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Abstract

Previous studies have shown that synchronous neural interactions (SNIs) underlying healthy brain function can be readily distin-
guished from neural anomalies associated with diseases including dementia; however, it is imperative to identify biomarkers that
facilitate early identification of individuals at risk for cognitive decline before the onset of clinical symptoms. Here, we evaluated
whether variation in brain function, controlling for age, corresponds with subtle decrements in cognitive performance in cogni-
tively healthy women. A total of 251 women (age range 24–102 yr) who performed above established cutoffs on the Montreal
cognitive assessment (MoCA) also underwent a task-free magnetoencephalography scan from which SNIs were computed. The
results demonstrated that increased SNI was significantly associated with decreased cognitive performance (r2 = 0.923, P =
0.009), controlling for age. Compared with the lowest performers with normal cognition (MoCA = 26), SNI of the highest perform-
ers (MoCA = 30) was associated with decorrelation primarily in the right anterior temporal cortex region, with additional (weaker)
foci in left anterior temporal cortex, right posterior temporal cortex, and cerebellum. The findings highlight the relevance of neu-
ral network decorrelation on cognitive functioning and suggest that subtle increases in SNI may presage future cognitive
impairment.

NEW & NOTEWORTHY This study in cognitively healthy women showed that decreased cognitive performance is associated
with increased neural network correlations, particularly involving the temporal cortices. As healthy brain function relies on
dynamic neural network communication, these findings suggest that subtle increases in correlated neural network activity may
be a useful early indicator of decrements in cognitive function.

cognition; decorrelation; magnetoencephalography

INTRODUCTION

Healthy brain function relies on communication between
neuronal populations in a vast, interconnected neural net-
work. Variation in the dynamic nature of neural activity,
which can be captured with magnetoencephalography
(MEG), provides a useful biomarker of brain disorders (1).
Prior MEG studies have shown that patterns of at-rest neural
network activity are remarkably similar and synchronous
across healthy individuals (2), so much so that signature
deviations in synchronous neural interactions (SNIs) reflect
specific types of brain pathology (1, 3–6). Moreover, disease
progression and recovery are reflected in variation in brain
function assessed with MEG (7–10). Several MEG studies

have evaluated brain function in Alzheimer’s dementia, a
condition characterized by loss of cognitive capabilities.
Findings from those studies have pointed to loss of func-
tional connectivity (11) and increased SNI in patients with
dementia compared with healthy controls (10). Subtle brain
changes are evident long before the onset of clinical symp-
toms (12, 13); therefore, early detection of those changes may
facilitate identification of individuals at risk for cognitive
decline. Here, in a sample of cognitively healthy women, we
evaluated whether variation in brain function corresponds
with variation in scores reflecting normal cognitive function-
ing on the Montreal cognitive assessment (MoCA, 14), a well-
validated cognitive screening measure. Since SNI changes
with age, particularly in genetically vulnerable individuals
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(15), age was controlled for in the present analyses to ascer-
tain the association of cognitive ability with SNI in the ab-
sence of age effects.

MATERIALS AND METHODS

Participants

A total of 251 cognitively healthy women participated in
this study as paid volunteers after providing written
informed consent, in adherence to the Declaration of
Helsinki; all study protocols were approved by the appropri-
ate Institutional Review Boards. Data were acquired at
repeated visits (one or more years apart) for a number of par-
ticipants, for a total of 667 visits. The mean age of partici-
pants at the time of acquisition (visit) was 65.06± 14.47 yr
(means ± SD, age range 24–102 yr; Fig. 1A). Women were
excluded from participation if they had been diagnosed with
any condition affecting brain function including neurologi-
cal disorders, psychiatric disorders, autoimmune conditions
with prominent neurocognitive symptoms, history of brain
trauma or injury, brain cancer, and any other cancers requir-
ing radiation or chemotherapy due to potential effects on
the brain.

