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ARTICLE INFO ABSTRACT

Keywords: Background: Altered regulation of diurnal cortisol has been associated with both dimensional symptoms and
Diurnal cortisol clinical diagnoses of attention deficit-hyperactivity disorder (ADHD). Indeed, a recent meta-analysis suggests
HPA axis that lower diurnal cortisol output may be a biomarker of attention deficit-hyperactivity disorder (ADHD);
ig’:ll;’}’athomgy importantly, however, the influence of psychiatric comorbidities on this association has not been characterized.

Approximately two-thirds of children with ADHD have at least one co-occurring neuropsychiatric condition, and
altered HPA-axis function has been implicated in many of these conditions. Using dimensional measures of
psychopathology, we examined whether comorbid symptoms influence the association of ADHD symptoms with
daily cortisol output.

Methods: 138 adolescents (ages 11-15 years) completed measures of symptoms of psychopathology and provided
saliva samples over two days. We analyzed whether ADHD symptoms were related to morning, afternoon, and
evening cortisol, the cortisol awakening response (CAR) and cumulative daily cortisol (area under the curve with
respect to ground [AUCg]) while accounting for symptoms of three psychiatric disorders that are commonly
comorbid with ADHD: conduct disorder (CD), anxiety, and depression. In sensitivity analyses, we included
symptoms of oppositional defiant disorder (ODD) in place of CD symptoms.

Findings: After controlling for symptoms of CD, anxiety, and depression, ADHD symptoms were associated
significantly with higher cumulative diurnal cortisol (AUCg), morning cortisol, and afternoon cortisol. Symptoms
of CD, anxiety and depression were not associated significantly with any cortisol metrics; however, in sensitivity
analyses, ODD symptoms were associated with lower AUCg and morning cortisol.

Discussion: Our findings highlight the distinct influence of ADHD and externalizing symptoms on cortisol output.
Further work is needed to examine the specificity of altered HPA-axis activity as a biomarker of ADHD and to
elucidate whether symptoms of ADHD differ in their association with diurnal cortisol as a function of their
severity.

Externalizing disorders

1. Introduction

Attention-deficit/hyperactivity disorder (ADHD) is among the most
prevalent of all childhood-onset neuropsychiatric conditions, affecting
an estimated 7% of school-aged children globally (Thomas et al., 2015).
Its pathophysiology, however, is not fully understood. Some studies
investigating hypothalamic-pituitary-adrenal (HPA) axis functioning in
ADHD have found lower diurnal cortisol production among children and
youth with this disorder, although findings have been mixed.

Synthesizing prior findings, a meta-analysis of 19 studies (N = 916 youth
with ADHD and N = 947 typically developing, healthy youth) found that
youth with ADHD had lower morning cortisol, random cortisol (i.e.,
regardless of time of day), and cumulative daily cortisol (area under the
curve with respect to ground [AUCg; Pruessner et al., 2003]), compared
to healthy controls, and no difference in afternoon cortisol; diminished
diurnal cortisol metrics were identified as possible biomarkers of ADHD
(Chang et al., 2021).

Building on this important work, further investigation is needed to
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explore whether these patterns are intrinsic to the pathophysiology of
ADHD. Importantly, prior research has not fully characterized the in-
fluence of conditions that are frequently comorbid with ADHD, many of
which also have potential associations with HPA-axis activity. The 2007
National Survey of Children’s Health reported that 67% of the 61,779
respondents ages 6-17 years with ADHD had at least one co-occurring
neurodevelopmental or psychiatric condition (Larson et al., 2007).
After learning disorders, which were comorbid in 46% of children with
ADHD, the next three most common comorbidities were psychiatric in
nature: conduct disorder (CD; 27%), anxiety (18%), and depression
(14%). A multi-center European study similarly found that two thirds
(66%) of children with ADHD had neuropsychiatric comorbidities
(Reale et al., 2017). Importantly, altered HPA-axis activity has been
documented in each of the most commonly comorbid psychiatric dis-
orders: CD (Fairchild et al., 2008; Salis et al., 2016), anxiety (Kallen
et al.,, 2008; Dieleman et al., 2015), and depression (see review by
Lopez-Duran et al., 2009). Thus, studies that do not account for psy-
chiatric comorbidities may introduce a confound in the association of
ADHD with metrics of HPA-axis activity; heterogeneity of findings could
reflect, in part, variable presence of co-occurring psychopathologic
processes that may influence HPA activity directly and/or interact with
ADHD or other factors in a complex manner.

A number of researchers have addressed this issue in the study of
ADHD as a diagnostic entity by excluding youth with neuropsychiatric
comorbidities (Maldonado et al., 2009; van West et al., 2009; Ma et al.,
2011; Wang et al., 2011, 2017; Angeli et al., 2018; Chang et al., 2020);
however, given the high prevalence of comorbidities, this approach
yields findings on a minority subgroup of youth with ADHD, limiting
generalizability. Other investigators have compared patterns of diurnal
cortisol in children with comorbid versus non-comorbid ADHD for just
one specific co-occurring disorder (e.g., Imeraj et al., 2012; Isaksson
et al., 2012; Isik et al., 2018). For instance, Imeraj et al. (2012) found
that youth with ADHD and comorbid oppositional defiant disorder
(ODD) had steeper negative afternoon cortisol slopes compared to youth
with ADHD alone, but not compared to healthy controls. Conversely,
Isaksson et al. (2012) found that youth with ADHD had lower morning
cortisol than did healthy controls, with no differences based on ODD
comorbidity status. Finally, one study has examined the influence of the
most common psychiatric comorbidities on a single diurnal cortisol
metric (the cortisol awakening response [CAR]), but in a manner that
did not allow the investigators to differentiate the effects of ADHD
versus comorbidities. Freitag et al. (2009) found that ADHD was asso-
ciated with diminished CAR relative to controls only in youth with co-
morbid ODD. However, it is not clear whether this finding was driven by
a primary association of ODD with lower CAR, or alternatively, reflects
differences specific to co-occurring ADHD and ODD; other aspects of
diurnal cortisol also were not examined.

A different meta-analysis highlights the importance of considering
the influence of comorbidities when assessing differences in HPA-axis
regulation in ADHD. Bernhard et al. (2021) found that alterations in
cortisol reactivity to stress in individuals with ADHD are influenced by
comorbidity with conduct disorder (CD), which was associated with
diminished cortisol stress response. In fact, after accounting for co-
morbid CD and ODD, the association of ADHD with altered cortisol
reactivity to stress was not significant. In sum, it may be premature to
characterize lower diurnal cortisol as a biomarker of ADHD. Further
investigation of the influence of comorbid psychiatric symptoms on
metrics of diurnal cortisol in clinical ADHD is warranted.

