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Cognitive changes in aging include working memory (WM) decline, which may hamper
language comprehension. An increase in WM demands in older adults would probably
provoke a poorer sentence processing performance in this age group. A way to increase
the WM load is to separate two lexical units in an agreement relation (i.e., adjective and
noun), in a given sentence. To test this hypothesis, event-related potentials (ERPs) were
collected from Spanish speakers (30 older adults, mean age = 66.06 years old; and 30
young adults, mean age = 25.7 years old) who read sentences to detect grammatical
errors. The sentences varied with regard to (1) the gender agreement of the noun and
adjective, where the gender of the adjective either agreed or disagreed with the noun,
and (2) the WM load (i.e., the number of words between the noun and adjective in the
sentence). No significant behavioral differences between groups were observed in the
accuracy of the response, but older adults showed longer reaction times regardless of
WM load condition. Compared with young participants, older adults showed a different
pattern of ERP components characterized by smaller amplitudes of LAN, P600a, and
P600b effects when the WM load was increased. A smaller LAN effect probably reflects
greater difficulties in processing the morpho-syntactic features of the sentence, while
smaller P600a and PB00b effects could be related to difficulties in recovering and
mapping all sentence constituents. We concluded that the ERP pattern in older adults
showed subtle problems in syntactic processing when the WM load was increased,
which was not sufficient to affect response accuracy but was only observed to result in
a longer reaction time.

Keywords: working memory, normal aging, syntactic processing, LAN, P600a, P600b

INTRODUCTION

Aging results in cognitive changes, for instance, deterioration in working memory (WM) (Park
etal,,2002). WM is a cognitive system that holds the available information while manipulating it for
different cognitive tasks (Baddeley, 2003). There are various positions about how the limitations of
this system may affect language. Just and Carpenter (1992) proposed that verbal WM has a limited
capacity and requires storing linguistic information as it is processed. Thus, an increase in the
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complexity or length of the sentence may affect sentence
comprehension because the information in feature bundles or
chunks (i.e., partial representations of linguistic constituents of
information; Lewis et al., 2006) decays in WM. Nevertheless,
other authors propose that each language process is supported by
a different WM resource, which can prevent information decay
(Waters and Caplan, 1996; Jackendoft, 2007).

Aging studies have supported the idea that the increases in
demands of WM affect language processing, since older adults
show behavioral difficulties in comprehension of embedded
syntactic structures (Kemper, 1986, 1987; Kemper et al., 1990,
2001). Such difficulties can be explained as a failure to maintain
linguistic elements in WM (King and Kutas, 1995). Syntactic
processing involves agreement rules between lexical units (e.g., in
the phrase “She works,” the pronoun “She” inherits the number
agreement to the verb “work” and it is added a suffix “s”). Among
the features used to compute agreement is the marking of gender,
number, person or case (Chomsky, 1995). In the Minimalist
Program (Chomsky, 2001), agreement entails copying of these
features from one lexical unit to another; the controller is the
element from which grammatical information originates (e.g.,
the pronoun), and the target is the element that inherits the
information (e.g., the verb). It has been suggested that a larger
number of lexical units—without agreement features—between
the controller and the target make language comprehension more
difficult due to the subjects having to maintain in WM the
controller’s features until the target is found (Van Dyke, 2007; Van
Dyke and Johns, 2012).

One way to study WM is through the use of event-related
potentials (ERPs). ERPs are voltage fluctuations of brain electrical
activity recorded over the scalp time-locked to external or
internal stimuli. Their high temporal resolution allows fine
sequential analysis of the cognitive processes involved in a task.
These waveforms are analyzed according to their amplitude,
latency and topography distribution of voltage over the scalp
(Luck, 2005). The amplitude reflects the brain electrical activity
when a specific computational operation is performed (Osterhout
et al,, 2006), and meanwhile the latency is the point at which the
voltage reaches a local maximum or minimum (Luck, 2005).

Event-related potential studies have evidenced the effect of
increasing WM load demands on syntactic processing in young
adults. In these studies, WM load was manipulated by length
(i.e., the total number of words in a sentence between two
lexical units with shared agreement features) or by syntactic
complexity (i.e., the number of phrases syntactically analyzed).
In particular, a high WM load is associated with increases
in reaction times (RTs) and poorer sentence comprehension
(King and Just, 1991; Vos et al, 2001). These studies have
shown changes in the electrophysiological pattern of ERP as
the WM load is increased. Vos et al. (2001) described greater
amplitude of a left-anterior negativity (LAN component) when
the syntactic complexity (i.e., embedded vs. conjoined sentences)
was increased. LAN occurs between 300 and 500 ms after
stimuli and, in language processing tasks, is modulated by
morpho-syntactic processing (Friederici, 1995, 2002; Osterhout
and Holcomb, 1995; Osterhout and Mobley, 1995; Bornkessel and
Schlesewsky, 2006).

