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Sleep slow waves (SWs) change considerably throughout normal aging. In humans, SWs are generated and propagate on a structural
backbone of highly interconnected cortical regions that form most of the default mode network, such as the insula, cingulate cortices,
temporal lobe, parietal lobe, and medial frontal lobe. Regions in this network undergo cortical thinning and breakdown in structural and
functional connectivity over the course of normal aging. In this study, we investigated how changes in cortical thickness (CT), a measure
of gray matter integrity, are involved in modifications of sleep SWs during adulthood in humans. Thirty young (mean age � 23.49 years;
SD � 2.79) and 33 older (mean age � 60.35 years; SD � 5.71) healthy subjects underwent a nocturnal polysomnography and T1 MRI. We
show that, when controlling for age, higher SW density (nb/min of nonrapid eye movement sleep) was associated with higher CT in
cortical regions involved in SW generation surrounding the lateral fissure (insula, superior temporal, parietal, middle frontal), whereas
higher SW amplitude was associated with higher CT in middle frontal, medial prefrontal, and medial posterior regions. Mediation
analyses demonstrated that thinning in a network of cortical regions involved in SW generation and propagation, but also in cognitive
functions, explained the age-related decrease in SW density and amplitude. Altogether, our results suggest that microstructural degra-
dation of specific cortical regions compromise SW generation and propagation in older subjects, critically contributing to age-related
changes in SW oscillations.
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Introduction
Sleep slow waves (SWs; �4 Hz, �75 �V) on the electroenceph-
alogram (EEG) are a hallmark feature of nonrapid eye movement
(NREM) sleep. These waves reflect a synchronized slow oscilla-
tion in cortical neurons between a depolarization (active) state
and a hyperpolarization (silent) state (Steriade et al., 1993b). As
neurons go through intense synaptic activity during waking, op-
portunity for neural silence in the silent state is hypothesized to
allow for the cell’s rest, promoting prophylactic maintenance at
the cellular level and functional restoration at the network level
(Vyazovskiy and Harris, 2013). It is suggested that such a homeo-

static response remodels neural networks and restores the brain’s
capacity for plasticity (Tononi and Cirelli, 2014).

Animal studies have shown that the cellular states underlying
SWs are generated locally before spreading to cortical networks
(Chauvette et al., 2010). Whereas the silent state takes place
nearly instantaneously in most neurons, the active state tends to
first occur in specific neurons and then propagate (Volgushev et
al., 2006). A similar pattern takes place on EEG recordings. Each
EEG SW originates from a definite location, usually in anterior
regions, and then sweeps across the cortex as a traveling wave
(Massimini et al., 2004). Depth electrode recordings in humans
also showed that SW active states start preferentially in frontal
regions before spreading posteriorly (Nir et al., 2011). EEG
source analysis showed that neural activity underlying SWs be-
gins most frequently in the insula, in the anterior cingulate, or
around the lateral fissure (Murphy et al., 2009). Subsequently,
SWs grow in amplitude while their neural activity spreads in the
default-mode network (DMN) between its anterior (anterior cin-
gulate, medial/middle frontal) and posterior (posterior cingulate,
precuneus) nodes. SWs also involve hemodynamic responses in
the DMN (Dang Vu et al., 2008).

During adulthood, decreases in SW density, amplitude, and
slope occur predominantly in frontal regions, suggesting impair-
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ment in cortical circuits underlying SWs (Carrier et al., 2011).
Neuroimaging studies showed consistent age-related cortical
thinning in frontal regions and in the DMN (Fjell et al., 2009).
Nonpathological cortical thinning is thought to reflect cell body
shrinkage and reduction in the dendritic arborization and synap-
tic density of cortical neurons (Salat et al., 2004). Because syn-
chronized neural activity during SWs is generated cortically
(Steriade et al., 1993a), gray matter atrophy could trigger age-
related changes in SWs.

Accordingly, human studies showed that the decrease of slow-
wave activity (SWA) in adolescence occurs in parallel with corti-
cal thinning in frontal, parietal, and temporal areas (Buchmann
et al., 2011b). Moreover, higher SW density and amplitude in
adults is associated with greater gray matter (as shown by voxel-
based morphometry) in similar cortical areas and in the hypo-
thalamus (Saletin et al., 2013). Interestingly, region-of-interest
studies showed that atrophy of the medial prefrontal cortex
was linked to SWA decline in the elderly (Mander et al., 2013).
However, because SWs arise from synchronized activity in
cortical networks, we hypothesized that changes in other cor-
tical regions where SW source activity begins and propagates
would explain the decrease of SW density, amplitude, and
slope during adulthood.

Materials and Methods
Participants
Sixty-three healthy participants divided into two age groups, 30 young
(16 men/14 women; 20 –30 years old; mean age � 23.49 years; SD � 2.79)
and 33 older (15 men/18 women; 50 –70 years old, mean age � 60.35
years; SD � 5.71) adults, participated in this study. A homemade ques-
tionnaire and a semistructured interview were used to exclude potential
subjects who smoked, used medication known to affect the sleep–wake
cycle or the CNS, complained about their sleep–wake cycle or cognition,
and/or reported habitual sleep duration of �7 h or �9 h. Subjects were
also excluded if they had any history of neurological or psychiatric dis-
orders. Potential subjects with a score of �13 on the Beck Depression
Inventory were also excluded (Beck et al., 1988). Moreover, participants
underwent a neuropsychological assessment to exclude any cognitive
impairment or dementia diagnosis (American Psychiatric Association,
2000). Before the polysomnographic (PSG) night used for analyses, par-
ticipants underwent an adaptation and screening full-night PSG, includ-
ing recordings from a nasal/oral thermistor and leg electromyogram to
screen for sleep disturbances. The presence of sleep apneas and hypop-
neas (index per hour �10) and periodic leg movements (index per hour
�10) resulted in the exclusion of the participant. Premenopausal women
using hormonal contraceptives or receiving hormonal replacement ther-
apy were also excluded. We ensured that premenopausal women re-
ported regular menstrual cycles (25–32 d) during the year preceding the
study and had no vasomotor complaints (i.e., hot flashes, night sweats).
All procedures were approved by the ethics committee of Hôpital du
Sacré-Coeur de Montréal and of the Unité de NeuroImagerie Fonction-
elle in Montreal, Canada. Subjects signed an informed consent form and
received monetary compensation.

Procedures
Sleep EEG. Subjects underwent nocturnal PSG at habitual bedtimes based
on subjective reporting. Subjects had to follow a regular sleep–wake cycle
based on their habitual wake times and bedtimes (�30 min). Twenty
EEG electrodes (international 10 –20 system; all referenced to linked ear-
lobes), left and right electrooculogram, and submental electromyogram
were recorded using a Grass Model 15A54 amplifier system (EEG: gain
10,000; band-pass 0.3–100 Hz; �6 dB). Signals were digitalized at a sam-
pling rate of 256 Hz using commercial software (Harmonie; Stellate Sys-
tems). Sleep stages were visually scored in 30 s epochs on a computer
screen (Harmonie; Stellate Systems) according to standard criteria (Iber,
et al., 2007). Sleep stage variables were computed from sleep onset to last
awakening. Sleep efficiency was defined as follows: (number of minutes

spent asleep/total number of minutes from sleep onset to last awaken-
ing) � 100. Artifacts were detected automatically and rejected from anal-
ysis (Brunner et al., 1996). Further artifacts were eliminated by visual
inspection.

Detection of sleep SWs. SWs were detected automatically on artifact-
free NREM in both left and right parasagittal scalp derivations (Fp1, Fp2,
F3, F4, C3, C4, P3, P4, O1, and O2). Data were initially filtered between
0.3 and 4.0 Hz using a band-pass filter (�3 dB at 0.3 and 4.0 Hz; �23 dB
at 0.1 and 4.2 Hz). SWs for each derivation were detected on artifact-free
NREM sleep using the following previously published criteria: (1) nega-
tive peak ��40 �V, (2) peak-to-peak amplitude �75 �V, (3) duration
of negative deflection �125 ms and �1500 ms, and (4) duration of
positive deflection �1000 ms (Dang Vu et al., 2008). For each derivation,
SW density was defined as the number of SWs per minute of N2 and N3
sleep stages. For each SW, amplitude (defined as the difference in voltage
between negative and positive peaks of unfiltered signal expressed in
microvolts) and slope between the positive and the negative peaks (in
microvolts per second) were derived. Characteristics of SWs were aver-
aged over all-night NREM sleep and between hemispheres (prefrontal:
FP1–FP2, frontal: F3–F4, central: C3–C4, parietal: P3–P4, occipital: O1–
O2). Because the effects of age on SW characteristics are preeminent into
the first NREM period (NREMP) compared with the rest of the night
(Carrier et al., 2011), we also computed SW characteristics in frontal
derivations for the first NREMP. Sleep cycles were determined according
to previously published criteria (Aeschbach and Borbély, 1993). A cycle
was defined as an NREM sleep period lasting at least 15 min, followed by
an REM period lasting at least 5 min, except for the first REM period.