The cognitive status of all participants at the time of data
acquisition was assessed using the MoCA (14) and scores for
all participants were >25, a commonly used threshold indic-
ative of healthy cognitive functioning (range 25–30; no extra
point was added for education). The percentages of the vari-
ous MoCA scores were as follows: MoCA 26 (14.2%), 27
(22.3%), 28 (22.0%), 29 (23.8%), and 30 (17.5%).

MEG Data Acquisition

All participants underwent a MEG scan. As described pre-
viously (1), subjects lay supine within the electromagneti-
cally shielded chamber and fixated their eyes on a spot 65
cm in front of them, for 60 s. MEG data were acquired using
a 248-channel axial gradiometer system (Magnes 3600WH,
4-D Neuroimaging, San Diego, CA), band-filtered between
0.1 and 400 Hz, and sampled at 1,017.25 Hz, corresponding
to a sampling interval of 0.983 ms (rounded to 1 ms for con-
venience in conveying the results detailed later). Data with
artifacts (e.g., from excessive subject motion) were elimi-
nated from further analysis. MEG records were visually
screened and rejected if artifacts were present (e.g., from ex-
cessive subject motion, eye movements, blinking, or envi-
ronmental noise).
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Figure 1. A: frequency distribution of age
of participants at the time of data acquisi-
tion (n = 667 participants). B: frequency
distribution of rz (n = 13,244,413 cross-
correlations).
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Figure 2. A: association of Montreal cogni-
tive assessment (MoCA) score and me-
dian rz. B: plot of the MoCA score against
rz standardized to the best MoCA score of
30. See text for details.
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MEG Data Processing

Processing of the raw MEG series was performed using
programs in Python (16). Single-trial MEG time series from
all sensors underwent “prewhitening” (17) using a (50, 1, 3)
ARIMA model to obtain innovations (i.e., residuals) (16). All
possible pairwise zero-lag crosscorrelations, r (synchronous
neural interactions, SNIs; n = 248x 247

2 = 30,628 sensor pairs)
were computed between the prewhitenedMEG time series of
each MEG scan. Crosscorrelations were transformed to rz
using Fisher’s (18) z-transformation to normalize their
distribution:

SNI : rz ¼ arctanh rð Þ ¼ 1
2
ln

1 þ r

1� r

� �
ð1Þ

Data Analysis

An analysis of covariance (ANCOVA) was used to evaluate
the effect of MoCA on rz (with age as covariate) and a regres-
sion analysis to investigate the nature of the possible depend-
ence of MoCA on rz. Nonparametric statistics included
calculation and comparison of median rz for the five MoCA
groups. Statistical analyses were performed using the IBM-
SPSS statistical package (v.27). All P values reported are two-
tailed. Brain area location was tentatively identified using the
BESA (Gr€afelfing, Germany) and Brain Voyageur (Maastricht,
The Netherlands) software.

RESULTS

General

The frequency distribution of rz is shown in Fig. 1B. An
ANCOVA revealed a highly statistically significant effect
of MoCA (F test, P < 0.001; also independent-samples me-
dian test, P < 0.001). More specifically, MoCA score
decreased with rz as a power fit (Fig. 2A); the fit was excel-
lent (r2 = 0.923, P = 0.009, n = 5). Figure 2B depicts the
same information as in Fig. 2A but on a rz scale

standardized to the best MoCA score of 30. It can be seen
that an increase in rz by 80% was associated with a reduc-
tion in the MoCA score by 13%.

