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Abstract

Episodic memory retention and retrieval decline are the most common impairments
observed in amnestic mild cognitive impairment (aMCI) patients who progress to
Alzheimer's disease (AD). Clinical electroencephalography research shows that pa-
tients with dementia due to AD exhibit a slowing of neural electrical activity in the
parietal cortex. Memory research has further suggested that successful memory per-
formance is associated with changes in a posterior cingulate—parahippocampal corti-
cal network together with increased 6—y oscillatory coupling, where @ oscillations act
as carrier waves for y oscillations, which contain the actual information. However,
the neurophysiological link between the memory research and clinical studies inves-
tigating aMCI and AD is lacking. In this study, we look at brain activity in aMCI and
how it relates to memory performance. We demonstrate decreased y power in the
posterior cingulate cortex and the left and right parahippocampus in aMCI patients
in comparison to control participants. This goes together with reduced @ coherence
between the posterior cingulate cortex and parahippocampus associated with altered
memory performance aMCI patients in comparison to control participants. In addi-
tion, comparing patients with aMCI to control participants reveals an effect for 6—y
coupling for the posterior cingulate cortex, and the left and right parahippocampus.
Taken together, our results show that parahippocampus and posterior cingulate cor-
tex interact via 6—y coupling, which is associated with memory recollection and is
altered in aMCI patients, offering a potential candidate mechanism for memory de-
cline in aMCL
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1 | INTRODUCTION

Amnestic mild cognitive impairment (aMCI) is a pro-
dromal stage of Alzheimer's disease (AD) (Petersen &
Negash, 2008), part of a continuum comprised of a lengthy
preclinical stage, a middle stage of aMCI, and a final stage
of dementia (Sperling et al., 2011). The prevalence of MCI
is 10%—20% in adults aged 65 years or older and more than
50% of MCI patients progress to dementia within 5 years
(Langa & Levine, 2014). Episodic memory retention and re-
trieval decline are the most common impairments in the MCI
patients who progress to AD (Summers & Saunders, 2012).
Even mild deficits of this sort cause great distress to af-
fected patients, who feel that their autonomy, independence,
and ability to lead high-quality lives are negatively affected
(Voytek & Gazzaley, 2013). Such impairments are often con-
sidered the most debilitating aspect of aging and have drawn
great attention from clinicians and society at large.

The pathophysiology of AD has been associated with
dysfunction resulting from synaptic toxicity of amyloid f,
supposedly occurring early in the cascade of events that
eventually leads to the progressive dysfunction of neu-
ral networks controlling memory processes (Sperling
et al., 2013). Functional MRI studies have correlated in-
creased amyloid-p burden in clinically normal adults both
with reduced resting-state functional connectivity (Drzezga
et al., 2011; Elman et al., 2016; Hedden et al., 2009) and
neural activation in the brain regions underpinning mem-
ory, including the (para)hippocampus and posterior cin-
gulate cortex (PCC) (Kennedy et al., 2012; Mormino
et al., 2012; Oh & Jagust, 2013). Electroencephalography
(EEG), a more clinically robust method to capture in vivo
synaptic functioning, has further shown a slowing of brain
electrical activity reflected in an increased proportion of
relatively slow-wave resting oscillations, including the
theta range (4-8 Hz; 6 power) (Cohen, 2017; van Straaten
et al., 2014). This is followed in later stages by a decrease
in the proportion of resting oscillations in the alpha range
(8-13 Hz; a power) in patients with dementia due to AD
(van Straaten et al., 2014). At the aMCI stage, EEG abnor-
malities are expected to be in an intermediate state between
healthy controls and dementia patients (Gouw et al., 2017;
van der Hiele et al., 2007).

Memory research has suggested that successful episodic
memory retrieval is associated with enhanced fMRI signal
in neocortical areas including the PCC and (para)hippocam-
pus/medial temporal lobe (Spaniol et al., 2009). Research
using stereo-EEG further reported an increase in power in
the gamma range of the EEG spectrum (30-70 Hz; y power)
during correct item retrieval in the PCC (Lega et al., 2017).
These y oscillations have been suggested to cause the (para)
hippocampal reinstatement of memory representations in
the PCC (Mormann et al., 2005; Nyhus & Curran, 2010).

In humans, there is greater 8 and y power in the parahippo-
campus and posterior cortical regions for correctly remem-
bered items (Addante et al., 2011; Nyhus & Curran, 2010).
Additionally, the same two areas have been found to syn-
chronize at € frequencies during memory retrieval (Lega
et al., 2017). Findings from event-related EEG studies pro-
vide evidence that 6—y coupling goes together with suc-
cessful memory retrieval, which is consistent with previous
research suggesting that 6—y coupling facilitates transfer of
information throughout the entorhinal-hippocampal network
(Colgin, 2015).

From a clinical point of view, episodic memory impair-
ment is particularly relevant because it constitutes one of the
hallmarks of AD. However, research has yet to establish a
neurophysiological link between memory studies and clinical
studies looking into aMCI and AD. The objective of this study
is to investigate the effects of aMCI oscillatory activity using
resting-state EEG. Resting-state measurements are a promis-
ing neuromarker for characterizing cognitive decline due to
its capability of revealing features of intrinsic functional brain
organization relevant to cognitive abilities and disease status
(Gabrieli et al., 2015; Woo et al., 2017). Compared to tradi-
tional diagnostic tools such as, neuropsychological tests, rest-
ing state may be less demanding on the participant. In addition,
resting state does not involve the presentation of stimuli and
thus is easier to standardize and share across different study
sites. Recent advancements demonstrate the exciting possibil-
ity of predicting an individual's cognitive abilities (e.g., sus-
tained attention and fluid intelligence) from using resting state
(Finn et al., 2015; Rosenberg et al., 2016; Shen et al., 2017).
Furthermore, a recent study provides promising evidence that
functional connectivity from a resting-state scan can reveal
AD-related cognitive impairment in an aging population with
health, MCI, and AD participants, which is potentially advan-
tageous over administering standardized cognitive battery tests
that can be challenging and time consuming (Lin et al., 2018).
We hypothesize: (a) reduced y power in aMCI patients com-
pared to age- and gender-matched healthy participants; (b) re-
duced @ coherence between the PCC and parahippocampus in
aMCI patients; (c) altered cross-frequency coupling between 6
and y in the PCC and parahippocampus in aMCI patients; and
(d) altered episodic memory as measured with the California
Verbal Learning Test (CVLT) — delayed recall that correlates
with activity and functional connectivity in aMCI patients as
well as for 6—y coupling. This study can provide a neural mech-
anistic account of memory performance. Such knowledge will
provide novel insights toward developing a biomarker.

