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Article

Attention-deficit/hyperactivity disorder (ADHD) is a neu-
rodevelopmental disorder, characterized by symptoms of 
inattention, hyperactivity, and impulsivity (American 
Psychiatric Association, 2013). Up to 50% to 65% of indi-
viduals diagnosed with ADHD in childhood still present 
with ADHD symptoms in adulthood (Ebejer et al., 2012; 
Faraone et al., 2006; Fayyad et al., 2017). Numerous studies 
showed that adult ADHD, compared to typical develop-
ment, is associated with a range of adverse outcomes, such 
as academic failure (Advokat et al., 2011; Arnold et al., 
2020; Voigt et al., 2017), occupational underachievement 
(Fuermaier et al., 2021; Gjervan et al., 2012; R. Kaiser 
et al., 2008), problems in social relationships (Bruner et al., 
2015; Michielsen et al., 2015; Paulson et al., 2005), sleep 
problems (Díaz-Román et al., 2018; Hvolby, 2015; Lugo 
et al., 2020), and lower quality of life (Agarwal et al., 2012; 
Quintero et al., 2019; Thorell et al., 2019).

Numerous neuropsychological studies demonstrated that 
adults with ADHD commonly present with impairments in 
multiple cognitive functions, including processing speed 
(Shanahan et al., 2006; Woods et al., 2002), selective atten-
tion (Butzbach et al., 2019; Onandia-Hinchado et al., 2021), 
sustained attention/vigilance (Marchetta et al., 2008; 
Salomone et al., 2020), memory (Alderson et al., 2013; 
Skodzik et al., 2017), planning (Desjardins et al., 2010; 

Fabio & Caprì, 2017), fluency (Onandia-Hinchado et al., 
2021; O. Tucha et al., 2005), inhibition (Boonstra et al., 
2010; Willcutt et al., 2005), and task switching (Cepeda 
et al., 2000; King et al., 2007). Impairments in these cogni-
tive functions were still observed in adults with ADHD 
under stable psychopharmacological treatment (Fuermaier 
et al., 2017; Müller et al., 2007). However, not all adults with 
ADHD show impairments in all of these cognitive functions, 
which is often referred to as heterogeneity of cognitive per-
formance in ADHD (Luo et al., 2019; Mostert et al., 2015; 
Seidman, 2006). Cognitive heterogeneity refers to the obser-
vation that, although individuals with ADHD typically pres-
ent with impairments in attention and executive functions, 
not all patients with ADHD share the same type and degree 
of cognitive dysfunctions. Cognitive profiles of patients 
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Abstract
This study applied network analysis to explore the relations between neuropsychological functions of individuals in the 
clinical evaluation of attention-deficit/hyperactivity disorder (ADHD) in adulthood. A total of 319 participants from 
an outpatient referral context, that is, 173 individuals with ADHD (ADHD group) and 146 individuals without ADHD 
(n-ADHD group), took part in this study and completed a comprehensive neuropsychological assessment. A denser 
network with stronger global connectivity was observed in the ADHD group compared to the n-ADHD group. The 
strongest connections were consistent in both networks, that is, the connections between selective attention and vigilance, 
and connections between processing speed, fluency, and flexibility. Further centrality estimation revealed attention-related 
variables to have the highest expected influence in both networks. The observed relationships between neuropsychological 
functions, and the high centrality of attention, may help identify neuropsychological profiles that are specific to ADHD and 
optimize neuropsychological assessment and treatment planning of individuals with cognitive impairment.
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with ADHD range from individuals having no impairment 
in any of the cognitive functions assessed (Coghill et al., 
2014; Guo et al., 2021; Mostert et al., 2015) to patients with 
ADHD disclosing marked cognitive impairments in all cog-
nitive functions of a neuropsychological test battery (Luo 
et al., 2019; Seidman, 2006). Several pathway models of 
cognitive functions were proposed to address the issue of 
cognitive heterogeneity by suggesting that cognitive defi-
cits of adults with ADHD mainly occur in two to six rela-
tively independent neuropsychological functions (Coghill 
et al., 2014; Sonuga-Barke, 2003; Sonuga-Barke et al., 
2010). For example, the dual pathway model suggests that 
executive deficits and delay aversion are two independent 
neuropsychological functions in which patients with ADHD 
frequently show impairments (Sonuga-Barke, 2003). The 
triple pathway model suggests that temporal processing 
may be a third neuropsychological domain (Sonuga-Barke 
et al., 2010) and the six-pathway model suggests there are 
six relatively independent neuropsychological functions, 
including inhibition, working memory, timing, delay aver-
sion, decision-making, and response variability (Coghill 
et al., 2014). These conceptual studies on neuropsychologi-
cal functions in adult ADHD provide support for the argu-
ment that cognitive deficits may exist relatively 
independently of each other. However, more recent studies 
provided empirical evidence that performances in the vari-
ous cognitive functions in adult ADHD are not isolated but 
closely interrelated. For example, the performance of basic 
cognitive functions, such as processing speed and distracti-
bility in tasks of basic attention, was shown to have a siz-
able effect on the performance of complex cognitive 
functions, such as inhibition, cognitive flexibility, and 
memory (Boonstra et al., 2010; Butzbach et al., 2019; Guo 
et al., 2021; Holst & Thorell, 2017; Mohamed et al., 2021). 
In addition, even though Coghill and colleagues (2014) 
claimed the existence of six relatively independent neuro-
psychological functions, the authors also reported signifi-
cant and meaningful associations between these 
neuropsychological functions. Considering the inconsis-
tency (e.g., independence or interrelatedness of cognitive 
functions) and limitations (e.g., limited cognitive functions 
assessed; small clinical samples, lack of replication, etc.) of 
previous studies, the relationship between the various cog-
nitive functions still needs to be investigated to learn about 
existence and nature of a possible cognitive profile of adult 
ADHD.

An analytic technique for exploring the relationships 
between different variables, known as network analysis, 
may be a suitable approach to provide new insight into the 
picture of intertwined cognitive functions in adult ADHD. 
Compared to more traditional statistical approaches, such 
as univariate or multivariate group comparisons and corre-
lation matrices, network analysis considers all variables for 
drawing a complex network that visually depicts the 

interrelations between variables. A network consists of 
nodes representing any conceivable variables (e.g., symp-
toms of mental disorders) and edges connecting these nodes 
which represent any conceivable relationship (e.g., correla-
tion coefficients that indicate the degree of association 
between symptoms) (Borsboom & Cramer, 2013). Network 
analysis not only provides information about the correla-
tions of various variables but also offers information about 
the relative importance of variables in the network by so-
called node centrality indices, such as the node expected 
influence that has been most frequently used in recent stud-
ies. Nodes (or variables) with a high centrality may strongly 
affect other nodes in the network because of their strong 
connections (Bringmann et al., 2019; Opsahl et al., 2010). 
Network analysis has gained growing interest in the past 
decade for presenting complex relations in psychological 
science (Fonseca-Pedrero, 2017, 2018; Fried et al., 2017; 
McNally, 2016). A considerable number of studies applied 
network analysis in different psychological fields and clini-
cal conditions, such as posttraumatic stress disorder (Cao 
et al., 2019; McNally et al., 2017; Peters et al., 2021), 
depression (Bringmann et al., 2015; Scott et al., 2021), anx-
iety (Beard et al., 2016; Fisher et al., 2017), and personality 
(Costantini et al., 2015; Richetin et al., 2017). In the field of 
ADHD, network analysis has been considered in a number 
of studies on the interaction between ADHD symptoms 
(Goh et al., 2020, 2021; Martel et al., 2016; Silk et al., 
2019). For example, network analysis revealed that the var-
ious symptoms of ADHD contribute in different levels of 
importance to the clinical picture of ADHD, and this struc-
ture of symptoms may change in the development over time 
(Martel et al., 2016; Silk et al., 2019). Considering the 
advantages of network analysis in examining the relation-
ships as well as the unique roles of a set of variables, we 
propose network analysis as a suitable approach to explor-
ing the relationship between neuropsychological functions 
in ADHD, which may advance our understanding of cogni-
tive profiles of adult ADHD.

This study is, to our knowledge, the first to apply net-
work analysis on neuropsychological functions (perfor-
mance test variables) of a large sample of clinically referred 
individuals at an ADHD outpatient clinic. The goal of this 
study is to examine the potential relationship between vari-
ous aspects of cognitive functions of individuals diagnosed 
with or without ADHD. Specifically, this study aims to (a) 
explore the potential relationships between different cogni-
tive functions of individuals diagnosed with ADHD as well 
as individuals who did not meet the diagnostic criteria of 
ADHD and whether there is a specific network structure for 
the ADHD group, which may have the potential to define 
ADHD-specific cognitive profiles. Moreover, this study 
aims to (b) define the centrality of cognitive functions, 
which is characterized by strong connections to numerous 
other cognitive functions. Central cognitive functions have 
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the potential to be the primary targets of treatment to effec-
tively improve the functioning of adults with ADHD.

Methods

Procedure and Participants

Participants were recruited from the ADHD outpatient 
clinic of the Department of Psychiatry and Psychotherapy, 
LVR-Hospital Essen, University of Duisburg-Essen, Essen, 
Germany. Individuals were referred for a diagnostic evalu-
ation of ADHD because of being suspected of suffering 
from ADHD by their GPs, psychiatrists, or by themselves. 
All individuals underwent a comprehensive diagnostic 
evaluation of adult ADHD based on the Diagnostic and 
Statistical Manual of Mental Disorders (5th ed.; DSM-5; 
American Psychiatric Association, 2013). The diagnostic 
criteria for all individuals followed empirical-informed 
guidelines for the diagnosis of first-time ADHD in adult-
hood (Sibley, 2021), since information on a formal diagno-
sis of ADHD in childhood could not be retrieved reliably 
for all cases. The diagnostic evaluation consisted of a semi-
structured interview for the evaluation of ADHD and related 
psychopathology, self- and informant-report rating scales 
for symptoms and impairments, significant other reports, 
and consideration of objective indications of impairment in 
childhood and adulthood. In addition, all participants com-
pleted a comprehensive neuropsychological assessment. 
Even though neuropsychological assessments are part of 
the standard routine examination for all individuals referred 
to the ADHD outpatient clinic of the LVR-Hospital Essen, 
the results are not part of the standard diagnostic decision-
making. Patients who were included in this study were 
assessed in 2020 and 2021. All individuals were informed 
about the scientific use of their data in anonymized form 
and gave written informed consent. Processing of their data 
for research purposes did not affect their clinical evaluation 
and treatment. This study received ethical approval from 
the ethical review board of the medical faculty of the 
University of Duisburg-Essen, Germany (20-9380-BO).

