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Abstract 

Background:  The aim of the present study was to evaluate the stability of brain arousal in adult attention-deficit/
hyperactivity disorder (ADHD) outpatients with and without depressive symptomatology, and its association with 
depressive symptom severity and absolute electroencephalogram (EEG) power in different frequency bands.

Methods:  We included 31 outpatient adults (45.16% females), who were diagnosed according to DSM-IV and 
received no medication. Their arousal stability score (index of the steepness of arousal decline during a 15-min EEG 
under resting conditions), the absolute EEG power and self-reports, including depressive and ADHD-related symp-
toms, were analyzed. Participants were split into an unstable and stable arousal group based on the median (= 6) of 
the arousal stability score.

Results:  ADHD patients in the stable group reported more severe depressive symptoms (p = 0.018) and showed 
reduced absolute EEG power in the delta (0.002 ≤ p ≤ 0.025) and theta (0.011 ≤ p ≤ 0.034) bands compared to those 
in the unstable group. There was no correlation between the arousal stability score and self-report-scales concern-
ing ADHD-related symptoms (0.214 ≤ p ≤ 0.989), but a positive association with self-reported depressive severity 
(p = 0.018) and negative association with powers in the EEG delta and theta bands (0.001 ≤ p ≤ 0.033).

Conclusions:  In view of high comorbidity of depression and ADHD in adult patients, these findings support the 
assumption that brain arousal regulation could be considered as a helpful marker for the clinical differentiation 
between ADHD and depression.
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Background
Attention-deficit/hyperactivity disorder (ADHD) is a 
psychiatric disorder with childhood-onset, characterized 
by symptoms of inattention, emotional instability and/
or hyperactivity/impulsivity, affecting daily function-
ing in at least two life areas. It persists into adulthood 
with pooled prevalence of 2.5% [1]. ADHD is also com-
monly associated with different comorbidities, particu-
larly major depression disorder (MDD). A recent 1-year 

follow-up study reported that the rate of comorbid MDD 
in adult ADHD patients may be as high as 92.9%, based 
on a German sample [2]. Given the high prevalence of 
depressive comorbidity, the differential diagnosis might 
be challenging for clinicians. Furthermore, ADHD with 
depressive symptoms is associated with higher demands 
for previous mental health care, and it may be accompa-
nied more frequently by generalized anxiety disorder and 
social phobia [3]. Treatment approaches should there-
fore depend on diagnostic assessment [4, 5], and existing 
severe mental health disorders, e.g. depression [6, 7]. All 
these findings highlight the necessity of improved diag-
nosis. Until now, objective markers, which could improve 
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differential diagnosis, are missing in standard clinical 
care.

It is commonly accepted that an individual with ADHD 
is hypoaroused. This concept was firstly described by Sat-
terfield and Dawson [8] illustrating a lower skin conduct-
ance level in ADHD patients relative to a healthy control 
group under resting conditions, and subsequently sup-
ported by the following empirical studies [9–13].

Electroencephalography (EEG) is another objective 
measurement for the electric activity of the brain. There 
is increasing interest using EEG-measures as diagnostic 
tools in ADHD patients [14]. Several EEG studies have 
also reported hypoarousal in ADHD in obtaining ele-
vated slow brain activities, especially theta activity, and 
elevated beta activity or theta-beta ratio [14, 15]. How-
ever, more recent studies failed to replicate previous find-
ings when other comorbidities in ADHD patients were 
considered. Kim et al. [16] identified decreased absolute 
theta power in ADHD with problematic internet use as 
compared to pure ADHD, but not between ADHD with 
depressive symptoms and other groups. Loo et  al. [17] 
suggested the mediating effects of comorbidities on the 
quantitative EEG based on their opposite findings to 
the most consistent EEG finding in ADHD, i.e. lessened 
instead of elevated theta beta ratio in ADHD patients. 
The depressive symptomology might also draw effects on 
EEG outcomes. So far, the important issue of comorbid 
depressive symptoms in ADHD has not been adequately 
addressed and remains controversial.

As mentioned above, the hypoarousal in ADHD has 
well been documents for many years not only upon skin 
conductance level but also EEG. In this context, the brain 
arousal regulation model [18, 19] has been developed and 
picked up in this paper.

