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Abstract

Brain oscillations of non-rapid eye movement sleep, including slow oscillations (SO, 0.5-1.5 Hz) and spindles (10-16 Hz), mirror under-
lying brain maturation across development and are associated with cognition. Hence, age-associated emergence and changes in the
electrophysiological properties of these rhythms can lend insight into cortical development, specifically in comparisons between
pediatric populations and typically developing peers. We previously evaluated age-associated changes in SOs in male patients with
Duchenne muscular dystrophy (DMD), finding a significant age-related decline between 4 and 18 years. While primarily a muscle
disorder, male patients with DMD can also have sleep, cognitive, and cortical abnormalities, thought to be driven by altered dys-
trophin expression in the brain. In this follow-up study, we characterized the age-associated changes in sleep spindles. We found
that age-dependent spindle characteristics in patients with DMD, including density, frequency, amplitude, and duration, were con-
sistent with age-associated trends reported in the literature for typically developing controls. Combined with our prior finding of
age-associated decline in SOs, our results suggest that SOs, but not spindles, are a candidate intervention target to enhance sleep in
patients with DMD.
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Statement of Significance

Research characterizing age-associated changes in sleep events is scarce but needed in rare pediatric clinical populations. Our
prior work identified an age-associated decline in slow oscillations in patients with Duchenne muscular dystrophy. Here we char-
acterize typically developing sleep spindles in this same population. Together this research points to specific targetable sleep elec-
trophysiological events for future intervention to benefit sleep and cognition.

Introduction typical brain maturation [3-9]. The SWA peak shifts across the
posterior-to-anterior axis from childhood to adolescence, paral-
leling brain changes in gray matter volume, cortical thickness,
and skill maturation [2-4, 6, 10-12]. Similarly, in typically devel-
oping children, sleep spindles show topographical and morpho-
logical shifts, with greatest increases in frequency and density
observed between childhood and adolescence [13-16]. Leveraging
these typical maturation shifts in sleep oscillation electrophys-
iology can elevate sleep features as informative biomarkers of
pathological development.

Duchenne muscular dystrophy (DMD) is a degenerative neu-
romuscular disease that primarily affects males and is caused
by reduced or absent dystrophin [17-23]. As DMD progresses,

The first two decades of life are a significant time of cortical devel-
opment that corresponds with the emergence of higher-level cog-
nitive abilities [1]. The underlying neural maturation supporting
this cognitive development is mirrored by changes in sleeping
brain rhythms across the first two decades of life [2]. Noninvasive
insight into the maturation of neural networks can be gleaned
from the intrinsic electrophysiological properties of sleeping
brain rhythms [2, 3]. Slow wave activity (SWA, power in the 0.1-4
Hz range) and sleep spindles (waxing-and-waning bursts of coor-
dinated spiking in the 10-16 Hz range) are the signature brain
rhythms that characterize non-rapid eye movement (NREM)
sleep. Properties of both SWA and spindles are known to mirror
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cardiorespiratory functions become compromised, resulting in
prominent sleep disturbances. Sleep research in patients with
DMD has primarily focused on the consequences of respiratory
decline in sleep quality and quantity, but has largely overlooked
the changes in sleeping brain oscillations [24-29]. Patients with
DMD also present with cognitive impairment, thought to be
related to altered dystrophin expression in the brain, including
in the hippocampus [30, 31], a region crucial to the acquisition
and retention of episodic memories [32, 33]. Approximately half
of patients with DMD show cognitive delays [34, 35], with memory
identified as a specific deficit [20, 22, 31, 36-41]. Since sleep facil-
itates the stabilization of newly formed hippocampal-dependent
memories [42,43], and improved memory performance after sleep
has been causally linked to slow oscillations (SOs, 0.5-1.5Hz, large
coordinated waves that contribute to SWA) [44-49], spindles [50],
and SO-spindle coordination [51, 52], a full characterization of
the sleep brain dynamics of patients with DMD can contribute to
understand (1) the relation between sleep changes and disease
progression and (2) the physiological substrate of the sleep and
cognition deficit in this clinical population.

In our recent work, we characterized the changes in SOs
between childhood and late adolescence in this population and
found an age-associated decline in SO density and amplitude
[53]. This reduction paralleled DMD disease progression, impli-
cating specific time points in which sleep-based interventions
might be beneficial. Whether sleep spindles show similar DMD
disease-affected developmental changes in topography or mor-
phology is unknown, and insights in their age-associated matu-
ration could have important implications for the cognitive delays
present in some patients. In this study, we retrospectively evalu-
ated the same DMD patient’s clinical sleep studies as in Simon
et al. (2021). We detected spindles in our dataset and character-
ized the changes between NREM sleep stages and age in spindle
duration, amplitude, frequency, and density. Given that SOs are
affected by DMD in an age-dependent way, we anticipated that
spindle properties would show age-associated trends different
than those found in the literature for typically developing chil-
dren and adolescents.

Methods
Participants

The retrospective clinical sleep study records of 27 male pedi-
atric patients (age M =12.93, SD =4.7, range = 4-20) with DMD
(n=24) and Becker muscular dystrophy (n=3) were analyzed
to characterize age-associated changes in sleep spindles. Only
seven youths in total walked independently at the time of pol-
ysomnography, while the rest were dependent upon wheelchairs.
Within our patients, six were noted to have a cognitive delay,
with no further details provided as to the extent. Tiventy-one
youths were prescribed a variety of medications at the time
of their sleep study. Common medication classes prescribed
included glucocorticoids, angiotensin-converting enzyme inhib-
itors, beta-blockers, bronchodilators, and gastroesophageal reflux
treatments. Institutional review board approval to evaluate the
medical records and sleep studies was jointly received from the
Children’s Hospital of Orange County (CHOC) and the University
of California, Irvine.

Records

All records were conducted between 2015 and 2018 at CHOC.
The sleep studies were clinically indicated per standard medical
care guidelines. Our prior research, Simon et al., 2021, evaluated

these records for SOs in relation to three age groups (child, early
adolescent, and late adolescent). For the current study, we main-
tained the same age groups, splitting the youth into children (age
range =4-9; M =7.4 years, SD=1.9, n=9), early adolescent (age
range = 10-15 years; M = 12.6, SD = 1.8, n = 8), and late adolescent
(age range = 16-20 years; M =17.6, SD = 1.7, n = 10). More details
on the clinical sleep studies can be found in Simon et al. (2021).
Briefly, we obtained 28 total records, of which 21 were baseline
sleep studies to assess sleep-disordered breathing. Five additional
sleep studies obtained were conducted as full-night positive air-
way pressure (PAP) titration sleep studies. The last two sleep
studies obtained were split during the night, initially monitoring
for obstructive sleep apnea (OSA) and then treated with PAP. We
removed these two split studies from the final analyses due to
the sleep fragmentation that results from PAP administration.
We retained the titration studies as a clinical intervention to
titrate the PAP devices that occur outside of the monitoring room,
minimizing arousal and sleep fragmentation of the patient. For
general sleep apnea indices, please see Simon et al. (2021). No dif-
ferences in apnea events were present across youth. Additionally,
one patient’s record was removed due to extensive artifact, one
was removed due to spindles detected 3+ SDs above the mean at
all electrode sites, one subject did not have occipital electrodes
in the sleep study and was excluded from regional analyses, and
lastly, one youth'’s C3 electrode was removed from analysis due to
malfunction. In total, we had 24 subjects in the final sample, with
23 used for all regional-based analyses.

Sleep recording and scoring

The sleep studies occurred in a hospital-based setting and were
administered by registered polysomnography technicians accord-
ing to the American Academy of Sleep Medicine (AASM) guide-
lines between 2014 and 2018 at CHOC [54]. Polysomnography
(PSG) records included electroencephalogram (EEG), electrocar-
diogram, electromyogram (EMG), electrooculogram (EOG), orona-
sal airflow, nasal pressure, PAP pressure (if indicated per patient,
see above for details), oximetry, end-tidal or transcutaneous CO,,
thoracoabdominal belts, snoring microphone, and video. PSG
was collected using Neurofax EEG-1200 system (Nihon Kohden,
Tokyo, Japan) and scored on Polysmith version 11. Registered
polysomnography technicians applied the PSG according to the
10-20 placement with the EEG montage including six electrodes
(F3, F4, C3, C4, O1, and 02), EOG, EMG, and mastoid (A1 and A2)
[55]. All electrodes were contralaterally referenced to the mas-
toids. Recordings were sampled at 200 Hz and, for all EEG/EOG
channels, a high-pass filter was set at 0.3 Hz and a low-pass filter
at 35 Hz. For the thoracoabdominal belts, a high-pass filter was
setat 0.1 Hz and a low-pass filter was set at 15 Hz. Registered pol-
ysomnographic technologists scored the recordings in 30-second
epochs following standard AASM scoring criteria for stages N1,
N2, N3, and REM [54]. All scored records were confirmed by a
board-certified pediatric sleep physician. General sleep scoring
(total sleep time [TST], sleep efficiency [SE], and minutes in each
stage [N1, N2, N3, and REM]) can be seen in Simon et al. [53].

