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Event-related potential and EEG oscillatory
predictors of verbal memory in mild
cognitive impairment

®J)iangyi Xia,I Ali Mazaheri,z’3 Katrien Segaert,z’3 David P. Salmon,4 Danielle Harvey,5
Kim Shapiro,”* Marta Kutas*® and John M. Olichney'

Reliable biomarkers of memory decline are critical for the early detection of Alzheimer’s disease. Previous work has found three
EEG measures, namely the event-related brain potential P600, suppression of oscillatory activity in the alpha frequency range
(~10Hz) and cross-frequency coupling between low theta/high delta and alpha/beta activity, each of which correlates strongly
with verbal learning and memory abilities in healthy elderly and patients with mild cognitive impairment or prodromal Alzheimer’s
disease. In the present study, we address the question of whether event-related or oscillatory measures, or a combination thereof,
best predict the decline of verbal memory in mild cognitive impairment and Alzheimer’s disease. Single-trial correlation analyses
show that despite a similarity in their time courses and sensitivities to word repetition, the P600 and the alpha suppression compo-
nents are minimally correlated with each other on a trial-by-trial basis (generally || < 0.10). This suggests that they are unlikely
to stem from the same neural mechanism. Furthermore, event-related brain potentials constructed from bandpass filtered (delta,
theta, alpha, beta or gamma bands) single-trial data indicate that only delta band activity (1-4 Hz) is strongly correlated (r = 0.94,
P < 0.001) with the canonical P600 repetition effect; event-related potentials in higher frequency bands are not. Importantly, step-
wise multiple regression analyses reveal that the three event-related brain potential/oscillatory measures are complementary in pre-
dicting California Verbal Learning Test scores (overall R”’s in 0.45-0.63 range). The present study highlights the importance of
combining EEG event-related potential and oscillatory measures to better characterize the multiple mechanisms of memory failure
in individuals with mild cognitive impairment or prodromal Alzheimer’s disease.
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EEG and memory in mild cognitive impairment

Introduction

Episodic memory decline, often assessed via verbal mem-
ory tests, is typically the earliest and most prominent cog-
nitive change that occurs before the onset of dementia of
the Alzheimer’s type (Salmon and Bondi, 2009).
Neuropsychological studies have shown that deficits in
episodic memory can distinguish mild cognitive impair-
ment (MCI) from normal aging and predict imminent
conversion to Alzheimer’s disease (e.g. Rabin et al.,
2009). Amnestic MCI is considered a precursor to
Alzheimer’s disease based on the high rate of conversion
(10-15% per year) from this stage to Alzheimer’s disease
dementia (Petersen et al., 2001; Petersen and Knopman,
2006), and the high prevalence of Alzheimer’s disease
neuropathology (Galvin et al., 2005). Sensitive neural
biomarkers of episodic memory decline thus may provide
a tool for accurate diagnosis of prodromal Alzheimer’s
disease, which in turn would enable earlier, and poten-
tially more effective treatment.

Scalp-recorded EEG is well-suited to provide insight
into the electrophysiological basis of episodic memory de-
cline as it reflects instantaneous scalp voltage fluctuations,
mostly resulting from synchronized activity (i.e. post-syn-
aptic potentials) of large populations of neocortical neu-
rons. Neuronal synchronization is thought to be the
fundamental mechanism of information transfer across
neural circuits and networks essential for complex cogni-
tive functions (Buzsaki, 2006). Synaptic dysfunction, one
of the earliest and most dominant features of Alzheimer’s
disease (Selkoe, 2002), severely compromises the integrity
of neural networks underlying episodic memory among
other cognitive functions (Sperling et al., 2010). A large
body of research has identified EEG oscillatory and
event-related  brain  potential (ERP) features of
Alzheimer’s disease and related cognitive impairments
(Olichney et al., 2011; Yener and Basar, 2013; Horvath
et al., 2018). Moreover, we have identified a number of
EEG/ERP features specifically associated with verbal
memory impairments in individuals with MCI and pro-
dromal Alzheimer’s disease (Olichney et al., 2008;
Mazaheri et al., 2018).

Using a word repetition paradigm with semantically
congruous and incongruous words, we have observed a
large decrement in P600 amplitude to repeated (old), rela-
tive to new, congruous words in healthy elderly individu-
als; this is known as the P600 word repetition effect
(Olichney et al., 2008). Similarly, oscillatory power sup-
pression in the alpha range (9-11Hz) has been found to
be attenuated for repeated relative to new words after
about 0.5s after word onset (Mazaheri et al., 2018).
Both of these repetition effects were reportedly smaller in
individuals with MCI. Additionally, the P600 effect was
absent in individuals with MCI who converted to
Alzheimer’s disease within 3 years (Olichney et al.,
2008). Word repetition typically facilitates lexical process-
ing if the memory traces (implicit and possibly
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declarative) for that word were laid down upon its initial
presentation (Schacter et al., 1993). Word repetition
effects such as P600 and alpha suppression are hypothe-
sized to reflect this lexical facilitation for words that have
been successfully encoded.

