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Abstract
Study Objectives: From childhood through adolescence, brain rhythms during non-rapid eye movement (NREM) sleep show dramatic development that 

mirror underlying brain maturation. For example, the function and characteristics of slow oscillations (SOs, <1 Hz) in healthy children are linked to brain 

development, motor skill, and cognition. However, little is known of possible changes in pediatric populations with neurologic abnormalities.

Methods: We measured slow oscillations in 28 Duchenne and Becker muscular dystrophy male patients from age 4 to 20 years old during overnight 

in-lab clinical sleep studies. We compared our pediatric patients by age to evaluate the developmental changes of SOs from childhood to early and late 

adolescence.

Results. Consistent with the current neuro- and physically typical literature, we found greater slow oscillation density (count of SOs per minute of 

each sleep stage) in NREM N3 than N2, and significantly greater slow oscillation density in frontal compared to central and occipital regions. However, 

separating patients into age-defined groups (child, early adolescent, and late adolescent) revealed a significant age effect, with a specific decline in the 

rate and amplitude of SOs.

Conclusions: We found that with age, pediatric patients with Duchenne muscular dystrophy show a significant decline in slow oscillation density. Given 

the role that slow oscillations play in memory formation and retention, it is critical to developmentally characterize these brain rhythms in medically 

complex populations. Our work converges with previous pediatric sleep literature that promotes the use of sleep electroencephalographic markers as 

prognostic tools and identifies potential targets to promote our patients’ quality of life.
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Statement of Significance

The burgeoning field of developmental sleep research has shown that slow wave activity follows a developmental trajectory, mirroring neurological 

maturation. Studies have been conducted primarily in healthy, neuro-typical children, adolescents, and adults. There has yet to be research character-

izing the developmental differences of slow oscillations in populations with known brain abnormalities. Our work characterizes the slow oscillations 

across development in males diagnosed with Duchenne muscular dystrophy. Our research speaks to the prognostic potential of sleep electrophysi-

ology features to identify critical developmental time-windows for sleep-enhancing interventions.
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Introduction

Across early life there is dramatic maturation of sleep from 
infancy through early adulthood. At the onset of life, sleep 
brain rhythms are comprised of immature, alternating pat-
terns of non-rapid eye movement (NREM; previously scored as 
quiet sleep) and rapid eye movement sleep (REM, previously 
scored as active sleep) [1, 2]. The signature brain rhythms for 
N3, the deepest NREM stage, are slow waves (0.5–4 Hz). These 
electroencephalogram (EEG) markers are easily identifiable 
high-amplitude, low frequency waves and are the sum of 
neocortical neurons firing in synchrony [3–5]. Visually, indi-
vidual slow waves are scored as having a frequency of 0.5–4 
Hz (delta range), a peak-to-peak amplitude (a measurement 
at the depth of the negative half-wave) of >75 uV, and typic-
ally observed over the frontal electrode regions during NREM 
sleep [6] (see Figure 1B for example slow wave). From infancy 
through late adolescence, the distribution of power for slow 
wave activity (0.1–4 Hz, [SWA]) appears to mirror morpho-
logical brain growth [7], synaptogenesis [8], and increased 
long-range neural connectivity [9]. Furthermore, the peak ab-
solute amount of slow wave activity moves along a posterior 
to anterior axis [10, 11], and appears to predict myelin devel-
opment [12]. Slow waves also show experience-dependent 
changes, tied to new learning in cognitive and motor tasks 
[10, 12–15]. Altogether, a somewhat consistent understanding 
is emerging of the characteristics of typically developing SWA, 
its EEG markers, and its functional role in cognition; yet an 
understanding of the potential developmental differences 
present in disordered populations with known brain abnor-
malities is lacking.

Duchenne muscular dystrophy (DMD), a heritable condition 
more commonly known for its signature progressive muscle loss 
and shortened lifespan of 26 years, can involve brain abnormal-
ities, including within the hippocampus, and cognitive delays 
[16–21]. Features of the disease are due to the loss of dystrophin, 
a protein critical for muscle structure and function that also 
appears to support synaptic terminal integrity, synaptic plas-
ticity, and regional cellular signal integration in the brain [18, 
21–25]. Animal studies, postmortem evaluations, and functional 
imaging have discovered that loss of dystrophin in the brain 
results in neuronal loss, dendritic alterations, postsynaptic 
density loss, gray matter and white matter integrity changes, 
and delayed myelination [26–32]. Cortical atrophy has also been 
identified in later development [30, 33, 34]. There is a wide spec-
trum of potential cognitive delays in children diagnosed with 
DMD as a result of the underlying heterozygous mutations. The 
majority of DMD patients have lower IQs, ranging on average 
one standard deviation below the general population [35]. Some 
also show specific deficits in higher order executive function 
abilities, language, and short-term memory [16, 36, 37]. This 
population also exhibits abnormal EEG brain rhythms, likely a 
function of underlying neuronal abnormalities and progressive 
muscle weakness [38–41], including reduced excitation in the 
motor cortex [42] and less apparent P300 peaks, an EEG marker 
of higher order decision making [41]. Unfortunately, the cogni-
tive and EEG literature remain inconsistent for this population 
due to the heterogeneity of the disorder, methodological con-
straints, and small patient sample sizes [44]. Given the known 
underlying brain abnormalities, progressing muscle loss, 
and cognitive delays in this population, investigating the EEG 
markers of sleep across early life could identify developmental 

time windows that would be particularly receptive to sleep-
specific interventions.