Spindle detection algorithm

We applied a spindle detection algorithm previously used by
Malerba et al. (2022),in-house coded with Matlab (TheMathWorks),
which builds on spindle properties including frequency [56], wax-
ing-waning profile, and sigma prominence in a time window of a
detected spindle [57]. We analyzed each EEG channel separately
for spindles in stages scored as N2 or N3. First, data were filtered



between 9 and 16 Hz (Butterworth, band-pass filter of order 6).
Its root mean square on 100-ms-long epochs was z-scored on
30-second-long epochs. Peaks of these z-scored epochs with a
minimal prominence of 0.5 and minimal height of 3.5 (consist-
ent with [58, 59]) were detected as a candidate spindle. For each
candidate spindle, we isolated the time interval 1 second before
and 1 second after the identified peak and computed the Morlet
Wavelet spectrogram with the cwt function in Matlab. The spec-
trogram was used to identify individual spindle start times, end
times, amplitude, and frequency. Our algorithm for spindle detec-
tion is consistent with previously reported algorithms [56, 57,
59-61]. The algorithm is introduced in detail in Malerba et al. [62].

Spindle characteristic measurements characterized were den-
sity, frequency, amplitude, and duration. Across the night, at each
electrode, we measured spindle density which we defined as the
count of all spindles detected at a specific sleep stage (N2 or N3)
divided by the total time (seconds) spent in that specific sleep
stage, thus accounting for the larger presence of N3 than N2 in
the sleep night (see Simon et al., 2021). To identify the frequency
of the spindles using the spectrogram in 2-second-long time
intervals around the spindle peak, the level of maximum power
in the sigma range was identified, marking an ellipse shape in
time and frequency, with the spindle frequency as the value at
the symmetric center of the ellipse. Spindle duration (in seconds)
is the time between the start and end time of the detected spin-
dle. Spindle amplitude was identified as the largest voltage in the
detected spindle event in the filtered 9 and 16 Hz data using an
order 6 Butterworth band pass.

Spindle—Slow Wave Activity coupling

Coupling between spindle events and activity in the slow fre-
quency range (0.5-4 Hz) was quantified by establishing SWA phase
of each spindle event, and then computing their circular mean to
find a phase-locking length and the locking phase. Calculations
were conducted for events in N2 and N3 separately. For a given
detection electrode, in order to establish SWA phase for each spin-
dle event, we first had to isolate epochs of sleep that had enough
SWA power that the phase in this frequency range could be con-
sidered a well-defined object (rather than effectively filtered noise).
Hence, we first calculated the SWA power in 5-second-long win-
dows with fast Fourler transforms (“fft” function in Matlab) and
summed the area under the curve for time-bin-based power spec-
tra in the SWA range. We then determine the median SWA power
across all 5-second-long epochs of both given sleep stages (N2 and
N3). Five-second-long intervals in which SWA power exceeded 1.5x
the median for N2 + N3 sleep were considered times in which SWA
phase could be extracted reliably. Then, for each spindle event
detected at the same electrode, we asked if the spindle occurred
at a time (referred to the peak time of spindle amplitude, as iden-
tified by our spindle detection algorithm) of reliable SWA activity
epochs, and if so, we extracted the SWA phase of the spindle time.
By computing the circular mean of the complex values corre-
sponding to all the spindle-time SWA phases identified, we estab-
lished a phase-locking length for each electrode and each sleep
stage in every participant. The percentage of spindles that did
occur at times of reliable SWA power was calculated as the per-
centage of “coupled spindles.” The resulting vector length can be
interpreted as an index ranging from 0 (where the spindles equally
co-occurred across the entire range of SWA phases) to 1 (where all
spindles happened at the exact same phase).

Of note, our previous study did not focus on SWA but rather on
SOs. Since our previous analysis showed an age-associated deficit
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in SOs, driven by density and amplitude of single events, it was
not appropriate to conduct a locking analysis based on SO events,
as it would have introduced a bias in our group comparisons.
Instead, we choose to analyze how spindles coordinate with SWA.
Compared to SO event detection, SWA is a measure less sensi-
tive to universal thresholds and more attuned to an individual’s
organization of EEG power across bands.

Statistical analyses

To evaluate spindle characteristics across the entire group, we
first conducted one-way repeated measure ANOVAs with stage
(N2 and N3) and region (frontal, central, and occipital) for sleep
spindle density, frequency, and amplitude. For each region, we
averaged the two associated electrodes (e.g. F3 and F4 were aver-
aged for the frontal region [M, |, C3 and C4 were averaged for
the central region [M_,, ], and O1 and O2 were averaged for the
occipital region [M__]). To evaluate the relationship between N2
and N3 for all spindle characteristics, we conducted Pearson r
correlations at the C3 electrode. To assess age-associated changes
in spindle characteristics within each sleep stage (N2 and N3), we
conducted one-way ANOVAs with between-subjects factor of age
(child, early adolescent, and late adolescent) for dependent vari-
ables of spindle density, amplitude, and frequency. For each sleep
stage, we also separately conducted two-way repeated measures
ANOVAs with between-subjects factor of age (child, early ado-
lescent, and late adolescent) and within-subject factor of region
(frontal, central, and occipital) for dependent variables of spin-
dle density, amplitude, duration, and frequency. For all post hoc
t-tests, we applied Bonferroni correction to account for multi-
ple comparisons and report postcorrection p-values. We further
used the Greenhouse-Geisser correction method to correct the
degrees of freedom when a violation in sphericity was indicated
by Mauchly’s test [63, 64].

Results

Sleep characteristics

All sleep characteristics were previously reported in Simon et al.
(2021) and briefly summarized here. For all statistical analyses,
please refer to Simon et al. (2021). Across the age groups, children,
early adolescents, and late adolescents spent similar time in N1,
N2, and REM, but significantly different amounts of time in N3.
Those in the child group spent the longest amount of time in N3,
compared to early adolescents, and late adolescents. Given the
nature of the clinical sleep studies being performed, all partici-
pants spent less time asleep than what is typically reported for
normative values of TST across this age range. Lastly, no signifi-
cant differences were detected in respiratory events (i.e., apneas)
across the groups.

Spindle characteristics for sleep stages N2

and N3

In our retrospective dataset of sleep studies in children with DMD,
we algorithmically detected spindles in sleep stages N2 and N3
at each recording electrode, and averaged spindle properties in
the frontal, central, and occipital regions. We were interested in
evaluating spindle density, amplitude, frequency, and duration,
separately in N2 and N3. Details on dataset, sleep characteris-
tics, and spindle detection are reported in Methods and Simon et
al. (2021). We ran a repeated measures ANOVA of stage (N2 and
N3) by region (Fs, Cs, Os) separately for spindle density, frequency,
duration, and amplitude.



4 | Sleep Advances, 2024, Vol. 5, No. 1

For spindle density (Figure 1A), measured as the total count/
seconds of sleep within the stage, we found a main effect of
stage (F(1, 22) = 106.955, p <.001, n? = 0.829) and region (F(1.450,
31.901) = 11.627, p <.001, n* = 0.346), and did not find an inter-
action between stage and region (p=.486, n>=0.032). Overall
subjects had greater spindle density in N2 than N3 (mean differ-
ence = 1.429, SE = 0.138), and significantly greater spindle density
atthe frontal (M = 2.132, SE = 0.176) and central regions (M = 1.991,
SE=0.173) than the occipital region (M =1.68, SE=0.152). We
found significant correlations within regions between N2 and N3;
at the frontal regions (r = 0.631, p < .001), central regions (r = 0.629,
p <.001), and occipital regions (r = 0.568, p = .005, Figure 1B).