The term brain arousal in this paper is used as syn-
onym for cortical arousal. It refers to a dimension of 
functional brain states comprising different levels of 
wakefulness and sleep [20–22]. The regulation of brain 
arousal denotes its adaptation to situational require-
ments. For example, arousal must be increased in case 
of potential danger, maintained during cognitive task 
or reduced at bed time. The dysregulations of brain 
arousal, (i.e. rapid downregulation of arousal to a low 
level, termed as unstable arousal regulation; or the 
lack of downregulation, termed as hyperstable arousal 
regulation) during the EEG recording period (usually 
15–20  min), may correspond to certain psychiatric 
disorders. Recently, unstable arousal regulation over a 
short period of time in adult ADHD is determined in 
an empirical EEG study [23]. Therein, the hyperactiv-
ity and sensation seeking in ADHD is interpreted as 
autoregulatory behavior attempting to stabilize unsta-
ble arousal regulation. Conversely, a hyperstable brain 

arousal regulation was demonstrated and replicated in 
patients with MDD [24–26]. The EEG-related construct 
of brain arousal has been has been examined as diag-
nostic and/or predictive marker in patients suffering 
from ADHD [23] or MDD [24–27]. So far the relation-
ship between the regulation of brain arousal and the 
depressive symptom has not been studied in ADHD 
adults.

The locus coeruleus-norepinephrine (LC-NE) system 
plays a critical role in the modulation of alterations in 
neuronal activity that are reflected in EEG signals [28–
30] permitting the assumption of a relationship between 
the LC-NE system and the impairment in attention and 
behavioral control in ADHD patients, as evidenced in 
several studies [31–33]. Further, animal models provided 
direct evidence for the involvement of the LC-NE system 
in ADHD-associated behaviors [34]. In a recent review, 
ADHD is hypothesized as trait hypoarousal resulting 
from decreased tonic activity of the LC-NE system [35]. 
In another review, hyperarousal symptoms can be mani-
fested at children with co-occurred ADHD and post-
traumatic stress disorder [36], which could be attributed 
to the hyperaroused LC-NE system. Thus, considering 
the overlapped symptoms between MDD and posttrau-
matic stress disorder liking emotional disturbance and 
avoidance behaviors, together with the ambiguous find-
ings regarding EEG measurements, especially when the 
comorbidity in ADHD patients is considered and the 
empirical findings in the framework of brain arousal reg-
ulation model, we suppose that there might also patients 
showing (hyper)stable arousal regulation in adult ADHD, 
relating to depressive symptomology.

The level and the regulation of brain arousal can be 
objectively assessed by a freely downloadable EEG-based 
algorithm, the Vigilance Algorithm Leipzig (VIGALL 
2.1) [37], which has been widely validated [20–22, 38–
41]. VIGALL attributes automatically one out of seven 
EEG-vigilance stages—indexing different level of brain 
arousal (see Table  1)—to each 1-s EEG segment across 
entire EEG period, the regulation of brain arousal is illus-
trated by arousal stability score [38], describing temporal 
dynamics of EEG-vigilance stages and steepness of brain 
arousal decline in each individual over a set EEG record-
ing period in a resting condition without any mental and 
motor task. All subjects were either assigned to unsta-
ble or stable arousal regulation group depending on the 
arousal stability score.

Moreover, we also aimed to test differences in ADHD 
and depressive symptoms between groups with unsta-
ble and stable brain arousal. Additionally, absolute EEG 
power based on the entire resting EEG in different fre-
quency bands was analyzed and compared between 
groups.
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Methods
Subjects
The sample consisted of 31 unmedicated and drug-free 
adult outpatients (14 females) recruited at the ADHD 
outpatient clinic of the University Hospital in Leip-
zig between the ages of 19 and 48 (mean age = 33.42, 
SD = 7.06). All ADHD patients had been carefully diag-
nosed by ADHD-experienced psychiatrists and psycholo-
gists according to the diagnostic and statistical manual of 
mental disorder 4th edition (DSM-IV) and had no known 
physical or neurological diseases. All patients gave their 
written informed consent. The protocol was reviewed 
and approved by the local ethics committee of the Uni-
versity of Leipzig (199-13-15072013). This research was 
conducted in accordance with the Helsinki Declaration 
as revised 1989.