Brain Representation

We visualized the distribution in the brain of the interac-
tions rz involved in the reduction of rz with better perform-
ance in the task (higher MoCA scores) by computing the
mean rz for each sensor with the rest 247 sensors for each
MoCA score (26–30), and plotting it in a brain MEG-sensor
heatmap. Figure 3 shows two such heatmaps in sensor space,
namely, one for the lowest MoCA score of 26 (Fig. 3A) and
the other for the highest MoCA score of 30 (Fig. 3B). It can be
seen that the higher MoCA score of 30 comprised weaker rz,
with respect to their spread and intensity. This is further
illustrated in Fig. 4 that plots the difference of rz of MoCA-26
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Figure 3. Heatmaps of rz [averaged per magnetoencephalography (MEG) sensor] for the lowest and highest Montreal cognitive assessment (MoCA)
score (26 and 30, respectively). A, anterior; L, left; P, posterior; R, right. See text for details.
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Figure 4. Heatmap of the difference between the Montreal cognitive
assessment (MoCA) 26 –MoCA 30 heatmaps of Fig. 3. See text for details.
A, anterior; L, left; P, posterior; R, right.
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minus that of MoCA 30. It can be seen that the source of the
highest decorrelation inMoCA-30 rz was in the right anterior
temporal cortex region, with additional (weaker) foci in left
anterior temporal cortex (mirror of the right), right posterior
temporal cortex, and cerebellum.

DISCUSSION
Here, we evaluated neural network communication, the

essence of healthy brain functioning, at different cognitive
performance scores, all of which were indicative of normal
cognitive functioning according to a widely used screening
assessment. The findings documented that even among cogni-
tively normal women, brain function varied systematically
with cognitive performance. Specifically, as cognitive perform-
ance decreased from optimal performance and approached a
cutoff score indicative of possible cognitive impairment, cross-
correlated neural activity rz (i.e., SNI) increased. MoCA per-
formance has been shown to predict conversion from mild
cognitive impairment to dementia (19), and increased SNI has
been documented in individuals with Alzheimer’s dementia
compared with controls (10). The current findings suggest that
subtle increases in SNI even among cognitively healthy indi-
vidualsmay portend future cognitive impairment.

Healthy cognitive functioning is predicated on dynamic
neural network communication. Here, we showed that subtle
decrements in cognitive performance were associated with an
increasingly correlated neural network. Previous research has
highlighted the importance of decorrelation in information
processing (20, 21). In essence, decorrelation is a strategy
observed across systems (e.g., visual, motor) and species that
enhances information encoding, storage, and retrieval (20).
Our results showed that as the neural network became more
constrained (indicated by increased SNI), decrements in cog-
nitive processing were observed and, conversely, relatively
decorrelated networks supported enhanced cognitive per-
formance. Thus, the present findings speak to the importance
of neural network decorrelation as a mechanism that extends
beyond sensory andmotor systems to facilitate normal cogni-
tive functioning. Of note, both hyper- and hypo-correlated
neural activity are associated with pathology (6, 22), suggest-
ing that normal cognition may lie within certain bounds of
optimal neural network correlation, bounds that remain to be
determined.

Notably, differences in SNI between the highest and low-
est performers within this cognitively normal group were rel-
atively localized. The largest difference was observed in the
right anterior temporal cortex with weaker effects observed
in the left anterior temporal cortex, right posterior temporal
cortex, and cerebellum. The anterior temporal cortices are
connected with several brain areas and are consequently
implicated in diverse functions including semantic learning
and memory and social cognition (23). Notably, anterior
temporal lobe anomalies have been linked to a subtype of
frontotemporal dementia known as semantic dementia that
is characterized by prominent semantic deficits as reviewed
elsewhere (23). Among patients with semantic dementia,
hallmark semantic errors have been associated with right
temporal lobe atrophy, especially in posterior temporal
areas, and deficits in naming and comprehension have been
associated with left anterior and posterior temporal atrophy,

respectively (24). In patients with frontotemporal dementia,
right anterior temporal lobe changes have been linked to
greater social and emotional impairment than left anterior
temporal lobe involvement (25, 26). Furthermore, the right
anterior temporal lobe has been implicated in re-experienc-
ing sensory phenomena upon stimulation (27) and de novo
in individuals with posttraumatic stress disorder (7, 22).
Although social, emotional, and semantic deficits have been
linked to anterior and posterior temporal anomalies in
patient populations, it is unclear whether our findings of
temporal anomalies in a healthy population are a harbinger
of future deficits akin to those observed in frontotemporal or
other types of dementia.
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