For spindle frequency (Figure 1C), we found a main effect
of stage (F(1, 22)=9.055, p=.006, n,’=0.292) and region (F(2,
44) =26.247, p<.001, n?=0.544), but no interaction between
stage and region (p =.398). Overall, spindle frequency was higher
in N2 (M=12.2, SE=0.069) than N3 (M =12.02, SE =0.114). We
found higher frequency spindles at the central region (M = 12.43,
SE = 0.1) compared with frontal (M = 11.872, SE = 0.111) and occip-
ital (M =11.997, SE = 0.089; p < .001), but no significant difference
between frontal and occipital regions (p = .190). We found signifi-
cant correlations within regions between N2 and N3; at the fron-
tal regions (r = 0.746, p < .001), central regions (r = 0.729, p < .001),
and occipital regions (r = 0.542, p = .008, Figure 1D).

For spindle amplitude (Figure 1E), we found a main effect
of region (F(1.354, 29.78) = 46.086, p<.001, n’=0.677) but no
main effect of stage (p =.920) nor interaction of stage by region
(p = .248). Amplitude was significantly higher at the frontal region
(M =19.513, SE = 1.21), followed by the central region (M = 16.476,
SE =0.762), and lastly, the occipital region (M =12.3, SE =0.608,
p<.001). We found significant correlations within regions
between N2 and N3; at the frontal regions (r=0.876, p <.001),
central regions (r = 0.758, p < .001), and occipital regions (r = 0.666,
p <.001, Figure 1F).

For spindle duration (Figure 1G), we found significant main
effects of stage (F(1, 22) = 17.945, p <.001, n * = 0.449), region (F(2,
44) =17.366, p <.001, n ? = 0.441), and an interaction of stage by
region (F(2, 44) = 12.771, p < .001, n ? = 0.367). Duration was longer
in N2 (M=0.617, SE=0.013) than N3 (M=0.564, SE=0.007).
Duration also differed significantly between frontal (M = 0.605,
SE=0.009) and occipital (M =0.560, SE=0.008) regions, and
between central (M =0.608, SE=0.011) and occipital (p <.001)
regions. There was no significant difference between frontal and
central regions (p =.807). Within each region, spindles were sig-
nificantly longer in duration during N2 than N3 (p <.02). Further,
within N2, spindle duration at frontal and central regions were
significantly longer than at the occipital region (p < .001) regions,
but not between each other (p =.089). For N3, spindle duration
was significantly longer between frontal and occipital regions
(p <.001) and between central and occipital regions (p = .05). We
did not find a significant correlation between N2 and N3 within
frontal regions (p =.261) or central regions (p =.052) or occipital
region (p =.028 which did not withstand Bonferroni correction,
Figure 1H).

Age-associated differences in sleep spindle
characteristics

We also evaluated if age influenced the spindle characteris-
tics (Figure 2). For spindle density, we found a main effect for
stage (F(1, 20) = 126.649, p <.001, n ? = 0.864) and region (F(1.426,
28.513) =13.056, p<.001, n’=0.395), and an interaction of
stage by region by age group (F(3.008, 30.076) =3.309, p=.033

n,>=0.249). We did not find any other significant interactions
(p>0.083). We also had a significant between-group effect (F(2,
20)=5.204 p= 015 1’ =0.342; (M, =15, SE=0.21; M, =175,
SE=0.28; M,, = 2.465, SE = 0.21)), with oldest subjects having the
highest rates of spindles compared to youngest (p =.005) and a
trending difference with early adolescents (p =.063) but no sig-
nificant difference between child and early adolescent (p = .36).
Per the three-way interaction, for all groups, at each region, there
were greater spindles in N2 than N3 (p <.001), which is a con-
firmatory finding of the nature of N2 compared to N3. When
evaluating within age group, for children, we found no spindle
differences across regions after correcting for Bonferroni within
either N2 (p > 0.165) or N3 (p > 0.605). In contrast, for early ado-
lescents, we found a significant difference within N2 between
frontal and central with occipital regions (Fs-Os p <.001; Cs-Os
p <.001) but not between frontal and central regions (p =.221).
For late adolescents, we found no significant difference between
regions for N2 (p>1.0) but found a significant difference in N3
between central and occipital ranges (p =.005) and a trending
effect between frontal and occipital (p = .08).

For spindle frequency, we found a significant main effect of stage
(F(1, 20) =8.165, p =01, 1, =0.29) and region (F(2, 40) = 25.281,
p <.001; n,”=0.558) but no other interactions (p > 0.323). We did
find an age-associated difference (F(2, 20) = 3.869, p = .038) with a
significant difference in frequency between children (M = 11.856,
SE =0.126) and late adolescents (M = 12.352, SE = 0.126; p = .035)
but no other significant differences with early adolescents
(M =12.09, SE = 0.169; p > 0.685).

In spindle amplitude, we found an effect of region (F(1.337,
26.744) = 39.784, p < .001, n ? = 0.665). We found no other signifi-
cant main effects, interactions, or group differences (p > 0.142).
We found significant amplitude differences anteriorly to pos-
teriorly. Frontal regions had the highest amplitude (M =19.151,
SE =1.21), followed by central regions (M = 16.446, SE = 0.772), fol-
lowed by occipital regions (M = 12.209, SE = 0.57).

For spindle duration, we found significant main effects for
stage (M(1,20) = 17.21, p < .001, n * = 0.463), region (F(2, 40) = 17.89,
p<.001, n°=0.472, and an interaction of stage by region (F(2,
40) = 15.07, p < .001, n? = 0.43). We did not find an age-based dif-
ference (p = .687) nor other interactions (p > 0.139).

Spindle—slow wave coupling

For all detected spindles, we evaluated how many co-occurred
with SWA (0.5-4 Hz), focusing on how much SWA power was found
at the time of spindle peak compared to the median amount of
SWA power in N2 and N3 across the night (see Methods). If a
spindle happened at a time when SWA power exceeded 1.5x the
median, we labeled that spindle “coupled” to SWA. We found a
significant effect of stage on fraction of spindles coupled to SWA
(F(1, 22) =80.286, p<.001, n *=0.785). Post hoc tests revealed
significantly higher spindle coupling to SWA in N3 than N2 (N2
M =0.107, SE=0.019; N3 M =0.596, SE = 0.471), likely due to the
higher density of SWA power characteristic of the sleep stage. We
also found a trending effect of region (F(1, 22) = 3.406, p =.706,
n,”=0.134) but did not find an interaction between spindle and
region (p=.259, n’ =0.059). We then conducted the repeated
measures ANOVA with age group but found no age-associated
coupling differences or interactions (p > 0.332).

Once we had established how many spindles were coupled to
SWA, we looked to quantify if the occurrence of spindles during
high SWA power was based on locking of sleep spindles to specific
SWA phases. To that end, we analyzed the vector length resulting
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Figure 1. Spindle differences by region and sleep stage, N2 or N3. Each region is comprised of two electrodes, e.g. F region is an average of values

in F3 and F4. (A) Spindle density was significantly greater in N2 than N3, and significantly greater at each anterior compared to posterior site. (B) A
trending correlation between N2 and N3 for spindle density was observed. (C) We found significantly higher spindle frequency in N2 than N3, and

at central than frontal or occipital electrode sites. (D) A significant correlation between N2 and N3 in spindle frequency was observed. (E) We found
no significant difference in amplitudes between sleep stages but did find that amplitude was significantly higher in anterior compared to posterior
sites across the brain. (F) A significant correlation between N2 and N3 in spindle amplitude was observed. (G) Significant differences were observed
between N2 and N3 in spindle duration, with the longest duration present in the frontal cortex and the shortest at the occipital cortex. (H) There was
no significant correlation between duration in N2 and N3. All right-sided correlation figures show detected spindles at C3 electrode in both N2 and N3

stages.
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Figure 2. Sleep spindle characteristics by age and sleep stage. Age-associated changes in (left to right) spindle density (count/second), frequency
(Hz), amplitude (uV), and duration (seconds) were found in N2 (top panel) and N3 (bottom panel). For each age group (childhood, early adolescence,
and late adolescence), we show the regional differences in frontal electrodes (left side, darkest bars), central electrodes (middle bar, middle hue), and

occipital electrodes (lightest bar, right side).

from circular averaging of SWA phases of all coupled spindles
(“coupling strength”). We found a significant effect of sleep stage
on coupling strength (F(2, 22) =4.381, p=.048, n > =0.166), with
higher coupling strength during N2 than N3. We found no other
differences in coupling strength, nor did we find any differences
in coupling strength across our age groups (p > 0.083).

