, two found a smaller effect of semantic association in older than
young participants (with a numerical advantage for weakly vs. highly associated stimuli in the young
group), two found a larger effect of semantic association in older than young participants (with a
numerical advantage for highly vs. weakly associated stimuli in the older group) and two found more
complex interactions involving more than two conditions.

A 3 18 20
- 16 1 18 1
3
14 16
" 20 12 7 ONR - 14 ONR
aNR I o
8 g 0 NS 5 12 12 oNS
=
2 18 17 ans 2 a % 10
n r g 2 s @More complex effects
<) m0>Y ° @More complex effects § 8
=z 10 Z 6 mLarger effect of SAin
mO<Y mHigh > Weak 6 2 ovsY )
5 4 ) 4 mSmaller effect of SA in
- 5 5 mHigh < Weak - ovsY
5 2
2
0 0 0 <
Main effectof age (n = 26) Main effectof semantic Interaction Age x Semantic
association (n = 17) association (n = 19)
B 12 7 5
10 6
4
0 8 w s 3
@ € 4 ONR @ 3
2 g DONS
2 6 2 3
S I3 ONS w 3
5 10 mAD<Cll 3 5 mLarger effect of SA in
z 4 z 1 @ More complex effects =z 2 AD vs Ctrl
2
B High < Weak
2 1 1
1 1
0 0 0
Main effect of group (n = 10) Main effect of semantic

Interaction Group x Semantic

association (n = 6) association (n = 4)

Figure 2. Qualitative results for behavioral accuracy: main effects of age/group, semantic association
and the interaction group x semantic association. (A) Studies including older and younger groups
of participants. (B) Studies including Alzheimer’s disease (AD) participants and control groups. N of
studies: Number of studies; O: Older; Y: Younger; AD: Alzheimer’s disease; Ctrl: Control group(s);
NS: No significant effect; NR: Statistical significance not reported; SA: Semantic association.

All studies (n = 10) that compared accuracy in semantic judgment tasks between AD participants
and control groups found a significant main effect of group with lower accuracy in AD participants.
From these studies, six included a factor of semantic association in the analyses. Two of them found a
main effect of semantic association (one found greater accuracy for weakly vs. highly associated stimuli
and one found more complex interactions involving more than two conditions), one found no main
effect of semantic association and three did not report whether the main effect of semantic association
was significant or not. Four studies analyzed accuracy with factors of group and semantic association
in the same statistical model. From them, only one found a significant interaction with a greater effect
of congruence in AD participants as compared to the control groups, induced by a greater impairment
for incongruent than congruent stimuli. The three other studies found no significant interaction.
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3.4.2. Behavioral Response Times

Both the quantitative results and qualitative review indicate longer RTs in older adults as compared
to younger participants, regardless of the semantic association between stimuli. For AD patients,
the qualitative review indicates that the AD group shows longer RTs in semantic judgment tasks and
possibly a greater effect of semantic association as compared to healthy elderly participants.

Quantitative Analyses

We conducted quantitative analyses from the 12 studies that reported RTs as a function of age and
semantic association using semantic judgment tasks. There was a large main effect of age (univariate
ANOVA, p < 0.0001, np2 = 0.44) and a moderate to large main effect of semantic association (p < 0.001,
np2 = 0.32), see Table 1. RTs were longer in older than younger participants (older: mean = 952.44 ms,
SEM = 67.80; younger: mean = 840.25 ms, SEM = 75.38). RTs were shorter for highly than weakly
associated stimuli (high: mean = 857.63 ms, SEM = 68.48; weak: mean = 935.06 ms, SEM = 75.71).
The interaction between age and semantic association was not significant (p = 0.57, np? = 0.01).

RTs were available as a function of group and semantic association in only three studies involving
an AD group and using semantic judgment tasks. Thus, we did not conduct statistical analyses.

Qualitative Review

Overall, RTs were measured as a function of age group in 18 studies using semantic judgment
tasks, see Figure 3. Ten of them found main effects of age, indicating longer RTs in older as compared
to younger adults, six found no significant main effect of age, and two did not report the significance of
this effect. Thirteen studies (without an AD group) analyzed RTs as a function of semantic association.
Twelve found a main effect of semantic association (10 reported faster RTs for highly than weakly
associated stimuli, one reported faster RTs for weakly than highly associated stimuli and one reported
more complex interactions involving more than two experimental conditions) and one study did not
report the significance of the effect of semantic association. Factors of age and semantic association were
included in the same statistical model in 16 studies. Eleven of them found no significant interaction,
two reported significant interactions, and three did not report the significance of the interaction.
The two studies that found significant interactions indicate a greater effect of semantic association
in older than young participants (i.e., greater RT difference between highly and weakly associated
conditions; n = 1) and more complex interactions involving more than two experimental conditions
(n = 1). From the 10 studies that we considered as nonsignificant, one found a greater effect of semantic
association in older than young participants, but this difference was no longer significant when the
overall longer RTs of the older group were taken into account.

RTs were analyzed in five studies with AD patients performing semantic judgment tasks. All found
longer RTs in the AD group as compared to healthy control groups. These five studies also included
a factor of semantic association in the analyses. Three found a main effect of semantic association
(two reported faster RTs for highly than weakly associated stimuli and one reported more complex
interactions involving more than two conditions) and two studies did not report the significance of the
main effect of semantic association. The significance of the interaction between factors of group and
semantic association was reported in four studies: two found a greater effect of semantic association in
AD patients as compared to healthy control groups, one found that the effect of semantic association in
AD participants was more similar to that of young adults than age-matched controls and one found no
significant interaction.
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Figure 3. Qualitative results for behavioral response times: main effects of age/group, semantic
association and the interaction group x semantic association. (A) Studies including older and younger
groups of participants. (B) Studies including AD participants and control groups. N of studies: Number
of studies; O: Older; Y: Younger; AD: Alzheimer’s disease; Ctrl: Control group(s); NS: No significant
effect; NR: Statistical significance not reported; SA: Semantic association.

3.4.3. N400 Amplitude and N400 Effect Amplitude

The quantitative results and qualitative review show that the amplitude of the N400 effect is
smaller in the elderly, as compared to young adults, especially due to smaller (i.e., less negative) N400
amplitudes when processing weakly associated stimuli. The qualitative review of studies with AD
participants indicate that the N400 effect is smaller in the AD group as compared to healthy participants,
but we cannot determine if this is due to N400 amplitude differences specifically for highly or weakly
associated stimuli, or both.

Quantitative Analyses

For the N400 amplitude, we conducted quantitative analyses from the 21 studies that reported
mean N400 amplitude values as a function of age group and semantic association. There was a small
main effect of age (univariate ANOVA; p = 0.042, np? = 0.07) and a large main effect of semantic
association (p < 0.0001, np? = 0.52), see Table 1. Older participants had smaller N400 amplitudes than
younger participants (older: mean = 0.33 pV, SEM = 0.39; younger: mean = —0.33 pV, SEM = 0.60).
Highly associated stimuli elicited smaller N400 amplitudes as compared to weakly associated stimuli
(high: mean = 1.19 uV, SEM = 0.47; weak: mean = —1.19 pV, SEM = 0.47). There was a small to
moderate effect of the interaction between age and semantic association (p = 0.001, np? = 0.16). Test of
simple effects indicated that weakly associated stimuli elicited a smaller N400 amplitude in older than
younger adults. Further, highly associated stimuli induced a significantly smaller N400 amplitude
than weakly associated stimuli in the older and younger groups (Figure 4).
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Figure 4. Mean N400 amplitude (+ SEM) as a function of age group and semantic association in the
reviewed studies (n = 21). * p < 0.05.

For the N400 effect amplitude, values could be extracted or calculated as a function of
age group from 31 studies. There was a large main effect of age (univariate ANOVA; p <
0.0001, np2 = 0.75), see Table 1. The N400 effect was smaller (i.e., the amplitude difference
between highly and weakly associated stimuli was smaller) for older than younger participants
(older: mean = —1.46 uV, SEM = 0.16; younger: mean = —3.27 uV, SEM = 0.32).

For studies with AD participants, the mean values of amplitude for the N400 and N400 effect
could be extracted or calculated respectively in only five and nine studies. Consequently, we did not
perform statistical analyses.

Qualitative Review

For the N400 amplitude, our literature search led to 47 studies that investigated the main effect
of age on the N400 amplitude, see Figure 5. Twenty-two of them did not observe a significant age
effect, 18 found a main effect of age and 7 did not fully report this effect. From the 18 studies that
found a significant age effect, 13 observed smaller (i.e., less negative) N400 amplitude in older than
younger adults, whereas four studies observed the reversed pattern and one study did not report
the direction of the effect. Thirty-seven studies (without an AD group) included a factor of semantic
association in the analyses. From them, 31 found a main effect of semantic association (30 reported larger
N400 amplitudes for weakly than highly associated stimuli, one reported more complex interactions
involving more than two experimental conditions), one found no main effect of semantic association
and five did not report the significance of the main effect of semantic association. Forty-two studies
performed analyses that included both factors of age group and semantic association. From them,
21 studies observed a significant interaction, whereas 16 reported nonsignificant interactions and 5 did
not report the significance of the interaction. The 21 studies reporting significant interactions indicate
that older as compared to younger participants showed smaller N400 amplitude differences between
highly and weakly associated stimuli. Most of these studies measured the N400 amplitude in sentences
with target words in the final position (see Figure 6 for the number of studies that found significant
interactions between age and semantic association as a function of stimuli type).



