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A B S T R A C T   

Background: Frontocentral Spindling Excessive Beta (SEB), a spindle-like beta-activity observed in the electro-
encephalogram (EEG), has been transdiagnostically associated with more problems with impulse control and 
sleep maintenance. The current study aims to replicate and elaborate on these findings. 
Methods: Participants reporting sleep problems (n = 31) or Attention-Deficit/Hyperactivity Disorder (ADHD) 
symptoms (n = 48) were included. Baseline ADHD-Rating Scale (ADHD-RS), Pittsburgh Sleep Quality Index 
(PSQI), Holland Sleep Disorder Questionnaire (HSDQ), and EEG were assessed. Analyses were confined to adults 
with frontocentral SEB. 
Results: Main effects of SEB showed more impulse control problems (d = 0.87) and false positive errors (d = 0.55) 
in participants with SEB. No significant associations with sleep or interactions with Sample were observed. 
Discussion: This study partially replicates an earlier study and demonstrates that participants exhibiting SEB 
report more impulse control problems, independent of diagnosis. Future studies should focus on automating SEB 
classification and further investigate the transdiagnostic nature of SEB.   

1. Introduction 

Beta spindles or ‘spindling excessive beta’ (SEB), conceptualized as 
“High frequency beta with a spindle morphology, often with an anterior 
emphasis” (Johnstone, Gunkelman, & Lunt, 2005 p. 101), have not yet 
been thoroughly studied. An early study by Kubicki and Ascona (1983) 
described the presence of beta bursts over the frontal areas with a fre-
quency ranging between 25 and 35 Hz and a maximum amplitude of 30 
μV, and suggested these were reflective of sub-vigil beta or hypoarousal. 
A later study identified the presence of frontal excess beta in children 
diagnosed with ADHD and considered these to reflect an atypical ADHD 
group. The authors found that the group presenting SEB is characterized 
by higher levels of moodiness and proneness to temper tantrums (Clarke, 
Barry, McCarthy, & Selikowitz, 2001). Studies suggest that SEB occurs in 
13–20% of ADHD patients (Chabot & Serfontein, 1996; Clarke et al., 
2001), although similar percentage rates of individuals with fronto-
central SEB have been reported in children with and without ADHD 

(Arns, Gunkelman, Breteler, & Spronk, 2008). Interestingly, high beta 
activity has usually been associated with hypervigilance. For example, it 
has been reported that individuals with complaints of insomnia show 
elevated levels of beta activity (based on absolute or relative power) 
around sleep onset (Perlis, Merica, Smith, & Giles, 2001; Perlis, Smith, 
Andrews, Orff, & Giles, 2001), possibly explained by central nervous 
system hyperarousal (Perlis, et al., 2001). Also, individuals with 
insomnia as their primary complaint showed higher beta/gamma power 
at non-rapid eye movement (NREM) stages of sleep, whereas individuals 
who reported no sleep issues, or individuals whose complaints of 
insomnia were secondary to depression, showed no such increases 
(Perlis et al., 2001). This suggests that beta activity is positively asso-
ciated with arousal, such that increased beta translates to increased 
arousal. Yet, some studies have reported findings that challenge this 
view. Strijkstra, Beersma, Drayer, Halbesma, and Daan (2003) found a 
positive association between frontocentral beta-2 (23–29 Hz) power and 
subjective sleepiness. Also, a study by Greneche et al. (2008), in which 
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EEG was measured during a 24-hours sustained wakefulness period, 
found that individuals with Obstructive Sleep Apnea (OSA) had 
increased waking delta, theta, and beta power compared to healthy 
controls. Interestingly, only in healthy individuals a negative association 
between alertness and beta power (among other bands) during this time 
period was found (Greneche et al., 2008). Another study (of which the 
sample consisted only of males) that focused on EEG changes in response 
to sleep deprivation reported increased beta power at central sites and, 
remarkably, beta power correlated positively with hours of wakefulness 
(Lorenzo, Ramos, Arce, Guevara, & Corsi-Cabrera, 1995). This leaves the 
question of whether different types of beta serve different purposes; it 
has been suggested that desynchronized beta is related to hyperarousal 
and synchronized SEB is related to hypoarousal (Arns, Swatzyna, Gun-
kelman, & Olbrich, 2015). This distinction can also be seen in a study on 
children diagnosed with ADHD and excess beta who present a degree of 
hypoarousal similar to excess theta (Clarke et al. 2013). A similar 
observation can be made in drug symptomatology. Benzodiazepines 
increase beta activity and are also known for their sedating effect 
(Blume, 2006). A recent animal study also highlighted that higher beta 
oscillations (15–35 Hz) behave differently depending on the animal’s 
state (active wake or quiet wake) in which they are observed (Gronli, 
Rempe, Clegern, Schmidt, & Wisor, 2016). Challenging the view that 
beta has a unidimensional relationship with arousal, these findings open 
up doors to a more dynamic interpretation of beta activity. 

Some studies suggest a genetic contribution of beta activity. A link 
between GABA-A receptor genes and beta power (subdivided in different 
frequency bins) was previously reported (Porjesz et al., 2002). Also, 
Zietsch et al. (2007) found support for the heritability of power across 
different frequency bands, including beta, in a twin study. Given these 
findings, genetics may also influence the presence of SEB. A genetic 
component to the presence of SEB has been proposed by Kubicki and 
Ascona (1983), and Vogel (1970) observed potential support for an 
autosomal dominant mode of inheritance in family studies. 