We found no significant difference in locking phase in either
stage or region (p>0.361). In our age group analyses, we did find a
significant interaction of stage by group (F (2, 20) = 4.066, p =0.033,
n,> =0.289). Post hoc analyses revealed that early adolescents’
spindles locked to SWA at phases that differed between N2 and
N3. During N2, the preferred phase was 0.19, corresponding to
the depolarized portion of SWA (akin to an upstate for SOs); in
contrast, the preferred coupling SWA phase for spindles in N3
was —1.60, similar to the half point in the transition to upstate in
an SO. We found no other significant locking phase differences in
children or late adolescents (p > 0.4). We also found a significant
age group interaction with region for preferred locking phase (F
(2,20)=3.489,p =051’ =0.259). Post hoc tests revealed a signif-
icant difference in the locking SWA phase for spindle occurrence
in late adolescents between the frontal and central regions, with
frontal regions coupling at -0.21 (again in depolarized activity)
and central regions coupling at —1.36, (i.e. the activity following
the trough about halfway to complete depolarization, corre-
sponding to a transition to upstate in an SO).

Discussion

We detected and characterized sleep spindles in overnight clin-
ical sleep records from pediatric patients with DMD/BMD. Our
current study builds upon our prior work that characterized this
population’s age-associated decline in SOs (Simon et al., 2021).
Here, we focused on age-associated sleep spindle changes in den-
sity, frequency, amplitude, and duration. Our results comparing
spindle characteristics in N2 to N3 are in line with the existing
literature in healthy adolescents. We found that spindles during

N2 were higher in density, higher in frequency, and longer in
duration. Spindle density regional differences were also present,
with the highest rate in the frontal region and the lowest rate
in the occipital region. In the central region, higher frequency
spindles were observed compared to frontal or occipital regions.
Of note, this increase in frequency from frontal to central loca-
tions is consistent with literature observing a similar topograph-
ical organization of spindle frequency across development [16].
In evaluating age-associated changes in spindle characteristics,
we found that spindle density and frequency increased with age,
while no age-associated differences in spindle amplitude or dura-
tion were detected. Age-associated regional spindle density dif-
ferences were present in early adolescents, but not in children or
late adolescents.

The detected spindles and their characteristics in our DMD/
BMD sample are largely consistent with the existing spindle litera-
ture in healthy individuals [13-15, 62]. These initial results suggest
that the thalamocortical spindles might not be directly affected
by dystrophin loss experienced by patients with DMD/BMD. This
is in line with research noting that dystrophin is not expressed in
the thalamus [65, 66]. Dystrophin isotopes in the brain do appear
to be concentrated in the hippocampus, cortex, and cerebellum
[30, 38]. The heterogeneity of Xp21 genetic mutations causing the
disorder results in a spectrum of decreased dystrophin expression
and cognitive delays [31]. In the brain, alterations in synaptic ter-
minal integrity, plasticity, and regional cellular signal integration
have been identified [17, 22, 65, 67, 68]. Postmortem assessments
in patients with DMD have also revealed brain degeneration at
both the structural and cellular levels [30, 69-74]. In line with
the heterogeneity of DMD expression in patient’s subcortical
areas, a postmortem study of healthy adults showed that dys-
trophin isoform expression was highest in the hippocampus and
amygdala, and also found high expression in the lateral nucleus,
which is connected to the thalamus. Higher expression was also
found in the subthalamus [38]. Overall, the limited papers dis-
cussing the thalamus in DMD sequelae suggest a role for altered



cerebellar-thalamocortical projections underlie cognitive delays
[75], rather than a directly thalamic influence of DMD. Despite
these disease-associated neural consequences, the general char-
acteristics of spindles we observed are within the normal limits
in comparison with existing literature. Future research expanding
on our analysis of spindle features in DMD could explore if subtle
properties more directly linked to thalamic-cortical coordination,
like coordination of spindles across the electrode manifold, are
affected in DMD.

When evaluating age-associated changes in spindles, we
found that children with DMD/BMD also had spindle character-
istics generally consistent with prior developmental research [14,
15, 76, 77]. Two recent large scale studies by Kwon et al. [14] and
Purcell et al. [15] have characterized normative spindle charac-
teristics across development. Kwon et al. identified normative
values for spindle characteristics in healthy 567 youth between 0
and 18 years using polysomnography from 19 channels. Purcell et
al. evaluated spindles at 2 central electrodes in over 11 000 indi-
viduals across the lifespan, with a subset of subjects between 4
and 18 years. In line with both their developmental findings, we,
too, found that spindle density significantly increased with age.
However, we observed that rates significantly differed between
our youngest and eldest age groups, but not between closer age
groups (i.e., children and early adolescents). This rate change is
slightly different than what was observed by Kwon et al., who
found a linear increase in spindle rate between age 3 and 14 years,
but a stable spindle rate in later adolescence. Our age-related rate
difference could suggest spindles may be slower to increase in
patients with DMD, or alternatively, could be influenced by our
small sample size reducing our ability to detect rate variation in
smaller age ranges. We also found significant N2 spindle density
differences between each region in the early adolescent group,
with the greatest in the frontal, then central, and then occipital
regions. This frontal distribution predominance was also found by
Kwon et al. in similar age ranges. In late adolescents, we observed
significantly higher rates of spindles in the central compared to
occipital regions. This morphological pattern was also observed
by Kwon et al. However, we found no regional differences in spin-
dle rate in our child group. This contradicted work by Kwon et al.
who found that spindle distribution was dominant in the frontal
regions from age 5 to 10 years. These age-associated regional dif-
ferences may be linked with underlying brain maturation. Kurth
et al. (2010) demonstrated that the changing SWA maximal peak
across development mirrored underlying brain maturation. They
also found topological patterns in sigma, demonstrating maximal
sigma peak in frontal and central regions in late adolescents, but
only a frontal maximal peak in earlier childhood. We show simi-
lar frontal/central regional density increases in our early and late
adolescent groups but no regional differences in our child group.
Our observation of increased spindle frequency in late adoles-
cence compared to childhood also paralleled Kwon et al’s find-
ings. Interestingly, we observed no age-associated differences in
spindle amplitude or duration. Kwon et al. found a small, but not
always statistically significant, increase in duration when com-
paring toddler years and late adolescence. Our small sample size
at each age range likely influences our ability to detect this small,
nuanced change. Altogether, our findings further add evidence
that the emergence and development of thalamocortical spindles
in our patient population might not be directly affected by DMD
disease progression.

One facet of DMD/BMD that is less discussed is the cogni-
tive deficits, with memory being one of the selective areas of
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impairment [36, 40]. The cognitive deficits and comorbid neu-
robehavioral disorders present are heterogenous in nature, likely
paralleling the underlying genetic mutations causing the disorder
[35, 78, 79]. Sleep is known to be a brain state that is optimal for
memory, with SOs, thalamocortical spindles, and hippocampal
sharp-wave ripples playing particularly important roles [42, 80].
While the mechanism linking sleep oscillations to memory per-
formance is not fully understood, it is hypothesized that oscil-
latory activity enables selective synaptic plasticity by organizing
during sleep the reemergence of activity patterns that were pres-
ent during wake. Sleep spindles have been causally linked to new
memory formation in pharmacological studies [S0]. In the pres-
ent study, we do not find disease-altered or age-impacted sleep
spindles, which indicates that they are likely not implicated in the
known memory deficits found in children with DMD.