At present, the majority of studies investigating the sleep of 
children with DMD and adolescents have focused on respiratory 
indices, including the presence of sleep disordered breathing or 
hypoventilation during the night [45, 46]. The progressive devel-
opment of disordered sleep in children with DMD is a manifest-
ation of the disease, resulting from a decline in cardiorespiratory 
function [47–49]. In physically typical children, sleep disordered 
breathing has been linked to behavioral, cognitive, health, and 
emotional difficulties [50–57]. Other patient research has exam-
ined slow wave EEG markers and delineate healthy from medic-
ally and psychologically disordered children, finding differences 
in slope (an underlying measure of neuronal firing synchrony), 
topographical distribution of averaged slow wave activity, and 
rate (count of slow oscillations over time) [58–63]. This suggests 
potential mechanistic implications for how disease is reflected 
by specific sleep EEG features and subsequently provides sensi-
tive time points for interventions. As children with DMD are at 
a potentiated risk due to the joint consequences of the physical 
and neural manifestations of their disorder and progressive de-
velopment of sleep disordered breathing, careful characteriza-
tion of their slow oscillations can identify potential targets for 
sleep-enhancing interventions.

Literature shows that slow wave sleep changes across devel-
opment, is linked to cognition, and specific EEG features may 
help separate healthy from disordered populations. Given this, 
we were interested in characterizing the developmental changes 
of slow oscillations in a pediatric patient population with DMD/
BMD. To accomplish our goal, we evaluated the clinical sleep 
studies of patients with DMD performed at a tertiary hospital 
and applied a slow oscillation event detector to characterize 
the wave features from early childhood to late adolescence. An 
understanding of how slow oscillations mature within pediatric 
patient populations such as DMD may elucidate critical develop-
mental time windows in which sleep-enhancing interventions 
may be beneficial for quality of life.

Methods
We retrospectively analyzed the overnight in-lab clinical sleep 
studies of 28 pediatric patients diagnosed with Duchenne 
Muscular Dystrophy (24; [DMD]) or Becker’s Muscular Dystrophy 
(3; [BMD]), a milder, allelic form of DMD [63]. DMD/BMD dis-
orders are caused by the heterogeneous deletions or mutations 
of exons associated with the gene Xp21 which expresses dif-
ferent dystrophin isoforms [18–20, 64]. Consistent with DMD/
BMD literature, our population was genetically heterogenous in 
their deletion or mutation of exons. Given the impossibility of 
collecting an exon-homogenous sample, we included both mus-
cular dystrophy disorders in our sample. We received approval 
from the institutional review board (IRB) at Children’s Hospital 
of Orange County (CHOC) and University of California, Irvine.

We analyzed each patient’s first sleep study conducted at 
CHOC evaluated between 2015 and 2018. All sleep studies were 
clinically indicated per standard medical care guidelines. If pa-
tients did not receive a sleep study during this time period or 
were not between the age range of 4 and 20 at the time of the 
administered sleep study, they were excluded. Altogether we 
analyzed 28 patients sleep records. For developmental analyses, 
we separated the children and adolescents into three groups: 
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child (age range 4 to 9; M = 7.4 years, SD = 1.9, n = 9), early ado-
lescent (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) 
(presented in Table 1). Of the sleep studies, 21 patients received 
sleep studies as a baseline assessment for the presence of sleep 
disordered breathing, two received studies that split across the 
night between monitoring for the presence of sleep disordered 
breathing and a mid-night intervention with positive airway 
pressure (PAP), and five received sleep studies for PAP titration. 
Unsurprisingly given the course of the disease, in early and late 
adolescence mobility became increasingly compromised. In 
the child group, five children were walking without assistance 
while three were noted to use a wheelchair. In the early ado-
lescent group, none were walking without assistance and six 
were noted to use a wheelchair. In the late adolescent group, 
two were walking without assistance while 6 were noted to use 
a wheelchair. Across the three groups, mobility for four patients 

was not noted in the medical chart at the time of the sleep study. 
Across the three groups, six children were noted to have some 
type of cognitive delay, although no specific details regarding 
functioning are reported in the medical charts (child: n = 3, early 
adolescent = 1, late adolescent = 2).

General sleep apnea indices are presented in Table  1. For 
hyperventilation, six patients’ medical sleep reports only indi-
cated “SpO2 values of high 90s” thus were excluded numeric-
ally from the presented data in the table; however, they are not 
considered different from the average SpO2 levels (Mchild = 94.25, 
SD = 3.95; Mearly = 97.0, SD = 3.53; Mlate = 97.714, M = 1.25) and re-
tained in the analyzed sleep EEG data. We excluded one patient 
in the early adolescent range due to the severity of obstructive 
sleep apnea ([OSA], 4 SD above the mean). One patient’s C3 elec-
trode malfunctioned during the night leading to exclusion of 
only that electrode. We further excluded one patient’s O1 N2 
amplitude which was 3 SD above the mean.