Mazaheri et al. (2018) identified a functional connectiv-
ity measure that also was associated with verbal memory
encoding, namely the cross-frequency anti-coupling be-
tween low theta/high delta power increase at the midline
parietal electrode site Pz (3-5Hz, 0.4-0.5 s after word
onset) and alpha/beta suppression at the mid-frontal elec-
trode site Fz (10-20 Hz, 0.5-1.0 s). Assessing connectivity
between brain regions using scalp EEG is difficult, how-
ever, due to volume conduction: any given electrodes at
the scalp pick up activity from nearby as well as distant
generators/sources. One approach that circumvents this
problem is to examine the trial-by-trial negative (i.e. anti)
correlations between different oscillatory activities over
distinct brain regions. This method, called ‘cross-fre-
quency power correlation’ (Mazaheri et al., 2009), cir-
cumvents the volume conduction problem, given that it is
highly unlikely for a common source to generate an in-
crease in power of one frequency across one region of
the brain and a simultaneous decrease of power in an-
other frequency at a distant region.

The cross-frequency low theta/high delta to alpha/beta
anti-coupling (Mazaheri et al., 2018) was quantified on a
trial-by-trial basis and was present only for congruous
words, i.e., words that followed a statement about a cat-
egory with which they were semantically congruent, in
healthy elderly participants. The low theta/high delta
power increase we observed, larger for congruent than in-
congruent words, was thought to reflect the retrieval of
semantic information associated with the target word.
The suppression of beta activity over the frontal cortices
may be related to semantic unification (i.e. the integration
of pieces of semantic information into an unfolding repre-
sentation of the context) (Wang et al., 2012). Thus, the
cross-frequency anti-coupling between theta/delta power
increase and alpha/beta suppression we observe may re-
flect the interplay between semantic retrieval and the inte-
gration of the retrieved information with the context
established by the preceding statement. Based on these
findings, all three EEG/ERP features appear to be related
to verbal memory in individuals with MCI. Indeed, we
found that all three features were strongly correlated
with scores on standard neuropsychological measures of
verbal memory such as the California Verbal Learning
Test (CVLT; Delis et al., 2000).

In the current study, we aimed to determine if these
three memory-related EEG/ERP measures contribute syn-
ergistically to the prediction of verbal memory test per-
formance in healthy elderly individuals and in patients
with  MCI or prodromal Alzheimer’s disease. Before
assessing this hypothesis, we tested whether the measures
are independent. The independence issue arises given the
similarities in timing and functional interpretation of the
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P600 and alpha word repetition effects. Research has
demonstrated that slow ERPs can be generated by a
modulation of ongoing alpha oscillations, i.e., asymmetric
alpha amplitude modulation (Nikulin et al, 2007;
Mazaheri and Jensen, 2008; van Dijk et al., 2010; Iemi
et al., 2019). It has been proposed that as neural oscilla-
tions do not vary symmetrically around zero, modulation
of such asymmetrical fluctuation by stimuli cannot be
eliminated by averaging across trials as in ERP analysis.
On this account, the P600 and alpha power suppression
in response to words may represent different manifesta-
tions of a single neural phenomenon. In the present
study, we conducted trial-by-trial correlation and band-
pass filtered ERP analyses to assess the relationship be-
tween the P600 and alpha suppression effects. Stepwise
multiple regression analyses were then carried out to de-
termine whether each of the three EEG/ERP measures in-
dependently contributes to the prediction of CVLT
scores.

Methods

EEG and behavioural data were collected from 25
patients with amnestic MCI (15 converters: mean age
74.6 years, range 60-84; 10 non-converters: mean age
71.1years, range 55-81) and 11 healthy elderly controls
(mean age 74.1years, range 57-79) who were recruited
for a previously published longitudinal study (Olichney
et al., 2008). The participants were recruited primarily
from the Shiley-Marcos Alzheimer’s Disease Research
Center at the University of California, San Diego and
provided informed consent according to the guidelines of
the University of California, San Diego University of
California, San Diego Human Research Protection
Program. Participants received annual clinical, neurologic-
al and neuropsychological assessments, as well as evalu-
ation of daily function using the Clinical Dementia
Rating (Hughes ez al., 1982), a functional activities ques-
tionnaire, or an instrumental activities of daily living
scale (Pfeffer et al., 1982). All participants were screened
for treatable causes of cognitive impairments such as vita-
min B12 deficiency and thyroid dysfunction and under-
went a brain scan (generally clinical MRI). Exclusion
criteria for the Alzheimer’s Disease Research Center
included stroke, epilepsy and chronic psychiatric condi-
tions (e.g. schizophrenia, bipolar disorder). Exclusion
from the EEG study also included current use of several
classes of CNS-active medications (e.g. benzodiazepines).
Participants were tested annually with an EEG word
repetition paradigm. At the initial baseline recording ses-
sion, all participants met Petersen criteria for amnestic
MCI (Petersen et al., 1999; Petersen, 2004), but not for
dementia (American Psychiatric Association, 2000) or
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Alzheimer’s disease dementia (McKhann et al., 1984). Of
the 25 MCI participants, 15 converted to Alzheimer’s dis-
ease (MCI converters) within 3years of their initial base-
line session (mean number of years 1.62*0.7). A
diagnosis of Alzheimer’s disease dementia was made
according to National Institute of Neurological and
Communicative Disorders and Stroke-Alzheimer’s Disease
and Related Disorders Association criteria for probable
or possible Alzheimer’s disease (McKhann et al., 1984)
that require decline in two or more cognitive domains
and functional decline. The remaining 10 MCI partici-
pants had all remained in the MCI stage for >3years
(mean follow-up = 4.9 = 1.5years). The normal control
group comprised age-controlled robust normal elderly
who remained cognitively normal (based on annual
neuropsychological testing) for a minimum of 3 years
after the ERP session, and for the duration of all avail-
able follow-up.