Brain Sci. 2020, 10, 770 13 of 40

A
40 45
35 40 5
30 35
8 2 25 oNR » 30 16 oNR
°
2 S 20 oNs g >
z Z - 2 20 oNS
= -
= 2 @ More complex effects Z° 15 m Smaller effect of SA in
10 mHigh < Weak 10 21 OusY
5 5
0 0
Main effect of semantic Interaction Age x Semantic
association (n = 37) association (n = 42)
B 14 14 14
12
3 12 12
% I 2
oNR 10 ONR
8 8 8 g oNR »
3 oNs = s 8 5 anNs
K 7 @ s oNS =2
- &
; BAD < Ctrl ; 10 5 6 = More complex effects
4 4 : mHigh < Weak z T
mAD > Ctrl 4 m Larger effect of SA in
2 - ) ) ADvs Ctrl
0 ) 0 0o
Main effect of group (n = 13) Main effect of semantic Interaction Group x Semantic
association (n = 12) association (n = 12)

Figure 5. Qualitative results for the N400 amplitude: main effects of age/group, semantic association
and the interaction group x semantic association. (A) Studies including older and younger groups
of participants. (B) Studies including AD participants and control groups. N of studies: Number of
studies; O: Older; Y: Younger; AD: Alzheimer’s disease; Ctrl: Control group(s); NS: No significant
effect; NR: Statistical significance not reported; SA: Semantic association.
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Figure 6. Number of studies that found a significant interaction between age and semantic association
for the N400 amplitude as a function of stimulus type.

For the N400 effect amplitude, 14 studies compared the amplitude between age groups. Nine of
them found significant effect of age, indicating smaller N400 effects in older participants as a function
of semantic association. Four studies did not find such significant age group differences and one did
not report the significance of the effect.
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Regarding AD patients, we found in the literature search that 13 studies investigated the effect of
group on N400 amplitude. From these, only three reported significant main effects of group: two found
greater N400 amplitudes (i.e., more negative) in the AD group as compared to the control groups,
whereas one observed the contrary effect. Seven did not find a main effect of group and three did not
report the significance of this effect. Twelve studies with AD patients investigated the effect of semantic
association on N400 amplitude. Ten found a main effect of semantic association with greater N400
amplitudes for weakly than highly associated stimuli, one found no main effect of semantic association
and one did not report the significance of this effect. Twelve studies investigated the interaction
between group and semantic association. From these studies, five did not find a significant interaction,
five found a significant interaction and two did not report the significance of the interaction. Among the
studies that found a significant interaction, three found smaller N400 amplitude differences between
highly and weakly associated stimuli in the AD group as compared to the healthy elderly group,
one observed the reverse pattern and one study found greater N400 amplitudes for highly associated
stimuli in AD participants as compared to elderly and young healthy participants, along with greater
N400 amplitudes for weakly associated stimuli as compared to healthy elderly participants only.

Five studies compared the N400 effect between AD and controls groups. All found a significant
main effect of group, indicating smaller N400 effect in the AD group as compared to the healthy groups.

3.4.4. N400 Peak Latency and N400 Effect Peak Latency

Together, the quantitative analysis and qualitative review suggest that older participants tend
to show similar N400 peak latencies but delayed N400 effect peak latencies as compared to younger
participants. The qualitative review of AD studies suggests that the N400 effect latencies may be
delayed in patients with AD.

Quantitative Analyses

Mean values of N400 peak latency were available as a function of age group and semantic
association in only six studies. Therefore, we did not perform statistical analyses on this outcome.

N400 effect peak latency measures were available as a function of age group in 12 studies.
There was a large main effect of age group (univariate ANOVA; p < 0.0001, np? = 0.82). The peak
latency of the N400 effect occurred later in older participants as compared to younger participants
(older: mean = 457 ms, SEM = 12; younger: mean = 404 ms, SEM = 11).

For AD participants, N400 latency values were not available as a function of group and semantic
association in any of the reviewed studies. The peak latency of the N400 effect was available in only
three studies, thus we did not conduct statistical analyses.

Qualitative Review

For the N400 peak latency, 18 studies compared the N400 peak latencies between age groups,
see Figure 7. Fifteen of them found no main effect of age, but three found a significant effect of age,
with longer peak latencies in older as compared to younger participants. Six studies (without an
AD group) included a factor of semantic association in the analyses. Three found no main effect of
semantic association, one found a significant effect of semantic association with earlier peak latencies
for highly than weakly associated stimuli and two did not report the significance of the effect of
semantic association. Seven studies performed analyses with factors of age and semantic association
in the same statistical model. Four of them found no significant interaction, one found a significant
interaction involving more than two experimental conditions and two did not report whether the
interaction was significant.
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Figure 7. Qualitative results for the N400 peak latency: main effects of age/group, semantic association
and the interaction group x semantic association. (A) Studies including older and younger groups
of participants. (B) Studies including AD participants and control groups. N of studies: Number of
studies; O: Older; Y: Younger; NS: No significant effect; NR: Statistical significance not reported.

For the N400 effect, 13 studies investigated peak latency as a function of age. Eleven of them
found longer latency in older as compared to younger participants, one study found no significant
group effect and one study did not report the significance of this effect.

Only one study compared the N400 peak latency between AD and control groups. This study
indicated that N400 latencies at Pz tended to be delayed in AD as compared to age-matched controls,
although it did not reach significance (p < 0.06). No main effect of semantic association or the interaction
between group and other variables were reported.

Four studies measured the peak latency of the N400 effect in AD participants. Two studies found
longer N400 effect latencies in the AD group as compared to the control groups. One study found no
differences between the AD group and age-matched controls but longer N400 effect latencies in AD
participants as compared to young participants. One study did not report whether the main effect of
group was significant.

4. Discussion

In this systematic review, we investigated differences in semantic processing in healthy
aging and Alzheimer’s disease, as indicated by behavioral responses and N400 ERP measures.
Furthermore, we examined whether these potential differences in semantic processing were modulated
by the degree of semantic association of the stimuli.

The performance of healthy older adults was poorer than that of younger adults in semantic
tasks. However, our qualitative review shows that most of the studies, considered individually, failed
to find any differences in performance between young and elderly participants. Patients with AD
performed more poorly than healthy elderly adults. There was no main effect of semantic association:
highly and weakly associated stimuli showed a comparable performance, both in healthy (young and
elderly adults) and impaired aging (elderly adults and patients with AD). Semantic association did
not modulate the performance of any group of participants, either in healthy or pathological aging.
Thus, performance in semantic tasks is impaired in AD but remains unclear in normal aging.

RTs were longer for elderly adults as compared to younger participants in semantic tasks.
Patients with AD showed longer latencies than healthy elderly adults. There was a main effect of
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semantic association. Highly associated stimuli were responded to faster than weakly associated ones.
The influence of semantic association on RTs was preserved in healthy aging. Conversely, our qualitative
review showed that a few articles found a greater relatedness effect in patients with AD as compared
to elderly adults. The RT differences found in healthy and pathological aging could be explained both
in terms of semantic processing differences and general slowing, as will be discussed in later sections.

The N400 amplitude was influenced by healthy aging. Elderly adults showed overall smaller N400
amplitudes than young adults. Although this finding from the quantitative analysis was supported
by several studies in the qualitative review, a large proportion of studies found no age differences.
Elderly adults showed overall comparable N400 amplitudes to patients with AD. The results further
indicate that semantic association affects N400 amplitudes: weakly associated stimuli elicited larger
N400 amplitudes than highly associated ones. Critically, semantic association was modulated by the
type of participant. The influence of semantic association was smaller in elderly than young adults and
a small number of studies showed the same pattern in patients with AD compared to elderly adults.
In conjunction with this, the N400 effect amplitude was smaller in older participants as compared to
young adults. Based on our qualitative review, the N400 effect amplitude was also smaller in patients
with AD than in healthy elderly adults. In healthy aging, this seems to be due to differences in the
processing of weakly associated stimuli, while it remains unclear whether the processing of both highly
and weakly associated stimuli differ from age-matched controls in AD.

The N400 peak latency was comparable in healthy and impaired aging, according to our
qualitative review. Conversely, the N400 effect peak latencies appeared to be delayed in healthy aging
and this may be also observed in pathological aging.

Thus, although it remains to clarify to what extent the behavioral performance of healthy elderly
adults differs from that of young adults, there are clear differences in their electrophysiological responses
of healthy elderly as compared to that of both young adults and AD patients. Therefore, it would be
relevant to establish norms of healthy aging that could be eventually used for early AD detection.
In that regard, behavioral performance, RTs and N400 effect amplitudes are the three outcomes for
which healthy elderly and AD individuals differ. Consequently, tests norms for these three outcomes
would be most relevant to distinguish healthy from pathological aging. Nonetheless, whether specific
semantic variables (e.g., imageability, concreteness) have similar or distinct effects on healthy and
pathological aging still needs to be investigated. This could allow researchers to determine if qualitative
differences (e.g., deficits specific to AD), in addition to quantitative differences, may help identify
pathological aging.

In the following sections, we discuss the interpretation of the results in more detail. For the sake
of clarity, we present them separately for healthy and pathological aging.