In 2015, using a Research Domain Criteria approach (RDoC; Cuth-
bert & Insel, 2013), Arns and colleagues (2015) investigated SEB in 
relation to hyperactivity/impulsivity and sleep problems. It was found 
that problems with sleep maintenance and impulse control were higher 
in patients with frontocentral SEB. Importantly, the presence of SEB was 
not associated with having trouble falling asleep (Arns et al., 2015). The 
authors concluded that SEB may be regarded as a state marker, caused 
by sleep maintenance problems, and in turn associated with more 
hyperactivity/impulsivity complaints (possibly as a 
vigilance-autostabilization behavior related to low vigilance (Arns, 
Gunkelman, Olbrich, Sander, & Hegerl, 2011; Arns & Kenemans, 2014)). 
However, these results still require replication and elaboration, which 
are the main aims of this manuscript. First, it will be attempted to 
replicate the findings reported by Arns and colleagues (2015). This will 
be done using a mixed dataset, consisting of participants reporting pri-
mary sleep problems or symptoms of ADHD. It was hypothesized that 
the presence of SEB is associated with complaints regarding impulse 
control and sleep maintenance. It was also expected that this association 
would be transdiagnostic and thus would be equally present in both the 
insomnia and ADHD groups (Arns et al., 2015). 

2. Methods and materials 

For both datasets, the following assessments were conducted at 
baseline: ADHD-Rating Scale (ADHD-RS), Pittsburgh Sleep Quality 
Index (PSQI), Holland Sleep Disorder Questionnaire (HSDQ), and QEEG. 
Informed consent was obtained for all participants. Impulse control 
problems were operationalized identically to the original study using 
items from the ADHD-RS. In addition, neuropsychologically-defined 
impulse control problems, measured by the amount of false positive 
errors on a Continuous Performance Task (CPT), were analyzed. The 
PSQI and HSDQ were systematically collected (different from the mea-
surements in the original study). These scales were chosen to refine the 

associations with sleep maintenance problems since these question-
naires are well-validated, in contrast to the three distinct items (part of 
the generic 300-item-screening questionnaire (CNC1020; EEG Pro-
fessionals, The Netherlands)) used in the original study. 

2.1. Dataset 1: insomnia 

Baseline EEG and behavioral data were gathered for an ongoing 
naturalistic, open-labeled study investigating the effects of SMR neuro-
feedback on sleep. The study included only patients that had a primary 
sleep problem and excluded any participants with primary psychiatric 
comorbidities that explained the sleep problem. The sample included 
patients between 18 and 65 years of age with a primary insomnia 
problem expressed as a sleep onset problem (latency (SOL) ≥30 min), 
sleep maintenance problem (wake after sleep onset (WASO) ≥30 min), 
or sleeping ≤6 h per night. The sleep complaints should occur at least 
three times per week and be present for at least six months at the time of 
intake. Medication usage was allowed if stable during the treatment. 
Exclusion criteria were comorbid medical or psychiatric complaints (as 
assessed using the MINI), recent parenthood, night shifts, students, 
pregnancy, excessive alcohol or caffeine usage, and diagnosis of a pri-
mary sleep disorder other than primary insomnia. 

2.2. Dataset 2: ADHD 

The ADHD sample was previously published in Krepel et al. (2020) in 
an open-labeled, naturalistic multi-site study. Data were gathered at two 
different clinics specialized in neuromodulation treatment (neuroCare 
Group Nijmegen & neuroCare Group The Hague, The Netherlands). 

2.3. QEEG 

QEEG recording details were previously described elsewhere (e.g. 
Arns et al., 2016) and were performed in accordance with the stan-
dardized methodology developed by Brain Resource Ltd., of which 
reliability and validity are published elsewhere (Clark et al., 2006; Paul 
et al., 2007; Williams et al. 2005). In short, using a 26-electrode EEG cap 
recording was performed based on the 10–20 international system. Data 
were referenced to averaged mastoids with a ground at AFz. Horizontal 
and vertical eye movements were controlled for, and skin resistance was 
<10 kΩ for all electrodes. The sampling rate was 500 Hz. Prior to 
digitization, a low-pass filter of 100 Hz was applied. Data were corrected 
offline for EOG. Three tasks are recorded during the EEG: a 2-minute 
Eyes Open (EO), a 2-min Eyes Closed (EC), and a 6-min CPT. In the 
CPT, 125 letters were presented with an ISI of 2.5 s. Participants were 
asked to detect the occurrence of two consecutive identical letters. 
During the CPT, participants were asked to press the two buttons 
simultaneously (one under the left index finger and one under the right 
index finger). 

2.4. Statistics 

To determine the presence of SEB, the QEEGs of all participants were 
visually examined by the first and last author of this manuscript (NK and 
MA), blinded to diagnosis and behavioral scores. SEB presence was 
determined consistent with the definition proposed by Johnstone et al. 
(2005): “High frequency beta with a spindle morphology, often with an 
anterior emphasis” (Johnstone et al., 2005 p. 101) as well as the 
morphology published by Clarke et al. (2001). Both the raw EEG and 
quantitative EEG were inspected for SEB presence, and if applicable, 
peak frequency and maximum site of SEB were identified. The raw EEG 
was used for initial inspection, and the quantitative EEG was used to 
verify SEB presence using the following criteria: SEB should (a) be in 
excess based on Z-scores, (b) be present in the beta band (confined to 
15–40 Hz), (c) match the site of the observed SEB to the topography of 
the deviating Z-scores. Then, participants were divided according to SEB 
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presence: Category 0 (no SEB present), Category 1 (fast synchronous 
beta regularly present without a clear spindle morphology), or Category 
2 (SEB present). These categories are in line with Clarke et al. (2001), 
consisting of normal amplitude excess beta, high amplitude excess beta, 
and excess beta with frontal beta spindles. Examples of these three 
groups can be found in Fig. 1. 