In the present study, we focus on the initial baseline
EEG and neuropsychological assessment data (specifically,
the CVLT) to determine if three memory-related EEG/
ERP measures contribute synergistically to the prediction
of verbal memory test performance in healthy elderly
individuals and patients with MCI or prodromal
Alzheimer’s disease. The CVLT assesses an individual’s
ability to learn a 16-item word list over five presentation
trials with immediate recall, recall after short (1 min) and
long (20 min) delay intervals (with or without semantic
cues) and to recognize the words versus distractor words
(i.e. discriminability) after a delay (20 min).

For each trial, participants were presented with an audi-
tory phrase describing a category (e.g. ‘a type of wood’)
followed by a written target word ~1s later (presentation
duration = 0.3 s, visual angle ~= 0.4°). The target words
were either congruous (e.g. cedar) or incongruous (e.g.
pancake) with the meaning of the preceding category
phrase with a probability of 0.5. Congruous and incon-
gruous words were matched on frequency of usage
(Francis and Kucera, 1982) and word length. Participants
were instructed to wait for 3s after the onset of each tar-
get word, then read the word aloud, and give a ‘yes/no’
decision indicating whether the word fit the preceding
category. No time limit was imposed on response execu-
tion. One-third of the category-word pairs (50% congru-
ous, 50% incongruous) were repeated only once, and the
lag between the first and the second presentation was
short (0-3 intervening trials, spanning ~10-40s). One-
third of the category-word pairs (50% in/congruous)
were repeated twice, and the lags between presentations
were longer (10-13 intervening trials, spanning ~100-
140s). One-third of the category-word pairs appeared
only once. A total of 432 trials were performed in 3

blocks of 144 trials each. Further details of the
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experimental paradigm can be found in Olichney et al.
(2000, 2008).

Across participants, EEG was recorded from 19 to 32
channels including midline (Fz, Cz, Pz) and lateral (F7/
F8, T5/T6, O1/02) sites in the International 10-20
System and additional sites which approximate Broca’s
area (BL/BR), Wernicke’s area (WL/WR) and Brodmann
area 41 (41L/41R). EEG signals were recorded with a
250Hz sampling rate, the band passed between 0.016
and 100Hz, and re-referenced offline to averaged mas-
toids. EEG epochs were extracted time-locked to the
onset of target words, 2s before and 2s after the word
onset. Non-physiological artefacts were removed via vis-
ual inspection before the application of independent com-
ponent analysis to remove eye movements (Jung et al.,
2001). EEG pre-processing and artefact rejection were
performed using EEGLAB (Delorme and Makeig, 2004)
and Fieldtrip (Oostenveld et al., 2011).

For each participant, ERPs were averaged across artefact-
free epochs of congruous and incongruous words for new
and repeated presentations using a pre-stimulus baseline
of 100ms. The P600 repetition effect was quantified as
the difference in amplitude between new (1st presenta-
tion) and repeated (collapsing 2nd and 3rd presentations)
semantically congruous words at electrode Pz within the
500-800ms time window after word onset, as in
Olichney et al. (2008). For trial-by-trial analyses, an
automated denoising method (Ahmadi and Quiroga,
2013) was used to extract the P600 component from sin-
gle-trials (see Results section for more details).

Frequency bands of interest in the present study were a
priori determined as low theta/high delta (3-5Hz), alpha
(9-11Hz) and alpha/beta (10-20Hz), in line with
Mazaheri et al. (2018). For each trial, time-frequency rep-
resentations (TFRs) of power were derived using sliding
Hanning tapers with varying time windows of three
cycles of each frequency. Target word induced oscillatory
activity was computed as the proportional change in
power relative to baseline (=500 to —100ms before
word onset). Two oscillatory features, alpha suppression
and cross-frequency coupling, were extracted using meth-
ods as described in Mazaheri et al. (2018). The alpha
repetition effect was quantified as the difference in the
magnitude of word induced alpha suppression between
new words and the third presentation of the same words,
collapsing across congruous and incongruous conditions.
The quantification of the alpha repetition effect as in
Mazaheri et al. (2018) was based on the findings that (i)
the magnitude of alpha suppression diminishes with each
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word repetition (i.e. new > 2nd presentation > 3rd pres-
entation; see Fig. 2 in Mazaheri et al., 2018) and (ii) the
alpha repetition effect was not affected by semantic con-
gruency. For each participant, the amplitude envelope of
the early low theta/high delta activity (400-500ms) at
the midline parietal electrode (Pz) and the late alpha/beta
activity (500-1000ms) at the midline frontal electrode
(Fz) were correlated (Spearman) on a trial-by-trial basis.
Cross-frequency coupling was computed as a normalized
correlation coefficient using
transformation.