4.1. Semantic Processing in Healthy Elderly and Young Adults

Results of the reviewed studies suggest age-related differences in semantic processing, as first
hinted at by behavioral responses. The behavioral differences include an overall decrease in accuracy
and increase in response times for healthy elderly adults. It is worth noting that the decrease in
accuracy is small to moderate, as indicated by the partial eta-squared value. This could explain why
most studies, at the individual level, did not find accuracy differences between young and older
participants. Interestingly, in a meta-analysis of fMRI and PET studies, Hoffmann and Morcom [8]
found that, on average, younger adults outperformed older adults on semantic tasks, even though this
effect was small and often not significant in the reviewed studies. They also found with exploratory
analyses that the reduction of activation in some regions involved in semantic processing, such as the
left posterior middle temporal gyrus, only emerged in studies where older participants performed at a
lower level than younger participants. In the current review, this kind of exploratory analysis was not
possible since the number of studies which reported both accuracy and N400 amplitude values as a
function of semantic association in a semantic judgment task is too small (n = 11) to separate them
into subgroups.
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Nonetheless, it is still possible that the behavioral differences highlighted by the current
review result from age-related differences in EEG activity associated with semantic processing.
Behavioral results could further reflect a slower access or even a less efficient access to the meaning of
the items stored in semantic memory. Behavioral results from other studies also suggest age-related
differences in semantic access or selection [34-36]. For instance, in a word association task when
participants had to provide the first word that came to their mind for celebrity names, older participants
made less precise associations than younger adults, which may reflect difficulties accessing detailed
semantic knowledge [36]. In that regard, there is increasing evidence for the need to consider two
aspects of semantic processing or semantic cognition, namely semantic knowledge and semantic control
processes [1,3]. While semantic knowledge refers to the amount of knowledge acquired throughout the
life course, semantic control processes allow us to retrieve and use this knowledge to perform cognitive
tasks [1,3]. Hoffman [1] showed that elderly participants outperformed young participants in tasks
assessing semantic knowledge (i.e., in a lexical decision task and a synonymy task with low-frequency
words), whereas their accuracy was diminished compared to young participants in a feature association
task, specifically in the condition when they had to ignore semantic associations irrelevant to the task.
The inhibition of irrelevant semantic associations is underpinned by semantic control. There was also a
link between accuracy in this condition and performance on a nonsemantic test of executive function
(Wisconsin card-sorting test; [37]), for both elderly and young participants. Thus, it is plausible that
differences in specific aspects of semantic cognition would occur with aging, potentially mediated by
changes in executive functions more broadly, including inhibitory control.

The behavioral differences between elderly and young adults identified in this review seem to be
similar for highly and weakly associated stimuli. This means that the influence of semantic association
was comparable for both young and elderly adults. Consequently, an explanation of age differences
in terms of more general processes would better explain these results. These more general processes
may include potential differences in executive functions, a decrease in general processing speed [38]
as well as a slowing of motor processes [39], which may likely contribute to the overall longer RTs
in older adults. Since behavioral responses reflect multiple processes (at both the behavioral and
neurophysiological levels), it is also possible that they were not sensitive enough to detect interactions
between age and semantic association.

This review also indicates that age-related differences in semantic processing are especially evident
in electrophysiological measures. So far, different interpretations have been proposed to explain
the N400 differences found in older adults. One potential interpretation is the inhibition-deficit
hypothesis [40], which postulates that older adults may fail to inhibit related items in working memory
or have some difficulty suppressing irrelevant meanings. This interpretation could explain why the
N400 amplitude reduction in older participants is particularly evident for weakly associated stimuli.
Indeed, according to the integration view of the N400 component, the reduced N400 amplitude would
reflect that the semantic features of the target stimuli have already been accessed, making them more
easily (rightly or wrongly) integrated with previous information (see Kutas & Federmeier [15] for
a review of the theories on the N400 component). This is expected for associated stimuli for which
meaning integration is readily done. Nevertheless, this N400 amplitude reduction was also found
for weakly associated stimuli in the elderly. This suggests that the semantic processing of highly and
weakly associated stimuli is less differentiated in the elderly.

Another interpretation is linked to the amount of cumulated semantic knowledge (e.g., [1]).
As semantic knowledge increases with age [6], and since synaptic plasticity mechanisms are associated
with learning and memory formation [41,42], some connections within the semantic network might
be strengthened with age, thus causing an easier integration of distant concepts for older adults,
as reflected by a smaller N400 for weakly associated stimuli.

Finally, another interpretation relates to potential differences in lexical prediction mechanisms
(e.g., [43]). Specifically, the lexical prediction (i.e., the anticipation of upcoming words) might be more
important in younger than in older adults, which may reflect a larger N400 amplitude for weakly
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associated stimuli in younger participants. This is particularly depicted when studies use sentences
instead of isolated words or pairs of words as stimuli. The previous words of a sentence may act as a
context that helps lexical prediction for the target word in a sentence. Consequently, the later the target
word in a sentence, the more a context is created for prediction. Accordingly, most studies reporting
significant interactions between age and semantic association used sentences with target words in
the final position. During a sentence comprehension task, Dave et al. [44] measured the effects of
both prediction accuracy (i.e., words accurately predicted vs. not predicted by the participants) and
contextual support related to semantic association (i.e., low vs. moderate cloze words, the former
being incongruent) in older and younger adults. They found that the N400 effect was smaller in
older participants for both prediction accuracy and contextual support, independently of each other.
Furthermore, older and younger participants did not differ in the percentage of final words correctly
predicted, for both moderate and low cloze words. Results from Dave et al. [44] suggest that older
participants do predict upcoming words to a comparable degree to young adults. This strengthens
the idea that differences in processes other than lexical prediction might contribute to the N400
effect reduction typically observed in older adults. In addition, some studies found reduced N400
effects in older participants using less constraining contexts (e.g., with word pairs; see for example
Gunter et al. [24], Miyamoto et al. [10]) or even subliminal priming [19]. These suggest that these
age-related differences would not be solely due to prediction mechanisms. In sum, factors such as
differences in inhibition processes, the amount of semantic knowledge or predictive mechanisms may
all contribute, at least in part, to the N400 differences observed in older adults.

Interestingly, and in light of the explanation of semantic differences in terms of other cognitive
functions, such as semantic control/inhibition, a few studies investigated the associations between
the N400 and behavioral outcomes using correlations or regressions. Some reported no significant
associations between N400 measures and accuracy of semantic judgments [11] or inhibition [45].
Some authors found that the latency of the N400 effect of older participants was delayed with
decreasing performance at a reading span task to assess working memory [25]. However, there was
no association between reading span and the size of the N400 effect in this study, nor with N400
amplitude measures in two other studies [45,46]. Some studies also reported associations between
N400 amplitude measures and verbal fluency (tasks that combined phonological and semantic fluency)
or vocabulary [45,46]. Thus, there is a possibility that working memory, executive functions and/or
lexical processing might explain some individual variability in the N400 ERP. However, causal links
between these elements, as well as the potential impact of N400 differences on behavioral responses
in semantic tasks, still need to be further investigated. In future studies, analyses at the level of
individual items may help us determine whether the EEG differences observed in older adults are
positive, negative or even have a negligible impact on behavior related to explicit semantic processing.

4.2. Semantic Processing in Individuals with Alzheimer’s Disease

The behavioral results of our systematic review indicate impaired performance and longer RTs
in AD participants as compared to their age-matched counterparts when they make decisions about
the meaning of stimuli. The performance of AD participants is diminished for semantic processing
of both highly and weakly associated stimuli. In accordance with these results, previous behavioral
studies reported impaired performance of AD patients in a variety of tasks assessing semantic
knowledge [5,47,48], semantic control/inhibition [49], as well as more semantic errors in naming
tasks [50]. However, we still need to consider that other cognitive and motor processes are susceptible
to contribute to the decreased performance in semantic judgment tasks in AD patients. As it might be
the case for healthy aging, longer RTs in AD patients may also be due, at least in part, to a general
slowing of processing speed [51]. Furthermore, the potential greater relatedness effect observed in
RTs of AD patients may be explained by these overall longer RTs. In order to examine this possibility,
Schwartz et al. [18] performed a regression analysis using a total RT measure to predict the RT
difference between unrelated and related trials. They found that the regression equations calculated
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from young participants were good predictors of the relatedness effect of healthy elderly participants
but underestimated the relatedness effect of AD participants at the basic and subordinate levels
(i.e., experimental conditions where they showed significant relatedness effects). This suggests that the
extent of the slowing in RTs differed between semantic conditions. Thus, in this case, the interaction
between groups and relatedness would be in favor of semantic processing differences between AD
patients and healthy individuals, rather than differences in earlier/other processes such as motor
planning, that would typically affect both types of semantic conditions.

The studies reviewed in this article are also in favor of differences in EEG activity associated with
semantic processing in individuals with AD as compared to healthy elderly adults. In fact, semantic
association seems to have less impact on N400 amplitudes in AD than in healthy elderly participants.
Semantic processing may also be delayed in AD patients, as indicated by longer N400 effect latencies.
These results may be explained either by deficits in semantic access (see the explanation in terms
of different semantic control capacities in the previous section; [1,3]) or by a deterioration of the
semantic representations themselves. Both semantic access and semantic deficits have been reported in
AD patients. Notably, access deficits might be more prominent at the beginning of the disease, but a
progressive loss of semantic knowledge appears to occur with increasing disease severity [4,52,53].
Relatedness and congruence effects in the N400 time-window have been mainly localized in left
temporal regions (including the left anterior and medial temporal cortices; [54-57]), where AD
patients show glucose hypometabolism [58], white matter microstructural abnormalities [59] and
gray matter volume loss [60]. This supports the idea that reduced N400 effects may result from
damage to the semantic network. Incidentally, in AD patients, behavioral performance at semantic
memory tasks has been previously associated with several biomarkers in key regions of the semantic
network, such as glucose metabolism and tau pathology in the left anterior temporal regions [61-64].
However, AD patients typically display deficits in multiple cognitive functions, including executive
functions, attention and working memory [65]. Consequently, these deficits may also play a role in
N400 differences. The N400 can be modulated by attention [66,67] and verbal working memory [68]
in healthy participants. Thus, as for age-related N400 differences, multiple aspects of cognitive
functions may contribute to the N400 differences observed in AD patients as compared to healthy
elderly participants.

