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SUMMARY

Patients with Alzheimer’s disease (AD) undergo a slowing of waking electroen-
cephalographic (EEG) rhythms since prodromal stages, which could be ascribed
to poor sleep quality. We examined the relationship between wake and sleep al-
terations by assessing EEG activity during sleep and (pre-sleep/post-sleep) wake-
fulness in AD, mild cognitive impairment (MCI) and healthy controls. AD and MCI
show high sleep latency and less slow-wave sleep. Reduced sigma activity charac-
terizes non-rapid eye movement (NREM) sleep, reflecting sleep spindles loss. The
EEG slowing characterizes REM sleep and wakefulness of AD and MCI, with
strong correlations among the two phenomena suggesting common neuropatho-
logical mechanisms. Evening-to-morning variations in waking EEG revealed the
gradual disappearance in MCI and AD of overnight changes in delta activity, indi-
cating a progressive decay of sleep restorative functions on diurnal activity that
correlates with the impairment of sleep high-frequency activity in AD. Our find-
ings support a linkage between wake and sleep alterations, and the importance
of sleep-related processes in Alzheimer’s disease progression.

INTRODUCTION

Alzheimer's disease (AD) is a neurodegenerative syndrome representing the most common cause of de-
mentia in the elderly population. The electroencephalography (EEG) allows detecting changes in cortical
activity associated with AD, even at early stages. The hallmark of the resting state EEG in patients with AD is
the slowing of cortical rhythms, consisting of increased low-frequency (0.5-7.0 Hz) and decreased high-fre-
quency activity (Babiloni et al., 2015; Jeong, 2004). Similar EEG features affect mild cognitive impairment
(MCI) subjects, a condition being prodromal to AD in more than half of cases (Babiloni et al., 2006; Galluzzi
et al., 2001; Petersen et al., 2001; Scheltens et al., 2002). The EEG slowing correlates with the functional,
structural, and cognitive changes in the disease progression (Babiloni et al., 2006; Claus et al., 2000; Jelic
etal., 1996) and has been considered an EEG expression of the neurodegenerative process (Dringenberg,
2000).

EEG activity during sleep is also affected in MCI and AD. Recent studies reported a significant reduction
of sleep spindles (Gorgoni et al., 2016) and K-complexes (De Gennaro et al., 2017) during non-rapid eye
movement (NREM) sleep in patients with AD and MCI. Instead, preliminary observations in REM sleep
suggested an increase of low-frequency rhythms paralleled by the reduction of high-frequencies, mirror-
ing those occurring in the waking EEG (Brayet et al., 2016; Hassainia et al., 1997). It is worth noting that
local sleep EEG oscillations have a crucial role in learning processes and plastic mechanisms. In partic-
ular, several electrophysiological hallmarks of both NREM (i.e., slow waves, sleep spindles, hippocampal
ripples) and REM sleep (i.e., theta activity) are actively involved in memory consolidation (Klinzing et al.,
2019). Starting from this evidence, the assessment of local sleep alterations and their functional meaning
has an essential clinical relevance in the field of neurodegenerative disorders. Interestingly, recent find-
ings suggest that the alteration of sleep electrophysiology could be related to the cognitive status of AD
patients and MCI subjects. For instance, both reduced sleep spindle and K-complex density appear
associated with the degree of cognitive decline (De Gennaro et al., 2017; Gorgoni et al., 2016; Reda
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The pattern characterizing the cortical activity in these patients mimics the effect of the sleep deprivation in
healthy subjects (Curcio et al., 2003; Gorgoni et al., 2014; Marzano et al., 2010), suggesting that it could
be—at least in part—a direct consequence of their poor sleep quality. In other words, the increase of
slow-frequency cortical activity during wake could also reflect a robust drive to sleep, linked to a dysfunc-
tion of sleep-related homeostatic regulation processes. Some studies support the notion of a link between
the progression of neurodegenerative phenomena and the impairment of the sleep-wake cycle (Cordone
et al,, 2019; Lim et al., 2014). According to this view, the early deposit of the amyloid plaques in specific
brain regions which is typical of AD could interfere with the sleep-wake cycle regulation, resulting in sleep
fragmentation and a reduction of slow-wave sleep (SWS). On the other hand, a good sleep quality seems to
play a protective role against the amyloid accumulation: B-amyloid levels increase with time awake in mice,
while NREM sleep predicts the clearance of B-amyloid (Kang et al., 2009; Xie et al., 2013). Signs of sleep
disruptions are associated with AD biomarkers in humans (Lucey et al., 2019, Mander et al., 2015; Winer
et al., 2019) and animals (Holth et al., 2017; Menkes-Caspi et al., 2015). Sleep deprivation and selective
SWS disruption enhance levels of B-amyloid (Ju et al., 2017; Lucey et al., 2018; Ooms et al., 2014), tau
and tau spreading (Holth et al., 2019). Finally, longitudinal studies suggest that sleep disruption is associ-
ated with AD-related outcomes (Lim et al., 2013; Winer et al., 2020). Therefore, sleep disturbances,
increasing the time spent in wakefulness, might negatively contribute to the AD condition.

Surprisingly, no study investigated the relationship between EEG characteristics during wakefulness and
sleep in AD patients. Hence, we recorded the EEG in a large cohort of AD, MCI, and heathy control
(HC) subjects during wakefulness and sleep in order to describe the topographic changes across the
wake-sleep cycle, specifically during NREM and REM sleep, and during wakefulness in the pre-sleep eve-
ning and post-sleep morning. Such investigation was aimed to determine whether any of the evaluated
EEG characteristics (or a combination of them) would be useful in discriminating AD, MCI, and HC. Starting
from the reported findings of altered electrophysiology during wakefulness, NREM, and REM sleep asso-
ciated with the AD pathology, we expected to observe (a) state- and frequency-specific topographical EEG
patterns in AD, MCI, and HC, and (b) a relation between the main local EEG alterations characterizing the
clinical samples and the degree of cognitive decline. With the aim to assess the hypothesis that the
increased slow-frequency activity during wakefulness in AD/MCI could partially represent a sign of
enhanced sleep drive, we also evaluated whether sleep-related homeostatic factors differently modulate
the waking EEG activity in these groups. Finally, since EEG slowing has been observed in both wakefulness
and REM sleep in AD and MCl, we hypothesized the existence of a common neuropathological mechanism
underling these phenomena. For this reason, we evaluated the correlation among EEG slowing during
wakefulness and the corresponding phenomenon during REM sleep.

RESULTS

EEG alterations in MCI and AD across the wake-sleep cycle

Sleep macrostructure

Unexpectedly, no difference between groups was present for any of the explored parameters of sleep
macrostructure, except for sleep onset latency and the SWS duration (Table 1). Specifically, the AD and
MCI groups needed significantly more time to fall asleep and spent significantly less time in SWS than
the HC group.

EEG power in NREM sleep

The EEG activity during NREM sleep in the three groups (Nap: 50, Ny, 50; Npc, 50; Figure STA) showed
significant between-group differences for the alpha band on the left temporal cortex and the sigma band in
the posterior temporo-parieto-occipital sites (F2,147 > 5.35, p < 0.0058; Figure 1A and Table S1). Post hoc
comparisons revealed that AD participants showed lower alpha activity than MCl and HC. Similarly, the AD
group reported lower EEG activity than the HC group in the sigma frequency band. The sigma activity was
also decreased in AD compared to the MCI group at the occipital sites and in MCl compared to the HC
group at the temporo-occipital areas.

EEG power in REM sleep

The EEG activity during REM sleep in the three groups (Nap: 46, Nuvci: 49, Npc: 49; Figure S2B) revealed differ-
ences in the delta activity at the frontotemporal regions and at the occipital and temporo-occipital regions for
the alpha, sigma, and beta power (F5,141 = 5.04, p < 0.0077; Figure 1B and Table S1). Post hoc t-tests indicated
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Table 1. Sleep macrostructure in AD, MCI and HC groups

AD MCI HC AD vs MCI AD vs HC MCI vs HC
Mean Mean Mean F2147 tog tog tog
(SD) (SD) (SD) (p) (p) (p) (p)
Sleep macrostructural variable
SO latency min 35.86 23.89 16.52 6.02 1.84 3.01 2.16
(42.32) (17.76) (16.35) (0.003) (0.07) (0.003) (0.03)
REM latency min 110.20 117.93 104.86 0.35
(80.74) (89.19) (59.77) (0.70)
WASO min 82.63 88.45 78.94 0.46
(50.75) (51.58) (47.71) (0.63)
N1% 9.94 8.73 6.62 273
(9.46) (6.25) (5.12) (0.07)
N2% 74.28 74.44 76.54 1.14
(9.52) (9.20) (5.86) 0.32
N3% 0.20 0.12 0.65 7.31 1.08 —2.49 =3513)
(0.48) (0.23) (1.16) (0.0009) (0.28) (0.01) (0.002)
REM % 15.58 16.71 16.19 0.28
(9.16) (7.67) (5.56) 0.76
TBT min 389.05 411.07 385.47 2.11
(58.19) (91.02) (44.72) 0.12
TST min 270.09 284.52 290.72 1.20
(76.30) (67.30) (60.32) 0.30
SEl % 69.27 70.38 75.51 2.47
(15.78) (15.79) (13.23) 0.09
ISA # 18.98 19.18 20.2 0.21
(11.45) (9.45) (9.44) 0.81
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Mean and standard deviation (SD) of the polysomnographic variables of AD, MCI, and HC groups. The results of the one-way
ANOVAs (F and p values) are also reported, with post hoc unpaired t test (t and p values) when ANOVAs were significant (p <
0.05). Significant between-groups differences are indicated in bold.