Using the ADHD-RS, an impulsivity (IMP) scale was created, con-
sisting of item 19 (Blurt out answers), 21 (Difficulty waiting my turn), 
and 23 (Interrupt others), in line with Arns et al. (2015). Note that the 
IMP scale is a subscale of the ADHD-RS (which is composed of the 
hyperactivity/impulsivity (HYP) and Inattention (ATT) scale). However, 
it is calculated differently from the ATT and HYP scale, thus IMP cannot 
be compared to ATT or HYP. Also, given that the IMP scale is part of the 
HYP scale, HYP was not considered in this study. Behavioral differences 
were evaluated using a GLM Univariate, with a behavioral measure as a 
dependent variable, and SEB (No-SEB and SEB) and Sample (Insomnia 
and ADHD) as between-subject factors. The objectively measured CPT, 
False Positives (FP; a response was given when no response was 
required), and False Negatives (FN; no response was given when a 
response was required) were investigated in extension to the self-rated 
ADHD-RS, where specifically FP were considered to be indicative of 
impulse control problems. Other self-rated scales were used to investi-
gate sleep problems. These included the PSQI including its components 
(Subjective Sleep Quality (SSQ); Sleep Latency (SL); Sleep Duration 
(SDu); Habitual Sleep Efficiency (HSE); Sleep Disturbances (SDi); Use of 
Sleep Medication (USM); Daytime Dysfunction (DD)) and the HSDQ and 
its components (insomnia, parasomnia, Circadian Rhythm Sleep Disor-
der (CRSD), hypersomnia, Restless Legs Syndrome/Periodic Limb 
Movement Disorder (RLS/PLMD), Sleep Breathing Disorder (SBD)). The 
p-value was set at 0.05. In case of non-normality, potential results were 
confirmed using a nonparametric Mann-Whitney U, using SEB as an 

independent variable, and if applicable, separated by Sample. Effect 
sizes are reported using Cohen’s d. 

Analyses were performed using Category 0 (n = 47) and 2 (n = 32) 
only, confined to frontocentral SEB and adults in line with Arns et al. 
(2015). Eight participants with SEB at other sites were excluded. Two 
participants were excluded because of EMG contamination in the EEG. 
Descriptive statistics can be found in Table 1. Sample differences in 
frontocentral or SEB presentation were tested using Chi-square. Fron-
tocentral SEB representation did not differ between Samples (χ2(1, 
n = 79)= 1.440, p = .230). 

3. Results 

A One-Way ANOVA showed no significant age differences between 
participants with SEB (2) and No-SEB (0) (F(1,77) = 0.099, p = .754. 
No-SEB age range (yrs): 18–62, with average age: 38.7 (SD 13.2). SEB 
age range (yrs): 20–58, with average age: 37.8 (SD 12.0)). Therefore, age 
was not considered as a covariate in the analyses. There was a significant 
Sex difference between the two samples (χ2(1,n = 79) = 6.495, 

Fig. 1. Representative examples of what 
would be considered SEB (Category 2), 
synchronous beta (Category 1), and No-SEB 
(Category 0). The participant in category 2 
shows SEB primarily in electrodes Fp2, Fz, 
F4, F8, and FC4 (to a lesser extent, SEB can 
also be observed in electrodes F3, FC3, FCz, 
Cz, and C4). This participant had a peak 
frequency at 22 Hz and the main site of SEB 
was identified at electrode Fz. Category 1 
shows synchronous beta in electrodes F3, 
Fz, F4, FC3, FCz, C3, CP3, CPz, and to a 
lesser extent FC4, C4, CP4, P3, Pz, and P4. 
Peak frequency as identified at 22 Hz at site 
Cz. Category 0 shows No-SEB.   

Table 1 
Descriptive statistics of the sample considered in this study. The total (n = 79) 
sample consisted of adult participants with (n = 32) and without (n = 47) 
frontocentral SEB. A significant difference between samples was found for Sex 
(χ2(1,n = 79)= 6.495, p = .011)). No significant difference between samples 
was found for frontocentral SEB representation (χ2(1,n = 79)= 1.440, 
p = .230)).  

Metric Total (n = 79) ADHD (n = 48) Insomnia (n = 31) p 

Males (n (%)) 37 (46.8) 28 (58.3) 9 (29.0)  .011 
SEB (n (%)) 32 (40.5) 22 (45.8) 10 (32.3)  .230  

N. Krepel et al.                                                                                                                                                                                                                                  



Biological Psychology 165 (2021) 108188

4

p = .011), but no SEB representation differences were found between 
Sex (χ2(1,n = 79) = 0.216, p = .642) and thus this was not controlled 
for in the following analyses. 

The obtained results are summarized in Table 2. Analyses showed a 
significant main effect of SEB on IMP (F(1,72) = 15.899, p < .001, 
d = 0.87; Fig. 2), and FP on the CPT (F(1,66) = 4.051, p = .048, 
d = 0.55; Fig. 3). For IMP (F(1,72) = 14.578, p < .001, d = 1.02) a main 
effect of Sample was also found. No significant interactions between SEB 
and Sample were observed. FP were non-normally distributed, therefore 
non-parametric analyses were used to confirm the result. A Mann- 
Whitney U confirmed the result for the total sample (U(nNo_SEB = 42, 
nSEB = 28) = 410.00, z = − 2.293, p = .022). Spearman’s correlation 
showed no association between IMP and FP on the CPT (r(68) = 0.214, 
p = .079, r2 = 4.6%). 

Differences for SEB on sleep parameters were also examined 
(Table 2). PSQI (SDi) most closely resembles the sleep maintenance 
problems reported before (albeit in the original study sleep maintenance 
problems were defined as awakenings accompanied by having trouble 
falling back asleep, whereas items on PSQI (SDi) solely reflects awak-
enings). No differences between SEB and No-SEB were observed on the 
total sample (F(1,71) = 1.131, p = .291, d = − 0.20) and results were in 
the opposite direction as in the original study. For ADHD only, a sig-
nificant effect of PSQI (SL) was observed (F(1,44) = 8.787, p = .005, 
d = − 0.87). 

