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a b s t r a c t
Objective: The current study examined whether (a) Attention-Deﬁcit/Hyperactivity Disorder (ADHD)
symptoms were associated with dysregulation of stress-related mechanisms, and (b) whether ADHD
symptoms interact with affective disorders in their association with dysregulated stress-related mechanisms.
Methods: Data were obtained from 2307 subjects participating in the Netherlands Study of Depression
and Anxiety. Stress-related mechanisms were reﬂected by the following biomarkers: (1) hypothalamicpituitary-adrenal axis indicators (salivary cortisol awakening curve, evening cortisol, cortisol suppression
after a 0.5 mg dexamethasone suppression test (DST)); (2) autonomic nervous system measures (heart
rate, pre-ejection period, respiratory sinus arrhythmia); (3) inﬂammatory markers (C-reactive protein,
interleukin-6, tumor necrosis factor-alpha); (4) brain-derived neurotrophic factor. ADHD symptoms were
measured using Conners’ Adult ADHD Rating Scale and used both dichotomous (High ADHD symptoms (yes/no)) and continuous (Inattentive symptoms, Hyperactive/Impulsive symptoms, and the ADHD
index).
Results: Regression analyses showed associations between High ADHD symptoms, Inattentive symptoms,
the ADHD index and a higher cortisol awakening curve, between Hyperactive/Impulsive symptoms and
less cortisol suppression after DST, and between Inattentive symptoms and a longer pre-ejection period.
However, the associations with the cortisol awakening curve disappeared after adjustment for depressive
and anxiety disorders. No associations were observed between ADHD symptoms and inﬂammatory markers or BDNF. ADHD symptoms did not interact with affective disorders in dysregulation of stress-related
mechanisms.
Conclusion: Some associations were observed between ADHD symptoms, the HPA-axis, and the preejection period, but these were mostly driven by depressive and anxiety disorders. This study found no
evidence that ADHD symptomatology was associated with dysregulations in inﬂammatory markers and
BDNF. Consequently, ADHD symptoms did not confer an added risk to the disturbances of stress-related
mechanisms in an – already at-risk – population with affective disorders.
© 2017 Elsevier Ltd. All rights reserved.

1. Introduction
Attention-Deﬁcit/Hyperactivity Disorder (ADHD) is a chronic
psychiatric disorder characterized by symptoms of inattention,
hyperactivity, and impulsivity (APA, 2013). ADHD has been shown
to persist into adulthood in about two-thirds of cases (Simon et al.,
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2009), affecting approximately 3.4% of the adult general population
(Fayyad et al., 2007).
There are several indications that dysregulations in stressrelated mechanisms play a role in the pathophysiology of
ADHD. These stress-related mechanisms include the hypothalamicpituitary-adrenal (HPA) axis, the autonomic nervous system (ANS),
the immune system, and brain-derived neurotrophic factor (BDNF),
amongst others (Gold, 2015). First of all, dysregulations of these
mechanisms have been related to the core symptoms of ADHD
and their severity (Buske-Kirschbaum et al., 2013; Koenig et al.,
2016; Ramos-Quiroga et al., 2016; Shim et al., 2008). For instance,
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a disturbed HPA-axis may lead to attention difﬁculties (RamosQuiroga et al., 2016). Second, these mechanisms are linked to
dopamine regulation, the main neurotransmitter affected in ADHD
(Ahs et al., 2009; Corominas-Roso et al., 2013; Donfrancesco et al.,
2016; Ramos-Quiroga et al., 2016). Third, genetic studies provide
evidence for a role of some of these mechanisms in the etiology of
ADHD (Cho et al., 2010; Donev and Thome, 2010; Fortier et al., 2012;
Lanktree et al., 2008). Finally, ADHD is associated with somatic
comorbidities, such as obesity and cardiovascular diseases (Bijlenga
et al., 2013), which could be partly the result of disturbances of
stress-related mechanisms (Penninx et al., 2013).
However, results of studies that examined the association of
ADHD with dysregulated stress-related mechanisms have conﬂicting results (Baird et al., 2012; Corominas-Roso et al., 2013;
Donfrancesco et al., 2016; Freitag et al., 2009; Gispen-de Wied et al.,
1998; Hatzinger et al., 2007; Hirvikoski et al., 2009; Holtmann et al.,
2013; Imeraj et al., 2012; Isaksson et al., 2012; Kaneko et al., 1993;
Koenig et al., 2016; Oades et al., 2010; Pesonen et al., 2011; RamosQuiroga et al., 2016; Rash and Aguirre-Camacho, 2012; Scassellati
et al., 2014; Shim et al., 2008; Sondeijker et al., 2007). Previous
studies were mainly performed in children or adolescents and
not in adults, or were restricted by a small sample size (n < 100;
e.g., Donfrancesco et al., 2016; Scassellati et al., 2014). Moreover,
prior studies did not adjust for a wide range of confounders,
such as affective disorders (e.g., Scassellati et al., 2014). ADHD is
highly comorbid with affective disorders (Fayyad et al., 2007), and
affective disorders have also been linked to dysregulations of the
stress-related mechanisms. More speciﬁcally, meta-analyses found
that, compared with controls, depressed patients had higher salivary cortisol levels both in the morning and in the evening (Stetler
and Miller, 2011), more autonomic dysregulation such as a reduced
heart rate variability (HRV) (Kemp et al., 2010), elevated levels
of inﬂammation markers (Howren et al., 2009), and lower BDNF
levels (Molendijk et al., 2014). Although the relationship between
anxiety disorders and dysregulated stress-related mechanisms has
been studied less, compared to depression, some evidence also
suggests dysregulation of these mechanisms in anxiety (Chalmers
et al., 2014; Elnazer and Baldwin, 2014; Molendijk et al., 2012;
Vogelzangs et al., 2013). Hence, it is interesting to study ADHD in
relation to the stress-related mechanisms, not only before taking
into account current or remitted depressive and anxiety disorders,
in order to examine a sample with different stages of depression
and/or anxiety, but also after taking into account depressive and
anxiety disorders, in order to investigate if ADHD has an independent association with dysregulation of stress-related mechanisms.
In this study, the relationship between adult ADHD symptoms
and dysregulation of stress-related mechanisms will be analyzed,
using a cohort of adults with and without affective disorders.
The stress-related mechanisms are reﬂected by the following
biomarkers: (1) HPA-axis indicators (salivary cortisol awakening
curve, evening cortisol, 0.5 mg dexamethasone cortisol suppression
ratio); (2) ANS measures (heart rate, pre-ejection period, respiratory sinus arrhythmia); (3) inﬂammatory markers (C-reactive
protein (CRP), interleukin (IL)-6, and tumor necrosis factor-alpha
(TNF-␣)); and (4) BDNF. Our aims were: (a) to examine whether
Attention-Deﬁcit/Hyperactivity Disorder (ADHD) symptoms were
associated with dysregulation of stress-related mechanisms before
and after adjusting for affective disorders, and (b) since our sample for a large part consists of persons with varying stages of
affective disorders, it is particularly suitable to examine whether
ADHD symptoms interact with affective disorders in their association with dysregulated stress-related mechanisms. Aim a was
divided into three parts: we used the dichotomous measure of
‘High ADHD symptoms’ yes/no, i.e., a score above the clinical relevant cut-off on the Conners’ Adult ADHD Rating Scale (CAARS-S:SV;
(Connors et al., 1999)) to determine any relationship between