A total of 332 participants agreed to take part in this 
study; however, 13 of 332 participants were excluded from 
the data analysis. Eight participants were excluded because 
they were currently treated with psychostimulants at the 
time of the assessment. Another five participants were 
excluded as they were considered as not representative of 
this population, that is, individuals with mental disability 
(i.e., mental retardation, n = 2; fetal alcohol syndrome, n = 
1), a neurological condition (i.e., dementia, n = 1), or a 
condition affecting the ability to perform cognitive tests 
(i.e., tic disorder, n = 1). Finally, a total of 319 participants 
were included in the data analysis, of which 173 partici-
pants received a diagnosis of ADHD after a comprehensive 
evaluation (ADHD group, n = 173) and 146 participants 

who did not meet the diagnostic criteria of ADHD (n-ADHD 
group, n = 146). In the n-ADHD group, 92 of the 146 par-
ticipants did not reach diagnostic criteria of any psychiatric 
disorder, whereas 54 participants showed evidence for one 
or more other psychiatric disorders other than ADHD, 
including mood disorders (n = 34), personality disorders (n 
= 8), addiction disorders (n = 6), anxiety disorders (n = 4), 
adjustment disorders (n = 2), posttraumatic stress disorders 
(n = 2), eating disorders (n = 2), autistic disorders (n = 1), 
schizophrenia (n = 1), and somatization disorder (n = 1). 
In the ADHD group, 149 individuals were diagnosed with 
the predominantly combined symptom presentation, 23 
individuals with the predominantly inattentive symptom 
presentation, and one individual with the predominantly 
hyperactive/impulsive presentation. Furthermore, 46 of the 
173 patients with ADHD were additionally diagnosed with 
one or more comorbid psychiatric disorders (see Katzman 
et al., 2017, for a discussion of comorbidity in adult ADHD), 
including mood disorders (n = 27), addiction disorders  
(n = 11), personality disorders (n = 8), anxiety disorders  
(n = 6), adjustment disorders (n = 5), autistic disorders  
(n = 2), oppositional defiant disorders (n = 1), and post-
traumatic stress disorders (n = 1). The observation that the 
distribution of psychiatric conditions other than ADHD was 
comparable and nonsignificantly different between the 
ADHD and the n-ADHD group (see Table 1), supports the 
notion that any potential group differences observed in test 
performances and network analysis are specific to ADHD. 
Demographic characteristics of all participants are pre-
sented in Table 1. No significant group differences were 
observed in age, t (283) = −1.780, p = .076, sex ratio, χ2 
(1) = 3.781, p = .052, and education level, χ2(4) = 8.570, 
p = .073. As expected, patients with ADHD scored signifi-
cantly higher in both current self-reported ADHD symp-
toms, t (299) = 3.398, p = .001, and retrospective 
self-reported ADHD symptoms for childhood, t (298) = 
7.223, p < .001. However, no significant group difference 
was observed in self-reported cognitive functioning, t (313) 
= 1.922, p = .056.

Measures

Self-Report Scales for ADHD Symptoms and Cognitive Func-
tions. The German short version of the Wender-Utah Rat-
ing Scale (WURS-K) was used to retrospectively assess 
ADHD symptoms in childhood (Retz-Junginger et al., 
2003). A total of 25 items scored on a 5-point Likert-type 
scale were included in the WURS-K. The German version 
of the ADHD symptoms self-report scale (ADHD-SR) was 
administered to check the current ADHD symptoms (Rösler 
et al., 2004). A total of 18 items scored on a 4-point Likert-
type scale were included in the ADHD-SR. The Question-
naire on Mental Ability (FLEI) of the Vienna Test System 
(VTS; Schuhfried, 2013) was used to measure self-reported 
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cognitive functions. A total of 35 items assessed on a 
5-point Likert-type scale were included. A sum score was 
calculated for each scale.

Neuropsychological Assessment. A computerized neuropsycho-
logical test battery for the assessment of cognitive functions in 
adult ADHD (CFADHD; L. Tucha et al., 2013) of the VTS 
was administered to all participants. The test battery was 
designed for clinical use to be sensitive to reveal cognitive 
deficits in adult ADHD and was not composed for research 
purposes tailored to this study. Because of this naturalistic set-
ting, not all cognitive functions discussed in the literature 
review were assessed on the present patient samples.

Selective Attention. The Perceptual and Attention Func-
tions—selective attention (WAFS; Sturm, 2011) was used 
to measure selective attention. In this test, a total of 144 
geometric stimuli (triangle, circle, and square) that may get 
darker or lighter or stay the same were presented to the par-
ticipants. Participants were asked to react to 30 target stim-
uli (i.e., a circle becomes darker, a circle becomes lighter, 
a square becomes darker, and a square becomes lighter) 
by pressing the response button as quickly as possible and 
ignoring distracting stimuli. Recorded outcome measures 
included reaction time (RT) in milliseconds and dispersion 

of reaction time (SDRT), as well as the number of omission 
errors. The internal consistency (Cronbach’s α) of the main 
variables was reported to be 0.95.

Vigilance. Vigilance was assessed with the Perceptual 
and Attention Functions—vigilance (WAFV; Sturm, 2012). 
In this test, a total of 900 squares that sometimes get darker 
were presented to the participants. The participants had to 
react to 50 target stimuli (square becomes darker) by press-
ing the response button as fast as possible and ignoring 
other distracting stimuli. The mean RT in milliseconds and 
the number of omission errors were registered. The inter-
nal consistency (Cronbach’s α) of the main variables was 
reported to be 0.96.

Working Memory. Working memory was measured with 
the 2-back design of the NBV (N-Back Verbal; Schellig 
& Schuri, 2012) task, which was developed by Kirchner 
(1958). In this task, a succession of 100 consonants was 
presented one by one to the participants who had to press 
the response button if the consonant currently displayed 
was identical to the last-but-one consonant and ignored it if 
it was not. The number of correct responses was recorded. 
The internal consistency (Cronbach’s α) of the main vari-
able correct responses was reported to be 0.85.

Table 1. Demographic Characteristics of All Participants.

Demographic and clinical 
characteristics ADHD (n = 173) n-ADHD (n = 146) t/χ2 p value Cohen’s ra

Age (years) 33.2 ± 9.6 35.3 ± 11.2 −1.780 .076 0.10
Sex (male/female) 111/62 78/68 3.781 .052 0.11
Education level (% in 1/2/3/4/5)b 4.0/17.9/30.1/32.9/15.1 0/16.7/31.9/29.2/22.2c 8.570 .073 0.16
Current ADHD symptomsd 32.2 ± 9.5 28.3 ± 10.4 3.398 .001* 0.19
Childhood ADHD symptomse   40.2 ± 13.3 29.5 ± 12.2 7.223 <.001* 0.38
Self-report cognitive functionsf   77.8 ± 20.2 73.4 ± 20.4 1.922 .056 0.11
Psychiatric disorders other than ADHD (% of individuals with/without)
 Mood disorders 15.6/84.4 23.3/76.7 3.02 .082 0.10
 Addiction disorders 6.4/93.6 4.1/95.9 0.795 .373 0.05
 Personality disorders 4.6/95.4 5.5/94.5 0.122 .727 0.02
 Anxiety disorders 3.5/96.5 2.7/97.3 0.138 .710 0.02
 Adjustment disorders 2.9/97.1 1.4/98.6 0.853 .356 0.05
 Autistic disorders 1.2/98.8 0.7/99.3 0.189 .664 0.02
 Oppositional defiant disorders 0.6/99.4 0/100 0.847 .358 0.05
 Post-traumatic stress disorder 0.6/99.4 1.4/98.6 0.533 .465 0.04
 Eating disorders 0/100 1.4/98.6 2.385 .123 0.08
 Schizophrenia 0/100 0.7/99.3 1.189 .276 0.06
 Somatization disorder 0/100 0.7/99.3 1.189 .276 0.06

Note. ADHD = attention-deficit/hyperactivity disorder.
aBased on Cohen’s criteria for r: 0.1 indicates a small effect, 0.3 indicates a medium effect, and 0.5 indicates a large effect. b Education level (1/2/3/4/5) 
= no school-leaving qualification/compulsory school or secondary school completed/completed technical school or vocational training/higher school 
with university entrance qualification/university or college degree. c Education level was not reported in two cases. d Current ADHD symptoms were 
assessed by the German version of the ADHD self-report scale. e Childhood ADHD symptoms were assessed by the German version of the Wender-
Utah Rating Scale–Short Version. f Self-report cognitive functions were assessed by the Questionnaire on Mental Ability of the Vienna Test System.
*Statistically significant at p < .01.
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Figural Fluency. The 5-point test—Langensteinbach Ver-
sion was administered to measure figure fluency (Rodewald 
et al., 2014). In this test, participants were presented with 
five symmetrically arranged dots (like the number five on 
a dice) and were asked to create as many unique patterns 
as they can in 2 minutes by connecting at least two dots. 
The number of unique patterns created in 2 minutes was 
recorded. The internal consistency (Cronbach’s α) of this 
variable was reported to be 0.86.

Interference Control. Interference control was assessed 
with the Stroop Interference Test (Schuhfried, 2016), which 
was developed by Stroop (1935). This test form included 
two baseline conditions and two interference conditions. 
The first baseline condition was the reading-baseline con-
dition, in which color-words (RED, GREEN, YELLOW, 
BLUE) printed in gray were presented to participants who 
were asked to press the button with the same color as the 
meaning of the presented color-word. The second baseline 
condition was the naming-baseline condition, in which 
banners printed with four colors (red, green, yellow, and 
blue) were presented to participants who had to press the 
button with the same color as the color of banners. The 
first interference condition was the reading-interference 
condition, in which color-words printed in mismatching 
ink (e.g., RED printed with green ink) were presented to 
participants who were asked to press the button with the 
same color as the meaning of the color-word while ignor-
ing the ink of it. The second interference condition was the 
naming-interference condition, which was different from 
the reading-interference condition, where participants were 
asked to press the button with the same color as the ink of 
the color-word while ignoring the meaning of it. Partici-
pants were asked to react as fast as possible throughout the 
test. The variables of interest were reading interference and 
naming interference. Reading interference was calculated 
by subtracting the time needed for the reading-baseline 
condition from the time needed for the reading-interfer-
ence condition. Naming interference was calculated by 
subtracting the time needed for the naming-baseline condi-
tion from the time needed for the naming-interference con-
dition. The internal consistency (Cronbach’s α) of the main 
variables was reported to be 0.97.

Processing Speed and Cognitive Flexibility. The Trail-Mak-
ing Test—Langensteinbach Version (TMT-L; Rodewald 
et al., 2012) was used as a measure of processing speed 
and cognitive flexibility. In part A, 25 numbers (1–25) 
were simultaneously presented on the computer screen and 
participants had to connect the numbers as fast as possi-
ble in ascending order. In part B, there were 13 numbers 
(1–13) and 12 letters (A–L), and participants were asked 
to connect numbers and letters alternately and in ascending 
order as quickly as possible. The time needed for part A (in  

seconds) was used as a measure of processing speed and the 
time needed for part B was used as a measure of cognitive 
flexibility. The internal consistency (Cronbach’s α) of part 
A and part B was reported to be 0.92 and 0.81, respectively.

Planning. The Tower of London—Freiburg Version 
(TOL-F; Christoph et al., 2011) was administered to assess 
planning ability. In this task, there were three rods of dif-
ferent heights, on which three differently colored balls 
(yellow, red, and blue) were placed. The left-hand rod can 
hold three balls, the central rod can hold two balls, and the 
right-hand rod can hold one ball. Start state and goal state, 
as well as the minimum number of moves needed to con-
vert the start state into the goal state, were presented on the 
screen. Participants had to convert the start state into the 
goal state by the minimum number of moves in 60 seconds. 
The next item was presented automatically as soon as the 
current item had been solved in 60 seconds or the current 
item was not solved after 60 seconds. This test consisted of 
28 items, comprising four three-move items and each eight 
four-move, five-move, and six-move items. These items 
were presented to participants in the order of an increasing 
minimum number of moves. The items at the start of the test 
that can be solved in three moves served as practice items. 
The number of the four- to six-move items solved in the 
minimum number of moves was recorded as the measure of 
planning ability. The internal consistency (Cronbach’s α) of 
this test was reported to be 0.70.