Figure 1. Group slow oscillation (SO) detection in N2 and N3. (A) EEG montage for the clinical sleep studies with individual electrodes labeled. Slow oscillations were 

detected at individual electrodes and the semi-circles highlight the regions analyzed (frontal region = averaged F3 & 4, central region = C3, & C4, and occipital re-

gion = O1 & O2) for group analyses. (B) Example of a slow oscillation detected at F3; SO is centered at the trough. (C) SO density in N3 is significantly greater than N2 

for all electrodes. (D) Comparing average density for each subject in N2/N3; each dot represents an individual patient. N2 and N3 densities are positively correlated. 

(E) There were no significant amplitude differences across stages; however, a trending interaction for stage by electrode. (F) Given the high degree of variance in the O 

electrodes (see Figure 1E), we correlated average amplitude at frontal regions. Average frontal region N2 and N3 densities are positively correlated. The asterisk denotes 

significance for Figure 1D and F at p < 0.05, Pearson’s correlation. Bars on the graphs (C, D) are standard error of the mean.
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Sleep recordings and scoring

Clinical sleep studies were performed according to the American 
Academy of Sleep (AASM) guidelines between 2014 and 2018 at 
CHOC. Ten patients had multiple sleep studies spanning ap-
proximately 3  years, of which we analyzed the first available 
study. Sleep studies were performed at night in a hospital-based 
sleep lab. Polysomnography (PSG) data consisted of electro-
encephalogram (EEG), electrocardiogram (ECG), electromyogram 
(EMG), electrooculogram (EOG), oronasal airflow, nasal pres-
sure, PAP pressure (if indicated), oximetry, end-tidal or trans-
cutaneous CO2, thoracoabdominal belts, snoring mic and video. 
EEG signals were recorded with Neurofax EEG-1200 system 
(Nihon Kohden, Tokyo, Japan) and analyzed by Polysmith ver-
sion 11. The six electrode EEG montage was placed according 
to the 10–20 placement [65] with scalp (F3, F4, C3, C4, O1, O2), 
EOG, EMG electrodes, and mastoid (A1 & A2). All EEG and EOG 
channels were contralaterally referenced to the mastoids. 
Recordings were sampled at 200 Hz. A low pass filter was set at 
0.3 Hz and high pass filter was set at 35 Hz for all EEG and EOG 
channels, while for the thoracoabdominal belts, a low pass filter 
was set at 0.1 Hz and a high pass filter set at 15 Hz. Registered 
polysomnographic technologists scored the recordings in 30-s 
epochs using the EEG, EMG, and EOG for stages N1, N2, N3, and 
REM following standard AASM scoring criteria [66]. All scoring 
was subsequently confirmed by a board-certified sleep phys-
ician. General sleep scoring (total sleep time (TST), sleep effi-
ciency (SE), and minutes in each stage (N1, N2, N3, and REM) can 
be seen in Table 2.

Slow oscillation detection

Given our interest in characterizing the developmental changes 
of slow oscillations in DMD patients, we used an algorithm 
(written in Matlab, The MathWorks) to detect individual slow os-
cillation events at each electrode. This algorithm had been ap-
plied on previous datasets [67, 68] and built using the parameters 
identified by Massimini et  al. [70] and confirmed by Dang-Vu 
et al. [69]. We applied the same reported slow oscillation event 
parameters as Dang-Vu et al., Massimini et al., Naji et al. (Naji 
et al. [68] source code for slow oscillation detection is available 
at https://github.com/MednickLab/MohsenCodes.), and Malerba 
et al. [67–70]. We detected slow oscillations only within scored 

N2 or N3 sleep epochs. The signal from each EEG channel was fil-
tered between 0.1 and 4 Hz (Butterworth filter of order 4), taking 
care of not introducing a phase shift (using function filtfilt in 
Matlab). Lastly, we performed a zero-phase bandpass filter of 
the second order on the 0.1–4 Hz filtered EEG signal. The algo-
rithm criteria were exactly the same as in Massimini et al. [70]: 
(1) identify portion of the signal that had a down zero-crossing 
followed by an up-zero crossing and then one more down-zero 
crossing, (intuitively, a negative half cycle followed by a positive 
half cycle) (2), the duration of the negative half-cycle was be-
tween 300 ms and 1 s; (3) the maximum duration of the whole 
slow oscillation event was no more than 10 s; (4) the downstate 
trough is ≥80 uV in the negative; and (5) the difference in voltage 
between the maximum and the minimum of the whole event 
(intuitively, the voltage range between down state trough and up 
state peak) was less than 140 uV. See Figure 1B for an example of 
a detected slow oscillation event. To remove potential artifacts, 
for each individual patient, we considered the amplitude at the 
trough (i.e. the size of the down-state negative peak) of all de-
tected slow oscillation events across each electrode. From this 
distribution of trough amplitudes, we marked for removal those 
events that showed an amplitude at the trough >4 standard de-
viations above the mean of the distribution. This procedure, ap-
plied to each electrode, allowed for the removal of rare artifacts 
that could have been picked up by the algorithm. After detec-
tion, we computed the raw count of slow oscillation events and 
the amplitude at the trough for each individual event. Given the 
significant N3 time difference for our age groups (see results and 
Table 2) and previously reported slow oscillation density differ-
ences in the amount of slow oscillations in N2 compared to N3 
[67], analyzing the raw slow oscillation count would have biased 
our age-based analyses. As such, we analyzed each patient’s 
slow oscillation density by dividing their final slow oscillation 
count by the total time they slept in seconds for N2 and N3 
(called slow oscillation density).