Event-related potential studies that manipulate WM load
have also reported greater difficulties in agreement processing of
verbal inflections that is reflected in a smaller P600 amplitude
when syntactic complexity is increased (Gunter et al., 1997).
A smaller or absent P600 effect has been observed in subject-
verb agreement (i.e., amplitude differences of ERPs between
disagreeing and agreeing conditions) when syntactic complexity
was increased (i.e., relative sentences, Kolk et al., 2003). Greater
processing cost in the construction of syntactic dependencies is
reflected in longer P600D latencies when the sentence length (i.e.,
the distance of “wh” dependency) is manipulated (Vos et al., 2001;
Phillips et al., 2005).

P600 is a positivity that peaks at approximately 600 ms
with an onset at 500 ms and lasts for several hundreds
of milliseconds over central sites on the scalp. It has been
linked to syntactic processing (Osterhout and Mobley, 1995;
McKinnon and Osterhout, 1996; Osterhout et al., 1996, 1997,
2002; Osterhout and Nicol, 1999; Kaan, 2002) and syntactic
reanalysis (Friederici, 2002). According to some authors (Barber
and Carreiras, 2005; Silva-Pereyra and Carreiras, 2007; Molinaro
et al, 2008), this reanalysis process can be separated into
two consecutive processing steps. The first step integrates all
of the information associated with the processed-critical word
concerning the previous sentence context (Kaan et al., 2000;
Friederici et al., 2001; Barber and Carreiras, 2005). This step is
reflected by a P600a (i.e., between 500 and 700 ms) that is located
at anterior medial sites. In the second step, a generalized mapping
of sentences (i.e., evaluation of well-formedness; Bornkessel and
Schlesewsky, 2006) may be performed. Then, a P600b (i.e., 700-
900 ms) appears with a posterior distribution (Friederici et al.,
2001; Barber and Carreiras, 2005; Bornkessel and Schlesewsky,
2006). Currently, these subcomponents of the P600 are poorly
understood and are a topic of debate; however, this pattern of
P600 “a” and “D” may be useful to show differences in brain
activity associated with sentence reanalysis between two different
populations.

In aging, language processing is associated with longer
latencies and smaller amplitudes of many ERP components
(Wlotko et al, 2010). Only one ERPs study has described
age-related changes associated with syntactic processing, but
it did not manipulate the WM load. This study explored the
ERP changes during sentence comprehension when number
agreement was manipulated. No differences were found in
accuracy and time response between old and young adults
(Kemmer et al., 2004). However, the results of this study showed
a more asymmetric and frontal topographic distribution of the
early P600 in older adults than in young participants.

Therefore, considering that older adults show (a) behavioral
problems in sentence comprehension with increased syntactic
complexity (Kemper, 1986, 1987; Kemper et al., 1990, 2001) and
(b) ERP amplitude changes in syntactic processing compared
with the young participants (Kemmer et al., 2004), this study
aimed to assess the effect of WM load (i.e., syntactic complexity)
and gender agreement on sentence processing as a function of
age. We manipulated the WM load by varying the distance
between the noun and adjective during gender agreement
processing.
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We expected that with a greater syntactic complexity (i.e., a
high WM load condition), the elderly participants would show
longer RTs and have fewer correct answers than young adults;
however, when syntactic complexity was negligible, we did not
expect to find behavioral differences between the groups. Given
that a higher WM load imposes a greater cost associated with
agreement processing, we expected that under a high WM load,
older adults would show a greater cost in morpho-syntactic
processing than young adults, and this might be reflected in
greater amplitudes of the LAN component. We expected that
elderly participants would show more problems in integrating all
of the information associated with the previous sentence context
and that this would be reflected in a smaller amplitude of the
P600 component. We also hypothesized that older adults would
show a greater processing cost during the generalized mapping
of sentences, which could be observed in longer latencies of the
P600b component.

MATERIALS AND METHODS

Participants

Thirty older adults (mean age = 66.06 years old, SD = 4.9,
range = 60-80 years old; 20 female) and 30 young adults (mean
age = 25.7 years old, SD = 4.9, range = 19-35 years old; 17
female) participated in this study. All of them were ethnic
Mexican, right-handed, native Spanish speakers and healthy
(with no history of neurological or psychiatric disorders). Right-
handedness was assessed with a brief Spanish version of the
Edinburgh Handedness Inventory (Oldfield, 1971): laterality
quotient (LQ) > +50. All subjects had at least 9 years of education
(no differences between groups in educational attainment; older
adults: mean = 16.8, SD = 6.2; young adults: mean = 18.1,
SD = 3.0; t(58) = —1, p = 0.32). In addition, there was no
significant sex difference between groups (older adults: 66%
women, and young adults: 52.8%; x2 = 1.1, p = 0.3).