Although in our data thalamocortical spindles do not appear
to be directly affected by DMD, our characterization of their coor-
dination with SWA showed approximately one-tenth of spin-
dles coupled during N2 while approximately half coupled in
N3. This stage difference pattern replicates research by Hahn et
al. (2020) in typically developing children and adolescents (age
groups approximately 9.5 and 16 years). However, Hahn et al. [81]
appeared to find a significantly higher rate of coupling in both
children and adolescents than we found in our sample, almost
double the rate in N2 and approximately 30% higher in N3. This
difference could be the result of the larger time window in their
co-occurrence detection. We also did not find an increase in cou-
pling strength across development as they found between chil-
dren and adolescents. This comparison suggests that despite an
overall stage pattern similarity, we are observing impaired cou-
pling, both rate and development, in DMD patients. Prior work
has also demonstrated that the alignment of SOs and spindles
impacts sleep-dependent memory performance [47, 82]. Patients
with DMD have a broad spectrum of cognitive difficulties, includ-
ing memory impairment. Our observed impairment of phase
locking across development suggests that one underlying mech-
anism could be dysfunctional sleep-dependent memory consol-
idation. Further, although the temporal coordination appears to
be somewhat maintained in our patient population, we do not
see developmental changes demonstrated in typically develop-
ing youth. Low rates of SO-spindle coupling are hypothesized to
underlie poor overnight sleep-dependent memory consolidation
in aging [83]. Our identification of abnormal age-associated sleep
features and low rates of spindle-SWA concordance points to
actionable therapeutic targets.

In line with our prior analysis of these records, several lim-
itations exist with the current study. Due to the rarity of this
genetic disorder, our sample size is small. Further, we evalu-
ated clinically required retrospective sleep records conducted
at a tertiary hospital to evaluate the presence of sleep disorders
[84]. However, across our age groups, we did not observe dif-
ferences in sleep apnea events. Additionally, within DMD/BMD
populations, genetic heterogeneous abnormalities are present.
While it is possible that certain genetic variations might impact
the spindle features we evaluated, prior investigation into the
neurological impacts of DMD has not identified abnormalities
in the thalamocortical circuitry [31, 38]. Due to our small sam-
ple size, we are underpowered to evaluate specific genetic, med-
ication, or ambulation influences on sleep physiology features;
however, as these factors are all common in the DMD popula-
tion, evaluating their potential differential influence on sleep
brain physiology remains a consequential endeavor for future
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research, requiring tailored prospective patient samples. Lastly,
given the large literature showing the causal role spindles play
in sleep-dependent cognition, it will be important for future
studies to experimentally evaluate if patients with DMD show
similar sleep-dependent performance benefits that are corre-
lated to sleep spindles.

At present, there is a limited scope in research studies char-
acterizing sleep spindles in pediatric patient populations. In the
few reported case studies involving pediatric patients with dis-
orders that encompass musculature symptoms, we found mixed
results. Case studies of young children with cerebral palsy show
some have typical sleep patterns while others have altered sleep
stage architecture and low spindle density [85]. Case studies of
youth with neurodegenerative lysosomal-storage disorders show
a loss of spindles that appears to mirror disease-caused cortical
atrophy [86-88]. Altogether, our research points to a concerning
paucity of research in developmental sleep literature involving
youth with rare diseases or complex medical conditions. Global
estimates of rare diseases suggest that 263-446 million people are
affected worldwide with approximately 69.9% having a pediatric
onset and another 18% having disease onset that can be either
pediatric or adult [89]. Sleep health is a targetable and feasible
intervention that can improve physical health, mood, and cogni-
tion [90]. This research (in combination with our previous work)
is a foundational demonstration that it is possible to identify
actionable sleep targets within a specific rare disease. Moving
forward, we argue that there is a strong need to focus on pediat-
ric sleep research in rare disease populations and develop tools
to enhance the feasibility for children with complicated medical
needs to participate in sleep-based research. We further need to
develop sleep health interventions to improve sleep malleable
elements, such as slow wave sleep, that are sustainable for fam-
ilies of children with rare conditions and can be deployed across
development and in a variety of settings.

Conclusion

We observed age-associated changes in spindle characteristics in
our pediatric DMD patient population that were in line with those
found in healthy youth. Our work builds on our prior discovery
of a significant age-related decline in SOs, suggesting that SOs,
but not spindles, are a candidate intervention target to enhance
sleep in patients with DMD throughout childhood. Together, our
results provide support that sleep can be used as an accessible
biomarker for pediatric populations with pathological develop-
ment and identify specific sleep features that are actionable tar-
gets to enhance sleep, and possibly memory and cognition.

Disclosure statement

Financial Disclosure: None of the authors have any financial con-
flicts of interest to report. Non-financial disclosure: None of the
authors have any non-financial conflicts of interest to report.

Author Contributions

Katharine Simon (Conceptualization [lead], Data curation [lead],
Formal analysis [equal], Investigation [lead], Methodology [equal],
Project administration [lead], Writing—original draft [lead],
Writing—review & editing [equal]), Chelsea Cadle (Writing—
original draft [supporting]), Neal Nakra (Conceptualization
[supporting], Writing—review & editing [equal]), Marni Nagel

(Writing—review & editing [supporting]), and Paola Malerba
(Conceptualization [equal], Data curation [equal], Formal anal-
ysis [equal], Methodology [equal], Resources [lead], Software
[lead], Writing—original draft [equal], Writing—review & editing
[equal])

Funding
NIH-NICHD K08 HD107161 to KS

Data Availability

Data is available upon request.

References

1. Tierney AL, Nelson III CA. Brain development and the role of
experience in the early years. Zero Three. 2009;30(2):9.

2. Kurth S, Ringli M, Geiger A, LeBourgeois M, Jenni OG, Huber R.
Mapping of cortical activity in the first two decades of life: a
high-density sleep electroencephalogram study. ] Neurosci.
2010;30(40):13211-13219. doi:10.1523/JNEUROSCI.2532-10.2010

3. Buchmann A, Ringli M, Kurth S, et al. EEG sleep slow-wave
activity as a mirror of cortical maturation. Cereb Cortex.
2011;21(3):607-615. doi:10.1093/cercor/bhq129

4. Campbell IG, Feinberg I. Longitudinal trajectories of non-rapid
eye movement delta and theta EEG as indicators of adolescent
brain maturation. Proc Natl Acad Sci USA. 2009;106(13):5177-
5180. doi:10.1073/pnas.0812947106

S.  De Gennaro L, Ferrara M. Sleep spindles: an overview. Sleep Med
Rev. 2003;7(5):423-440. doi:10.1053/smrv.2002.0252

6. Kurth S, Ringli M, LeBourgeois MK, et al. Mapping the electro-
physiological marker of sleep depth reveals skill maturation
in children and adolescents. Neuroimage. 2012;63(2):959-965.
doi:10.1016/j.neuroimage.2012.03.053

7. Kurth S, Olini N, Huber R, LeBourgeois M. Sleep and early corti-
cal development. Curr Sleep Med Rep. 2015;1:64—73. d0i:10.1007/
s40675-014-0002-8

8. Kurth S, Jenni OG, Riedner BA, Tononi G, Carskadon MA, Huber
R. Characteristics of sleep slow waves in children and adoles-
cents. Sleep. 2010;33(4):475-480. doi:10.1093/sleep/33.4.475

9. Novelli L, D’atri A, Marzano C, et al. Mapping changes in cor-
tical activity during sleep in the first 4 years of life. J Sleep Res.
2016;25(4):381-389. d0i:10.1111/jsr.12390

10. Giedd JN. Structural magnetic resonance imaging of the ado-
lescent brain. Ann N'Y Acad Sci. 2004;1021(1):77-85. doi:10.1196/
annals.1308.009

11. Goldstone A, Willoughby AR, de Zambotti M, et al. The medi-
ating role of cortical thickness and gray matter volume on
sleep slow-wave activity during adolescence. Brain Struct Funct.
2018;223(2):669-685. doi:10.1007/s00429-017-1509-9

12. Huttenlocher PR, Dabholkar AS. Regional differences in
synaptogenesis in human cerebral cortex. J Comp Neurol.
1997,387(2):167-178. doi:10.1002/(sici)1096-9861(19971020)387:
2<167::aid-cnel1>3.0.co;2-z

13. Goldstone A, Willoughby AR, de Zambotti M, et al. Sleep spindle
characteristicsin adolescents. Clin Neurophysiol. 2019;130(6):893—
902. doi:10.1016/j.clinph.2019.02.019

14. Kwon H, Walsh KG, Berja ED, et al. Sleep spindles in the healthy
brain from birth through 18 years. Sleep. 2023;46(4). doi:10.1093/
sleep/zsad017


https://doi.org/10.1523/JNEUROSCI.2532-10.2010
https://doi.org/10.1093/cercor/bhq129
https://doi.org/10.1073/pnas.0812947106
https://doi.org/10.1053/smrv.2002.0252
https://doi.org/10.1016/j.neuroimage.2012.03.053
https://doi.org/10.1007/s40675-014-0002-8
https://doi.org/10.1007/s40675-014-0002-8
https://doi.org/10.1093/sleep/33.4.475
https://doi.org/10.1111/jsr.12390
https://doi.org/10.1196/annals.1308.009
https://doi.org/10.1196/annals.1308.009
https://doi.org/10.1007/s00429-017-1509-9
https://doi.org/10.1002/(sici)1096-9861(19971020)387:2<167::aid-cne1>3.0.co;2-z
https://doi.org/10.1002/(sici)1096-9861(19971020)387:2<167::aid-cne1>3.0.co;2-z
https://doi.org/10.1016/j.clinph.2019.02.019
https://doi.org/10.1093/sleep/zsad017
https://doi.org/10.1093/sleep/zsad017

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Purcell SM, Manoach DS, Demanuele C, et al. Characterizing
sleep spindles in 11,630 individuals from the National Sleep
Research Resource. Nat Commun. 2017;8(1):1-16.