2 | MATERIALS AND METHODS

Twenty aMCI patients and 20 healthy control participants
matched for age and gender were enrolled. Participants were
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recruited and screened, prior to inclusion in the study. Non-
English speakers were excluded because not all the screening
forms, questionnaires, and tests are available or validated in
any language except for English. Patient participants enrolled
in this study needed to be able to provide informed consent
to participate in the study, have a confirmed aMCI diagnosis
by a behavioral neurologist, and have their medication sta-
ble for at least 3 months prior to data collection. Exclusion
criteria included: evidence of any psychiatric disorder, cur-
rently participating in another clinical study, medication
contra-indications or contra-indications for EEG, past or
current alcohol and/or drug abuse, severe uncontrolled or-
ganic disease, use of pacemaker, history of seizures, history
of major head trauma, history of neurosurgery, and cerebral
metallic artifacts. The aMCI patients who were referred to
the study were screened for clinical secondary causes of de-
mentia or cognitive deficits, such as diabetes, hypothyroid-
ism, SIDA, vitamin B12 and folate deficiency, excessive
alcohol consumption, syphilis, and risk factors for cardiovas-
cular disease, such as atherosclerosis and diabetes, focal or
lacunar ischemia, expansive brain tumors, depression, and
hydrocephalus. The study was conducted as approved by
the Institutional Review Board of the University of Texas at
Dallas and all participants signed an informed consent. Data
are available upon request.

2.1 | aMCI Group

Twenty participants, ages 55-70 years, with education
level >4 years, meeting clinical/neuropsychological criteria
for aMCI for at least 1 year, and with a Mini Mental state
Examination (MMSE) score of less than 25.

2.2 | Healthy Control Group

Twenty participants, ages 55-70 years, education level

>4 years, otherwise conforming to inclusion criteria for
study and with a MMSE score of more than 27.

80 - F=191,p=.18 xX’=.11,p=.74 30 -

male
60 30%
ferial controls 20 A
70%
% 40 4
male 10 4
20 4 35%
female amcl
65%
0 - 0 -

control amcl control

A
MMSE

FIGURE 1
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All participants were administered the Beck Depression
Inventory (BDI) and Beck Anxiety Inventory (BIA) scales
which, although not a diagnostic instrument, allows compari-
son of the two groups on mood as well as on other measures.
See Figure 1 for demographic overview.

2.3 | Assessments
2.3.1 | California Verbal Learning Test II
(CVLT-II)

A measure of episodic verbal learning and memory that dem-
onstrates sensitivity to a range of clinical conditions. The test
attempts to link memory deficits with impaired performance
on specific tasks. It assesses encoding, recall, and recogni-
tion in a single modality of item presentation. The CVLT is a
more sensitive measure of episodic memory than other verbal
learning tests. The CVLT-II quantifies recall and recognition
of two-word lists over several immediate and delayed mem-
ory trials. The participant is asked to recall words from List
A immediately after each presentation of the list in the first
five learning trials. List A consists of 16 words, with four
words from each of the four semantic categories. A 16-word
interference list (List B) is then presented for one trial, and
followed by the short-delay free-recall and short-delay cued-
recall trials of List A. After a 20-min delay, the long-delay
free recall, long-delay cued recall, and yes/no recognition tri-
als of List A are administered. The CVLT-II also includes an
optional forced-choice recognition trail, which may be ad-
ministered after another 10-min delay.

2.3.2 | Delis Kaplan Color Word Interference
Test (D-KEFS)

A battery of neuropsychological tests designed to measure ex-
ecutive functions. D-KEFS exists out of different subscales:
involves a series of four conditions: color naming, word read-
ing, inhibition, and inhibition switching (Delis et al., 2001).

F=97.57,p<.001 6 - F=1.60,p=.21 4 A F=1.83,p=.18
4 4
3 32
24
0 + 0 +
aMcCl control amcl control amcl

No difference between aMCI patients and control participants for age, gender, BDI, and BAIL, while a significant reduced score

was demonstrated for aMCI patients in comparison to control participants on the MMSE
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2.4 | EEG collection and processing

2.4.1 | Data collection

Electroencephalography data (Neuroscan, http://compu
medicsneuroscan.com/) were obtained in a quiet room
while each participant was sitting upright in a comfortable
chair. The scalp was cleaned with alcohol wipes before
the baseline EEG recording. The EEG was sampled with
64 electrodes in the standard 10-20 International place-
ment and impedances were checked to remain below 5 kQ.
Eyes-closed resting-state EEG was collected (sampling
rate = 1 kHz, band passed DC-200 Hz) over the dura-
tion of approximately 5 min. The midline reference was
located at the vertex and the ground electrode was located
at AFZ. Participants were instructed not to drink alcohol
24 hr prior to EEG recording or caffeinated beverages 1 hr
before recording to avoid alcohol- or caffeine-induced
changes in the EEG stream (Logan et al., 2002; Siepmann
& Kirch, 2002; Volkow et al., 2000). Participant alertness
was checked by monitoring both slowing of the o rhythm
and appearance of spindles in the EEG stream to prevent
possible enhancement of the € power due to drowsiness
during recording (Moazami-Goudarzi et al., 2010). No re-
cordings needed to be stopped because drowsiness and no
participants needed to be excluded.

Off-line data were resampled to 128 Hz, band-pass fil-
tered in the range 2—-44 Hz, and subsequently transposed
into Eureka! software (Congedo, 2002), and plotted and
carefully inspected for manual artifact-rejection. All ep-
isodic artifacts or ECG artifact were removed from the
stream of the EEG. An artifact was defined as an EEG
characteristic that differs from signals generated by activ-
ity in the brain. (1) Some artifacts are known to be in a lim-
ited frequency range, e.g., above some frequency. These
were removed by frequency filtering. (2) Some artifacts
consisted of discrete frequencies such as 50 Hz (or 60 Hz
for USA) or its harmonics. These were removed by notch
filtering. (3) Some artifacts are limited to a certain time
range, e.g., in the case of eye blinks. These artifacts were
recognized by visual inspection and these time intervals
were discarded. (4) Some artifacts originated from one or
a few distinct sources or a limited volume of space so that
the artifact topography is a superposition of characteristic
topographies (equivalently, the artifact is limited to a sub-
space of the signal space). We removed these artifacts by
determining the characteristic topographies (equivalently,
the artifact subspace), so that the remaining signals do not
contain anything from the artifact subspace. (5) Artifacts
that are independent from true brain signals based on in-
dependent component analysis were removed. (6) Some
artifacts are characterized by a particular temporal pattern
such as exponential decay. We removed these artifacts by

modeling the artifact and fitting its parameters to the data
and then removing the artifact. Average Fourier cross-
spectral matrices were computed for frequency bands &
(2-3.5 Hz), 6 (4-7.5 Hz), a (8-12 Hz),  (13-30 Hz), and
y (30.5-44 Hz).