The older adults were evaluated using the Global
Deterioration Scale (GDS) (Reisberg et al., 1982). Only subjects
with scores of 1 or 2, indicating the absence of cognitive decline,
were included in this study. The Wechsler Adult Intelligence
Scale in Spanish (WAIS-III, Wechsler, 2003) was administered to
the participants. All subjects obtained scores above 90 on the full
score of the WAIS-IIL. This scale has four indices scores: verbal
comprehension index (VCI), working memory index (WMI),
perceptual organization index (POI), and processing speed index
(PSI). We assessed between groups differences per index. Four
mixed two-way ANOVAs were performed considering group
(older adults and young adults) as a between-subjects factor.
VCI subscales (i.e., vocabulary, similarities, and information),
WMI subscales (i.e., arithmetic, digit span, and letter-number
sequencing), POI subscales (ie., block design and matrix
reasoning) and PSI subscales (i.e., digit symbol-coding and
symbol search) were included as within-subjects factors for
each ANOVA. No significant differences between groups were
observed in VCI [Group: F < 1; group by VC: F(1,58) = 2.254,
p=0.117, né =0.037, ¢ = 0.873] or WMI [Group: F < 1; group
by WM: F(1,58) = 1577, p = 0.24, 1 = 0.026, & = 0.873] indices.

However, in POI young adults (block design mean, M = 13.6,
standard deviation, SD = 2.8; matrix reasoning M = 12.5,
SD = 2.2) showed a better performance than older adults (block
design M = 11.7, SD = 3.2; matrix reasoning M = 10.6, SD = 3.1)
[Group: F(1,58) = 7.812, p = 0.007, nf) =0.119]. In the same way,
in PSI, young adults (digit symbol-coding M = 13.9, SD = 2.2;
symbol search M = 13.0, SD = 1.8) showed a better performance
than older adults (digit symbol-coding M = 11.4, SD = 3.4;
symbol search M = 11.2, SD = 2.4) [Group: F(1,58) = 13.613,
p < 0.001, 1 = 0.190].

To ensure that all participants (older adults and young adults)
had a normal electroencephalogram (EEG), they were assessed
using eye-closed resting state EEG. Quantitative EEG from 19
electrodes was fast-Fourier transformed to obtain cross-spectral
matrices every 0.39 Hz. The absolute power (AP) with geometric
power correction (Hernandez et al., 1994) was calculated every
0.39 Hz. Z-scores for AP and relative power (RP) were calculated
in four frequency bands: delta (1.5-3.5 Hz), theta (4-7.5 Hz),
alpha (8-12.5 Hz), and beta (13-19.5 Hz), comparing subject
measures with the norm measures (Valdés et al., 1990; Szava
et al., 1994). Z-values lower than 1.96 were considered within
the normal limits concerning the age group of every subject.
Additionally, an expert neurophysiologist performed a visual
inspection of the EEGs to exclude subjects with abnormal waves.
All participants were informed of their rights and provided
written informed consent for participation in the study. This
research was carried out ethically and was approved by the
Ethics Committee of the Instituto de Neurobiologia at the
Universidad Nacional Auténoma de México (Ethical Application
Ref: INEU/SA/CB/109).

Stimuli and Procedure

Nouns, verbs, and adjectives were selected from the LEXMEX
corpus (Mexican computerized database of the Spanish
language with word use frequency; Silva-Pereyra et al.,, 2014)
according to their frequency. All words with more than 30
appearances/million were included. Nine hundred sentences of
seven words each in Spanish were built, which were read and
judged with respect to their appropriateness in their common
use by 15 subjects (outside of the context of the ERP experiment).
Two hundred and twenty sentences were selected for the
experiment from those that all of these 15 participants considered
to be well-formed. Eighty sentences comprised gender agreement
and 80 sentences gender disagreement between the noun of the
main clause and its adjective. Disagreement sentences were built
changing the derivational morpheme of gender for the qualifying
adjective, i.e., rojo — roja (redpgasculine — '€dFeminine> With the last
morpheme indicating masculine or feminine, respectively) (see
Table 1). The adjective expressed a characteristic of the main
noun in the sentence, and all of the nouns designated inanimate
objects (same proportion of genders). Eighty were sentences
in the Agree condition, and 80 were sentences in the Disagree
condition.

There was a “WM Load” factor (i.e., syntactic complexity:
number of nodes parsed, Van Dyke and Johns, 2012) with
two levels, low and high, and an “Agreement” factor with
two levels, agree and disagree. Forty agree and 40 disagree
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TABLE 1 | Examples of stimuli presented to subjects.

WM Load Gender agreement Example
Low Agree La casarem amarilla ¢, esta en la colina
[The yellow house is on the hill]
Disagree El carropasc amarilla rern €sté en la colina
[The yellow car is on the hill]
High Agree La casa rem que esta alla es amarillagey,
[The house over there is yellow]
Disagree El carro wasc que esta allé es amarillagey,

[The car over there is yellow]

Nouns are underlined, and adjectives are typed in bold fonts. Fem, feminine; Masc,
masculine.

sentences were low WM load sentences and forty agree and
40 disagree sentences were high WM load sentences where a
clause was embedded within the noun-adjective agreement or
disagreement. This clause was placed between lexical units with
a dependent syntactic relationship (e.g., disagree/high WM load:
El carropgasculine que esta alla es amarillapeminine [The caryisculine
over there is yelloWpemininel, €.g., disagree/low WM load: El
Carropfsculine aMarillageminine estd en la colina [The yellowgeminine
carypsculine 1S on the hillgeminine]). Sixty additional sentences were
included as fillers, with 30 grammatical and 30 ungrammatical
sentences. These sentences had the same syntactic structure, but
different syntactic manipulation (i.e., number agreement).