4. Discussion 

The current study reports a clear association between the presence of 
SEB and impaired levels of impulse control. This was found on both a 
self-rated as well as a neuropsychologically-defined scale. These effects 
were found in both an ADHD and an insomnia group, demonstrating that 
SEB represents a transdiagnostic feature related to impulse control 
problems. The current results replicate and extend on the earlier report 
(Arns et al., 2015). The effects observed concerned large effect sizes, and 
while the association held for the two different operationalizations of 
impulse control (self-reported and FP errors), the correlation between 
these two operationalizations was not significant. However, the associ-
ation between SEB and sleep maintenance problems could not be 

conceptually replicated, possibly due to the use of different sleep 
questionnaires. (Table 3). 

An important additional finding in the current study was that the 
presence of SEB reflects a transdiagnostic EEG property (reflected by a 
lack of Sample and SEB interactions visualized in Figs. 2 and 3). 
Remarkably, SEB presence was also related to more false positives errors 
on a CPT (d=0.55). This means that SEB was associated with impulse 
control problems on a subjective as well as an objective scale. These 
results are found consistently across different disorders and pose the 
suggestion that SEB may be considered an RDoC (Insel et al., 2010), 
given the relation between SEB and impulse control problems seems to 
reflect a neurobehavioral correlate without being confined to a specific 
diagnosis. Yet, the association between impulse control problems and 
sleep maintenance problems was not apparent in the current study. 
Specifically, participants showing SEB did not experience more sleep 
disturbances. An important note to this null-finding is that the ques-
tionnaire items in the current sample did not identically match the 
measures that showed to be significantly different in the original study, 
therefore, an accurate replication on this aspect could not be performed. 
No significant effects on sleep parameters were found, apart from SOL. 
In ADHD only, participants showing SEB reported having fewer prob-
lems with falling asleep, yet for Insomnia as well as full sample there was 
no significant difference between participants with and without SEB on 
SOL. These results are in line with the original study (Arns et al., 2015), 
specifically, the authors found that individuals with SEB did not differ 
from individuals showing no SEB on SOL. This is important because it is 
known that 70–80% of patients with ADHD have a delayed SOL, which 
may be related to their ADHD symptoms (Arns, Feddema, & Kenemans, 
2014; Bijlenga et al., 2013; Bijlenga, Vollebregt, Kooij, & Arns, 2019; 
Konofal, Lecendreux, & Cortese, 2010). This suggests that a qualitatively 
different subgroup in ADHD can be identified in which impulse control 
problems are related to SEB, but not to SOL. Of note, although there 
seem to be some differences between subjective and objective mea-
surements of sleep quality, SOL is a metric that is different between 
ADHD and controls on subjective as well as objective measurements 
(Cortese, Faraone, Konofal, & Lecendreux, 2009; Diaz-Roman, Mitchell, 
& Cortese, 2018). In the current study, SOL problems were pronounced 
in ADHD (on average 35.6 (SD 24.2) minutes before falling asleep) and 

Table 2 
An overview of GLM Univariate analyses using a behavioral measure as dependent variable, and Sample (Insomnia and ADHD) and SEB (No-SEB and SEB) as between- 
subject factors. Significant (p ≤ .05) Sample effects are indicated with * . Significant (p ≤ .05) Sample X SEB interactions are indicated with #. Significant main effects 
of SEB can be found in IMP (F(1,72) = 15.899, p < .001, d = 0.87) and FP on the CPT (F(1,66) = 4.051, p = .048, d = 0.55). For FP on the CPT, a Mann-Whitney U 
confirmed the result for the total sample (U(nNo_SEB = 42, nSEB = 28) = 410.000, z = − 2.293, p = .022). A significant main effect of SEB in the ADHD sample only was 
found on PSQI (SL) (F(1,44) = 8.787, p = .005, d = − 0.87). Note: the IMP scale is a subscale of the ADHD-RS (which compose HYP and ATT), but it is differently 
calculated than the ATT and HYP scale. Therefore, IMP cannot be compared to ATT and HYP. Also, since the IMP scale is part of the HYP scale, HYP is not considered. 
T = Total sample, A = ADHD sample, I = Insomnia sample.   

SEB present No SEB present p ES (d)  