242 | Source localization

Exact low-resolution brain electromagnetic tomography
(eLORETA) (Jatoi et al., 2014; Pascual-Marqui, 2002;
Pascual-Marqui et al., 2011) was used to estimate the intrac-
erebral electrical sources. As a standard procedure, a common
average reference transformation (Pascual-Marqui, 2002)
is performed before applying the eLORETA algorithm.
eLORETA computes neuronal electrical activity as cur-
rent density (A/m?) without assuming a predefined number
of active sources. The solution space used in this study and
associated lead-field matrix are those implemented in the
LORETA-Key software (freely available at http://www.uzh.
ch/keyinst/loreta.htm). This software implements revisited
realistic electrode coordinates (Jurcak et al., 2007) and the
lead field produced applying the boundary element method
on the MNI-152 (Montreal Neurological Institute, Canada)
template (Fuchs et al., 2002). The eLORETA-key anatomical
template divides and labels the neocortical (including para-
hippocampus and anterior cingulate cortex) MNI-152 space
in 6,239 voxels of dimension 5 mm3, based on probabilities
returned by the Demon Atlas (Lancaster et al., 2000). The
co-registration makes use of the correct translation from the
MNI-152 space into the Talairach and Tournoux space.

2.4.3 | Region of interest

The log-transformed electric current density was calculated
for the regions of interest (ROIs) for the different frequency
bands: 6 (4-7.5 Hz) and y (30.5-44 Hz). The ROIs in the pre-
sent study are PCC, left parahippocampus, and right parahip-
pocampus. For the PCC, we do not differentiate between left
and right due to their proximity to the midline. Due to volume
conduction, laterality is harder to differentiate for areas close
to the midline. The selection of these regions of interest was
based on our a priori hypothesis that they would be affected
in aMClI relative to healthy controls.

244 | Lagged phase coherence

Coherence and phase synchronization between time series
corresponding to different spatial locations are usually inter-
preted as indicators of connectivity. However, any measure
of dependence is highly contaminated with an instantaneous,
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non-physiological contribution due to volume conduction
(Pascual-Marqui, 2007). However, Pascual-Marqui (Pascual-
Marqui, 2007) introduced new measures of coherence and phase
synchronization taking into account only non-instantaneous
(lagged) connectivity, effectively removing the confounding
factor of volume conduction. Such lagged phase coherence be-
tween two sources can be interpreted as the amount of cross-
talk between the regions contributing to the source activity
(Congedo et al., 2010). As the two components oscillate co-
herently with a phase lag, the crosstalk can be interpreted as
information sharing by axonal transmission. More precisely,
the discrete Fourier transform decomposes the signal in a fi-
nite series of cosine and sine waves at the Fourier frequencies
(Bloomfield, 2013). The lag of the cosine waves with respect
to their sine counterparts is inversely proportional to their fre-
quency and amounts to a quarter of the period; for example,
the period of a sinusoidal wave at 10 Hz is 100 ms. The sine
is shifted a quarter of a cycle (25 ms) with the respect to the
cosine. Then, the lagged phase coherence at 10 Hz indicates
coherent oscillations with a 25 ms delay, while at 20 Hz the
delay is 12.5 ms, etc. The threshold of significance for a given
lagged phase coherence value according to asymptotic results
can be found as described by Pascual-Marqui (2007), where the
definition of lagged phase coherence can be found as well. As
such, this measure of dependence can be applied to any number
of brain areas jointly, i.e., distributed cortical networks, whose
activity can be estimated with SLORETA. Measures of linear
dependence (coherence) between the multivariate time series
are defined. The measures are non-negative and take the value
zero only when there is independence and are defined in the
frequency domain: 6 (2-3.5 Hz), 8 (4-7.5 Hz), a (8-12 Hz), p
(13-30 Hz), and y (30.5-44 Hz).

Based on this principle, lagged linear connectivity was cal-
culated. Time series of current density were extracted for dif-
ferent region of interests using eLORETA. Power in all 6,239
voxels was normalized to a power of 1 and log transformed at
each time point. Region-of-interest values thus reflect the log-
transformed fraction of total power across all voxels, separately
for specific frequencies. Regions of interest selected were the
PCC, left parahippocampus, and right parahippocampus.

2.4.5 | Cross-frequency coupling and long-
range phase—amplitude coupling

O—y coupling is proposed to be an effective manner of
communication between cortically distant areas (Canolty
et al., 2006). To verify whether this coupling is present, it
was calculated for the PCC, the left parahippocampus, and
the right parahippocampus using phase—amplitude cross-
frequency coupling. Phase—amplitude was chosen over
power—power cross-frequency coupling as the former has
been shown to reflect a physiological mechanism for effective
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communication in the human brain (Canolty et al., 2006).
Coupling was computed by first obtaining the time series for
the x, y, and z components of the eLORETA current for the
voxel of each ROI. These are the time series of the electri-
cal current in the three orthogonal directions in space. Next,
these were filtered in the 0 (4-7.5 Hz) and y (30.5-44 Hz)
frequency band-pass regions. In each frequency band and for
each ROI, a principal component analysis for the overall x,
y, z component was computed, and the first component was
retained for the € and y bands. The Hilbert transform was
then computed on the y component and the signal envelope
retained. Finally, the Pearson correlation was computed for
each individual between the € component and the envelope
of the y component for each region of interest.

Inaddition, we also calculated long-range phase—amplitude
coupling between the PCC and the left parahippocampus, and
between the PCC and the right parahippocampus. Similarly,
as for cross-frequency coupling, the time series for the x, vy,
and z components of the eLORETA current for the voxel of
each ROI were calculated. The signal was then filtered in
the 6 (4-7.5 Hz) and y (30.5-44 Hz) frequency band-pass
regions. The principal component analysis for the overall x, y,
and z component was computed for each region, and the first
component was retained for the @ and y bands. The Hilbert
transform was then computed on the y component and the
signal envelope retained. Finally, the Pearson correlation was
computed for each individual between the & component of
the left and right parahippocampus and the envelope of the y
component for the PCC.