The task was presented to subjects using STIM2 software
(NeuroScan, CompuMedics, Charlotte, NC, United States) on
a computer screen while subjects were seated at a distance of
70 cm from the screen. Subjects read the task’s instructions on
the screen. They were instructed to read the whole sentence
and only respond as efliciently and quickly as possible when the
question marks appeared. The words in white were displayed at
the center of the black screen; the type font was Arial and the
size was 80. At the beginning of every sentence, a fixation cross
was presented for 300 ms. Sentences were given one word at a
time for 300 ms each with an inter-stimulus interval of 300 ms
(i.e., the words were successively presented and disappeared after
that, before the next word appeared). At the end of the sentence,
two question marks appeared for 1500 ms. At that moment,
subjects were required to answer whether the sentence was
correct (grammatical) or not, pressing one of two buttons using
their thumbs on a response box. One button was for “correct”
sentences (gender/number agreement), and the other was for
“incorrect” sentences (gender/number disagreement). Response
buttons were counterbalanced among subjects. The task took
35 min; the subjects had three rest periods, one every 9 min.

ERP Acquisition

The EEG was recorded using 32 silver electrodes embedded
in an elastic cap (Electro-Cap International, Inc., Eaton, OH,
United States), each referenced online to the left earlobe (A1). A2
was also recorded. The EEG was amplified with the NeuroScan
SynAmps system (Scan 4.5 software; NeuroScan, CompuMedics,
Charlotte, NC, United States) with a bandwidth of 0.1-100 Hz
and was digitized at a 500 Hz sampling rate. The recordings

were referenced offline to averaged earlobe signals. Electrode
impedances were kept below 2 kQ. The electrooculogram (EOG)
was also recorded with electrodes located on the external
canthus and the supraorbital ridge of the left eye. An EOG
artifact correction method (Scan 4.5 software; NeuroScan,
CompuMedics, Charlotte, NC, United States) was applied to the
EEG data offline. Segments with artifacts were rejected.

Data Analysis

Behavioral Data

For the statistical analysis of behavioral data, two mixed three-
way ANOVAs were performed to analyze the RTs and percentages
of correct answers. Group (young adults and older adults) was
included as the between-subjects factor, and gender agreement
(agree and disagree) and WM load (high and low) were
included as within-subjects factors. Tukey’s honestly significant
difference (HSD) method was performed for post hoc pairwise
comparisons. Percentages of CA were transformed using the
function {ARCSINE [Square Root (percentage/100)]} to ensure
a normal distribution of the data (Zar, 1998).

ERP Data

The ERPs were computed offline using epochs of 200 ms
pre-stimulus and 1000 ms post-stimulus per subject and per
experimental condition (disagree/low WM load, disagree/high
WM load, agree/low WM load, and agree high WM load).
Given that adjectives in Spanish have a post-nominal position,
the ERPs for the adjectives in each sentence were obtained.
Averaged waveforms included only those trials with correct
answers and with voltage changes lower than 50 V. Trials
with artifacts due to eye movement, excessive muscle activity,
or amplifier blocking were eliminated offline before averaging.
Baseline correction was performed using the 200 ms pre-stimulus
time window. The number of useful segments for the ERPs
average was approximately 25, the same for both groups and all
conditions. In older adults, 63% of the artifact-free segments were
retained in the low WM load condition and 60.6% in the high
WM load condition. Meanwhile, in young adults, 65% of the
segments were retained in a low WM load and 61.5% in a high
WM load condition.

Difference waves (i.e., ERPs of disagree condition minus ERPs
of agree condition) to the critical adjective are presented in
Figure 1. This figure shows a negative wave at 300-500 ms with
maximal amplitudes at anterior sites (i.e., the LAN component),
which was followed by two positive waves, the first at 500-
700 ms (i.e., P600a) and the second at 800-1000 ms (i.e.,
P600b) with maximal amplitudes at central and posterior sites,
respectively. This LAN-P600a-P600b pattern is similar to that
previously reported in gender-agreement studies (Barber and
Carreiras, 2005; Molinaro et al,, 2011). To test the processing
cost of increases in WM load (i.e., modulations in LAN and
P600 amplitudes), mixed three-way ANOVAs were separately
performed on the mean amplitude values for LAN, P600a, and
P600b windows. In the LAN window, group was included as a
between-subjects factor and WM load and anterior electrodes
(F7, F3, Fz, F4, and F8) as within-subjects factors. In the
P600a window, group was included as a between-subjects factor
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FIGURE 1 | Event-related potentials (ERP) wave grand averages across 25
electrode sites of (A) young adults and (B) older adults. Black lines represent
low working memory (WM) load and red lines represent high WM load. ERP
responses to agree and disagree conditions are represented by the solid and
dotted lines, respectively. The negative amplitude is plotted upwards.