Statistical analysis

For overall analyses (Figure 1C, D), we conducted one-way re-
peated measure ANOVAs with stage (N2 and N3) and region 
(frontal, central, and occipital) for dependent variables of 
slow oscillation density and amplitude. Regions consisted of 
the averaged electrodes across the corresponding area (e.g. 

Table 2. Respiratory events identified for each group during the clinical PSG. There were no significant differences between groups; mean and 
stdev are presented

Apnea-hypopnea index Central index Obstructive index Mixed index Mixed index
Hypoventilation  
(SpO2)

Child 2.32 (1.27) 0.59 (0.64) 0.64 (1.1) 0.05 (0.06) 0.05 (0.06) 94.25 (3.95)
Early adolescent 2.17 (2.29) 0.23 (0.28) 0.053 (1.01) 0.02 (0.06) 0.02 (0.06) 97.0 (3.53)
Late adolescent 5.05 (5.9) 0.47 (0.62) 0.45 (0.76) 0.09 (0.14) 0.09 (0.14) 97.714 (1.25)

Table 1. Sleep characteristics for each age group. Total sleep time and time in sleep stages were calculated in minutes. Children had signifi-
cantly more time in N3 than both early and late adolescence. No other differences were present

TST SE N1 time N2 time N3 time REM

Child 421.72 (60.18) 84.42 (10.79) 23.94 (11.37) 193.06 (58.95) 142.56 (26.61) 66.61 (32.92)
Early adolescent 325.6 (124.35) 80.77 (21.97) 25.07 (10.76) 146.07 (65.24) 88.69 (51.10) 39.86 (33.14)
Late adolescent 349.70 (126.75) 80.77 (19.87) 22.57 (13.81) 190.29 (82.14) 74.69 (33.41) 64.75 (51.03)
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the frontal region consisted of the averaged F3 and F4 density 
[MFront], the central region consisted of averaged C3 and C4 
density [MCent], and the occipital region consisted of the aver-
aged O1 and O2 density [MOcc]). We conducted post-hoc t-tests 
and Bonferroni corrected our significance thresholds to account 
for multiple comparisons. We report p-values after Bonferroni 
corrections. We used Pearson correlations to evaluate if slow 
oscillation densities and amplitudes correlated between N2 
and N3 (Figure  1D, F). For developmental analyses to investi-
gate slow oscillation density and amplitude changes across age 
(Figure 2B, C and Supplement Figure 1A, B), we conducted one-
way ANOVAs with between-subjects factor of Age (child, early 
adolescent, and late adolescent) for dependent variables of slow 
oscillation density and amplitude independently for each sleep 
stage (N2 and N3). We again conducted post-hoc t-tests and 
Bonferroni corrected our significance thresholds to account for 
multiple comparisons. To further evaluate differences within 
age groups, we conducted two-way repeated measures ANOVAs 
with between-subjects factor of age (child, early adolescent, 
and late adolescent) and within subject factor of region (frontal, 
central, and occipital) for dependent variables of slow oscilla-
tion density and amplitude for each sleep stage (N2 and N3) 
independently (Figure 2D, E and Supplement Figure 1C, D). We 
conducted post-hoc t-tests and Bonferroni corrected our sig-
nificance thresholds to account for multiple comparisons. As 
our sample size was small, we conducted permutation testing 
of our effects to confirm our findings in which Mauchly’s test 
indicated that the assumption of sphericity was violated or 
trending, which we report in supplemental materials [71, 72]. 

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 [73, 74].

Results

Sleep characteristics

We initially analyzed general sleep characteristics including 
total sleep time (TST), sleep efficiency (SE), and amount of time 
in each sleep stage (N1, N2, N3, and REM) for all pediatric patients 
and then separately for each age group (see Table 1) using one-
way ANOVAs. In general, age groups had similar sleep character-
istics for TST and time spent in stages N1, N2, and REM. However, 
there was a significant difference in the total amount of time 
spent in N3 (F(2,23) = 8.917, p = 0.001, one-way ANOVA), with chil-
dren spending significantly more time in N3 (Mchild  = 142 min, 
SD = 26.61) than early adolescents (Mearly = 88.69 min, SD = 57.1) 
and late adolescents (Mlate = 72.1 min, SD = 34.7) (p’s ≤ 0.027, post-
hoc comparisons with Bonferroni correction). There was no sig-
nificant difference between the total amount of time spent in 
N3 between early and late adolescents. In general, sleep charac-
teristics matched our expectations of children and adolescents 
undergoing clinical sleep studies for sleep disordered breathing 
[75, 76] but differed from norms reported on those typically 
developing [77]. There were also no significant differences found 
between age groups for respiratory events including apnea-
hypopnea index, central index, obstructive index, mixed index, 
or hypoventilation (p’s > 0.195, one-way ANOVAs) (see Table 2).