2.5 | Statistical analyses

2.5.1 | Whole-brain analysis

The methodology used is a non-parametric permutation test.
It is based on estimating, via randomization, the empirical
probability distribution for the max-statistic under the null
hypothesis comparisons (Nichols & Holmes, 2002). This
methodology corrects for multiple testing (i.e., for the col-
lection of tests performed for all voxels, and for all frequency
bands). Due to the non-parametric nature of this method,
its validity does not rely on any assumption of Gaussianity
(Nichols & Holmes, 2002). The non-parametric approach has
the advantage of being distribution independent as well as
insensitive to extreme values over 6,239 voxels. Due to this
approach, smoothness or removal of extreme values is not
required. These whole-brain comparisons were performed
by eLORETA through multiple voxel-by-voxel comparisons
using a logarithm of F-ratio. The significance threshold for
all tests was based on a permutation test with 5,000 permuta-
tions. Comparisons were made between the controls versus
aMCI participants.
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2.5.2 | Region-of-interest analysis

As we only look at a limited number of voxels, we per-
formed a parametric test and test for normality. We applied
MANOVA including the current density for the PCC, left
parahippocampus, and right parahippocampus as dependent
variables and group (control versus aMCI) as independent
variables for the 6 and y frequency bands. If the outcome
of the MANOVA was significant, a univariate ANOVA
was conducted for the different regions separately. A cor-
rection for multiple correction using the Bonferroni method
was applied to correct for the different univariate ANOVAs
(Holm, 1979). In addition, we included a linear discriminant
analysis (McLachlan, 2004), a method used in statistics and
other fields, to find a linear combination of features that char-
acterizes or separates two or more classes of objects or events
— for y frequency band including the current density for the
PCC, the left and right parahippocampus to verify if these
ROI can make differentiation between the aMCI and control
participants.

If the 0 or y frequency band shows a significant finding,
Pearson correlations were calculated between the region of
interest (PCC, left parahippocampus, and right parahippo-
campus) and the CVLT-II overall score as well as the sub-
scales Free recall (list A), Free recall (list B), Short Recall
(free recall), Short Recall (cued recall), Long-delay (free
recall), Long-delay (cued recall), and Long-delay (recogni-
tion) for the y frequency band. For the D-KEFS, as well as
the subscales Color naming, Word reading, Inhibition, and
Inhibition switching, Pearson correlations were calculated
with the regions of interest (PCC, left parahippocampus, and
right parahippocampus) for the y frequency band.

2.5.3 | Lagged phase coherence analysis

Lagged phase coherence or functional connectivity contrast
was calculated for all frequency bands. The significance
threshold was based on a permutation test with 5,000 permu-
tations. This methodology corrects for multiple testing (i.e.,
for the collection of tests performed for all voxels, and for
theta bands). Comparisons were made between the controls
versus aMClI patients.

Only for the frequency band that was significant, correla-
tions were calculated between the lagged phase coherence
and CVLT-II overall score as well as the subscales Free re-
call (list A), Free recall (list B), Short Recall (free recall),
Short Recall (cued recall), Long-delay (free recall), Long-
delay (cued recall), and Long-delay (recognition) for the 60—
y coupling. In addition, correlation was calculated between
the lagged phase coherence and for the D-KEFS, as well as
the subscales Color naming, Word reading, Inhibition, and
Inhibition switching.

2.5.4 | Phase-amplitude coupling and Long-
Range Phase-amplitude coupling analysis

We performed a MANOVA including the 6-y phase-
amplitude coupling in the PCC, the left parahippocampus,
and the right parahippocampus as dependent variables and
group (control versus aMCI) as the independent variable. If
the outcome of the MANOVA was significant, a univariate
ANOVA was conducted for the different cross-frequency
coupling separately, including the Bonferroni correction for
multiple comparisons (Holm, 1979). A similar analysis will
be applied for long-range phase-amplitude coupling, includ-
ing the amplitude of the y band of the PCC, and the € phase
of left and right parahippocampus as dependent variables and
group (control versus aMCI) as the independent variable.

Pearson correlations were calculated between the region
of interest (PCC, left parahippocampus, and right parahip-
pocampus) and the CVLT-II overall score as well as the sub-
scales Free recall (list A), Free recall (list B), Short Recall
(free recall), Short Recall (cued recall), Long-delay (free
recall), Long-delay (cued recall), and Long-delay (recog-
nition) for the 0—y coupling. For the D-KEFS, as well as
the subscales Color naming, Word reading, Inhibition, and
Inhibition switching, Pearson correlations were calculated
with the region-of-interest PCC, left parahippocampus,
and right parahippocampus for the 6—y coupling. A sim-
ilar analysis was applied for long-range phase—amplitude
coupling.

3 | RESULTS

3.1 | Behavioral assessments
Overall, a significant difference was obtained for the CVLT-II
(F(1,38) = 4.35, p = 0.044, * = 0.10) and the D-KEFS (F(1,
38) =8.65, p =0.006, 172 = 0.19) between control participants
(CVLT: 18.51 + 3.22; D-KEFS: 44.18 + 7.14) and patients
with aMCI (CVLT: 16.02 + 4.26; D-KEFS: 61.60 + 25.51)
(see Figure 2). Although the effect for the D-KEFS seems to
be stronger than the CVLT-II, it is important to keep in mind
that the CVLT-II has more subscales, which drive the effect.
For the CVLT-II, the effect was mainly driven by the Free
recall (list B) (F(1, 38) = 13.80, p = 0.001, 772 =0.27), Short
Recall (free recall) (F(1, 38) = 9.00, p = 0.005, 172 =0.19),
Long-delay (free recall) (F(1, 38) = 4.84, p = 0.034,
772 = 0.11), and Long-delay (cued recall) (F(1, 38) = 4.96,
p = 0.032, ;72 = 0.12). For these subscales, we see a higher
score for control participants in comparison to patients with
aMCI. No significant difference was obtained between con-
trols participants and patients with aMCI for Free recall (list
A)(F(1,38)=0.31,p=0.58, 172 =0.008), Short Recall (cued
recall) (F(1,38)=0.93, p =0.34, 112 =0.02), and Long-delay
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(recognition) (F(1, 38) = 4.04, p = 0.052, 172 = 0.10). See
Figure 2 for an overview.

