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Abstract: Recent evidence showed that EEG activity alterations that occur during sleep are associated
with structural, age-related, changes in healthy aging brains, and predict age-related decline in
memory performance. Alzheimer’s disease (AD) patients show specific EEG alterations during sleep
associated with cognitive decline, including reduced sleep spindles during NREM sleep and EEG
slowing during REM sleep. We investigated the relationship between these EEG sleep alterations and
brain structure changes in a study of 23 AD patients who underwent polysomnographic recording
of their undisturbed sleep and 1.5T MRI scans. Cortical thickness measures were correlated with
EEG power in the sigma band during NREM sleep and with delta- and beta-power during REM
sleep. Thinning in the right precuneus correlated with all the EEG indexes considered in this study.
Frontal–central NREM sigma power showed an inverse correlation with thinning of the left entorhinal
cortex. Increased delta activity at the frontopolar and temporal regions was significantly associated
with atrophy in some temporal, parietal, and frontal cortices, and with mean thickness of the right
hemisphere. Our findings revealed an association between sleep EEG alterations and the changes to
AD patients’ brain structures. Findings also highlight possible compensatory processes involving the
sources of frontal–central sleep spindles.
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1. Introduction
In recent years, the research on Alzheimer’s disease (AD) has seen growing interest
in the alterations of sleep physiology and their possible role in the progression of the
disease. In general, sleep seems to be a privileged physiological state for beta-amyloid
clearance [1,2], while waking hours are characterized by progressive beta-amyloid deposition as a function of the time spent awake [3–5]. Sleep disturbances affect many patients
with AD from the prodromal stage onwards [6–9]. Therefore, it has been hypothesized that
the initial neurodegenerative processes of AD could alter sleep dynamics and that sleep
disruptions could, in turn, increase beta-amyloid burden and establish a vicious circle that
negatively impacts the neurodegenerative process [10].
Some quantitative EEG studies have described the alterations of cortical activity observed in sleeping AD patients. One of the most solid findings for NREM sleep in AD is
the reduction in activity in the sigma frequency band (12–15 Hz) at parietal regions that
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likely mirrors the loss of sleep spindles [11–14]. Sleep spindles are phasic phenomena
characteristic of NREM sleep, generated in the thalamo-cortical system [11]. These fast
phasic oscillations are involved in sleep-dependent memory consolidation processes and
particularly in the corticalization of hippocampus-dependent memory traces [15]. Accordingly, sleep spindle density is correlated with sleep-dependent gain in declarative memory
performance in both healthy aging [16] and AD-related cognitive impairment [12].
Cortical activity during REM sleep also shows regional alterations in AD patients,
similar to those occurring during their waking hours [17–19]. AD patients show a significant slowing of EEG activity, that is, an increase in slow-frequency cortical activity with a
concomitant reduction in the highest frequencies. This shift toward the low frequencies
mainly affects the temporal regions, and the alteration is even clearer during REM sleep
than wakefulness in studies comparing AD patients and healthy controls [19]. EEG slowing
during REM sleep showed a stronger correlation with cognitive decline than both NREM
sigma activity and diurnal EEG slowing [19]. Previous studies found that EEG slowing
during waking hours shared a strong negative correlation with cerebral oxygen metabolism
in AD patients [20] and a positive correlation with the presence of structural lesions in
patients with brain tumours [21]. This could suggest an index of the cortical damage in
AD patients.
In recent years, some evidence has supported a correlation between specific EEG
indexes of cortical activity during sleep and measures of cortical thickness in healthy
young, and older, subjects [22–24]. Most of these studies focused on slow-wave activity
(SWA) during NREM sleep [22,23] since this is the sleep EEG index characterized by
the most evident changes across the lifespan [25]. These studies found that age-related
reductions in SWA were strongly associated with cortical thinning and the volume of grey
matter in the cortical generators of slow-wave activity, i.e., the frontal and prefrontal brain
regions [26]. Delta activity, occurring at temporo-parieto-occipital regions during REM
sleep, has similarly been shown to correlate with the integrity of frontal and prefrontal
regions [24]. These findings support the idea that structural brain changes can alter EEG
activity during sleep and impair some of the critical functions that sleep performs in
daily life.
Moving from this evidence, we investigated the relationship between cortical thickness, measured using magnetic resonance imaging (MRI), and the major EEG alterations
during NREM and REM sleep in AD patients [19], i.e., sigma EEG power during NREM
sleep reflecting impaired spindle activity, and delta and beta power during REM sleep as
indexes of the EEG slowing phenomenon.
Given the functional role of sleep spindles in the memory consolidation processes, we
expected sigma activity during NREM sleep to reflect the compromise of its cortical generators in the precuneus [27], as well as those of memory-related cortical areas significantly
impaired in AD. On the other hand, EEG slowing during REM sleep, i.e., increased cortical
activity at the slowest frequencies and reduced activity at the fastest ones, was expected to
show a less specific and more generalized relationship with the structural changes of the
neurodegenerative AD process.
2. Materials and Methods
2.1. Participants
The 23 (out of 50) subjects included in the study by D’Atri et al. [19] reporting a
diagnosis of Alzheimer’s disease (AD) with available MR data were included in the current
study (12 females: mean age 73.2 y ± s. d. 6.2 y).
Details on the diagnostic procedure and inclusion/exclusion criteria are reported elsewhere [19]. Briefly, the AD diagnosis conformed to the DSM-IV and the National Institute on
Aging–Alzheimer’s Association workgroup’s [28] criteria (MMSE mean score 19.0 ± s. d. 4.3).
The presence of neurological, psychiatric, or vascular disorders, diagnosed sleep disorders,
histories of seizures, psychoactive/hypnotic drug use, and history of alcoholism or drug
abuse were exclusion criteria.
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2.3. Sleep EEG Analysis
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Sleep macrostructure was obtained by visually scoring PSG recordings (20 s epoch
duration) according to the AASM criteria [29]. The following macrostructural variables
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spindle); REM latency; duration of N1, N2, N3, and REM sleep stages (%); duration of
spindle); REM latency; duration of N1, N2, N3, and REM sleep stages (%); duration of
wakefulness after SO (WASO); number of awakenings; total sleep time (TST; as the sum
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each cluster was computed as the sum of the power (%) of the included derivations.