AD, Alzheimer's disease; HC, healthy controls; ISA, intra-sleep awakenings; MCI, mild cognitive impairment; REM, rapid eye
movement; N1, NREM 1 stage; N2, NREM 2 stage; N3, NREM 3 stage; SD, standard deviation; SEI, sleep efficiency index; SO,
sleep onset; TBT, total bed time; TST, total sleep time; WASO, wake after sleep onset.

that the differences reflect the slowing of the EEG in the clinical samples, showing higher EEG activity than HC in
the delta frequency band and lower power at the higher frequencies. Specifically, the AD group reported higher
delta activity than the HC in a large cluster of frontotemporal recording sites, while no differences between AD
and MCl groups were significant. Similarly, the MCI group also reported higher frontotemporal delta power than
the HC. The AD group showed lower EEG activity in the high-frequency bands than the HC and the MCl group at
the occipital-temporal sites. In the beta frequency band, the MCI group also showed significantly lower EEG ac-
tivity than the HC group over T5 and Té.

Waking EEG in the evening

The waking EEG activity recorded in the evening hours (Nap: 45, Nyvci: 49, Npc: 50; Figure S2A) displayed
significant differences at the prefrontal and right frontotemporal sites for the delta band and at the right
occipital derivation only for the alpha band (F3,141 > 5.06, p < 0.0075, Figure 2A and Table S2). Prefrontal
delta power was significantly higher in the AD compared to the HC group, while the right frontotemporal
delta activity increased in the AD compared to both the HC and MCI groups. As expected, the occipital
alpha power was reduced in the AD and MCI groups compared to the HC group.

iScience 24, 102386, April 23, 2021 3
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Figure 1. Sleep EEG alterations in AD, MCI, and HC groups

Statistical maps (F-values) of the one-way ANOVAs (AD vs. MCl vs. HC) on the spectral powers during NREM (A) and REM
(B) sleep and histograms of spectral power (mean + SEM) in AD (red), MCI (blue) and HC (green) groups at the cortical
sites and frequency bands showing a significant between-groups difference in the one-way ANOVAs. Maps are scaled
between minimal and maximal F-values across the statistical comparisons in all frequency bands. White dots represent
significant statistical differences, according to the FDR correction (p < 0.0102). y axis of histograms has non-zero origin to
magnify standard errors visibility. The groups with significant differences in the post hoc pairwise comparisons by two-
tailed unpaired t test (p < 0.05) are reported by numerical code (1: AD, 2: MCI, 3: HC).

See also Figure S1 and Table S1.

Waking EEG in the morning

In the morning EEG, the three groups (Nap: 44; Nyici: 49; Npc: 50; Figure S2B) showed differences only in
the delta band (F,140 > 4.74, p < 0.0102; Figure 2B and Table S2), with a prevalence of the delta activity in
AD compared to both HC and MCI groups. On the other hand, the EEG activity of the MCI group differed
from that of HC only at the frontal sites.

Changes in the waking EEG after a night of sleep

We also investigated if sleep-related homeostatic factors modulate between-group differences in waking
cortical activity since the two resting state recordings were performed before and after sleep. We found
significant Group x Time of day interactions in the waking EEG (Nap: 43; Nmci: 49; Npc: 50) for the delta
band at bilateral frontal and central regions, and the left parietal area (F2,139 > 4.76, p < 0.0102; Figure 3A
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Figure 2. EEG alterations during evening and morning wakefulness in AD, MCI, and HC groups

Statistical maps (F-values) of the one-way ANOVAs (AD vs. MCl vs. HC) on the spectral powers during evening (A) and
morning (B) wakefulness and histograms of spectral power (mean + SEM) in AD (red), MCl (blue) and HC (green) groups at
the cortical sites and frequency bands showing a significant between-groups difference in the one-way ANOVAs. Maps
are scaled between minimal and maximal F-values across the statistical comparisons in all frequency bands. White dots
represent significant statistical differences, according to the FDR correction (p < 0.0102). y axis of histograms has non-
zero origin to magnify standard errors visibility. The groups with significant differences in the post hoc pairwise
comparisons by two-tailed unpaired t test (p < 0.05) are reported by numerical code (1: AD, 2: MCl, 3: HC).

See also Figure S2 and Table S2.

and Table S3). The post hoc t-tests comparing the AM vs. PM (Figure 3B) showed that sleep ‘restored’
cortical activity for MCl and HC groups by inducing a significant decrease of the delta frequency band in
the morning EEG. Notably, these comparisons were not significant in the AD group.

Relationships between changes in waking activity after sleep and activity during sleep

To further clarify the possible relations between wake and sleep EEG activity in the AD, MCI, and HC
groups (Nap: 39; Nuci: 48; Npc: 49), we correlated the overnight changes of waking EEG in the delta
band with the whole EEG activity during sleep. We considered the F4 site as the most representative
channel for the changes in the delta band (i.e., it exhibits the largest Group x Time of day interaction).
In the AD group, the correlations (Figure 3C and Table S4) revealed that changes in waking EEG
are strongly related to the nocturnal activity during the NREM sleep and REM sleep (r < —0.44,
p < 0.0050). Specifically, the frontal changes of the delta waking activity negatively correlated with
the temporo-parieto-occipital alpha activity and with the sigma and beta activity mostly in posterior
areas during NREM sleep. Similarly, the correlation was significant with the temporal sigma activity
and with temporo-occipital alpha and beta activity of the REM sleep. Indeed, the lesser the patients ex-
pressed high-frequency EEG rhythms during sleep, the more the delta activity in the morning was similar
to that in the evening. A similar correlations pattern has been found by considering the other cortical
sites with a significant Group x Time of day interaction (data not shown). Conversely, this relation was
not present in the MCl and HC groups.
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Figure 3. Changes in the waking EEG delta power across a night of sleep in AD, MCI, and HC groups and its
relationship with the sleep activity in the AD group

(A) Statistical map (F-values) of the Group x Time of day interaction of the mixed-design ANOVAs [between-subjects
factor Group: AD vs. MCl vs. HC; within-subject factor Time of day: evening wakefulness (PM) vs. evening wakefulness
(AM)] on spectral power in the delta band. White dots represent significant statistical interactions, according to the FDR
correction (p < 0.0102). See also Table S3.

(B) Spectral power (mean + SEM) in AD (red), MClI (blue) and HC (green) groups during evening (PM) and morning (AM)
wakefulness at the cortical sites showing a significant Group x Time of day interaction in the mixed-design ANOVAs.
Colored asterisks represent significant PM vs. AM differences (two-tailed paired t-tests, p < 0.05) in the specific group
coded by the asterisk color (red *: AD, blue *: MCI, green *: HC), while the groups with significant differences in the
pairwise between-group comparisons (two-tailed unpaired t-tests, p < 0.05) are reported by numerical code (1: AD, 2:
MCI, 3: HC).

(C) Statistical maps of the (two-sided) Pearson'’s r correlation coefficients between changes in waking EEG delta power
before and after sleep at a representative frontal site (F4) and the EEG spectral power during NREM sleep (first row) and
during REM sleep (second row) in AD. The maps are scaled according to minimal and maximal r-values across all
frequency bands and sleep stages. White dots represent significant correlations, according the FDR correction (p <
0.0054). MCl and HC did not show significant correlations.

See also Table S4.

The EEG slowing during REM sleep and wakefulness

Since a slowing of the EEG characterized both wakefulness and REM sleep, we asked how these two phe-
nomena are associated across different scalp locations (Nap: 39; Nmci: 48; Npc: 49). The synthetic EEG
slowing index showed a temporo-occipital maximum during REM sleep, while a temporo-frontal preva-
lence with a middle-frontal peak characterized the EEG slowing during wakefulness (Figure 4A).
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Figure 4. The EEG slowing during REM sleep and wakefulness in AD, MCI, and HC groups

(A) Topographic maps of the EEG slowing index [(delta + theta)/(alpha + sigma + beta)] during evening wakefulness (PM,
firstrow), REM sleep (second row), and morning wakefulness (AM, third row) in AD (first column), MClI (second column) and
HC (third column) groups. The topographic maps are scaled between minimal and maximal values of the three groups
within each condition.