ADHD symptoms and dysregulations of the stress-related mechanism biomarkers (aim a, part one). Next, we used three continuous
scores: both symptom dimensions (Inattentive symptoms and
Hyperactivity/Impulsivity symptoms) to examine whether one of
the symptom dimensions of ADHD was associated with dysregulations of the stress-related mechanism biomarkers (aim a, part two);
and the ADHD index score to investigate any dose-response relationship between ADHD symptoms and dysregulated stress-related
mechanism biomarkers (aim a, part three).
2. Methods
2.1. Sample
Data were derived from the Netherlands Study of Depression
and Anxiety (NESDA), an ongoing longitudinal cohort study on
the predictors, course and consequences of depressive and anxiety
disorders. The NESDA baseline sample included 2981 participants
aged 18–65 years, and consisted of healthy controls and for a
large part of persons with varying stages of affective disorders (i.e.,
those with a parental history of depression or anxiety, those with
subthreshold affective symptoms, and those with a remitted or
current depressive and/or anxiety disorder). A full description of
the methodology of NESDA has been reported elsewhere (Penninx
et al., 2008). The research protocol was approved by the Ethical
Committee of the participating centers, and all participants gave
written informed consent. All measures in this study were determined at the baseline assessment, except for the ADHD symptoms
(measured at the 4-year assessment). Since ADHD starts by deﬁnition in childhood and persists across the lifespan (Simon et al.,
2009), ADHD symptoms were expected to be present throughout
the NESDA study. This allowed the use of baseline stress-related
mechanism biomarkers data, and the use of 4-year follow-up ADHD
data. For the present study, we included 2307 participants who
completed the ADHD questionnaire and had data on at least one of
the stress-related mechanisms.
2.2. Measurements
2.2.1. Attention-deﬁcit/hyperactivity disorder symptoms
ADHD symptoms were assessed with the Conners’ Adult ADHD
Rating Scale – Screening Version (CAARS-S:SV; Connors et al.,
1999). The CAARS has good test-retest reliability (r = 0.89) (Erhardt
et al., 1999). The questionnaire consists of 30 items and uses a 4point Likert-scale format in which respondents are asked to rate
items pertaining to current behavior and problems. Ratings range
from 0 (not at all, never) to 3 (very much, very frequently),with a
total score range of 0–90. Eighteen of the 30 items address the presence of the Diagnostic and Statistical Manual of Mental Disorders
4th edition (DSM-IV) criteria for ADHD symptoms in two symptom
dimensions: nine items concerning Inattentive symptoms (range
0–27) and nine items concerning Hyperactivity/Impulsivity symptoms (range 0–27). The remaining 12 items form the ‘ADHD Index’
(range 0–36). This severity index measures ADHD behaviours, such
as sensation-seeking, extraversion, low self-esteem, and mood
swings, and thereby identiﬁes those at risk for ADHD. The raw
CAARS-S:SV scores were converted into standardized scores (Tscores) using age- and sex-corrected norm values (Connors et al.,
1999). T-scores of 65 or higher were above the clinical relevant
cut-off, and were deﬁned as ‘High ADHD symptoms’.
2.2.2. Affective disorders
Major depressive disorder (MDD) and anxiety disorders (panic
disorder, social phobia, agoraphobia, generalized anxiety disorder)
were assessed using the Composite International Diagnostic Interview (CIDI, version 2.1; World Health Organization, 1997). The CIDI
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is a fully structured interview based on the DSM–IV (APA, 1994),
which has shown to be a reliable and valid instrument (Wittchen,
1994). Depressive and anxiety disorders were deﬁned current if a
person had a depressive and/or anxiety disorder within 6 months
prior to the baseline interview, and remitted when neither depression or anxiety was present within 6 months prior to the baseline
interview.
2.2.3. Stress-related mechanism biomarkers
2.2.3.1. HPA-axis. HPA-axis functioning was based on salivary cortisol measurements. Cortisol sampling methods have been reported
extensively elsewhere (Vreeburg et al., 2009a). In short, participants were asked to obtain saliva samples using Salivettes
(Sarstedt, Germany) at home. The samples were collected at seven
time points: at awakening (T1) and 30 min (T2), 45 min (T3) and
60 min post-awakening (T4), at 10 PM (T5) and 11 PM (T6), and
the next morning at awakening after intake of 0.5 mg of dexamethasone just after 11 PM (T7). After return by mail, samples were
centrifuged at 2000g for 10 min, aliquoted, and stored at −80 ◦ C.
Cortisol levels were quantiﬁed using competitive electrochemiluminescence immunoassay (Roche, Switzerland). The functional
detection limit was 2.0 nmol/l and the intra- and inter-assay variability coefﬁcients in the measuring range were less than 10%. Four
cortisol indicators were derived from the samples: the area under
the curve with respect to the ground (AUCg), the area under the
curve with respect to the increase (AUCi), evening cortisol (the
mean of T5 and T6), and the cortisol suppression ratio (cortisol T1
divided by cortisol T7). The AUCg is an estimate of the total cortisol secretion over the ﬁrst hour after awakening and predicts mean
cortisol levels throughout the day. The AUCi is a measure of the
dynamic of the Cortisol Awakening Response (CAR), emphasizing
changes over time. Evening cortisol levels indicate basal activity.
The cortisol suppression ratio examines the functioning of the negative feedback mechanism of the HPA-axis (Vreeburg et al., 2009a).
We analyzed information of 1690 (73.3%) participants who had data
for at least one of the four cortisol indicators.
2.2.3.2. Autonomic nervous system. The Autonomic Nervous System (ANS) was assessed using the VU University Ambulatory
Monitoring System (VU-AMS) and details of the ANS assessment
procedures have been described elsewhere (Licht et al., 2008).
The VU-AMS is a lightweight ambulatory device recording the
electrocardiogram and changes in thorax impedance from six electrodes placed on participants’ chest and back. Participants wore the
device during a large part of the NESDA baseline assessments. After
removal of breaks and nonstationary moments, the mean registration time was 97.2 min. The following variables were obtained from
the recordings: mean heart rate (HR), pre-ejection period (PEP;