Figure 1. EEG clusters for correlational analysis with MR data, with EEG electrodes subdivided into
6 topographical clusters according to their location on the scalp. Frontopolar cluster: Fp1, Fp2, F7, F8
(dark blue); frontal cluster: F3, F4, Fz (light blue); central cluster: C3, C4, Cz (red), parietal cluster: P3,
P4, Pz (purple); temporal cluster: T3, T4, T5, T6 (green); occipital cluster: O1, O2 (yellow).
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2.4. MRI Acquisition and Processing
MRI sessions were acquired on a 1.5T scanner (Signa, GE Healthcare) and included a
3D T1 MPRAGE scan (TR = 2000 ms, TE = 3.42 ms, flip angle = 15 degrees, FOV = 256 mm,
1.0 mm slice thickness for a total of 160 slices per slab, matrix size = 256, NEX = 1).
Anatomical, high-resolution images (3D T1) were segmented and parcellated using FreeSurfer’s recon-all standard pipeline [30,31]. Briefly, after brain extraction, highresolution 3D T1 images were registered to standard space and the grey/white and
grey/cerebrospinal fluid borders were computed [30,32,33]. An experienced neuroradiologist and imaging analyst (blind to clinical data) visually inspected the image outputs
from each stage of FreeSurfer processing and edited them to refine segmentation and correct any software delineation errors. Cortical parcellations were made according to Desikan
atlas [34] and thickness measurements of 34 cortical regions (bank of the superior temporal
sulcus, caudal anterior cingulate, caudal middle frontal, cuneus, entorhinal, fusiform,
inferior parietal, inferior temporal, isthmus cingulate, lateral occipital, lateral orbitofrontal,
lingual, medial orbitofrontal, middle temporal, parahippocampal, paracentral, pars opercularis, pars orbitalis, pars triangularis, pericalcarine, postcentral, posterior cingulate,
precentral, precuneus, rostral anterior cingulate, rostral middle frontal, superior frontal,
superior parietal, superior temporal, supramarginal, frontal pole, temporal pole, transverse
temporal, and insula). Hemispheric mean thickness measurements were collected from
both the right and left hemispheres.
2.5. Statistical Analyses
Statistical analyses were performed using MATLAB (R2020b).
We focused our analyses on the EEG indexes that better characterize sleep in AD as
compared to healthy controls, i.e., the sigma power for NREM sleep and the delta- and
beta-power for REM sleep. These sleep EEG indexes, computed using the 6 EEG clusters,
were correlated (Pearson’s r) with the cortical thickness of areas identified according to the
Desikan atlas in the two hemispheres. For each cortical area of the MR data, we controlled
for multiple comparisons using the false discovery rate method (FDR [35]) considering
the correlations with NREM and REM sleep indexes in the 6 EEG clusters. This occurred
separately for left and right hemispheres (FDR-adjusted p ≤ 0.05).
A control analysis using partial correlations was performed on significant correlations
to control for the possible confounding effects of age and sex.
3. Results
Table 1 reports the descriptive statistics of sleep macrostructure from the PSG recordings.
Table 1. Sleep macrostructure. Descriptive statistics (means and standard deviations) of the
macrostructural variables of sleep from the PSG recordings in the AD sample.