Measurements
For the purpose of subjective evaluation of ADHD-
related symptoms, a set of measurements was used 
during the patient visits at the outpatient clinic: Ger-
man version of Conners’ Adults ADHD rating scale-self: 
long version (CAARS-S:L) [42] containing 66 Items in 8 
subscales providing a comprehensive evaluation of the 
presence and severity of ADHD symptoms. Items from 
the three subscales directly in accordance with DSM-IV 
criteria were further included in analyses of this study: 
DSM-inattention (DSM-IA), DSM-hyperactivity/impul-
sivity (DSM-HYI) and DSM-global (DSM-G). The items 
from the other 5 subscales are associated to ADHD 
symptoms, however, not specifically defined in DSM-IV 
criteria and were thus excluded. Age- and gender-based 

standardized T-scores resulting from these subscales 
were calculated and used in this study. A T-score over 
70 indicates a high clinical significance of the respective 
symptom. Moreover, the German version of Adult ADHD 
self-report scale (ASRS-v1.1) [43] symptom checklist with 
totally 18 items in part A (6 items) and B (12 items) were 
utilized, which are consistent with DSM-IV criteria and 
provide an insight into the main symptoms. The frequen-
cies in each part and its total value based on statements 
from 0 (never) to 4 (very frequently) are reported in this 
study. The Wender Utah rating scale was used for the ret-
rospective diagnosis of ADHD in childhood. The German 
short version with 25 items (WURS-K) [44] was applied, 
the sum scores from 21 items evaluated on a five-point 
scale each are reported in this study. Depressive symp-
tom severity was assessed by the Beck Depression Inven-
tory-II (BDI-II) [45] composed of 21 questions. A sum 
score over the cutoff of 13 indicates the existence of mild 
depressive symptoms.

EEG recording and pre‑processing
EEG was recorded in a dimmed and sound attenuated 
room. The room temperature was maintained at around 
25 degrees Celsius. At the beginning of the recording 
all participants were placed in a semi-supine position. 
An eyes-open-close-task followed by a mental calcula-
tion task was conducted to confirm that all participants 
had the same baseline level of wakefulness. Thereafter, 
a resting EEG in eyes-closed condition was collected 
for 15  min. The participants were instructed to follow 
their natural course of brain arousal; they were explic-
itly allowed to fall asleep. The EEG was recorded with 
Ag/AgCl electrodes using a QuickAmp amplifier (Brain 

Table 1  EEG description for  EEG-vigilance stage and  operational definition of  arousal stability score and  assessment 
criteria

SEM slow eye movement

EEG-
vigilance 
stage

EEG description Arousal 
stability 
score

Operational definition Criterion

0 Low amplitude, desynchronized non-alpha 
EEG without horizontal SEM

11 Unique occurrence of 0 and A1 More than 2/3 of all segments are attributed 
as 0/A1 or 0/A stages10 Unique occurrence of 0 and A

A1 Occipital dominant alpha 9 Stage B1 in third 5 min At least 1/3 of all segments are attributed as 
stage B1A2 Shift of alpha to central and frontal areas 8 Stage B1 in second 5 min

A3 Continued frontalization of alpha 7 Stage B1 in first 5 min

B1 Low amplitude, desynchronized EEG with 
horizontal SEM

6 Stage B2/3 in third 5 min At least 1/3 of all segments are attributed as 
stage B2/35 Stage B2/3 in second 5 min

B2/3 Dominant delta and theta 4 Stage B2/3 in first 5 min

C Occurrence of K-complex and sleep 
spindles

3 Stage C in third 5 min Occurrence of stage C

2 Stage C in second 5 min

1 Stage C in first 5 min
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Products GmbH, Gilching, Germany) from 31 electrode 
positions according to the extended international 10–20 
system using EasyCap (EASYCAP Brain Products GmbH, 
Gilching, Germany). Each EEG channel was referenced 
to common average. Impedance of electrodes was kept 
below 10  kΩ. Additionally, horizontal and vertical eye 
movements were monitored by two bipolar electrodes.