(B) Statistical maps (F-values) of the one-way ANOVAs (AD vs. MCl vs. HC) on the EEG slowing index in each condition.
Maps are scaled between minimal and maximal F-values across the statistical comparisons in all conditions. White dots
represent significant statistical differences, according to the FDR correction (p < 0.0102). See also Table S5.

(C) Histograms of the EEG slowing index (mean £ SEM) in AD (red), MClI (blue) and HC (green) groups at the cortical sites
showing a significant between-groups difference in the one-way ANOVAs for each condition. y axis of histograms has
non-zero origin to magnify standard errors visibility. The groups with significant differences in the post hoc pairwise
comparisons by two-tailed unpaired t test (p < 0.05) are reported by numerical code (1: AD, 2: MCl, 3: HC).

The comparisons (Figure 4B and Table S5) revealed that the groups differed at all lateral, frontopolar, and
parietal areas during evening wakefulness (F5,133 = 5.16, p < 0.0069). The evening EEG slowing was signif-
icantly higher in AD and MCl than in HC, while it did not differ between AD and MClI (Figure 4C). REM sleep
was associated with significant differences at the temporo-occipital and parietal areas (F133 = 6.09, p <
0.0029). AD showed significantly greater EEG slowing than HC in these areas, and MCl higher EEG slowing
than HC in the temporo-occipital but not in the parietal regions. The REM EEG slowing significantly differed
between AD and MCI over the most posterior sites.

In the morning, the EEG slowing showed smaller between-group differences than the other conditions
(Fp133 = 4.97, p < 0.0083) but confirmed the temporal and occipital regions as the most affected areas.
As in the evening, the EEG slowing in the morning was comparable in AD and MCI, while it was higher
in AD than HC at all cortical locations significant at the omnibus ANOVAs (tge > 2.99, p < 0.0036) and
at all sites but P3 in the MCI vs. HC comparison (tgs > 1.99, p < 0.05).

The EEG slowing at cortical location showing the most robust between-group difference during REM sleep,
i.e. O1 (Fz133 = 11.10, p = 0.000035), has been correlated with the topography of the EEG slowing during
evening and morning wakefulness, separately for each group. The magnitude of these wake-REM correla-
tions linearly increased from HC to AD (Figure 5A and Table Sé). In the HC group, the highest significant
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correlations were those with the EEG slowing at Cz (r= 0.45, p = 0.0013) and Pz (r = 0.44, p = 0.0014) for the
evening EEG, and at Cz (r = 0.44, p = 0.0016) and Té (r = 0.45, p = 0.0012) for the morning EEG.

The MCI EEG slowing in the evening wakefulness showed higher correlations than HC for all cortical sites (r >
0.44, p < 0.0019), but T4. In the morning, it was even more strongly correlated with the REM slowing and showed
correlations higher than 0.50 in all cortical sites (r > 0.52, p < 0.00013) but T4 and Té, where the correlations were
still significant. The maximal correlation with the REM EEG slowing in the MCI group has been found at P3 for
both the evening (r = 0.54, p = 0.00007) and the morning (r = 0.64, p = 8.3 x 107 recordings.

Finally, the AD group reported the highest correlations between evening wake and REM sleep EEG slowing
compared to the MCl and HC groups, at least in central, frontal, and parietal areas (Cz, Fz, P3: r > 0.70, p <
6.9 x 1077). The morning EEG slowing in AD showed slightly lower, but still very robust, correlations than
the morning one, with a centro-parietal prevalence (C3, C4, Cz, P3, P4, Pz: 0.64 < r < 0.67,3.8 x 10°¢ < p
< 0.000010). As in the MCI, the EEG slowing at the temporal regions during both the evening and morning
wakefulness was weakly or not correlated to the REM EEG slowing.

With a merely descriptive purpose, this across-group linear increase of the wake-REM correlations has been
quantified by computing the angular coefficients and the corresponding R? values (Figure 5B). The EEG
slowing during evening wakefulness of a cluster of bilateral parietal, central, and frontal recording sites pro-
gressively showed larger correlations from HC to AD. During morning wakefulness, this trend involved pa-
rietal and central areas.

Correlation between EEG alterations and cognitive impairment

The most distinctive characteristics of our clinical samples (i.e., sleep onset latency and SWS duration (%), EEG
slowing of wake and REM sleep and the decreased NREM sleep sigma activity) have been correlated to the
cognitive decline, as measured by the MMSE scores (Figure 6 and Table S7). Macrostructural sleep alterations
showed only a weak association with the cognitive status (sleep onset latency: rho = —0.20, p = 0.012; SWS%:
rho = 0.14, p = 0.092) compared to other EEG indexes. Regardless of the condition, the EEG slowing index
was significantly (negatively) correlated to the MMSE scores (r < —0.23, p < 0.0054). Specifically, greater
EEG slowing was associated with worse cognitive impairment, as indicated by lower MMSE scores. The corre-
lation was higher for REM sleep EEG alterations (—=0.52 < r < —0.39; 3.51 x 107" < p < 1.15 x 107 than
wakefulness (—0.34 < r < —0.23, 0.000023 < p < 0.0054) at all scalp recording sites. Sigma power during
NREM sleep was also significantly correlated to the cognitive impairment but in the opposite direction, with
lower sigma power linked to lower MMSE scores. The magnitude of the correlations between MMSE scores
and NREM sigma power (0.24 > r > 0.32; 0.000055 < p < 0.0027) was comparable to that with EEG slowing
during the wake but lower than the correlation with the EEG slowing during REM sleep.

DISCUSSION

The study describes the complex pattern of topographic and frequency-specific changes in the EEG activ-
ity of AD and MCI compared to HC across different behavioral states [evening wake, sleep (NREM and
REM), and morning wake], also investigating their relationship.

In synthesis (Figure 7), we found that the main EEG indexes differentiating AD and MCl from HC involve the
temporo-parieto-occipital decrease of the alpha and sigma EEG activity during both NREM and REM
sleep, also affecting the beta band in the latter case, and the temporo-frontal increase of the delta activity
during REM sleep and wakefulness. We also showed that waking cortical activity undergoes only small
changes after sleep in these clinical populations compared to HC. The EEG modifications during wakeful-
ness and sleep are mutually correlated and they correlate with the degree of cognitive impairment, with the
REM EEG slowing showing the strongest association.

Macrostructural sleep changes

Although a large body of evidence points to a worsening of sleep macrostructure in AD (Peter-Derex et al.,
2015; Petit et al., 2004) and MCI (D'Rozario et al., 2020), representing an exacerbation of the sleep disrup-
tion observed in the healthy elderly (Peter-Derex et al., 2015), our findings only partially replicate such ev-
idence. We found an increased sleep onset latency and a decreased SWS duration in both AD and MCI
groups, confirming an altered sleep macrostructure, but our clinical samples exhibited more preserved
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(O1)
vs. vs.
Slowing EEG Slowing EEG
PM wake AM wake

Figure 5. Correlation between the EEG slowing in REM sleep and the EEG slowing in morning and evening
wakefulness

(A) Statistical maps of the Pearson'’s r correlation coefficients between the EEG slowing index during REM sleep at one
representative occipital site (O1) and the EEG slowing during evening (PM, first column) and morning (AM, second
column) wakefulness in AD (first row), MCl (second row) and HC (third row) groups. Maps are scaled between minimal and
maximal r-values across the conditions and groups. White dots represent significant correlations, according to the FDR
correction (p < 0.0054). See also Table Sé.

(B) Topographic maps of the angular coefficients (B, first row) and R? (second row) of the linear regression fits computed on
the (z-transformed) correlation coefficients in the three groups (for graphic purposes only) for the evening (first column)
and morning (second column) resting state conditions. Maps are scaled between minimal and maximal values across the
conditions.

sleep quality than expected. However, the specific pattern of macrostructural disruption in AD and MCI
participants appears variable across studies. Beyond possible methodological and demographic sources
of variability, sleep changes in this population appear strictly linked with the progression of the disease but
such relationship may not necessarily be linear (Villa et al., 2015). In light of our large sample size, the obser-
vation of comparable alterations in AD and MCI points to the increased sleep latency and reduced SWS
duration as the most reliable signs of disrupted sleep macrostructure in these clinical populations.