For the D-KEFS, an effect was obtained due to all subscales,
showing a significant difference between controls participants
and patients with aMCI for Color naming (F(1, 38) = 541,
p=0.025, 772 =0.13), Word reading (F(1, 38) =5.72, p = 0.022,
n* = 0.13), Inhibition (F(1, 38) = 8.89, p = 0.005, > = 0.19),
and Inhibition switching (F(1, 38) = 6.20, p = 0.017, 712 =0.14).
For all these subscales, we see that aMCI participants take longer
to complete the task in comparison to control participants. See
Figure 2 for an overview.

3.2 | Neurophysiology

3.2.1 | Whole-brain analysis

A whole-brain analysis showed a significant decrease in y power
for patients with aMCI in comparison to control participants
(F=1.91, p=10.045) in the PCC extending into the retrosplenial
cortex and the parahippocampus (see Figure 3a). No significant
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effect was obtained when comparing patients with aMCI and
control participants for the 8, 8, a, or p frequency bands.

3.2.2 | Region-of-interest analysis

A comparison including the PCC, the left and right para-
hippocampus between patients with aMCI in comparison to
control participants revealed no significant effect for the 6
frequency band (F(3,36) = 2.13, p = 0.11, n2 = 0.15). Yet, a
comparison between patients with aMCI and the control par-
ticipants revealed a significant difference in current density for
the y frequency band (F(3,36) = 4.87, p = 0.006, 112 =0.29).
For the PCC (F(1,38) = 9.30, p = 0.004, 5* = 0.20), as well
for the left parahippocampus (F(1,38) = 8.24, p = 0.007,
r]2 = 0.18) and right parahippocampus (F(1,38) = 13.34,
p = 0.001, 112 = 0.26), a significant decrease in y power was
revealed for the patients with aMCI (PCC: 1.44 + 1.10; left
HIP: 1.69 + 1.04; right HIP: 1.58 + 0.98) in comparison to
control participants (PCC: 2.32 + 0.66; left HIP: 2.46 + 0.59;
right HIP: 2.51 + 0.58). See Figure 3b for overview.

F=44.11,p =.003 F=4.35,p=.044
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FIGURE 2 Behavioral assessments for the CVLT-II and D-KEFS subscale and mean total score. *p < 0.05; **p < 0.01; ***p < 0.001
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FIGURE 3 (a) Whole-brain analysis shows a significant decrease for the y frequency band at the posterior cingulate cortex, retrosplenial

cortex, and parahippocampus for aMCI patients in comparison to control participants. (b) A comparison for the # frequency band did not

show a significant difference between aMCI patients in comparison to control participants for the posterior cingulate cortex, the left and right

parahippocampus. A significant reduction in y power was obtained for the posterior cingulate cortex, the left and right parahippocampus for aMCI

patients in comparison to control participants. (c) Decreased phase coherence between the posterior cingulate cortex, the left parahippocampus, and

right parahippocampus for aMCI patients in comparison to control participants. (d) Reduced 6—y phase—amplitude coupling was obtained for the

posterior cingulate cortex, the left parahippocampus, and right parahippocampus for aMCI patients in comparison to control participants. *p < 0.05;

**p < 0.01; ***%p < 0.001 (e) Reduced 6-y long-range phase—amplitude coupling was obtained between posterior cingulate cortex and, the left

parahippocampus, as well as for the posterior cingulate cortex and right parahippocampus for aMCI patients in comparison to control participants.

*p < 0.05; **p < 0.01; ***p < 0.001; posterior cingulate cortex (PCC), retrosplenial cortex (RSC), and parahippocampus (PHC)

A linear discriminant analysis for the y frequency band
including the current density for the PCC, the left and right
parahippocampus further showed a strong differentiation
between the aMCI and control participants (A = 0.71;
X2(3) = 12.43, p = 0.006). For the discriminant analysis,
the PCC (A = 0.80; F(1,38) = 9.30, p = 0.004), the left
parahippocampus (A = 0.82; F(1,38) = 8.24, p = 0.007),
and right parahippocampus (A = 0.74; F(1,38) = 13.34,
p = 0.001) all contribute to the model and were able to
correctly classify 85% of aMCI patients as aMCI and
80% of control participants as control or 82.5% over both
groups.

3.2.3 | Lagged phase coherence

Comparing patients with aMCI and control participants
yielded a significant effect in connectivity for the 8 frequency
band (F = 2.11, p = 0.015). That is, decreased lagged phase

coherence was obtained between the PCC, and the left and
right parahippocampus for the aMCI group (see Figure 3c).
No significant effect was obtained when comparing patients
with aMCI and control participants for the d, a, p, and y fre-
quency band.

3.24 | Cross-frequency coupling and long-range
phase—amplitude coupling

When comparing patients with aMCI and control partici-
pants, an overall significant effect was obtained in 6-y cross-
frequency coupling (F(3,36) = 4.98, p = 0.005, 172 = 0.29;
Figure 3d). For PCC (F(1,38) = 5.32, p = 0.027, n* = 0.12),
and the left parahippocampus (F(1,38) = 11.02, p = 0.002,
n* = 0.23) and right parahippocampus (F(1,38) = 5.81,
p = 0.021, r]2 = 0.13), a significant decrease in nesting
was revealed for the aMCI patients (PCC: 0.001 + 0.008;
left HIP: —0.0002 + 0.008; right HIP: —0.002 + 0.006) in
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comparison to control participants (PCC: 0.009 + 0.011; left
HIP: 0.010 + 0.010; right HIP: 0.006 + 0.013).

In addition, long-range phase—amplitude coupling be-
tween the amplitude of the y band of the PCC, and the € phase
of left and right parahippocampus, respectively, showed a
significant effect when comparing aMCI patients and con-
trol participants (F(2,37) = 5.44, p = 0.008, ;72 = 0.23). For
both the long-range phase—amplitude coupling between the
PCC and left parahippocampus (F(1,38) = 4.62, p = 0.038,
;12 = 0.11) and between the PCC and right parahippocam-
pus (F(1,38) = 7.37, p = 0.010, ;12 = 0.16), a significant
effect was obtained. A significant decrease in long-range
phase—amplitude coupling was revealed for the aMCI pa-
tients (PCC-left HIP: —0.0001 + 0.017; PCC-right HIP:
—0.002 + 0.014) in comparison to control participants (PCC-
left HIP: 0.010 + 0.014; PCC-right HIP: 0.009 + 0.010).