Figure 2. N3 SO detection by age group. (A) Patients were separated into three age groups (child, early adolescent, and late adolescent). Dots overlap at age range; 28 

patients present. (B) Average SO density for each age group is plotted. As age increases, N3 SO density decreases. (C) Average amplitude for each age group is plotted. 

As age increases, N3 amplitude decreases. (D) N3 SO density from anterior to posterior regions for each age group. Significant differences were present between an-

terior, central, and occipital regions in the mid-adolescent group. Trending differences were present in the late adolescent group between frontal to occipital regions. 

Only differences that withstood Bonferroni corrections are plotted. (E) N3 SO amplitude from anterior to posterior regions for each age group. There were no significant 

amplitude differences between regions within groups. For Figure 2B, C, the asterisks denote significance at p < 0.05, one-way ANOVA and post-hoc comparisons with 

Bonferroni correction For Figure 2D, E, the asterisk denotes significance at p < 0.05, repeated-measures ANOVA and post-hoc comparisons with Bonferroni correction. 

Bars on the graphs (B–E) are standard error of the mean.
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Slow oscillation detection in N2 and N3

We detected slow oscillations at each electrode independently 
and provided EEG specific features including a count and amp-
litude at trough for each detected slow oscillation (Figure  1B 
shows an example of detected slow oscillation) [67–70]. Given 
the significant time difference spent in N3 during the night 
between the youngest and older age groups, we chose to use 
slow oscillation density, (count of slow oscillations per second) 
as our dependent variable, rather than slow oscillation count. 
We averaged slow oscillation features (density and amplitude) 
across electrode sites within brain regions (frontal, central, and 
occipital). As previous literature consistently finds differences 
in the total amount of slow oscillations between sleep stage N2 
and N3 [66, 70], we began by evaluating if this difference was 
consistent within our population. We first conducted a one-
way repeated measures ANOVA for stage (N2 and N3) and re-
gion (frontal, central, and occipital) with Greenhouse–Geisser 
correction for slow oscillation density (see Figure  1C). As pre-
viously shown in healthy adults, we found a significant main 
effect of stage (F(1,24) = 50.109, p < 0.001, one-way ANOVA) and 
pairwise comparisons confirmed greater N3 than N2 slow os-
cillation density (MN3 = 0.19, SD = 0.125; MN2 = 0.017, SD = 0.011, 
p  <  0.001, post-hoc comparisons with Bonferroni correction) 
(see Figure 1C). Although we report Greenhouse–Geisser correc-
tion due to violation of sphericity, we conducted permutation 
testing which confirmed our significant findings (see supple-
mental materials). Despite the difference in absolute amount, 
we expected that the slow oscillation densities in N2 and N3 
would positively correlate as previously reported [67], which we 
also confirmed (r  =  0.429, p  =  0.029, Pearson’s correlation; see 
Figure  1D). A  main effect of slow oscillation density in region 
(F(2.472, 59.338)  =  14.999, p  <  0.001) and interaction between 
stage and region (F(2.328, 55.878)  =  9.564, p  <  0.001, one-way 
ANOVA; see Figure 1C) also emerged. Post-hoc comparisons after 
Bonferroni correction (alpha level = 0.003) revealed significantly 
greater slow oscillation density in Frontal compared to central 
and occipital regions (all p’s ≤ 0.005, post-hoc comparisons with 
Bonferroni correction) and central greater than occipital regions 
(p = 0.001, post-hoc comparisons with Bonferroni correction). As 
such, DMD/BMD children’s slow oscillation density, regionality, 
and relationship between N2 and N3 matched our expectations 
from neurotypical, healthy populations.

For each individually detected slow oscillation, we also gath-
ered the amplitude, a measurement at the depth of the nega-
tive half-wave (see Figure  1B for example of detected slow 
oscillation). We again conducted a one-way repeated measures 
ANOVA for stage (N2 and N3) and region (frontal, central, and 
occipital). We found no significant main effects or interactions 
between stages or regions (N2: MFront = –127.87 uV, SD = 2.12 uV; 
MCent  =  –128.61 uV, SD  = 5.88 uV, MOcc =  –155.22 uV, SD  = 17.58; 
N3: MFront = –127.74 uV, SD = 3.23 uV; MCent = –125.79 uV, SD = 3.62 
uV, MOcc  =  –121.81 uV, SD  =  4.11). As can be seen in Figure  1E, 
there is a high degree of variability in the occipital region. As 
this is likely influencing the homogeneity of the data, we chose 
to investigate if amplitudes correlated between stages using the 
stable frontal region electrodes (Figure 1F). We found a positive 
(r = 0.585, p = 0.002, Pearson’s correlation) relationship in ampli-
tude, similar to the one we saw in slow oscillation density. This 
also matches our expectations based off healthy, neurotypical 
populations.