Some authors found associations between the N400 and neuropsychological measures. For instance,
the N400 effect was positively correlated with scores to the MMSE, Wechsler Adult Intelligence
Scale (WAIS; [69]) similarities subtest (semantic conceptual reasoning task) and explicit detection of
incongruous sentences, when considering both AD and healthy elderly participants [70]. Performance at
several neuropsychological tests also predicted fractional area latencies in the opposite (antonym)
condition, as indicated by a multiple linear regression [17]. In addition, abnormal N400 topography
has been associated with decreased cerebral blood flow in the left and right temporal lobes, as well
as impaired performance in the MMSE, the Boston Naming Test [71] and animal and verb fluency
tasks [72]. Finally, within group analyses in Ford et al. [73] revealed that the N400 effect of AD
patients did not vary as a function of their capacity to name the pictures used as primed stimuli.
Together, these results support, to some extent, the hypothesis that N400 differences in AD reflect
semantic deficits, although it remains an associative link rather than a causal one.

Differences in the N400 ERP may either reflect a functional reorganization involving the semantic
cognition network or compensatory mechanisms. The fact that semantic knowledge is preserved
in healthy aging, while semantic deficits are observed in AD, supports the idea that these deficits
do not simply reflect an accelerated aging process [7]. However, the current review suggests that
performance in semantic judgment tasks, which require semantic control processes is diminished in
older as compared to young adults [74]. This does not preclude the possibility of both quantitative and
qualitative changes from healthy aging to AD, at least in terms of semantic processing.
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4.3. Limitations and Perspectives

This systematic review contributes to establish a more comprehensive view of semantic processing
in healthy aging, through mid- and late adulthood. In the reviewed studies, the mean age of
participants in the groups of elderly varied between 50 and 75 years of age. However, this review
focused on between-group differences rather than longitudinal changes within a same individual or
group. This prevents us from determining whether there are linear relationships between age and
outcomes on semantic tasks. Kutas and Iragui [20] measured N400 changes across six decades, with
72 participants (12 participants per decade) aged from 20 to 80 years old. They reported a linear
decrease in the amplitude of the N400 (0.05-0.09 uV/year) with a linear increase in N400 peak latencies
with age (1.5-2.1 ms/year). However, since studies also indicated curvilinear patterns for verbal
knowledge [75,76], we cannot exclude that the same pattern may apply to the N400. The study of
time course changes is rare in the literature since most studies are cross-sectional, thus testing for
differences between groups (e.g., elderly vs. young adults; healthy vs. AD), instead of longitudinal,
that is testing for changes within a given individual at various time points. The behavioral performance
and the electrophysiological signature of semantic processing may have differential temporal courses
of changes. An individual might display some decline in the electrophysiological responses such as
smaller amplitude or longer peak latency signal that might not yet be captured behaviorally by existing
semantic tasks. Further, we may find that differences in the N400 effect are not linked to behavioral
responses, which could represent potential decline that we can identify in the electrophysiological
responses prior to behavioral decline. This may contribute to detect decline before it becomes a full
AD picture. Therefore, we propose for future work to study behavioral and electrophysiological
responses during semantic processing with a longitudinal design, which will contribute to depicting
their time course and clinical relevance.

There are also some methodological limits in the reviewed studies here that have to be taken
into account. First, a better description of different key elements would be advisable, such as
information regarding EEG recording and preprocessing (e.g., impedances, number of remaining
trials per group/condition) and the justification for the choice of electrode location and time-windows.
All results should also be reported regardless of their statistical significance. In case of multiple testing
(e.g., for each individual electrodes or multiple time-windows), a correction procedure for multiple
comparisons should be used in order to avoid type 1 errors. Moreover, insufficient reporting in EEG
studies in general, including the lack of information regarding sample size calculation, has been
previously raised and complicates the replicability of results [77,78]. At a more technical level, it is
recommended that studies measuring the N400 use a sampling rate of 250 Hz [79] and a high-pass
filter <0.1 Hz in order to avoid artifactual P2 effects and maximize statistical power [80]. In some of the
reviewed studies, sampling rate and high-pass filter were respectively below and above these values.

Another important issue is that stimuli were not always matched for psycholinguistic variables
known to have an influence on the N400, such as lexical frequency [57], neighbourhood size [81],
imageability [82] and concreteness [83]. Furthermore, it is well known that reading processes are
modulated by word length [84]. Thus, words from different semantic conditions should be comparable
in terms of these variables to ensure that the differences between groups are specific to the semantic
variable of interest. For instance, Huang et al. [85] found a reduced N400 effect for concreteness
in elderly participants, while most studies reviewed here did not control for this semantic variable.
One way to improve matching of target words between conditions is that all of them appear once in
each semantic condition, as elegantly done in some studies (e.g., [12,46,86]).

Finally, this systematic review studied the effects of semantic association (sometimes called
semantic priming) in general, but it does not allow to distinguish the effects of predictability and
congruence per se. We acknowledge that these effects are not identical, since they show different
topographies in late ERP positivities [87] and are associated with activity in different brain regions,
as reported by fMRI studies [88]. However, target stimuli can be both highly predictable and congruent
or unpredictable and incongruent. Many of the reviewed studies did not manipulate these variables



Brain Sci. 2020, 10, 770 21 of 40

within the same design, thus we could not specifically separate them. Of note, these continuous
variables may be seen as two overlapping dimensions of a larger semantic continuum. We could find
at one end of this continuum congruent and highly predictable stimuli (underlying strong semantic
association) and completely incongruent and unpredictable stimuli at the other end (underlying the total
absence of association), with congruent but unpredictable stimuli in the middle. Even within studies
investigating relatedness effects, there may be a wide range of association strength (e.g., related stimuli
could be either highly or moderately related). Thus, this review does not capture all of these subtleties
and their potential moderating effects on semantic processing in aging and AD. However, since more
attempts have recently been made to manipulate such variables separately, we should be able in the
future to better understand their specific contributions to semantic processing.

5. Conclusions

This systematic review reinforces the idea that differences in semantic processing are observed in
healthy elderly adults relative to both young and AD patients. The differences between elderly and
young healthy adults are especially evident in the electrophysiological responses and could reflect
either a functional reorganization within the semantic cognition network or compensatory mechanisms.
The influence of semantic association on the N400 ERP measures is smaller in elderly adults as
compared to young adults and even smaller in AD patients as compared to healthy elderly adults.
These differences in semantic processing possibly underlie differences in semantic access, in the richness
of semantic representations and/or in other cognitive processes such as semantic control or, more
broadly, executive functions. Since AD patients differ from healthy elderly participants in terms of
both behavioral and electrophysiological responses, test norms related to these correlates of semantic
processing could be useful for the purposes of early AD detection.
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Table A1. Main characteristics of participants, materials and procedures and results of each study including older and younger groups of participants.

N of Subjects Mean Age Female N400 Main Results 4
Reference . K . Task ! Stimuli 2 N of Electrodes > . N
©;Y) ©;Y) % (0;Y) Time-Window (ms) N400 Behavior 5
N400 amplitude: Age: n/a, match < - Accuracy: n/a
Harbin et al., 1984 [89] 12;12 71;21 0;0 Semantic judgment  Series of 5 words 3 (Fz, Cz, Pz) 300-600 mismatch, Age X Target (target effect - RTs: Age: n/a, match > mismatch, Age
in'Y only) x Target: n/a, Age x Task x Target
N400 amplitude: Age: n/a, congruent
30 ms < incongruent between 340 and 550
. 8 (Fz,Cz,Pz, 0Oz, T, . X s, Age X C small
Gunter et al., 1992 [90] 24;24 56; 22 n/a; n/a Sentence reading Sentences time-windows from ms, Age X Congruence (smaller —
Tr, MI, Mr) 10 to 990 ms congruence effect in O vs. Y from 310
to 460 ms after target onset)
N400 amplitude: O =Y, primed < - Accuracy: n/a
.Pzamberger' &g ; 18;18 70; 25 100; 100 Semantic judgment Single words 13 3[ 230-500; unprimed category, Age X - RTs: O=Y, primed < unprimed
Friedman, 1992 [91] - 300450 Priming: n/a category, Age X Priming: n.s.
Mean amplitude:
30 ms N400 amplitude: O =Y, congruent =
. . . . 8 (Fz,Cz Pz, 0z Tl, time-windows from incongruent, Age X Congruence: n.s.
Gunter et al., 1995 [92] 24;24 58; 21 42;50 Sentence reading Sentences Tr, M, Mr) 10 to 750 ms, Peak N400 peak latency (incongruent trials):
amplitude/ latency: Oo>Y
400-650
N400 amplitude: O <Y between 340
Sentences with Mean amplitude: ;"d 730 ms, con(;gruer\t < incongruent
. . X . flanker word tobe 7 (Fz, Cz, Pz, Oz, Tl, 30 ms etween 310 and 510 ms, Age X
Gunter et al., 1996 [93] 24,24 58;21 42; 50 Sentence reading ignored, beneath Tr, Mr) time-windows from Congruence (smaller congruence —
the target 10 to 750 ms effect in O vs. Y from 340 to 400 ms
after target onset)
N400 amplitude (for targets): O =Y,
associated < nonassociated between
. 290 and 740 ms, Age x Congruence
Mean amplitude: (smaller association effect in O vs. Y
. ?0 ms from 260 to 560 ms after target onset,
Gunter et al., 1998 [24] 20;20 57;21 50; 50 Word reading Word pairs 7 (Fz,Cz, Pz, Oz, T],  time-windows from driven by smaller N400 for —
Tr, Mr) 0to 750 ms, peak nonassociated targets in O vs. Y), Age
amplitude/latency: x Association X Electrode between 320
300-600 and 540 ms
N400 peak latency: O =Y, Congruence:
n/a, Age x Congruence: n/a
N400 amplitude: Age: n/a, congruent
<incongruent, Age x Congruence
asui (smaller congruence effect in O
Kutas & Iragui, 12;12 74; 24 50,42 Semantic judgment 1 rases followed by 13 200-600 between 200 and 400 ms) n/ja