Fischer’s r-to-z

Artefact-removed EEG epochs were mirror-padded to 8s
(adding 2s to the beginning and 2s to the end) and
bandpass filtered into five conventional frequency bands
(delta 1-4Hz, theta 4-8Hz, alpha 8-13Hz, beta 13-
30Hz and gamma 30-45 Hz) using zero-phase Hamming-
windowed sinc FIR filters as implemented in EEGLAB
(pop_eegfiltnew). This function automatically selects the
optimal filter order and transition bandwidth to minimize
filter distortions and maximize time precision. ERPs were
then computed and the P600 repetition effect quantified
using the same method as described above in ERP
analyses.

The analysis was focused on the three previously identi-
fied EEG/ERP measures: the P600 congruous word repeti-
tion effect, the alpha repetition effect and the cross-
frequency coupling. We used a priori defined latencies
and electrodes of interest for statistical testing, guided by
our previous studies (Olichney et al., 2008; Mazaheri
et al., 2018). Between-subjects one-way ANOVAs were
used to compare the magnitude of each EEG/ERP word
repetition effect between participant groups (control, MCI
non-converters and MCI converters). Trial-by-trial corre-
lations between P600 and alpha suppression were exam-
ined using Spearman’s rank correlation test, as single-trial
alpha power changes were not normally distributed.
Correlation coefficients for each participant were con-
verted to z-values with Fischer’s r-to-z transform [Z =
h*In[(1 + 7)/(1 — 7)]] for comparisons across groups
and conditions (Mazaheri et al., 2018), using a repeated-
measures ANOVA with factors of group, congruency and
repetition. Bayes Factors were calculated for non-signifi-
cant effects via Bayesian ANOVA using default prior
probabilities in JASP version 0.10.2. Bayes factors pro-
vide relative evidence of both the null (Hg) and alterna-
tive hypothesis (H;). An estimated Bayes Factor (BFq:
Ho/H{) value < 1 was considered as evidence in favour
of Hy (Wagenmakers et al., 2018). For example, a BF,
of 0.25 indicates that the Hy is 4 times (1:0.25) more
likely than the Hj. Using the classification criteria of
Wagenmakers et al. (2018), a BF;y between 0.33 and 1
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provides anecdotal evidence for the Hy and a BFo be-
tween 0.1 and 0.33 provides moderate evidence for Hj.
A BF;y < 0.10 provides strong evidence for H,.

Pearson’s correlation coefficients were used to examine
the relationships between the EEG/ERP measures, as well
as between these measures and neuropsychological test
scores. Multiple linear regression models were constructed
to examine the contribution of each EEG/ERP measure in
predicting variance in the CVLT memory scores. With
CVLT scores as dependent variables, the three EEG/ERP
measures were each allowed to enter into or be removed
from the stepwise regression models (a-to-enter: P < 0.035,
o-to-remove: P>0.1) after controlling for age, education
and gender. All participants across the three groups were
combined in these analyses to capitalize on the heterogen-
eity in verbal memory abilities and electrophysiological
measures.

If required, the clinical data used in the current paper can
be made available upon reasonable request. However, be-
cause of the sensitive nature of patients’ clinical informa-
tion, any shared data will be de-identified and all
potentially identifying personal health information removed.
In addition, a shared data use agreement may be required.

Results

Participant demographics and behavioural data are shown
in Table 1. Please see Olichney er al. (2008) for more
information.

The grand averaged ERP waveforms representing the
P600 repetition effect, the TFRs of the alpha suppression
effect, and the corresponding scalp distribution plots are
shown in Fig. 1. TFRs of power change separated for
new and old words are shown in Supplementary Fig. 4.
Visual inspection shows that both effects were smaller in
the MCI non-converters than in healthy controls, and
further diminished (alpha suppression) or even reversed
(P600) in MCI converters. The onset latencies of these
effects appeared to be delayed in the MCI group averages
compared to those of the control group. Between-subject
ANOVAs confirmed that the magnitudes of these word
repetition effects differed significantly across the partici-
pant groups (P600: F(2, 33) = 9.90, P < 0.001; alpha
suppression: F(2, 33) = 7.47, P < 0.005). The P600
repetition effect was diminished in MCI converters com-
pared to healthy controls (2,4 = 4.07, P < 0.001) and
non-converters (£,3 = 4.01, P < 0.001), and no statistical
difference was found between healthy control and MCI
non-converters (19 = 0.50, P = 0.625). In contrast, the
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Table | Mean (SD) values of demographics and CVLT
scores in the three groups

MCI MCI Control
stable converter
N 10 15 I
Age (years) 71.1(75) 746(69) 741 (68)
Sex 4F6M  S5FEIOM 7FE4M
Education (years) 143(38) 16.8(2.8) 15.8 (2.8)
CVLT list A, trials 1-5 389(63) 262(80)°  60.3(10.0)"
CVLT short delay free recall 53 (2.7) 3.1 (2.7) 132 (2.0)"
CVLT short delay cued recall 7322 49 (3.2)* 13.9 (|.6)**
CVLT long delay free recall 57(20) 35(28)° 13.00)"
CVLT long delay cued recall 7324 3928 133(1.8)"
CVLT discriminability (%) 86.(5.0) 729(157) 969 (4.1)"

*P < 0.05, MClI stable vs. MCI converter;
*P < 0.05, MCl stable vs. control;
CVLT = California Verbal Learning Test.

alpha suppression effect was significantly reduced in both
MCI patient groups (non-converter vs. control: t;9 =
2.77, P = 0.012; converter vs. control: 4 = 4.07, P <
0.001) and there was no significant difference between
the two MCI patient groups (¢,3 = 0.83, P = 0.416).