MRI. All subjects were MRI scanned to get an anatomical T1-weighted
sequence on a Siemens Trio 3 tesla scanner at the Unité de Neuroimag-
erie Fonctionelle (UNF) in Montreal. We used a MP-RAGE sequence
with TE of 2.91 ms, 9° flip angle, TR of 2300 ms, 240 mm field-of-view,
1�1 mm pixel spacing, and a matrix size of 256 � 240.

Cortical thickness analyses. We investigated surface-based cortical
thickness (CT), a measure providing information about the number of
synapses per column, as well as glial support and dendritic connections
(Schüz and Palm, 1989; Paus et al., 2008). This surface-based metric is
derived from MRI images using the automated CIVET pipeline, which
applies the Constrained Laplacian Anatomic Segmentation using the
Proximity (CLASP) algorithm (Kim et al., 2005; Ad-Dab’bagh et al.,
2006). This software package was used to: (1) perform stereotaxic regis-
tration of the MRI volumes to the International Consortium for Brain
Mapping (ICBM) nonlinear sixth generation target (Grabner et al.,
2006), using a 12-parameter linear transformation (Collins et al., 1994)
and intensity correction for signal intensity nonuniformity (Sled et al.,
1998); (2) classify tissue into gray matter, white matter, and CSF (Tohka
et al., 2004); and (3) create surfaces using deformable spherical mesh
models for white matter, gray matter, and the midsurface, each consist-
ing of 41,962 vertices for both hemispheres (MacDonald et al., 2000).
This provides a reliable metric (in millimeters) of surface CT, defined as
the Euclidean distance between gray and white matter surface in the
individual native space. Data were quality controlled using figures and
reports produced by the pipeline and then smoothed by a 20 mm, full-
width at half-maximum, surface-based kernel. A value of 20 mm report-
edly has good sensitivity without loss of specificity in group analyses
(Zhao et al., 2013). To perform group analyses, anatomical brain MRI
images were spatially normalized into the MNI standard template.

Analysis pipeline. This study examined whether age-related local vari-
ations in CT explained alterations of SW characteristics for each deriva-
tion during adulthood. Figure 1 illustrates the mediation model used to
address this question. We hypothesized that age affects SW characteris-
tics in a specific derivation (e.g., frontal; path c) by an initial effect on CT
in regions (path a) that are associated with SW sleep oscillations, when
the effects of age are controlled for (path b). It is mandatory to control for
age to isolate regions where SWs explain residual variance in CT because
both SWs and CT are linked to age. We used the Preacher and Hayes
framework to test for simple mediation (one CT region as the mediator)
and parallel mediation models (CT in several regions as mediators in
competition) (Hayes, 2013). This analysis decomposes the total effect of
age on SW characteristics (path c) into direct (path c�) and indirect

7796 • J. Neurosci., May 20, 2015 • 35(20):7795–7807 Dubé et al. • Cortical Thinning Explains Changes in Sleep Slow Waves



effects through specific mediators (indirect effect � ab; therefore, c � c�
	 ab). A significant indirect effect indicates mediation–that is, a signifi-
cant proportion of the age-related effect on SW characteristics is brought
about by thinning (or thickening) of a specific region. However, in these
models, it is still possible for age to affect SW characteristics indepen-
dently of CT through distinct mechanisms (path c� � direct effect).
Statistical analyses were performed in five steps (see below) for each SW
characteristic (density, amplitude, and slope), in each derivation. Medi-
ation analyses were performed with the PROCESS toolbox version 2.11
under SPSS Statistics for Mac, version 20.

Step 1: Total effect of age on sleep and SW characteristics (path
c only)
Preliminary tests of normality revealed that SW variables were not nor-
mally distributed in each group ( p � 0.05, Shapiro–Wilk). Data were
successfully log normalized ( p � 0.05, Shapiro–Wilk). Effects of age on
log-normalized SW density, slope, and amplitude were assessed with
ANOVAs using age and derivations as fixed factors. Contrast analyses
were performed when significant interactions were found and appro-
priate effect size measures were computed. Results were considered
significant when p � 0.05. For the mediation analyses, we also report
unstandardized regression coefficients of age effect on SW character-
istics (density, amplitude, and slope) at each derivation, as printed by
PROCESS (path c).

Step 2: Relationship between CT and SWs when controlling for the
effects of age (path b only)
Statistical models predicting CT were constructed using SurfStat
(http://www.math.mcgill.ca/keith/surfstat/) on MATLAB 2011a for
Mac. In the first stage, models included fixed factors related to the SW
characteristic of interest in each analysis (density, amplitude, or slope),
but also to age group, sex, and intracranial volume (ICV). Preliminary
analyses also included an interaction term between age group and SW
characteristics to ensure that the relationship between SWs and CT did
not differ significantly between younger and older adults. We used an
uncorrected threshold of F(1,57) � 12.04 ( p � 0.001uncorrected) to identify
clusters of vertices where we could find an interaction between age and
whole-night SW characteristics. Because no significant interactions be-
tween SW characteristics and age group were found, we dropped the
interaction term from subsequent models. Therefore, the final models
included fixed factors related to the SW characteristic of interest (density,
amplitude, or slope), as well as age group, ICV, and sex as covariables. We
used a threshold of T(58) � 3.24 ( p � 0.001uncorrected) to test the main
effects of SWs. Results were corrected for multiple comparisons ( p �
0.05whole-brain) using random-field theory (RFT; Worsley et al., 2004).

Step 3: Effects of age on regions linked to SWs (path a only)
Conjunction analyses were performed to identify regions that were
jointly related to both SW characteristics at each derivation and age
group. This two-stage analysis allowed for the isolation of CT regions that
not only presented significant age-related thinning, but were also signif-
icantly associated with SW characteristics when controlling for age.

To do this, we first computed an independent age effect map on
CT (ICV and sex included as covariables; minimal T(59) � 3.23, p �
0.001uncorrected) and corrected results at p � 0.05 with RFT. Second, we
isolated intersecting CT clusters between this last contrast and the effect
map of SW characteristics corrected at p � 0.05 (RFT) (see Step 2 above).
This ensured that regions in conjunction were significant for both the age
effect and the SW effect (while correcting for age) with a minimal thresh-
old on the corrected p-value of p � 0.05.

Step 4: Simple mediation modeling (test of indirect effects; path
a*path b)
To quantify how changes in each CT cluster identified in step 3 (conjunc-
tion analyses) were involved in age-related changes in SWs, we per-
formed simple mediation analyses. For each cluster, we first calculated
mean CT corrected for ICV and then entered mean CT in each cluster
independently as a mediator in several simple mediation models explain-
ing age-related effects on SW characteristics by changes in CT. Indirect
effects were considered significant ( p � 0.05) when the 95% confidence
interval (95% CI) of the bootstrapped coefficient (5000 bootstrap itera-
tions) did not include zero. We also computed mediation effect sizes
(K 2) for each region.

Step 5: Integrative modeling
As a means to evaluate which CT clusters identified in Step 3 explained
age-related changes in SW characteristics when controlling for the other
CT clusters, we performed a parallel mediation analysis for each SW
characteristic (Hayes, 2013). This analysis computed the significance of
indirect effects associated with each region of interest while they were in
competition as mediators within the same model. We also computed
significance of contrasts between significant indirect effects.