1998 [20]

a target word

N400 effect amplitude: O <Y
N400 effect onset latency: O > Y
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N of Subjects Mean Age Female 1 . Y 3 N400 Main Results ¢
Reference (©;Y) ©;Y) % (0; Y) Task Stimuli N of Electrodes Time-Window (ms) Naoo Behavior®
N400 amplitude: O =Y, Matching: n/a, X .
O: 276-326: Y: Age x Matching: n/a, Age X Matching Accuracy: O = Y’ match = mismatch,
Miyamoto et al. . . - ;X Si 1 hi ffoct in O Age x Matching: n.s.
1998 [10] 4 12;12 66; 24 0;0 Semantic judgment Word pairs 3 (Fz, Cz, Pz) 226-276 (match) & X Site (Sm? er matching effect in O vs. RTs: O > Y, match < mismatch, Age x
276-326 (mismatch) Y at Fz, driven by smaller N400 for Matching: s
mismatch trials in O vs. Y) g: n.s.
N400 amplitude: Age: n/a,
Relatedness: n/a, Age x Relatedness
Cameli & Phillips, . . . Sentence & Sentences & (smaller relatedness effect in O vs. Y
2000 [94] 20;20 752 60; 60 word reading word pairs 15 300-600 f;I)Z(;)OOth S:‘Itfnces agd V\V{OIr{dlpft,{S)
peak latency: O =Y, Relatedness:
n/a, Age X Relatedness: n/a
N400 amplitude: O > Y, congruent < Accuracy: Ct) ZY’ c):)r&gruent >
incongruent, Age x Congruence: n.s. incongruent, Age cmgr;lence I
Chaby et al., 2001 [9] 12; 14 53;25 50; 50 Semantic judgment Picture pairs 30 350-450 N400 peak latency: O > Y, congruent < (congruent > mcongruen.t or O only)
incongruent, Age x Congruence: n.s. ETS: O =Y, congruent < incongruent,
ge x Congruence: n.s.
Accuracy: O > Y, Metaphorical
semantic link < Nonmetaphorical
semantic link & No semantic or
phonological link, Age x Condition (O
N400 amplitude: O <Y, =Y for nonmetaphorical semantic link
Nonmetaphorical semantic link < and trials without semantic or
metaphorical semantic link = no phonological link, O > Y for
Bonnaud e; al., 10; 10 66;24 n/a; n/a Semantic judgment Word pairs 3 (Fz, Cz, Pz) 300-600 semar}t'ic or phonological link, Age x metaphorical semantic link)
2002 [95] Condition: n.s. RTs: O =Y, Nonmetaphorical
N400 peak latency: O > Y, Condition: semantic link < metaphorical semantic
n.s., Age X Condition: n.s. link = No semantic or phonological
link, Age x Condition (O =Y for
metaphorical and nonmetaphorical
semantic link, O>Y for trials without
semantic or phonological link)
Sentence pairs N400 amplitude: O <Y, context: n/a,
: Age x Context: n/a
Federmeier etal., 24; 21 68; 20 50; 52 Sentence listening (context sentence, 26 300-500

2002 [46]

followed by the
target-containing sentence)

N400 peak latency: O =Y, context: n/a,
Age x Context: n/a
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Reference

N of Subjects
©;Y)

Mean Age
©;Y)

Female
% (0;Y)

Task !

N400

3
N of Electrodes Time-Window (ms)

Stimuli 2

Main Results 4

N400

Behavior °

Federmeier et al.,
2003 [13]

20; 20

72;22

50; 65

Semantic judgment

200-500
15 (for sentence
final words)

Sentences (targets
inmultiple positions)

N400 amplitude (sentence

final words): O =Y, congruent >
anomalous, Age X Congruence
(smaller congruence effect in O vs. Y
for sentence final words), Age X
Congruence X Electrode (smaller
congruence effect in O vs. Y especially
at medial sites)

N400 peak latency (anomalous trials):
o=Y

Accuracy: O =Y, congruent >
anomalous, Age x Congruence: n.s.
RTs: n/a

Phillips & Lesperance,
2003 [96]

Exp 1: 20; 19 Exp
2:13;10

Exp 1: 77; 23,
Exp 2: 72;24

Exp 1: 70; 74,
Exp 2: 46; 50

Sentence reading
with distractor
words (exp 1) or
without distractors
(exp2)

Exp 1: 300-600; Exp
17 2:Y: 400-450; O:
550-600

Sentences followed
by a target word

N400 amplitude (Exp 1): O <Y,
Relatedness: n/a, Age x Relatedness:
n/a

N400 peak latency (Exp 1): O =Y,
sentence-related = distractor-related =
unrelated, Age X Relatedness: n/a
N400 effect amplitude (Exp 2): O =Y

Fabre & Lemaire,
2005 [19]

11;11

69;24

46; 55

Semantic (parity)
judgment
with semantic
masked priming

0:495-550;
Y:370-485 &
0:515-535,
Y:410-430

Number pairs
(arabic numerals or 32
number words)

N400 amplitude: Age: n/a, congruent
< incongruent, Age x Congruence
(smaller congruence effect in O vs. Y
at parietal sites)

Accuracy: O =Y, congruent =
incongruent, Age X congruence: n.s.
RTs: O > Y, congruent < incongruent,
Age X congruence: 1n.s.

Federmeier & Kutas,
2005 [25]

20; 20

67,20

50; 50

Sentence reading

Sentences 26 300-500

N400 amplitude: O =Y, weakly >
highly constrained contexts, Age x
Constraint (smaller constraint effect in
O vs. Y, driven by larger N400 for
highly predictable targets in O vs. Y
over central and posterior

electrode sites)

N400 peak latency (weakly
constrained contexts): O =Y

N400 effect peak latency: O >Y

Nessler et al., 2006 [97]

16; 16

72;23

Semantic judgment

Picture-word pairs

& word pairs 62 400-800

N400 amplitude: O <Y, low < high
semantic selection demands, Age X
Semantic selection demands: n/a

Accuracy: O =Y, match = mismatch
(low selection condition), Age x
Matching (low selection condition):
ns.

RTs: O =Y, Matching: n/a, low < high
semantic selection demands, Age X
Matching: n.s., Age x Semantic
selection demands: n.s.
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Reference

N of Subjects

©;Y)

Mean Age

©;Y)

Female
% (0;Y)

Task ! Stimuli 2

N of Electrodes 3

N400
Time-Window (ms)

Main Results *

N400

Behavior °

Faustmann et al.,
2007 [98]

12;13

75; 56

58; 62

Sentences (targets

Semantic judgment in the middle)

30

250-500

N400 amplitude: Age: n/a, congruent
< incongruent, Age x Congruence
(smaller congruence effect in O vs. Y)

N400 peak latency (incongruent trials):

o=Y
N400 effect peak latency: O =Y

- Accuracy: Age: n/a, congruent =
incongruent, Age x Congruence: n.s.
- RTs: n/a

Federmeier et al.,
2010 [99]

Exp 1: 20; 16

68; 20

55; 56

Phrasal cues
followed by a
target word

Semantic judgment

26

0:350-550;
Y:300-500

N400 amplitude: O =Y, expected <
incongruent, Age x Congruence (but
significant effects of congruence in the
antonym and category conditions for
both O and Y groups)

N400 effect peak latency: O >,
Antonym > Category, Age X
Condition: n.s.

- Accuracy: Age: n/a
- RTs: n/a

Kawohl et al.,
2010 [100]

10; 10

60; 27

n/a; n/a

Sentence reading Sentences

20

300-500

N400 amplitude: Age: n/a, congruent
< incongruent, Age X Congruence
(congruence effect in Y only)

Kousaie & Phillips,
2011 [101]

15;16

72;24

60; 56

Lexical decision

. A Word triplet:
with semantic priming ord triplets

29

50 ms
time-windows from
300 to 700 ms after
target onset

N400 amplitude: O =Y, related <
unrelated, Age X Relatedness: n.s.,
Age X Relatedness x Time x Language

Lee & Federmeier, 2011;
2009 [102,103]

24;24

68; 20

50; 50

Sentence reading Sentences

26

250-500

N400 amplitude: O =Y, congruent <
syntactic prose sentences with no
coherent semantics, Age x Context
(smaller context effect in O vs. Y)

Grieder et al.,
2012 [104]

15;14

69; 27

73; 43

Lexical decision

. IR Word pairs
with semantic priming P

32

Variable

Microstate cluster analysis: Delayed
N400-LPC microstate in O vs. Y and
unrelated vs. related trials, Age X
Relatedness: n.s.