and WM load and central electrodes (C3, Cz, C4, CP3, CPz,
and CP4) as within-subjects factors. In P600b, group was
included as a between-subjects factor and WM load and posterior
electrodes (P3, Pz, and P4) as within-subjects factors. The
analyzed electrodes were selected from previous literature about
the topographical location of these components (Molinaro et al.,
2011). A mixed three-way ANOVA was performed on the latency
data for the maximum amplitude within the range of P600b.
Group was included as a between-subjects factor, and WM load
and posterior electrodes were included as within-subjects factors.
Tukey’s HSD was performed for post hoc pairwise comparisons.
For each group, a Pearson correlation test was performed
to explore the relationship between behavioral performance

(percentage of correct answers or RTs) and difference-wave
amplitude of the ERPs (LAN: anterior electrodes; P600a: central
electrodes; P600b: posterior electrodes). Additionally, behavioral
performance was also correlated with P600b latency (posterior
electrodes).

RESULTS

Behavioral Results

Table 2 summarizes the behavioral performance, showing RTs
and percentage of correct answers for both groups. There were
no differences between groups regarding the percentage of
correct answers [Group: F(1,58) = 2.43, p = 0.13, nf) = 0.04].
However, older adults were slower than young adults to
give their response in all of the experimental conditions
[Group: F(1,58) = 8.52, p = 0.005, nf) = 0.13]. No significant
interactions of WM load or gender agreement by group
were observed in the percentage of correct answers or RTs
analysis.

Electrophysiological Results

Amplitude Analysis of LAN Effect

ANOVA results showed a significant group by WM load by
anterior electrodes interaction [F(4,232) = 4.08, p = 0.01,
nlz, =0.07, & = 0.69]. Post hoc tests showed significant differences
between groups for the F7 site (see Figure 2). In the high WM
load condition (MD = 1.95, p = 0.03) older adults displayed
smaller amplitudes of the LAN effect than young adults did. Older
adults showed (MD = 1.60, p = 0.03) a greater amplitude of
the LAN effect in the low than in the high WM load condition;
meanwhile, young adults did not show differences between the
WM load conditions (see Table 3).

To know whether reduced LAN effects in the older group
during the high WM condition was due to an increased amplitude
of agree condition or a reduced amplitude of disagree condition,
a three-way ANOVA was performed with the mean amplitude
values of LAN component only for the group of older adults.
WM load, Agreement, and anterior electrodes were included as
within-subjects factors. A significant WM load by Agreement
by anterior electrodes interaction [F(4,116) = 9.35, p < 0.01,
nf, = 0.24, ¢ = 0.61] was observed. Post hoc test showed that
in disagree condition, there were smaller amplitudes in F3
(MD = —1.66, p = 0.02), Fz (MD = —1.47, p = 0.03) and F7
(MD = —1.58, p = 0.02) sites during high, as opposed to the
low WM load condition. In contrast, no significant amplitude-
differences between WM load conditions were observed in agree
condition.

Amplitude Analysis of the P600a Effect

There was a significant group by WM load by central electrodes
interaction [F(5,290) = 2.70, p = 0.05, nf) = 0.04, ¢ = 0.6]. Post
hoc tests did not show significant differences between groups,
but differences between the WM load conditions for each group
were observed. Older adults showed a smaller P600a amplitude
effect in the high than in the low WM load from the C4
(MD = 2.01 pV, p = 0.03) and CP4 electrodes (MD = 2.61,
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TABLE 2 | Mean reaction times (RT) and percentage of correct answers and the corresponding standard deviations (SD) for both of the four experimental conditions.

Young Adults Older Adults
RT ms RT ms
WM load Agreement % CA (SD) Mean (SD) % CA (SD) Mean (SD)
Low Agree 67.8 (21.3) 391.7 (72.2) 73.9 (17.4) 4472 (87.0)
Disagree 66.0 (18.0) 368.5 (71.5) 75.7 (19.3) 428.9 (88.5)
High Agree 68.6 (19.2) 407.1 (80.6) 73.1 (20.0) 472.0 (81.2)
Disagree 68.8 (19.1) 395.3 (94.6) 76.4 (19.7) 450.1 (105.3)
p = 0.004); and greater amplitude at the Cz site (MD = —2.43, DISCUSSION

p = 0.006). Meanwhile, young adults displayed a greater P600a
amplitude effect for the high WM load than for the low WM
load condition at the C3 site (MD = —1.82, p = 0.05) (see
Table 3).

The Amplitude and Latency Analysis of the P600b
Effect

There was a significant group by WM load by posterior electrodes
interaction for the amplitude analysis [F(2,116) = 3.70, p = 0.03,
nf, = 0.06, ¢ = 0.9]. Post hoc tests did not show significant
differences between groups, but differences between WM load
conditions were found only for older adults; a smaller amplitude
effect in the high WM load condition than in the low WM load
condition was observed (P3: MD = 2.09, p = 0.02; P4: MD = 1.73,
p =0.04; Pz: MD = 1.70, p = 0.04). There was no significant group
by WM load by posterior electrodes interaction when latency
analysis was performed (see Table 3).