NREM sleep

The main NREM sleep feature in the AD group compared to HC is represented by the significant reduction
of the EEG activity in the sigma band at the temporo-posterior areas. Given the overlap between sigma
band and sleep spindles frequency range (De Gennaro and Ferrara, 2003), our finding mirrors the previ-
ously described reduction of parietal spindle density in AD/MCI (Gorgoni et al., 2016). Sleep spindles
are generated through the interaction between thalamic reticular nucleus and corticothalamic networks
(De Gennaro and Ferrara, 2003), with a hippocampal involvement (Andrade et al., 2011). Accordingly,
the reduction of sigma activity may represent an EEG expression of the thalamic and hippocampal dam-
ages, and the loss of cortical connectivity with such subcortical structures that characterize AD and MCI
(de Jong et al., 2008; Yi et al., 2016). It is worth noting that the reduced sigma power at the temporal areas
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NREM REM Figure 6. Correlation between the main EEG
sigma power EEG slowing , alterations in AD and MCI and cognitive impairment
= ! 0“0 04 Statistical maps of the (two-sided) Pearson’s r
correlation coefficients between the main EEG
-0.45

alterations during sleep (i.e. NREM sleep sigma power

05 and EEG slowing during REM, first row) and
wakefulness (evening end morning EEG slowing,
second row) and the MMSE scores. The maps are scaled
according to the minimal and maximal r-values across

022 the conditions. White dots represent significant

-0.24 correlations, according the FDR correction (p <

-0.28 0.0054).

032  Seealso Table S7.

discriminates between MCl and HC, and not between MCI and AD, while the occipital sigma decrease is
significantly different between AD and MCI. This regional specificity could be interpreted as a sign of the
topological targeting and progression of the neurodegeneration process that is the earlier involvement of
the temporal areas than the occipital ones in the neurodegeneration processes underlying the AD pathol-
ogy (Braak and Braak, 1997).

No significant between-group differences have been found in the delta activity of NREM sleep. Consid-
ering the hypothesis of slow wave activity (SWA) impairment as a concurring factor in AD development
(Cordone et al., 2019; Lim et al., 2014), this result may appear surprising. However, a significant reduction
of the frontal K-complexes density during NREM sleep has been recently found in AD compared to
elderly controls (De Gennaro et al., 2017) and MCI (Reda et al., 2017), with no differences in the <1Hz
SWA. Given that the K-complexes are EEG ‘transients’ characterized by high amplitude and low fre-
quency (< 1Hz), such dissociation between K-complexes and <1Hz SWA power suggests that the assess-
ment of EEG power could not be sensitive enough to discriminate between these different coexistent
phenomena. Future studies should further investigate SWA alterations during NREM sleep in AD,
focusing on the analysis of the different contributions of K-complexes, slow-oscillations (<1Hz), and
higher-frequency SWA.

REM sleep

Our results clearly show that, during REM sleep, the EEG slowing is the main phenomenon differentiating
the three groups. In detail, the increase of the delta power on temporo-frontal regions and the reduction in
the beta band on the temporal regions discriminate both the AD and MCI groups from the HC. The main
differences between the AD and MCI groups involve the decrease of alpha, sigma, and beta activities at the
occipital areas in the former instead. Such a result may reflect, once again, the later involvement of the oc-
cipital regions in the process of progressive neurodegeneration. Thus, the increase of cortical activity at the
lowest frequencies characterizes the REM sleep EEG as early as in the MCl status. On the other hand, the
EEG slowing component represented by the posterior reduction of the high-frequency activity appears as
more specific feature of the AD condition.

This EEG pattern confirms the presence of strong and widespread alterations in EEG activity during REM
sleep in AD and MCI, encompassing the whole spectrum with frequency-specific topography and repre-
senting a very sensitive index of the disease progression (Brayet et al., 2016; Hassainia et al., 1997; Mont-
plaisir et al., 1996, 1998; Petit et al., 1992, 1993). The reason is likely linked to the crucial and exclusive role
played by the basal forebrain cholinergic system in maintaining cortical arousal during REM sleep (Hobson
et al., 1975; Sakai et al.,, 1990), and by the early impairment of this system in the course of the disease
(Whitehouse et al., 1982). Moreover, our results confirm that the spectral profile of REM sleep could repre-
sent a better EEG marker of AD than that of the awake condition, at least in terms of index of the basal
cholinergic activity (Montplaisir et al., 1998).

Waking EEG before and after sleep
As expected, the waking EEG in the AD population is characterized by a significant increase of the delta
activity with a frontotemporal topography in the evening and the concurrent involvement of the medial
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Figure 7. Summary of the topographic and frequency-specific EEG features of cortical activity during
wakefulness and sleep in MCl and AD

Topography of the frequency-specific significant differences in cortical activity in MCl and AD as compared to HC (one-
way ANOVAs, p < 0.0102) during evening wakefulness, NREM and REM sleep, and morning wakefulness (upper). The
direction of the difference in the pairwise comparisons is given by the red and blue arrows representing significant
increased and decreased cortical activity (two-tails unpaired t-tests, p < 0.05) in MCl and AD compared to HC and in AD
compared to MCI, respectively. The gradual disappearance of the changes in delta power between pre-sleep and post-
sleep wakefulness EEG from HC to AD condition (bottom) is also shown. The maps represent AM logo(Delta power) - PM
logio(Delta power) differences for HC, MCI, and AD groups. The negative values of the blue scale indicates that delta
power decreases after sleep. The scatterplots show the linear correlation among this delta power change at a frontal
representative site (F4) and the high-frequency activity during NREM and REM sleep at a posterior representative site (O1)
in the AD group. F4 and O1 derivations were respectively chosen as representative for delta power changes in waking
EEG and posterior beta power activity during sleep since they showed the highest correlation in the analysis reported in
Figure 3C.

and posterior regions in the morning. The waking EEG in the evening also revealed a significant reduction
of the occipital alpha power, not visible in the morning EEG. A similar pattern characterizes the EEG of the
MCI. The prefrontal and midline frontal delta power in the morning significantly differed in all three groups,
with AD showing the highest values, followed by MCI. The delta power at the central, parietal, and tempo-
ral regions instead did not differ between MCI and HC but only between AD and MCI.
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Thus, our results substantially confirm the increase of slow-frequency cortical activity at frontotemporal areas as
the main feature of the waking EEG in AD and MCI, supporting one of the most consolidated findings in the field
(Babiloni et al, 2006, 2013, 2015, 2016; Jeong, 2004). They also prompt the importance of the time of day of the
recording. Indeed, in our sample, the cortical activity in the alpha band showed significant between-group dif-
ferences only in the evening, with a significant reduction affecting the two patients’ groups in a similar manner.
Instead, the delta activity showed significant differences in both the evening and the morning recordings. How-
ever, only in the moring, besides the AD versus HC comparison, both the AD versus MCl and the MCl versus HC
comparisons reveal a significant and progressive delta power increase that gets worse with the severity of the
disease. In the evening, the homeostatic sleep pressure modulates delta activity and likely acts as a confounding
factor, explaining the different pattern of results compared to the morning.

By deepening the investigation on the influence of homeostatic factors, the present study highlights a new phe-
nomenon characterizing the AD and MCI groups: the gradual disappearance of the overnight changes in the
delta power with the worsening of the disease. In healthy conditions, slow-frequency EEG activity is lowest in
the morning, progressively higher with the time spent awake during the day (Cacot et al., 1995; Finelli et al.,
2000; Gorgoni et al., 2014) and returns to baseline levels after a night of sleep (Cacot et al., 1995; Corsi-Cabrera
et al., 1992; Cummings et al., 2001). It is considered a reliable EEG index of sleep pressure (De Gennaro et al.,
2007; Finelli et al., 2000; Gorgoni et al., 2014), that is the need to sleep in order to restore cortical processes satu-
rated during wake. Accordingly, the changes in resting EEG after sleep could be considered an index of the ef-
ficiency of the sleep-dependent restoring processes (Corsi-Cabrera et al., 1992). In this view, our results suggest
that sleep in AD, and to a lesser extent in MCI, does not thoroughly fulfill this compensative function. The sig-
nificant and mostly exclusive correlation in the AD group among the overnight changes in waking delta activity
and the reduction in high-frequency EEG activity during NREM and REM sleep suggest that the sleep alterations
are strictly associated to the lack of morning vs. evening EEG changes.

Interestingly, the circadian variations of B-amyloid levels in the cerebrospinal fluid (CSF) show a similar
reduction in the presence of B-amyloid aggregation (Boespflug and Iliff, 2018). In healthy individuals,
CSF B-amyloid levels show wake-dependent increases and a sleep-dependent decline, while these dy-
namics are impaired in the AD models (Igarashi et al., 2014; Lucey et al., 2017; Suzuki et al., 2015). Further
studies should investigate on the possible link between these two phenomena.

The EEG slowing during wakefulness and REM sleep

The evaluation of the synthetic index of EEG slowing indicates a higher sensitivity of REM sleep compared
to wakefulness in revealing significant differences among the three groups and the temporo-occipital re-
gions as the regional marker of this phenomenon. Furthermore, there is a strong linear correlation in AD
between the EEG slowing in these areas during REM sleep and the EEG slowing during wakefulness, which
is clearly traceable in the MCI condition and much weaker in healthy elderly.