For each trial, P600 was quantified as the mean ampli-
tude at Pz in the 500-800 ms time window, and alpha
suppression was quantified as the mean percentage
change in alpha power at Pz during the 500-1000ms
epoch compared to the baseline (=500 to —100ms). To
overcome the low signal-to-noise ratio in single-trial
ERPs, an automated denoising method was used to ob-
tain single trial level P600 (Ahmadi and Quiroga, 2013).
Following the denoising method, ERPs for new or old
congruous words were subjected to multi-scale wavelet
decomposition to extract frequency- and time-specific
coefficients. An automatic thresholding procedure (equa-
tions as reported in Ahmadi and Quiroga, 2013) was
then used to remove coefficients related to ongoing back-
ground EEG (noise). Finally, denoised wavelet coefficients
were used to construct single-trial ERPs. This method has
been shown to significantly improve estimates of single-
trial amplitude and latency of ERP components (Ahmadi
and Quiroga, 2013).

The trial-by-trial relationship between P600 and alpha
suppression was assessed using Spearman’s rank-order
correlation for each participant, with adjustment for mul-
tiple tests using Bonferroni correction (two-tailed
o0=0.05/36 ~ 0.0014). Trial-by-trial correlations were
significant for three participants (two healthy controls
and one MCI converter) out of all 36 participants (see
Fig. 2). Note, however, that the directions of the three
significant correlations were not consistent (i.e. two posi-
tive and one negative), and that most rho’s were small
(between —0.10 and 0.10) and not statistically significant.
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Since the magnitudes of the P600 and alpha suppres-
sions effects vary with word repetition, congruency and
participant group, trial-by-trial correlations between the

two

measures

might

also

be

affected by

these

experimental manipulations. To test this possibility, the
correlation coefficients were normalized using Fischer’s r-
to-z transformation (Supplementary Fig. 1) and subjected
to repeated-measures ANOVA with factors of group,
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Figure 2 Trial-by-trial correlations between the P600 and
alpha suppression. Spearman correlations between the two
measures at electrode Pz for each participant in the three groups.
For 3 out of 36 participants, the two measures were significantly
correlated across trials (uncorrected P values presented).

congruency and repetition. The results revealed no signifi-
cant effect for any of these factors or interactions be-
tween them (F’s < 1.39, P’s > 0.26), suggesting that the
trial-by-trial correlations between P600 and alpha sup-
pression were unlikely to be influenced by experimental
conditions. Bayesian repeated-measures ANOVA also
showed moderate (congruency: BF{, = 0.2835; repetition:
BFo = 0.239; group: BF;y = 0.163) to strong (all inter-
actions: BFjg < 0.069) evidence in favour of the null hy-
pothesis (Hp: no effect of any of the factors or
interactions between factors).

ERPs constructed from bandpass filtered single-trial data
reveal that delta band activity (1-4 Hz) alone was strong-
ly correlated (r = 0.94, P < 0.001) with the traditional
P600 repetition effect. ERPs in the alpha band did not
contribute to the P600 effect (r = 0.12, P = 0.50).
Figure 3 shows bandpass filtered ERP repetition effects in
delta and alpha bands, separated for the three participant
groups (see Supplementary Fig. 2 for bandpass filtered
ERP waveforms in all five frequency bands).

Between the three EEG/ERP memory measures, the P600
congruous repetition effect correlated significantly with
cross-frequency coupling (r = —0.34, P = 0.044) and
marginally with the alpha repetition effect (r = —0.32, P
= 0.06). There was no reliable relationship between the
alpha repetition effect and cross-frequency coupling (r =
0.007, P = 0.97). Correlations between each of the three
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EEG/ERP measures and CVLT scores are displayed in
Table 2 (see Supplementary Table 1 for correlations bro-
ken down by congruity and for correlations between
EEG/ERP measures and subjects’ age and education). The
overall correlation structure between all EEG/ERP and
CVLT measures is shown in Supplementary Fig. 3. Note
that cross-frequency coupling measures the anti-correl-
ation between low theta/high delta and alpha/beta power
modulation, i.e., an increase in theta/delta and decrease
in alpha/beta power (relative to baseline) following word
onset (see Fig. 3 in Mazaheri et al., 2018). All three
EEG/ERP measures are correlated with verbal memory
scores on the CVLT, raising the possibility that correla-
tions among the electrophysiological measures could be
spurious, and mediated by a shared relationship with
memory ability.