T A I T A I T A I T A I 

ATT*# 5.5 (2.6) 6.4 (1.6) 3.6 (3.2) 5.1 (3.3) 7.2 (1.7) 2.2 (2.6) .553  .107  .202  .15  -0.48  .49 
IMP* 5.7 (2.2) 6.0 (2.1) 4.9 (2.4) 3.5 (2.7) 4.8 (2.5) 1.8 (1.8) <0.001  .079  .001  .87  .53  1.46 
FPWM 1.4 (1.4) 1.5 (1.3) 1.1 (1.7) 0.7 (1.1) 1.0 (1.2) 0.5 (0.8) .048  .148  .164  .55  .46  .50 
FNWM* 2.2 (2.0) 2.6 (2.2) 1.3 (1.4) 1.5 (1.7) 2.3 (1.9) 0.7 (0.9) .260  .633  .133  .36  .15  .57 
PSQI total* 9.8 (5.1) 7.9 (4.9) 14.1 (2.2) 11.4 (4.1) 9.2 (2.9) 14.3 (3.7) .437  .285  .899  -0.33  -0.31  -0.05 
PSQI (SSQ)* 1.8 (0.9) 1.6 (0.9) 2.4 (0.7) 2.0 (0.7) 1.8 (0.7) 2.2 (0.6) .826  .249  .465  -0.20  -0.34  .29 
PSQI (SL)*# 1.6 (1.1) 1.2 (1.1) 2.4 (0.7) 2.1 (1.0) 2.1 (0.9) 2.1 (1.0) .268  .005  .347  -0.46  -0.87  .40 
PSQI (SDu)* 1.1 (1.1) 0.7 (0.9) 2.0 (0.9) 1.4 (1.2) 0.6 (0.8) 2.4 (0.7) .396  .770  .181  -0.25  .09  -0.51 
PSQI (HSE)* 1.1 (1.2) 0.5 (1.0) 2.3 (0.7) 1.5 (1.3) 0.7 (1.0) 2.4 (1.0) .501  .512  .726  -0.28  -0.20  -0.15 
PSQI (SDi) 1.3 (0.5) 1.3 (0.6) 1.3 (0.5) 1.4 (0.5) 1.3 (0.5) 1.6 (0.6) .291  .729  .142  -0.20  .10  -0.61 
PSQI (USM)* 1.2 (1.4) 0.8 (1.3) 2.1 (1.0) 1.3 (1.4) 1.0 (1.3) 1.7 (1.4) .677  .701  .406  -0.03  -0.11  .35 
PSQI (DD) 1.5 (0.9) 1.5 (1.0) 1.6 (0.7) 1.7 (0.8) 1.6 (0.7) 1.8 (0.8) .368  .622  .441  -0.23  -0.15  -0.32 
HSDQ total* 2.1 (0.5) 2.0 (0.6) 2.3 (0.4) 2.2 (0.5) 2.0 (0.4) 2.3 (0.5) .817  .956  .794  -0.17  -0.02  -0.11 
Insomnia* 3.3 (1.2) 2.9 (1.2) 4.1 (0.8) 3.5 (0.9) 3.1 (0.8) 3.8 (0.8) .876  .592  .382  -0.16  -0.19  .36 
Parasomnia 1.5 (0.6) 1.5 (0.7) 1.4 (0.4) 1.5 (0.6) 1.5 (0.4) 1.5 (0.7) .703  .834  .758  -0.09  -0.08  -0.14 
CRSD` 2.4 (1.0) 2.1 (0.9) 2.8 (1.0) 2.6 (0.8) 2.4 (0.6) 2.8 (1.0) .673  .336  .863  -0.24  -0.35  .07 
Hypersomnia 1.7 (0.7) 1.9 (0.7) 1.4 (0.7) 1.6 (0.7) 1.6 (0.8) 1.7 (0.6) .947  .287  .358  .10  .38  -0.37 
RLS/PLMD 1.9 (0.8) 1.9 (0.9) 1.8 (0.7) 1.9 (0.8) 1.8 (0.7) 1.9 (0.9) .992  .516  .587  .02  .23  -0.23 
SBD 1.6 (0.5) 1.6 (0.5) 1.7 (0.4) 1.9 (0.6) 1.9 (0.6) 1.8 (0.6) .090  .076  .505  -0.49  -0.65  -0.29  
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even more pronounced in Insomnia (on average 47.0 (SD 33.6) minutes 
before falling asleep). 

The current study confined analyses to frontocentral SEB, as did the 
original study (Arns et al., 2015). When broadening the analysis to 
include all SEB irrespective of site, results tended to be less pronounced 
or even disappear, which was also reported by Arns et al. (2015), thus 
suggesting site specificity for this association. Frontocentral SEB may be 
associated with impulse control problems, whereas SEB located else-
where may have other behavioral correlates. A meta-analysis by Hart, 
Radua, Nakao, Mataix-Cols, and Rubia (2013), investigating fMRI 
studies in inhibition and attention in patients with ADHD, showed that 
for inhibition, lower activity in the right inferior frontal cortex, 

supplementary motor area (SMA), anterior cingulate cortex (ACC), and 
striato-thalamic areas was observed. Lower activity in these areas sug-
gests a potential thalamo-cortical network that may be maintaining in-
hibition problems in patients with ADHD (Hart et al., 2013). The current 
results are in line with this notion and suggest a possible 
thalamo-cortical or thalamo-cingulate beta network that could be 
related to impulse control. Interestingly, another fMRI study found that, 
in boys, the right ventromedial prefrontal cortex (vmPFC) was a sig-
nificant predictor of parent- and teacher-reported impulse control rat-
ings. The authors also found a trend-level effect for the right ACC and a 
negative correlation between impulse control ratings and right vmPFC 
volume (Boes et al. 2009). Future studies should investigate this further 
by combining CPT with neuroimaging methods such as fMRI or MEG, 
such that the objectively measured impulse control problems may be 
linked to a (dys)functional network involving the areas previously 
described. 

Also, given the current transdiagnostic results, future studies should 
investigate the presence of SEB in disorders that are characterized by 
impulse control problems, such as pathological gambling, kleptomania, 
skin picking, and compulsive-impulsive shopping (Dell’Osso, Altamura, 
Allen, Marazziti, & Hollander, 2006; J. E. Grant & Potenza, 2004). The 
earlier study reported increased moodiness and temper tantrums in 
children with SEB (Clarke et al., 2001), both of which seem to be in 
agreement with the underlying concept of impulse control problems. 
Hypothetically speaking, if SEB shows to be a transdiagnostic RDoC, as 
the current results seem to suggest, SEB and its relation to impulse 
control problems would be similar in various disorders. An association 
between impulse control disorders and obsessive-compulsive disorder 
has also been studied (Dell’Osso et al., 2006) and another study that 
investigated the responsiveness of OCD patients to rTMS found that 

Fig. 2. GLM Univariate using IMP as dependent variable and Sample and SEB as between-subject factors. A significant main effect of SEB was observed (F(1,72) =
15.899, p < .001, d = 0.87), as well as a significant Sample effect (F(1,72) = 14.578, p < .001, d = 1.02). There were no significant Sample X SEB effects. 

Fig. 3. GLM Univariate using FP (CPT) as dependent variable and Sample (Insomnia and ADHD) and SEB (No-SEB and SEB) as between-subject factors. A significant 
main effect of SEB was observed (F(1,66) = 4.051, p = .048, d = 0.55). No Sample effect was observed, nor was there a significant Sample X SEB effect. A Mann- 
Whitney U confirmed the result for the total sample (U(nNo_SEB = 42, nSEB = 28) = 376.500, z = − 2.293, p = .022). 