The MCl group also shows a peculiar influence of the homeostatic pressure on the correlation levels, almost
absentin the other two groups. In the evening, when the sleep pressure is high, the correlation level in MCI
was halfway along a continuum from HC to AD. In the morning, when the homeostatic sleep pressure
should be minimal, the correlation increased, moving closer to the level shown by AD. This finding could
be linked to some degree of preservation of the homeostatic process in the MCl group, as revealed by the
comparison of the resting EEG before and after sleep. In particular, two distinct sources could influence the
EEG slowing index to the a different extent in the three groups: a component directly associated to the
neurodegenerative process in cortical and subcortical structures (Dringenberg, 2000), affecting both low
and high frequency activity in opposite directions (henceforth the neurodegenerative component), and
a component linked to the homeostatic sleep pressure (henceforth the homeostatic component), mainly
driving the EEG slow-frequency activity during wakefulness in healthy condition (De Gennaro et al.,
2007; Finelli et al., 2000; Gorgoni et al., 2014). The homeostatic component would be prominent in deter-
mining the EEG slowing during wake in HC. The two components would contribute to the EEG slowing dur-
ing wakefulness in the MCI group. Conversely, the neurodegenerative component would be the critical
source in the AD, due to the more severe degree of loss of functionality of the cholinergic system. The
EEG slowing during REM sleep in posterior regions could be considered an index more likely reflecting
the neurodegenerative process of the cholinergic system (Montplaisir et al., 1998) rather than reflecting ho-
meostatic factors. Accordingly, its correlation with the EEG slowing during wakefulness is weak in the HC
group, since it mainly depends on the homeostatic component in both the evening and the morning, and
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maximal in AD. In the MCI, the correlation increases from evening to morning, because of the sleep-related
reduction of the homeostatic component contribution that allows the neurodegenerative component of
the EEG slowing to emerge. In this view, our findings support the possibility of adopting the EEG slowing
during REM sleep also as a representative index of the neurodegenerative component of the EEG slowing
during wakefulness, excluding the confounding bias of homeostatic factors.

Relationship between EEG alterations and cognitive impairment

The EEG index that showed the strongest correlation with cognitive deterioration is the synthetic index of
the EEG slowing during REM sleep. This result confirms previous findings (Montplaisir et al., 1996), and it
also suggests that this composite index may be better suited as a disease marker than others based on
cortical activity in a single frequency band measured during REM and NREM sleep or resting state, as
well as than the same index evaluated during wakefulness.

Conclusions

The current study provides a detailed picture of the topographic and frequency-specific alterations in the
EEG of AD and MCl populations during sleep and wakefulness compared with healthy elderly, highlighting
their relationships and assessing them in the largest well-controlled cohort studied so far.

Beyond the difficulty of falling asleep and the reduction in SWS, we found that the sleep architecture is
quite preserved in our AD and MCl samples. In this sense, the EEG slowing in these populations should
not be seen as a direct secondary consequence of poor sleep. However, the sleep onset delay and the
SWS impairment support an involvement of the sleep-wake control system in the neurodegenerative pro-
cess. Along this line, the original finding of the gradual disappearance of the across-night changes in
waking EEG activity in MCl and AD, whose reduction follows the severity of the disease, points to a progres-
sive loss of the restorative function of sleep on diurnal EEG activity. However, this phenomenon should not
strictly depend on increased intra-sleep wakefulness or reduced total sleep time, given the quite preserved
sleep quality of the clinical samples in the current study.

Finally, we found a strong linear correlation between the EEG slowing during REM sleep and during wakefulness
in the AD and MCI, suggesting that the two phenomena may share the same neuropathological mechanisms.
Our findings also indicate that REM sleep could be a more sensible marker of the neurodegenerative process
since early stages than the waking state, given that it is less affected by the possible confounding of homeostatic
factors and the EEG slowing during REM sleep is the EEG index most correlated to the cognitive decline.

Limitations of the study

Actually, one of the major limits of the present study is the lack of PET + radioligand or CSF beta-amyloid
evaluation neither in AD nor in MCI. Moreover, the lack of appropriate clinical follow-up and/or the use of
biomarkers for MCl-prodromal-to-dementia diagnosis did not allow us to discriminate the percentage of
MCI already affected from those who will never be demented, suggesting to look with caution at the find-
ings in MCI. Meanwhile, the MCI condition, as approached here, faithfully reflects the MCI diagnosis and
management in the real world. Future trials should address these crucial points.

Resource availability
Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-
tact, Luigi De Gennaro (luigi.degennaro@uniromal.it).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The datasets supporting the current study have not been deposited in a public repository but are available
from the corresponding author on request.
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Figure S1. EEG spectral power during NREM and REM sleep in AD, MCI and HC groups,
Related to Figure 1. Topographic maps of the mean spectral power (log-transformed) during
NREM (panel A) and REM sleep (panel B) in AD (15! row), MCI (2" row) and HC (3™ row). The
topographic maps are scaled between minimal and maximal values of the three groups within
each frequency band for each condition.
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Fig. S2. EEG spectral power during evening and morning wakefulness in AD, MCl and HC
groups, Related to Figure 2. Topographic maps of the mean spectral power (log-transformed)
during evening (PM, panel A) and morning (AM) wake (panel B) in AD (1%t row), MCI (2" row)
and HC (3™ row). The topographic maps are scaled between minimal and maximal values of the
three groups within each frequency band.



Supplemental Tables

Table S1. Results of the significant one-way ANOVAs (AD vs. MCI vs. HC) on the EEG power of
the NREM and REM sleep (p < 0.0102) and the corresponding post-hoc unpaired t-tests (p <

0.05). Related to Figure 1.

Sleep | EEG Freq AD vs. HC MCI vs. HC AD vs. MCI
stage | site band | Fz147 P tos p tos Jo] tos p
0O1 Sigma | 7.87 | 0.00057 | -3.75 0.0003 - - -2.20 | 0.0301
02 Sigma | 9.39 | 0.00015 | -4.11 0.00008 | -2.00 | 0.048 |-2.46 | 0.0156
P3 Sigma | 5.35 | 0.0058 | -3.25 0.0016 - - 2.36 | 0.020
NREM Pz Sigma | 5.54 | 0.0048 | -3.28 0.0015 - - 249 | 0.014
T3 Alpha | 5.83 | 0.0037 | -3.21 0.0018 - - -1.99| 0.049
T5 Alpha | 6.61 0.0018 | -3.53 0.0064 - - - -
Sigma | 7.82 | 0.00059 | -3.97 | 0.00014 | -2.11 | 0.038 - -
T6 Sigma | 5.54 | 0.0048 | -3.18 0.0003 -2.13 | 0.036 - -
F2,141 p tos p tos p to3 p
Fp1 Delta | 8.12 | 0.00046 | 4.10 | 0.000089 | 2.85 | 0.0053 - -
Fp2 Delta | 8.49 | 0.00033 | 4.18 | 0.000065 | 3.04 | 0.0030 - -
F3 Delta | 4.96 | 0.0083 | 3.11 0.0025 2.02 | 0.046 - -
F7 Delta | 7.12 | 0.0011 4.03 0.00012 2.35 | 0.021 - -
F8 Delta | 5.32 | 0.0059 | 3.39 0.0010 2.22 | 0.029 - -
Alpha | 5.38 | 0.0056 | -2.95 0.0041 - - -2.32 | 0.022
(o) Sigma | 7.26 | 0.0010 | -3.53 | 0.00065 - - -2.40| 0.019
Beta 6.64 | 0.0018 | -3.41 0.00097 - - -2.36 | 0.021
Alpha | 549 | 0.0051 | -2.99 0.0035 - - -2.33| 0.022
REM 02 Sigma | 7.80 | 0.00061 | -3.63 | 0.00047 - - -2.47| 0.015
Beta 6.81 0.0015 | -3.42 | 0.00092 - - -2.11| 0.037
T3 Delta | 9.79 | 0.00010 | 4.41 | 0.000028 | 3.27 | 0.0015 - -
T4 Delta | 6.94 | 0.0013 | 3.83 0.00023 | 2.63 | 0.0099 | 3.28 | 0.0406
Delta | 4.80 | 0.0096 | 3.16 0.0021 - - - -
T5 Sigma | 5.04 | 0.0077 | -3.06 0.0029 - - - -
Beta 5.39 | 0.0055 | -3.15 0.0022 -2.18 | 0.031 - -
T6 Delta | 5.60 | 0.0045 | 3.52 0.00067 - - - -
Beta 5.04 | 0.0077 | -2.83 0.0057 -2.36 | 0.020 - -

Abbreviations: AD, Alzheimer’s disease; MCI, mild cognitive impairment; HC, healthy control;
NREM, non-REM.