Developmental trajectories of slow oscillation

To further explore slow oscillation characteristic changes 
across development, we separated our patients into the fol-
lowing age groups: child (ages 4–9), early adolescence (ages 
10–15), and late adolescence (ages 16–20) creating groups of 
child, early adolescent, and late adolescent, respectively (see 
Figure  2A). Given the significant difference in slow oscilla-
tion density between N2 and N3 (see Figure 1C), we analyzed 
each stage separately. We conducted a one-way ANOVA with 
between group factor of age (child, early adolescent, and late 
adolescent) and dependent variable of N3 slow oscillation 
density (see Figure  2B). We found a significant effect of age, 
such that increase in age resulted in a dramatic decrease in 
N3 slow oscillation density (F(2,25)  =  29.246, p  <  0.001, one-
way ANOVA). Post-hoc comparisons with Bonferroni correc-
tion confirmed that children had significantly greater N3 slow 
oscillation density (MC = 0.315, SD = 0.081) than early adoles-
cents (MEA = 0.21, SD = 0.06) and late adolescents (MLA = 0.072, 
SD = 0.062; p’s ≤ 0.018, post-hoc comparisons with Bonferroni 
correction); early adolescents also had greater N3 slow oscil-
lation density than late adolescents (p = 0.002, post-hoc com-
parisons with Bonferroni correction). We found a consistent 
relationship in slow oscillation amplitude in N3 across de-
velopment (F(2,25) = 11.471, p < 0.001, one-way ANOVA) such 
that it followed the same trajectory as density (see Figure 2C). 
Children had the greatest N3 slow oscillation amplitude 
(MC = –117.25 uV, SD = 13.14) in contrast to early adolescents 
(MEA = –101.85 uV, SD = 7.58) and late adolescents (MLA = –93.92 
uV, SD = 8.74; p’s ≤ 0.027, post-hoc comparisons with Bonferroni 
correction). There was no significant difference between early 
and late adolescents’ slow oscillation amplitude (p  =  0.44, 
post-hoc comparisons with Bonferroni adjusted p-values).

We then looked to see if this pattern was consistent be-
tween sleep stages N2 and N3. We again conducted a one-way 
ANOVA with between group factor of age (child, early adoles-
cent, and late adolescent) and dependent variable of N2 slow 
oscillation density (see Supplemental Figure 1A). Although 
we observed decreasing N2 slow oscillation density with 
increasing age, this did not reach the level of significance be-
tween groups (p  =  0.085, one-way ANOVA), in contrast to N3. 
Furthermore, there was no difference across groups in N2 slow 
oscillation amplitude (p = 0.594, one-way ANOVA), in contrast 
to a significant difference in N3 slow oscillation amplitude (see 
Supplemental Figure 1B).

Developmental trajectories of slow oscillations 
by region

Our results so far showed a prominence of slow oscillations in 
frontal electrodes, and that density of slow oscillations in N3 
significantly declined with age. To uncouple the interplay of re-
gion and age on slow oscillations, we conducted separate two-
way repeated measures ANOVAs for each stage (N2 and N3) 
with between group factor of age (child, early adolescent, and 
late adolescent) and within factor of region (frontal, central, and 
occipital) (see Figure 2D, E). Consistent with our reported one-
way ANOVA on slow oscillation density in N3, we found a main 
effect of Group F(2,23) = 29.177, p < 0.001, two-way rmANOVA). In 
addition, we also found a main effect of region (F(2,46) = 17.296, 
p  <  0.001, two-way rmANOVA), but no interaction between 
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group and region. Due to violations of sphericity, we confirmed 
our significant findings using permutation testing (see supple-
mental materials). Collapsed across groups, pairwise compari-
sons found significantly higher N3 slow oscillation density in 
the frontal (MFront  =  0.23, SD  =  0.13) than central (MCent  =  0.20, 
SD = 0.13) regions. Additionally, both frontal and central regions 
had greater N3 slow oscillation density than the occipital region 
(MOcc  =  0.15, SD  =  0.14; p’s ≤ 0.014, post-hoc comparisons with 
Bonferroni correction). We investigated if this relationship was 
consistent in N3 slow oscillation amplitude and found a similar 
significant decline from frontal to occipital regions (F(1.377, 
30.288) = 5.043, p = 0.022, two-way rmANOVA with Greenhouse–
Geisser correction reported). Again, due to violations of spher-
icity, we conducted permutation testing to confirm our findings 
(see supplemental materials). Collapsed across groups, pairwise 
comparisons revealed a significant reduction in amplitude be-
tween frontal (MFront = –127.74, SD = 16.48) and occipital regions 
(MOcc  =  –121.81, SD  =  20.56; p = 0.018), post-hoc comparisons 
with Bonferroni correction) and trending between central and 
occipital regions (MCent = –125.79, SD = 18.5; p = 0.051, post-hoc 
comparisons with Bonferroni correction).