Hierarchical linear regression models of verbal memory
(i.e. CVLT) scores were constructed to examine the effect-
iveness of EEG/ERP word repetition measures in predict-
ing memory after controlling for the demographic factors
of age, education and gender (Table 3). The three demo-
graphic factors were entered first in block, and then fol-
lowed by stepwise regression that allowed each of the
three ERP/EEG measures to be independently entered (a-
to-enter: P <0.05) or removed (a-to-remove: P >0.1). All
three EEG/ERP word repetition measures contributed in-
dependently to predict CVLT learning (trials 1-5) and
long-delay cued and free recall performance. The P600
congruous repetition effect and the cross-frequency cou-
pling measure contributed independently to prediction of
CVLT short-delay cued recall and recognition discrimin-
ability. The alpha suppression effect and cross-frequency
coupling measure contributed independently to prediction
of CVLT short-delay free recall. Note that the beta coef-
ficients for the alpha repetition effect and cross-frequency
coupling are consistently negative, as these effects are
normally in the negative direction (i.e. more alpha sup-
pression to new than repeated words and anti-coupling
between early low theta/high delta synchronization and
late alpha/beta desynchronization).

Discussion

The present study assessed relationships among three pre-
viously identified electrophysiological measures—the P600
ERP and two oscillatory effects (i.e. alpha suppression
and 0/6-o/f coupling) and their potential as biomarkers
of verbal memory functioning in healthy aging, MCI and
prodromal Alzheimer’s disease. All three ERP/EEG meas-
ures were significantly correlated with verbal memory
abilities across individuals. Our results further suggest
that the P600 and alpha word repetition effects are dis-
sociable. Importantly, we show that combining all three
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Figure 3 Frequency band-specific ERPs. Delta (upper) and alpha (lower) bandpass filtered ERP waveforms elicited by new and repeated
semantically congruous words at electrode Pz for the three groups.
Table 2 Pearson correlations between each of the three EEG/ERP measures and CVLT scores across all subjects
CVLT P600 repetition Alpha repetition effect Theta/delta (Pz) — alpha/beta
effect (congruous) (congruous + incongruous) (Fz) coupling (congruous)
r P r P r P
List A, trials -5 055" <0.001 —0.40 0016 —0.53" 0.001
Short delay free recall 043" 0.009 —0.45" 0.006 —0.50" 0.002
Short delay cued recall 053" 0.001 —0.40° 0.017 —0.46" 0.005
Long delay free recall 055" 0.001 —0.44" 0.008 —0.51™ 0.002
Long delay cued recall 0.59™ <0.001 —0.47" 0.004 —0.49" 0.002
Discriminability 0.53" 0.001 033" 0.047 —0.54" 0.001
CVLT = California Verbal Learning Test.
*P < 0.05;
#p < 0.01;
P < 0,001
measures provides the best model to account for variance ERPs analyses. The posterior P600 correlates most

in CVLT scores (overall R*s in 0.45-0.63 range) and is
superior to any single measure alone. Our results also
suggest that the three EEG/ERP measures reflect different
aspects of verbal memory processing, and each uniquely
contributing to individual verbal memory performance.
Minimal correlation between the P600 and alpha sup-
pression in trial-by-trial correlation analyses suggests that
they are independent measures despite similarities in their
time courses and scalp topographies, as well as in their
correlation with memory. These word repetition effects,
therefore, are not likely to be generated by the same
neural mechanism as the asymmetric alpha amplitude
modulation theory suggests (Mazaheri and Jensen, 2008).
The dissociation between P600 and alpha suppression
effects is supported by the results of our bandpass filtered

strongly with delta activity, and not with higher frequen-
cies such as alpha. Research has revealed a link between
event-related delta modulation and the P300 ERP compo-
nent (see Giintekin and Basar, 2016 for a review).
Furthermore, the present results demonstrate that the vast
majority of the P600 word repetition effect is mediated
by slow oscillations in the delta band. Slow oscillations
are thought to underlie large-scale information integration
across long time intervals and multiple neural networks
(Buzsaki, 2006; Buzsiki and Watson, 2012). This aligns
well with the role of delta band activity in high-level lan-
guage processing such as chunking words into syntactic
phrases to facilitate sentence comprehension (see Meyer,
2018 for a review). Alpha suppression, by comparison,
has related successful sentence encoding

been to
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Table 3 Hierarchical stepwise multiple regression models for California Verbal Learning Test (CVLT; Delis et al.,

2000) scores
Predictor variables R? Adjusted R” Standardized f P-value
CVLT list A, trial 1-5
Block | 0.051 —0.038
Age 0.157 0.258
Education 0.242 0.097
Gender (male) —0.061 0.667
P600 repetition—congruous 0.361 0.278 0.386 0.012
0/5-0/p coupling—congruous 0.509 0.428 —0.471 0.002
Alpha repetition effect 0.574 0.486 —0.272 0.045
CVLT short delay free recall
Block | 0.036 —0.054
Age 0.189 0.194
Education 0.182 0.217
Gender (male) —0.039 0.797
6/5-0/B coupling—congruous 0.307 0.217 —0.580 <0.001
Alpha repetition effect 0.504 0.421 —0.444 0.002
CVLT short delay cued recall
Block | 0.031 —0.060
Age 0.296 0.059
Education 0.168 0.292
Gender (male) —0.003 0.983
P600 repetition—congruous 0318 0.230 0.477 0.003
0/5-0/p coupling—congruous 0.451 0.359 —0.421 0.012
CVLT long delay free recall
Block | 0.075 —0.012
Age 0.216 0.106
Education 0.300 0.034
Gender (male) —0.134 0.323
P600 repetition—congruous 0.400 0.323 0.393 0.007
6/5-0/p coupling—congruous 0.534 0.456 —0.452 0.002
Alpha repetition effect 0.614 0.534 —0.303 0.021
CVLT long delay cued recall
Block | 0.030 —0.061
Age 0.265 0.044
Education 0.206 0.126
Gender (male) —0.016 0.900
P600 repetition—congruous 0.404 0.327 0.427 0.003
0/5-0/ coupling—congruous 0.540 0.464 —0.457 0.002
Alpha repetition effect 0.633 0.558 —0.327 0.011
CVLT discriminability
Block | 0.095 0.010
Age 0.101 0.502
Education 0.157 0318
Gender (male) —0.131 0.403
P600 repetition—congruous 0.334 0.248 0.428 0.007
0/8-a/p coupling—congruous 0.464 0.375 —0.418 0.011