Correlations Between Behavioral Data
and ERP Amplitude Effects

No significant correlations between behavioral performance and
amplitude effects in the low WM load condition were observed.
Table 4 displays significant correlations in the high WM load
condition. Regarding the percentage of correct answers in the
agree condition, only the young adult’s group showed significant
positive correlations with the LAN effect at Fz. In both agreement
conditions, the percentage of correct answers was positively
correlated with the P600a effect at almost all electrodes analyzed
(see Table 4).

Both groups exhibited significant negative correlations
between RTs and difference-wave amplitudes. In young adults,
shorter RTs were related to the higher amplitude of the LAN
effect at F7, and a higher amplitude of P600a effect at C3,
Cz, and CP3 in both agreement conditions. Older adults
showed a different pattern. Shorter RTs were related to the
higher amplitude of the LAN effect at F3 and Fz in both
agreement conditions, and at F4 and F8 only in the disagree
conditions. The amplitude of the P600a effect was negatively
correlated only with the disagree condition at C3, CP3, and CP4
(see Table 4). There were no significant correlations between
behavioral performance and amplitude or latency of the P600b
effect.

This study aimed to assess aging-related changes in gender
agreement processing associated with increased WM load. We
compared behavioral and ERP responses of older adults with
those of a group of young adults to explore the effects of WM load
on the gender agreement processing in sentence comprehension.

Behavioral Evidence

Considering that aging entails a decline in the WM system
and difficulties in the syntactic processing of complex sentences
(Kemper, 1986, 1987; Kemper et al., 1990, 2001), we expected that
older adults would show fewer correct answers and longer RTs
than the young adults. In a high WM load condition, we expected
that older adults would require an increased processing cost, and
this could then be easily observed in poorer subject performance.

In contrast with our hypothesis, no differences between groups
were found in the percentage of correct answers in the high WM
load condition. This unexpected finding may indicate that both
groups showed similar difficulties in a high WM load condition.
This finding may be explained by the inclusion criteria used
(i.e., normal EEG and normal neuropsychological scores) because
our subject selection resulted in a more homogeneous sample
than previous behavioral studies (Kemper, 1986, 1987; Kemper
et al., 1990, 2001). In this respect, it has been posited that EEG
slowing is not necessarily a normal characteristic of aging but
rather may reflect some degree of cerebral pathology (Schomer
and Lopes da Silva, 2011). Therefore, by only including subjects
with an EEG within normal limits of those of the same age,
we may have incorporated healthier subjects into our samples.
Thus, we assume that the features of our older adults are linked
to a similar accuracy of responses to those of the young adult
group in a high WM load condition, and as a consequence, the
gender-agreement processing pattern may be behaviorally better
than that reported in the literature, even when the WM load was
increased.

Another fact that should be considered is that the older adults
were globally slower than the young adults regardless of the WM
load condition. This fact did not match with our hypothesis
because we expected to find longer RTs only in the high WM
load, but our older adults displayed longer RTs than young adults
in both WM load conditions. Starns and Ratcliff (2010) have
proposed that longer RTs could be part of a successful strategy.
They have reported that older adults seem to sacrifice response
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FIGURE 2 | Difference wave of ERPs. (A) Amplitude significant difference
between groups in the LAN effect at F7, (B) young adults, and (C) older
adults. Magenta shaded boxes indicate significant differences between high
and low WM load at the time window of P600a and orange shaded boxes
indicate significant differences between high and low WM load at the time
window of P600b. The negative amplitude is plotted upwards.

speed in favor of accuracy. Although our behavioral results do
not support that a high WM load has a higher cost in older than
in young adults, our finding seems to be supported by this idea of

implementing a successful strategy. Thus, our older adults seem
to take their time to emit a more precise answer.

ERPs Evidence

Even though the behavioral results did not completely support
our hypothesis, older adults displayed different ERP amplitude
modulations in a high WM load condition than young
participants. In a high WM load condition, we expected that
older adults would show a greater amplitude of the LAN effect,
smaller amplitudes of P600a and P600b effects, and a longer
P600b latency compared with young participants. In contrast,
our results suggested that elderly participants were different
compared with young participants in the LAN effect but showed
smaller amplitudes. Older adults displayed smaller amplitudes of
P600a and P600b effects in high compared with low WM load
conditions, which was not observed in young participants.

Theoretically, in the first stage of the gender agreement
processing (i.e., at the time window of the LAN component),
lemma and grammatical features are retrieved from the lexicon.
Previous evidence in young adults has shown that more words
being placed between two lexical units in agreement relation
(e.g., noun and adjective) may generate a greater processing cost.
As they interfere in the recovering of grammatical features, this
interference may be reflected in a greater amplitude of the LAN
effect (Vos et al., 2001) in a higher cost condition, as was used
in this experiment (high WM load condition), and thus the
smaller LAN effect observed in older adults can be interpreted
paradoxically as a lower processing cost. Thus, it could be
interpreted as that the interference effect produced by the words
placed between the noun and adjective may be less evident in
older than in young adults. This fact may ideally facilitate gender
agreement processing; however, it may be generated by a failure
in the maintenance of word grammatical-information in the WM
system.