the time from the beginning of electrical activity to the beginning
of left ventricular ejection; longer PEP reﬂects lower sympathetic
activity), and respiratory sinus arrhythmia (RSA; high RSA reﬂects
high parasympathetic activity). Participants (n = 2209; 95.8%) with
at least one ANS measure were included in the analyses.
2.2.3.3. Inﬂammation. As described in more detail elsewhere
(Vogelzangs et al., 2013), CRP and IL-6 were assayed at the Clinical Chemistry Department of the VU University Medical Centre
from fasting blood samples obtained in the morning and stored
at −80 ◦ C. High-sensitivity plasma levels of CRP were measured
in duplicate by an in-house enzyme-linked immunosorbent assay
(ELISA), based on puriﬁed protein and polyclonal anti-CRP antibodies (Dako, Glostrup, Denmark). Intra- and inter-assay coefﬁcients
of variation were 5% and 10%, respectively. Plasma IL-6 levels
were measured in duplicate by a high-sensitivity ELISA (PeliKine
Compact ELISA, Sanquin, Amsterdam, The Netherlands). Intra- and
inter-assay coefﬁcients of variation were 8% and 12%. Plasma TNF-a
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levels were assayed in duplicate at Good Biomarker Science, Leiden,
The Netherlands, using a high-sensitivity solid phase ELISA (Quantikines HS Human TNF-a Immunoassay, R&D systems, Minneapolis,
MN, USA). Intra- and inter-assay coefﬁcients of variation were 10%
and 15%, respectively. In total, 2273 participants (98.5%) with at
least one inﬂammatory marker were included in the analyses.
2.2.3.4. BDNF. BDNF measurement has been extensively described
before (Molendijk et al., 2012). In short, serum was separated
immediately after blood draw and kept frozen at −85 ◦ C. The Emax
Immuno Assay system from Promega was used to determine serum
concentrations. Absorbency was read in duplicate using a Bio-Rad
Benchmark microplate reader (Hercules, CA, USA) at 450 nm. The
coefﬁcients of variance were determined to range from 2.9 to 8.1%.
In total, 1745 participants (97.4%) had a valid BDNF value, and were
included in the analyses.
2.3. Covariates
We selected putative covariates to control for confounding a
priori based on previous studies (Bus et al., 2011; Licht et al., 2008;
Vogelzangs et al., 2012; Vreeburg et al., 2009b; Wang et al., 2012)
and divided them into general covariates and covariates speciﬁc
per mechanism. General covariates included sociodemographics
(sex, age, years of education), health factors (body mass index,
smoking status, alcohol use, number of chronic diseases under
treatment, and physical activity), and use of psycho-stimulants
(Anatomical Therapeutic Chemical [ATC] code: N06BA). Smoking
status was categorized as either non-smoker or current smoker.
Alcohol use was divided into non-drinker (<1 units per week),
mild/moderate drinker (females 1–14 and males 1–21 units per
week), and heavy drinker (females >14 and males >21 units per
week). Number of chronic diseases for which medical treatment
was received included self-reported cardiovascular diseases, diabetes, lung disease, arthritis, cancer, ulcer, intestinal problem, liver
disease, epilepsy, and thyroid gland disease. Physical activity was
measured by the International Physical Activity Questionnaire and
expressed in 1000 MET-min (metabolic equivalent of number of
calories spent per minute) a week (Craig et al., 2003). Medications
used in the past month, was based on drug container inspection
and coded according to the WHO (World Health Organization) ATC
classiﬁcation (World Health Organization-Collaborating Centre for
Drug Statistics Methodology, 2007). Covariates speciﬁc per mechanism were (1) for HPA-axis: awakening time, work status (yes/no),
and season of saliva collection (subdivided into dark months
(October-February) and light months (March-September)); (2) for
ANS: use of heart or blood pressure medication (ATC codes C01,
C02, C03, C04, C05, C07, and C08), tricyclic antidepressants (TCAs,
ATC code NO6AA), selective serotonin reuptake inhibitors (SSRIs,
ATC code NO6AB), other antidepressants (ATC codes N06AF and
N06AX), and respiration rate (for RSA); (3) for inﬂammation: the
use of anti-inﬂammatory medication (ATC codes M01A, M01B,
A07EB, and A07EC); and (4) for BDNF: the use of anti-inﬂammatory
medication, non-opioid analgesic-antipyretics (ATC codes N02BA
and N02BE), and SSRIs.
2.4. Statistical analyses
Demographic and clinical characteristics were described for
the full sample (n = 2307) as means and standard deviations, or
frequencies and percentages. Most biomarkers showed normal distributions. Evening cortisol, the cortisol suppression ratio, and the
three inﬂammatory markers were all skewed to the right and therefore log- or ln-transformed for analyses. Results in Table 1, however,
are shown back-transformed for the ease of reading.
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Table 1
Sample characteristics (N = 2307).
Sociodemographics
Female, n (%)
Age in years, mean (SD)
Education in years, mean (SD)
ADHD symptomatology
High ADHD symptoms, n (%)
Inattentive symptoms, mean (SD)
Hyperactive-Impulsive symptoms, mean (SD)
ADHD Index, mean (SD)
Health factors
BMI, mean (SD)
Currently smoking, n (%)
Alcohol use, n (%)
– non drinker (<1 units pw)
– mild-moderate drinker (females 1–14/males 1–21 units pw)
– heavy drinker (females >14 and males >21 units pw)
Number of chronic diseases, mean (SD)
Physical activity, mean in 1000 MET-min/week (SD)
Stress-related mechanism biomarkers
HPA-axis dysfunction
AUCg (nmol/l/h; n = 1574), mean (SD)
AUCi (nmol/l/h; n = 1574), mean (SD
Mean evening cortisol levela (nmol/l; n = 1690), mean (SD)
Cortisol suppression ratioa (n = 1114) mean (SD)
Autonomic nervous system (ANS)
Heart rate (HR; beats/minute; n = 2209), mean (SD)
Pre-ejection period (PEP; ms; n = 2192), mean (SD)
Respiratory sinus arrhythmia (RSA; ms; n = 2209), mean (SD)
Respiration rate (RR; breaths/minute; n = 2209), mean (SD)
Inﬂammation
C-reactive protein (mg/l; n = 2273)b , mean (SD)
Interleukin−6 (pg/ml; n = 2273)b , mean (SD)
Tumor necrosis factor-alpha (pg/ml; n = 2250)b , mean (SD)
BDNF (ng/ml), mean (SD) (n = 2248)
Mechanism-speciﬁc covariates
Time of awakening (h:min; n = 1624), mean (SD)HPA−axis
Working on day of saliva sampling (n = 1716), n (%)HPA−axis
Season saliva collection (light; n = 1562), n (%)HPA−axis
Heart or blood pressure medication, n (%)ANS
TCA, n (%)ANS
SSRI, n (%)ANS,BDNF
Other antidepressants, n (%)ANS
Anti-inﬂammatory medication, n (%)inﬂammation,BDNF
Non-opioid analgesic-antipyretic medication, n (%)BDNF