Response Inhibition. The Go/No-Go test paradigm  
(S. Kaiser et al., 2016) was used to measure response inhibi-
tion. In this test, a series of triangles (202) and circles (48) 
were presented one by one on the computer screen. Partici-
pants had to press the response button when triangles (Go 
trials, 80.8% of all trials) were presented and no response 
was required to circles (No-Go trials, 19.2% of all trials). 
The number of commission errors was registered. The inter-
nal consistency (Cronbach’s α) of this test was reported to 
be 0.83.

Task Switching. Task switching was measured with the 
SWITCH (Gmehlin et al., 2017). In this test, a series of 
bivalent stimuli which can be categorized based on form 
(triangle/circle) and brightness (gray/black) were presented. 
Participants were asked to react interchangeably based on 
these two dimensions (triangle/circle or gray/black). After 
each two items, the dimensions to which participants had 
to react changed. The items that require a reaction based 
on the same dimension as the preceding item were defined 
as repeated items, whereas the items that require a reac-
tion based on the different dimension than the preceding 
item were defined as switch items. The variable of inter-
est was task switching accuracy, which was the difference 
between the percentage of correct responses for switching 
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and repeated tasks. The internal consistency (greatest lower 
bound) of this variable was satisfactory and reported to be 
0.81.

Statistical Analysis

Descriptive statistics and inferential group comparisons 
were computed using IBM SPSS (Version 25.0 for 
Windows). Network analyses of neuropsychological func-
tions were performed with RStudio (RStudio Team, 2021).

Descriptive Statistics and Group Comparisons. The Median 
and interquartile range (IQR) of each test variable, as well 
as the percentage of individuals showing impairment in 
each of the neuropsychological functions, are presented in 
descriptive statistics. The interpretation of test data was 
based on norm scores provided by the test publisher. Impair-
ment was defined if a test variable indicated a score equal to 
or below the 16th percentile (i.e., one standard deviation 
below the mean) of the respective normative group (Schuh-
fried, 2013). Furthermore, because our data are not nor-
mally distributed, test performances of groups were 
compared using nonparametric statistics (i.e., Mann–Whit-
ney U tests). To control for alpha error growth in multiple 
testing, a stringent significance level of p < .01 was applied. 
Finally, the magnitude of group differences was indicated 
by the effect size Cohen’s r, with r = 0.1 indicating a small 
effect, r = 0.3 indicating a medium effect, and r = 0.5 indi-
cating a large effect (Cohen, 1988).

Network Estimation. The networks of neuropsychological 
functions were estimated for the ADHD group and the 
n-ADHD group, using the R packages bootnet and qgraph 
(Epskamp et al., 2012, 2018). In these networks, 14 vari-
ables were depicted as nodes, and the partial correlation 
coefficients between neuropsychological functions were 
depicted as edges. Partial correlation coefficients repre-
sent the correlation between two variables after control-
ling for all other variables in the network (Borsboom & 
Cramer, 2013). To avoid spurious connections and make 
networks more interpretable, the graphical lasso algo-
rithm, which is a variant of the prominent regularization 
algorithm least absolute shrinkage and selection operator 
(LASSO) was applied to estimate the network (Epskamp 
& Fried, 2018; Tibshirani, 1996). This graphical lasso 
algorithm controls the degree of regularization by a tuning 
parameter (λ), which can be determined using the Extended 
Bayesian Information Criterion (EBIC) (Chen & Chen, 
2008; Friedman et al., 2008). The visualization of these 
networks was based on the Fruchterman–Reingold algo-
rithm (Fruchterman & Reingold, 1991). In the graph that 
is plotted based on the Fruchterman–Reingold algorithm, 
nodes with stronger connections are placed more proximal 
to each other, and connections between nodes with higher 

absolute coefficients are represented with thicker and 
more saturated colored edges. In addition, identical lay-
outs of nodes were produced for two groups using the 
averageLayout function of qgraph package to enable 
visual comparison between groups (Epskamp et al., 2012). 
As our data were not normally distributed, a rank transfor-
mation (Spearman correlations as input) (Isvoranu & 
Epskamp, 2021) was performed before estimating net-
work structures.

Node Centrality Estimation. The relative importance of vari-
ables in the network was examined with node expected 
influence, which is a node centrality index representing the 
sum of connections for one node. Compared to node 
strength, which is the previously most used node centrality 
index representing the sum of the absolute value of connec-
tions for one node, node expected influence considers both 
positive and negative connections (Opsahl et al., 2010; 
Robinaugh et al., 2016). The centrality, centralityTable, and 
centralityPlot function of qgraph package was used to com-
pute and plot the expected influence (Epskamp et al., 2012).

Accuracy and Stability Estimation. The accuracy of edge 
weights and the stability of the order of node centrality were 
examined. The edge weight accuracy was estimated by 
bootstrapping the 95% confidence intervals (CIs) of the 
edge weights, with smaller CIs indicating higher accuracy 
of the order of most edges in the network. Node centrality 
stability was estimated using the correlation stability coef-
ficient (CS coefficient). Based on the simulation design of 
Epskamp et al. (2018), CS coefficients > 0.25 indicate 
moderate stability and >0.5 indicate strong stability. The R 
package bootnet was used to perform these analyses.

Network Comparison. The global connectivity strength of 
the network, which represents the sum of the weights of all 
edges within the network, was compared between the 
ADHD group and the n-ADHD group. The Network Com-
parison Test (NCT), which is a statistical testing procedure 
for network comparison, was used to perform these com-
parisons (van Borkulo et al., 2022). NCT compares the 
global connectivity strength of different group networks 
using the permutation test that repeatedly estimates the net-
works for randomly regrouped individuals and then calcu-
lates the accompanying test statistic. The R package 
NetworkComparisonTest was used for these comparisons 
(van Borkulo, 2018).

Additional Network Analyses. First, additional network anal-
ysis was performed on the individuals with the combined 
symptom presentation only to examine the potential influ-
ence of different symptom presentations of ADHD. Second, 
to address the possibility that different weights for each test 
(e.g., more variables were extracted from tests for selective 
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attention and vigilance compared to other tests) may bias 
our findings, additional network analysis was performed 
based on averaged Z-scores per neuropsychological func-
tion. Finally, considering the nearly significant sex differ-
ence between the ADHD and n-ADHD group (p = .052), 
additional network analyses were carried out to examine the 
potential influence of sex.

Results

Descriptive Statistics and Group Comparisons

Descriptive statistics and group comparisons of neuropsy-
chological test performance for the ADHD and n-ADHD 
groups are presented in Table 2. Compared to test norms, 
the number of individuals with an impairment in each test 
variable ranged from 9.9% to 57.9% in the ADHD group 
and from 10.4% to 42.4% in the n-ADHD group. Per test 
variable, the largest impairment rates were found in vigi-
lance—omission errors (57.9% and 42.4% in the ADHD 
and n-ADHD group, respectively), response inhibition—
commission errors (45.9% and 40.3%), and selective atten-
tion—SDRT (40.1% and 39.6%). The fact that impairment 
rates were at or below 16% of several test variables indi-
cates that individuals with ADHD did not show decreased 
performance compared to normative data in a range of 
aspects of cognitive functioning. Data analyses indicate that 
the differences in impairment rates between two groups are 
small, and only the difference in the number of omissions of 

the vigilance test turned statistically significant (p = .003), 
as individuals in the ADHD group made significantly more 
omissions errors than the n-ADHD group as shown in a 
small effect of Cohen’s r = 0.16. Per neuropsychological 
function, the largest impairment rates were found in vigi-
lance (58.5% and 44.4% in the ADHD and n-ADHD group, 
respectively), selective attention (55.2% and 55.5%), 
response inhibition (45.9% and 40.3%), and interference 
control (40.7% and 39.6%). Impairment in a given function 
is defined if impairment was observed in at least one test 
variable of this function.

Network Estimation

The visualized networks of the ADHD and n-ADHD groups 
are presented in Figures 1 and 2, respectively. For the 
ADHD group, a density network is depicted that connects 
almost all variables in the network. The n-ADHD network 
has few connections and most of the connections are weak. 
But the strongest connections appear to be consistent 
between these two networks, including the connections 
between two attention tests, that is, selective attention test 
and vigilance test (2, 4, and 5), as well as the connection 
between two variables stemming from the Trail-Making 
Test (10 and 14). Furthermore, connections between all 
variables of attention (selective attention and vigilance, see 
1–5) and connections between figural fluency, cognitive 
flexibility, and processing speed (7, 10, and 14) were also 

Table 2. Neuropsychological Test Performance of the ADHD and n-ADHD Group.

Neuropsychological variables

ADHD (n = 173) n-ADHD (n = 146) Group comparison

Median IQR % impaireda Median IQR % impaireda Z p Cohen’s rb

Selective attentionc—RT 347.00 87.25 16.37 355.00 95.75 13.99 −0.419 .675 0.02
Selective attentionc—SDRT 1.26 0.11 40.12 1.22 0.12 39.58 −0.065 .948 0.003
Selective attentionc—Omissions 0 1.00 32.56 0 1.00 28.67 −1.049 .294 0.05
Vigilanced—RT 446.00 123.00 20.47 443.00 109.50 14.69 −0.212 .832 0.01
Vigilanced—Omissions 2.00 5.00 57.89 1.00 3.00 42.36 −2.953 .003* 0.16
Working memorye 12.00 4.00 17.44 12.00 4.00 14.58 −0.766 .444 0.04
Figural fluencyf 28.00 16.00 13.95 24.00 14.50 15.97 −2.226 .026 0.13
Interference controlg—reading 0.17 0.15 31.40 0.17 0.15 29.86 −0.883 .377 0.05
Interference controlg—naming 0.11 0.14 17.44 0.11 0.11 17.36 −0.773 .439 0.04
Cognitive flexibilityh 28.15 12.68 12.28 29.00 11.90 11.80 −0.666 .505 0.04
Planningi 14.00 4.25 10.59 14.00 5.00 11.27 −0.915 .360 0.05
Response inhibitionj 14.00 11.25 45.93 13.00 11.00 40.28 −1.572 .116 0.09
Task switchingk 3.00 5.25 20.35 3.00 6.00 18.06 −0.032 .975 0.002
Processing speedl 18.40 6.60 9.88 18.80 5.55 10.42 −1.474 .141 0.08

Note. ADHD = attention-deficit/hyperactivity disorder; IQR = interquartile range; RT = reaction time; SDRT = dispersion of reaction time.
aImpairment defined if percentile rank ≤ 16; b Based on Cohen’s criteria for r: 0.1 indicates a small effect, 0.3 indicates a medium effect, and 0.5 indicates 
a large effect; c Perceptual and Attention Functions—selective attention (WAFS); d Perceptual and Attention Functions—vigilance (WAFV); e 2-back 
design of the N-Back Verbal (NBV); f 5-point test; g Stroop Interference Test; h Trail-Making Test, part B (TMT-B); i Tower of London—Freiburg 
Version (TOL-F); j Go/No-Go; k SWITCH; l Trail-Making Test, part A (TMT-A).
*Statistically significant at p < .01.
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observed in both the ADHD and n-ADHD networks. In 
addition, the connection between selective attention and 
working memory (3 and 6) as well as the connection 
between vigilance and response inhibition (4 and 12) was 
observed in the ADHD network. Compared to other vari-
ables, task switching (13) is relatively isolated in the ADHD 
network.

Node Centrality Estimation

Node centrality estimations are presented in Figure 3. In 
both groups, nodes with high expected influence are mainly 
attention-related variables, especially the RT of these tests. 
In the ADHD group, the nodes depicting the RT of selective 
attention, RT of vigilance, and omissions of vigilance task 
have the highest expected influence. In the n-ADHD group, 
the RT of selective attention and RT of vigilance have the 
highest expected influence.