In addition to studies assessing the relation of HPA-axis regulation
with clinical ADHD, other investigations have examined HPA-axis
regulation in the context of ADHD symptoms. Findings from this work
highlight the importance of accounting for symptoms of disorders that
commonly co-occur with ADHD. For instance, in a study of
kindergarten-aged children, both hyperactive/impulsive symptoms and
internalizing symptoms were associated with higher morning cortisol in
boys, though not in girls (Hatzinger et al., 2007). In a sample of 2307
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adults, inattentive symptoms and total ADHD symptoms both were
associated with higher CAR AUCg, but these associations were no longer
significant after controlling for co-occurring symptoms of anxiety and
depression (Vogel et al., 2017). In a study of 272 8-year-old children,
Pesonen et al. (2011) found no association of ADHD symptoms with
diurnal cortisol, even when controlling for symptoms of CD, ODD,
and/or anxiety. Finally, Salis et al. (2016) found that blunted diurnal
cortisol rhythmicity at age 6 predicted an increase in externalizing
problems (including conduct, aggression, and attention problems) at age
9, which was driven by conduct problems and aggression.

There are several advantages to studying ADHD using dimensional
measures of psychopathology in community samples. Pragmatically, the
large number of conditions that are commonly comorbid with ADHD
makes it difficult to have adequate power to examine numerous cate-
gorical subgroups simultaneously. Here, a dimensional approach yields
data that can guide future hypothesis-driven extensions of findings.
Prior work suggests that shared physiologic and neurocognitive pro-
cesses are involved in clinical and sub-clinical ADHD symptoms. For
example, delayed cortical maturation (i.e., thickening in childhood
followed by thinning in adolescence [Shaw et al., 2011; Mous et al.,
2014]) has been associated both with clinical ADHD and with dimen-
sional inattentive/hyperactive symptoms in non-clinical populations.
Thus, findings regarding physiologic differences associated with
dimensional ADHD symptoms may meaningfully inform hypotheses to
be tested in clinical samples using diagnostic data.

Findings generated using dimensional data in community samples
also can enhance inquiry into the pathophysiologic etiology of ADHD
directly. Research examining the genetic basis of ADHD suggests that
numerous, multi-locus, additive genetic risk factors create a graded
spectrum of physiologic differences that give rise to dimensional
symptoms (Nikolas and Burt, 2010). Indeed, taxometric analyses indi-
cate that ADHD-related symptoms have a dimensional rather than a
taxonic structure in large population datasets (Marcus and Barry, 2011).
Finally, Hong et al. (2014) found that, compared with healthy controls,
children with elevated but subthreshold symptoms of ADHD experi-
enced functional impairment in similar domains as did youth with
clinical ADHD. In this study, subthreshold elevated symptoms also were
more than twice as prevalent as was a clinical presentation of ADHD.
Thus, studies using dimensional measures in community samples can
inform etiologic models generated to account for the structure of
ADHD-related genetic variants, symptoms, and functional impairments
in large populations.

Beginning with a dimensional approach to psychopathology symp-
toms, the present study was designed to characterize the influence of
comorbid symptoms on associations of ADHD symptoms with diurnal
cortisol metrics. In a sample of 138 youth (ages 11-15 years), we
examined whether dimensional symptoms of ADHD and of common
comorbid psychiatric conditions are associated with variations in the
production of diurnal cortisol when controlling for demographic char-
acteristics and other relevant variables. Specifically, we assessed
whether ADHD symptoms account for variance in five metrics of diurnal
cortisol: morning cortisol, the cortisol awakening response (CAR), af-
ternoon cortisol, evening cortisol, and cortisol AUCg. After controlling
for demographic covariates, we also accounted for co-occurring symp-
toms of the three psychiatric disorders reported to be most commonly
comorbid with ADHD: CD, anxiety, and depression (Larson et al.,
2007).! We hypothesized that CD symptoms, in particular, would be
associated with diminished diurnal cortisol output (Bernhard et al.,
2021), and that including CD as a covariate would alter conclusions
about the relation between ADHD symptoms and cortisol production. In
sensitivity analyses, we considered ODD symptoms as an alternative

1 Given the important role of comorbid ODD in prior studies, we also
considered the potential influence of this disorder, although we ultimately
excluded it from our final analyses for reasons described below.
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measure of externalizing disorder symptomatology, replacing CD in
models.

2. Materials and Methods
2.1. Participants

Participants were recruited from communities around Stanford
University through a combination of print and online media an-
nouncements as part of a longitudinal investigation of psychobiological
functioning across adolescence. Data for this study were collected at
study time 2 (T2), two years after enrollment. Inclusion criteria at
enrollment were age 9-13 years, early pubertal status, and proficiency
in spoken and written English. Exclusion criteria included a history of
major medical illness and intellectual disability that would impede a
child’s ability to comprehend procedures. Because an aim of the larger
parent study was to examine the neurobiology of mental health during
the pubertal transition, females were also excluded if they had reached
menarche at time of recruitment, and males and females were matched
on pubertal stage. The parent study also included a magnetic resonance
imaging (MRI) session; therefore, children were also excluded for factors
that would prevent MRI scanning (e.g., metal implants).

Of 167 participants in the longitudinal study at T2, 147 (88%)
participated in diurnal cortisol sampling. Of these, 5 participants
returned cortisol samples that were not usable due to missing or inac-
curate date/time information, and 4 participants were excluded because
they did not complete one or more measures of psychopathology
symptoms (see below). Thus, the final sample consisted of 138 children
(56% female) ages 11-15 years. Participants completed child- and
parent-report questionnaires assessing psychopathology symptoms,
child-reported rating of pubertal stage, and child home salivary cortisol
collection at four time points per day over two consecutive weekdays;
weekdays were preferred because we expected that wake-up times and
daily schedules would be more similar both between and within par-
ticipants (day-to-day), particularly during the school year, compared to
weekends.