3.2.5 | Correlation between regions of
interest and behavioral assessments

A Pearson correlation between the CVLT-II overall score
and the current density for y frequency revealed a significant
positive association for the PCC (r(40) = 0.44, p = 0.005),
the left parahippocampus (#(40) = 0.33, p = 0.038), and the
right parahippocampus (7(40) = 0.38, p = 0.017). After a
Bonferroni correction for multiple comparisons (corrected
for the three regions of interest), the effect only remained in
the PCC. This effect demonstrates that the higher the score on
the overall CVLT, the more y power was present in the PCC
(see Figure 4). This effect was mediated by the subscales
Long-delay (free recall) and Long-delay (cued recall), while
no significant correlation was obtained for the subscales Free
recall (list A), Free recall (list B), Short Recall (free recall),
Short Recall (cued recall), and Long-delay (recognition).

5.00
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For the subscales, we see that the effect was stronger for the
PCC than for the left and right parahippocampus. After a
Bonferroni correction for multiple comparisons (correct for
the 3 regions of interest X the 7 subscales), the effect only
remained in the PCC (see Table 1).

A similar analysis between CVLT-II overall score and
long-range phase—amplitude coupling between the amplitude
of the y band of the PCC, and the 6 phase of left and right par-
ahippocampus, respectively, showed a significant effect for
the left parahippocampus (#(40) = 0.32, p = 0.04). No effect
was obtained for the right parahippocampus (#(40) = 0.28,
p = 0.08). After a Bonferroni correction for multiple compar-
isons (corrected for the two long-range phase—amplitude cou-
pling), the effect for the left parahippocampus did not remain.
This effect between the PCC and for the left parahippocam-
pus was mediated by the subscales Long-delay (free recall)
and Long-delay (cued recall), while no significant correla-
tion was obtained for the subscales Free recall (list A), Free
recall (list B), Short Recall (free recall), Short Recall (cued
recall), and Long-delay (recognition) (see Table 1). After a
Bonferroni correction for multiple comparisons (correct for
the 3 regions of interest X the 7 subscales), the effect only
remained in the Long-delay (recognition) and the long-range
phase—amplitude coupling between the amplitude of the y
band of the PCC and the 6 phase of left parahippocampus.

A Pearson correlation between the current density for y
frequency and the D-KEFS revealed no significant effect for
the PCC (r(40) = —0.13, p = 0.44), the left parahippocampus
(r(40) = —0.14, p = 0.39), and the right parahippocampus
(r(40) = —0.25, p = 0.12). In addition, the subscales of the
D-KEFS, namely Color naming, Word reading, Inhibition,
and Inhibition switching did not show an effect. See Table 2.

A correlation analysis between the D-KEFS and long-
range phase—amplitude coupling between the amplitude of the
y band of the PCC, and the 0 phase of left parahippocampus
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FIGURE 4 A significant positive correlation was demonstrated between CVLT-II and the current density for the posterior cingulate cortex,

the left parahippocampus, and right parahippocampus. *p < 0.05; **p < 0.01; ***p < 0.001; posterior cingulate cortex (PCC), parahippocampus

(PHC)
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TABLE 1 Correlations between CVLT-II subscales and the current density for the posterior cingulate cortex (PCC), the left parahippocampus
(PHC), and right parahippocampus (PHC). Correlations between CVLT-II subscales and the long-range phase—amplitude coupling for between the

PCC and the left PHC as well as PCC and the right PHC

PCC
Current density for gamma

Free recall (list A) 0.31
Free recall (list B) 0.22
Short-delay (free recall) 0.22
Short-delay (cued recall) 0.22
Long-delay (free recall) 0.55%*
Long-delay (cued recall) 0.51%#%*
Long-delay (recognition) 0.17

PCC-Left PHC

Long-range phase—amplitude coupling

Free recall (list A) 0.15
Free recall (list B) 0.23
Short-delay (free recall) 0.29
Short-delay (cued recall) 0.21
Long-delay (free recall) 0.43%*
Long-delay (cued recall) 0.52%%*
Long-delay (recognition) 0.17

*p < 0.05; *%p < 0.01.

Left PHC Right PHC
0.18 0.24

0.20 0.27

0.25 0.29

0.11 0.17

0.42%%* 0.45%%*
0.39% 0.39%

0.18 0.15

PCC-Right PHC

0.19
0.32
0.41
0.04
0.17
0.11
0.13

TABLE 2 Correlations between DKEFS subscales and the current density for the posterior cingulate cortex (PCC), the left parahippocampus
(PHC), and right parahippocampus (PHC). Correlations between DKEFS subscales and the long-range phase—amplitude coupling for between the

PCC and the left PHC as well as PCC and the right PHC

PCC
Current density: DKEFS for gamma
Color naming -0.25
Word reading -0.35
Inhibition -0.25
Inhibition switching -0.21
Mean raw scores -0.26

PCC-Left PHC

Long-range phase—amplitude coupling

Color naming -08
Word reading -14
Inhibition =23
Inhibition switching —13
Mean raw scores -0.17

(r(40) = —=0.17, p = 0.31), and right parahippocampus
(r(40) = 0.03, p = 0.85), respectively, showed no significant
effect. In addition, the subscales of the D-KEFS, namely
Color naming, Word reading, Inhibition, and Inhibition
switching, did not show an effect. See Table 2.

Left PHC Right PHC
-0.27 -0.29
-0.31 -0.31
-0.27 -0.32
-0.23 -0.27
-0.28 -0.31

PCC-Right PHC

-0.22

—11

-0.07
0.09
0.03

3.2.6 | Correlation between lagged phase
coherence and behavioral assessments

A correlation for the CVLT-II overall score with the
lagged phase coherence between the PCC and the left
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parahippocampus, PCC and the right parahippocampus, and
the left and right parahippocampus was calculated for the &
bands. This analysis revealed a significant positive correla-
tion between the PCC and the left (r = 0.42, p = 0.032) and
right parahippocampus (r = 0.39, p = 0.044), respectively,
for the 6 frequency band. No effect was obtained between
the left and right parahippocampus. This effect was mainly
driven by the subscales Long-delay (free recall) and Long-
delay (cued recall), as a similar effect was revealed show-
ing a positive correlation between the PCC and the left
(free: r = 0.45, p = 0.023; cued: r = 0.39, p = 0.044) and
right parahippocampus (free: » = 0.41, p = 0.036; cued:
r = 0.38, p = 0.048), respectively, for the 8 frequency band
(see Figure 5). No significant correlation was obtained for
the subscales Free recall (list A), Free recall (list B) Short
Recall (free recall), Short Recall (cued recall), and Long-
delay (recognition).