Stability Estimation

The edge weight accuracy estimation revealed moderate 
CIs and indicated that the orders of edge weights were 

accurately estimated in both the ADHD network and the 
n-ADHD network (see Figures S1 and S2 in Supplemental 
Material). The node centrality estimation revealed that the 
CS coefficients were 0.36 (ADHD) and 0.44 (n-ADHD), 
indicating that the orders of node centrality were stable.

Network Comparison

The visual comparison suggests denser and stronger con-
nections in the ADHD network than in the n-ADHD net-
work. Further NCT analysis indicates that the global 
connectivity strength of the ADHD network is significantly 
stronger than that of the n-ADHD network (4.09 vs. 1.54,  
s = 2.55, p = .026).

Additional Network Analyses

First, no meaningful differences were observed between 
network analysis based on the combined symptom presen-
tation only and the analysis of the entire group of patients 
with ADHD. Second, the results of network analysis based 
on averaged Z-scores per neuropsychological function were 
comparable to our initial analysis. Finally, no significant 

Figure 1. Network of Neuropsychological Functions for the ADHD Group (N = 173).
Note. Nodes represent neuropsychological test variables. Neuropsychological test variables stemming from the same test are presented in the same 
color. Edges connecting nodes represent the regularized partial Spearman correlations. Higher absolute correlations are represented with thicker and 
more saturated colored edges. Green edges indicate positive correlations, and red edges indicate negative correlations. ADHD = attention-deficit/
hyperactivity disorder; RT = reaction time; SDRT = dispersion of reaction time.
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differences were observed by sex. Please find detailed 
results in Supplemental Material.

Discussion

This study analyzed neuropsychological performance data 
of a large sample of individuals at clinical evaluation of 
adult ADHD using both traditional descriptive and infer-
ential statistics as well as network analyses to explore  
the relationship between neuropsychological functions. 
Traditional statistics showed neuropsychological impair-
ments in a large proportion of both individuals in the 
ADHD and n-ADHD groups as compared to test norms, 
including deficits in vigilance, selective attention, inhibi-
tion, and reading-interference control. The marked impair-
ments of neuropsychological functions observed in both 
groups support the earlier argument that neuropsychologi-
cal assessment plays an important role in acquiring a com-
prehensive understanding of an individual’s cognitive 
strengths and weaknesses (Lange et al., 2014; Mapou, 
2019; Seidman, 2006). Furthermore, the present data  
show that neuropsychological functions did not differ 

significantly between the groups in most of the measures, 
except for decreased vigilance performance (i.e., more 
omission errors) in the ADHD group. Pronounced vigi-
lance impairments in the ADHD group underline the 
prominent role of vigilance and sustained attention tests in 
the clinical evaluation of ADHD, as it was demonstrated 
in a large body of empirical research on individuals with 
ADHD of various age groups (Bijlenga et al., 2019; Hall 
et al., 2016; Marchetta et al., 2008; Slobodin et al., 2020; 
L. Tucha et al., 2017) and advocated in an international 
consensus report (Fuermaier et al., 2018). Furthermore, 
the present neuropsychological performance data are also 
in line with prior research on an independent data set from 
the same referral context (Guo et al., 2021), stressing that 
cognitive deficits are not specific to individuals diagnosed 
with ADHD but occur commonly in individuals of this 
referral context. These results also corroborate earlier 
studies indicating that the assessment using neuropsycho-
logical tests may have limited value in the discrimination 
of individuals with ADHD from individuals with other 
psychiatric conditions (Barkley, 2019; Holst & Thorell, 
2017; Pettersson et al., 2018).

Figure 2. Network of Neuropsychological Functions for the n-ADHD Group (N = 146).
Note. Nodes represent neuropsychological test variables. Neuropsychological test variables stemming from the same test are presented in the same 
color. Edges connecting nodes represent the regularized partial Spearman correlations. Higher absolute correlations are represented with thicker and 
more saturated colored edges. Green edges indicate positive correlation, and red edges indicate negative correlations. ADHD = attention-deficit/
hyperactivity disorder; RT = reaction time; SDRT = dispersion of reaction time.
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A visual inspection of the networks displays an interre-
lated pattern of neuropsychological test performance in the 
ADHD group, with the strengths of the connections vary-
ing from weak to strong. Few connections were observed 
in the n-ADHD group, with significantly weaker global 
connectivity strength compared to the ADHD group. This 
finding gives an indication that the extensive connections 
between various neuropsychological functions are not uni-
form in all individuals in the clinical evaluation of adult 
ADHD. Most of the neuropsychological functions were 
connected in the ADHD group but were relatively isolated 
in the n-ADHD group. The finding that a denser and stron-
ger network of neuropsychological functions was observed 
in the ADHD group compared to the n-ADHD group may 
provide further information for the cognitive profiles of 
adults with ADHD. For example, dense connections 
observed in the ADHD network indicate close relation-
ships between cognitive functions, forming a holistic cog-
nitive function system in individuals with ADHD 
(Karyakina & Shmukler, 2021). Furthermore, it could be 
speculated that the connected cognitive functions observed 
in the ADHD group may reflect a functional compensatory 
mechanism as it was suggested in functional imaging stud-
ies (Abramov et al., 2019; Hale et al., 2014). Compared to 
individuals who do not meet the diagnostic criteria of 
ADHD, individuals diagnosed with ADHD may compen-
sate with the involvement of additional cortical areas to 
increase specific cognitive task performance (Fassbender 
& Schweitzer, 2006). This compensatory mechanism may 

lead to an inter-related involvement of cognitive functions 
and may result in close connections of cognitive functions 
in network analysis. Future studies using functional mag-
netic resonance imaging would be suited to further explore 
the relationship between neuropsychological functions and 
compensatory mechanisms of cortical areas in ADHD. 
Moreover, combined with previous findings that denser 
and stronger networks of cognitive functions were also 
observed in other psychiatric disorders (e.g., schizophre-
nia, major depression) when compared to healthy controls 
(Karyakina & Shmukler, 2021; Liang et al., 2018), future 
studies need to explore how the network of cognitive func-
tions of ADHD relates to the networks of a community 
sample or specific psychiatric disorders other than ADHD.

Even though fewer and weaker connections were 
observed in the n-ADHD compared to the ADHD network, 
there are some consistent connections that were observed in 
both the ADHD and n-ADHD networks, including the con-
nections between measures of selective attention and vigi-
lance (nodes 1 – 5) and connections between measures of 
processing speed, flexibility, and fluency (nodes 7, 10, 14). 
The connections between selective attention and vigilance 
add evidence to the argument that different attention com-
ponents are related in terms of behavioral performance as 
well as its neural basis (Angelelli et al., 2020; McDowd, 
2007; Stuss & Alexander, 2007; Wilding, 2005). The cor-
relations between processing speed, flexibility, and fluency 
add evidence to the notion that basic functions (e.g., pro-
cessing speed) are substantially related to more complex 

Figure 3. Node Expected Influence for the ADHD and n-ADHD Group.
Note. Higher standardized z-scores indicate higher expected influence, and nodes with higher expected impact have closer and stronger relationships 
with other neuropsychological test variables in the network. ADHD = attention-deficit/hyperactivity disorder; RT = reaction time; SDRT = 
dispersion of reaction time.
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cognitive functions (i.e., fluency and flexibility) and that 
training of processing speed may also improve performance 
on executive functions (Butzbach et al., 2019; Guo et al., 
2021; Lin et al., 2016; Mohamed et al., 2021; Sheline et al., 
2006; Takeuchi & Kawashima, 2012). In addition, the cor-
relations between variables of the same test (e.g., TMT, 
WAFS, WAFV), and strong correlations between related 
functions (e.g., between selective attention and vigilance), 
may indicate some redundancy in lengthy test batteries and 
the possibility to tailor assessment batteries more efficiently 
to clinical and individual needs. We conclude that the pos-
sibility of shortening neuropsychological assessment bat-
teries may be attractive to minimizing or avoiding fatigue 
(Feltmate et al., 2020; Luna et al., 2018; L. Tucha et al., 
2017), increase compliance by examinees, and save valu-
able clinical resources in unnecessary administration, scor-
ing, and interpretation of test data. Furthermore, shorter test 
batteries may have the advantages that existing norm data 
are more valid if applied to individual performance data that 
may not underly pronounced transfer effects in extensive 
test batteries.

Other than these consistent connections, most variables 
in the ADHD network were weakly or moderately corre-
lated with each other, such as working memory, planning, 
response inhibition, and interference control. The position 
of these functions in the network is partly consistent with 
earlier findings that children with ADHD show deficits in 
several relatively independent neuropsychological func-
tions, including working memory, inhibition, and response 
variability (Coghill et al., 2014), which have also been 
assessed in this study. However, some dependence between 
neuropsychological functions in weak to moderate size was 
shown earlier and is underlined by the fact that individuals 
with ADHD mostly show deficits in more than one of the 
functions assessed, for example, 46% of children with 
ADHD show impairments in at least two of six functions 
assessed by Coghill et al. (2014), and 81% of adults with 
ADHD show deficits in at least two of the 10 functions 
assessed by Guo et al. (2021). In a study on self-reported 
neuropsychological functioning, 80% of adults with ADHD 
reported deficits in at least two of eight aspects of function-
ing (Fuermaier et al., 2014). The differences in occurrence 
rates of neuropsychological impairments can be explained 
by various factors, as this may depend on the functions 
assessed in the respective test battery, the test characteris-
tics, and the referral context. Moreover, the observed asso-
ciation between working memory and the variability of RT 
in the ADHD network extends the argument that slowed 
processing speed may be a cause for working memory defi-
cits in ADHD (Karalunas & Huang-Pollock, 2013; Weigard 
& Huang-Pollock, 2017), by suggesting that it may be the 
variability of RT that causes impairments in working mem-
ory, not the slowed down responses. It may also serve as  
an explanation for why an earlier meta-analytic review 

revealed that slow RTs in ADHD may disappear after con-
trolling for RT variability (Kofler et al., 2013). For clinical 
practice, we may conclude that task switching should be 
assessed separately in a comprehensive neuropsychological 
investigation because of the weak and few connections of 
this function with other functions that are commonly 
assessed.

Moreover, the highest expected influence of attention-
related variables (e.g., RT of selective attention, RT of vigi-
lance, and omissions of vigilance) in both the ADHD and 
the n-ADHD network stresses the central role of attention 
for a broad range of other neuropsychological functions. 
High expected influence of attention observed in this study 
provides new empirical evidence to the argument that basic 
cognitive functions are significantly associated with and 
contribute to the higher-order cognitive functions as sug-
gested in numerous studies (Adams et al., 2011; Arciniegas 
et al., 2002; Butzbach et al., 2019; Felmingham et al., 2004; 
Guo et al., 2021; Mohamed et al., 2021). On the basis of the 
central role of attention in relation to other cognitive func-
tions, clinicians may be advised to consider attention-
related tests as the first choice when composing an 
assessment battery for the clinical evaluation of adult 
ADHD. Also, it could be speculated that improving atten-
tion abilities in the treatment of ADHD may secondarily 
also improve other cognitive functions that build upon 
attention. For example, methylphenidate (MPH) has been 
shown to be effective in improving attention abilities in 
patients with ADHD (Hadar et al., 2021; Pievsky & 
McGrath, 2018; Spencer et al., 2009; Tamminga et al., 
2016; O. Tucha, Mecklinger, et al., 2006; O. Tucha, Prell, 
et al., 2006) and was also shown to be effective in improv-
ing the ability of higher-order cognitive functions, such as 
planning, memory, fluency, inhibition, and interference 
control (Abikoff et al., 2009; Fuermaier et al., 2017; Kobel 
et al., 2009; Rubio Morell & Hernández Expósito, 2019; 
Tamminga et al., 2016; Yang et al., 2012; Yildiz et al., 
2011). Even though these studies do not provide evidence to 
the treatment mechanisms, the network structure of this 
study gives support to the notion that MPH may improve 
primarily attention functions which may positively affect a 
broad range of other cognitive functions secondarily. In this 
vein, other types of treatment for ADHD may show a simi-
lar mechanism in improving neuropsychological functions, 
such as cognitive training or biofeedback (Cortese et al., 
2015; Monastra, 2005; Monastra et al., 2006; Sonuga-Barke 
et al., 2014; Stern et al., 2016).