(Vassileiou et al., 2018) and maintenance in working
memory (Meltzer et al., 2017). In memory research, a de-
crease in alpha power often has been associated with suc-
cessful encoding of individual words (Sederberg et al.,
2006; Fell et al., 2008; Hanslmayr et al., 2009; Fellner
et al., 2013) and has generally been taken to reflect
word-level ~ semantic  processing  (Klimesch, 1997;
Hanslmayr et al., 2012; Hanslmayr and Staudigl, 2014;
Vogelsang et al., 2018).

Functional dissociation between the P600 and alpha
suppression is supported by their correlations with the
CVLT measures. Consistent with our prior reports (MCL:
Olichney et al, 2002, 2008; Alzheimer’s disease:
Olichney et al., 2006), the magnitude of the P600 word

repetition effect to congruous words are strongly corre-
lated with all CVLT measures, but the P600 effect to in-
congruous words are not (Supplementary Table 1). By
comparison, correlations between the alpha repetition ef-
fect and CVLT scores are strong for either congruous or
incongruous words and strongest across all words. These
results suggest that the P600 component is related to the
successful integration of a target word with the preceding
categorical statement (i.e. memory binding) which is fos-
tered by semantically congruous words. On the other
hand, alpha suppression appears sensitive to the process-
ing of both congruous and incongruous target words.
Correlations between alpha suppression and memory are
stronger for incongruous than congruous words. Based
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on the role of alpha suppression in verbal working mem-
ory and semantic encoding as discussed above, the alpha
repetition effect in the present study may reflect semantic
elaboration of the novel target words during sustained at-
tention, which in turn promotes effective memory encod-
ing. Taken together, these results suggest that although
both the P600 and alpha suppression effects may mediate
verbal memory, they likely reflect different aspects of
memory encoding.

Multiple regression models combining the three EEG/
ERP measures accounted for 57% of the variance in
CVLT total learning (the sum of the total recall across
five learning trials) and 61-63% of the variance in
delayed recall scores (free and cued). To demonstrate the
generalizability of these models, we repeated the analyses
without controlling for demographic factors. The pattern
of results remains largely unchanged (overall R%s in
0.43-0.56 range across all CVLT scores) although the
alpha suppression effect now also enters the short delay
cued recall model as a significant predictor (results not
shown). It has been shown that CVLT total learning is
one of the best verbal memory measures to distinguish
amnestic MCI from normal aging, whereas CVLT
delayed recall is highly sensitive to imminent conversion
from MCI to Alzheimer’s disease (Rabin et al., 2009).
Consistent with these findings, research on 895 partici-
pants has shown that CVLT total learning was the first
score to decline in preclinical Alzheimer’s disease, fol-
lowed by short- and long-delayed free recall scores as a
diagnosis of MCI approached (Bilgel et al., 2014). In an-
other report, decline in immediate recall in the preclinical
stage of Alzheimer’s disease was associated specifically
with regional tau measures, whereas decline in delayed
recall in a combined sample of prodromal Alzheimer’s
disease and Alzheimer’s disease dementia was associated
with f-amyloid and cortical thickness (Ossenkoppele
et al., 2019). These findings suggest that various verbal
memory measures and the processes they assess are se-
lectively affected in the different stages of Alzheimer’s dis-
ease. Thus, aggregate EEG/ERP measures that index these
processes may prove to be effective tools for both early
diagnosis and staging of Alzheimer’s disease (Olichney
et al., 2008; Mazaheri et al., 2018). Although there are a
number of conventional Alzheimer’s disease biomarkers
such as Amyloid-f (Af), tau and cortical atrophy
(McDonald et al., 2012; Ossenkoppele et al., 2016,
2019; Scholl et al., 2016; Bejanin et al., 2017; Mattsson
et al., 2019), the EEG/ERP measures investigated in the
present study might have added value as cost-effective,
sensitive biomarkers of verbal memory dysfunction in
early-stage Alzheimer’s disease. Research is needed to bet-
ter understand the relationship between EEG/ERP compo-
nents, memory decline and underlying Alzheimer’s disease
pathology.

Subtle differences in the relationships between the P600
or alpha repetition effects and individual CVLT scores
were also revealed in the multiple regression analyses.