Table 3 
Table comprising often-used terms and their abbreviations.  

Abbreviation Full name 

SOL Sleep Onset Latency 
ADHD-RS Attention-Deficit/Hyperactivity Disorder-Rating Scale 
IMP Impulsivity 
PSQI Pittsburgh Sleep Quality Index 
SSQ Subjective Sleep Quality (subcomponent of PSQI) 
SL Sleep Latency (subcomponent of PSQI) 
SDu Sleep Duration (subcomponent of PSQI) 
HSE Habitual Sleep Efficiency (subcomponent of PSQI) 
SDi Sleep Disturbances (subcomponent of PSQI) 
USM Use of Sleep Medication (subcomponent of PSQI) 
DD Daytime Dysfunction (subcomponent of PSQI) 
HSDQ Holland Sleep Disorders Questionnaire 
CPT Continuous Performance Task 
FP False Positives(s) 
FN False Negative(s)  
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individuals with OCD showed increased levels of sleep disturbances. 
More so, individuals who did not respond to rTMS showed even higher 
levels of sleep disturbances compared to responders. Also, a model based 
on Circadian Rhythm Sleep Disorder (CRSD) could accurately predict 
rTMS non-response, whereas a model based on insomnia could not 
(Donse, Sack, Fitzgerald, & Arns, 2017). This further underlines the 
possible association between sleep and impulse control problems in a 
relevant subgroup. 

4.1. Next steps 

An important aspect of this paper is the detection of SEB, which 
currently can only be performed visually by expert ratings. This 
constriction poses some issues, and automatization of EEG feature 
detection may show to be a promising venture for the future. Although 
focused on clinical diagnoses rather than EEG feature detection, Gemein 
et al. (2020) explain in their report that the evaluation of clinical EEGs is 
often time-consuming, requires years of training, and the diagnostic 
accuracy is limited by several aspects. These limitations include a de-
pendency of training and experience of the evaluator, consistency of 
rating over time, different filter settings (e.g., the definition of targeted 
frequency bands), and unclear potential changes thresholding criteria 
(Gemein et al., 2020). Additionally, a study investigating interrater 
reliability on clinical EEG interpretation found that agreement among 
experts was moderate (Grant et al., 2014). Automatization of feature 
detection in EEGs may help solve these limitations and contradictions. 
We propose that a similar case can be made for the detection of SEB, in 
that the current study can establish the foundation for future research 
and can suggest automatization of feature detection in EEGs. Given the 
initial results reported by Arns et al. (2015), the association between 
impulse control problems, sleep, and possibly other domains, may shed 
light on symptom presentation in disorders in which the SEB-impulse 
control mechanism seems to be a contributing factor. Automated SEB 
detection will reduce SEB detection time in comparison to current 
detection methods (i.e., manual scoring) which allows for multiple ad-
vantages. These could include the use of larger samples and examining 
SEB in other labs’ samples (possibly extending to multi-site findings), 
which are important factors in determining the replicability and 
robustness of a given finding (Maxwell, Lau, & Howard, 2015; Simons, 
2014). 

Fernandez and Luthi (2020) highlight some ways automatization of 
spindle detection can be improved. Although that paper concerns sleep 
spindles (which are confined to a lower frequency range and usually are 
visible in NREM sleep), Fernandez and Luthi (2020) explain that spindle 
detection can be automated using a fixed thresholding approach (using a 
fixed frequency range, amplitude threshold, and duration threshold), an 
adaptive thresholding approach (a similar approach as in fixed thresh-
olding but adjusted for possible external influences), a time-frequency 
analysis (using continuous wavelet analysis for simultaneous fre-
quency and temporal occurrence of spindles), and intracranial re-
cordings (Fernandez & Luthi, 2020). Machine learning-based detection 
may also show to be of use in the future. Accurate sleep spindle detection 
using machine learning-based detection methods is relatively well rep-
resented in the literature (e.g., (Chambon, Thorey, Arnal, Mignot, & 
Gramfort, 2018; Kulkarni et al., 2019; Sokolovsky, Guerrero, Pai-
sarnsrisomsuk, Ruiz, & Alvarez, 2020)) and results are promising. Given 
the relative visual similarities between sleep spindles and SEB, future 
studies may consider machine learning as a way to automate SEB 
detection. 

4.2. Limitations 

While interpreting the results of this study one should keep in mind 
the following limitations. Both the ADHD and Insomnia studies were 
open-labeled, therefore potential non-specific influences cannot be ruled 
out. ADHD data were gathered naturalistically. Medication usage was 

not controlled. Benzodiazepines and barbiturates are known to increase 
the presence of beta (Blume, 2006), which may have potentially influ-
enced the current results. However, this does not seem likely since when 
analyses were repeated on participants who were not using benzodiaz-
epines or barbiturates, the results did not change. Furthermore, the 
scoring of SEB was limited insofar that some participants were catego-
rized as synchronous beta or indefinite SEB presence (synchronous beta 
without spindle morphology). These participants were omitted from the 
current analyses. Future detection tools should aim to be developed so 
that doubtful cases can be accurately categorized into SEB or No-SEB. 

4.3. Conclusion 

This study has shown that participants exhibiting frontocentral SEB 
show higher levels of impulse control problems. This finding was 
apparent for a subscale of the self-rated ADHD-RS, as well as for per-
formance on an objective CPT (measured by more false positive re-
sponses in participants showing frontocentral SEB). The relation 
between sleep parameters and frontocentral SEB presentation could not 
be established. The results partially replicate earlier results communi-
cated by Arns et al. (2015). Future studies should aim to automate SEB 
detection and disentangle the association between frontocentral SEB, 
impulse control problems, sleep, and potentially other related factors. 