Furthermore, to address the possibility that different 
weights for each test (e.g., more variables were extracted 
from tests for selective attention and vigilance compared to 
other tests) may bias the findings of centrality estimation, 
additional network analysis was performed based on aver-
aged Z-scores per neuropsychological function. Results 
were comparable to our initial analysis, such as the strong 
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connection between selective attention and vigilance, the 
strong connection between processing speed/flexibility and 
fluency, and the highest expected influence of selective 
attention and vigilance. These results support the reliability 
of our initial analysis based on multiple test scores per func-
tion (see Figures S3–S5 of the Supplemental Material). 
Finally, considering the nearly significant sex difference 
between the ADHD and n-ADHD group (p = .052), addi-
tional network analyses were carried out to examine the 
potential influence of sex (see Figures S6–S8 of the 
Supplemental Material). These additional analyses revealed 
no significant differences in global connectivity strength by 
sex, neither in the ADHD nor the n-ADHD group. Selective 
attention and vigilance still have the highest expected influ-
ence in the male and female networks within both the 
ADHD and n-ADHD groups. However, we noted that vari-
ables of selective attention (i.e., omissions and SDRT) have 
a seemingly higher expected influence in the male n-ADHD 
network compared to the female n-ADHD network, which 
needs replication on larger samples in future studies.

Limitations and Future Directions

Several limitations of this study should be taken into 
account. First, effect sizes of network analyses cannot be 
calculated based on current statistical methodology. The 
magnitude of the findings, for example, to compare global 
connectivity or expected influence, would benefit the inter-
pretation of the findings and their clinical implications. 
Second, it must be stressed that networks do not indicate 
causal relationships between functions. Even though 
“expected influence” may appear like directional paths, no 
such causal relationships can be inferred from networks 
(Bringmann et al., 2019; Dablander & Hinne, 2019). Third, 
the majority of individuals in the ADHD group (149 of 173) 
were diagnosed with the predominantly combined symptom 
presentation, leading to an unbalanced sample and poten-
tially biased network estimation because of the potential 
different cognitive profiles across different subtypes of 
ADHD (LeRoy et al., 2019). Additional network analysis 
was performed on the individuals with the combined symp-
tom presentation only (for details see Figures S9 and S10 of 
the Supplemental Material) and revealed no meaningful dif-
ferences compared to the analysis of the entire group of 
patients with ADHD. Even though this study gives no indi-
cation for bias by ADHD subtype, future studies are needed 
on large samples of ADHD with sufficiently large numbers 
of the various ADHD symptom presentations to address this 
issue properly. Fourth, potential cognitive subtypes pro-
posed in previous research (e.g., Roberts et al., 2017) may 
also affect the representativeness of our sample, which may 
require more thorough consideration on large samples in 
future studies. Fifth, future studies using network analysis 
should consider including a more comprehensive battery of 

neuropsychological functions that may be relevant in the 
assessment of ADHD. For example, timing, delay aversion, 
decision-making, and more memory functions (e.g., retro-
spective memory and prospective memory) have been 
included in many previous studies but were not included in 
this study because all assessments in this study were from a 
routine battery as part of the clinical protocol.

Conclusions

This study is the first using network analysis to investigate 
the relationship between various neuropsychological func-
tions in a large sample of clinically referred individuals at 
an ADHD outpatient clinic. Further strengths of this study 
are that it uses a naturalistic design, using data derived from 
the routine clinical practice of an ADHD clinic, as well as a 
clinical comparison group with similar characteristics in 
key clinical features which increases ecological validity. 
Network estimations and comparison revealed a denser and 
significantly stronger network of neuropsychological func-
tions in the ADHD group compared to the n-ADHD group. 
The stronger and more interrelated network of neuropsy-
chological functions observed in individuals with ADHD 
may be a starting point to identifying intertwined neuropsy-
chological characteristics that are typical for ADHD. 
Furthermore, among the broad range of neuropsychological 
functions assessed, attention performance displayed the 
highest expected influence on other neuropsychological 
functions in both the ADHD and the n-ADHD network, 
which provides clinically relevant implications for the clini-
cal assessment, treatment planning, and treatment evalua-
tion of individuals with cognitive impairment.

Acknowledgments

The authors thank all clinicians and research assistants involved in 
this project, in particular Ragnar Schwierczok, for their support in 
data collection and data processing.

Declaration of Conflicting Interests

The author(s) declared the following potential conflicts of interest 
with respect to the research, authorship, and/or publication of this 
article: A.F., J.K., and O.T. have contracts with Schuhfried GmbH 
for the development and evaluation of neuropsychological assess-
ment instruments.

Funding

The author(s) disclosed receipt of the following financial support 
for the research, authorship, and/or publication of this article:This 
research was supported by a China Scholarship Council (CSC) 
scholarship to N.G., grant number 201906990030.

ORCID iDs

Nana Guo  https://orcid.org/0000-0003-1294-5661
Bernhard W. Müller  https://orcid.org/0000-0002-9573-1417

https://orcid.org/0000-0003-1294-5661
https://orcid.org/0000-0002-9573-1417


Guo et al. 1731

Supplemental Material

Supplemental material for this article is available online.

References

Abikoff, H., Nissley-Tsiopinis, J., Gallagher, R., Zambenedetti, 
M., Seyffert, M., Boorady, R., & McCarthy, J. (2009). Effects 
of MPH-OROS on the organizational, time management, and 
planning behaviors of children with ADHD. Journal of the 
American Academy of Child & Adolescent Psychiatry, 48(2), 
166–175. https://doi.org/10.1097/CHI.0b013e3181930626

Abramov, D. M., Cunha, C. Q., Galhanone, P. R., Alvim, R. J., de 
Oliveira, A. M., & Lazarev, V. V. (2019). Neurophysiological 
and behavioral correlates of alertness impairment and com-
pensatory processes in ADHD evidenced by the attention net-
work test. PLOS ONE, 14(7), Article e0219472. https://doi.
org/10.1371/journal.pone.0219472

Adams, Z. W., Roberts, W. M., Milich, R., & Fillmore, M. T. 
(2011). Does response variability predict distractibility 
among adults with attention-deficit/hyperactivity disor-
der? Psychological Assessment, 23(2), 427. https://doi.
org/10.1037/a0022112

Advokat, C., Lane, S. M., & Luo, C. (2011). College students 
with and without ADHD: Comparison of self-report of 
medication usage, study habits, and academic achievement. 
Journal of Attention Disorders, 15(8), 656–666. https://doi.
org/10.1177/1087054710371168

Agarwal, R., Goldenberg, M., Perry, R., & Ishak, W. W. (2012). 
The quality of life of adults with attention deficit hyperac-
tivity disorder: A systematic review. Innovations in Clinical 
Neuroscience, 9(5–6), 10–21.

Alderson, R. M., Kasper, L. J., Hudec, K. L., & Patros, C. H. (2013). 
Attention-deficit/hyperactivity disorder (ADHD) and working 
memory in adults: A meta-analytic review. Neuropsychology, 
27(3), 287–302. https://doi.org/10.1037/a0032371

American Psychiatric Association. (2013). Diagnostic and sta-
tistical manual of mental disorders (5th ed.). American 
Psychiatric Publishing.

Angelelli, P., Macchitella, L., Toraldo, D. M., Abbate, E., 
Marinelli, C. V., Arigliani, M., & De Benedetto, M. (2020). 
The neuropsychological profile of attention deficits of patients 
with obstructive sleep apnea: An update on the daytime atten-
tional impairment. Brain Sciences, 10(6), 325. https://doi.
org/10.3390/brainsci10060325

Arciniegas, D. B., Held, K., & Wagner, P. (2002). Cognitive 
impairment following traumatic brain injury. Current 
Treatment Options in Neurology, 4(1), 43–57. https://doi.
org/10.1007/s11940-002-0004-6

Arnold, L. E., Hodgkins, P., Kahle, J., Madhoo, M., & Kewley, G. 
(2020). Long-term outcomes of ADHD: Academic achieve-
ment and performance. Journal of Attention Disorders, 24(1), 
73–85. https://doi.org/10.1177/1087054714566076

Barkley, R. A. (2019). Neuropsychological testing is not useful 
in the diagnosis of ADHD: Stop it (or prove it)! The ADHD 
Report, 27(2), 1–8. https://doi.org/10.1521/adhd.2019.27.2.1

Beard, C., Millner, A. J., Forgeard, M. J., Fried, E. I., Hsu, K. J., 
Treadway, M., . . . Björgvinsson, T. (2016). Network analysis 
of depression and anxiety symptom relationships in a psychi-
atric sample. Psychological Medicine, 46(16), 3359–3369. 
https://doi.org/10.1017/S0033291716002300

Bijlenga, D., Ulberstad, F., Thorell, L. B., Christiansen, H., Hirsch, 
O., & Kooij, J. S. (2019). Objective assessment of attention-defi-
cit/hyperactivity disorder in older adults compared with controls 
using the QbTest. International Journal of Geriatric Psychiatry, 
34(10), 1526–1533. https://doi.org/10.1002/gps.5163

Boonstra, A. M., Kooij, J., Oosterlaan, J., Sergeant, J. A., & 
Buitelaar, J. K. (2010). To act or not to act, that’s the 
problem: Primarily inhibition difficulties in adult ADHD. 
Neuropsychology, 24(2), 209–221. https://doi.org/10.1037/
a0017670

Borsboom, D., & Cramer, A. O. (2013). Network analysis: An 
integrative approach to the structure of psychopathology. 
Annual Review of Clinical Psychology, 9, 91–121. https://doi.
org/10.1146/annurev-clinpsy-050212-185608

Bringmann, L. F., Elmer, T., Epskamp, S., Krause, R. W., Schoch, 
D., Wichers, M., . . . Snippe, E. (2019). What do central-
ity measures measure in psychological networks? Journal 
of Abnormal Psychology, 128(8), 892–903. https://doi.
org/10.1037/abn0000446

Bringmann, L. F., Lemmens, L., Huibers, M., Borsboom, D., & 
Tuerlinckx, F. (2015). Revealing the dynamic network struc-
ture of the Beck Depression Inventory-II. Psychological 
Medicine, 45(4), 747–757. https://doi.org/10.1017/
S0033291714001809

Bruner, M. R., Kuryluk, A. D., & Whitton, S. W. (2015). 
Attention-deficit/hyperactivity disorder symptom levels and 
romantic relationship quality in college students. Journal of 
American College Health, 63(2), 98–108. https://doi.org/10.1
080/07448481.2014.975717

Butzbach, M., Fuermaier, A. B., Aschenbrenner, S., Weisbrod, 
M., Tucha, L., & Tucha, O. (2019). Basic processes as foun-
dations of cognitive impairment in adult ADHD. Journal 
of Neural Transmission, 126(10), 1347–1362. https://doi.
org/10.1007/s00702-019-02049-1

Cao, X., Wang, L., Cao, C., Fang, R., Chen, C., Hall, B. J., & 
Elhai, J. D. (2019). Sex differences in global and local con-
nectivity of adolescent posttraumatic stress disorder symp-
toms. Journal of Child Psychology and Psychiatry, 60(2), 
216–224. https://doi.org/10.1111/jcpp.12963

Cepeda, N. J., Cepeda, M. L., & Kramer, A. F. (2000). Task 
switching and attention deficit hyperactivity disorder. Journal 
of Abnormal Child Psychology, 28(3), 213–226. https://doi.
org/10.1023/A:1005143419092

Chen, J., & Chen, Z. J. B. (2008). Extended Bayesian informa-
tion criteria for model selection with large model spaces. 
Biometrika, 95(3), 759–771. https://doi.org/10.1093/biomet/
asn034

Christoph, P. K., Josef, M. U., Kaiser, S., Weisbrod, M., & 
Aschenbrenner, S. (2011). Vienna Test System (VTS): Tower 
of London–Freiburg Version (TOL-F). Schuhfried.