1530 (66.3)
42.2 (13.1)
12.4 (3.2)
183 (7.9)
7.2 (4.7)
6.5 (4.1)
8.5 (5.4)
25.5 (5.0)
811 (35.2)
695 (30.1)
1339 (58.0)
273 (11.8)
0.60 (0.87)
3.7 (3.0)

19.0 (7.0)
2.27 (6.23)
4.62 (1.72)
2.51 (1.59)
71.9 (9.6)
120.0 (17.8)
44.1 (24.9)
17.1 (1.2)
1.22 (3.44)
0.76 (2.62)
0.83 (1.85)
9.09 (3.30)
7:27 (1:15)
1032 (44.7)
868 (37.6)
148 (6.4)
54 (2.3)
372 (16.1)
124 (5.4)
97 (4.2)
168 (7.3)

Note: AUCg: area under the morning curve with respect to the ground; AUCi: area
under the morning curve with respect to the increase; BDNF: brain-derived neurotrophic factor; BMI: body mass index; h = hour, MET-min: metabolic equivalent of
number of calories spent per minute; n: number;pw: per week; SD: standard deviation; SSRIs: selective serotonin reuptake inhibitors; TCAs: tricyclic antidepressants.
Superscripts behind mechanism-speciﬁc covariates (HPA−axis,ANS,inﬂammation,BDNF ) indicate to which mechanism(s) this covariate applies.
a
Log-transformed factors presented back-transformed.
b
Ln-transformed factors presented back-transformed.