2.2. Measures

2.2.1. Symptoms of psychopathology

We assessed symptoms of psychopathology using a dimensional
approach, modeling continuous scores for symptoms of each of the four
disorders of interest using validated measures. This approach allows us
to investigate symptoms at both subclinical and clinical levels. ADHD,
CD, and ODD symptoms were assessed using the Attention Problems,
Conduct Problems, and Oppositional Defiant Problems subscales of the
Child Behavior Checklist (CBCL-AP and CBCL-CD, respectively; Achen-
bach and Rescorla, 2001). Although the CBCL-AP is a narrow-band
measure that does not map perfectly onto Diagnostic and Statistical
Manual, 5th Edition (DSM-V) criteria for ADHD (American Psychiatric
Association, 2013), it has been identified as a preferred measure for the
comprehensive assessment of symptoms in a research context in a
meta-analysis comparing the diagnostic accuracy of ADHD rating scales
(Chang et al., 2016); the subscale includes items probing inattentive as
well as hyperactive and impulsive symptoms. Anxiety symptoms were
assessed using the self-report Multidimensional Anxiety Scale for Chil-
dren (MASC; Wei et al., 2014); to reduce participant burden, only the
Social Anxiety and Physical Symptoms subscales of the MASC were
administered. Depression symptoms were assessed with the 10-item
short form of the Children’s Depression Inventory, 2nd Edition (CDI-2;
Kovacs, 1992). We used parent-report measures for ADHD and CD
because adolescents have been found to under-report ADHD and
externalizing symptoms compared with parent reports (Sibley et al.,
2012; Colomer et al.,, 2020); youth with ADHD, in particular,
under-report conduct problems to a greater extent than do peers without
ADHD (Colomer et al., 2020). We used raw scores rather than T-scores
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(which are normed for age and sex) for the above measures as inde-
pendent variables to allow us to examine how age and sex influence
relations of interest.

Both CD and ODD have been examined as comorbidities in prior
literature describing the association of ADHD with cortisol output (e.g.,
Bernhard et al., 2021). In the present sample, scores on the CBCL ODD
subscale score were strongly associated with scores on the CBCL CD
subscale (r = 0.65, p < 0.001). Given evidence of collinearity, combined
with epidemiological data indicating that CD is the psychiatric disorder
most commonly comorbid with ADHD (Larson et al., 2007), we included
CD symptoms and excluded ODD symptoms in our initial models.
However, we conducted a sensitivity analysis for each cortisol metric
examining whether findings changed when ODD symptoms were instead
entered as a predictor.

2.2.2. Pubertal stage

Pubertal stage was assessed with the self-report Tanner Staging
questionnaire (Marshall et al., 1968) at enrollment (T1) and at the time
of the assessment included in the current study (T2). We computed the
average of Tanner scores for pubic hair growth and breast/genitalia
growth for each participant to yield an index of overall stage of pubertal
development (Dorn et al., 2006). Data on Tanner stage at T2 were
missing for one participant; we imputed the value based on that par-
ticipant’s Tanner stage at enrollment, the average rate of pubertal pro-
gression in the sample, and the time interval between the participant’s
T1 and T2 study visits.

2.2.3. Diurnal cortisol
Diurnal cortisol was measured using salivary cortisol samples
collected by participants at home using procedures described below.

2.2.4. Demographic covariates

Covariates included participant age, age self-identified sex and race/
ethnicity, and parents answered questionnaires about household income
and parent education.

2.3. Procedures

Questionnaires assessing psychopathology symptoms, demographic
covariates, and Tanner stage were administered during the T2 visit at
Stanford University. For three participants who were missing data on
household income, their household income at enrollment was used
given high income stability from T1 to T2 (Pearson’s r = 0.90, p <
0.001).

At the T2 session, participants and their parents were given in-
structions for salivary cortisol sample collection, both verbally and in
writing. Participants then collected samples at home on two consecutive
days with SalivaBio Children’s Swabs (Salimetrics, LLC; see King et al.,
2017), for details about the protocol). Consistent with previous studies
(e.g., Fries et al., 2009; LeMoult et al., 2015; Jopling et al., 2021),
participants were instructed to collect saliva on each of two consecutive
weekdays at the following time points: at waking while still in bed
(Sample 1 [S1]); 30 minutes after waking (S2); mid-afternoon at 3:00
pm (S3); and in the evening two hours after dinner (S4). Values and
times for S1 and S2 allowed us to measure CAR (Stalder et al., 2016);
S1-S4 values were used to calculate AUCg (Pruessner et al. (2003)).

Participants recorded collection times in a home journal, a method
found in prior work to mirror findings obtained with smart caps
(LeMoult et al., 2015). Participants stored the samples in home freezers
before returning them to the lab. Samples were then stored in a — 20 °C
freezer in the Psychology Department at Stanford University. They were
assayed using a high-sensitivity (0.004 ug/dL) immunoassay kit from
Immuno-Biological Laboratories Inc. (Hamburg, Germany; both intra-
and inter-assay coefficients of variation (CV) for the kit ranged from 3%
to 5%). Samples were assayed in batches to control for inter-assay error
and values were equated across assays using a linear transformation
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derived from a subset of samples analyzed by multiple assays. To correct
for positive outliers in the salivary cortisol data, values greater than 2 SD
above the mean were winsorized to the 2-SD value as per current
guidelines (Stalder et al., 2016). We computed average values separately
for all four of the cortisol metrics over the two days, accounting for time
of collection.

2.4. Data analysis

We first computed Pearson correlation coefficients to assess bivariate
associations among pairs of continuous variables (Table 2), and con-
ducted t-tests to assess associations of each binary covariate (sex and
nonwhite race) with continuous variables (all others). We conducted a
X2 test of independence to test the bivariate association of sex with
nonwhite race. We then constructed multivariate ordinary least squares
(OLS) linear regression models accounting for variance in morning
cortisol, CAR, afternoon cortisol, evening cortisol, and cortisol AUCg,
with a stepwise approach described below. Independent variables of
interest included symptoms of ADHD, CD, anxiety, and depression;
additional covariates were demographic characteristics and pubertal
stage. Prior to constructing the models, cortisol measures and psycho-
pathology symptom scores that were positively skewed were natural log-
transformed to respect model assumptions of normality; only morning
cortisol was not transformed because a Shapiro-Wilks test indicated that
the transformation failed to improve normality. Variables were then
standardized to address structural collinearity that otherwise distorts
variance inflation factor (VIF) values in the setting of interaction terms
(see below).

For each cortisol measure, we first built an OLS model assessing as-
sociations with demographic covariates (household income, parental
education, nonwhite race, age, and pubertal stage). Control variables
that were not associated significantly with the dependent variable in the
initial models were excluded from subsequent stepwise models below.

Table 1
Sample Characteristics (N = 138).