Coghill, D. R., Seth, S., & Matthews, K. (2014). A comprehensive 
assessment of memory, delay aversion, timing, inhibition, 
decision making and variability in attention deficit hyperac-
tivity disorder: Advancing beyond the three-pathway mod-
els. Psychological Medicine, 44(9), 1989–2001. https://doi.
org/10.1017/S0033291713002547

Cohen, J. (1988). Statistical power analysis for the behavioral sci-
ences (2nd ed.). Lawrence Erlbaum.

Cortese, S., Ferrin, M., Brandeis, D., Buitelaar, J., Daley, D., 
Dittmann, R. W., . . . Stringaris, A. (2015). Cognitive  

https://doi.org/10.1097/CHI.0b013e3181930626
https://doi.org/10.1371/journal.pone.0219472
https://doi.org/10.1371/journal.pone.0219472
https://doi.org/10.1037/a0022112
https://doi.org/10.1037/a0022112
https://doi.org/10.1177/1087054710371168
https://doi.org/10.1177/1087054710371168
https://doi.org/10.1037/a0032371
https://doi.org/10.3390/brainsci10060325
https://doi.org/10.3390/brainsci10060325
https://doi.org/10.1007/s11940-002-0004-6
https://doi.org/10.1007/s11940-002-0004-6
https://doi.org/10.1177/1087054714566076
https://doi.org/10.1521/adhd.2019.27.2.1
https://doi.org/10.1017/S0033291716002300
https://doi.org/10.1002/gps.5163
https://doi.org/10.1037/a0017670
https://doi.org/10.1037/a0017670
https://doi.org/10.1146/annurev-clinpsy-050212-185608
https://doi.org/10.1146/annurev-clinpsy-050212-185608
https://doi.org/10.1037/abn0000446
https://doi.org/10.1037/abn0000446
https://doi.org/10.1017/S0033291714001809
https://doi.org/10.1017/S0033291714001809
https://doi.org/10.1080/07448481.2014.975717
https://doi.org/10.1080/07448481.2014.975717
https://doi.org/10.1007/s00702-019-02049-1
https://doi.org/10.1007/s00702-019-02049-1
https://doi.org/10.1111/jcpp.12963
https://doi.org/10.1023/A:1005143419092
https://doi.org/10.1023/A:1005143419092
https://doi.org/10.1093/biomet/asn034
https://doi.org/10.1093/biomet/asn034
https://doi.org/10.1017/S0033291713002547
https://doi.org/10.1017/S0033291713002547


1732 Assessment 30(6) 

training for attention-deficit/hyperactivity disorder: Meta-
analysis of clinical and neuropsychological outcomes from 
randomized controlled trials. Journal of the American 
Academy of Child & Adolescent Psychiatry, 54(3), 164–174. 
https://doi.org/10.1016/j.jaac.2014.12.010

Costantini, G., Epskamp, S., Borsboom, D., Perugini, M., Mõttus, 
R., Waldorp, L. J., & Cramer, A. O. (2015). State of the aRt 
personality research: A tutorial on network analysis of per-
sonality data in R. Journal of Research in Personality, 54, 
13–29. https://doi.org/10.1016/j.jrp.2014.07.003

Dablander, F., & Hinne, M. (2019). Node centrality measures are 
a poor substitute for causal inference. Scientific Reports, 9(1), 
1–13. https://doi.org/10.1038/s41598-019-43033-9

Desjardins, C., Scherzer, P., Braun, C. M., Godbout, L., & 
Poissant, H. (2010). A verbal planning impairment in 
adult ADHD indexed by script generation tasks. Journal 
of Attention Disorders, 14(3), 220–231. https://doi.
org/10.1177/1087054709347167

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

Ebejer, J. L., Medland, S. E., Van Der Werf, J., Gondro, C., 
Henders, A. K., Lynskey, M., . . . Duffy, D. L. (2012). 
Attention deficit hyperactivity disorder in Australian adults: 
Prevalence, persistence, conduct problems and disadvantage. 
PLOS ONE, 7(10), Article e47404. https://doi.org/10.1371/
journal.pone.0047404

Epskamp, S., Borsboom, D., & Fried, E. I. (2018). Estimating 
psychological networks and their accuracy: A tutorial paper. 
Behavior Research Methods, 50(1), 195–212. https://doi.
org/10.3758/s13428-017-0862-1

Epskamp, S., Cramer, A. O., Waldorp, L. J., Schmittmann, V. 
D., & Borsboom, D. (2012). qgraph: Network visualizations 
of relationships in psychometric data. Journal of Statistical 
Software, 48(4), 1–18. https://doi.org/10.18637/jss.v048.i04

Epskamp, S., & Fried, E. I. (2018). A tutorial on regularized par-
tial correlation networks. Psychological Methods, 23(4), 617–
634. https://doi.org/10.1037/met0000167

Fabio, R. A., & Caprì, T. (2017). The executive functions in a 
sample of Italian adults with ADHD: Attention, response 
inhibition and planning/organization. Mediterranean 
Journal of Clinical Psychology, 5(3), 1–17. https://doi.
org/10.6092/2282-1619/2017.5.1636

Faraone, S. V., Biederman, J., & Mick, E. (2006). The age-depen-
dent decline of attention deficit hyperactivity disorder: A meta-
analysis of follow-up studies. Psychological Medicine, 36(2), 
159–165. https://doi.org/10.1017/S003329170500471X

Fassbender, C., & Schweitzer, J. B. (2006). Is there evidence for 
neural compensation in attention deficit hyperactivity dis-
order? A review of the functional neuroimaging literature. 
Clinical Psychology Review, 26(4), 445–465. https://doi.
org/10.1016/j.cpr.2006.01.003

Fayyad, J., Sampson, N. A., Hwang, I., Adamowski, T., Aguilar-
Gaxiola, S., Al-Hamzawi, A., . . . Florescu, S. (2017). The 
descriptive epidemiology of DSM-IV adult ADHD in the 
world health organization world mental health surveys. 

Attention Deficit and Hyperactivity Disorders, 9(1), 47–65. 
https://doi.org/10.1007/s12402-016-0208-3

Felmingham, K. L., Baguley, I. J., & Green, A. M. (2004). Effects 
of diffuse axonal injury on speed of information processing 
following severe traumatic brain injury. Neuropsychology, 
18(3), 564–571. https://doi.org/10.1037/0894-4105.18.3.564

Feltmate, B. B., Hurst, A. J., & Klein, R. M. (2020). Effects of 
fatigue on attention and vigilance as measured with a modi-
fied attention network test. Experimental Brain Research, 
238(11), 2507–2519. https://doi.org/10.1007/s00221-020-
05902-y

Fisher, A. J., Reeves, J. W., Lawyer, G., Medaglia, J. D., & 
Rubel, J. A. (2017). Exploring the idiographic dynamics of 
mood and anxiety via network analysis. Journal of Abnormal 
Psychology, 126(8), 1044–1056. https://doi.org/10.1037/
abn0000311

Fonseca-Pedrero, E. (2017). Network analysis: A new way of 
understanding psychopathology? Revista de Psiquiatría y 
Salud Mental, 10(4), 206–215. https://doi.org/10.1016/j.rps-
men.2017.10.005

Fonseca-Pedrero, E. (2018). Network analysis in psychology. 
Papeles del Psicólogo/Psychologist Papers, 39(1), 1–12. 
https://doi.org/10.23923/pap.psicol2018.2852

Fried, E. I., van Borkulo, C. D., Cramer, A. O., Boschloo, L., 
Schoevers, R. A., & Borsboom, D. (2017). Mental disor-
ders as networks of problems: A review of recent insights. 
Social Psychiatry and Psychiatric Epidemiology, 52(1), 1–10. 
https://doi.org/10.1007/s00127-016-1319-z

Friedman, J., Hastie, T., & Tibshirani, R. J. B. (2008). Sparse 
inverse covariance estimation with the graphical lasso. 
Biostatistics, 9(3), 432–441. https://doi.org/10.1093/biosta-
tistics/kxm045

Fruchterman, T. M. J., & Reingold, E. M. (1991). Graph draw-
ing by force-directed placement. Software: Practice and 
Experience, 21(11), 1129–1164. https://doi.org/10.1002/
spe.4380211102

Fuermaier, A. B., Fricke, J. A., de Vries, S. M., Tucha, L., 
& Tucha, O. (2018). Neuropsychological assessment of 
adults with ADHD: A Delphi consensus study. Applied 
Neuropsychology: Adult, 26(4), 340–354. https://doi.org/10.
1080/23279095.2018.1429441

Fuermaier, A. B., Tucha, L., Butzbach, M., Weisbrod, M., 
Aschenbrenner, S., & Tucha, O. (2021). ADHD at the work-
place: ADHD symptoms, diagnostic status, and work-related 
functioning. Journal of Neural Transmission, 128(7), 1021–
1031. https://doi.org/10.1007/s00702-021-02309-z

Fuermaier, A. B., Tucha, L., Koerts, J., Aschenbrenner, S., 
Weisbrod, M., Lange, K. W., & Tucha, O. (2014). Cognitive 
complaints of adults with attention deficit hyperactivity dis-
order. The Clinical Neuropsychologist, 28(7), 1104–1122. 
https://doi.org/10.1080/13854046.2014.964325

Fuermaier, A. B., Tucha, L., Koerts, J., Weisbrod, M., Lange, 
K. W., Aschenbrenner, S., & Tucha, O. (2017). Effects of 
methylphenidate on memory functions of adults with ADHD. 
Applied Neuropsychology: Adult, 24(3), 199–211. https://doi.
org/10.1080/23279095.2015.1124108

Gjervan, B., Torgersen, T., Nordahl, H. M., & Rasmussen, K. 
(2012). Functional impairment and occupational outcome in 

https://doi.org/10.1016/j.jaac.2014.12.010
https://doi.org/10.1016/j.jrp.2014.07.003
https://doi.org/10.1038/s41598-019-43033-9
https://doi.org/10.1177/1087054709347167
https://doi.org/10.1177/1087054709347167
https://doi.org/10.1016/j.neubiorev.2018.02.014
https://doi.org/10.1016/j.neubiorev.2018.02.014
https://doi.org/10.1371/journal.pone.0047404
https://doi.org/10.1371/journal.pone.0047404
https://doi.org/10.3758/s13428-017-0862-1
https://doi.org/10.3758/s13428-017-0862-1
https://doi.org/10.18637/jss.v048.i04
https://doi.org/10.1037/met0000167
https://doi.org/10.6092/2282-1619/2017.5.1636
https://doi.org/10.6092/2282-1619/2017.5.1636
https://doi.org/10.1017/S003329170500471X
https://doi.org/10.1016/j.cpr.2006.01.003
https://doi.org/10.1016/j.cpr.2006.01.003
https://doi.org/10.1007/s12402-016-0208-3
https://doi.org/10.1037/0894-4105.18.3.564
https://doi.org/10.1007/s00221-020-05902-y
https://doi.org/10.1007/s00221-020-05902-y
https://doi.org/10.1037/abn0000311
https://doi.org/10.1037/abn0000311
https://doi.org/10.1016/j.rpsmen.2017.10.005
https://doi.org/10.1016/j.rpsmen.2017.10.005
https://doi.org/10.23923/pap.psicol2018.2852
https://doi.org/10.1007/s00127-016-1319-z
https://doi.org/10.1093/biostatistics/kxm045
https://doi.org/10.1093/biostatistics/kxm045
https://doi.org/10.1002/spe.4380211102
https://doi.org/10.1002/spe.4380211102
https://doi.org/10.1080/23279095.2018.1429441
https://doi.org/10.1080/23279095.2018.1429441
https://doi.org/10.1007/s00702-021-02309-z
https://doi.org/10.1080/13854046.2014.964325
https://doi.org/10.1080/23279095.2015.1124108
https://doi.org/10.1080/23279095.2015.1124108


Guo et al. 1733

adults with ADHD. Journal of Attention Disorders, 16(7), 
544–552. https://doi.org/10.1177/1087054711413074

Gmehlin, D., Stelzel, C., Weisbrod, M., Kaiser, S., & 
Aschenbrenner, S. (2017). Vienna Test System (VTS): Task 
Switching (SWITCH). Schuhfried.