For our ﬁrst aim, to evaluate if ADHD symptoms were associated with dysregulation of stress-related mechanisms before and
after adjusting for affective disorders, we performed multiple linear regression analyses. The dichotomous (High ADHD symptoms
(yes/no)) and continuous indicators of ADHD symptomatology
(scores on Inattentive symptoms, Hyperactive/Impulsive symptoms, and on the ADHD index) were used as separate independent
variables. Two models were tested: (1) model 1 adjusted for general covariates and covariates speciﬁc per mechanism (see Section
2.3); and model 2 additionally adjusted for depression and/or anxiety disorder status (current, remitted, or none). In total, only 8
participants (0.3%) reported psychostimulants use. Therefore, we
did not include psychostimulant use as covariate in the analyses.
The ﬁrst models were directive since they examined associations
among a sample with different stages of depression and/or anxiety, irrespectively of the presence of affective disorders. The second
models investigated if ADHD symptoms are associated with dysregulated stress-related mechanisms independently of the presence of

affective disorders. For signiﬁcant results, effect sizes were reported
with Cohen’s f 2 (small effect = 0.02; medium effect = 0.15; large
effect = 0.35). We applied the Benjamini-Hochberg correction for
multiple testing (Benjamini and Hochberg, 1995; Glickman et al.,
2014).
For our second aim, to investigate if ADHD symptoms interact with affective disorders in their association with dysregulated
stress-related mechanisms, we performed regression analyses with
interaction terms (depression/anxiety status (current, remitted,
or none) times dichotomous and continuous indicators of ADHD
symptomatology), adjusted for general covariates and covariates
speciﬁc per mechanism (see Section 2.3). The reason for subdividing
depressive and anxiety disorders into current and remitted disorders was that previous NESDA results mainly showed associations
between current affective disorders and dysregulation of stressrelated mechanisms, but not strongly between remitted affective
disorders and dysregulation of stress-related mechanisms (Licht
et al., 2008; Molendijk et al., 2014; Vogelzangs et al., 2013; Vreeburg
et al., 2009a,b). All analyses were conducted using SPSS version 23.0
(IBM, Chicago, IL). Statistical signiﬁcance was determined using
␣ ≤ 0.05.

3. Results
3.1. Sample characteristics
Table 1 presents sociodemographics, ADHD symptomatology,
health factors, stress-related mechanism biomarkers measures,
and mechanism-speciﬁc covariates. The mean age of the whole
study sample (N = 2307) was 42.2 ± 13.1 years; 66.3% was female;
and mean years of education was 12.4 ± 3.2. Of the persons without lifetime depressive and/or anxiety disorders, there were only 4
cases with High ADHD symptoms.

3.2. Aim 1: are ADHD symptoms associated with dysregulation of
stress-related mechanisms?
Table 2 presents the outcomes of the linear regression analyses
associating the dichotomous and continuous indicators of ADHD
symptomatology with the stress-related mechanism biomarkers
(88 tests in total). Presented results were unadjusted for multiple testing (an asterix indicated signiﬁcance after adjustment for
multiple testing).

3.2.1. HPA-axis
After adjustment for general and speciﬁc HPA-axis covariates
(model 1), an association was found between High ADHD symptoms (b = 1.402; p = 0.042; effect size = 0.09), Inattentive symptoms
(b = 0.083; p = 0.039; effect size = 0.09), ADHD index (b = 0.088;
p = 0.012; effect size = 0.09), and a higher AUCg. After further adjustment for depression and/or anxiety (model 2), all three associations
were lost. After correction for multiple testing, the only association remaining signiﬁcant in the leading model (1) was between
the ADHD index and AUCg. An association was also observed
between the ADHD index (b = 0.075; p = 0.019; effect size = 0.05)
and a higher AUCi, but this association did not hold after correction
for depression and/or anxiety. There was no association between
ADHD symptoms and evening cortisol. Finally, an association was
observed between Hyperactive/Impulsive symptoms and a lower
cortisol suppression ratio (b = −0.004; p = 0.026; effect size = 0.04),
indicating less cortisol suppression. This association remained signiﬁcant after controlling for depression and/or anxiety and multiple
testing. All signiﬁcant ﬁndings were in the predicted directions.

Table 2
Results of multiple regression analyses on the associations between ADHD symptoms and stress-related mechanism biomarkers.
HPA-axis