Results
Step 1: Effects of age on sleep parameters and all-night SW
characteristics in frontal regions (path c only)
Age differences in global PSG variables are described in Table 1.
Previous studies reported the preeminence of an age effect on SW
characteristics in frontal derivations (Landolt and Borbély, 2001;
Carrier et al., 2011; Lafortune et al., 2012). We replicated these
results in the present study, as age effect sizes were found to be
preeminent in frontal regions (Fig. 2). In frontal regions, older
subjects showed lower SW density (b � �0.34, p � 0.001), am-
plitude (b � �0.08, p � 0.001), and slope (b � �0.14, p � 0.001)
(Table 2). These unstandardized betas were entered in subse-
quent mediation modeling analyses.

Step 2: Relationship between CT and whole-night SW
characteristics in frontal derivations when controlling for the
effects of age (path b only)
Higher frontal SW density was significantly associated with
higher CT in a large cluster within the right superior temporal
lobe (R.STL). Moreover, higher frontal SW density was also sig-
nificantly associated with higher CT in three additional re-
strained clusters (Fig. 3A, Table 3), one located in the right
inferior parietal lobule (R.IFP), in its supramarginal portion

Figure 1. Mediation model. We hypothesized that aging exerts its total effect on SW char-
acteristics (path c) by an initial effect on CT (path a), which then drives changes in NREM sleep
oscillations (path b). Mediation occurs when the relationship between aging and sleep oscilla-
tions drops significantly when entering the mediators as cofactors in the model (path a*path
b � indirect effect). However, it is still possible for age to affect SW characteristics indepen-
dently of CT through distinct mechanisms (path c� � direct effect).

Table 1. PSG variables

Young adults (n � 30) Older adults (n � 33) Age effect ( p-value)

Sleep duration (min) 451.3 (6.6) 397.2 (8.7) p � 0.001
Sleep efficiency (%) 93.11 (5.6) 83.9 (9.7) p � 0.001
N1 (min) 33.78 (16.5) 42.72 (19.0) p � 0.05
N2 (min) 239.1 (34.0) 239.0 (38.1) NS
N3 (min) 84.6 (25.7) 40.2 (30.1) p � 0.001
REM (min) 93.8 (26.3) 75.3 (24.5) p � 0.005
N3 (%) 18.8 (5.9) 10.1 (7.5) p � 0.001

Mean values for sleep variables are displayed along with the associated SDs for both age groups. p-values are based
on t test corrected for unequal variance between groups.
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(BA40), another in the middle frontal gyrus (R. MFG; BA6), and
a last cluster in the middle temporal and inferotemporal gyri
(BA20/BA21). The large cluster in the R.STL included regions
from the primary auditory cortex, the superior temporal gyrus,
the transverse gyrus (BA41), and the insula (BA13). There were
no negative significant relationships between CT and SW density.

Higher SW amplitude in frontal derivations was associated
with higher CT in a large cluster in the right superior parietal
lobule (R.SPL; BA7). Moreover, higher SW amplitude was asso-
ciated with a more delimited region in the R.MFG (BA6), and two
regions in the left occipital lobe, in its extrastriate and associative
portions, near the left cuneus (BA19) and lingual gyrus (BA18)
(Fig. 3B, Table 3). The large cluster, defined as the right superior
parietal lobe, included the border of the precuneus (BA7) and
most of the R.SPL (BA7). There were no negative significant re-
lationships between CT and SW amplitude.

SW slope in frontal derivations was not associated with CT in any
cluster, whether in positive or negative contrasts (p�0.05 corrected;
Table 3). Therefore, we did not further investigate the role of cortical
thinning in age-related reduction of frontal SW slope.

Step 3: Effects of age on regions linked to frontal SW density
and amplitude (path a only)
Conjunction analyses were performed to isolate cortical regions
associated with frontal SW characteristics (while controlling for
age; path b) and also linked to age (path a) (Table 4).

Most regions that were related to frontal SW density (when
controlling for age) also showed significant age-related thinning
(Fig. 4). All vertices in the R.STL, MFG, and IPL clusters showed
age-related differences between young and older adults (Table 4).
However, 59 vertices (of 89) in the superior boundary of the right
middle temporal gyrus cluster were thinner in older subjects:
those that survived were mainly located in the right inferotem-
poral gyri (ITG) and right middle temporal gyri.

All vertices associated with SW amplitude located in the right SPL
and MFG showed age-related thinning in older adults (Fig. 5). How-
ever, only the medial portion of the left cuneus cluster was affected by
age (71 of 289 vertices showed significant age-related effects).

Step 4: Simple mediations in frontal derivations (test of
indirect effects; path a *path b)
For mediation to occur, we must demonstrate that including the
mediator (in this case, CT in specific areas associated with SW
density or amplitude in frontal derivations) does attenuate the
effect of age in a model in which age predicts SW density or SW
amplitude in frontal derivations (significant indirect effect).

Independent tests of indirect effects in frontal derivations
(one mediator by analysis) are depicted in Table 5 for frontal SW
density and in Table 6 for frontal SW amplitude. In these tables,
path c represents the initial total effect of age on each frontal SW
characteristic when CT is not included in the model. Changes in
explained variance when adding CT to age in models predicting
frontal SW density (path c) is also reported. Parameter estimates of
path a represent the size and significance of age effects on CT. Path b

Figure 2. SW characteristics showing significant interaction between derivations and age
group. SW density (top), SW amplitude (middle), and SW slope (bottom) are shown for young
subjects (black dots) and older subjects (open squares). A, Older subjects show lower SW density
in every derivation (contrast analysis, *p � 0.001), but effect size measures indicate a predom-
inant effect of age in frontal (F) derivations. Effect sizes: Fp � 0.205, F � 0.315, C � 0.305, P �
0.266, O � 0.239). B, Older subjects show lower SW amplitude in all derivations (contrast
analysis, *p � 0.001), but effect size measures show preeminent effects in frontal (F) deriva-
tions. Effect sizes: Fp � 0.352, F � 0.462, C � 0.453, P � 0.393, O � 0.245. C, Older subjects
show decreased SW slope in all derivations (contrast analysis, *p � 0.001), but effect size
measures indicate a predominant effect of age in frontal (F) derivations. Effect sizes: Fp �
0.465, F � 0.473, C � 0.406, P � 0.464, O � 0.435. Effect size index � � 2.

Table 2. SW variables in frontal derivations

Young adults (n � 30) Older adults (n � 33) Age effect ( p value)

SW density (nb/min) 11.41 (3.90) 6.23 (4.32) p � 0.001
SW amplitude (�V) 163.33 (18.03) 134.49 (14.60) p � 0.001
SW slope (�V/s) 397.67 (62.78) 291.22 (58.05) p � 0.001

Mean values for raw frontal SW variables are displayed along with associated SDs for both age groups. Log-
normalized data have been analyzed and used in subsequent analyses. p-values are based on t test corrected for
unequal variance between groups.
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represents the relationship between CT and frontal SW characteris-
tics when the effects of age are controlled for. Path c� represents the
residual effects of age group on frontal SW characteristics when CT is
included in the model. The last column reflects the significance of the
indirect effects of age mediated by CT and their associated effect sizes
(the ratio of the obtained indirect effect to the maximum possible
indirect effect; Preacher and Kelley, 2011).

Whereas age group initially explained 32% of the variance in
frontal SW density, adding CT regions to the models resulted in
an increase of the amount of explained variance in frontal SW
density by 14 –23% (depending of the region). In addition,
whereas age group alone initially explained 46% of the variance in
frontal SW amplitude, the level of explained variance increased

between 9% and 11% when adding CT measures to the models.
Inspection of simple mediation models showed that thinning in
each region consistently and significantly attenuated the effect of
age (direct/total effect) on frontal SW density and amplitude (in-
direct effects column, Tables 5, 6). For frontal SW density, indi-
rect effects were significant in every region, but were strongest in
the right MFG (K 2 � 0.35) and right STL (K 2 � 0.32), and
moderate in the right ITG (K 2 � 0.22) and IPL (K 2 � 0.23). Most
importantly, after accounting for CT in the right MFG or right
STL, there was no residual direct effect of age on frontal SW
density (p � 0.22; path c�).

For frontal SW amplitude, indirect effects of age were signifi-
cant in all regions, but were strongest in the right MFG (K 2 �
0.29) and right SPL (K 2 � 0.27) and moderate in the left cuneus
(K 2 � 0.18). After accounting for CT in all of these regions, there
was still a residual direct effect (path c�) of age on frontal SW
amplitude (p � 0.05).