Consistent with findings in our one-way ANOVA, N2 did 
not show an effect of Age, but did show an effect of region 
(F(2,46) = 33.813, p < 0.001, one-way ANOVA) (see Supplemental 
Figure 1). Greenhouse–Geisser is reported due to violations of 
sphericity (see supplemental materials for permutation test to 
confirm findings). Pairwise comparisons revealed a consistent 
anterior to posterior reduction in slow oscillations in N3, such 
that frontal (MFront  = 0.026, SD  = 0.016) region had significantly 
more than central MCent = 0.017, SD = 0.011) and both frontal and 
central had greater N2 slow oscillation density than Occipital 
(MOcc = 0.008, SD = 0.01; p’s ≤ 0.001, post-hoc comparisons with 
Bonferroni correction). Similarly, consistent with the findings 
in N3 amplitude reduction, there was a numerical trend in 
declining amplitude from frontal to occipital regions; however, 
this only trended toward significance (p = 0.083, post-hoc com-
parisons with Bonferroni correction). Altogether, these analyses 
demonstrate that characteristics of density and amplitude in 
DMD/BMD patients match existing literature, with greater ac-
tivity in anterior than posterior regions; however, surprisingly, 
we find that in late adolescence there is a sharp drop in detected 
slow oscillation’s both in density and amplitude.

Discussion
We detected slow oscillation events during the nocturnal sleep 
of male DMD pediatric patients. Our main finding is that as age 
progresses, there is a significant drop in N3 slow oscillation 
amplitude and density. This age-related slow oscillation decline 
generally appears to mirror the progression of DMD. Given the 
accumulating evidence that slow oscillations and slow wave 
activity reflect neural maturation and are linked to motor de-
velopment and cognition [10, 12–14], this careful characteriza-
tion of slow oscillations in a medically complex population is 
the first fundamental step in pursuing optimal sleep-enhancing 
interventions.

The current state of pediatric sleep studies in patients with 
DMD have solely focused on sleep disordered breathing rather 
than EEG markers as they relate to development or cognition  
[45, 46]. We initially set out to evaluate how consistent our 

patients’ sleep characteristics were with the existing pediatric 
sleep literature. We found that our patients spent less total 
time asleep and within each sleep stage compared to reports 
of healthy children and adolescents [76]. This was expected, 
given that our patient population was undergoing clinical sleep 
studies to assess for the presence of sleep disordered breathing. 
Furthermore, when evaluating our age groups (child, early ado-
lescent, and late adolescent), we showed age-related trends of 
decreasing total amount of time spent in N3 with increasing 
age [76]; albeit our age groups had lower total amounts in the 
sleep stage. In comparison with other pediatric sleep disordered 
breathing patient populations [77] and DMD sleep studies  
[77, 78] spanning similar age ranges, our patients had similar 
rates of sleep stage amounts. Altogether, our sample showed 
expected sleep characteristics of a pediatric patient population 
with potential sleep disturbances.

We quantified the presence of slow oscillation events using 
density (slow oscillation count per second) and compared this 
normalized slow oscillation rate across sleep stages, regions, 
and age. In line with the current research using healthy subjects, 
we found greater slow oscillations rates in deeper (N3) than 
lighter (N2) NREM sleep and increased density at frontal com-
pared to occipital regions in N3. Although this regional differ-
ence was not significant in N2, a numerical trend was present 
and the lack of significance may be due to low statistical power 
given the significant slow oscillation rate difference between N2 
and N3.

Our second interesting finding was that in contrast to the cur-
rent literature, we did not find an anterior to posterior regional 
decline in the amplitude of the EEG markers. This amplitude 
uniformity across regions could be the result of a number of fac-
tors including medication use, physical mobility, or underlying 
neuronal abnormality. An alternative explanation could be due 
to sleep loss [79], either chronic resulting from a manifestation 
of the disease (e.g. sleep disordered breathing or hypoventila-
tion reducing quality and continuity of sleep) or similar to a 
first-night effect when undergoing a sleep study [80]. These re-
sults suggest the need for further follow-up research and iden-
tify a potential target for optimal sleep enhancing interventions 
for children diagnosed with DMD.

Our major finding was that as age increased, there was a 
significant drop in N3 slow oscillation density and amplitude. 
This inverse relationship was not anticipated given our under-
standing of the characteristics of slow oscillations, their func-
tional role across development and cognition in typical, healthy 
children, and the seemingly consistent rates at which slow os-
cillations are detected in healthy child, adolescent, and adults 
across sleep stages [70, 81]. At present, there is a single study 
investigating the origins of slow oscillations across the early 
lifespan. Timofeev et al. [81] discovered an anterior shift from 
centro-parietal regions to more frontal regions in the origination 
of slow oscillations between young childhood and adolescence 
[81]. As such, with a lack of literature evaluating slow oscillation 
density across development, we evaluated findings across ages 
all age windows. Massimini et al. [70] reported the following slow 
oscillation detections in healthy adults in minutes (raw data in 
minutes is presented with slow oscillation density calculated 
over seconds in parentheses): N2: 4.9 ± 1.2 (0.081), N3: 12.6 ± 5.5 
(0.21), and N4: 21 ± 7.8 (0.35). Kurth et al. [82] also characterized 
slow oscillations in healthy 2- to 13-year-old subjects. They re-
ported frequency rates of slow oscillation detection consistent 
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with Massimini et al., stating their subjects had between 2.2 and 
7 slow oscillations per minute (0.036–0.116 converted to count/
second). Methodological differences constrain our ability to 
fully compare our detection rates; specifically, Massimini’s adult 
male subjects only slept 1–1.5 h and Kurth et al. only evaluated 
the slow oscillations with the 20% greatest amplitudes. Despite 
these methodological differences, when viewing these studies 
as approximate comparisons for typical children and late ado-
lescents, we find striking detection rate differences across our 
age range of 4–20 years, while Kurth et al. did not show strong 
differences between 2 and 13 years. While their study found an 
increase in slow oscillation distance across age, they found no 
change in slow oscillation speed or underlying cortical involve-
ment [82].