M (SD) or N (%)

Sex (female) 77 (56%)
Age (years) 13.42 (1.11)
Pubertal stage 3.53 (0.95)
Race/ethnicity

Non-Hispanic White 62 (45%)
Black 6 (4%)
Hispanic/Latino 17 (12%)
Asian 19 (14%)
Other 34 (25%)
Family income

$0,000-$50,000 18 (13%)
$50,001-$75,000 16 (12%)
$75,001-$100,000 13 (9%)
$100,001-$150,000 37 (27%)
$150,001 + 54 (39%)
Parental education

< 4-year college degree 40 (29%)
4-year college degree 55 (40%)
Graduate degree 43 (31%)
Cortisol measures (ug/dL)

Morning cortisol 0.23 (0.12)
Afternoon cortisol 0.09 (0.11)
Evening cortisol 0.04 (0.04)

Cortisol AUCg
Psychopathology symptom scores

126.56 (76.00)

ADHD (CBCL AP) 2.38 (3.09)
Conduct disorder (CBCL CP) 1.02 (1.66)
Depression (CDI) 2.25 (2.62)
Anxiety (MASC) 19.5 (12.91)

AUCg=Area under the curve with respect to ground; CBCL AP=Child
Behavior Checklist (CBCL) Attention Problems score; CBCL CP= CBCL
Conduct Problems score; CDI=Children’s Depression Inventory score;
MASC=Multidimensional Anxiety Scale for Children score.

Psychoneuroendocrinology 148 (2023) 105990

Stepwise models were constructed with significant demographic
covariate(s) (Model 1); then, ADHD symptoms (Model 2) and symptoms
of commonly comorbid conditions (Model 3) were added in a stepwise
fashion. Finally, we assessed the interaction of the ADHD symptom score
with the symptom score for each of the other three disorders to account
for potential differential patterns of diurnal cortisol as a function of
symptom co-occurrence. If significant symptom score interaction(s)
were identified, these were added in a final model (Model 4). Model fit
was compared using likelihood ratio (LR) testing. Variance inflation
factor (VIF) values were calculated for each independent variable; we
considered VIF> 2.5 to indicate potentially problematic multi-
collinearity. We applied the Benjamini-Hochberg Procedure to control
the False Discovery Rate (FDR) using sequential modified Bonferroni
correction for multiple hypothesis testing. For each model, any evidence
of type 1 error generated by this method is discussed. Standardized
coefficients () were generated using the StdBeta post-estimation mod-
ule (Hemken, 2017).

3. Results
3.1. Descriptive statistics

Descriptive statistics for the participants are presented in Table 1.
Pubertal stage ranged from pre-pubertal (Tanner 1) to sexually mature
(Tanner 5); the majority of participants (58%) were at Tanner 3 or 4. The
sample was relatively affluent, consistent with the communities sur-
rounding Stanford University; two thirds (66%) of the sample had an
annual household income over $100,000 (modal income bracket was
>$150,000), and nearly a third of parents had completed a graduate
degree. Nine percent of participants (N = 13) had a CBCL-AP T-score
above a cutoff of 60 (>85th percentile for age and sex) suggesting risk of
clinical ADHD. Four participants (3%) were taking stimulant ADHD
medication at time of cortisol collection. Twenty-six participants (19%)
reported taking other medications, none of which are expected to have
substantial direct effect on systemic cortisol. These included non-
corticosteroid allergy medications (n = 11), asthma inhalers (n = 8,
including 5 reporting inhaled corticosteroids use, not expected to in-
fluence systemic cortisol substantially), and antidepressants (n = 6).

Correlation coefficients for associations among the continuous vari-
ables of interest are presented in Table 2. Analyses of bivariate associ-
ations between binary and continuous variables indicated that male sex
was associated with older age, as was expected given that we matched
males and females on pubertal stage at recruitment (t = —3.75, p <
0.001); sex was not associated significantly with any other continuous
covariate. Nonwhite race was associated with less advanced Tanner
stage (t = 2.48, p = 0.01) and lower income (t = 2.60, p = 0.01). A Xz_
test yielded no significant association between sex and nonwhite race.
Serial t-tests also yielded no significant differences in mean values of any
of the independent variables or covariates for participants who did (N =
138) versus who did not (N = 91) provide T2 data.

3.2. Associations of psychopathology symptoms with diurnal cortisol

3.2.1. Cumulative daily cortisol (AUCgZ)

Of the potential covariates, only age and parental education level
predicted significant variance in AUCg (Model la). Older age was
associated with higher AUCg, whereas higher parental education level
was associated with lower AUCg. Model fit was improved by adding
ADHD symptoms (Model 2a vs. 1a: LR Xz(l) =10.62,p =0.001), but not
by adding all psychopathology scores (Model 3a; LR test vs. Model 2a:
¥?2(3)= 6.28, p = 0.10); in a post-hoc analysis, a model adding CD
symptoms alone to Model 2a did result in improved fit (LR X22(1): 6.23,
p = 0.01). Nevertheless, given the primary goal of accounting for
comorbidities, we retained the model including all psychopathology
symptoms (Model 3a). Model 3a fit the data well (F(6, 125)= 4.22, p <
0.001) and accounted for 17% of variance in AUCg. ADHD symptom



A. Berens et al.

Psychoneuroendocrinology 148 (2023) 105990

Table 2
Correlations among variables of interest.
(€8] (2) 3) “@ ©) 6) @ 8 (©)] (10) an (12)
(1) Morning cortisol -
(2) Afternoon cortisol 0.38" -
(3) Evening cortisol 0.30"" 0.64"" -
(4) CAR -0.18 * 0.11 0.07 -
(5) AUCg 0.54"" 0.62"" 0.46"" 0.56"" -
(6) Age 0.01 0.04 0.10 0.21 * 0.17 * -
(7) Pubertal stage 0.07 0.09 0.17 * 0.07 0.08 0.49"" -
(8) Household income 0.03 -0.01 0.10 0.02 0.01 0.06 -0.06 -
(9) Parental education -0.16 -0.07 -0.18 * -0.05 -0.12 0.18 * -0.05 0.41"" -
(10) ADHD (CBCL AP) 0.20 * 0.27" 0.19 * 0.00 0.24"" -0.09 -0.06 0.02 0.05 -
(11) CD (CBCL AP) -0.03 0.05 0.04 -0.01 -0.07 -0.05 0.06 0.05 0.01 0.41"" -
(12) Depression (CDI) -0.03 0.06 0.07 0.13 0.07 0.20 * 0.20 * -0.06 -0.02 0.10 0.16 -
(13) Anxiety (MASC) -0.02 0.05 -0.05 0.09 0.06 0.15 -0.01 -0.12 -0.03 0.01 -0.01 0.47""
*p < 0.05 * *p < 0.01 * **p < 0.001