CVLT-ll
mean raw scores

FIGURE 5
correlation between phase coherence

A significant positive

between the posterior cingulate cortex,

and, respectively, the left and right
parahippocampus, and the CVLT-II as well as
CVLT-II subscales long delay (cued and free
recall). *p < 0.05; **p < 0.01; ***p < 0.001;
posterior cingulate cortex (PCC) and
parahippocampus (PHC)
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A similar analysis was conducted for the D-KEFS reveal-
ing no significant correlation between the PCC and the left
parahippocampus, PCC and the right parahippocampus, and
the left and right parahippocampus for the 6 bands. Also,
the subscales of the D-KEFS, namely Color naming, Word
reading, Inhibition, and Inhibition switching, did not show an
effect (Table 3).

3.2.7 | Correlation between 6-y phase—
amplitude coupling and behavioral assessments

A Pearson correlation between phase—amplitude coupling and
the CVLT-II overall score revealed a significant positive as-
sociation for the PCC (r(40) = 0.46, p = 0.004), indicating the
higher the score on the CVLT-II the stronger the #-y phase—
amplitude coupling. No significant effect was obtained for

CVLT-lI
long-delay (cued recall)

CVLT-lI
long-delay (free recall)

N

r=.4

b ozt =4
: A Y /
L AN Pfé - b )
v - . /
VRS
S/ » ,}’

TABLE 3 Correlations between CVLT-II subscales as well as the DKEFS subscales and the 0-y phase—amplitude for the posterior cingulate
cortex (PCC), the left parahippocampus (PHC), and right parahippocampus (PHC)

PCC
0-y phase—amplitude
Free recall (list A) 0.36
Free recall (list B) 0.03
Short-delay (free recall) 0.22
Short-delay (cued recall) 0.14
Long-delay (free recall) 0.68#%*
Long-delay (cued recall) 0.63##*
Long-delay (recognition) 0.29
PCC
0-y phase—amplitude
Color naming —0.05
Word reading -0.07
Inhibition -0.12
Inhibition switching —-0.01
Mean raw scores —0.04

#p < 0.05; *p < 0.01; *% p < 0.0001.

Left PHC Right PHC

0.29 0.11

0.23 0.27
—-0.08 0.18

0.40 0.09

0.29 0.24

0.11 0.22

0.18 0.37
Left PHC Right PHC
-0.27 -0.20
-0.28 -0.19
-0.05 —-0.06

0.08 0.04

0.02 —0.01
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FIGURE 6 A significant positive correlation was revealed between CVLT-II and 6—y phase—amplitude coupling for the posterior

cingulate cortex, the left parahippocampus, and right parahippocampus. *p < 0.05; **p < 0.01; ***p < 0.001; posterior cingulate cortex (PCC),
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the left parahippocampus (7(40) = 0.19, p = 0.23) and right
parahippocampus (7(40) = 0.23, p = 0.16) (see Figure 6).
After a Bonferroni correction for multiple comparisons (cor-
rected for the 3 regions of interest), the effect remained for
the PCC.

A closer look at the data revealed that the effect for the 6-y
phase—amplitude coupling at the PCC was mainly driven by
the subscales Free recall (list A) (r(40) = 0.36, p = 0.024),
Long-delay (free recall) (r(40) = 0.68, p < 0.001), and Long-
delay (cued recall) (r(40) = 0.63, p < 0.001), indicating
the higher the scores on these subscales the stronger the 6-
y phase—amplitude coupling. No effect was revealed for the
subscales Free recall (list B) (r(40)F = 0.023 p = 0.84), Short
Recall (free recall) (r(40) = 0.22, p = 0.18), Short Recall
(cued recall) (r(40) = 0.14, p = 0.39), and Long-delay (rec-
ognition) (r(40) = 0.29, p = 0.07). After a Bonferroni cor-
rection for multiple comparisons (correct for the 3 regions of
interest X the 7 subscales), the effect only remained for Long-
delay (free recall) and Long-delay (cued recall). See Table 3.

No significant effects were obtained for the correlations
between the different subscale of the CVLT-II and the left
and right parahippocampus.

A similar analysis between the D-KEFS and 6-y phase—
amplitude coupling for PCC (#(40) = —0.04, p = 0.79), the
left parahippocampus (#(40) = 0.02, p = 0.90), and right
parahippocampus (#(40) = —0.01, p = 0.95), respectively,
revealed no significant effect. Also, for the subscales of the
D-KEFS, namely Color naming, Word reading, Inhibition,
and Inhibition switching, no significant effect was obtained
with 8-y phase—amplitude coupling for PCC, the left parahip-
pocampus, and right parahippocampus. See Table 3.

4 | DISCUSSION

We examined the effect of aMCI oscillatory activity in the
present study, demonstrating decreased y power in aMCI
patients in comparison to control participants that goes to-
gether with reduced 0 coherence between the PCC and para-
hippocampus, which were associated with altered cognitive

performance. In addition, changes in cross-frequency cou-
pling between € and y oscillations in the PCC and parahip-
pocampus were observed in aMCI patients, which were also
associated with altered cognitive performance.

Our data showed a decrease in y power in the PCC and
the left and right parahippocampus for aMCI patients. These
specific areas for the y power can discriminate between
aMCI and control participants with 85% accuracy. This is in
line with the results of earlier studies, indicating that EEG
is a reliable method for the prediction of cognitive decline
(Gouw et al., 2017; Klassen et al., 2011; Prichep et al., 2006).
Previous memory research indicates that successful retrieval
is related to increase in y-band power in the PCC (Lega
et al., 2017). Indeed, y oscillations have been suggested to
cause the (para)hippocampal reinstatement of memory repre-
sentations in PCC (Nyhus & Curran, 2010). Recent research
has further demonstrated that increased y-frequency ripple
oscillations within the human parahippocampus mediate
successful memory retrieval (Vaz et al., 2019). Contrarily, a
decrease in y oscillations could suggest the opposite phenom-
enon, i.e., making it harder for aMCI patients to successfully
retrieve information. This idea is consistent with our present
findings that decreased y power in the PCC and the left and
right parahippocampus corresponds to a lower score on the
CVLT, specifically long delayed recall. Unlike previous EEG
studies, our data did not show a slowing of brain electrical
activity reflected by @ power increases and a power decreases
(van Straaten et al., 2014). This effect was, however, revealed
in patients with dementia due to AD. It is possible that this
particular outcome only occurs at later stages in the clinical
progression from aMCI to AD. This would be consistent with
the idea that aMClI is an intermediate stage between healthy
controls and dementia patients (Gouw et al., 2017; van der
Hiele et al., 2007).