According to previous studies in younger participants, a
higher cost of processing occurs in the disagreement condition
because it is necessary to identify the morpho-syntactic problem
to understand the sentence. This higher difference between
agreement conditions would be reflected by a larger amplitude
LAN effect (i.e., the large amplitude in the difference wave). In
our older adults compared with younger participants, it seems
at this stage of processing that there is a reduced amplitude of
LAN effect. This result may indicate that they incur a similar
processing cost in the two agreement conditions (i.e., agree vs.
disagree). Elderly participants also displayed a smaller amplitude
of LAN effect in the high vs. the low WM load condition. This
reduced amplitude of LAN effect (similar amplitudes between
the agree and disagree conditions) could be due to an increase
of amplitude for the agree condition or to a decrease for the
disagree condition. We found that elderly participants displayed
significant smaller LAN amplitudes in the disagree condition
when WM load was higher, as opposed to lower. Meanwhile,
in the agree condition, no amplitude differences between WM
load conditions were observed. Thus, reduced amplitude of a
LAN effect in the older group could be the result of a decrease
of amplitude effect for the disagree condition, which may be
interpreted as an incipient failure to identify the grammatical
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TABLE 3 | Means and standard deviations (SD) in microvolts (V) of ERP effects (difference waves).

High WM load Low WM load
Mean SD Mean SD
LAN F3 Older adults 0.18 2.60 —-1.16 3.24
F4 —0.60 2.75 0.52 2.93
Fz 0.65 3.33 —0.35 3.38
F7 0.41* 2.90 —1.18* 2.94
F8 -0.57 2.90 —0.11 211
F3 Younger adults —1.31 3.55 —0.65 3.05
F4 -0.82 2.60 —-0.57 2.25
Fz —0.94 3.43 —0.36 2.60
F7 —1.64* 3.70 —-0.74 2.54
F8 —-0.84 2.79 —-0.25 2.80
P600a C3 Older adults 1.51 3.24 0.18 3.50
C4 0.48* 3.80 1.01* 3.45
Cz 1.23* 3.88 0.97** 3.63
CP3 1.68 3.25 0.44 3.41
CP4 0.84** 3.72 1.16** 3.35
CPz 1.45 3.80 1.03 3.72
C3 Young adults 1.55% 3.46 0.64* 2.29
C4 1.05 2.84 0.81 2.50
Cz 1.50 3.24 113 2.75
CP3 1.44 3.25 0.66 2.40
CP4 1.40 3.20 1.00 2.60
CPz 1.71 3.40 1.30 2.75
P600b P3 Older adults 0.79* 3.36 2.36* 417
P4 0.70* 3.00 2.52* 3.92
Pz 0.27* 3.49 2.40* 4.31
P3 Young adults 1.65 3.41 1.20 3.52
P4 1.46 4.00 1.92 3.25
Pz 1.78 3.70 1.90 4.10

*p < 0.05, **p < 0.01. Post hoc results of comparison between high and low WM

violation. Therefore, this electrophysiological pattern would
suggest an age-related problem in morpho-syntactic processing
when WM load is increased.

However, even when older adults seem to fail at the first stage
(i.e., LAN), gender agreement processing may be conducted in
later stages (Faussart et al., 1999).

In the next stage, the integration of all information associated
with previous sentence context is performed (Kaan et al,
2000). Previous studies in young participants had described
that a smaller amplitude of P600 effect (in this study: P600a
and P600b) was observed when the WM load was increased.
This amplitude decreasing has been interpreted as difficulties
in agreement processing; therefore, a smaller P600 amplitude
may reflect a greater processing cost (Gunter et al., 1997; Kolk
et al, 2003). We expected that, when WM load increased,
older adults would display a smaller amplitude of the P600a
effect than younger participants. Our older adults showed the
electrophysiological pattern described in previous studies (i.e., a
smaller amplitude of P600a effect in the high vs. the low WM
load condition). We propose that the greater processing cost
observed in older adults may reflect not only the integration of
all information associated with the previous sentence context

load.

but also the gender-agreement reprocessing, which could not
have been completed at a previous stage (i.e., at the time-
window of the LAN effect). Differences between groups are
given by the fact that the groups showed opposite patterns
of differences between WM load conditions. That is, older
adults showed greater P600a amplitudes in the low WM load
condition and in the high WM load condition for young
participants.

At the last stage of the agreement processing, a generalized
mapping of the sentence might be computed and this may be
observed in P600b modulations (Barber and Carreiras, 2005;
Molinaro et al, 2008). If there is a grammatical problem
previously diagnosed within the sentence, a repair mechanism
is triggered at this stage (Bornkessel and Schlesewsky, 2006).
According to previous studies (Vos et al., 2001; Phillips et al.,
2005), we hypothesized that older adults would show a smaller
amplitude of P600b and a longer P600b latency in the high WM
load condition than young adults. Our findings suggest that there
are P600b amplitude differences between age groups. Specifically,
older adults displayed smaller P600b amplitudes in the high, as
opposed to the low WM load condition, but this pattern was
not observed in young participants. A possible explanation for

Frontiers in Human Neuroscience | www.frontiersin.org

8 May 2018 | Volume 12 | Article 185


https://www.frontiersin.org/journals/human-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

Alatorre-Cruz et al.