AUCg=diurnal cortisol area under the curve with respect to ground; CAR=cortisol awakening response; AUCg=diurnal cortisol area under the curve with respect to
ground; CAR=cortisol awakening response; ADHD=Attention deficit-hyperactivity disorder; CBCL AP=Child Behavior Checklist (CBCL) Attention Problems score;
CD=Conduct disorder; CBCL CP=CBCL Conduct Problems score; CDI=Child Depression Inventory score; MASC=Multidimensional Anxiety Scale for Children score.

score was significantly associated with higher AUCg ( = 0.37, t(125) =
4.03, p < 0.001); in contrast, CD symptom score was associated with
lower AUCg (p = -0.22, t(125) = -2.42, p = 0.02). After controlling for
the FDR, the association of CD symptoms with AUCg was no longer
significant. VIF values were all acceptable (VIF range: 1.05-1.40).

Including the significant interaction of ADHD and anxiety symptoms
improved model fit (Model 4a vs. 2a: X2(4) =11.32, p = 0.02; Model 4a
vs. 3a: Xz(l) =5.77, p = 0.02). The association of ADHD symptom score
with higher AUCg decreased with increasing anxiety scores (f =-0.18, t
(124) = -2.35, p = 0.02); however, after controlling for the FDR, the
association of the interaction term with AUCg was no longer statistically
significant. See Table 3 for complete results.

In a sensitivity analysis, Model 3a was modified by including ODD
symptom score in place of CD symptoms. ADHD remained significantly
associated with higher AUCg (f = 0.39, t(125) = 4.23, p < 0.001). ODD
symptoms were associated with significantly lower AUCg (p = -0.26, t
(125) =-2.77, p < 0.01), and this association remained significant after
controlling for the FDR.

3.2.2. Morning cortisol (S1)
Of the potential covariates, only parental education level explained
statistically significant variance in morning cortisol (Model 1b). Model

Table 3
Variance in cortisol AUCg explained by selected covariates.
Model 1a Model 2a Model 3a
Age 0.20 * 0.23 * * 0.23 * *
(0.05) (0.05) (0.05)
Parental education -0.16 -0.18 * -0.18 *
(0.07) (0.07) (0.07)
ADHD (CBCL AP) 0.27 * * 0.37 * **
(0.06) (0.07)
Conduct disorder (CBCL CP) -0.22 *
(0.09)
Depression (CDI) 0.00
(0.07)
Anxiety (MASC) 0.02
(0.06)
R? 0.055 0.128 0.169
df (model) 2 3 6
df (residuals) 129 128 125
F 3.751 6.263 4.223

*p < 0.05, * * p < 0.01, * ** p < 0.001

ADHD=Attention Deficit-Hyperactivity Disorder; CBCL AP=Child Behavior
Checklist (CBCL) Attention Problems subscale score; CDI=Child Depression In-
ventory score; MASC=Multidimensional Anxiety Scale for Children score; CBCL
CP=CBCL Conduct Problems score; AUCg=diurnal cortisol area under the curve
with respect to ground.

fit was improved by including symptom score for ADHD (Model 1b vs.
2b: 2 =5.77, p = 0.02) but not by adding comorbidity scores (Model 2b
vs. 3b: X2 =2.23, p = 0.53). Nevertheless, Model 3b was retained, as
explained above. Model 3b explained a small amount of variance in
morning cortisol (R%? =0.08) but fit the data adequately (F(5, 131)=
2.35, p = 0.04). VIF values indicated no significant multicollinearity
(VIF range: 1.01-1.35). ADHD symptom score was associated with
higher morning cortisol (f = 0.25, t(130) = 2.75, p < 0.01), whereas
higher parental education was associated with lower morning cortisol.
Symptoms of CD, anxiety, and depression were not associated with
morning cortisol (Table 4). VIF values were acceptable (VIF range:
1.01-1.35). ADHD symptoms did not significantly interact with any
comorbid psychiatric symptoms; thus, Model 3b was the final model
run.

In a sensitivity analysis, Model 3b was modified to include symptoms
of ODD in place of CD. ADHD symptoms again were associated with
higher morning cortisol (p = 0.32, t(130) = 3.50, p < 0.001), while ODD
symptoms were associated with lower morning cortisol (f = -0.24, t
(130) = -2.62, p < 0.01); both associations remained significant after
FDR correction. CDI and depression again were not associated with
morning cortisol. The modified model fit the data well (F(5, 130)= 3.53,
p < 0.01) and accounted for 12% of variance in morning cortisol.

Table 4
Variance in morning cortisol explained by selected variables.
Model 1b Model 2b Model 3b
Parental education -0.16 -0.17 * -0.17 *
(0.01) (0.01) (0.01)
ADHD (CBCL AP) 0.21 * 0.27 * *
(0.01) (0.01)
Conduct disorder (CBCL CP) -0.13
(0.02)
Depression (CDI) -0.04
(0.02)
Anxiety (MASC) -0.01
(0.01)
R? 0.025 0.069 0.087
df (model) 1 2 5
df (residuals) 134 133 130
F 3.424 4.948 2.469

*p < 0.05, * *p < 0.01, * **p < 0.001 Standardized beta coefficients; SE in
parentheses

ADHD=Attention Deficit-Hyperactivity Disorder; CBCL AP=Child Behavior
Checklist (CBCL) Attention Problems subscale score; CDI=Child Depression In-
ventory score; MASC=Multidimensional Anxiety Scale for Children score; CBCL
CP=CBCL Conduct Problems score; AUCg=diurnal cortisol area under the curve
with respect to ground; df=degrees of freedom.
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3.2.3. Cortisol awakening response (S1 to S2)

Of the potential covariates, sex and age explained significant vari-
ance in CAR. Adding symptoms of ADHD (Model 2c) and all psycho-
pathology symptoms (Model 3c) to the model with age and sex alone
(Model 1c) did not improve model fit (Model 1c vs. 2c: X2 =0.19,p =
0.66; Model 1c vs. 3c: y2 =0.53, p = 0.91, and none of the psychopa-
thology symptom scores explained significant variance in CAR. ADHD
symptoms did not significantly interact with any comorbid psychiatric
symptoms. Results were unchanged when morning cortisol was included
in the model with psychopathology symptoms to control for pre-CAR
baseline. Given the significant association of sex with CAR, we also
conducted post hoc analyses in which we stratified the sample by self-
identified sex and reran the stepwise OLS regression models described
above (while excluding sex as a covariate). Findings were unchanged;
among both males and females, age was positively associated with CAR
and psychopathology symptom scores were not significantly associated
with CAR. Using ODD symptoms instead of CD symptoms during
sensitivity analysis also did not change the findings.