Step 5: Integrative modeling
SW density in frontal derivations
Simultaneously entering age and CT of the right MFG, STL, ITG,
and IPL in a model predicting frontal SW density increased the
explained variance by 33% compared with the initial model (path
c) on SW density (model 2 vs model 1, Table 7). As previous
analyses showed, the increase in variance in individual models
was between 14% and 23%. Therefore, this last analysis indicates
additional properties of CT in different regions, which helped to
predict frontal SW density. In this integrative model, there were
independent and specific indirect effects of age mediated by
changes in CT in the right ITG and MFG (model 2, Table 7), but
not in the other two cortical areas. Contrast between these two
indirect effects was not significant (b � 0.03, 95% CI: [�0.13

Figure 3. Main effects of frontal SW density (A) and frontal SW amplitude (B) on CT. Models included effects of age group, sex, and ICV. Effects are displayed on an average surface constructed
from mesh derived from the CIVET pipeline. Images from both age groups were normalized to the MNI space before calculating contrasts ( p�0.001uncorrected and then corrected using random-fields
theory at p � 0.05whole-brain). Colors display p-value. Dark blue is p � 0.05whole-brain; light blue is p � 0.001whole-brain.

Table 3. Positive associations between SW characteristics and CT

Region (BA)
Cluster size
(vertices)*

Corresponding
p value*

Coordinates of peak
(MNI space)

SW density and CT
Right superior temporal lobe

(BA41/BA22/BA13)
631 p � 0.001 (60 �19 0)

Right middle frontal gyrus (BA6) 68 p � 0.008 (35 �9 57)
Right middle/inferior temporal

gyri (BA21/BA20)
89 p � 0.009 (58 �37 �19)

Right inferoparietal lobule (BA40) 111 p � 0.02 (56 �20 22)
SW amplitude and CT

Right superior parietal lobe (BA7) 356 p � 0.001 (27 �48 65)
Left cuneus (BA19) 289 p � 0.02 (�7 �88 30)
Right middle frontal gyrus (BA6) 62 p � 0.04 (37 �6 55)
Left lingual gyrus (BA18) 139 p � 0.04 (�23 �97 �8)

Cluster results of whole-brain analyses of positive contrast between frontal SW density and frontal SW amplitude
with CT. Results include sex, ICV, and age group as covariables and are corrected at p � 0.05whole-brain with random
fields.

*Coordinates of peaks for each significant cluster in relevant contrast are displayed.
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0.21]), meaning that age-related changes in frontal SW density
seem to involve thinning of similar amplitude in these two re-
gions. Importantly, aging did not present any residual direct ef-
fect on frontal SW density in this model.

SW amplitude
Here, we examined the roles of thinning of the right MFG, SPL,
and left cuneus in the decline of frontal SW amplitude. Simulta-
neously entering the above-mentioned regions of interest (in sig-
nificant conjunction), in addition to age, into a model predicting
frontal SW amplitude resulted in a 13% increase in explained
variance compared with the initial model containing only the
total effects of age (path c) (model 2 vs model 1, Table 8). Com-
putation of indirect effects showed that inclusion of CT in all
regions into the model explained a significant part of the age-

Table 4. Conjunction analysis: effect of age and SW characteristics on CT

Region (BA)
Cluster size
(vertices)

Coordinates of peak
(MNI space)

SW density
Right superior lobe (BA41/BA22/BA13) 631 (60 �19 0)
Right middle frontal gyrus (BA6) 68 (35 �9 57)
Right middle/inferior temporal gyri (BA21/BA20) 59 (58 �37 �19)
Right inferoparietal lobule (BA40) 111 (56 �20 22)

SW amplitude
Right superior parietal lobe (BA7) 356 (27 �48 65)
Left cuneus (BA19) 71 (�12 �88 33)
Right middle frontal gyrus (BA6) 62 (37 �6 55)

Regions showing both significant frontal SW effects ( p � 0.05 RFT-corrected, correcting for age, sex, and whole
brain volume) and age effects ( p � 0.05 RFT-corrected, correcting for sex and whole brain volume). Peak coordi-
nates of SW effects in each conjunct-related cluster are displayed.

Figure 4. Variations in CT are associated with individual differences in both age and frontal SW density. Brain images show the results of the conjunction analysis in which CT is negatively
associated with age independently of sex and ICV ( p � 0.05, corrected) and positively associated with frontal SW density independently of age, sex, and ICV ( p � 0.05, corrected). A typical example
is shown on the lower side of the figure. The scatterplot at the bottom left corner displays the relationship between residuals of log-normalized frontal SW density and residuals of mean CT (controlled
for ICV, sex, and age) in the right SPL. The boxplot in the bottom right corner shows the age effect on residuals of CT in the right SPL (controlling for ICV and sex).
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Table 5. Simple mediation results for SW density in frontal derivations

Path c (total effect of age on frontal SW density): b � �0.34, R 2 � 0.32, p � 0.001

Region Lat BA Size

Change in variance
compared with path c (�F(df) , �R 2,
p value)

Parameter estimates

Path a Path b Path c� Indirect effect (b, 95% CI, K 2)

STL R 41/22/13 631 �F(1,60) � 21.3, �R 2 � 0.18, p � 0.001 b � �0.30, p � 0.001 b � 0.68, p � 0.001 b � �0.13, p � 0.06 b � �0.20 (�0.32 �0.11) (*) K 2 � 0.32
MFG R 6 68 �F(1,60) � 19.8, �R 2 � 0.17, p � 0.001 b � �0.37, p � 0.001 b � 0.65, p � 0.001 b � �0.10, p � 0.22 b � �0.24 (�0.40 �0.11) (*) K 2 � 0.35
ITG R 21/22 59 �F(1,60) � 30.8, �R 2 � 0.23, p � 0.001 b � �0.24, p � 0.001 b � 0.69, p � 0.001 b � �0.17, p � 0.005 b � �0.16 (�0.27 �0.08) (*) K 2 � 0.29
IPL R 40 111 �F(1,60) � 15.9, �R 2 � 0.14, p � 0.001 b � �0.21, p � 0.001 b � 0.73, p � 0.001 b � �0.19, p � 0.008 b � �0.15 (�0.25 �0.07) (*) K 2 � 0.25

Rows illustrate the simple mediation model for frontal SW density with mean CT in each region as stand-alone mediators. �F indicates the change in explained variance due to inclusion of the CT cluster as a mediator compared with the total
effect model (path c). Coefficients in each path necessary for the computation of indirect effects are shown in designated columns. b-values refer to unstandardized parameter estimates of paths shown in Figure 1. Indirect effects are
significant at p � 0.05 when 0 is not included in the 95% CI; and significance is denoted with an asterisk. K 2 is an effect size of mediation and thus represents the proportion of the age-related effect on frontal SW density that has been
mediated by changes in CT (�0.25 � strong effect; �0.09 � medium effect; �0.001 � small effect). CT in each region is adjusted for ICV.

Figure 5. Variations in CT are associated with individual differences in both age and frontal SW amplitude. Brain images show the results of the conjunction analysis in which CT is
negatively associated with age independently of sex and ICV ( p � 0.05, corrected) and positively associated with frontal SW amplitude independently of age, sex, and ICV ( p � 0.05,
corrected). A typical example is shown on the lower side of the figure. The scatterplot at the bottom left corner displays the relationship between residuals of log-normalized frontal SW
amplitude and residuals of mean CT (controlled for ICV, sex, and age) in the right MFG. The boxplot in the bottom right corner shows the age effect on residuals of mean CT in the right
MFG (controlling for ICV and sex).
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related decrease of frontal SW amplitude. However, there was still
a significant residual direct effect of age on frontal SW amplitude.
Moreover, no region presented significant specific indirect effects,
indicating that focal thinning of one of these regions could not by
itself explain the age-related decrease of frontal SW amplitude. In-
stead, overall thinning in all of these regions could explain some part
of the age-related decrease in SW amplitude (Table 8).