The EEG signal was analyzed in Brain Vision Analyzer 
Software Version 2.1 (Brain Products GmbH, Gilching, 
Germany) by setting the filtering bandpass between 0.5 
and 70 Hz (Notch filter 50 Hz). The 15-min EEG data was 
subdivided into continuous 1-s segments. Muscle or elec-
trical artefacts were manually marked and thus not taken 
into account in further analysis. Afterwards, an inde-
pendent component analysis (ICA) was run to remove 
well-defined sources of artefacts, for example eye move-
ments, cardiogenic artefacts and continuous muscle arte-
facts. Technical or sweating artefacts were also excluded 
when present. Graphoelements for sleep-onset (i.e. sleep 
spindle and K-complex) were identified and tagged by an 
experienced medical laboratory assistant.

Assessment of arousal stability score
The arousal stability score quantifies the steepness 
in decline of brain arousal in each participant. It was 
assessed by VIGALL 2.1 (https​://githu​b.com/danie​lboet​
tger/VIGAL​L) as follows: VIGALL attributes—based on 
the frequency bands with Fast Fourier Transformation 
(FFT) and source localization with Low Resolution Elec-
tromagnetic Tomography (LORETA), one out of seven 
EEG-vigilance stages ranging from 0 (indicating cogni-
tively active wakefulness), across A1, A2, A3 (indicating 
relaxed wakefulness), B1 and B2/3 (indicating drowsi-
ness) to C (indicating sleep-onset) to each 1-s EEG seg-
ment. These scores for EEG-vigilance stages were used 
to assess mean EEG-vigilance level (see below). Upon the 
scoring of each 1-s segment, epochs of 60 s duration with 
forward moving steps of 1  s (that is, 1–60  s, 2–61  s…) 
were analyzed for conditions described in Table 1. If one 
of the conditions was fulfilled, the corresponding stability 
score was given to this participant.

Assessment of mean EEG‑vigilance level
As aforementioned, mean EEG-vigilance level was indi-
cated by averaging all vigilance scores in a 3-min time 
block. This was aiming to describe different trends of 
mean vigilance level with time in different groups.

EEG power‑spectrum analysis
In preparation of the power-spectrum analysis, the EEG 
was down-sampled to 256  Hz. An automatic artefact 
rejection function in Brain Vision Analyzer (Brain Prod-
ucts GmbH, Gilching, Germany) was applied additionally 

to reduce the possible threshold change upon voltage step 
gradient that were not corrected by the ICA. The power-
spectrum analysis was performed via installed FFT in 
Brain Vision Analyzer (Brain Products GmbH, Gilching, 
Germany). The FFT converted 1-s time windows with 
Hanning window function and yielded a resolution of 
0.5  Hz into four frequency bands: delta (1–3  Hz), theta 
(4–7  Hz), alpha (8–12  Hz) and beta (13–30  Hz). The 
absolute powers were then averaged over all time win-
dows for each frequency band and subsequently ln-trans-
formed for further statistical analysis. We examined the 
absolute power at four regions by averaging the power 
at corresponding electrodes: frontal (F3, F4, Fz), central 
(C3, C4, Cz), parietal (P3, P4, Pz) and occipital (O1, O2).

Statistical analysis
Statistical analyses were conducted using SPSS Statistics 
24.0 (IBM corp.; Armonk, New York). Subjects were split 
into stable (averaged stability score = 8.89, SD = 1.37) 
and unstable (averaged stability score = 3.08, SD = 1.04) 
groups based on the median of the arousal stability score 
(median = 6). Measures of differences between unsta-
ble and stable groups were conducted with Independent 
Sample T-Test for metric and Pearson Chi Square (X2) 
Test for nominal variables, respectively. Since the arousal 
stability score was nominally scaled after median split, we 
ran Eta correlation to determine the strength of nonlin-
ear association between arousal stability score and self-
reported measures as well as the absolute powers in each 
frequency band Eta-squared (Eta2) was given to specify 
how much variation could be explained by the arousal 
stability score. Cohen’s d was provided to evaluate the 
effect sizes for comparisons of EEG absolute powers 
between groups. For all analyses statistical significance 
was set at p < 0.05.