Furthermore, we observed changes in the occipital lobe
for patients with aMCI. Although this was not hypothesized,
previous research has already indicated that in the early clin-
ical AD stage, one of the symptoms observed in addition to
memory decline is progressive impairment in the visual do-
main that goes together with changes in the occipital lobe
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(Cooley et al., 2015; Mendola et al., 1995; Sanabria-Diaz
et al., 2013). Interestingly, we do not see changes in the lat-
eral parietal or medial frontal cortex. Previous research on
episodic memory has revealed the involvement of these areas
in memory consolidation and retrieval (Rugg & King, 2018;
Tonegawa et al., 2018). Yet, it is less clear what role(s) the
lateral parietal or midline frontal cortex play(s) in patients
with aMCI or AD.

Evidence for disrupted structural and functional con-
nectivity in AD patients suggests that memory deficits are
related to disconnection syndrome (Sorg et al., 2007). In
patients with aMCI, reduced functional connectivity in
fMRI has been observed in prodromal stages of AD (Celone
et al., 20006), especially during rest (Wang et al., 2006). This
is in accordance with our findings of decreased coherence be-
tween the PCC and parahippocampus in the 6 frequency band
in aMClI patients. The 6 frequency band is of specific interest
as it has previously been associated with successful mem-
ory retrieval (Lega et al., 2017). Reduced phase coherence
between the PCC and parahippocampus in the € band could
explain why aMCI patients have more difficulty retrieving
stored information. Indeed, our data show that decreased
coherence within the 6 frequency band goes together with a
lower score on the CVLT, specifically long delayed recall. No
association was obtained between the DKEFS and coherence
within the 6 band, suggesting that the connection between
PCC and parahippocampus reflects difficulties in episodic
memory performance (as measured with CVLT) rather than
processing speed and interference in general (as measured by
the DKEFS).

Our data thus suggest that 8 oscillatory coherence between
the parahippocampus and PCC is important for memory per-
formance. That is, altered long-term memory is reflected in
0 phase coherence between the PCC and parahippocampus
in aMCI patients along with decreased 6—y phase—amplitude
coupling. Previous research already indicates that @ phase
coupling may provide a scaffold for interregional coordinated
activity (Fell & Axmacher, 2011). This fits with the idea that
0 oscillations are carrier waves for y, which bears the actual
information, and that this transmission is disrupted in aMCI
patients (Lopez-Madrona et al., 2018). However, 60—y phase—
amplitude coupling correlated only with long-delayed recall
as measured with CVLT for the PCC, not for the left and
right parahippocampus. Interestingly, previous research sug-
gests that (para)hippocampal @ modulates y activity in PCC
and the precuneus while the reverse was not true (Hebscher
et al., 2019). Our findings support this idea that the parahip-
pocampus is coordinating neocortical activity via @ phase co-
herence while y is of local importance in stimulus-specific
information processing (Hebscher et al., 2019). Indeed, we
demonstrated changes in y oscillations in the PCC as well as
decreased 6 phase coherence that altered long-term memory
performance.
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A limitation of this study is the low resolution of the
source localization and a lack of subject-specific anatomical
forward models. This is sufficient for source reconstruction
but results in greater uncertainty in source localization and
decreased anatomical precision, and thus the spatial preci-
sion of the present study is considerably lower than that of
functional MRI. Nevertheless, eLORETA has received con-
siderable validation from studies combining LORETA with
other, more established localization methods—including
fMRI (Mulert et al., 2004; Vitacco et al., 2002), structural
MRI (Worrell et al., 2000), and positron emission tomog-
raphy (PET) (Dierks et al., 2000; Pizzagalli et al., 2004;
Zumsteg et al., 2005) — and was used in previous studies
to detect activity in, for example, the (para)hippocampus
(Vanneste et al., 2010; 2011; Zaehle et al., 2007). Further
eLORETA validation has been based on accepting as
ground truth the localization findings obtained from inva-
sive, implanted depth electrodes, in which case there are
several studies in epilepsy (Zumsteg et al., 2006a; Zumsteg,
Lozano, Wieser, et al., 2006) and cognitive ERPs (Volpe
et al., 2007). It is worth emphasizing that deep structures
such as the anterior cingulate cortex (Pizzagalli et al., 2001)
and medial temporal lobes (Zumsteg et al., 2006b) can
be correctly localized with these methods. The validity
of detecting the involvement of the PCC using 64 elec-
trodes EEG was already illustrated in previous research
using combined EEG-fMRI and by intracranial recording,
PET, and MRI suggesting the reliability of our findings
(Carpenter-Thompson et al., 2014; Langguth et al., 2006;
Neuner et al., 2014; Sedley et al., 2015; Vanneste & De
Ridder, 2016). However, further research could improve
spatial precision and accuracy could be achieved using
high-density EEG (e.g., 128 or 256 electrodes) and subject-
specific head models, and MEG recordings. Future research
needs to replicate these findings in a large population in-
cluding subject diagnosed with AD to confirm our findings.

Intrinsic brain activity in aMCI is central for under-
standing the physiology of episodic memory. The PCC and
parahippocampus is considered a major cortical hub in the
human brain because it maintains dense connectivity to wide-
spread regions involved in multiple memory functions and
is one of the cortical regions most vulnerable to AD (Huang
et al., 2019; Leech & Sharp, 2014). The present study rein-
forces this idea. Taken together, our results show that parahip-
pocampus and PCC interact via 6—y coupling that correlates
with memory recollection, but that this is altered in aMCI
patients. Hence, this study revealed novel information con-
cerning concomitant oscillations and differences in a network
centered on the PCC in aMCI patients versus elderly people
with no memory decline, providing a candidate mechanism
for this slow but significant memory decline. The results of
this study represent the first direct link between memory re-
search on one hand and clinical studies on the other.
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