Global field power: O =Y, related >
unrelated, concrete > abstract, Age X
Relatedness: n.s., Age x
Concreteness: n.s.

Huang et al., 2012 [85];
Huang et al., 2010 [105]

20; 32

65; 20

60; 50

Semantic judgment  Adjective-noun pairs

26

300-500

N400 effect amplitude: O =Y for the
congruence effect, O <Y for the
concreteness effect

N400 effect peak latency (congruence):
Oo>Y

- Accuracy: O =Y, Congruence: n/a,
Age x Congruence: n/a
- RTs: n/a
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Reference

N of Subjects
©;Y)

Mean Age
©;Y)

Female
% (0;Y)

Task !

Stimuli 2

N of Electrodes 3

N400
Time-Window (ms)

Main Results 4

N400

Behavior °

Lee & Federmeier,
2012 [106]

24;16

66; 19

50; 50

Sentence reading

Sentences (targets
in the middle)

26

300-600

N400 amplitude: O <Y, plausible <
implausible, Age x Plausibility
(smaller plausibility effect in O vs. Y
for sentences with preceding
ambiguity, but not for sentences
without preceding ambiguity)

Wilotko & Federmeier,
2012 [43]

20; 16

68; 20

45; 50

Sentence reading

Sentences

26

0:325-525; Y:
280480

N400 amplitude: Age: n/a, Cloze
probability: n/a, Age x Cloze
probability (smaller variation as a
function of cloze probability in O vs. Y
in weakly constraining sentences only)
N400 effect amplitude: O <Y

N400 effect peak latency: O >Y

Wiotko et al., 2012 [21]

24;24

72;n/a

50; n/a

Sentence reading

Sentences

26

Mean amplitude: O:
325-525; Y: 275475,
peak latency:
300-500

N400 effect amplitude (expectancy &
constraint for expected endings):
o<y

N400 effect peak latency (expectancy
and constraint for expected endings):
Oo>Y

Davis et al., 2013 [107]

20; 20

50; 22

100; 100

Semantic judgment
during continuous
competing speech

Word pairs

30

300-600

N400 amplitude: O <Y, Relatedness:
n/a, Age X Relatedness: n/a

N400 peak latency: O =Y, Relatedness:
n/a, Age X Relatedness: n/a

Accuracy: O =Y, different> same
semantic category, Age X Relatedness:
n.s.

RTs: O =Y, same<different semantic
category, Age X Relatedness: n.s.

Molnar et al., 2013 [108]

14;15

66; 21

79; 47

Semantic judgment

Single words

33

250-500

N400 amplitude: Age: n/a, target
(words matching a target valence
category) < nontarget category, Age X
Target: n/a

Accuracy: Age: n/a, Target: n/a, Age x
Target: n/a, Age x Target X Valence
(for negative words, higher accuracy
for nontarget vs. target category in

Y only)

RTs: n/a
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N of Subjects Mean Age Female N400 Main Results 4
Reference . X X Task ! Stimuli 2 N of Electrodes * . "
©;Y) ©;Y) % (0; Y) Time-Window (ms) N400 Behavior ®
Accuracy: O =Y, trials with related
target and distractor and unrelated
. A target and distractor > unrelated
N400 amplitude: O = Y’ TelétEd < target and related distractor and
Mean amplitude: unéela(tied, AgeIX COndltl(l)l’l. ns, Agle related target and unrelated distractor,
i X Condition X Interstimulus interva L. . . .
Prime word and va.rlable ( 200 ms (smaller N400 for trials with related Age x Condition (trials with related
i time window target and distractor & unrelated
ilki superimposed target and distractors vs. trials with &
Wilkinson et al., . b centered around 8 tareet and distractor in O > related
18;18 70; 21 83; 83 Semantic judgment  but to-be-ignored 20 related tareets and unrelated &
2013 [86] i peak latency for & target and unrelated distractor in Y)
picture followed by each age group) distractors in Y only, in the 1000 ms 5
a target word kgl tg P 4 ISI condition) RTs: O > Y, related target and
peak fatency: N400 peak latency: O = Y. Condition: distractor < related target and
300-800 y ApeaX Ca © dcf . ;/ s 0 on: unrelated distractor < unrelated target
Tva, Age x Londition: nja and distractor < unrelated target and
related distractor, Age x
Condition: n.s.
N400 amplitude: Age: yes (no
Mehta & Jerger, 1011 Range: 60-0; 60; 46 Semanticjudgment  Word triplets 30 250-750 post-hoc for O vs. Y), related <
2014 [109] 20-0 unrelated, Age X Relatedness: n.s.
Accuracy: O =Y, congruent =
. . N400 amplitude: O =Y, congruent < incongruent, Age X Congruence: n.s.
Zhou et al., 2015 [110] 15;15 68;23 47; 40 Semantic judgment Single words 64 300-550 incongruent, Age x Congruence: n.s. RTs: O > Y, congruent < incongruent,
Age x Congruence: n.s.
N400 amplitude: 1st analysis: Age:
n/a, low > high predictability, Group x
1st analysis: Predictability, Group x Predictability
250-500, 2nd X Anteriority (smaller predictability
Chang et al., 2016 [111] 7;16 58;23 29; 63 Sentence reading Sentences 64 analysis: 50 ms effectin O vs. Y at frontocentral,
time-windows from central and posterior sites); 2nd
250 to 700 ms analysis (post-hoc tests): Predictability
effects from 300 to 550 ms in O vs.
from 250 to 450 ms in Y
N400 amplitude (incongruent trials):
Ghosh Hajra et al., . Range: 50-85; . L. . . 0o=Y
2016 [112] 6;6 20-30 67; 50 Word-pair listening Word pairs 3 (Fz, Cz, Pz) n/a N400 peak latency (incongruent trials):
o=Y
1st analysis: O: N400 amplitude: 1rst analysis: O > Y,
300-500; Y: cCongruent < mcorl\lgruent, Age X Accuracy: O =Y, congruent >
i ongruence (smaller congruence .
Khachatryan etal., 12; 20 53; 21 83; 45 Semantic judgment Sentences 32 274.2-500, 2nd g ¢ g incongruent, Age X Congruence: n/a

2017 [113]

analysis: 50 ms
time-windows from
250 to 600 ms

effect in O vs. Y); 2nd analysis: Age:
n/a, Age X Sentence: n/a, Age X
Sentence X Time-windows: n.s.

RTs: n/a




Brain Sci. 2020, 10, 770

Table Al. Cont.

28 of 40

N of Subjects Mean Age Female 1 ) Y 3 N400 Main Results ¢
Reference (©;Y) ©;Y) % (0; Y) Task Stimuli N of Electrodes Time-Window (ms) Naoo Behavior®
N400 effect amplitude: Age: n/a, Age
x Foveality (comparable congruence
effectin O vs. Y when the target
Payne & Federmeier, Sentences (targets P?rgfov?igoN_:%% ssirf\uli first appeared in parafoveall
2017 [114]; Stites et al., 23;24 68; 21 67; 21 Sentence reading entences (argets 26 window: ’ vision, but larger congruence effect in
2017 [115] in the middle) . foveal N400 Ovs. Y when the target stimuli then
window: 850-1050 moved at central fixation)
N400 effect fractional area latency:
Oo>Y
. Semantic judgment N400 litude: O = ity
WeifSbecker-Klaus et al., . . amplitude: Y, Synonymity:
2017 [116] 20; 21 57,27 55; 43 with concurrent Word pairs 64 n/a n/a, Age X Synonymity: n.s. n/a
flanker task
N400 amplitude: O =Y, related < - Accuracy: O =Y, related > unrelated,
unrelated, Age X Relatedness: n.s., A Related, R
— ! Age x Relatedness X Site (in the ge X Relatedness: n.s.
Wiese et al., 2017 [14] Exp 3: 20; 20 68;23 50; 60 Semanticjudgment  Tame f"u"?ed by 32 800-600 & 400-500, 400-500 ms time-window, relatedness RTs: O > Y, related < unrelated, Age x
a target face 500-600 L Relatedness: n.s. (when considering
effect at central and parietal sites in Y. the 11 RTs in O
but no relatedness effect in O) e overall longer RTs in O)
N400 amplitude: O > Y between 250
and 300 ms, congruent < incongruent,
Age x Congruence (smaller
congruence effect in O vs. Y between
250 and 400 ms, driven by larger N400 - Accuracy: O =Y, congruent <
. ?0 ms for congruent stimuli in O), Age X incongruent, Age x Congruence (O <
Xu et al., 2017 [117] 24;24 68;22 50; 58 Semantic judgment Sentences 64 time-windows from Congruence X Region (450-500 ms: Y for incongruent stimuli only;
250 to 550 ms after congruence effect in anterior and congruent < incongruent in Y only)
target onset posterior regions for Y, and in - RTs: n/a
posterior regions for O; 500-550 ms:
no congruence effect in Y, congruence
effect in posterior regions for O)
N400 effect peak latency: O >Y
variable (100 ms
time-window
Dave et al., 2018 [118] 36; 36 71; 21 58; 53 Sentence reading Sentences 29 centered around N400 effect amplitude (context): O<Y _