Results
Sample description
The main demographic characteristics are summarized 
in Table 2. No differences in age, gender, marital status, 
graduation, habituated sleep duration and use of alcohol 
were observed (0.161 ≤ p < 1.000) between unstable and 
stable groups. However, there were significantly more 
smokers (p = 0.004) in the stable than in the unstable 
group. Considering the possible effect of nicotine use on 
the EEG arising from Knott [46], we did an extra analysis 
using smokers and nonsmokers as group variable to test 
the impact of nicotine use on the absolute EEG powers. 
There were totally 17 smokers, 13 nonsmokers and 1 with 
missing information in our sample, between smokers and 
nonsmokers, no differences could be obtained for delta 
(degree of freedom [df ] = 28 for all comparisons; fron-
tal: T = − 0.717, p = 0.479; central: T = − 0.943, p = 0.354; 

https://github.com/danielboettger/VIGALL
https://github.com/danielboettger/VIGALL
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parietal: T = − 1.185, p = 0.246; occipital: T = − 0.407, 
p = 0.687), theta (frontal: df = 18.572, T = − 0.492, 
p = 0.628; central: df = 28, T = − 0.991, p = 0.330; pari-
etal: df = 28, T = − 1.049, p = 0.303; occipital: df = 17.702, 
T = − 0.738, p = 0.470), alpha (df = 28 for all compari-
sons; frontal: T = − 0.826, p = 0.416; central: T = − 0.801, 
p = 0.430; parietal: T = − 0.979, p = 0.336; occipital: 
T = − 0.732, p = 0.470) and beta activity (df = 28 for 
all comparisons; frontal: T = 0.060, p = 0.953; central: 
T = − 0.210, p = 0.835; parietal: T = − 0.443, p = 0.661; 
occipital: T = − 0.434, p = 0.667) at any sites.

The change of mean EEG-vigilance score (indicated 
the mean EEG-vigilance level) over time is presented in 
Fig. 1, indicating a distinct separation between unstable 
and stable groups.

Differences in self‑report measures
No significant group differences in CAARS, WURS-K or 
ASRS were found (0.214 ≤ p ≤ 0.989). Detailed results are 
presented in Table 2.

Significantly more ADHD patients in the stable group 
reported depressive symptoms compared to those in 

Table 2  Differences in  demographic and  clinic characteristics and  self-report measures between  unstable and  stable 
groups of ADHD patients

T T scores, BDI Beck Depression Inventory

* p < 0.05
a  Percentage of participants in this group
b  Percentage of patients scoring above T-value of 70 in each subscale of CAARS
c  Percentage of patients scoring above 13 in BDI

Unstable group Stable group Test p

Mean (SD) n/available n Mean (SD) n/available n

Number 13 18

Gender (women)a 46.15 6/13 44.44 8/18 X2 = 0.009 1.000

Age (in years) 32.23 (7.98) 13 32.28 (6.41) 18 T = − 0.729 0.435

Alcohol usersa 83.30 10/12 88.89 16/18 X2 = 0.192 0.661

Nicotine usersa 25.00 3/12 77.78 14/18 X2 = 8.167* 0.004

General sleep 7.45 (2.87) 11 7.23 (2.64) 17 T = 0.208 0.837

Marital status

 Single 92.31 12/13 83.33 15/18 X2 = 3.621 0.164

 Married 0.00 0/13 16.67 3/18

 Divorced 7.69 1/13 0.00 0/18

Graduation

 9th class 30.77 4/13 16.67 3/18 X2 = 3.046 0.218

 10th class 7.69 1/13 33.33 6/18

 12th class 61.54 8/13 50.00 9/18

CAARS (%)b

 DSM-IA 76.92 10/13 88.24 15/17 X2 = 0.679 0.410

 DSM-HYI 61.54 8/13 52.94 9/17 X2 = 0.222 0.638

 DSM-G 76.92 10/13 64.71 11/17 X2 = 0.524 0.469

CAARS (T)