Relationships between CT and SW characteristics in
other derivations
SW density
We also investigated associations between CT and SW character-
istics in the prefrontal, central, parietal, and occipital derivations
when controlling for the effects of age. Higher SW density in
prefrontal, central, and parietal derivations, but not in occipital
derivations, was associated with higher CT in several regions (Ta-
ble 9). Higher prefrontal SW density was associated with higher
CT in an inferoparietal cluster comprising the ventral part of the
postcentral gyrus and the supramarginal gyrus located dorsally to

the posterior part of the lateral fissure (BA40/BA43). Further-
more, higher central SW density was associated with higher CT in
a large cluster that included the insula (BA13) and part of the
superior temporal area (BA22) and another cluster in the middle
frontal gyrus (BA6). In addition, higher parietal SW density was
associated with higher CT in both the insula (BA13) and middle
cingulate cortices (BA24). There were no negative significant re-
lationships between CT and SW density in any derivation.

All cortical regions associated with SW density in prefrontal,
central, and parietal derivations (except the cingulate cortex)
were thinner in older subjects (conjunct vertices column, Table
9). Moreover, for each of these regions, cortical thinning ex-
plained a significant proportion of the age-related decrease of SW
density (indirect effects column, Table 9). Because there were
significant indirect effects of age on central SW density mediated
by changes in the right insula and the right middle frontal re-
gions, an independent parallel mediation analysis was applied to
determine which of these two regions drives the age-related de-

Table 6. Simple mediation results for SW amplitude in frontal derivations

Path c (total effect of age): b � �0.08, R 2 � 0.46, p � 0.001

Region Lat BA Size

Change in variance
compared with path c (�F(df) , �R 2,
p value)

Parameter estimates

Path a Path b Path c� Indirect effects (b, 95% CI, K 2)

SPL R 7 356 �F(1,60) � 15.6, �R 2 � 0.11, p � 0.001 b � �0.22, p � 0.001 b � 0.13, p � 0.001 b � �0.06, p � 0.001 b � �0.03 (�0.05 �0.01) (*) K 2 � 0.25
Cuneus L 19 71 �F(1,60) � 11.7, �R 2 � 0.09, p � 0.001 b � �0.16, p � 0.001 b � 0.11, p � 0.001 b � �0.07, p � 0.001 b � �0.02 (�0.03 �0.01) (*) K 2 � 0.17
MFG R 6 68 �F(1,60) � 11.4, �R 2 � 0.09, p � 0.001 b � �0.33, p � 0.001 b � 0.11, p � 0.001 b � �0.05, p � 0.003 b � �0.04 (�0.06 �0.02) (*) K 2 � 0.28

Rows illustrate simple mediation models for frontal SW amplitude with mean CT in each region as stand-alone mediators. �F indicates the change in explained variance due to inclusion of the CT cluster as a mediator compared with the total
effect model (path c). Coefficients in each path necessary for the computation of indirect effects are shown in designated columns. b-values refer to unstandardized parameters estimates of paths shown in Figure 1. Indirect effects are
significant at p � 0.05 when 0 is not included in the 95% CI and significance is denoted with an asterisk. K 2 is an effect size of mediation and thus represents the proportion of the age-related effect on frontal SW amplitude that has been
mediated by changes in CT (�0.25 � strong effect; �0.09 � medium effect; �0.001 � small effect). CT in each region is adjusted for ICV.

Table 7. Parallel mediation results (SW density in frontal derivations)

Effects Significance of effects (b, p-value, or 95% CI) Change in variance between models (�F(df) , �R 2, p value)

Model 1 (initial model) �F(1,61) � 28.06, �R 2 � 0.32, p � 0.001
Total effect of age on SW density(path c) b � �0.34, p � 0.001

Model 2 (parallel mediation model) �F(4,57) � 13.53, �R 2 � 0.33, p(�F) � 0.001
Direct effect of age on SW density(path c�) b � �0.001, p � 0.99
Total indirect effect of age on SW density mediated by changes in CT(path a�path b) b � �0.34, (�0.47 �0.22) (*)

Specific indirect effects of age on SW density (in model 2) through
Changes in IFP(path a�path b) b � 0.01, (�0.07 0.10), NS
Changes in ITG(path a�path b) b � �0.12, (�0.21 �0.05) (*)
Changes in MFG(path a�path b) b � �0.13, (�0.28 �0.01) (*)
Changes in STL(path a�path b) b � �0.10, (�0.23 0.01), NS

Total effects of age on frontal SW density in the initial model (path c; model 1) compared with indirect and residual (direct) effects of age on frontal SW density in a parallel mediation model (model 2). �F and �R 2 for model 1 refer to the
variance explained by the age-only model compared with a constant, whereas values for model 2 refer to variance explained in model 2 (parallel mediation by CT) compared with variance explained in model 1. Individual coefficients in each
path for each mediator are not shown; only significance for indirect effects are shown. Note that path a coefficients are the same as in Table 5, whereas path b coefficients are adjusted in the model when all mediators are included
simultaneously. Indirect effects are tested, significance is attained at p � 0.05 when 0 is not included in the 95% CI and significance is denoted with an asterisk. CT is adjusted for these models.

Table 8. Parallel mediation results (SW amplitude in frontal derivations)

Effects Significance of effects (b, p-value, or 95% CI) Change in variance between models (�F(df) , �R 2, p)

Model 1 (initial model) �F(1,61) � 52.34, �R 2 � 0.46, p � 0.001
Total effect of age on SW amplitude(path c) b � �0.08, p � 0.001

Model 2 (parallel mediation model) �F(4,57) � 6.43, �R 2 � 0.13, p(�F) � 0.001
Direct effect of age on SW amplitude (path c�) b � �0.05, p � 0.002
Total indirect effect of age on SW amplitude, mediated by changes in CT(path a�path b) b � �0.04, (�0.06 �0.02) (*)

Specific indirect effects of age (in model 2) on SW amplitude mediated by
Changes in SPL(path a�path b) b � �0.01, (�0.04 0.01), NS
Changes in cuneus(path a�path b) b � �0.01, (�0.03 0.01), NS
Changes in MFG(path a�path b) b � �0.02, (�0.04 0.01), NS

Total effects of age on frontal SW amplitude in the initial model (model 1; path c) compared with indirect and residual (direct) effects of age on frontal SW amplitude in a parallel mediation model (model 2). �F and �R 2 for model 1 refer
to the variance explained by the age-only model compared with a constant, while values for model 2 refer to variance explained in model 2 (parallel mediation by CT) compared with variance explained in model 1. Individual coefficients in
each path, for each mediator, are not shown; only significance for indirect effects are shown. Note that path a coefficients are the same as in Table 6, whereas path b coefficients are adjusted in the model when all mediators are included
simultaneously. Indirect effects are significant at p � 0.05 when 0 is not included in the 95% CI and significance is denoted with an asterisk. CT is adjusted for ICV in these models.

7802 • J. Neurosci., May 20, 2015 • 35(20):7795–7807 Dubé et al. • Cortical Thinning Explains Changes in Sleep Slow Waves



crease of central SW density. The model (not shown in the tables)
reveals two significant specific indirect effects: bfrontal � �0.19
(95% CI � �0.35 �0.06) and binsula � �0.11 (95% CI � �0.21
�0.03). There were no residual direct effects (path c�) of age on
central SW density in this model (b � �0.06, p � 0.46). There-
fore, thinning of both middle frontal and insular cortices ac-
counts for the age-related decrease in central SW density.

SW amplitude
Higher SW amplitude in prefrontal, central, and parietal deriva-
tions, but not in occipital derivations, was associated with higher
CT in different cortical areas when controlling for the effects of
age (Table 10). Higher prefrontal SW amplitude was associated
with higher CT in occipital extrastriate cortex near the cuneus
(BA19), whereas higher parietal SW amplitude was associated
with higher CT in the medial prefrontal cortex (BA9). A trend
was also observed for central SWs, for which higher amplitude
was associated with higher CT in the right superior parietal lobe
(corrected p-value: 0.059; 106 vertices; nearest peak: 28 �48 65,
BA7). There were no negative significant relationships between
CT and SW amplitude in any derivation.

The medial prefrontal cortex, the cuneus cortex, and the superior
parietal lobe (which was nearly significantly associated with SW am-
plitude in central derivations in the last analysis) were thinner in
older subjects (conjunct vertices column, Table 10; SPL is not shown
in the tables because this result is only near significance). Significant
indirect effects were also observed in all regions.