N400 effect peak
latency for each
age group)
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N of Subjects Mean Age Female N400 Main Results *
Reference . X X Task ! Stimuli 2 N of Electrodes * . "
©;Y) ©;Y) % (0; Y) Time-Window (ms) N400 Behavior ®
Mean amplitude: i
300-400, 350-450 N400 amplitude: O =Y, low >
and variable moderate cloze, Age X_Context
(100 ms STa“er cs)(;r(\)texileifse;t m)OAvs. Y
. time-window etween an ms), Age X
Dave et al., 2018 [44] 24;24 72;21 58; 54 Sentence reading Sentences 29 centered around Context x Anteriority x Hemisphere =~ —
N400 effect peak N400 effect amplitude (context): O <Y
latency for each age N400 effect peak latency (context):
group), peak O>Y
latency: 150-650
. N400 amplitude: O <Y, congruent <
Mea_n amplitude: low probability < incongruent
va}rlable((SO ms sentences, Age X Condition: n.s.
Mah & Connolly, 13;26 70; 20 16,73 Sentel?ce alnc1 Sentences ‘and 64 time-window N400 peak latency: O = Y, Condition:
2018 [119] word listening word pairs centered around n.s. (difference for nonword condition
N400 peak), peak only), Age x Sentence condition
latency: 300-700 x Region
N400 amplitude: O =Y, congruent =
incongruent, Age x Congruence
(smaller congruence effect in O vs. Y),
. Age x Congruence x Region x - Accuracy: O <Y, congruent =
Mean amplitude: Hemisphere (congruence effect in incongruent, Age x Congruence
Zhu et al., 2018 [11] 20; 26 68; 22 45; 65 Semantic judgment Se_r\tences (targets 62 O:350-550; Y: anterior and posterior regions over (semantic violation < semantic &
in the middle) 300-500, peak both hemispheres in Y, but over the syntactic violation in O only)
latency: 250-600 right hemisphere only in O) - RTs: n/a
N400 effect peak latency: O > Y, Age X
Region (O > Y in both anterior and
posterior regions)
N400 amplitude: O <Y, congruent <
incongruent, Age x Congruence: n.s.,
Age x Congruence x Predictiveness
(congruence effect for strongly and _ Accuracy: O = Y, congruent =
N ) weakly constraining conditions in O, incongrli:mt _Agé % Cgongrue;lce' n/a
Cheimariou et al., . X . i i . i u congruence effect for the strongly ! i |
2019 [12] 21;25 67;24 48; 52 Semantic judgment  Picture-word pairs 32 250-500 constraining condition only in %) ~ RTs: O > Y, congruent < incongruent,
N400 fractional area latency: O >, Age x Congruence: n/a
Congruence: n.s., Age x Congruence
(shorter for congruent vs. i.ncongruent
stimuli in O only)
. N400 effect amplitude: O <Y for
Federmeier & Kutas, prediction effect, and for congruence
2019 [120]; Federmeier 33; 36 67;21 64; 47 Sentence reading Sentences 26 350-550

& Kutas, 1999 [121,122]

effect with right-visual
field presentation
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N of Subjects Mean Age Female 1 . Y 3 N400 Main Results ¢
Reference (©;Y) ©;Y) % (0; Y) Task Stimuli N of Electrodes Time-Window (ms) Naoo Behavior®
N400 amplitude (implausible trials): Accuracy: O <Y, Plausibility: n/a, Age
) . . 6 (P4, PZ, P3, C4, o=Y x Plausibility: n/a
Kim & Jin, 2019 [123] 13;13 69;23 n/a; 0 Semantic judgment Sentences ¢z, C3) 300-500 N400 peak latency (implausible trials): RTs: O > Y, Plausibility: n/a, Age x
o=Y Plausibility: n/a
., Conceptual N400 eff litud .
Lucas et al., 2019 [124]; . . . R - effect amplitude (concreteness):
Lucas et al., 2017 [125] 24;24 69; 21 54;75 combination & ) Word pairs 29 300-500 o=Y
frequency-comparison
. N400 amplitude: Age: n/a,
Sentence pairs Correctness: n/a, predictive < neutral,
(context sentence, Age x Correctness: n/a, Age x Context
la Roi et al,, 2020 [45] 25,25 68;22 40,76 Sentence reading (OHowed by the 62 200-300, 300400, (predictive vs. neutral): n.s., Age X
target-containing 400-500 Correctness X Idiomaticity in the 3
sentence; targets in time-windows (delayed correctness
the middle) effect in O vs. Y)
N400 amplitude: O =Y, congruent <
world knowledge violation < semantic
violation, Age x Condition: n.s., Age
X Condition X Region (congruent <
world knowledge violation < semantic Accuracy: O <Y, congruent & world
violation in posterior regions for O, knowledge violation < semantic
congruent < both violation conditions violation, Age x Condition (congruent
Xu etal., 2020 [126] 4343 67:22 56; 63 Semantic judgment Sentences 64 O: gég:g;gl Y: in anterior and posterior regions for Y) < violation conditions in Y only,

N400 effect peak latency: O >Y,
semantic = world knowledge
violation, Age x condition: n.s.
N400 effect onset latency: O > Y,
semantic < world knowledge
violation, Age x Condition (greater
effect of condition in O vs. Y)

semantic > world knowledge
violation in O only)
RTs: n/a

1“We considered all tasks which required making a decision about the meaning of stimuli as semantic judgment tasks. > Unless specified otherwise, target stimuli were in final position
(e.g., final words of a sentence). 3 We reported electrode sites for studies with <10 electrodes. # For the N400 amplitude and peak latency measures, we reported main effects of age/group
and semantic variables and interaction effects involving both age/group and semantic variables in between-group analyses. For the N400 effect measures, we reported main effects of
age/group and interactions involving the factor age/group. The interpretation of interactions is given in parenthesis when available. This table does not include results from N400 analyses
performed on prime/context stimuli or investigating repetition effects nor results from additional analyses performed on individual electrode sites. For the sake of simplicity, when
studies investigated the effects of lexical association with word pairs embedded in congruent and incongruent sentences, we only reported the effect of congruence at the sentence level.
5 Behavioral results are reported for studies that used semantic judgment tasks only (otherwise we indicated the symbol —). n/a: not tested or not reported, n.s.: not significant. O: Older; Y:
Younger; AD: Alzheimer’s disease.
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Table A2. Main characteristics of participants, materials and procedures and results of each study including AD participants with control group(s).

Reference N of Subjects Mean Age Female % Task 1 Stimuli 2 N of Electrodes 3 N400 Main Results 4
O . 0. . 0. as imuli of Electrodes . Wi
(AD; O;Y) (AD; O; YY) (AD; O;Y) Time-Window (ms) N400 Behavior
N400 amplitude: AD = O = Y, best Accuracy: AD <O & Y, best
. completion and unrelated/nonsense >
completion < unrelated/nonsense,
o related/sense and related/nonsense,
Group x Word type (similar N400 Related R
AD:425-525; dient functi £ related . Group X Relatedness: n.s.
Hamberger etal,, -10: - 67: . 30: ici y X gradient 8 a function o’ refatecness in RTs: AD > O > Y, Best completion <
1995 [127] (6; 10; 10) (67; 67; 26) (33; 30; 50) Semantic judgment Sentences 13 0:400-500; AD and Y, and less graded pattern in ) t 5 G f . lpt ¢
Y:360-440 0),G « Word type X Hemisph related/sense, Group X Relatedness
; 2Toup orc type emisphere (AD & Y: slowest RTs for
at T5/T6 electrode sites (Word type X :
Hemi . related/nonsense, O: slowest RTs for
emisphere in O only)
related/sense)
N400 amplitude: Group: yes (no
post-hoc tests), congruent <
. incongruent, Group x Word type
Vz{rlable f300 ms (larger N400 for incongruent trials in
Ford et al., 1996 [26] (12;12;12) (70; 70; 22) (50; 50; 58) Sentence listening Sentences 13 time-window AD & Y vs. O; larger N400 for
centered around congruent trials in AD vs. Y & O)
peak latency) N400 peak latency: AD=0,0 =Y,
congruent = incongruent, Group X
Congruence: n.s.
N400 effect amplitude: 1rst analysis:
Group: n/a, Group X Time-window;
Mean amplitude: 2nd analysis: AD <O <Y, Group x
Irst analysis: Electrode (larger congruence effect
200-400, 400-600, over posterior vs. ante}'ior sites in Y, Accuracy: AD < O & Y, Congruence:
600-800, 2nd lessdpronngced anterior-to-posterior n/a, Group X Congruence (higher
. . Phrases followed by analysis: AD: gradient in O, no anterior-to-posterior accuracy f t
) .12. . 7. . 40- o X L X y for congruent vs.
Iragui et al., 1996 [17] (12;12;12) (70; 72; 24) (33; 42; 33) Semantic judgment a target word 13 400-700; O: 300-600; gradient in AD)., 3rd analysis: Group: incongruent stimuli in AD only)
Y: 200-500, 3rd n/a, Group x Stimulus type (greater RTs:
analysis: 200-800, congruence effect for opposite vs. s:nfa
peak latency: categorical semantic relationships in
200-800 Y only)
N400 effect peak and fractional area
latencies: AD >0 >Y
N400 effect amplitude: Groupi yes (no Accuracy: AD < O & Y, Relatedness:
post-hfvc tests), Group x Hemisphere 1/a, subordinate and b;sic S
Mean amplitude: (Wermckefs areai AD&O <Y, superordinate level, Group x
Sehwartz et al 300-500, peak rlghtihemlspherlc homologue of Relatedness: n/a
chwartz ol (12;12;12) (72;73; 21) (42;75;67)  Semanticjudgment Word pairs 13 latency: Y:250-550; Wernicke's area: AD <O &Y, 0 =Y) RTs: AD > O > Y, Relatedness: n/a