1

PSG Measure 1

Mean

s.d.

SO latency (min)
REM latency (min)
WASO (min)
N1 (%)
N2 (%)
N3 (%)
REM (%)
TBT (min)
TST (min)
SEI (%)
ISA (#)

26.60
87.03
74.71
7.05
74.33
0.56
18.24
373.58
268.87
71.40
19.74

19.99
49.04
44.46
6.37
6.95
1.28
6.81
70.16
76.22
13.00
12.14

Abbreviations: AD = Alzheimer’s disease; ISA = intra-sleep awakenings; REM = rapid eye movement;
N1 = NREM 1 Stage; N2 = NREM 2 Stage; N3 = NREM 3 Stage; s.d. = standard deviation; SEI = sleep efficiency index; SO = sleep onset; TBT = total bed time; TST = total sleep time; WASO = wake after sleep onset.
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The statistically significant results of the correlational analyses between cortical thickness and EEG activity during NREM and REM sleep in AD are reported in Table 2.
Table 2. Relationships between cortical thickness and sleep EEG alterations in AD. Significant (FDRadjusted p ≤ 0.05) correlations between cortical thickness and sleep EEG alterations (NREM sigma
power, REM delta and beta power) during sleep in AD. Pearson’s r coefficients and corresponding
uncorrected p values are reported.
MR Cortical Areas

Side

Sleep Index

EEG Cluster

r

p

Caudal middle frontal

L
R
L
L
L
R
R
R
R
R
R
R
R
R
R
R
R

REM Delta
REM Delta
NREM sigma
NREM sigma
NREM sigma
REM Delta
REM Delta
REM Delta
REM Delta
NREM sigma
REM delta
REM delta
REM beta
REM beta
REM delta
REM delta
REM delta

Temporal
Temporal
Frontopolar
Frontal
Central
Frontopolar
Temporal
Frontopolar
Temporal
Parietal
Frontopolar
Temporal
Temporal
Occipital
Temporal
Frontopolar
Temporal

−0.62
−0.65
−0.62
−0.67
−0.62
−0.63
−0.58
−0.66
−0.60
0.55
−0.62
−0.68
0.52
0.53
−0.60
−0.60
−0.59

0.0016
0.00073
0.0017
0.00048
0.0017
0.00122
0.0035
0.00060
0.0027
0.0071
0.0017
0.00035
0.012
0.0092
0.0023
0.0027
0.0028

Entorhinal

Fusiform
Lingual
Precuneus

Superior parietal
Mean thickness

Abbreviations: MR, magnetic resonance; L, left hemisphere; R, right hemisphere; NREM, non-rapid eye movement
sleep; REM, rapid eye movement sleep.