Autonomic nervous system

b

AUCi
(g/dL/h)
n = 1314

p

b

Mean
evening
cortisol
(g/dL)
n = 1395
p

b

Heart rate
(beats/min)
n = 2209

Cortisol
suppression ratio
n = 1013

p

b

p

b

Inﬂammation
RSA (ms)
n = 2209

PEP (ms)
n = 2192

p

b

p

b

CRP (mg/l)
n = 2273

p

b

BDNF
IL-6
(pg/ml)
n = 2273

p

b

TNF-␣
(pg/ml)
n = 2250

p

b

BDNF
(ng/ml)
n = 2248

p

b

p

High ADHD
n = 108/1206
n = 112/1283
n = 86/926
n = 176/2033
n = 174/2018
n = 176/2033
n = 183/2090
n = 183/2090
n = 179/2071
n = 179/2069
n = 108/1206
symptoms
(yes/no):
1.402
0.042 0.617
0.327 −0.023
0.287−0.015
0.519 1.148
0.115 0.666
0.626 −1.138
0.4750.000
0.997 0.015
0.8320.038
0.424−0.062
0.808
Model 1
1.024
0.148 0.310
0.632 −0.030
0.181−0.014
0.539 1.494
0.0450.719
0.608 −0.721
0.658−0.006
0.946 0.018
0.8090.049
0.316−0.121
0.644
Model 2
Inattentive
symptoms:
0.083
0.039 0.050
0.171 −0.001
0.3180.000
0.799 −0.028
0.510 0.175
0.029*−0.089
0.340−0.009
0.067 −0.004
0.325−0.001
0.6100.010
0.509
Model 1
0.045
0.305 0.022
0.585 −0.002
0.1220.000
0.792 −0.001
0.984 0.202
0.019*−0.048
0.634−0.011
0.035−0.005
0.291−0.001
0.7900.006
0.701
Model 2
Hyperactive/impulsive
symptoms:
0.063
0.233 0.069
0.153 0.001
0.641−0.004
0.029*−0.043
0.368 0.074
0.402 0.033
0.751−0.004
0.521 −0.006
0.177−0.002
0.435−0.007
0.676
Model 1
0.024
0.658 0.042
0.398 0.000
0.844−0.004
0.026*−0.023
0.634 0.080
0.379 0.070
0.510−0.004
0.467 −0.007
0.173−0.002
0.540−0.011
0.506
Model 2
ADHD Index:
0.088
0.012*0.075
0.019*−0.001
0.408−0.001
0.313 −0.041
0.278 0.092
0.187 −0.087
0.288−0.005
0.208 −0.003
0.4760.000
0.952−0.007
0.585
Model 1
0.057
0.141 0.055
0.122 −0.002
0.164−0.001
0.285 −0.016
0.696 0.112
0.143 −0.048
0.586−0.007
0.129 −0.003
0.4460.001
0.688−0.014
0.318
Model 2
Note: AUCg: area under the morning curve with respect to the ground; AUCi:area under the morning curve with respect to the increase; PEP: pre-ejection period; ms: milliseconds; RSA: respiratory sinus arrhythmia; CRP:
C-reactive protein; IL-6: Interleukin-6; TNF-␣: Tumor necrosis factor-alpha; BDNF: brain-derived neurotrophic factor. For the dichotomous variable high ADHD symptoms (yes/no) the no high ADHD symptoms group was used
as reference, whereby the numbers refer to the number of participants with high vs. no high ADHD symptoms. Bold p-values are signiﬁcant with ␣ ≤.05.* signiﬁcant after Benjamini-Hochberg correction for multiple testing.
Model 1. Adjusted for sociodemographics (sex, age, and years of education), health factors (smoking, alcohol use, body mass index, physical activity, and number of chronic diseases) and mechanism-speciﬁc covariates. HPA-axis
dysfunction: awakening time, working status, and season during saliva collection. Autonomic nervous system: heart or blood pressure medication, tricyclic antidepressants use, selective serotonin reuptake inhibitors use, other
antidepressant medication, respiration rate (for RSA).Inﬂammation: anti-inﬂammatory medication. BDNF: anti-inﬂammatory medication, non-opioid analgesic-antipyretic medication, selective serotonin reuptake inhibitors use.
Model 2. Additionally adjusted for remitted and current major depression and/or anxiety disorder.
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n = 1314
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3.2.2. ANS
High ADHD symptoms (b = −1.494; p = 0.045; effect size = 0.11)
showed an association with higher HR in the fully adjusted model
(2) but not in the leading model (1), and therefore considered
not meaningful. Moreover, this association disappeared after correction for multiple testing. Furthermore, an association in the
unexpected direction was observed between Inattentive symptoms
and longer PEP (b = 0.202; p = 0.019; effect size = 0.09), even after full
adjustment and correction for multiple testing. This indicates lower
(more favorable) sympathetic activity for those with more inattention. No associations were observed between the ADHD symptom
indicators and RSA.
3.2.3. Inﬂammation
Remarkably, Inattentive symptoms were associated with lower,
rather than higher, CRP (b = −0.011; p = 0.035; effect size = 0.28) in
the fully adjusted model (2). After correcting for multiple testing,
this association did not hold. None of the indicators of ADHD symptomatology was associated with IL-6 or with TNF-␣.
3.2.4. BNDF
No signiﬁcant associations were found between any of the indicators of ADHD symptomatology and BDNF.
3.3. Aim 2: do ADHD symptoms interact with affective disorders
in their association with dysregulated stress-related mechanisms?
We tested whether interaction terms between depression
and/or anxiety status and dichotomous and continuous indicators
of ADHD symptomatology were signiﬁcant for individual biomarkers. Of the 44 tested interaction terms, only three signiﬁcant
interactions (p < 0.10) were found between depression and/or anxiety status: with the ADHD index on PEP, with Inattentive symptoms
on IL-6, and with the ADHD index on IL-6. These results did not indicate a convincing effect modiﬁcation between ADHD symptoms
and affective disorders, as three out of 44 signiﬁcant interaction
terms may be the result of chance alone.
4. Discussion
To our knowledge, this is the ﬁrst study to examine (a) the
association between ADHD symptoms and a set of stress-related
mechanisms biomarkers in an adult population with varying stages
of affective disorders, in which thus correction for depressive and
anxiety disorders was possible; and (b) to examine whether ADHD
symptoms interact with affective disorders in their association
with dysregulated stress-related mechanisms. Some associations
were observed between ADHD symptoms and dysregulations in
the HPA-axis, although most were driven by depressive and anxiety
disorders. We found no consistent associations between indicators
of ADHD symptomatology and the ANS, inﬂammation, or BDNF.
ADHD symptoms did not convincingly interact with affective disorders in their association with dysregulation of stress-related
mechanisms.
Concerning the association between ADHD symptoms and
morning cortisol, we found that adults with more severe ADHD
or more ADHD-related behaviours (as measured with the ADHD
Index) had more dysregulation in their morning cortisol. Also, two
other indicators of ADHD symptoms (High ADHD symptoms and
the inattentive symptom dimension) were associated with AUCg,
indicating
that the total cortisol secretion over the ﬁrst hour after awakening is increased in patients with ADHD, although not independent
of the presence of affective disorders. An underlying mechanism
behind the association between ADHD symptoms and the dysregulated cortisol awakening levels may be a short sleep duration,