3.2.4. Afternoon cortisol (S3)

None of the demographic covariates explained significant variance in
afternoon cortisol. To the null model (Model 1d), we added symptoms of
ADHD (Model 2d), followed by all psychopathology symptom scores
(Model 3d). In Model 4d we added a significant interaction term
whereby depression symptoms were associated with higher afternoon
cortisol in setting of older age (Model 4d). Model fit was improved by
adding symptoms of ADHD to the null model (Model 1d vs. 2d: y2
=10.58, p = 0.001), although not by subsequent stepwise additions
(Model 2d vs. 3d: XZ =1.03, p = 0.79; Model 3d vs. 4d: XZ =5.22,p =
0.07). Nevertheless, we retained the model that included the comor-
bidity scores, as described above. Model 3d fit the data adequately (F(4,
133)= 2.92, p = 0.02) and explained 8% of variance in afternoon
cortisol. ADHD symptom score was associated with higher afternoon
cortisol (p = 0.30, t(133) = 3.28, p = 0.001); none of the other psy-
chopathology scores explained significant variance in this cortisol
metric. VIF values were acceptable (VIF range: 1.21-1.33). ADHD
symptoms accounted for a relatively small amount of variance in af-
ternoon cortisol when controlling for comorbid symptoms (AR2 =0.07).
Findings were unchanged when ODD symptoms were included in this
model instead of CD symptoms; like CD symptoms, ODD symptoms were
not associated with afternoon cortisol.

3.2.5. Evening cortisol (S4)

Among potential covariates, household income and parental educa-
tion explained significant variance in evening cortisol level (Model 1e).
Symptoms of ADHD (Model 2e) and other disorders (Model 3e) were
added in a stepwise fashion to a model including these covariates. Model
fit was improved by including symptom score for ADHD (Model 1e vs.
2e: 2 =5.86, p = 0.02), but not by including the other disorders; Model
3e was nevertheless retained as per above. Model 3e fit the data
adequately (F(6, 130)=2.97, p < 0.01) and explained 12% of variance in
evening cortisol. There was no evidence of significant multicollinearity
(VIF range 1.21-1.33). Higher ADHD symptom score was associated
with higher evening cortisol (f = 0.22, t(130) = 2.46, p = 0.02), but this
association was not significant after FDR correction. Symptoms of CD,
anxiety, and depression were not associated with evening cortisol
(Table 5). ADHD symptoms did not significantly interact with any co-
morbid psychiatric symptoms; thus, Model 3e was the final model run.
VIF values were acceptable (VIF range: 1.04-1.37). Findings were un-
changed by modification of Model 3e to include symptoms of ODD in
place of CD symptoms.
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Table 5
Variance in afternoon cortisol explained by selected covariates.
Model 1a Model 2a Model 3a
ADHD (CBCL AP) 0.27" 0.30"
(0.08) (0.09)
Conduct disorder (CBCL CP) -0.07
(0.09)
Depression (CDI) 0.02
(0.10)
Anxiety (MASC) 0.04
(0.09)
R? 0.00 0.07 0.08
df (model) 0 1 4
df (residuals) 137 136 133
F 0 10.84 2.92

*p < 0.05, * *p < 0.01, * **p < 0.001; Standardized beta coefficients; Standard
errors in parentheses;

ADHD=Attention Deficit-Hyperactivity Disorder; CBCL AP=Child Behavior
Checklist (CBCL) Attention Problems subscale score; CDI=Child Depression In-
ventory score; MASC=Multidimensional Anxiety Scale for Children score; CBCL
CP=CBCL Conduct Problems score; AUCg=diurnal cortisol area under the curve
with respect to ground.

Table 6
Variance in evening cortisol explained by selected variables.
Model 1c Model 2¢ Model 3c
Household income 0.21 * 0.21 * 0.22 *
(0.06) (0.06) (0.06)
Parental education -0.27"" -0.28" -0.28"
(0.11) (0.10) (0.10)
ADHD (CBCL AP) 0.20 * 0.22 *
(0.09) (0.10)
Conduct disorder (CBCL CP) -0.08
(0.13)
Depression (CDI) 0.11
(0.11)
Anxiety (MASC) -0.08
(0.09)
R? 0.07 0.11 0.12
df (model) 2 3 6
df (residuals) 134 133 130
F 4.91 5.33 2.98

*p < 0.05, * *p < 0.01, * **p < 0.001 Standardized beta coefficients; SE in
parentheses.

ADHD=Attention Deficit-Hyperactivity Disorder; CBCL AP=Child Behavior
Checklist (CBCL) Attention Problems subscale score; CDI=Child Depression In-
ventory score; MASC=Multidimensional Anxiety Scale for Children score; CBCL
CP=CBCL Conduct Problems score; AUCg=diurnal cortisol area under the curve
with respect to ground; df=degrees of freedom.

4. Discussion
4.1. Primary findings

This study was designed to examine the association of ADHD
symptoms with metrics of diurnal cortisol production in adolescents
while accounting for symptoms of psychiatric disorders commonly co-
morbid with ADHD. In multivariate models, we found that ADHD
symptom score was significantly associated with higher morning
cortisol, afternoon cortisol, evening cortisol, and cumulative daily
cortisol output. While the association of CD symptoms with lower cu-
mulative daily cortisol was not significant when controlling for the FDR,
ODD symptoms (an alternate measure of externalizing symptoms) were
significantly associated with both lower AUCg and lower morning
cortisol when accounting for the FDR. We suspect that the ODD score
provided a more robust measure of externalizing symptoms in our
community sample due to infrequent endorsement of the more con-
cerning CD symptoms (e.g., stealing, running away from home, setting
fires).



A. Berens et al.

Our findings are situated within a literature characterized by vari-
able associations of ADHD symptoms and diurnal cortisol (Hatzinger
et al., 2007; Pesonen et al., 2011; Salis et al., 2016; Vogel et al., 2017).
Our results support the literature suggesting that symptoms of disorders
that are commonly co-occurring with ADHD influence the association of
ADHD symptoms with diurnal cortisol (e.g., Salis et al., 2016; Vogel
et al., 2017) and, in particular, converge with studies documenting as-
sociations of dimensional symptoms (Salis et al., 2016) and clinical di-
agnoses (Bernhard et al., 2021) of CD and ODD with HPA-axis
hypoactivity. Thus, our research further supports the possibility that
the association of externalizing symptoms (in our sample, ODD) with
diminished diurnal cortisol output can confound the relation between
ADHD and HPA-axis functioning.