Disclosures 

MA is unpaid chairman of the Brainclinics Foundation, a minority 
shareholder in neuroCare Group (Munich, Germany), and a co-inventor 
on 4 patent applications related to EEG, neuromodulation and psycho-
physiology, but receives no royalties related to these patents; Research 
Institute Brainclinics received research funding from Brain Resource 
(Sydney, Australia), Urgotech (France) and neuroCare Group (Munich, 
Germany), and equipment support from Deymed, neuroConn and 
Magventure. 

CRedit authorship contribution statement 

MA and NK conceptualized the study and performed the SEB clas-
sification, NK managed the literature search, performed the analyses, 
and wrote the first draft of the manuscript. All other authors contrib-
uted, reviewed, and approved the final manuscript. 

Acknowledgements 

We would like to acknowledge Jay Gunkelman for his initial teach-
ings and inspiration on beta spindles, Helena Voetterl, Rosalinde van 
Ruth, Vera Kruiver, Tommy Egtberts, Eva de Valcke, Myrthe van Eerdt, 
Joris van Neijenhof, Monique Verhallen, Inge Janssen-Bouwmeester, 
Renée Rouwhorst, Iris van Oostrom, Marleen Stam and Nicole van 
Merode for support and collecting the data used in this study. We also 
would like to acknowledge Rebecca White and Annie Bernica for 
reviewing and providing feedback on the manuscript. 

NK, HvD, ATS, and RJS report no conflicts of interest. 

References 

Arns, M., Bruder, G., Hegerl, U., Spooner, C., Palmer, D. M., Etkin, A., … Gordon, E. 
(2016). EEG alpha asymmetry as a gender-specific predictor of outcome to acute 
treatment with different antidepressant medications in the randomized iSPOT-D 
study. Clinical Neurophysiology, 127(1), 509–519. https://doi.org/10.1016/j. 
clinph.2015.05.032 

Arns, M., Feddema, I., & Kenemans, J. L. (2014). Differential effects of theta/beta and 
SMR neurofeedback in ADHD on sleep onset latency. Frontiers in Human 
Neuroscience, 8, 1019. https://doi.org/10.3389/fnhum.2014.01019 

Arns, M., Gunkelman, J., Breteler, M., & Spronk, D. (2008). EEG phenotypes predict 
treatment outcome to stimulants in children with ADHD. Journal of Integrative 
Neuroscience, 7(3), 421–438. 

N. Krepel et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/j.clinph.2015.05.032
https://doi.org/10.1016/j.clinph.2015.05.032
https://doi.org/10.3389/fnhum.2014.01019
http://refhub.elsevier.com/S0301-0511(21)00181-2/sbref3
http://refhub.elsevier.com/S0301-0511(21)00181-2/sbref3
http://refhub.elsevier.com/S0301-0511(21)00181-2/sbref3


Biological Psychology 165 (2021) 108188

7

Arns, M., Gunkelman, J., Olbrich, S., Sander, C., & Hegerl, U. (2011). EEG Vigilance and 
phenotypes in neuropsychiatry: Implications for intervention. In Neurofeedbackand 
neuromodulation techniques and applications (pp. 79–123). 

Arns, M., & Kenemans, J. L. (2014). Neurofeedback in ADHD and insomnia: Vigilance 
stabilization through sleep spindles and circadian networks. Neuroscience and 
Biobehavioral Reviews, 44, 183–194. https://doi.org/10.1016/j. 
neubiorev.2012.10.006 

Arns, M., Swatzyna, R. J., Gunkelman, J., & Olbrich, S. (2015). Sleep maintenance, 
spindling excessive beta and impulse control: An RDoC arousal and regulatory 
systems approach? Neuropsychiatric Electrophysiology, 1(5), 1–11. https://doi.org/ 
10.1186/s40810-015-0005-9 

Bijlenga, D., van der Heijden, K. B., Breuk, M., van Someren, E. J., Lie, M. E., 
Boonstra, A. M., … Kooij, J. J. (2013). Associations between sleep characteristics, 
seasonal depressive symptoms, lifestyle, and ADHD symptoms in adults. Journal of 
Attention Disorders, 17(3), 261–275. https://doi.org/10.1177/1087054711428965 

Bijlenga, D., Vollebregt, M. A., Kooij, J. J. S., & Arns, M. (2019). The role of the circadian 
system in the etiology and pathophysiology of ADHD: Time to redefine ADHD? 
ADHD Attention Deficit and Hyperactivity Disorders, 11, 5–19. https://doi.org/ 
10.1007/s12402-018-0271-z 

Blume, W. T. (2006). Drug effects on EEG. Journal of Clinical Neurophysiology, 23(4), 
306–311. 

Boes, A. D., Bechara, A., Tranel, D., Anderson, S. W., Richman, L., & Nopoulos, P. (2009). 
Right ventromedial prefrontal cortex: a neuroanatomical correlate of impulse control 
in boys. Social Cognitive and Affective Neuroscience, 4(1), 1–9. https://doi.org/ 
10.1093/scan/nsn035 

Chabot, R. J., & Serfontein, G. (1996). Quantitative electroencephalographic profiles of 
children with attention deficit disorder. Biological Psychiatry, 40, 951–963. 

Chambon, S., Thorey, V., Arnal, P., Mignot, E., & Gramfort, A. (2018). A deep learning 
architecture to detect events. In EEG signals during sleep. arXiv preprintarXiv: 
1807.05981v1. 