Goh, P. K., Martel, M. M., & Barkley, R. A. (2020). Clarifying 
ADHD and sluggish cognitive tempo item relations with 
impairment: A network analysis. Journal of Abnormal Child 
Psychology, 48, 1047–1061. https://doi.org/10.1007/s10802-
020-00655-2

Goh, P. K., Martel, M. M., Jones, P. J., Bansal, P. S., Eng, A. G., Elkins, 
A. R., . . . Barkley, R. A. (2021). Clarifying relations between 
ADHD and functional impairment in adulthood: Utilization of 
network and machine learning approaches. Assessment. https://
doi.org/10.1177/10731911211050921

Guo, N., Fuermaier, A., Koerts, J., Mueller, B. W., Diers, K., 
Mroß, A., . . . Tucha, O. (2021). Neuropsychological func-
tioning of individuals at clinical evaluation of adult ADHD. 
Journal of Neural Transmission, 128(7), 877–891. https://doi.
org/10.1007/s00702-020-02281-0

Hadar, Y., Hocherman, S., Lamm, O., & Tirosh, E. (2021). The 
visuo-motor attention test in boys with attention deficit hyper-
activity disorder (ADHD): Methylphenidate-placebo random-
ized controlled trial. Child Psychiatry & Human Development, 
52(1), 96–103. https://doi.org/10.1007/s10578-020-00993-8

Hale, T. S., Kane, A. M., Kaminsky, O., Tung, K. L., Wiley, J. 
F., McGough, J. J., . . . Kaplan, J. T. (2014). Visual network 
asymmetry and default mode network function in ADHD: An 
fMRI study. Frontiers in Psychiatry, 5, Article 81. https://doi.
org/10.3389/fpsyt.2014.00081

Hall, C. L., Valentine, A. Z., Groom, M. J., Walker, G. M., Sayal, 
K., Daley, D., & Hollis, C. (2016). The clinical utility of 
the continuous performance test and objective measures of 
activity for diagnosing and monitoring ADHD in children: 
A systematic review. European Child Adolescent Psychiatry, 
25(7), 677–699. https://doi.org/10.1007/s00787-015-0798-x

Holst, Y., & Thorell, L. B. (2017). Neuropsychological functioning 
in adults with ADHD and adults with other psychiatric disor-
ders: The issue of specificity. Journal of Attention Disorders, 
21(2), 137–148. https://doi.org/10.1177/1087054713506264

Hvolby, A. (2015). Associations of sleep disturbance with ADHD: 
Implications for treatment. ADHD Attention Deficit and 
Hyperactivity Disorders, 7(1), 1–18. https://doi.org/10.1007/
s12402-014-0151-0

Isvoranu, A.-M., & Epskamp, S. (2021). Which estimation method 
to choose in network psychometrics? Deriving guidelines 
for applied researchers. Psychological Methods. https://doi.
org/10.1037/met0000439

Kaiser, R., Dolan, C. R., Schoenfeld, S., Doyle, A. E., Seidman, 
L. J., & Faraone, S. V. (2008). Educational and occupational 
underattainment in adults with attention-deficit/hyperac-
tivity disorder: A controlled study. The Journal of Clinical 
Psychiatry, 69(8), 1217–1222. https://doi.org/10.4088/jcp.
v69n0803

Kaiser, S., Aschenbrenner, S., Pfüller, U., Roesch-Ely, D., & 
Weisbrod, M. (2016). Vienna Test System (VTS): Response 
Inhibition (INHIBITION). Schuhfried.

Karalunas, S. L., & Huang-Pollock, C. L. (2013). Integrating 
impairments in reaction time and executive function using 
a diffusion model framework. Journal of Abnormal Child 
Psychology, 41(5), 837–850. https://doi.org/10.1007/s10802-
013-9715-2

Karyakina, M., & Shmukler, A. (2021). Network analysis of cog-
nitive deficit in patients with schizophrenia spectrum disor-
ders. Schizophrenia Research: Cognition, 26, Article 100213. 
https://doi.org/10.1016/j.scog.2021.100213

Katzman, M. A., Bilkey, T. S., Chokka, P. R., Fallu, A., &  
Klassen, L. J. (2017). Adult ADHD and comorbid disor-
ders: Clinical implications of a dimensional approach. BMC 
Psychiatry, 17(1), 1–15. https://doi.org/10.1186/s12888-017-
1463-3

King, J. A., Colla, M., Brass, M., Heuser, I., & von Cramon, D. Y. 
(2007). Inefficient cognitive control in adult ADHD: Evidence 
from trial-by-trial Stroop test and cued task switching perfor-
mance. Behavioral and Brain Functions, 3(1), 1–19. https://
doi.org/10.1186/1744-9081-3-42

Kirchner, W. K. (1958). Age differences in short-term retention 
of rapidly changing information. Journal of Experimental 
Psychology, 55(4), 352–358. https://doi.org/10.1037/
h0043688

Kobel, M., Bechtel, N., Weber, P., Specht, K., Klarhöfer, M., 
Scheffler, K., . . . Penner, I.-K. (2009). Effects of methyl-
phenidate on working memory functioning in children with 
attention deficit/hyperactivity disorder. European Journal 
of Paediatric Neurology, 13(6), 516–523. https://doi.
org/10.1016/j.ejpn.2008.10.008

Kofler, M. J., Rapport, M. D., Sarver, D. E., Raiker, J. S., Orban, 
S. A., Friedman, L. M., & Kolomeyer, E. G. (2013). Reaction 
time variability in ADHD: A meta-analytic review of 319 
studies. Clinical Psychology Review, 33(6), 795–811. https://
doi.org/10.1016/j.cpr.2013.06.001

Lange, K. W., Hauser, J., Lange, K. M., Makulska-Gertruda, E., 
Takano, T., Takeuchi, Y., . . . Tucha, O. (2014). Utility of cogni-
tive neuropsychological assessment in attention-deficit/hyperac-
tivity disorder. ADHD Attention Deficit Hyperactivity Disorders, 
6(4), 241–248. https://doi.org/10.1007/s12402-014-0132-3

LeRoy, A., Jacova, C., & Young, C. (2019). Neuropsychological 
performance patterns of adult ADHD subtypes. Journal 
of Attention Disorders, 23(10), 1136–1147. https://doi.
org/10.1177/1087054718773927

Liang, S., Vega, R., Kong, X., Deng, W., Wang, Q., Ma, X., . . . 
Greiner, R. (2018). Neurocognitive graphs of first-episode 
schizophrenia and major depression based on cognitive fea-
tures. Neuroscience Bulletin, 34(2), 312–320. https://doi.
org/10.1007/s12264-017-0190-6

Lin, F., Heffner, K. L., Ren, P., Tivarus, M. E., Brasch, J., Chen, 
D. G., . . . Tadin, D. (2016). Cognitive and neural effects of 
vision-based speed-of-processing training in older adults with 
amnestic mild cognitive impairment: A pilot study. Journal 
of the American Geriatrics Society, 64(6), 1293–1298. https://
doi.org/10.1111/jgs.14132

Lugo, J., Fadeuilhe, C., Gisbert, L., Setien, I., Delgado, M., 
Corrales, M., . . . Ramos-Quiroga, J. A. (2020). Sleep in 
adults with autism spectrum disorder and attention deficit/

https://doi.org/10.1177/1087054711413074
https://doi.org/10.1007/s10802-020-00655-2
https://doi.org/10.1007/s10802-020-00655-2
https://doi.org/10.1177/10731911211050921
https://doi.org/10.1177/10731911211050921
https://doi.org/10.1007/s00702-020-02281-0
https://doi.org/10.1007/s00702-020-02281-0
https://doi.org/10.1007/s10578-020-00993-8
https://doi.org/10.3389/fpsyt.2014.00081
https://doi.org/10.3389/fpsyt.2014.00081
https://doi.org/10.1007/s00787-015-0798-x
https://doi.org/10.1177/1087054713506264
https://doi.org/10.1007/s12402-014-0151-0
https://doi.org/10.1007/s12402-014-0151-0
https://doi.org/10.1037/met0000439
https://doi.org/10.1037/met0000439
https://doi.org/10.4088/jcp.v69n0803
https://doi.org/10.4088/jcp.v69n0803
https://doi.org/10.1007/s10802-013-9715-2
https://doi.org/10.1007/s10802-013-9715-2
https://doi.org/10.1016/j.scog.2021.100213
https://doi.org/10.1186/s12888-017-1463-3
https://doi.org/10.1186/s12888-017-1463-3
https://doi.org/10.1186/1744-9081-3-42
https://doi.org/10.1186/1744-9081-3-42
https://doi.org/10.1037/h0043688
https://doi.org/10.1037/h0043688
https://doi.org/10.1016/j.ejpn.2008.10.008
https://doi.org/10.1016/j.ejpn.2008.10.008
https://doi.org/10.1016/j.cpr.2013.06.001
https://doi.org/10.1016/j.cpr.2013.06.001
https://doi.org/10.1007/s12402-014-0132-3
https://doi.org/10.1177/1087054718773927
https://doi.org/10.1177/1087054718773927
https://doi.org/10.1007/s12264-017-0190-6
https://doi.org/10.1007/s12264-017-0190-6
https://doi.org/10.1111/jgs.14132
https://doi.org/10.1111/jgs.14132


1734 Assessment 30(6) 

hyperactivity disorder: A systematic review and meta-anal-
ysis. European Neuropsychopharmacology, 38, 1–24. https://
doi.org/10.1016/j.euroneuro.2020.07.004

Luna, F. G., Marino, J., Roca, J., & Lupiáñez, J. (2018). 
Executive and arousal vigilance decrement in the context 
of the attentional networks: The ANTI-Vea task. Journal of 
Neuroscience Methods, 306, 77–87. https://doi.org/10.1016/j.
jneumeth.2018.05.011