Table S2. Results of the significant one-way ANOVAs (AD vs. MCI vs. HC) on the EEG power of
the evening (PM) and morning (AM) wakefulness (p < 0.0102) and the corresponding post-hoc
unpaired t-tests (p < 0.05). Related to Figure 2.

Wake | EEG | Freq AD vs. HC MCI vs. HC AD vs. MCI

time | site | band | 72" p tos P to7 P to2 P

Fp1 | Delta | 5.06 0.0075 3.15 | 0.0022 - - - -

Fp2 | Delta | 5.65 0.0044 3.32 | 0.0013 - - - -

PM F8 | Delta | 5.10 0.0072 2.98 | 0.0037 - - 2.14| 0.035

02 | Alpha | 5.40 0.0055 | -2.96 | 0.0040 |-2.41| 0.018 - -

T4 | Delta | 5.47 0.0051 295 | 0.0040 | 2.63 | 0.0099 |2.52| 0.013

F2,140 p to2 p to7 p to1 P
C3 | Delta | 5.56 0.0048 3.03 0.0032 - - 2.15| 0.034
C4 | Delta | 6.17 0.0027 3.25 0.0016 - - - -
Cz | Delta | 4.74 0.010 2.71 0.0079 - - 2.22| 0.029

Fp1 | Delta | 11.07 | 0.000034 | 4.41 | 0.000028 | 2.54 | 0.011 |2.36| 0.020

Fp2 | Delta | 9.85 | 0.00010 | 4.15 | 0.000073 | 2.25 | 0.027 |2.38| 0.019

F3 | Delta | 7.11 0.0011 3.50 | 0.00072 - - 2.13| 0.036
F4 | Delta | 8.84 | 0.00024 | 3.95 | 0.00015 | 2.03 | 0.045 |2.33| 0.022
AM F7 | Delta | 9.89 | 0.000096 | 4.03 | 0.00011 - - 2.65 | 0.0096
F8 | Delta | 9.87 | 0.000098 | 4.08 | 0.000095 | - - 2.84 | 0.0056
Fz | Delta | 7.81 0.00061 3.63 | 0.00046 | 2.10 | 0.038 |2.09| 0.040
P3 | Delta | 6.19 0.0026 3.14 | 0.0023 - - 2.36| 0.020
P4 | Delta | 5.92 0.0034 3.17 | 0.0021 - - 2.35| 0.021
Pz | Delta | 5.07 0.0075 2.75 | 0.0071 - - 249 0.014
T3 | Delta | 9.25 | 0.00017 | 4.01 | 0.00012 - - 2.52| 0.014
T4 | Delta | 9.04 | 0.00020 | 3.92 | 0.00017 - - 2.94] 0.0042

Abbreviations: AD, Alzheimer’s disease; MCI, mild cognitive impairment; HC, healthy control; PM
wake, evening wake; AM wake, morning wake.



Table S3. Results of the significant interactions in the mixed-design ANOVAs Group (AD vs. MCI
vs. HC) x Time of day (PM vs. AM) on the spectral power of the wake EEG (p < 0.0102) and the
corresponding post-hoc paired t-tests (AM vs. PM) for each group (p < 0.05). Related to Figure 3
(Panel A, Panel B).

AD MCI HC
EEG | Frequency AM vs. PM AM vs. PM AM vs. PM
site band F2,13 p ts2 P tss p tso P
C3 Delta 5.00 | 0.0080 - - -2.67 | 0.010 | -5.22 | 3.60x10°
C4 Delta 5.17 | 0.0068 - - -2.19 | 0.033 | -5.02 | 7.24x10°®
F3 Delta 5.12 | 0.0071 - - -2.79 | 0.0076 | -5.58 | 0.000017
F4 Delta 5.90 | 0.0035 - - -2.59 | 0.013 | -5.49 | 0.000035
F7 Delta 4,76 | 0.0010 - - - - -5.89 | 3.47x107
Fz Delta 5.14 | 0.0071 - - -2.56 | 0.014 | -6.29 | 8.49x108
P3 Delta 5.45 | 0.0053 - - - - -4.44 | 0.000050

Abbreviations: AD, Alzheimer’s disease; MCI, mild cognitive impairment; HC, healthy control; PM
wake, evening wake; AM wake, morning wake.



Table S4. Significant correlations (Pearson’s r) between morning vs. evening changes in waking
EEG delta power at F4 and the EEG power of the NREM and REM sleep in the AD group (p <
0.0054). No significant correlation has been found in MCI and HC groups. Related to Figure 3
(Panel C).

EEG Sleep Alpha Sigma Beta
site stage r p r p r p
C3 NREM - - -0.47 | 0.0027 | -0.45 | 0.0040
C4 NREM - - -0.52 | 0.00070 | -0.54 | 0.00045
Cz NREM - - -0.47 | 0.0024 | -0.46 | 0.0035
F3 NREM - - -0.46 | 0.0029 | -0.44 | 0.0047
F4 NREM - - -0.49 | 0.0016 | -0.44 | 0.0048
F8 NREM - - -0.45 | 0.0042 | -0.45 | 0.0042
Fz NREM - - -0.50 | 0.0013 | -0.48 | 0.0022
o1 NREM| -0.50 | 0.0013 | -0.53 | 0.00054 | -0.59 | 0.000067
REM| -0.49 | 0.0018 - - -0.52 | 0.00063
02 NREM| -0.49 | 0.0014 | -0.53 | 0.00053 | -0.56 | 0.00021
REM| -0.44 | 0.0048 - - -0.47 | 0.0025
P3 NREM| -0.48 | 0.0022 | -0.52 | 0.00072 | -0.54 | 0.00041
P4 NREM| -0.46 | 0.0033 | -0.52 | 0.00061 | -0.57 | 0.00013
Pz NREM| -0.45 | 0.0040 | -0.50 | 0.0011 | -0.56 | 0.00021
5 NREM| -0.50 | 0.0010 | -0.57 | 0.00018 | -0.54 | 0.00040
REM| -0.45 | 0.0039 | -0.47 | 0.0027 | -0.51 | 0.00096
T6 NREM| -0.48 | 0.0020 | -0.58 | 0.00012 | -0.57 | 0.00014
REM| -0.44 | 0.0050 | -0.47 | 0.0028 | -0.50 | 0.0012

Abbreviations: AD, Alzheimer’s disease; MCI, mild cognitive impairment; HC, healthy control;
NREM, non-REM.



Table S5. Results of the significant one-way ANOVAs (AD vs. MCI vs. HC) on the EEG slowing
index of the morning and evening wakefulness, and the REM sleep (p < 0.0102), and the
corresponding post-hoc unpaired t-tests (p < 0.05). Related to Figure 4.

EEG time of day/ AD vs. HC MCI vs. HC AD vs. MCI
site sleep stage | F213s p tos p tos p tss p
Fp1 PM wake | 5.33 0.0059 3.17 0.0021 244 | 0.017 - -
Fp2 PMwake| 5.19 0.0068 | 3.04 | 0.0032 | 2.60 | 0.011 - -
F7 PM wake | 5.31 0.0060 | 3.49 | 0.00077 | 2.08 | 0.04 - -
AM wake | 4.89 0.0090 | 3.09 | 0.0027 | 2.03 | 0.045 - -
F8 PM wake | 5.16 0.0069 | 3.30 | 0.0014 | 2.27 | 0.025 - -
o1 PM wake | 6.03 0.0031 3.45 | 0.00086 | 1.99 | 0.050 - -
REM sleep| 11.10 | 0.000035 | 4.26 | 0.000052 | 2.17 | 0.033 | 2.74 | 0.0074
AM wake| 5.03 0.0078 | 2.99 | 0.0036 1.99 | 0.050 - -
02 PM wake | 6.89 0.0014 3.64 | 0.00047 | 2.33 | 0.022 - -
REM sleep| 9.60 0.00013 | 3.90 | 0.000019 | 2.33 | 0.022 | 2.44 | 0.017
AM wake| 5.38 0.0057 | 3.07 | 0.0029 | 2.25 | 0.027 - -
P3 PM wake | 6.66 0.0017 | 3.64 | 0.00046 | 2.22 | 0.029 - -
REM sleep| 6.09 0.0029 | 3.16 | 0.0022 - - - -
AM wake | 4.97 0.0083 | 3.02 | 0.0033 - - - -
P4 PMwake | 5.36 0.0058 | 3.35 | 0.0012 | 2.20 | 0.030 - -
Pz PM wake | 6.59 0.0019 | 3.59 | 0.00055 | 2.05 | 0.043 - -
REM sleep | 6.21 0.0027 3.16 0.0022 - - 2.00 | 0.048
T3 PM wake | 8.90 0.00024 | 4.58 | 0.000015 | 2.80 | 0.0062 - -
REM sleep| 6.29 0.0024 3.51 0.00071 2.26 | 0.026 - -
AM wake | 6.91 0.0014 3.74 | 0.00033 | 2.27 | 0.025 - -
T4 PM wake | 7.34 0.00095 | 4.10 | 0.000094 | 2.21 | 0.030 - -
REM sleep| 6.50 0.0020 | 3.42 | 0.00095 | 2.96 | 0.0039 - -
AM wake | 5.69 0.0042 | 3.33 | 0.0013 1.99 | 0.050 - -
T5 PM wake | 8.69 0.00028 | 4.22 | 0.000061 | 2.68 | 0.0088 - -
REM sleep | 9.54 0.00013 | 4.06 | 0.00011 | 2.67 | 0.0089 | 2.08 | 0.041
AM wake| 6.85 0.0015 | 3.57 | 0.00059 | 2.79 | 0.0064 - -
T6 PMwake| 9.25 0.00017 | 4.28 | 0.000048 | 3.11 | 0.0025 - -
REM sleep| 6.98 0.0013 | 3.46 | 0.00084 | 2.81 | 0.0060 - -