As we discussed above, our use of a community sample precludes a
direct comparison to clinical studies of ADHD and co-occurring disor-
ders. Indeed, our results diverge from recent meta-analytic findings
implicating lower diurnal cortisol output as a biomarker of ADHD
(Chang et al., 2021). Only 9% of our sample had CBCL scores indicating
high risk of ADHD; thus, the associations we observed are likely driven
by symptoms in the subclinical range. It is possible that largely sub-
clinical, dimensional ADHD symptoms in the general population have
unique patterns of association with metrics of diurnal cortisol. Never-
theless, we hope that our results will motivate further hypothesis-driven
work with clinical samples to examine whether the divergence of our
results from meta-analytic findings reflects the influence of comorbid-
ities, which are highly prevalent among individuals with ADHD (Larson
et al., 2007).

It also is noteworthy that ADHD symptoms were associated with
higher morning, afternoon and average daily cortisol in our sample,
even in models that did not adjust for comorbidities. Thus, future work
should explore whether additional factors may contribute to heteroge-
neity in findings concerning the association of ADHD symptoms with
HPA-axis activity. Indeed, despite meta-analytic findings of lower levels
of some diurnal cortisol metrics in relation to ADHD (Chang et al.,
2021), findings across studies were mixed, with some studies failing to
find these associations or finding associations with higher cortisol levels.
Investigation of confounding or moderating factors that might explain
heterogeneity is needed. Among factors to consider, prior work has
documented sex-related differences in the development of the HPA axis
and in the relation of cortisol with psychopathology across the pubertal
transition (Colich et al., 2015; Zhang et al., 2020). In our study, we did
not have adequate sample size or variability in age and sexual maturity
to explore these associations thoroughly, and we leave this as a goal for
future research. It also is likely that multiple mechanisms account for
associations of ADHD symptoms with cortisol output. For instance,
while altered diurnal cortisol may reflect pathophysiological processes
that underlie symptoms of ADHD (Chang et al., 2021), it is also possible
that ADHD symptoms result in increased exposure to daily stressors;
clinical ADHD has been associated with stressful experiences as school
failure, unemployment, unintended pregnancy, accidental injury, arrest,
and divorce (Mattingley et al., 2011). Indeed, Freitag et al. (2009) found
that adverse parenting conditions, family conflicts, and acute life events
were associated with elevated levels of diurnal cortisol in youth with
ADHD. Exploring multiple pathways for the association of ADHD and
altered HPA-axis functioning will help to elucidate complex relations
between these two constructs.

Finally, if the association of clinical ADHD with lower diurnal
cortisol is robust to potential confounds and moderating variables, our
findings might prompt an examination of possible mechanisms
explaining why largely subclinical, dimensional symptoms of ADHD are
associated with elevated diurnal cortisol when clinical ADHD is associ-
ated with lower diurnal cortisol. For example, a number of risk factors
for ADHD, including prenatal exposure to pharmacologic corticosteroids
(Raikkonen et al., 2020), oral steroid treatment in childhood asthma
(Xie et al., 2022), maternal prenatal stress/anxiety (Grizenko et al.,
2008), and childhood psychosocial stress (Bjorkenstam et al., 2018),
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implicate early exposure to elevated glucocorticoids in the etiology of
ADHD. Such findings could align with evidence suggesting that patterns
of hypocortisolemia observed in several stress-related conditions (e.g.,
posttraumatic stress disorder and chronic fatigue) may result from initial
hypercortisolism triggering down-regulation of the HPA axis, or “HPA
blunting” (Fries et al., 2005). Interestingly, a variant of the gene FKBP5,
which influences signaling at cortisol’s glucocorticoid receptor—the
cortisol receptor subtype linked most consistently to cortisol-mediated
HPA-axis blunting (Berens et al., 2017), versus the mineralocorticoid
receptor, which is more implicated in diurnal rhythmicity (Isaksson
et al., 2015)—has been associated both with risk for ADHD and lower
diurnal cortisol output (Isaksson et al., 2015). Future work might
investigate the interesting possibility that genetic polymorphisms
implicated in dynamics of HPA-axis blunting might predict distinct
neuroendocrine and clinical endpoints among individuals otherwise at
risk for ADHD—whether subclinical ADHD and elevated diurnal
cortisol, or clinical ADHD and diminished diurnal cortisol. Such dis-
cussions remain highly speculative, and our study is not a study of
sub-clinical ADHD, per se (despite the predominance of subclinical
symptoms); nevertheless, speculations highlight how findings from our
study, or other studies employing dimensional psychopathology mea-
sures, could inform hypotheses relevant to the pathophysiology of
clinical ADHD.

4.2. Secondary findings

While not a primary focus of our study, it is notable that symptoms of
anxiety and depression were not correlated with either ADHD symptoms
or variance in cortisol metrics in our community sample of adolescents.
We were surprised by the independence of mood and ADHD symptoms
given the frequent comorbidity of ADHD and mood disorders (e.g.,
Larson et al., 2007; Reale et al., 2017) and the evidence of correlations
among symptoms of ADHD, anxiety, and depression in clinical or
high-risk pediatric samples (Biederman et al., 1996; Liu et al., 2014;
Levy et al., 2020; Gair et al., 2021). It is possible that our use of a
community sample contributed to this finding. Previous studies have
suggested that ADHD-related functional impairments are important
drivers of emergent anxiety and depression (e.g., Humphreys et al.,
2013; Gair et al., 2021); these effects of ADHD on risk for anxiety and
depression may occur only in the presence of higher levels of functional
impairment associated with clinical ADHD. Further, although studies
have linked anxiety and depression to altered HPA-axis functioning
(Kallen et al., 2008; Lopez-Duran et al., 2009; Dieleman et al., 2015),
altered diurnal cortisol metrics may be associated more clearly with risk
for future mood disorder(s) than with concurrent mood symptoms or
diagnoses. For example, a meta-analysis showed that morning cortisol is
related to future levels of depression but not to current depressive
symptoms (Zajkowska et al., 2021). Similarly, a large population study
of 1758 Dutch adolescents found that morning cortisol and CAR pre-
dicted future, but not current, anxiety symptoms (Greaves-Lord et al.,
2007). Importantly, our findings are consistent with this literature.