Clark, C. R., Paul, R. H., Williams, L. M., Arns, M., Fallahpour, K., Handmer, C., & 
Gordon, E. (2006). Standardized assessment of cognitive functioning during 
development and aging using an automated touchscreen battery. Archives of Clinical 
Neuropsychology, 21(5), 449–467. https://doi.org/10.1016/j.acn.2006.06.005 

Clarke, A. R., Barry, R. J., Dupuy, F. E., McCarthy, R., Selikowitz, M., & Johnstone, S. J. 
(2013). Excess beta activity in the EEG of children with attention-deficit/ 
hyperactivity disorder: A disorder of arousal? International Journal of 
Psychophysiology, 89(3), 314–319. https://doi.org/10.1016/j.ijpsycho.2013.04.009 

Clarke, A. R., Barry, R. J., McCarthy, R., & Selikowitz, M. (2001). Excess beta activity in 
children with attention-deficit? Hyperactivity disorder: an atypical 
electrophysiological group. Psychiatry Research, 103, 205–218. 

Cortese, S., Faraone, S. V., Konofal, E., & Lecendreux, M. (2009). Sleep in children with 
attention-deficit/hyperactivity disorder: Meta-analysis of subjective and objective 
studies. Journal of the American Academy of Child and Adolescent Psychiatry, 48(9), 
894–908. https://doi.org/10.1097/CHI.0b013e3181ac09c9 

Cuthbert, B. N., & Insel, T. R. (2013). Toward the future of psychiatric diagnosis: the 
seven pillars of RDoC. BMC Medicine, 11(126), 126. 

Dell’Osso, B., Altamura, A. C., Allen, A., Marazziti, D., & Hollander, E. (2006). 
Epidemiologic and clinical updates on impulse control disorders: A critical review. 
European Archives of Psychiatry and Clinical Neuroscience, 256(8), 464–475. https:// 
doi.org/10.1007/s00406-006-0668-0 

Diaz-Roman, A., Mitchell, R., & Cortese, S. (2018). Sleep in adults with ADHD: 
Systematic review and meta-analysis of subjective and objective studies. 
Neuroscience & Biobehavioral Reviews, 89, 61–71. https://doi.org/10.1016/j. 
neubiorev.2018.02.014 

Donse, L., Sack, A. T., Fitzgerald, P. B., & Arns, M. (2017). Sleep disturbances in 
obsessive-compulsive disorder: Association with non-response to repetitive 
transcranial magnetic stimulation (rTMS). Journal of Anxiety Disorders, 49, 31–39. 
https://doi.org/10.1016/j.janxdis.2017.03.006 

Fernandez, L. M. J., & Luthi, A. (2020). Sleep spindles: Mechanisms and functions. 
Physiological Reviews, 100(2), 805–868. https://doi.org/10.1152/ 
physrev.00042.2018 

Gemein, L. A. W., Schirrmeister, R. T., Chrabaszcz, P., Wilson, D., Boedecker, J., Schulze- 
Bonhage, A., … Ball, T. (2020). Machine-learning-based diagnostics of EEG 
pathology. NeuroImage, 220, Article 117021. https://doi.org/10.1016/j. 
neuroimage.2020.117021 

Grant, A. C., Abdel-Baki, S. G., Weedon, J., Arnedo, V., Chari, G., Koziorynska, E., … 
Omurtag, A. (2014). EEG interpretation reliability and interpreter confidence: A 
large single-center study. Epilepsy & Behavior, 32, 102–107. https://doi.org/ 
10.1016/j.yebeh.2014.01.011 

Grant, J. E., & Potenza, M. N. (2004). Impulse control disorders: Clinical characteristics 
and pharmacological management. Annals of Clinical Psychiatry, 16(1), 27–34. 
https://doi.org/10.1080/10401230490281366 

Greneche, J., Krieger, J., Erhardt, C., Bonnefond, A., Eschenlauer, A., Muzet, A., & 
Tassi, P. (2008). EEG spectral power and sleepiness during 24 h of sustained 
wakefulness in patients with obstructive sleep apnea syndrome. Clinical 
Neurophysiology, 119(2), 418–428. https://doi.org/10.1016/j.clinph.2007.11.002 

Gronli, J., Rempe, M. J., Clegern, W. C., Schmidt, M., & Wisor, J. P. (2016). Beta EEG 
reflects sensory processing in active wakefulness and homeostatic sleep drive in 
quiet wakefulness. Journal of Sleep Research, 25(3), 257–268. https://doi.org/ 
10.1111/jsr.12380 

Hart, H., Radua, J., Nakao, T., Mataix-Cols, D., & Rubia, K. (2013). Meta-analysis of 
functional magnetic resonance imaging studies of inhibition and attention in 
attention-deficit/hyperactivity disorder: Exploring task-specific, stimulant 
medication, and age effects. JAMA Psychiatry, 70(2), 185–198. https://doi.org/ 
10.1001/jamapsychiatry.2013.277 

Insel, T., Cuthbert, B., Garvey, M., Heinssen, R., Pine, D. S., Quinn, K., … Wang, P. 
(2010). Research domain criteria (RDoc): Toward a new classification framework for 
research on mental disorders. American Journal of Psychiatry, 167(7), 748–751. 
https://doi.org/10.1176/appi.ajp.2010.09091379 

Johnstone, J., Gunkelman, J., & Lunt, J. (2005). Clinical database development: 
Characterization of EEG phenotypes. Clinical EEG and Neuroscience, 36(2), 99–107. 

Konofal, E., Lecendreux, M., & Cortese, S. (2010). Sleep and ADHD. Sleep Medicine, 11(7), 
652–658. https://doi.org/10.1016/j.sleep.2010.02.012 

Krepel, N., Egtberts, T., Sack, A. T., Heinrich, H., Ryan, M., & Arns, M. (2020). 
A multicenter effectiveness trial of QEEG-informed neurofeedback in ADHD: 
Replication and treatment prediction. NeuroImage Clinical, 28, Article 102399. 
https://doi.org/10.1016/j.nicl.2020.102399 

Kubicki, S., & Ascona, A. (1983). Bases genetiques des modeles beta de l′EEG du sujet 
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