There were no negative or positive significant relationships
between CT and SW slope in any derivation.

Age-related changes in SW characteristics during the first
NREM period
Because age-related differences in SWs are more prominent at the
beginning of the night (Carrier et al., 2011), we investigated the
role of cortical thinning in age-related changes in frontal SW
characteristics in the first NREMP. Results presented in Tables 11
and 12 indicate that higher frontal SW density and amplitude for
the first NREMP were associated with higher CT (when control-
ling for age) in various areas. Higher frontal SW density in the
first NREMP was associated with higher CT in the right MFG and
the right ITG, whereas higher frontal SW amplitude was associ-
ated with higher CT in right MFG, right SPL, left cuneus, and left
IFP. There were no significant negative contrasts between CT and
frontal SW density or frontal SW amplitude during the first
NREMP. Frontal SW slope in the first NREMP was not associated
with CT in either negative or positive contrasts. Older subjects
showed thinner cortex in all regions associated with frontal SW
density and amplitude in the first NREMP (conjunct vertices
column, Tables 11, 12). Furthermore, there were significant in-
direct effects in all of these cortical regions, indicating that corti-
cal thinning significantly explained the age-related decrease of
frontal SW density and amplitude during the first NREMP (indi-
rect effects column, Tables 11, 12).

Table 13 shows the results for the parallel mediation analyses
for frontal SW density in first NREMP. Simultaneously entering
age and right IT and MFG CT in a model predicting frontal SW
density during the first NREMP enhanced explained variance by
21% compared with the initial model containing only the total
effects of age (path c, model 2 vs model 1, Table 13). Total ex-

Table 9. Topological association between CT and SW density and related mediation analysis

Total effect of age at each
derivation (path c)
(b, p-value) CT cluster (BAs, peak) Lat

Cluster size
(corrected p
value)

Conjunct vertices
(age and SW)

Parameter estimates (simple mediation models)

Path a Path b Path c� Indirect effect (b, 95% CI, K 2)

Prefrontal
b � �0.25, ( p � 0.002)

IFP (BA40/BA43)
(56 �18 20)

R 85 vertices
p � 0.05

85 b � �0.20,
p � 0.001

b � 0.74,
p � 0.001

b � �0.10,
p � 0.14

b � �0.15 (�0.25 �0.06) (*) K 2 � 0.26

Central
b � �0.36, ( p � 0.001)

Insula (BA13/BA22)
(46 �1 �10)

R 171 vertices
p � 0.002

171 b � �0.30,
p � 0.001

b � 0.55,
p � 0.001

b � �0.20,
p � 0.01

b � �0.17 (�0.29 �0.07) (*) K 2 � 0.25

MFG
(BA6) (30 �10 59)

R 42 vertices
p � 0.05

42 b � �0.37,
p � 0.001

b � 0.68,
p � 0.001

b � �0.11,
p � 0.18

b � �0.25 (�0.43 �0.11) (*) K 2 � 0.33

Parietal
b � �0.42, ( p � 0.001)

Insula (BA13)
(46 �1 �10)

R 119 vertices
p � 0.007

119 b � �0.30,
p � 0.001

b � 0.70,
p � 0.001

b � �0.21,
p � 0.04

b � �0.21 (�0.44 �0.08) (*) K 2 � 0.25

Middle cingulate (BA24)
(2 �3 26)

R 46 vertices
p � 0.009

46 NA NA NA NA

Rows illustrate simple mediation models to explain age-related changes in SW density at other derivations (prefrontal, central, parietal, and occipital) with mean CT in each previously identified region as stand-alone mediators. Total effect
of age on SW density is shown under each derivation. The cluster column depicts the relationship between cluster and SW density when controlling for age. The conjunction analysis column depicts the number of vertices also significantly
associated with age-related thinning. Coefficients in each path necessary for the computation of indirect effects are shown in designated columns. b-values refer to unstandardized parameter estimates of paths shown in Figure 1. Indirect
effects are significant at p � 0.05 when 0 is not included in the 95% CI and significance is denoted with an asterisk. K 2 is an effect size of mediation and thus represents the proportion of the age-related effect on SW density that has been
mediated by changes in CT (�0.25 � strong effect; �0.09 � medium effect; �0.001 � small effect). CT in each region is adjusted for ICV.

Table 10. Topological association between CT and SW amplitude and related mediation analyses

Total effect of age at each
derivation (path c) (b, p-value)

CT cluster
(BAs, peak) Lat

Cluster size
(corrected
p value)

Conjunct vertices
(age and SW)

Parameter estimates (simple mediation models)

Path a Path b Path c� Indirect effect (b, 95% CI, K 2)

Prefrontal
b � �0.06, p � 0.001

Cuneus (BA19)
(�14 �89 33)

L 322 vertices
p � 0.009

55 b � �0.17,
p � 0.001

b � 0.12,
p � 0.001

b � �0.04,
p � 0.001

b � �0.02 (�0.04 �0.01) (*) K 2 � 0.21

Parietal
b � �0.08, p � 0.001

MPFC (BA9)
(�6 48 29)

L 456 vertices
p � 0.02

84 b � �0.23,
p � 0.001

b � 0.11,
p � 0.001

b � �0.05,
p � 0.001

b � �0.02 (�0.05 �0.01) (*) K 2 � 0.22

Rows illustrate simple mediation models to explain age-related effects on SW amplitude at other derivations (prefrontal, central, parietal, and occipital) with mean CT in each previously identified region as stand-alone mediators. The cluster
column depicts the relationship between cluster and SW amplitude at different electrodes when controlling for age. Total effect of age on SW amplitude is shown under each derivation. The conjunction analysis column depicts the number
of vertices also significantly associated with age-related thinning. Coefficients in each path necessary for the computation of indirect effects are shown in designated columns. b-values refer to unstandardized parameter estimates of paths
shown in Figure 1. Indirect effects are significant at p � 0.05 when 0 is not included in the 95% CI and significance is denoted with an asterisk. K 2 is an effect size of mediation and thus represents the proportion of the age-related effect
on SW amplitude that has been mediated by changes in cortical thickness (�0.25 � strong effect; �0.09 � medium effect; �0.001 � small effect). CT in each region is adjusted for ICV.

Dubé et al. • Cortical Thinning Explains Changes in Sleep Slow Waves J. Neurosci., May 20, 2015 • 35(20):7795–7807 • 7803



plained variance in frontal SW density reached 54% when con-
sidering age and mediators altogether. We observed specific
indirect effects in both the right MFG and IT. Moreover, contrast
between these two indirect effects was not significant (b � 0.03,
95% CI: [�0.13 0.21]), indicating that age-related changes in
frontal SW density during the first NREMP involve thinning in
both cortical regions. Importantly, age did not present any resid-
ual direct effect on frontal SW density in this model.

Table 14 shows the parallel mediation analysis, which models
how cortical thinning in the right MFG and SPL and in the left
cuneus and IPL explained lower frontal SW amplitude during
the first NREMP in older subjects. Simultaneously entering
age and the above-mentioned regions (related to age and SW)
into a model predicting frontal SW amplitude during the first
NREMP increased explained variance by 19% compared with the

initial model containing only the total effects of age (path c,
model 2 vs model 1, Table 14). Total explained variance in frontal
SW amplitude during the first NREMP reached 56% when con-
sidering age and mediators altogether. There was a significant
specific indirect effect of age on frontal SW amplitude during the
first NREMP through CT changes in the right MFG. Age did not
present any residual direct effect on frontal SW amplitude in this
model.

Discussion
This study provides insights into the mechanisms underlying
changes in SWs across adulthood. We show that cortical thinning
in regions considered to be involved in SW generation and prop-
agation explains the decrease of SW density and amplitude in
older adults.