 DSM-IA 79.00 (13.90) 13 78.94 (9.12) 17 T = 0.014 0.989

 DSM-HYI 70.69 (14.79) 13 68.53 (13.75) 17 T = 0.413 0.683

 DSM-G 77.92 (13.08) 13 76.35 (10.70) 17 T = 0.362 0.720

WURSK 42.92 (14.08) 13 36.94 (11.71) 17 T = 1.270 0.214

ASRS

 A-cutoff 4.46 (1.94) 13 4.52 (1.42) 17 T = − 0.111 0.913

 A-sum 17.38 (3.62) 13 16.71 (2.64) 17 T = 0.595 0.557

 B-cutoff 9.08 (2.60) 13 9.23 (1.82) 17 T = − 0.197 0.846

 B-sum 32.31 (6.97) 13 32.83 (5.49) 17 T = − 0.227 0.882

BDI (%)c 33.33 4/12 70.59 12/17 X2 = 5.855* 0.016

BDI (score) 9.75 (5.63) 12 19.06 (11.82) 17 T = − 2.802* 0.018
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unstable group (33.33% vs. 70.59%, p = 0.016). In line with 
this, a significantly higher mean BDI score (p = 0.018) 
was found in the stable group.

Correlation of self‑reported measures and absolute EEG 
powers
All correlation coefficients and their effect sizes are sum-
marized in Table 3. Concerning the relationship between 
arousal stability score and depressive symptoms in adult 
ADHD patients, we found a significant positive correla-
tion between arousal stability and BDI scores (p = 0.018). 
About 19% variation in BDI score can be explained by the 
arousal stability score. Significant negative correlations 
were also obtained between the arousal stability score 
and absolute delta power at all regions (0.001 ≤ p ≤ 0.033) 
and absolute theta power at central (p = 0.032) and 
occipital (p = 0.021) regions. The arousal stability score 
explained about 15% to 30% of overall variations in the 
absolute delta power, while about 12% to 17% of varia-
tions in absolute theta power can be explained by stabil-
ity score.

Comparison of absolute EEG powers between groups
Figure  2 shows absolute EEG powers in beta, alpha, 
theta and delta bands in each group at respective 
frontal, central, parietal and occipital regions, and 

the corresponding topographical mapping of differ-
ences of absolute powers between unstable and sta-
ble groups. Independent sample T-tests revealed 
null group effect on absolute beta power at any site 
(frontal: df = 29, T = 0.740, p = 0.465, d = 0.370; cen-
tral: df = 29, T = 1.139, p = 0.264, d = 0.454; pari-
etal: df = 29, T = 0.066, p = 0.948, d = 0.042; occipital: 
df = 29, T =  −0.229, p = 0.820, d = 0.190). This was the 
same for absolute alpha power at all regions (frontal: 

Fig. 1  Mean vigilance level in 3-min time blocks in unstable 
and stable groups during resting EEG. Unstable refers to adult 
attention-deficit/hyperactivity disorder (ADHD) patients having an 
arousal stability score below median (= 6), while stable indicates 
adult ADHD patients having an arousal stability score above the 
median. The data points are shown as the mean ± 1 standard error

Table 3  Results of  nonlinear correlations 
between  categorical arousal stability score (unstable 
or  stable) and  self-report measures and  absolute EEG 
powers

BDI Beck Depression Inventory, F frontal lobe, C central lobe, P parietal lobe, O 
occipital lobe

*p < 0.05
a  T scores in CAARS subscale

Arousal stability score (unstable or stable)