which is linked to both ADHD comorbid with affective disorders (Bijlenga et al., 2013) and higher morning cortisol (Vreeburg
et al., 2009b). One previous study among children also found a
relationship between ADHD symptoms and higher morning cortisol (Hatzinger et al., 2007), while another child study found a
negative relationship (Isaksson et al., 2012). Among adults, two
studies found no difference in CAR between 28 adults with ADHD
with an additional psychiatric diagnosis in around 50% of the
cases(Hirvikoski et al., 2009) and 28 healthy controls, and between
109 adults with ADHD without psychiatric comorbidities and 27
healthy controls (Ramos-Quiroga et al., 2016). Furthermore, one
study (Baird et al., 2012) found a delayed cortisol rhythm, i.e., the
peak of secretion was phase delayed relative to wake time and
occurred three hours after waking, among 13 adults with ADHD,
of which 5 had a comorbid affective disorder. Moreover, the study
by Isaksson and colleagues (Isaksson et al., 2012) found a link
between both symptom dimensions, rather than only Inattentive
symptoms, and awakening cortisol among children with ADHD.
Importantly, we are aware that two out of the four observations
between ADHD symptoms and morning cortisol did not survive
correction for multiple comparisons. Given that there were more
associations between the used ADHD measures (i.e., High ADHD
symptoms, the ADHD symptom dimensions, and ADHD index) and
the HPA-axis indicators than expected on chance alone, accompanied by small-to-medium effect sizes of these associations, it is
possible that type 2 errors (false negative results) have occurred
due to correcting for multiple testing.
Regarding evening cortisol, no relationships were found with
any of the ADHD symptom indicators, which echoes observations
from an earlier study among children (Pesonen et al., 2011). The
previous described adult study of Hirvikoski et al. (2009) did also
ﬁnd similar evening levels in patients and controls. However, studies in children with ADHD did ﬁnd an association between either
lower (Isaksson et al., 2012) or higher (Imeraj et al., 2012) evening
cortisol levels and ADHD.
In terms of cortisol suppression, we found that persons with
more Hyperactive/Impulsive symptoms, independent of the presence of any affective disorder, are less able to suppress cortisol after
dexamethasone ingestion. Albeit not in line with the ﬁndings of
previous studies from the same cohort, which found no association between depression/anxiety status and cortisol suppression
(Vreeburg et al., 2009a, 2010), the result is not unexpected since
less cortisol suppression indicates dysregulation of the negative
feedback mechanism of the HPA-axis (Vreeburg et al., 2009a). More
speciﬁcally, since a normal response to a dexamethasone suppression test is that cortisol is suppressed (Carroll et al., 1981), less
cortisol suppression suggests a more hyperactive HPA-axis. The
observed association between ADHD symptoms and a higher CAR
also indicates a hyperactive HPA-axis (Vreeburg et al., 2009a). The
ﬁnding is in agreement with a study by Kaneko et al. (1993), who
reported a higher rate of non-suppression in children with ADHD
with severe hyperactivity, as compared to children with ADHD with
mild hyperactivity. To date, to our knowledge, no studies have been
conducted that performed a DST among adults with ADHD. Our
ﬁnding of a relationship between Hyperactive/Impulsive symptoms, and not Inattentive symptoms, and a dysregulation of the
negative feedback mechanism of the HPA-axis may be due to the
association of mainly Hyperactive/Impulsive symptoms with circadian rhythm disturbances (Bijlenga et al., 2013). HPA-axis activity
follows a circadian rhythm (Imeraj et al., 2012). Therefore, circadian rhythm-related disturbances of the HPA-axis may result in
Hyperactive/Impulsive symptoms.
A plausible explanation for inconsistencies of our results with
previous cortisol studies, is that these studies did not adjust for
a diagnosis of affective disorders (e.g., Isaksson et al., 2012), nor
did they (e.g., Imeraj et al., 2012) adjust for a wide range of