Table 11. Association between CT and frontal SW density in the first NREMP and related mediation analyses

Total effect of age on frontal SW density in the first sleep NREMP (path c): �0.41, p � 0.001

CT cluster
(BAs, peak) Lat

Cluster size
(corrected p-value)

Conjunct vertices
(age and SW)

Parameter estimates
(simple mediation models)

Path a Path b Path c� Indirect effect (b, 95% CI, K 2)

ITG BA21 (59 �38 �19) R 107 vertices
p � 0.003

83 b � �0.24,
p � 0.001

b � 0.74,
p � 0.001

b � �0.23,
p � 0.005

b � �0.18 (�0.34 �0.07) (*) K 2 � 0.26

MFG BA6 (35 �9 57) R 53 vertices
p � 0.03

53 b � �0.39,
p � 0.001

b � 0.57,
p � 0.001

b � �0.18,
p � 0.06

b � �0.23 (�0.42 �0.08) (*) K 2 � 0.28

Rows illustrate simple mediation models to explain age-related effects on frontal SW density in the first NREMP with mean CT in each region as stand-alone mediators. The cluster column depicts the relationship between clusters and frontal
SW density in the first NREM period when controlling for age. The conjunction analysis column depicts the path a effect and the number of vertices in each cluster linked to age effect. Coefficients in each path necessary for the computation
of indirect effects are shown in designated columns. b-values refer to unstandardized parameter estimates of paths shown in Figure 1. Indirect effects are significant at p � 0.05 when 0 is not included in the 95% CI and significance is
indicated with an asterisk. K 2 is an effect size of mediation and thus represents the proportion of the age-related effect on frontal SW density in the first NREMP that has been mediated by changes in CT (�0.25 � strong effect; �0.09 �
medium effect; �0.001 � small effect). CT in each region is adjusted for ICV.

Table 12. Association between CT and frontal SW amplitude in the first NREMP and related mediation analyses

Total effect of age on frontal SW amplitude in the first NREMP (path c): b � �0.08, p � 0.001

CT Cluster (BAs, peak) Lat Cluster size (corrected p-value)
Conjunct vertices
(age and SW)

Parameter estimates (simple mediation models)

Path a Path b Path c� Indirect effects

SPL (27 �48 65) BA7 R 326 vertices
p � 0.001

326 b � �0.23, p � 0.001 b � 0.13, p � 0.001 b � �0.05, p � 0.001 b � �0.03 (�0.05 �0.01)
(*) K 2 � 0.25

Cuneus (�12 �88 33) BA19 L 410 vertices
p � 0.002

59 b � �0.17, p � 0.001 b � 0.13, p � 0.001 b � �0.08, p � 0.001 b � �0.02 (�0.04 �0.01)
(*) K 2 � 0.19

MFG (31 �11 60) BA6 R 67 vertices
p � 0.01

67 b � �0.37, p � 0.001 b � 0.12, p � 0.001 b � �0.03, p � 0.04 b � �0.04 (�0.07 �0.02)
(*) K 2 � 0.32

IPL (�57 �23 22) BA40/43 L 137 vertices
p � 0.05

86 b � �0.15, p � 0.001 b � 0.15, p � 0.002 b � �0.06, p � 0.001 b � �0.02 (�0.05 �0.01)
(*) K 2� 0.19

Rows illustrate simple mediation models to explain age-related effects on frontal SW amplitude in the first NREMP with mean CT in each region as stand-alone mediators. The cluster column depicts the relationship between clusters and
frontal SW amplitude in the first NREM period when controlling for age. The conjunction analysis column depicts the path a effect and the number of vertices in each cluster linked to age effect. Coefficients in each path necessary for the
computation of indirect effects are shown in designated columns. b-values refer to unstandardized parameter estimates of paths shown in Figure 1. Indirect effects are significant at p � 0.05 when 0 is not included in the 95% CI and
significance is denoted with an asterisk. K 2 is an effect size of mediation and thus represents the proportion of the age-related effect on frontal SW amplitude in the first NREMP that has been mediated by changes in CT (�0.25 � strong
effect; �0.09 � medium effect; �0.001 � small effect). CT in each region is adjusted for ICV.

Table 13. Parallel mediation results (SW density in frontal derivations during first NREMP)

Effects Significance of effects b, 95% CI, p value Change in variance between models �F(df) , �R 2, p value

Model 1 (initial model) �F(1,60) � 28.93, �R 2 � 0.32, p � 0.001
Total effect of age on SW density(path c) b � �0.41, (�0.56 �0.26), p � 0.001

Model 2 (parallel mediation model) �F(2,58) � 13.11, �R 2 � 0.21, p(�F) � 0.001
Direct effect of age on SW density(path c�) b � �0.10, p � 0.28
Total indirect effect of age on SW density mediated by changes in CT(path a�path b) b � �0.31, (�0.50 �0.15) (*)

Specific indirect effects of age on SW density (in model 2) mediated by
Changes in MFG(path a�path b) b � �0.16, (�0.33 �0.04) (*)
Changes in IT(path a�path b) b � �0.15, (�0.29 �0.04) (*)

Total effects of age on frontal SW density during the first NREMP in the initial model (model 1; path c) compared with indirect and residual (direct) effects of age on SW density during the first NREMP in a parallel mediation model (model
2). F� and R�2 for model 1 refer to the variance explained by the age-only model compared with a constant, whereas values for model 2 refer to variance explained in model 2 (effects of age on frontal SW density in the first NREM period
as mediated by specific changes in CT in different cortical regions) compared with the variance explained in model 1 (effect of age on frontal SW density in the first NREM period without considering CT). Individual coefficients in each path
for each mediator are not shown; only significance for indirect effects are shown. Note that path a coefficients are the same as in Table 11, whereas path b coefficients are adjusted in the model when all mediators are included simultaneously.
Indirect effects are significant at p � 0.05 when 0 is not included in the 95% CI and significance is denoted with an asterisk. CT is adjusted for ICV in these models.
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SW characteristics are associated with CT
A study in 36 adolescents showed that, when correcting for age,
SWA in central derivations was associated with CT in frontal,
parietal, and temporal regions (Buchmann et al., 2011b). How-
ever, these associations were not replicated in 20 adults, leading
the investigators to hypothesize that the association between CT
and SWA could be epiphenomenal of microscopic changes in
neutrophil during adolescence (Buchmann et al., 2011a). Be-
cause we found that the relationship between SW characteristics
and CT did not change between age groups in with 63 subjects,
differences in sample size could have affected statistical power in
previous studies.

When controlling for age, SW density in prefrontal, frontal,
central, and parietal derivations was associated with CT in the
MFG, in the insula, and around the lateral fissure (STL, IPL).
Although higher SW density in frontal derivations was specifi-
cally associated with higher CT in inferotemporal structures,
higher parietal SW density was specifically associated with CT in
the cingulate. Previous studies in adolescents showed an associa-
tion between central SWA and CT in different frontal, temporal,
cingulate, and parietal areas (Buchmann et al., 2011b). Interest-
ingly, SWs frequently originate in the insula, STL, cingulate, or
around the lateral fissure (including parts of the temporal, pari-
etal, and frontal cortices) before involving other areas of the
DMN (Murphy et al., 2009). Therefore, our results suggest that
CT differences in regions facilitating SW production predict SW
density.

When controlling for age, higher SW amplitude in both pre-
frontal and frontal derivations was associated with higher CT in
the cuneus, whereas higher SW amplitude in both frontal and
central derivations was associated with higher CT in the SPL.
Higher frontal SW amplitude was also associated with higher CT
in the MFG and lingual cortex, whereas higher parietal SW am-
plitude was associated with higher CT in the medial prefrontal
cortex (mPFC). These regions are known to serve as the brain’s
“hubs” and facilitate long-range communication inside and out-
side of the DMN (van den Heuvel and Sporns, 2011; van den
Heuvel et al., 2012). Once generated around the insula, surface
SW amplitude increases as their source activity spreads along
hubs in the DMN (Murphy et al., 2009). Moreover, small surface
SW amplitude reflects local synchronized firing in regions under-
lying SWs, whereas large surface SW amplitude reflects global
cortical synchrony (Nir et al., 2011). Furthermore, animal studies
showed that the integrity of intracortical linkages allows for syn-
chronization of activity during SWs (Amzica and Steriade, 1995;
Wester and Contreras, 2012). Our results suggest that higher CT

in those hubs facilitates cortical synchronization during SWs,
leading to larger wave amplitude.