1996 [18]

0O:300-600;
AD:400-700

N400 effect peak latency: Group: n/a,
Group x Hemisphere (AD > O >Y
over the right-hemispheric homologue
of Wernicke’s area only)

subordinate and basic < superordinate
level, Group X Relatedness
(relatedness effect in AD only)
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Reference N of Subjects Mean Age Female % Task 1 Stimuli 2 N of Electrodes 3 N400 Main Results *
O . O . 0. as imuli of Electrodes W
(AD; O;Y) (AD; O; YY) (AD; O;Y) Time-Window (ms) N400 Behavior 5
N400 amplitude: Group: n/a,
congruent < incongruent, Group X . ) o1
B Congruence (smaller congruence effect ~ ég;‘;ice};c‘:]) n/<a YG(rC:Ju&; }:ts)’
Castafieda etal, (10; 10; -) (75; 68; -) (60; 50; -) Semantic judgment Picture pairs 32 300-580 in AD vs. O, driven by smaller N400 Congruence: n/a,
1997 [22] for incongruent stimuli in AD vs. O) ; ’
N400 effect amplitude: AD < O - Rbsina
N400 effect peak latency: AD > O
N400 amplitude: AD=0 =Y,
congruent < incongruent, Group X
Congruence (smaller congruence effect
in AD vs. O &Y, driven by smaller
N400 for incongruent stimuli in AD vs.
O & Y), Group x Congruence X , .
Mean amplitude: Electrode (AD vs. Y: N400 differences - écc“r‘“y: AD/< %& Y (d" & hits),
Ostrosky-Solis et al., -10- . Q. LB PO : : 325-550, N400 effect at all sites, AD vs. O: N400 differences ongruence: n/a, Group x
1998 [23] (10; 10; 10) (75; 68; 24) (60; 50; 50) Semantic judgment Picture pairs 32 amplitude and peak at Cz, Pz, Cp3, Cpd, T3, T4, Tp8, O vs. Congruence: n/a
latency: variable Y: N400 differences at Fz, Cz, Pz, Fe3,  ~ RTs: n/a
Cp3, T3, Tp7, Fed, T4)
N400 effect amplitude: AD <O & Y,
o=Y
N400 effect peak latency: AD = O,
AD&O>Y
N400 amplitude: AD = O, congruent <
incongruent, Group x Congruence:
Sentence listening 300-800 & 100 ms s ff)r t,h.e 500-800 ms time-window, Accuracy: AD < O, Congruence: n/a,
Revonsuo et al., ©9:17;) (67:67:-) (67:47;-) and Semantic Sent 20 time-windows from but significant from 500 to 600 ms after Group x Congruence: n/a
1998 [70] T 17 T judgment after enences 200 to 1500 ms after target onset (smaller congruence effect RTs: nja
EEG recording target onset in AD vs. O)
N400 amplitude (congruent trials
only): AD=0
N400 amplitude: AD =0, 0 >,
match < mismatch, Group/Age x
X L - Accuracy: Group (ADvs. O):n/a, O =
Variable (200 ms Match¥ng. 1/a, Grogp (AD VS', 0) x Y, match = mismatch, Group/Age x
time-window Matching x Laterality (matching x Matching: n.s.
Ford et al., 2001 [73] (13; 13; 13) (75; 74; 21) (62; 62; 62) Semantic judgment  Picture-word pairs 19 centered around Laterality interaction in O only), Age ~ RTs: AD > O, 0 > Y, match <

N400 effect
peak latency)

X Matching x Anteriority (matching
effect at central and parietal sites in O
vs. at frontal, central and parietal
sites in Y)

mismatch, Group/Age X
Matching: n.s.
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Reference

N of Subjects
(AD; O;Y)

Mean Age

(AD; O; Y)

Female %
(AD; O; Y)

Task !

Stimuli 2

N of Electrodes 3

N400
Time-Window (ms)

Main Results 4

N400

Behavior °

Auchterlonie et al.,

2002 [128]

(8;15;-)

(79;71;-)

Semantic judgment

Word-picture pairs

n/a

N400 amplitude: Group: n/a,
Relatedness: n/a, Group X
Relatedness: n/a, Group x Relatedness
X Time (relatedness effect from 400 to
600 ms after target onset in O only)

Accuracy: n/a

RTs: AD > O, related < unrelated,
Group X Relatedness (greater
relatedness effect in AD vs. O)

Schwartz et al.,
2003 [129]

(12;12;12)

(77;72; 24)

(58; 67; 50)

Semantic judgment

Sentences (targets
in the middle for 1st
and 2nd analyses,
and in final position
for the 3rd analysis)

1st analysis: AD:
800-1000, O:
600-800; Y: 400-600,
2nd analysis: AD:
600-800; O: 400-600,
3rd analysis:
200400, 400-600

N400 amplitude: 1rst analysis: Group:
n.s., congruent < anomalous, Group X
Congruence: n.s., 2nd analysis: AD <
O, congruent-associated <
anomalous-unassociated, Group x
Congruence: n.s., 3rd analysis: Group:
n/a, Congruence: n/a, Group X
Congruence (smaller congruence
effectin AD vs. Y from 200 to 400 ms
after target onset, comparable
congruence effect between groups
from 400 to 600 ms)

Accuracy: AD < O & Y, congruent <
anomalous, Group x Congruence: n/a
RTs: AD > O & Y, Congruence: n/a,
Group x Congruence: n/a

Wolk et al., 2005 [130]

(12;12;-)

(72;75;-)

(33; 50; -)

Recognition
memory

Sentence stems
followed by
a target word

10 (FPz, Fz, Cz, Pz,
Oz, F3, F4,
P3, P4, Ml)

325-625

N400 amplitude: AD > O, predictive =
nonpredictive, Group x Context: n.s.

Olichney et al.,
2006 [131]

(11;11;-)

(79;77;-)

(27;36;-)

Semantic judgment

Phrases followed by
a target word

300-550

N400 amplitude: Group: n/a,
congruent < incongruent, Group X
Congruence: n.s.

N400 effect fractional area latency:
AD=0

Accuracy: AD < O, congruent =
incongruent, Group X
Congruence: n.s.

RTs: n/a

Taler et al., 2009 [132]

Exp 1: (10;19; -)

(82;75;-)

(70; 58; -)

Word reading

Word triplets

32

50 ms
time-windows from
300 to 650 ms after
target onset

N400 amplitude: Group: n.s., related
< unrelated, Group X Relatedness: n.s.,
Group X Relatedness x
Time-windows at lateral electrode
sites (relatedness effect from 500 to
650 ms after target onset in O; no
relatedness effect in AD), Group X
Ambiguity at lateral electrode sites
(metonymic < metaphorical and
homonymous stimuli in O only)
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N of Subjects
(AD; O;Y)

Mean Age

Reference (AD; O; Y)

Female %
(AD; O;Y)

Task !

Stimuli 2

N of Electrodes 3

N400
Time-Window (ms)

Main Results 4

N400

Behavior °

Bobes et al., 2010 [16] (25; - 27) (48; -; 43)

n/a

Semantic judgment

Picture pairs 19

390-440

N400 amplitude: Group: ns.,
congruent < incongruent, Group x
Congruence: n.s., Group x
Congruence x Site

N400 effect amplitude: AD <Y at
central, parietal temporal and
occipital sites

N400 current source densities:
Differences in AD vs. Y

(e.g., decreased N400 sources in right
temporal regions and increased N400
sources in the hippocampus and
inferior temporal gyrus in the left
hemisphere for AD vs. Y)

Accuracy: AD <Y (d’)
RTs: n/a

Grieder et al., 2013 [72] (19;19; -) (67;70; -)

n/a

Lexical decision with
semantic priming

Word pairs 128

Variable

Topographic component recognition:
N400 individual topographies of AD
participants less spatially correlated

with the group topography of the O vs.

individual N400 topographies of the O

! We considered all tasks which required making a decision about the meaning of stimuli as semantic judgment tasks. 2 Unless specified otherwise, target stimuli were in final position
(e.g., final words of a sentence). > We reported electrode sites for studies with <10 electrodes. # For the N400 amplitude and peak latency measures, we reported main effects of age/group
and semantic variables and interaction effects involving both age/group and semantic variables in between-group analyses. For the N400 effect measures, we reported main effects of
age/group and interactions involving the factor age/group. The interpretation of interactions is given in parenthesis when available. This table does not include results from N400 analyses
performed on prime/context stimuli or investigating repetition effects nor results from additional analyses performed on individual electrode sites. For the sake of simplicity, when
studies investigated the effects of lexical association with word pairs embedded in congruent and incongruent sentences, we only reported the effect of congruence at the sentence level.
5 Behavioral results are reported for studies that used semantic judgment tasks only (otherwise we indicated the symbol —). n/a: not tested or not reported, n.s.: not significant. O: Older; Y:

Younger; AD: Alzheimer’s disease.
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