S.W.N. Vogel et al. / Psychoneuroendocrinology 79 (2017) 31–39

covariates, besides depression, that may confound the relationship
between ADHD and the HPA-axis. Moreover, discordance between
our results and those of others may be due to differences in sample
size or heterogeneity in the study populations (e.g. adults vs. children; almost no use of stimulants vs. use of stimulants (Isaksson
et al., 2012)).
With regard to the other investigated dysregulated stressrelated mechanisms, we found no consistent associations between
measures of ADHD symptomatology and dysregulations in the ANS,
inﬂammatory markers, or BDNF. Considering High ADHD symptoms (aim a, part 1), the only association found with higher heart
rate was not considered of importance as it was only present
after adjusted for depression/anxiety and did not survive multiple testing. Some of the previous studies also found no relationship
between ADHD symptoms and disturbances of these stress-related
mechanisms (Koenig et al., 2016; Oades et al., 2010; Scassellati et al.,
2014), while other studies did ﬁnd a relationship between ADHD
and the ANS (Rash and Aguirre-Camacho, 2012), inﬂammation
(e.g., Donfrancesco et al., 2016), or BDNF (Shim et al., 2008). Reasons for inconsistencies with previous results are similar as those
mentioned for the HPA-axis, with the exception of an explanation
regarding differences in sampling procedures, such as assessment
of serum vs. plasma BDNF (Shim et al., 2008).
Considering ADHD symptom dimensions and their association with disturbances of these stress-related mechanisms (aim a,
part 2), only the association between Inattentive symptoms and
a longer PEP survived correction for multiple testing, even after
adjustment for affective disorders. This relationship indicates a
lower, more favorable, sympathetic activity for those with more
inattentive symptoms. This ﬁnding is likely due to chance, as no
other associations were observed between the used ADHD measures and ANS measures. However, it is interesting to provide
a possible explanation for this ﬁnding. As speculated previously
(Revesz et al., 2014), chronic stress and associated high levels of
(nor)epinephrine may lead to desensitization of beta-adrenergic
receptors, resulting in a longer PEP. It is further hard to explain
why we found an association between Inattentive symptoms, but
not Hyperactive/impulsive symptoms, and longer PEP. Moreover,
this contradicts a study by Wang et al. (2013) that reported a
relationship between both symptom domains and lower sympathetic activity among preschool-aged children. Previous studies
that also distinguished between Inattentive symptoms and Hyperactive/Impulsive symptoms, reported equally negative ﬁndings for
inﬂammation or BDNF (e.g., Corominas-Roso et al., 2013; Oades
et al., 2010; Scassellati et al., 2014; Shim et al., 2008).
Finally, considering the ADHD index as a measure of severity
of ADHD and ADHD-related behaviours (aim a, part 3), no associations were observed with the ANS, inﬂammation, or BDNF (Lang
et al., 2004; Luchetti et al., 2014; Silvia et al., 2014). This ﬁnding
is in accordance with previous research, while other smaller studies did ﬁnd a relationship between ADHD-related behaviours and
inﬂammation (Chapman et al., 2009), or BDNF (Terracciano et al.,
2010).
With respect to our second aim, investigating the interaction
of ADHD symptoms with affective disorders on dysregulation of
stress-related mechanisms, we found three signiﬁcant interaction
terms, which is what could be expected on statistical chance alone,
and therefore suggests that ADHD symptomatology does not confer added risk to depression/anxiety status itself. This means that
adults with affective disorders with and without comorbid ADHD
have a similar risk for dysregulation of stress-related mechanisms.
The strengths of the current study are that it included a large
sample size, used a DSM-IV based diagnosis of affective disorders,
used a validated instrument to determine ADHD symptoms in two
ways (dichotomous and continuous), examined multiple measures
of the HPA-axis, ANS, and inﬂammation, and − in contrast to earlier
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studies − included important covariates. However, there are some
limitations that should be considered. First, ADHD symptoms were
based on self-report instead of clinical ratings. Further studies on
stress-related biomarkers should use a clinical diagnostic interview
for ADHD. Second, we measured ADHD symptoms 4 years after the
other parameters. Yet, ADHD is by deﬁnition a long-lasting condition that is expected to be relatively stable across development.
Symptom stability has been shown for adult ADHD (Kessler et al.,
2010). Hence, we believed that the fact ADHD was measured 4
years after the other parameters would not affect our results. Third,
ADHD symptoms may mimic symptoms of depression, such as concentration problems making it hard to distinguish both disorders
from each other. Nevertheless, a study by Milberger et al. (1995)
showed that ADHD is not an artifact of symptoms shared with major
depression, and that major depression itself is not an artifact of
overlapping ADHD symptoms. Fourth, participants in NESDA were
selected based on the presence of a depression/anxiety disorder.
The presence of affective disorders may have obscured the association between ADHD and dysregulated stress-related biomarkers. It
is worth studying the ‘pure’ effect of ADHD on dysregulated stressrelated biomarkers in future work that selected ADHD patients and
controlled for affective disorders. In line with this limitation, the
much lower prevalence rate of ADHD symptoms among controls
than a previously described international prevalence rate (3.4%;
Fayyad et al., 2007) may be explained by the exclusion of severe
psychiatric comorbidities in NESDA (e.g. addiction, psychotic disorders, obsessive-compulsive disorder). Studies have shown that
around 66–78% of adult ADHD patients has at least one comorbid disorder, and the mean number of psychiatric comorbidities is
three in clinical practice (Kessler et al., 2006; Kooij et al., 2010).Fifth,
because the analyses were cross-sectional, we cannot make any
causal inferences regarding the observed associations. In the future,
longitudinal studies are needed.
In conclusion, ADHD symptoms were not consistently associated with dysregulations in the ANS, inﬂammatory markers,
and BDNF. Some associations were observed with the HPA-axis,
although most were driven by depressive and anxiety disorders.
Moreover, ADHD symptoms did not confer an added risk to dysregulation of stress-related mechanisms in a population with affective
disorders. This suggest that prior ﬁndings between ADHD and studied dysregulated mechanisms might be caused by the (unknown)
presence of depression and anxiety. However, since participants in
NESDA were selected based on the presence of a depression/anxiety
disorder, which might have masked the association of ADHD symptoms and the dysregulation of stress-related mechanisms; future
studies that selected ADHD patients and controlled for depression
and anxiety are needed.
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