Zhang ZY, Campbell IG, Dhayagude P, Espino HC, Feinberg I.
Longitudinal analysis of sleep spindle maturation from child-
hood through late adolescence. J Neurosci. 2021;41(19):4253-
4261. doi:10.1523/J]NEUROSCI.2370-20.2021

Blake DJ, Kroger S. The neurobiology of Duchenne muscu-
lar dystrophy: learning lessons from muscle? Trends Neurosci.
2000;23(3):92-99. doi:10.1016/s0166-2236(99)01510-6

Hoffman EP, Brown RH Jr, Kunkel LM. Dystrophin: the pro-
tein product of the Duchenne muscular dystrophy locus. Cell.
1987;51(6):919-928. doi:10.1016/0092-8674(87)90579-4

Mason GM, Lokhandwala S, Riggins T, Spencer RM. Sleep and
human cognitive development. Sleep Med Rev. 2021;57:101472.
doi:10.1016/j.smrv.2021.101472

Mehler MF. Brain dystrophin, neurogenetics and mental retar-
dation. Brain Res Brain Res Rev. 2000;32(1):277-307. d0i:10.1016/
$0165-0173(99)00090-9

Miller G, Wessel HB. Diagnosis of dystrophinopathies: review
for the clinician. Pediatr Neurol. 1993;9(1):3-9. doi:10.1016/
0887-8994(93)90002-t

Uchino M, Teramoto H, Naoe H, Yoshioka K, Miike T, Ando M.
Localisation and characterisation of dystrophin in the central
nervous system of controls and patients with Duchenne mus-
cular dystrophy. J Neurol Neurosurg Psychiatry. 1994;57(4):426—
429.doi:10.1136/jnnp.57.4.426

Yiu EM, Kornberg AJ. Duchenne muscular dystrophy. ] Paediatr
Child Health. 2015;51(8):759-764. doi:10.1111/jpc.12868

Barbe F, Quera-Salva MA, McCann C, et al. Sleep-related
respiratory disturbances in patients with Duchenne muscular
dystrophy. Eur Respir J. 1994;7(8):1403-1408. doi:10.1183/0903193
6.94.07081403

Bloetzer C, Jeannet PY, Lynch B, Newman CJ. Sleep disorders
in boys with Duchenne muscular dystrophy. Acta Paediatr.
2012;101(12):1265-1269. doi:10.1111/apa. 12025

Hukins CA, Hillman DR. Daytime predictors of sleep hypoven-
tilation in Duchenne muscular dystrophy. Am J Respir Crit Care
Med. 2000;161(1):166-170. doi:10.1164/ajrccm.161.1.9901057
Polat M, Sakinci O, Ersoy B, Sezer RG, Yilmaz H. Assessment of
sleep-related breathing disorders in patients with duchenne
muscular dystrophy. J Clin Med Res. 2012;4(5):332-337.
doi:10.4021/jocmr1075w

Redding GJ, Okamoto GA, Guthrie RD, Rollevson D, Milstein JM.
Sleep patterns in nonambulatory boys with Duchenne muscu-
lar dystrophy. Arch Phys Med Rehabil. 1985;66(12):818-821.
Sawnani H. Sleep disordered breathing in Duchenne muscu-
lar dystrophy. Paediatr Respir Rev. 2019;30:2-8. d0i:10.1016/j.
prrv.2018.07.003

Doorenweerd N, Straathof CS, Dumas EM, et al. Reduced
cerebral gray matter and altered white matter in boys with
Duchenne muscular dystrophy. Ann Neurol. 2014;76(3):403-411.
doi:10.1002/ana.24222

Naidoo M, Anthony K. Dystrophin Dp71 and the neuropatho-
physiology of Duchenne muscular dystrophy. Mol Neurobiol.
2020;57(3):1748-1767. doi:10.1007/s12035-019-01845-w

Nadel L, Samsonovich A, Ryan L, Moscovitch M. Multiple trace
theory of human memory: computational, neuroimaging, and
neuropsychological results. Hippocampus. 2000;10(4):352-368.
doi:10.1002/1098-1063(2000)10:4<352::AID-HIPO2>3.0.CO;2-D
Nadel L, Moscovitch M. Memory consolidation, retrograde
amnesia and the hippocampal complex. Curr Opin Neurobiol.
1997;7(2):217-227. d0i:10.1016/s0959-4388(97)80010-4

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Simonetal. | 9

Cotton S, Voudouris NJ, Greenwood KM. Intelligence and
Duchenne muscular dystrophy: full-scale, verbal, and per-
formance intelligence quotients. Dev Med Child Neurol.
2001;43(7):497-501. doi:10.1017/s0012162201000913

Snow WM, Anderson JE, Jakobson LS. Neuropsychological and
neurobehavioral functioning in Duchenne muscular dystrophy:
a review. Neurosci Biobehau Rev. 2013;37(5):743-752. d0i:10.1016/j.
neubiorev.2013.03.016

D’Angelo MG, Bresolin N. Cognitive impairment in neuromus-
cular disorders. Muscle Nerve. 2006;34(1):16-33. doi:10.1002/
mus.20535

Donders J, Taneja C. Neurobehavioral characteristics of chil-
dren with Duchenne muscular dystrophy. Child Neuropsychol.
2009;15(3):295-304. doi:10.1080/09297040802665777
Doorenweerd N, Mahfouz A, van Putten M, et al. Timing and local-
ization of human dystrophin isoform expression provide insights
into the cognitive phenotype of Duchenne muscular dystrophy.
Sci Rep. 2017;7(1):12575. doi:10.1038/s41598-017-12981-5

Hinton VJ, De Vivo DC, Nereo NE, Goldstein E, Stern Y. Selective
deficits in verbal working memory associated with a known
genetic etiology: the neuropsychological profile of Duchenne
muscular dystrophy. J Int Neuropsychol Soc. 2001;7(1):45-54.
doi:10.1017/s1355617701711058

Ricotti V, Mandy WP, Scoto M, et al. Neurodevelopmental, emo-
tional, and behavioural problems in Duchenne muscular dys-
trophy in relation to underlying dystrophin gene mutations. Dev
Med Child Neurol. 2016;58(1):77-84. doi:10.1111/dmcn.12922
Wicksell RK, Kihlgren M, Melin L, Eeg-Olofsson O. Specific cogni-
tive deficits are common in children with Duchenne muscular
dystrophy. Dev Med Child Neurol. 2004;46(3):154-159. d0i:10.1017/
50012162204000283

Diekelmann S, Born J. The memory function of sleep. Nat Rev
Neurosci. 2010;11(2):114-126. d0i:10.1038/nrn2762

Klinzing JG, Niethard N, Born J. Mechanisms of systems memory
consolidation during sleep. Nat Neurosci. 2019;22(10):1598-1610.
doi:10.1038/s41593-019-0467-3

Barham MP, Enticott PG, Conduit R, Lum JAG. Transcranial elec-
trical stimulation during sleep enhances declarative (but not
procedural) memory consolidation: evidence from a meta-
analysis. Neurosci Biobehav Rev. 2016;63:65-77. doi:10.1016/j.
neubiorev.2016.01.009

Cellini N, Shimizu RE, Connolly PM, et al. Short duration repet-
itive transcranial electrical stimulation during sleep enhances
declarative memory of facts. Front Hum Neurosci. 2019;13:123.
doi:10.3389/fnhum.2019.00123