In our study, we identify age-related differences in the de-
tected rate and amplitude of N3 slow oscillations, which sug-
gest future research should pursue mechanistic understandings 
in patient populations. Many factors could be influencing the 
shape and occurrence of sleep waves in our population. Our 
results demonstrated a strong effect of age, but other factors 
could play a role, including the state of muscle weakness, medi-
cations, and age-associated cortical atrophy. Furthermore, our 
result of drastic slow oscillation loss in late adolescents opens 
the possibility that algorithms based on AASM guidelines could 
be missing existing slow oscillations, because their ampli-
tudes cannot reach prescribed thresholds. Since our detection 
algorithm had a strict 80 uV minimum amplitude threshold, 
consistent with findings in healthy population research; it is 
possible that setting absolute thresholds for patient popula-
tions with underling brain abnormalities may not be the correct 
choice. Adaptive, personalized thresholds might be more appro-
priate. Furthermore, future studies should target the mechan-
isms for lower amplitude slow oscillations to understand this 
reduction. Additionally, we did not evaluate if the slow oscilla-
tions detected were local or global (e.g. traveling waves). How 
the spatiotemporal patterns of slow oscillations develop in 
neurotypical children is an interesting question, and one that 
has only recently been investigated in typical children [81].

Studying a specific, genetically rare patient population, we 
faced limitations similar to those previously reported by other 
researchers. First, we were unable to study all children and ado-
lescents seen at our tertiary hospital due to scope of age and 
lack of sleep study. Similar to other rare genetic studies, we, 
too, had a small sample size of DMD and BMD children and 
adolescents. In general, genetic heterogeneity might explain 
the reported literature inconsistencies in the DMD literature 
on brain abnormalities in the hippocampus, cognitive delays, 
and EEG [44]. For some Xp21 mutations, there is known loss of 
dystrophin in the hippocampus. How this affects our detected 
slow oscillation density remains an open question. Recent evi-
dence found reduced slow oscillation density in adult males 
with bilateral-hippocampal damage [83]. As such, attempting 
to study the sleep of DMD/BMD diagnosed males with specific 
Xp21 mutations may provide further converging evidence for 
mechanisms reducing slow oscillations. In addition, although 
we focused on consistent sleep epochs in our analysis to miti-
gate the effects of study differences across patients, we could 
not control for differences caused by study difference (titra-
tion v.  split night studies) or PAP usage. Future studies would 
benefit from increased patient sample sizes with greater ability 
to control for these sleep study differences. Reduced mobility 
and medications are also factors that could contribute to slow 

oscillation decline. Due to the nature of the disease, in our popu-
lation mobility declines with age. Greater sample sizes of this 
rare population or using a longitudinal design to evaluate slow 
oscillation changes with age while controlling for differences 
in medication and mobility could address these factors. At pre-
sent, we were also unable to contrast our current sample with 
healthy, neurotypical children. As our research was conducted 
solely using retrospective clinical sleep studies conducted at a 
tertiary hospital, healthy children and adolescents are rarely 
equally evaluated. Future research would benefit from com-
paring these groups, as well as to other clinical populations that 
are mobility-impaired but neurotypical. Lastly, due to our use 
of retrospective sleep studies, we could not administer struc-
tural imaging or neuropsychological evaluations to our patient 
populations, making it difficult to assess for brain abnormalities 
or cognitive delays. Future studies should address both in their 
research to better identify underlying factors that may impact 
changes in slow oscillations.

In conclusion, we found that across development, older com-
pared to younger pediatric patients with DMD had reduced slow 
oscillation density. This finding contributes to the current field of 
research by characterizing the slow oscillations of a rare genetic 
patient population across early life. As life-extending medications 
becomes available for those with muscular dystrophy, it will be 
imperative to parallel these advances with cognitive-maintaining 
interventions. Given the role that slow oscillations play in memory 
formation and retention, it is critical to developmentally charac-
terize these brain rhythms in medically complex populations. We 
believe that an understanding of how slow oscillations develop 
across early life in patient populations with known brain irregu-
larities can reveal sensitive time points in which optimizing sleep-
enhancing interventions may be beneficial to improve patient 
outcomes, including cognition and quality of life.
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