Surprisingly, SW amplitude in prefrontal and frontal deriva-
tions was associated with CT in posterior brain areas such as the
SPL and cuneus. Previous studies also reported an association
between posterior gray matter and frontal SW amplitude (Saletin
et al., 2013). During their propagation, SWs act as waxing and
waning waves, progressively increasing in amplitude and syn-
chronizing more cortical regions (Massimini et al., 2004; Nir et
al., 2011). Moreover, SWs can propagate following either an an-
teroposterior or a posteroanterior axis (Murphy et al., 2009).
Importantly, whereas SWs originating from anterior sites stay
preferentially in anterior regions, posteriorly generated SWs
reach anterior regions easily (Menicucci et al., 2009). Therefore,
large amplitude SWs in anterior regions reflect SWs that originate
both from anterior and posterior regions. Presumably, higher
posterior CT could facilitate cortical synchronization and SW
amplitude buildup as they propagate from posterior to anterior
regions, leading to maximal amplitude in frontal electrodes.

Overall, our results suggest that: (1) interindividual differ-
ences in the microstructure of areas considered to be involved in
SW production facilitate generation and a high density of SWs
and (2) the integrity of cortical areas through which SWs spread
facilitates cortical synchronization and the amplitude buildup
that occurs during each wave.

Regional cortical thinning explains age-related changes in
SW characteristics
We observed more prominent effects of age on SW characteristics
in frontal derivations, as reported previously (Carrier et al.,
2011). Here, we found that cortical thinning was involved in
age-related decreases in SW density and amplitude in all deriva-
tions except occipital, but not in the decrease of SW slope. Higher
SW slope is associated with synchronous recruitment of cortical
neurons as they alternate between states (Vyazovskiy et al., 2009).
Therefore, the age-related decrease in SW slope is hypothesized
to represent a less synchronous neuronal entry into active and
silent states (Carrier et al., 2011). Steepness of SW slope is asso-
ciated with white matter in the temporal lobe and in frontal re-
gions of young adults (Piantoni et al., 2013). Crucially, white
matter in frontotemporal regions is sensitive to age-related
changes (Salat et al., 2009); therefore, white matter changes could
presumably compromise synchronous recruitment of neurons
and drive a decrease in SW slope in older subjects.

Age-related decreases of SW density in prefrontal, central, and
parietal derivations were explained by thinning in the insula, in

Table 14. Parallel mediation results (SW amplitude in frontal derivations during first NREMP)

Effects Significance of effects b, 95% CI, p-value Change in variance between models �F(df) , �R 2, p value

Model 1 (initial model) �F(1,60) � 35.74, �R 2 � 0.37, p � 0.001
Total effect of age on SW amplitude(path c) b � �0.08, (�0.10 �0.05), p � 0.001

Model 2 (Parallel mediation model) �F(4,56) � 6.34, �R 2 � 0.19, p(�F) � 0.001
Direct effect of age on SW amplitude (path c�) b � �0.03, p � 0.09
Total indirect effect of age on SW amplitude mediated by changes in CT(path a�path b) b � �0.05, (�0.06�0.01) (*)

Specific indirect effects of age on SW (in model 2) amplitude mediated by
Changes in SPL(path a�path b) b � �0.01, (�0.03 0.01), NS
Changes in cuneus(path a�path b) b � �0.01, (�0.03 0.01), NS
Changes in MFG(path a�path b) b � �0.03, (�0.06 �0.01) (*)
Changes in IPL(path a�path b) b � �0.01, (�0.03 0.02), NS

Total effects of age on frontal SW amplitude during the first NREMP in the initial model (model 1; path c) compared with indirect and residual (direct) effects of age on frontal SW amplitude in a parallel mediation model (model 2). �F and
�R 2 for model 1 refer to the variance explained by the age-only model compared with a constant, whereas values for model 2 refer to the variance explained in model 2 (effects of age on frontal SW amplitude in the first NREM period, as
mediated by specific changes in CT in different cortical regions) compared with variance explained in model 1 (effect of age on frontal SW amplitude in the first NREM period without considering CT). Individual coefficients in each path for
each mediator are not shown; only significance for indirect effects are shown. Note that path a coefficients are the same as in Table 12, whereas path b coefficients are adjusted in the model when all mediators are included simultaneously.
Indirect effects are significant at p � 0.05 when 0 is not included in the 95% CI and significance is denoted with an asterisk. CT is adjusted for ICV in these models.
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regions neighboring the lateral fissure, or in the cingulate. How-
ever, the predominant frontal decrease of SW density was linked
to thinning in the MFG and in the ITG for both all-night and first
NREMP. Indeed, frontal regions show prominent age-related
thinning, which could affect the strength of cortical dipoles gen-
erating SWs locally, triggering a local decrease in SW amplitude
and thus in detection rate (Fjell et al., 2009). In addition, SWs are
homeostatically regulated by previous wake-related experiences.
SW generation increases proportionally with wake quality and
intensity (Tononi and Cirelli, 2014). Conversely, the predomi-
nance of age-related changes in frontal SWs (particularly in con-
ditions of high sleep pressure, e.g., during first NREMP) is
thought to reflect age-related impairments in frontal lobe func-
tion (Lafortune et al., 2012). Interestingly, frontal regions inter-
act with the ITG to support verbal functioning and executive
performance (Fiebach et al., 2007). Indeed, CT in temporofrontal
structures predicts executive and verbal functioning in young
and older adults (Liu et al., 2013, 2013; Burzynska et al., 2012).
Crucially, frontal SW density correlates with verbal fluency in
older adults (Lafortune et al., 2014). Therefore, age-related
changes in frontal SW could additionally be driven by decreased
cognitive performance (which is associated with cortical
changes). Cortical thinning in regions neighboring the lateral
fissure could globally disrupt SW generation, whereas degrada-
tion of frontotemporal regions would compromise the quality of
the waking experience, triggering an additional decrease in SWs.
Future studies will need to investigate the relationship among
age-related changes in CT, cognition, and SWs.

We show that thinning in the cuneus, SPL, and mPFC ex-
plained age-related decreases in all-night SW amplitude in pre-
frontal, central, and parietal electrodes, respectively, whereas the
age-related decrease in frontal SW amplitude for all-night and the
first NREMP involved the MFG. Previous research showed that
atrophy of the mPFC was involved in the age-related decrease of
SWA, affecting memory consolidation (Mander et al., 2013). Our
study shows that cortical thinning in a set of regions involved in
SW propagation, including the mPFC, explains the decrease of
SW amplitude in aging (Murphy et al., 2009). We propose that
cortical thinning could compromise propagation of neural activ-
ity during SWs, reducing the buildup of their amplitude. Future
studies should investigate the effects of aging on CT in relation to
SW propagation.

SWs are not passive phenomena because they also facilitate
learning (Marshall et al., 2006; Steriade, 2006). Interestingly, in-
creasing evidence suggests that learning experience can lead to
fast changes in CT (Engvig et al., 2010, 2011; Bezzola et al., 2011).
Therefore, another hypothesis suggests that SW-related impair-
ments in memory consolidation in aging could themselves
change CT. Instead, age-related mechanisms independent of CT
could drive changes in SWs. For example, increased inhibition
and decreased excitation have been observed in aged brains (Lu-
ebke et al., 2004; Wong et al., 2006), which may affect SWs
(Haider et al., 2006). Such modifications could possibly impair
SW regulation, diminish overnight memory consolidation, and
contribute to age-related changes in CT. Studies investigating the
long-term effects of experimental SW induction on CT would
help in our understanding of this causal sequence.

Some limitations of our study need to be considered. There
was some variance across derivations in regions identified in re-
lation to SW, but variability in statistical power prevents strong
claims about these differences. In addition, it remains unknown
whether anatomical associations between SW and CT differ in

stage 2 sleep or in other states of consciousness (e.g., anesthesia or
coma).

Conclusions
This study further supports the relationship between cortical
structure and sleep SWs. Our results suggest that changes in gray
matter throughout adulthood constitute a mechanism by which
age affects SW oscillations. These changes in SWs could predis-
pose to cognitive decline and underlie sleep fragmentation.
Future studies should detail the functional substrate of age-
related changes in SW generation and propagation by investi-
gating experimental induction and source analysis of SWs in
older subjects.

Notes
Supplemental material for this article is available at http://www.
ceams-carsm.ca/en/DubeSupplementals.pdf. Optional tables depicting
new results concerning topographical associations between SW at differ-
ent derivations and CT are provided. This material has not been peer
reviewed.
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