Cellini N, Mednick SC. Stimulating the sleeping brain: cur-
rent approaches to modulating memory-related sleep phys-
iology. ] Neurosci Methods. 2019;316:125-136. doi:10.1016/j.
jneumeth.2018.11.011

Latchoumane CFV, Ngo HVV, Born J, Shin HS. Thalamic spin-
dles promote memory formation during sleep through triple
phase-locking of cortical, thalamic, and hippocampal rhythms.
Neuron. 2017;95(2):424-435.e6. doi:10.1016/j.neuron.2017.06.025
Leminen MM, Virkkala J, Saure E, et al. Enhanced memory con-
solidation via automatic sound stimulation during non-REM
sleep. Sleep. 2017;40(3). doi:10.1093/sleep/zsx003

Ngo HVV, Martinetz T, Born J, Mdlle M. Auditory closed-loop
stimulation of the sleep slow oscillation enhances memory.
Neuron. 2013;78(3):545-553. doi:10.1016/j.neuron.2013.03.006
Mednick SC, McDevitt EA, Walsh JK, et al. The critical role of
sleep spindles in hippocampal-dependent memory: a phar-
macology study. ] Neurosci. 2013;33(10):4494-4504. doi:10.1523/
JNEUROSCI.3127-12.2013


https://doi.org/10.1523/JNEUROSCI.2370-20.2021
https://doi.org/10.1016/s0166-2236(99)01510-6
https://doi.org/10.1016/0092-8674(87)90579-4
https://doi.org/10.1016/j.smrv.2021.101472
https://doi.org/10.1016/s0165-0173(99)00090-9
https://doi.org/10.1016/s0165-0173(99)00090-9
https://doi.org/10.1016/0887-8994(93)90002-t
https://doi.org/10.1016/0887-8994(93)90002-t
https://doi.org/10.1136/jnnp.57.4.426
https://doi.org/10.1111/jpc.12868
https://doi.org/10.1183/09031936.94.07081403
https://doi.org/10.1183/09031936.94.07081403
https://doi.org/10.1111/apa.12025
https://doi.org/10.1164/ajrccm.161.1.9901057
https://doi.org/10.4021/jocmr1075w
https://doi.org/10.1016/j.prrv.2018.07.003
https://doi.org/10.1016/j.prrv.2018.07.003
https://doi.org/10.1002/ana.24222
https://doi.org/10.1007/s12035-019-01845-w
https://doi.org/10.1002/1098-1063(2000)10:4<352::AID-HIPO2>3.0.CO;2-D
https://doi.org/10.1016/s0959-4388(97)80010-4
https://doi.org/10.1017/s0012162201000913
https://doi.org/10.1016/j.neubiorev.2013.03.016
https://doi.org/10.1016/j.neubiorev.2013.03.016
https://doi.org/10.1002/mus.20535
https://doi.org/10.1002/mus.20535
https://doi.org/10.1080/09297040802665777
https://doi.org/10.1038/s41598-017-12981-5
https://doi.org/10.1017/s1355617701711058
https://doi.org/10.1111/dmcn.12922
https://doi.org/10.1017/s0012162204000283
https://doi.org/10.1017/s0012162204000283
https://doi.org/10.1038/nrn2762
https://doi.org/10.1038/s41593-019-0467-3
https://doi.org/10.1016/j.neubiorev.2016.01.009
https://doi.org/10.1016/j.neubiorev.2016.01.009
https://doi.org/10.3389/fnhum.2019.00123
https://doi.org/10.1016/j.jneumeth.2018.11.011
https://doi.org/10.1016/j.jneumeth.2018.11.011
https://doi.org/10.1016/j.neuron.2017.06.025
https://doi.org/10.1093/sleep/zsx003
https://doi.org/10.1016/j.neuron.2013.03.006
https://doi.org/10.1523/JNEUROSCI.3127-12.2013
https://doi.org/10.1523/JNEUROSCI.3127-12.2013

10 | Sleep Advances, 2024, Vol. 5, No. 1

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Maingret N, Girardeau G, Todorova R, Goutierre M, Zugaro M.
Hippocampo-cortical coupling mediates memory consolida-
tion during sleep. Nat Neurosci. 2016;19(7):959-964. doi:10.1038/
nn.4304

Niknazar M, Krishnan GP, Bazhenov M, Mednick SC. Coupling
of thalamocortical sleep oscillations are important for mem-
ory consolidation in humans. PLoS One. 2015;10(12):e0144720.
doi:10.1371/journal.pone.0144720

Simon KC, Malerba P, Nakra N, Harrison A, Mednick SC, Nagel
M. Slow oscillation density and amplitude decrease across
development in pediatric Duchenne and Becker muscular dys-
trophy. Sleep. 2021;44(4). doi:10.1093/sleep/zsaa240

Berry RB, Brooks R, Gamaldo CE, Harding SM, Marcus C, Vaughn
BV. AASM scoring manual updates for 2017 (version 2.4). Journal of
Clinical Sleep Medicine. 2017;13(5):665-666.

Homan RW, Herman J, Purdy P. Cerebral location of
international 10-20  system  electrode  placement.
Electroencephalogr ~ Clin  Neurophysiol. — 1987;66(4):376-382.
doi:10.1016/0013-4694(87)90206-9

Prerau MJ, Brown RE, Bianchi MT, Ellenbogen JM, Purdon PL.
Sleep neurophysiological dynamics through the lens of mult-
itaper spectral analysis. Physiology (Bethesda). 2017;32(1):60-92.
doi:10.1152/physiol.00062.2015

Antony JW, Piloto L, Wang M, Pacheco P, Norman KA, Paller
KA. Sleep spindle refractoriness segregates periods of memory
reactivation. Curr Biol. 2018;28(11):1736-1743.e4. doi:10.1016/j.
cub.2018.04.020

Cox R, Schapiro AC, Manoach DS, Stickgold R. Individual
differences in frequency and topography of slow and fast
sleep spindles. Front Hum Neurosci. 2017;11:433. doi:10.3389/
fnhum.2017.00433

Dimitrov T, He M, Stickgold R, Prerau MJ. Sleep spindles com-
prise a subset of a broader class of electroencephalogram
events. Sleep. 2021;44(9). doi:10.1093/sleep/zsab099

Molle M, Marshall L, Gais S, Born J. Grouping of spindle activ-
ity during slow oscillations in human non-rapid eye move-
ment sleep. J Neurosci. 2002;22(24):10941-10947. doi:10.1523/
JNEUROSCI.22-24-10941.2002

Wamsley EJ, Tucker MA, Shinn AK, et al. Reduced sleep spin-
dles and spindle coherence in schizophrenia: mechanisms of
impaired memory consolidation? Biol Psychiatry. 2012;71(2):154—
161. doi:10.1016/j.biopsych.2011.08.008

Malerba P, Whitehurst L, Mednick SC. The space-time profiles of
sleep spindles and their coordination with slow oscillations on
the electrode manifold. Sleep. 2022;45.

Abdi H. The greenhouse-geisser correction. In Neil Salkind
(Ed.),: Encyclopedia of Research Design. Thousand Oaks, CA: Sage.
Vol. 1. 2010: 544-548.