BRAIN COMMUNICATIONS 2020: Page |1 of 14 | 11

The P600 was the strongest predictor of all CVLT
measures except short-delay free recall, for which alpha
suppression was a strong predictor. These differences
could be explained by the functional dissociation between
the two word repetition effects (as discussed above): the
P600 effect is related to the integration of a target word
with its context (e.g. the category statement), whereas
alpha suppression is related to word-level processing dur-
ing sustained attention. It may be that neural mechanisms
supporting the target-context integration are closely
linked to cued recall, which requires associative encoding
between a cue and a target word, while those supporting
word-level processing are critical for successful free recall
after a short delay. As for the cross-frequency anti-cou-
pling, it may be that the effect also reflects binding of
the target word with the preceding context since it was
found with congruous trials only, and was strongly corre-
lated with CVLT verbal memory scores (Table 2 and
Supplementary Table 1). One plausible interpretation is
that the increase in posterior low theta/high delta power
is related to semantic processing in parieto-temporal cor-
tex and the late alpha/beta suppression allows encoding
into working memory by the prefrontal cortex. Testing
these hypotheses will advance our understanding of these
EEG/ERP features and our knowledge of how to best use
them in Alzheimer’s disease research.

Despite the close link to learning and memory, EEG/
ERP measures are currently underutilized as biomarkers
or outcome markers in Alzheimer’s disease clinical trials.
One of the main limitations of using EEG/ERP as bio-
markers for clinical conditions is that the inter-subject
variability in EEG/ERP measures may not be tightly
coupled with behaviour. This limitation is well illustrated
by MacLeod and Donaldson (2017) who tested the left
parietal old/new effect, widely considered the ERP signa-
ture of memory retrieval. Using two large samples of
healthy young participants, these authors found that the
magnitude of the left parietal old/new effect was consist-
ently modulated by recollective processes across old/new
recognition, item source accuracy and Remember/Know/
Guess tasks within participants. Across participants, how-
ever, left parietal old/new effect amplitude did not correl-
ate with recollection. These findings suggest that even
though within-subject variance in the left parietal old/new
effect reflect differences in recollection, across-subject
variation at least in young healthy samples is likely to
arise from cognitive processes beyond recollection. In
contrast, significant across-subject correlation between the
P600 word repetition effect and behavioural measures of
verbal memory has been found in the current study, as
well as in individuals with amnesia, MCI and mild
Alzheimer’s disease (Olichney et al., 2000, 2002, 2006),
suggesting that word repetition effects in this paradigm
may provide a useful biomarker of memory decline in
early Alzheimer’s disease, and perhaps other conditions.
As discussed above, the P600 repetition effect is thought
related to memory ‘binding’ between a word and a
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preceding category phrase. Such verbal associative encod-
ing may be specifically impaired in early Alzheimer’s dis-
ease (Lowndes and Savage, 2007). In comparison,
participants in a typical memory recognition task receive
a retrieval cue and are asked to decide whether or not
they have encountered the item before. It is possible that
the left parietal old/new effect reflects cognitive processes
that are not recollection per se, for example, those sup-
porting the active maintenance of target information in
working memory which facilitates retrieval. Furthermore,
the behavioural measures used in the current study, i.e.,
CVLT scores which include free and cued recall, may be
more sensitive to individual differences in verbal memory
ability than those typically used in memory retrieval
experiments. Future studies could test this by adding
CVLT to retrieval paradigms, or including retrieval tests
on words used in word repetition tasks.

A limitation of this study is the relatively small sample
size of each participant group, which is a common prob-
lem in clinical patient studies. Future study will benefit
from having larger samples to ensure non-biased and re-
producible effects. Our published studies have shown
consistently reduced or absent P600 repetition effects in
MCI and Alzheimer’s disease patients (Olichney et al.,
2002, 2006, 2013). The effect of alpha suppression in
verbal memory encoding is also well supported in the lit-
erature (e.g. Sederberg et al., 2006; Fell et al., 2008;
Hanslmayr et al., 2009; Fellner et al.,2013; Vassileiou
et al., 2018). The combined utility of the three ERP/EEG
measures (one fairly novel, i.e., the cross-frequency anti-
coupling), however, needs to be replicated.

In conclusion, the present study reveals that the three
EEG/ERP features identified during our word repetition
paradigm are independent, complementary measures of
verbal memory in a sample of non-demented elderly with
MCI or normal cognition. Importantly, our results high-
light the utility and value of combining phase-locked (i.e.
ERP) and non-phase-locked EEG oscillatory measures of
brain activity to characterize memory processes more
comprehensively. Taken together these measures explain
more than half of the variance in most of the key CVLT
measures, including more than 60% of the variance in
long delay free and cued recall. Our results further show
that ERP and EEG oscillations capture different aspects
of memory dysfunction in patients with MCI or pro-
dromal Alzheimer’s disease. In conjunction with our pre-
vious research (Olichney et al, 2002, 2008, 2013;
Mazaheri et al.,, 2018), we also have demonstrated the
potential utility of EEG and ERP measures of memory as
diagnostic tools for detecting very early-stage Alzheimer’s
disease and possibly for tracking memory decline as well.
EEG/ERP memory biomarkers have great potential utility,
particularly for assessing treatments that aim to improve
memory, synaptic plasticity, or to reduce the synaptic
dysfunction thought to be characteristic of early
Alzheimer’s disease.
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