Eta p Eta2 Available n

CAARSa

 DSM-IA − 0.003 0.989 9E−6 31

 DSM-HYI − 0.078 0.683 0.006 31

 DSM-G − 0.068 0.720 0.004 31

WURSK − 0.233 0.214 0.054 31

ASRS

 A-cutoff 0.021 0.913 4E−4 31

 A-sum − 0.112 0.557 0.013 31

 B-cutoff 0.037 0.846 0.001 31

 B-sum 0.043 0.822 0.002 31

BDI 0.437* 0.018 0.191 29

Delta

 F − 0.548* 0.001 0.300 31

 C − 0.436* 0.014 0.190 31

 P − 0.532* 0.002 0.283 31

 O − 0.383* 0.033 0.147 31

Theta

 F − 0.352 0.052 0.124 31

 C − 0.385* 0.032 0.148 31

 P − 0.290 0.114 0.084 31

 O − 0.413* 0.021 0.171 31

Alpha

 F − 0.019 0.921 3E−4 31

 C 0.002 0.992 4E−6 31

 P 0.068 0.714 0.005 31

 O − 0.034 0.857 0.001 31

Beta

 F − 0.190 0.307 0.036 31

 C − 0.228 0.217 0.052 31

 P − 0.021 0.910 4E−4 31

 O − 0.102 0.585 0.010 31



Page 7 of 10Huang et al. BMC Neurosci           (2019) 20:43 

df = 29, T = 0.279, p = 0.782, d = 0.037; central: df = 29, 
T = 0.187, p = 0.853, d = 0.004; parietal: df = 29, 
T = 0.970, p = 0.858, d = 0.141; occipital: df = 23.890, 
T = 0.019, p = 0.985, d = 0.066). However, higher abso-
lute theta power was found in the unstable group at 
frontal (df = 29, T = 2.344, p = 0.026, Cohen’s d = 0.682), 
central (df = 29, T = 2.700, p = 0.011, d = 0.772), pari-
etal (df = 29, T = 2.219, p = 0.034, d = 0.573) and occipi-
tal region (df = 16.776, T = 2.408, p = 0.028, d = 0.817) 
compared to the stable group. The comparisons also 
reached significance levels for absolute delta power at 
all regions (frontal: df = 17.795, T = 3.455, p = 0.013, 
d = 1.186; central: df = 29, T = 3.076, p = 0.005, 

d = 0.936; parietal: df = 29, T = 3.415, p = 0.002, 
d = 1.209; occipital: df = 29, T = 2.371, p = 0.025, 
d = 0.767).

Discussion
The main purpose of this study was to find out whether 
the stable arousal regulation in adult ADHD patients 
relates to depressive symptomology. Supporting our 
hypothesis, we found an association between brain 
arousal stability, as indexed by the arousal stability 
score measured in a resting-state-EEG, and depressive 
symptom severity, as indexed by the BDI score, in adult 
patients diagnosed with ADHD. In this study, arousal 

Fig. 2  Absolute electroencephalogram (EEG) powers in unstable and stable group and their difference mappings. The absolute EEG powers 
in corresponding frequency bands, i.e. a beta, b alpha, c theta and d delta were log-transformed. Unstable refers to adult attention-deficit/
hyperactivity disorder (ADHD) patients having an arousal stability score below median (= 6), while stable indicates adult ADHD patients having 
arousal stability score above the median. The data is shown as the mean ± 1 standard error. Brain maps (p-value) showing statistical difference 
between unstable and stable group. ADHD patients in stable group had significantly reduced absolute delta and theta power at all mentioned 
regions as compared to those in the unstable group. F frontal site, C central site, P parietal site, O occipital site
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stability score did not associate with self-evaluations con-
cerning ADHD symptoms (see Table 3), suggesting that 
the severity of ADHD symptoms did not correlate with 
brain arousal regulation in our sample. However, the 
brain arousal state, as expected, positively related to BDI 
scores (see Table 3) -the higher the arousal stability, the 
greater was the depressive symptom severity. This was 
also supported by significant group (unstable vs. stable 
group split by median of arousal stability score) differ-
ences in depressive symptom severity as assessed by BDI 
score, but not in ADHD related symptoms (see Table 2). 
These findings support and extend the brain arousal 
regulation model by showing the relationship of stable 
arousal regulation in ADHD patients who are generally 
supposed having unstable arousal regulation to depres-
sive symptoms.

Regarding the extensive evidence for critical role of the 
LC-NE system in the modulation of cortical arousal that 
are reflected in EEG signals [28–30], these findings are 
also consistent with the assumption of the balance of the 
tonic and phasic activity of the LC-NE system in ADHD 
raised by Howells et  al. [35]. These authors suggested 
that ADHD is a model of hypoarousal resulting from 
decreased tonic firing of the LC-NE system. In demand 
of e.g. acute stressors, a phasic activation of the LC-NE 
system would be achieved under the requirement of per-
formance compensation. We suspect that during this 
period, the regulation of brain arousal in adult ADHD 
is supposed to be more stable or even hyperstable. The 
depressive symptom is therefore a result of disrupted 
tonic and phasic LC-NE activity. To test this model fur-
thers studies with repeated session are necessary.