Abbreviations: AD, Alzheimer’s disease; MCI, mild cognitive impairment; HC, healthy control; PM

wake, evening wake; AM wake, morning wake




Table S6. Significant correlations (Pearson’s r) between EEG slowing index during REM and the
EEG slowing index during evening (PM) and morning (AM) wakefulness (p < 0.0054). Related to

Figure 5.
AD MCI HC

EEG PM AM PM AM PM AM
site | wakefulness wakefulness | wakefulness | wakefulness |wakefulness | wakefulness

r p r p r p r p r p r p
C3 |0.70|5.83x107 | 0.65 | 9.10x10° | 0.47 | 0.00070 |0.63| 1.92x10° | - | 0.020 | - -
C4 |0.65|8.24x10°|0.65|9.27x10° | 0.48| 0.00055 |0.60 | 6.10x10° | 0.41|0.0033 | - -
Cz |0.71]3.55x107|0.67 | 3.87x10° | 0.51| 0.00020 |0.62| 2.56x10° | 0.45|0.0013 | 0.44 | 0.0016
Fp1 |0.62|0.000028 | 0.58 | 0.00012 |0.49| 0.00039 |0.62 | 2.46x10° | - - - -
Fp2 |0.54 | 0.00042 |0.59 | 0.000067 |0.49| 0.00035 |0.58 | 0.000013 | - - - -
F3 |0.62|0.000030 |0.53| 0.00048 |0.50| 0.00026 |0.64 | 1.07x10° | - - - -
F4 |0.60|0.000053 |0.61| 0.000033 |0.49| 0.00037 |0.60 | 6.04x10° | - - - -
F7 |0.53| 0.00049 |0.45| 0.0042 |0.46| 0.00104 |0.54 | 0.000080 | - - - -
F8 - - 0.47 | 0.0024 |0.44| 0.00189 |0.52| 0.00013 | - - |0.41|0.0035
Fz |0.70|5.76x107|0.64 | 0.000012 | 0.50 | 0.00027 |0.62 | 2.85x10° | 0.39 | 0.0051 | 0.40 | 0.0047
O1 |0.49| 0.0016 |0.46| 0.0035 |0.46| 0.0010 |0.58| 0.000013 | - - - -
02 |047| 0.0024 | - - 0.48 | 0.00061 |0.56 | 0.000029 | - - - -
P3 [0.70|7.17x107|0.66 | 5.34x10 | 0.54 | 0.000070 | 0.64 | 8.32x107 | - - - -
P4 |0.64|0.000012 | 0.67 | 3.81x10° | 0.47 | 0.00082 |0.58 | 0.000015 |0.39|0.0050 | - -
Pz |0.70|6.94x107|0.64 | 0.000010 | 0.50 | 0.00031 [0.60 | 6.44x10° | 0.44 | 0.0014 | - -
T3 - - - - 0.48 | 0.00059 [0.58 | 0.000019 | - - - -
T4 - - - - 0.42| 0.0032 [0.49| 0.00047 | - - - -
T5 |0.50| 0.0011 [0.49| 0.0017 |0.48| 0.00048 |0.53| 0.000098 | - - - -
T6 - - 0.46| 0.0029 |0.44| 0.0016 |0.44| 0.0018 - - |0.45|0.0012




Table S7. Significant correlations (Pearson’s r) between MMSE score and sigma power during
NREM sleep, EEG slowing index during REM sleep, and EEG slowing index during evening (PM)
and morning (AM) wakefulness (p < 0.0054). Related to Figure 6.

EEG Sigma power EEG slowing PM EEG slowing EEG slowing
it NREM sleep wake REM sleep AM wake
site r P r P r P r P

C3 0.28 | 0.00054 | -0.25 0.0028 -0.42 1.68x107 | -0.26 0.0017

c4 0.29 0.0003 -0.23 0.0054 -0.42 1.33x107 | -0.24 0.0039
Cz 0.29 | 0.00026 | -0.24 0.0031 -0.39 1.05x10°¢ | -0.24 0.0034

Fp1 - - -0.26 0.0018 -0.41 3.94x107 | -0.29 | 0.00039
Fp2 - - - - -0.42 1.58x107 | -0.28 | 0.00066
F3 0.25 0.0018 - - -0.42 2.30x107 | -0.27 | 0.00099

F4 0.25 | 0.0021 -0.23 | 0.0048 -0.41 2.84x107 | -0.27 | 0.0012

F7 0.27 | 0.0009 | -0.29 | 0.00050 | -0.46 | 5.88x10° | -0.30 | 0.00032
F8 0.29 | 0.00034 | -0.23 | 0.0048 | -0.45 | 1.03x10% | -0.29 | 0.00043
Fz 0.25 | 0.0019 | -025 | 0.0022 | -0.39 | 1.15x10° | -0.27 | 0.00090
o1 0.32 | 0.000077 | -0.29 | 0.00037 | -0.52 | 3.51x10" | -0.29 | 0.00052
02 0.32 | 0.000055 | -0.28 | 0.00065 | -0.49 | 6.45x10° | -0.27 | 0.0010

P3 0.28 | 0.0006 | -0.32 | 0.000098 | -0.48 | 1.47x10° | -0.34 | 0.000043
P4 0.27 | 0.00067 | -0.28 | 0.00055 | -0.44 | 4.67x10® | -0.28 | 0.00086
Pz 0.31 | 0.000093 | -0.31 | 0.00018 | -0.45 | 1.75x10® | -0.32 | 0.000080
T3 0.24 | 0.0027 | -0.32 | 0.00010 | -0.50 | 2.80x10 | -0.33 | 0.000062
T4 0.26 | 0.0013 | -0.27 | 0.0011 -0.48 | 1.68x10° | -0.31 | 0.00018
TS5 0.31 | 0.00014 | -0.34 | 0.000023 | -0.53 | 8.00x107'2 | -0.29 | 0.00052

T6 0.29 | 0.00033 | -0.30 | 0.00021 -0.49 | 3.80x107° - -

Abbreviations: AD, Alzheimer’s disease; MCI, mild cognitive impairment; HC, healthy control; PM
wake, evening wake; AM wake, morning wake; NREM, non-REM.




Transparent Methods

Patients and healthy controls

Fifty consecutive subjects newly diagnosed Alzheimer’'s Disease (20 males; age range: 55-85
years; mean: 73 £ 6.9) and fifty subjects with a diagnosis of mild cognitive impairment (25 males;
age range: 55-84 years; mean: 72 + 6.8) from the Neurology Department of Foundation Policlinico
Universitario A. Gemelli — IRCCS were enrolled for the study. The diagnostic procedure involved
structured clinical evaluation, brain neuroimaging (MRI or CT), and a battery of neuropsychological
tests assessing their functionality in different cognitive domains (attention, executive and visuo-
spatial functions, memory, language) and their functional status (Activities of Daily
Living/Instrumental Activities of Daily Living questionnaire). In particular, memory assessment
included Rey’s Auditory Verbal Learning (RAVLT, (Carlesimo et al, 1996), involving
immediate/delayed recall and delayed recognition, delayed recall of the Rey figure (Rey, 1983),
delayed recall of a three word list (Chandler et al., 2004), delayed recall of a story (Spinnler et al.,
1987), memory span for numbers and visuo-spatial memory span. MRI data were available for a
small group of AD and MCI participants only and were not included in the study.

AD diagnosis conformed to the National Institute on Aging-Alzheimer’s Association workgroups
(McKhann et al., 2011) and DSM-IV criteria. According to the guidelines and clinical standards for
MCI diagnosis (Petersen et al., 2001; Portet, 2006; Zaudig, 1992), the MCI sample included forty
amnesic MCI (multiple-domain: 22, single-domain: 18), and ten non-amnesic MCI (multiple-
domain: 4, single-domain: 6). As control group, fifty healthy subjects were recruited in centers for
retired people (31 males; age range: 59-87 years; mean age: 70 + 6.7).