Nevertheless, for completeness, we did consider whether our find-
ings concerning symptoms of anxiety and depression were due to the
specific scales that we administered (MASC and CDI). Thus, in post-hoc
analyses we examined scores on the Affective Problems and Anxiety
Problems CBCL subscales as alternate measures of depression and anx-
iety symptoms, respectively, and found that each had a moderate, sta-
tistically significant correlation with the Attention Problems subscale
score. These latter correlations may reflect common methods variance
(for instance, as a function of instrument or informant), given the sig-
nificant pairwise associations among the CBCL subscales. Importantly,
using the Affective and Anxiety Problems CBCL subscales in place of the
MASC and CDI in the regression models described above did not change
any of our findings with respect to the variance explained by symptoms
of any of the disorders (ADHD, CD, anxiety, or depression). Thus, our
findings regarding the relation of diurnal cortisol variance to mood
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symptoms were robust to the use of alternative symptom measures.

We found that parental education was negatively associated with
several cortisol metrics (morning, evening, and total daily cortisol),
whereas household income was positively associated with evening
cortisol. The difference in direction of these associations is surprising
given that these variables are often considered together as components
of socioeconomic status (SES). The importance of this difference is not
clear; indeed, household income was associated with only a single
cortisol metric. Previous findings concerning the nature of the associa-
tion of SES with patterns of diurnal cortisol have been equivocal and
inconclusive (Dowd et al., 2009). Examining these variables was not a
primary goal of our study; further research is needed to examine more
explicitly and systematically the nature and significance of SES-related
differences in patterns of diurnal cortisol production.

The significance of the observed bivariate association of nonwhite
race with less advanced Tanner stage is difficult to assess. The most
common racial category selected by participants was “other” (25% of
sample), a category that did not identify specific racial identity, followed
by Asian race (14%); while Hispanic and black racial identities have
been associated with earlier pubertal onset, Asian race has been asso-
ciated with later pubertal onset (Biro et al., 2018).

4.3. Priorities for future research

As discussed above, priorities for future work include extending our
study by replicating our finding of the association of ADHD with cortisol
secretion in clinical samples, controlling for comorbid externalizing
disorders. Clinical samples might differ in important ways from our
community sample in terms of medication exposure, environmental
factors, comorbidity prevalence, and/or pathophysiological processes
that underlie symptoms. Researchers should also examine other factors
that might moderate the association of ADHD symptoms with alterations
in HPA-axis functioning, including subtypes of ADHD (van West et al.,
2009), age (Isaksson et al., 2012), and pubertal status (Colich et al.,
2015; Zhang et al., 2010). An additional priority is to examine longi-
tudinal associations among diurnal cortisol metrics and trajectories of
ADHD symptoms while accounting for symptoms of commonly
co-occurring disorders. In this context, a population study of adolescents
found that participants characterized by persistently high ADHD
symptoms from ages 3-14 years (potentially indicating clinically sig-
nificant ADHD) had lower morning cortisol and less diurnal cortisol
decline at age 15 years when accounting for co-occurring CD and ODD
symptoms (Ji et al., 2022); we should note, however, that symptoms of
depression and anxiety were not included.

Future work also should explore whether exposure to daily life
stressors mediate or moderate associations of ADHD symptoms with
cortisol production. Finally, investigators should examine whether as-
sociations of ADHD with metrics of cortisol secretion are influenced by
other psychosocial risk factors. Specifically, cumulative exposure to
early life stress has been found both to predict risk for ADHD (Counts
et al., 2005; Humphreys et al., 2019) and to contribute to lasting
developmental changes in HPA-axis regulation (Koss and Gunnar,
2018). Should the direction of the relationship of clinical ADHD with
diurnal cortisol continue to diverge from our findings after controlling
for potential confounds and effect moderators, subsequent research
should explore reasons for divergence, as discussed extensively above.

4.4. Limitations

We should note three limitations of this study. First, as we noted
above, this study does shed light on whether endocrine activity differs as
a function of clinical versus subclinical symptoms of the disorders we
examined; this limitation guides our recommendations for future
research above. Our findings may not generalize to the population of
youth with clinical ADHD—despite value for a large population with
sub-clinical symptoms. For instance, medication exposure among youth
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with a diagnosis of ADHD could drive differential findings. To that point,
we note that psychostimulant treatment for ADHD has been associated
variably with unchanged or increased basal cortisol levels in prior
studies (see review by Subramanian et al., 2019); thus, greater stimulant
exposure would be unlikely to drive findings of lower cortisol in youth
with clinical ADHD. Further, since prior studies of diurnal cortisol in
ADHD have tended to exclude youth with comorbidities, and epidemi-
ological data suggests more frequent use of ADHD medications in youth
with comorbidities (Efron et al., 2019; Garbe et al., 2012), future work
should attempt to elucidate potentially complex associations among
psychopharmacological treatment for ADHD, comorbid disorders, and
HPA-axis functioning. As a related point, the inattentive, impulsive, and
hyperactive symptoms measured by the CBCL-AP are not specific to
ADHD, although a meta-analysis indicated that there is good corre-
spondence of CBCL-AP scores with ADHD diagnoses (Chang et al.,
2016). In particular, CBCL-AP scores might be elevated in individuals
who are experiencing impaired executive functioning due to increased
stress, which might yield a positive association of inattention scores with
cortisol metrics for reasons unrelated to ADHD; again, this possibility
warrants replication of our findings using a diagnosis of ADHD. Second,
as we noted earlier, our sample was relatively small and did not include
children in later stages of puberty. Using a larger sample that includes
children in the full range of pubertal stages might have yielded differ-
ences in the association of ADHD and HPA-axis functioning on the basis
of sexual maturity. Similarly, our sample had relatively limited socio-
economic diversity; studies with more heterogeneous samples may
detect a greater influence of socioeconomic variables. Finally, the data
reported in this paper were cross-sectional, preventing us from drawing
strong conclusions concerning the temporal nature of the association
between ADHD symptoms and HPA-axis functioning.

Despite these limitations, the present study is important in doc-
umenting associations among ADHD symptoms and diurnal cortisol
metrics while accounting for common comorbidities, and in highlighting
priorities for future research. In particular, our work indicates that we
must be cautious in characterizing cortisol-related markers of ADHD
given the complexity of associations with multiple disorders. Further
research is needed to clarify the association of clinical levels of ADHD
with altered cortisol regulation while accounting for prevalent comor-
bidities, and to elucidate mechanisms underlying the associations
documented in this study.
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