Furthermore, the impact of brain arousal regulation on 
cortical activities measured by quantitative EEG can be 
demonstrated by the reduced absolute powers in delta 
and theta bands (see middle panel in Fig.  1) at ADHD 
patients in the stable group. They correspondingly exhib-
ited more stable brain arousal regulation, i.e. little change 
in EEG-vigilance from high to low stages over the entire 
recording period, as compared to those patients in the 
unstable group showing a clear decline in EEG-vigilance 
over time (see Fig. 1). In line with these results, reduced 
slow activities, i.e. delta activity, has been consistently 
found in MDD patients [47–53]. Additionally, we found 
negative links between arousal stability and absolute 
delta powers at all sites (see Table  3). Based on these 
results, we suggest that the hyperstable arousal regula-
tion in ADHD patients with MDD is possibly linked to 
the reduction in delta power.

However, conflicting results have also been reported 
in several work groups showing increased delta/theta 
activities in patients with MDD only compared to healthy 
controls [54, 55], or null effect between ADHD patients 

with and without depressive symptoms [9]. This incon-
sistency might depend on the group dividing method 
we used for our sample: we divided groups based on the 
median of arousal stability score, where EEG-vigilance 
stage B2/3 (i.e. indicating appearance of theta/delta activ-
ities) mainly occurred already during the first 5 min (see 
Table 1) of the recording session, whereas the quantita-
tive EEG is a measure without consideration of time var-
ying effect on the EEG powers. Thus, the absolute EEG 
powers presented in this study were general markers for 
EEG power over a long period recording time and did not 
show any temporal characteristics. This is also a suitable 
explanation for the lack of observed between-group dif-
ferences in alpha activities.

Given the obvious different amounts of smokers in sta-
ble and unstable group as well as the effect of life-long 
smoking on the EEG [46], we additionally tested the 
impact of role of smoking on the absolute EEG activities. 
However, this is not the case in our sample. No differ-
ences between smokers and nonsmokers for any bands or 
at any sites could be determined. The effect of life-long 
smoking on the EEG is difficult separate from the influ-
ence attributed to normal aging. The neurophysiological 
effects of smoking are often attributed to nicotine. How-
ever, this has already been questioned by studies show-
ing changes in the EEG caused by zero nicotine cigarette 
smoking [56]. This leads to a speculation that the regis-
tered changes in EEG might be caused by other substance 
or there is additional process mediating between smoke 
and the EEG oscillations.

Some limitations, such as small sample size and 
absence of a healthy control group, should be men-
tioned for this study and further studied. The depressive 
symptoms in this study were indicated by self-reports, a 
diagnosis of MDD meeting DSM criteria should be con-
sidered in future studies.

Conclusions
Overall, the results from this study demonstrate the asso-
ciation between brain arousal regulation as assessed by 
the stability score using EEG in resting state and depres-
sive symptom severity as indexed by BDI scores in adult 
patients with ADHD. This association has been further 
supported by the effect of brain arousal regulation on abso-
lute power in different frequency bands utilizing quan-
titative EEG analysis. In view of the high comorbidity of 
depression and ADHD and the often difficult clinical differ-
entiation of both diseases, brain arousal regulation could be 
a clinical marker of differentiation, which should be further 
evaluated in larger studies. The differentiation between 
ADHD and depression is not only important diagnostically, 
but also important for the selection of the right treatment 
(psychostimulants vs. antidepressants). Based on the brain 
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arousal regulation model of affective disorders and ADHD 
[18, 23], it has to be assumed that psychostimulants have a 
stabilizing effect on brain arousal regulation, so that their 
use in patients with comorbid MDD could lead to a wors-
ening of the depressive symptoms at least. This is also in 
consensus with the generally accepted recommendations 
for the treatment of comorbid depression and ADHD: for 
severe depressive symptoms, guideline-based treatment for 
depression is generally recommended [6, 7]. Further stud-
ies should also address the question of whether ADHD 
patients with MDD are less likely to respond to treatment 
with psychostimulants.
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