Regional NREM and REM EEG indexes were significantly correlated to the cortical thickness of different temporal, parietal, and frontal regions. Figure 2 shows the
strongest cortical thickness vs. EEG power correlation for each sleep EEG index (see
Supplemental Figure S1 for other significant correlations).
3.1. Cortical Thickness and Sigma Activity of NREM Sleep
NREM sigma power of the parietal EEG cluster was positively correlated to cortical
thickness in the right precuneus cortex (r = 0.55; p = 0.0071), while the anterior clusters
(frontopolar, frontal, and central) showed a robust negative relationship with the thickness
of the left entorhinal cortex (r ≤ −0.62; p ≤ 0.0017); i.e., higher sigma power was associated
with lower entorhinal cortex thickness.
3.2. Cortical Thickness and the EEG Slowing (Delta and Beta Activity) during REM Sleep
Delta REM activity at the frontopolar and temporal clusters was significantly correlated to cortical atrophy in the left and right caudal middle frontal gyri, the right fusiform
and lingual gyri, the precuneus, and the superior parietal cortices (r ≤ −0.58; p ≤ 0.0035).
More generally, and consistent with the findings of EEG slowing during REM sleep as
a sign of AD, frontopolar and temporal delta activity during REM sleep was inversely
related to the mean thickness of the whole right hemisphere (r ≤ −0.58; p ≤ 0.0035), so that
subjects with higher cortical atrophy (i.e., lesser thickness) also showed higher delta power
in the frontotemporal regions during REM sleep.
High-frequency beta activity, the counterpart of REM EEG slowing, also showed a
significant relationship with the right precuneus cortex at the temporal and occipital EEG
clusters but in the opposite direction (r ≥ 0.52, p ≤ 0.012), with lower beta power associated
with lower cortical thickness.
The results of the analyses controlling for age and sex confirmed all these findings, as
reported in Supplemental Table S1.
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Figure 2. Correlations between cortical thickness and sleep EEG indexes in AD patients. Cortical thickness (mm) vs. EEG
Figure (%)
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Cortical
(mm) vs.When
EEG
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scatterplots between
for cortical
areas thickness
and sleep and
EEGsleep
indexes
show
a significant
relationship
afterthickness
FDR correction.
power (%) scatterplots for cortical areas and sleep EEG indexes show a significant relationship after FDR correction. When
the thickness of an area was significantly correlated with two or more EEG clusters for the same sleep index, only data of
the thickness of an area was significantly correlated with two or more EEG clusters for the same sleep index, only data of
the EEG cluster reporting the highest correlation are shown (see Supplemental Figure S2 for the others). R22 coefficients of
the EEG cluster reporting the highest correlation are shown (see supplemental Figure S2 for the others). R coefficients of
the
the linear
linear regressions
regressions are
are also
also reported.
reported.