A cognitive screening by the Mini-Mental State Examination (corrected MMSE; AD: 18.33 + 4.58,
MCI: 25.98 + 1.86, HC: 27.41 + 1.63; F2,147= 131.95, p<0.0001) was obtained for all participants.
Major psychiatric diseases were excluded by assessing the State Trait Anxiety Index(Y7: AD: 37.02
+ 9.20, MCI: 36.90 £ 9.49, HC: 30.88 + 5.90; F2,141= 8.72, p=0.0003; Y2: AD: 38.68 + 9.58, MCI:
39.66 + 10.17.49, HC: 34.62 + 8.86; F2,141= 3.88, p=0.02) and the Hamilton Depression Rating
Scale in all the groups (AD: 11.00 £ 5.74, MCI: 9.92 + 5.07, HC: 8.12 £ 5.08; F2,142= 3.62, p=0.03).
Sleep quality was assessed by the Italian version of the Pittsburgh Sleep Quality Index (AD: 6.02
+ 3.74, MCI: 6.22 £ 3.60, HC: 6.56 £ 3.55; F2,144= 0.27, p=0.76).

The diagnosis of AD or MCI for the clinical samples and the lack of cognitive impairment or
dementia for the control group represented the inclusion criteria.

The exclusion criteria for all participants were: presence of neurological, psychiatric, or vascular
disorders, diagnosed sleep disorders, previous history of seizures, the use of psychoactive and
hypnotic drugs and history of alcoholism or drug abuse.

All participants gave written informed consent to participate in the study (also caregivers for AD
patients). The study was performed in accordance with the declaration of Helsinki and was
approved by the Local Ethics Committee of the Policlinico Universitario A. Gemelli — IRCCS and
by the Institutional Review Board of the Department of Psychology of the University of Rome
Sapienza.

Experimental design

The EEG electrodes montage procedure started at 19:00 h. At around 20:00 h, participants
underwent 5 min of resting-state EEG recording (eyes-closed condition) in a video-monitored,
soundproof and electrically shielded room. PSG-recording started according to the individual usual
sleep schedule (21:00-23:00 h) and ended after the final spontaneous awakening. The morning
resting-state EEG recording (5 min) started at least 1 h after the final awakening, to avoid possible
confounding effects of sleep inertia (Ferrara et al., 2006; Gorgoni et al., 2015).

EEG recordings
EEG signals were recorded by a Micromed System (Micromed, Mogliano Veneto, Treviso, ltaly)

Morpheus digital polygraph, using Ag/AgCl electrodes. The electrode montages included 19
cortical sites (Fp1, F3, F7, C3, P3, T3, T5, O1, Fp2, F4, F8, C4, P4, T4, T6, O2, Fz, Cz, Pz, Oz),
A1 and A2 at mastoids, 2 EOG, 2 submental EMG, ECG, and peripheral hemoglobin saturation.
The EEG signals were referenced to the ground electrode at Fpz. Impedances were kept below 5



KQ. Signals were recorded with a sampling frequency of 256 Hz, A/D conversion at 16 bit, a pre-
amplifier amplitude range of + 3.200 uV, pre-filters at 0.15 Hz and a notch filter (50 Hz).

EEG signals were off-line re-referenced to the average of the mastoids (A1-A2) and pass-band
filtered between 0.33 Hz and 30 Hz (second order Bessel filter).

Quantitative EEG analyses

Sleep EEG analysis

Sleep recordings were scored offline by visual inspection (epoch duration: 20 s), according to the
standard criteria (AASM, (Iber et al., 2007)), and the scoring was then revised by a second expert.
The following macrostructural parameters were obtained: sleep onset latency (defined by the first
appearance of a K-complex or a >0.5s sleep spindle); REM latency; sleep stages duration (%);
wakefulness after sleep onset (WASO), in minutes; number of awakenings; total sleep time, defined
as the sum of time spent in N1, N2, N3 and REM,; total bed time; sleep efficiency index (total sleep
time / total bed time x 100).

Quantitative EEG analyses were performed by Fast Fourier Transform (FFT) on the 20s artefact-
free epochs (4 s periodogram), separately for NREM and REM sleep. Artefacts were visually
detected and the whole 20-s epoch removed from the analysis. The average time period of sleep
recordings after the artifacts rejection for the further analyses was 131 + 49.3 min. Power spectra
were computed in the 0.50 — 30 Hz range (bin resolution: 0.25 Hz) for each EEG channel and
averaged across epochs for REM and NREM (merging N2 and N3 epochs) sleep, separately. Log-
transformed spectral powers of adjacent bins were averaged to obtain the power for the following
frequency bands: delta (0.50 — <5 Hz), theta (5.00 — <8 Hz), alpha (8.00 — <12 Hz), sigma (12.00
— <16 Hz), and beta (16.00 — <25 Hz).

Waking EEG analysis

Artifacts were detected by visual inspection with the consensus of two scorers and removed on a
2s-epoch basis. The power spectra of the remaining 2 s epochs (mean recording time: 62 + 40.1
s) were computed in the 0.50 — 30 Hz range (bin resolution: 1 Hz, except for the 0.5-1 Hz) by FFT
for each EEG channel and then averaged across the recorded period. The spectral power for the
canonical frequency bands (delta: 0.5 — <5 Hz, theta: 5 — <8 Hz, alpha: 8 — <13 Hz, beta1: 13 -
<16 HZ, beta2: 16 — <25 Hz) was obtained by averaging the log-transformed power (log1o) across
the corresponding bins.

Statistical analysis

EEG alterations in MCI and AD across the wake-sleep cycle
The macrostructural features of sleep and EEG power values during sleep (NREM, REM) and
wakefulness [evening (PM), morning (AM)] have been compared between groups by one-way
ANOVAs, separately for each channel and frequency band. For significant ANOVAs, the post hoc
comparisons were performed by unpaired two-tailed t-tests.

Changes in the waking EEG after a night of sleep and the relationship with sleep EEG activity
Possible differences in the modulation of waking cortical activity by sleep-related homeostatic
factors have been investigated by mixed-design ANOVAs Group (AD vs. MCI vs. HC) x Time of
day (PM vs. AM) on EEG power values before and after sleep. Post hoc comparisons have been
performed by two-tailed unpaired (between-groups comparisons) or paired (AM vs. PM
comparisons) t-tests only on significant Group x Time of day interactions in the mixed-design
ANOVAs.

The relationship between cortical activity during sleep and the amount of over-night changes in the
waking EEG has been evaluated by correlating the EEG power changes [log1o (AM power) - log1o
(PM power)] at the most representative cortical sites of the Group x Time of day interactions with
the EEG power during sleep. In other words, the selected changes of waking EEG power have
been correlated by Pearson’s r with the EEG power of the whole topography in the different
frequency bands of NREM and REM sleep, separately for each group.

The EEG slowing in REM sleep and wakefulness



In order to assess the relations between the EEG slowing during sleep and wakefulness, we
considered the synthetic index of the ratio between slow- (delta + theta) and fast-frequency EEG
activity [alpha + beta1 (sigma for sleep) + beta2 (beta for sleep)] for each cortical site. Previous
studies found that such power ratio index in AD patients shows a strong negative correlation with
normalized cerebral metabolic rate for oxygen assessed by PET (Buchan et al., 1997) and
correlates with structural lesion assessed by computed tomography in patients with brain tumors
(Nagata et al., 1985). These findings suggest that EEG slowing is closely associated with the
reduction in cerebral oxygen metabolism and structural damage in the areas affected by the
neurodegeneration process. This EEG slowing index has been compared between groups by one-
way ANOVAs. The cortical site showing the most robust between-group difference during REM
sleep has been correlated (Pearson’s r) with the EEG slowing index of the whole topography in the
wakefulness before and after sleep, separately for each group.

Correlation between EEG alterations and cognitive impairment

Finally, the EEG indexes that better highlight the alterations in MCI and AD in the different states
of consciousness, as revealed by the between-group comparisons, have been correlated
(Pearson’s r) with the MMSE scores, as a measure of cognitive impairment.

The a-value of the comparisons between groups has been corrected by false discovery rate (FDR,
(Benjamini and Hochberg, 1995)) computed on the p-values from the whole set of ANOVAs (722
comparisons including the number of derivations and frequency bands/composite index for all the
assessed main factors and interactions; critic p= 0.0102).

Also, the a-value of the whole set of the correlation analyses has been corrected for multiple
comparisons (1900 comparisons including the number of derivations and frequency bands/EEG
indexes for the three groups on which the correlations have been computed) by FDR (critic p =
0.0054).

The sample size differs across specific analyses, because of the presence of missing data due to
the poor quality of the EEG signals. Accordingly, the number of individuals in each group providing
data for each analysis is reported in the corresponding results section.
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