Syntactic Processing in Normal Aging

TABLE 4 | Person’s correlations (rho) between behavioral performance and difference-wave amplitudes in High WM load condition.

Older adults

Young adults

High WM load condition

P600a LAN P600a

Percentage of correct answers Agree

Disagree

C3 (0.50)*
C4 (0.45)*
Cz (0.42)*
CP3 (0.43)*
CP4 (0.45)*
C4 (0.37)"
Cz (0.45)*
CP3 (0.44)*
CP4 (0.42)*

Fz (0.41)"

RTs Agree

Disagree F3

F7 (—0.41)* C3 (~0.37)*
Cz (~0.37)
CP3 (—0.37)*
C3 (=0.41)*
Cz (~0.41)*
CP3 (—0.42)*

C3 (—0.40)*
CP3 (—0.40)*
CP4 (—0.41)*

F7 (0.41)"

*p < 0.05, *p < 0.01.

this finding is that older adults had to exert greater effort in
repairing the sentence than did younger participants. No latency
differences between groups or between WM load conditions were
observed.

Overview

The pattern of behavioral responses in the processing of gender
agreement as a function of the WM load of the older adults was
different from that of the younger adults, even though only their
response time was significantly longer. It seems that they opted
for a successful strategy of sacrificing time for precision (Starns
and Ratcliff, 2010). It is likely that this strategy was useful because
older adults displayed similar accuracy of response to that of
younger adults, contra our expectations. The overall delay in the
response times of older adults can also be expected as a natural
effect of aging when solving cognitive tasks in general, regardless
of the language process evaluated by the ERPs in this experiment
(Wlotko et al., 2010).

The characteristic brain response pattern generated by the
processing of sentence agreement (i.e., LAN, P600a, and P600b)
that accounts for three consecutive stages of parsing processes
(Barber and Carreiras, 2005; Molinaro et al., 2008) was evident
in the older adults. However, when the WM load was increased,
their agreement processing pattern was modulated differently
from that of young adults.

Our results suggest that the increase in WM load causes older
adults to have more failures to maintain grammatical information
(i.e., in the early morpho-syntactic process) so they must carry
out this process in the next phase (Faussart et al., 1999). This
failure can also be evidenced by the fact that as the RTs increased
the amplitude of the LAN component decreased.

In the following stages of processing, older adults must carry
out all of the processing of the gender agreement. As previous

studies have shown, when WM load increases, there is a higher
processing cost observed in older adults with smaller amplitudes
of the P600 effect (Gunter et al., 1997; Kolk et al., 2003), but
they also must reprocess gender agreement when integrating the
sentence arguments. This fact, which implies a high processing
cost, can be interpreted from the significant differences in P600a
amplitude between high and low WM load observed in older
adults but not in young adults, who we suspect were able to carry
out the agreement processing in the first stage.

For the last processing stage, where the complete mapping
of the sentence is carried out to give it meaning, older adults
also showed a higher processing cost when faced with a high
rather than a low WM load. This result is supported by previous
studies on the relationship between the greater load of the WM
and smaller amplitude of the P600 (Gunter et al., 1997; Kolk
et al., 2003). The latency in which this last stage occurs did not
differ between groups, so we think that the processing cost given
by the high WM load was compensated for by the number of
resources invested rather than by slowing down the processing
speed. The RTs recorded by the task execution do not seem to
be related to the registered brain response to this last stage. This
fact suggests that after processing the sentence, the participant
must invest time in decision making and, of course, the motor
response. Therefore, if older adults opt for a strategy of sacrificing
time to improve the accuracy of their responses, it is very likely
that their long RTs latencies are involved in other cognitive
processes, in addition to those included in the processing of
gender agreement.

Limitations

The results of this study are not completely representative of
the effects of WM in the processing of reading comprehension
in aging since our results exclusively address morpho-syntactic
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processing. Considering that gender features of inanimate nouns
are purely linguistic, and do not convey any semantic content,
their processing is likely less noticeable than other types of
agreement clashes (with number agreement). This could explain
the unexpected behavioral results in both younger and older
adults in this study and it is why we assume that the participants
did not achieve as high a percentage correct as we might
have expected, regardless of the group to which they belonged.
Further studies could explore different kinds of agreement,
including number, person or case in association with WM
manipulation.

Another limitation was that the WM load seemed to impose
similarly high demands on both groups, which likely reduced the
expected behavioral and electrophysiological differences between
them. Different levels of WM load could help to attenuate this
concern.

Finally, since our study only includes older adults with normal
EEG and normal neuropsychological scores, in order to confirm
the behavioral findings in previous studies, further studies should
also include a group of healthy older adults with abnormal EEG
patterns.
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