4. Discussion
4. Discussion
Findings from the present study confirm the relationship between alterations of the
Findings from the present study confirm the relationship between alterations of the
EEG activity during sleep and the structural changes to the brains of AD patients. In particEEG activity during sleep and the structural changes to the brains of AD patients. In parular, the cortical thickness of the caudal middle frontal gyrus, entorhinal cortex, fusiform
ticular, the cortical thickness of the caudal middle frontal gyrus, entorhinal cortex, fusigyrus, lingual gyrus, precuneus cortex, and superior parietal cortex, showed significant
form gyrus, lingual gyrus, precuneus cortex, and superior parietal cortex, showed signifcorrelations with the sleep EEG indexes under consideration. The neurodegenerative
icant correlations with the sleep EEG indexes under consideration. The neurodegenerative
process of AD affects all of these cortical areas in the course of the disease [36], leading to
process of AD affects all of these cortical areas in the course of the disease [36], leading to
worsening symptoms as the disease progresses. The entorhinal cortex and fusiform gyrus
worsening symptoms as the disease progresses. The entorhinal cortex and fusiform gyrus
areas of the temporal lobe undergo early, and the most severe, atrophy [37,38]. Damage to
areas of the temporal lobe undergo early, and the most severe, atrophy [37,38]. Damage
these areas is linked to the early memory impairment affecting these patients even some
to
these
areasthe
is linked
to the
memory
impairment
affecting
these
even some
years
before
diagnosis
of early
AD [39].
The superior
parietal
cortex
and patients
the precuneus
also
years
before
the
diagnosis
of
AD
[39].
The
superior
parietal
cortex
and
the
precuneus
also
show grey matter loss before the progression of mild cognitive impairment to AD [40–48].
show
grey matter
loss before
the progression
of mild
cognitive
impairment
AD [40–48].
Functional
and structural
alterations
in these areas
have
been associated
withto
cognitive
dysfunctions, particularly in autobiographical memory retrieval [49,50]. Finally, the thinning
of the caudal middle frontal cortex has been linked to executive dysfunctions, including in
the attention domain [51].
As expected, we found that parietal sigma activity during NREM is related to the
cortical thickness of the precuneus, one of the main cortical generators of sleep spindles [27].
This finding suggests that the reduction in parietal sleep spindles that has been described
in AD patients [12] is linked to the impairment of the cortical sources of this sleep rhythm.
Unexpectedly, frontal and central sigma activity showed a strong negative relationship with
the cortical thickness of the left entorhinal cortex. This part of the medial temporal lobe
plays an essential role in declarative memory [52], representing the main source of inputs
for the hippocampus, and it is one of the regions damaged earliest, and most severely,
by AD [37]. Given the role of sleep spindles in memory consolidation processes, we
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expected spindle activity to be impaired due to neurodegeneration of memory-related areas.
However, unlike parietal spindles, frontal sleep spindles have cortical generators located in
the frontal cortex (Brodmann areas 9 and 10) [27,53]. Accordingly, the neurodegenerative
process in AD could impact less heavily on anterior cortical sources of sleep spindles
than on posterior ones. Consistently, only fast parietal spindles have been reported to be
impaired in these patients [12]. Along this line, a speculative interpretation of the negative
relationship between centro-frontal sigma power and the thickness of the entorhinal cortex
in AD could involve a mechanism of neural compensation in sleep-dependent memory
consolidation processes.
The activation of compensatory pathways in brain functional connectivity during memory tasks following damage to the medial temporal lobe has been reported in AD [54,55].
It is possible that the remaining ability to consolidate memory traces at the cortical level
via sleep spindles follows similar patterns, and preferentially involves brain regions less
affected by the disease’s neurodegenerative processes. From this viewpoint, the inverse
relationship between spindle activity (of the frontal and central areas) and entorhinal cortex
atrophy could reflect the signature of neural compensatory mechanisms by which the brain
affected by AD tries to overcome the functional changes related to neurodegeneration
during waking hours. However, the lack of similar measurements on healthy control
subjects in the current study and in the scientific literature does not allow us to exclude the
presence of the same relationship in healthy aging populations.
Results of the REM sleep EEG indexes confirm a strong relationship between EEG
slowing and cortical atrophy in different districts of the brain. Delta activity at frontotemporal regions during REM sleep is significantly correlated to the mean thickness of the right
hemisphere and, therefore, might be considered an EEG index of the neurodegenerative
process in brains affected by AD. Specifically, both delta and beta REM activity show strong
correlations, in opposite directions, with the thickness of the precuneus. Delta EEG activity
of the temporal areas also negatively correlates with thinning of the right superior parietal
cortex and bilateral caudal middle frontal cortex. Moreover, the increase in slow-frequency
activity at frontopolar and temporal regions negatively correlates with the thickness of the