Mauchly JW. Significance test for sphericity of a normal
n-variate distribution. Ann Math Stat. 1940;11(2):204-209.
Knuesel I, Mastrocola M, Zuellig RA, Bornhauser B, Schaub
MC, Fritschy JM. Altered synaptic clustering of GABAA
receptors in mice lacking dystrophin (mdx mice). Eur] Neurosci.
1999;11(12):4457-4462. doi:10.1046/j.1460-9568.1999.00887.x
Lidov HGW, Byers TJ, Kunkel LM. The distribution of dys-
trophin in the murine central nervous system: an immu-
nocytochemical  study.  Neuroscience.  1993;54(1):167-187.
doi:10.1016/0306-4522(93)90392-s

Carlson CG. The dystrophinopathies: an alternative to the
structural hypothesis. Neurobiol Dis. 1998;5(1):3-15. doi:10.1006/
nbdi.1998.0188

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Muntoni F, Torelli S, Ferlini A. Dystrophin and mutations: one
gene, several proteins, multiple phenotypes. Lancet Neurol.
2003;2(12):731-740. doi:10.1016/s1474-4422(03)00585-4
Al-Qudah AA, Kobayashi J, Chuang S, Dennis M, Ray P.
Etiology of intellectual impairment in Duchenne muscu-
lar dystrophy. Pediatr Neurol. 1990;6(1):57-59. doi:10.1016/
0887-8994(90)90081-b

Aranmolate A, Tse N, Colognato H. Myelination is delayed
during postnatal brain development in the mdx mouse model
of Duchenne muscular dystrophy. BMC Neurosci. 2017;18(1):63.
doi:10.1186/512868-017-0381-0

Carretta D, Santarelli M, Vanni D, et al. Cortical and brainstem
neurons containing calcium-binding proteins in a murine
model of Duchenne’s muscular dystrophy: Selective changes
in the sensorimotor cortex. ] Comp Neurol. 2003;456(1):48-59.
doi:10.1002/cne.10506

Kogelman B, Khmelinskii A, Verhaart I, et al. Influence of full-
length dystrophin on brain volumes in mouse models of
Duchenne muscular dystrophy. PLoS One. 2018;13(3):e0194636.
doi:10.1371/journal.pone.0194636

Rae C, Bubb WA, Maitland A, Head SI. Abnormal GABA
A-mediated metabolic response in the MDX mouse-an
explanation for the mental deficit in Duchenne muscular
dystrophy? Proc ~ Aust  Soc  Biochem Mol  Biol.
2001;33:5YM42-SYMO2.

Sbriccoli A, Santarelli M, Carretta D, Pinto F Granato A,
Minciacchi D. Architectural changes of the cortico-spinal sys-
tem in the dystrophin defective mdx mouse. Neurosci Lett.
1995;200(1):53-56. doi:10.1016/0304-3940(95)12079-j

Cyrulnik SE, Hinton VJ]. Duchenne muscular dystrophy: a cer-
ebellar disorder? Neurosci Biobehav Rev. 2008;32(32):486-496.
doi:10.1016/j.neubiorev.2007.09.001

Nicolas A, Petit D, Rompré S, Montplaisir J. Sleep spindle character-
istics in healthy subjects of different age groups. Clin Neurophysiol.
2001;112(3):521-527. doi:10.1016/51388-2457(00)00556-3
Shinomiya S, Nagata K, Takahashi K, Masumura T.
Development of sleep spindles in young children and adoles-
cents. Clin Electroencephalogr. 1999;30(2):39-43. doi:10.1177/
155005949903000203

Banihani R, Smile S, Yoon G, et al. Cognitive and neurobehav-
ioral profile in boys with duchenne muscular dystrophy. J Child
Neurol. 2015;30(11):1472-1482. doi:10.1177/0883073815570154
Hendriksen JGM, Vles JSH. Neuropsychiatric disorders in
males with Duchenne muscular dystrophy: frequency date of
attention-deficit hyperactivity disorder (ADHD), autism spec-
trum disorder, and obsessive—compulsive disorder. J Child
Neurol. 2008;23(5):477-481. doi:10.1177/0883073807309775
Rasch B, Born J. About sleep’s role in memory. Physiol Rev.
2013;93(2):681-766. doi:10.1152/physrev.00032.2012

Hahn MA, Heib D, Schabus M, Hoedlmoser K, Helfrich RF. Slow
oscillation-spindle coupling predicts enhanced memory for-
mation from childhood to adolescence. eLife. 2020;9:e53730.
doi:10.7554/eLife.53730

Chen PC, Niknazar H, Alaynick WA, Whitehurst LN, Mednick SC.
Competitive dynamics underlie cognitive improvements during
sleep. Proc Natl Acad Sci. 2021;118(51):€2109339118. d0i:10.1073/
pnas.2109339118

Helfrich RF, Mander BA, Jagust WJ, Knight RT, Walker MP. Old
brains come uncoupled in sleep: Slow wave-spindle synchrony,
brain atrophy, and forgetting. Neuron. 2018;97(1):221-230.e4.
doi:10.1016/j.neuron.2017.11.020


https://doi.org/10.1038/nn.4304
https://doi.org/10.1038/nn.4304
https://doi.org/10.1371/journal.pone.0144720
https://doi.org/10.1093/sleep/zsaa240
https://doi.org/10.1016/0013-4694(87)90206-9
https://doi.org/10.1152/physiol.00062.2015
https://doi.org/10.1016/j.cub.2018.04.020
https://doi.org/10.1016/j.cub.2018.04.020
https://doi.org/10.3389/fnhum.2017.00433
https://doi.org/10.3389/fnhum.2017.00433
https://doi.org/10.1093/sleep/zsab099
https://doi.org/10.1523/JNEUROSCI.22-24-10941.2002
https://doi.org/10.1523/JNEUROSCI.22-24-10941.2002
https://doi.org/10.1016/j.biopsych.2011.08.008
https://doi.org/10.1046/j.1460-9568.1999.00887.x
https://doi.org/10.1016/0306-4522(93)90392-s
https://doi.org/10.1006/nbdi.1998.0188
https://doi.org/10.1006/nbdi.1998.0188
https://doi.org/10.1016/s1474-4422(03)00585-4
https://doi.org/10.1016/0887-8994(90)90081-b
https://doi.org/10.1016/0887-8994(90)90081-b
https://doi.org/10.1186/s12868-017-0381-0
https://doi.org/10.1002/cne.10506
https://doi.org/10.1371/journal.pone.0194636
https://doi.org/10.1016/0304-3940(95)12079-j
https://doi.org/10.1016/j.neubiorev.2007.09.001
https://doi.org/10.1016/s1388-2457(00)00556-3
https://doi.org/10.1177/155005949903000203
https://doi.org/10.1177/155005949903000203
https://doi.org/10.1177/0883073815570154
https://doi.org/10.1177/0883073807309775
https://doi.org/10.1152/physrev.00032.2012
https://doi.org/10.7554/eLife.53730
https://doi.org/10.1073/pnas.2109339118
https://doi.org/10.1073/pnas.2109339118
https://doi.org/10.1016/j.neuron.2017.11.020

84.

85.

86.

87.

Finder JD, Birnkrant D, Carl J, et al.; American Thoracic Society.
Respiratory care of the patient with Duchenne muscular dys-
trophy: ATS consensus statement. Am ] Respir Crit Care Med.
2004;170(4):456-465. doi:10.1164/rccm.200307-885ST

Shibagaki M, Kiyono S, Takeuchi T. Nocturnal sleep in men-
tally retarded infants with cerebral palsy. Electroencephalogr Clin
Neurophysiol. 1985;61(6):465-471.doi:10.1016/0013-4694(85)90964-2
Santavuori P. Neuronal ceroid-lipofuscinoses in childhood. Brain
Dev. 1988;10(2):80-83. doi:10.1016/s0387-7604(88)80075-5
Trivisano M, Ferretti A, Calabrese C, et al. Neurophysiological
findings in neuronal ceroid lipofuscinoses. Front Neurol.
2022;13:845877. d0i:10.3389/fneur.2022.845877

88.

89.

90.

Simonetal. | 11

Vanhanen S, Sainio K, Lappi M, Santavuori P. EEG and evoked
potentials in infantile neuronal ceroid-lipofuscinosis. Dev Med
Child Neurol. 1997;39(7):456-463. doi:10.1111/j.1469-8749.1997.
tb07465.x

Wakap SN, Lambert DM, Olry A, et al. Estimating cumulative
point prevalence of rare diseases: analysis of the Orphanet
database. Eur ] Hum Genet. 2020;28(2):165-173.

Murawski B, Wade L, Plotnikoff RC, Lubans DR, Duncan MJ. A
systematic review and meta-analysis of cognitive and behav-
ioral interventions to improve sleep health in adults without
sleep disorders. Sleep Med Rev. 2018;40:160-169. doi:10.1016/j.
smrv.2017.12.003


https://doi.org/10.1164/rccm.200307-885ST
https://doi.org/10.1016/0013-4694(85)90964-2
https://doi.org/10.1016/s0387-7604(88)80075-5
https://doi.org/10.3389/fneur.2022.845877
https://doi.org/10.1111/j.1469-8749.1997.tb07465.x
https://doi.org/10.1111/j.1469-8749.1997.tb07465.x
https://doi.org/10.1016/j.smrv.2017.12.003
https://doi.org/10.1016/j.smrv.2017.12.003