fusiform and lingual cortices in the medial temporal lobe. The different directions of the
correlation with cortical thickness among NREM sigma and REM delta activity is possibly
explained by the different origins of these EEG alterations. In AD cases, parietal sigma
activity reduces with increasing atrophy of the precuneus, probably because it is the main
cortical generator of this EEG rhythm [27]. The increase in slow-frequency activity in the
EEG slowing during REM sleep likely does not depend on alterations to the cortical generators of REM delta activity, but rather, could be considered a secondary effect of the loss of
neurons and connections due to the progression of the disease. Indeed, cortical atrophy in
AD progression follows a temporo-parieto-frontal trajectory, with the medial temporal lobe
showing a marked neurodegeneration in early stages, while motor and sensory cortices
remain quite preserved until the latest stages of the disease (for a review, see [56]). The
cortical generators of delta waves during REM sleep have been recently localized in the
occipital cortex and in the medial frontal area (the midcingulate gyrus, supplementary
motor area, and medial part of the primary motor cortex) [57] and so they should be
less affected by neurodegeneration in AD patients. As mentioned above, EEG slowing
also characterizes AD patients in their waking hours [19,58,59] and patients with brain
injuries, especially in the areas surrounding the lesions [60]. Findings from experimental
studies suggest that the occurrence of slow waves in the EEG could be a consequence of
the deafferentation of cortical regions [61]. A recent TMS/EEG study described this as a
functional consequence of focal brain injury and stroke in perilesional areas [62]. In the
study, areas adjacent to (but not directly involved with) the lesion showed a sleep-like
response to the local TMS stimulation during waking hours [62]. The authors suggested
that alterations in the balance between excitatory and inhibitory inputs from the nearby
damaged region mimic a state of physiological sleep and drive the perilesional zone to
show local, sleep-like activity during waking hours [62].
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From the EEG point of view, REM sleep is closer to the waking state than to NREM
sleep, since it is characterized by high-frequency and desynchronized activity as opposed
to synchronized SWA that is peculiar in deepest NREM sleep. The strong relationship
between the increase in slow-frequency EEG activity in frontopolar and temporal regions
during REM sleep, and the thinning of cortical areas along the trajectory of the neurodegenerative process of AD supports the theory of EEG slowing as a consequence of cortical
deafferentation due to the progressive loss of neurons. In this sense, it is interesting to note
that slow-frequency activity during REM sleep at the temporal regions shows a correlation
with caudal middle frontal cortex atrophy that is even stronger than correlations with cortices in the temporal lobe, while frontopolar delta activity shows very strong associations
with the thinning of temporo-parietal cortices, but no significant relationship with thinning
in anterior areas. The strengthening of the relationship as distance increases further supports the theory of impairment in long-distance connections in areas most affected by EEG
slowing due to AD neurodegeneration.
Two main limitations affect the findings of the current study. Firstly, the small sample
size means that great caution is needed when interpreting our results and that future
replications in studies involving larger numbers of patients is needed. Secondly, the lack
of a direct comparison with healthy aging individuals means that we cannot exclude the
possibility that some of the relationships highlighted here could be linked to age-related
brain changes rather than AD-related neurodegenerative processes. Our supplemental
analyses controlling for age and sex, however, showed that these relationships remained
significant even after excluding the specific contribution of age and sex.
5. Conclusions
This is the first investigation on the relationship among EEG activity during AD
patients’ sleep and measures of AD patients’ cortical thickness. We found that reductions
in parietal spindle activity (12–15 Hz) were related to atrophy of the precuneus, one of its
cortical sources, while frontal–central NREM sigma activity exhibits an inverse relationship
with the cortical thickness of the entorhinal cortex. This suggests that compensatory mechanisms in sleep-dependent memory consolidation processes within these brain regions are
occurring. Moreover, we showed that the increase in slow-frequency activity in frontotemporal regions during REM sleep correlates with atrophy in some brain areas most affected
during the course of the disease. This finding supports EEG slowing as a promising index
of progressive neurodegeneration within the brains of AD patients.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/brainsci11091174/s1, Figure S1: topographic distribution of EEG power (%) during NREM and
REM sleep in the sample of AD patients, Figure S2: correlations between cortical thickness and sleep
EEG indexes, Table S1: results from the control analysis with partial correlations (Pearson’s r and
corresponding p value) controlling for age and sex on cortical thickness and relevant EEG indexes of
NREM and REM sleep showing significant associations in the principal analysis.
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