Luo, Y., Weibman, D., Halperin, J. M., & Li, X. (2019). A review 
of heterogeneity in attention deficit/hyperactivity disorder 
(ADHD). Frontiers in Human Neuroscience, 13, Article 42. 
https://doi.org/10.3389/fnhum.2019.00042

Mapou, R. L. (2019). Counterpoint: Neuropsychological testing 
is not useful in the diagnosis of ADHD, but. . .. The ADHD 
Report, 27(2), 8–12. https://doi.org/10.1521/adhd.2019.27.2.8

Marchetta, N. D., Hurks, P. P., De Sonneville, L. M., Krabbendam, 
L., & Jolles, J. (2008). Sustained and focused attention defi-
cits in adult ADHD. Journal of Attention Disorders, 11(6), 
664–676. https://doi.org/10.1177/1087054707305108

Martel, M. M., Levinson, C. A., Langer, J. K., & Nigg, J. T. 
(2016). A network analysis of developmental change in 
ADHD symptom structure from preschool to adulthood. 
Clinical Psychological Science, 4(6), 988–1001. https://doi.
org/10.1177/2167702615618664

McDowd, J. M. (2007). An overview of attention: Behavior and 
brain. Journal of Neurologic Physical Therapy, 31(3), 98–
103. https://doi.org/10.1097/NPT.0b013e31814d7874

McNally, R. J. (2016). Can network analysis transform psycho-
pathology? Behaviour Research and Therapy, 86, 95–104. 
https://doi.org/10.1016/j.brat.2016.06.006

McNally, R. J., Heeren, A., & Robinaugh, D. J. (2017). A Bayesian 
network analysis of posttraumatic stress disorder symptoms 
in adults reporting childhood sexual abuse. European Journal 
of Psychotraumatology, 8(Suppl. 3), Article 1341276. https://
doi.org/10.1080/20008198.2017.1341276

Michielsen, M., Comijs, H. C., Aartsen, M. J., Semeijn, E. J., 
Beekman, A. T., Deeg, D. J., & Kooij, J. S. (2015). The 
relationships between ADHD and social functioning and 
participation in older adults in a population-based study. 
Journal of Attention Disorders, 19(5), 368–379. https://doi.
org/10.1177/1087054713515748

Mohamed, S. M., Butzbach, M., Fuermaier, A. B. M., Weisbrod, 
M., Aschenbrenner, S., Tucha, L., & Tucha, O. (2021). Basic 
and complex cognitive functions in Adult ADHD. PLOS 
ONE, 16(9), Article e0256228. https://doi.org/10.1371/jour-
nal.pone.0256228

Monastra, V. J. (2005). Electroencephalographic biofeedback 
(neurotherapy) as a treatment for attention deficit hyperactiv-
ity disorder: Rationale and empirical foundation. Child and 
Adolescent Psychiatric Clinics, 14(1), 55–82. https://doi.
org/10.1016/j.chc.2004.07.004

Monastra, V. J., Lynn, S., Linden, M., Lubar, J. F., Gruzelier, J., & 
La Vaque, T. J. (2006). Electroencephalographic biofeedback 
in the treatment of attention-deficit/hyperactivity disorder. 
Journal of Neurotherapy, 9(4), 5–34. https://doi.org/10.1300/
J184v09n04_02

Mostert, J. C., Onnink, A. M. H., Klein, M., Dammers, J., Harneit, 
A., Schulten, T., . . . Buitelaar, J. K. (2015). Cognitive het-
erogeneity in adult attention deficit/hyperactivity disorder: 
A systematic analysis of neuropsychological measurements. 
European Neuropsychopharmacology, 25(11), 2062–2074. 
https://doi.org/10.1016/j.euroneuro.2015.08.010

Müller, B. W., Gimbel, K., Keller-Pließnig, A., Sartory, G., 
Gastpar, M., & Davids, E. (2007). Neuropsychological 
assessment of adult patients with attention-deficit/hyperactiv-
ity disorder. European Archives of Psychiatry and Clinical 
Neuroscience, 257(2), 112–119. https://doi.org/10.1007/
s00406-006-0688-9

Onandia-Hinchado, I., Pardo-Palenzuela, N., & Diaz-Orueta, U. 
(2021). Cognitive characterization of adult attention defi-
cit hyperactivity disorder by domains: A systematic review. 
Journal of Neural Transmission, 128(7), 893–937. https://doi.
org/10.1007/s00702-021-02302-6

Opsahl, T., Agneessens, F., & Skvoretz, J. (2010). Node centrality 
in weighted networks: Generalizing degree and shortest paths. 
Social Networks, 32(3), 245–251. https://doi.org/10.1016/j.
socnet.2010.03.006

Paulson, J. F., Buermeyer, C., & Nelson-Gray, R. O. (2005). 
Social rejection and ADHD in young adults: An analogue 
experiment. Journal of Attention Disorders, 8(3), 127–135. 
https://doi.org/10.1177/1087054705277203

Peters, J., Bellet, B. W., Jones, P. J., Wu, G. W., Wang, L., & 
McNally, R. J. (2021). Posttraumatic stress or posttraumatic 
growth? Using network analysis to explore the relation-
ships between coping styles and trauma outcomes. Journal 
of Anxiety Disorders, 78, Article 102359. https://doi.
org/10.1016/j.janxdis.2021.102359

Pettersson, R., Söderström, S., & Nilsson, K. W. (2018). Diagnosing 
ADHD in adults: An examination of the discriminative valid-
ity of neuropsychological tests and diagnostic assessment 
instruments. Journal of Attention Disorders, 22(11), 1019–
1031. https://doi.org/10.1177/1087054715618788

Pievsky, M. A., & McGrath, R. E. (2018). Neurocognitive effects 
of methylphenidate in adults with attention-deficit/hyperactiv-
ity disorder: A meta-analysis. Neuroscience & Biobehavioral 
Reviews, 90, 447–455. https://doi.org/10.1016/j.neubio-
rev.2018.05.012

Quintero, J., Morales, I., Vera, R., Zuluaga, P., & Fernández, 
A. (2019). The impact of adult ADHD in the quality of life 
profile. Journal of Attention Disorders, 23(9), 1007–1016. 
https://doi.org/10.1177/1087054717733046

Retz-Junginger, P., Retz, W., Blocher, D., Stieglitz, R.-D., Georg, T., 
Supprian, T., . . . Rösler, M. (2003). Reliabilität und Validität 
der Wender-Utah-Rating-Scale-Kurzform: Retrospektive 
Erfassung von Symptomen aus dem Spektrum der 
Aufmerksamkeitsdefizit/Hyperaktivitätsstörung [Reliability 
and validity of the German short version of the Wender-Utah 
Rating Scale for the retrospective assessment of attention defi-
cit/hyperactivity disorder]. Der Nervenarzt, 74(11), 987–993. 
https://doi.org/10.1007/s00115-002-1447-4

Richetin, J., Preti, E., Costantini, G., & De Panfilis, C. (2017). The 
centrality of affective instability and identity in Borderline 

https://doi.org/10.1016/j.euroneuro.2020.07.004
https://doi.org/10.1016/j.euroneuro.2020.07.004
https://doi.org/10.1016/j.jneumeth.2018.05.011
https://doi.org/10.1016/j.jneumeth.2018.05.011
https://doi.org/10.3389/fnhum.2019.00042
https://doi.org/10.1521/adhd.2019.27.2.8
https://doi.org/10.1177/1087054707305108
https://doi.org/10.1177/2167702615618664
https://doi.org/10.1177/2167702615618664
https://doi.org/10.1097/NPT.0b013e31814d7874
https://doi.org/10.1016/j.brat.2016.06.006
https://doi.org/10.1080/20008198.2017.1341276
https://doi.org/10.1080/20008198.2017.1341276
https://doi.org/10.1177/1087054713515748
https://doi.org/10.1177/1087054713515748
https://doi.org/10.1371/journal.pone.0256228
https://doi.org/10.1371/journal.pone.0256228
https://doi.org/10.1016/j.chc.2004.07.004
https://doi.org/10.1016/j.chc.2004.07.004
https://doi.org/10.1300/J184v09n04_02
https://doi.org/10.1300/J184v09n04_02
https://doi.org/10.1016/j.euroneuro.2015.08.010
https://doi.org/10.1007/s00406-006-0688-9
https://doi.org/10.1007/s00406-006-0688-9
https://doi.org/10.1007/s00702-021-02302-6
https://doi.org/10.1007/s00702-021-02302-6
https://doi.org/10.1016/j.socnet.2010.03.006
https://doi.org/10.1016/j.socnet.2010.03.006
https://doi.org/10.1177/1087054705277203
https://doi.org/10.1016/j.janxdis.2021.102359
https://doi.org/10.1016/j.janxdis.2021.102359
https://doi.org/10.1177/1087054715618788
https://doi.org/10.1016/j.neubiorev.2018.05.012
https://doi.org/10.1016/j.neubiorev.2018.05.012
https://doi.org/10.1177/1087054717733046
https://doi.org/10.1007/s00115-002-1447-4


Guo et al. 1735

Personality Disorder: Evidence from network analysis. PLOS 
ONE, 12(10), Article e0186695. https://doi.org/10.1371/jour-
nal.pone.0186695

Roberts, B. A., Martel, M. M., & Nigg, J. T. (2017). Are there 
executive dysfunction subtypes within ADHD? Journal 
of Attention Disorders, 21(4), 284–293. https://doi.
org/10.1177/1087054713510349

Robinaugh, D. J., Millner, A. J., & McNally, R. J. (2016). 
Identifying highly influential nodes in the complicated grief 
network. Journal of Abnormal Psychology, 125(6), 747–757. 
https://doi.org/10.1037/abn0000181

Rodewald, K., Weisbrod, M., & Aschenbrenner, S. (2012). Vienna 
Test System (VTS): Trail Making Test—Langensteinbach 
Version (TMT-L). Schuhfried.

Rodewald, K., Weisbrod, M., & Aschenbrenner, S. (2014). Vienna 
Test System (VTS): 5-Point Test (5 POINT)—Langensteinbach 
Version. Schuhfried.

Rösler, M., Retz, W., Retz-Junginger, P., Thome, J., Supprian, 
T., Nissen, T., . . . Trott, G. (2004). Tools for the diagnosis 
of attention-deficit/hyperactivity disorder in adults. Self-
rating behaviour questionnaire and diagnostic checklist. Der 
Nervenarzt, 75(9), 888–895. https://doi.org/10.1007/s00115-
003-1622-2

RStudio Team. (2021). RStudio: Integrated development environ-
ment for R. RStudio, PBC. http://www.rstudio.com/

Rubio Morell, B., & Hernández Expósito, S. (2019). Differential 
long-term medication impact on executive function and delay 
aversion in ADHD. Applied Neuropsychology: Child, 8(2), 
140–157. https://doi.org/10.1080/21622965.2017.1407653

Salomone, S., Fleming, G. R., Bramham, J., O’Connell, R. G., & 
Robertson, I. H. (2020). Neuropsychological deficits in adult 
ADHD: Evidence for differential attentional impairments, 
deficient executive functions, and high self-reported func-
tional impairments. Journal of Attention Disorders, 24(10), 
1413–1424. https://doi.org/10.1177/1087054715623045

Schellig, D., & Schuri, U. (2012). Vienna Test System (VTS): 
N-back verbal (NBV). Schuhfried.

Schuhfried, G. (2013). Vienna test system: Psychological assess-
ment. Schuhfried.

Schuhfried, G. (2016). Vienna Test System (VTS): Stroop 
Interference Test (STROOP). Schuhfried.

Scott, J., Crouse, J. J., Ho, N., Carpenter, J., Martin, N., Medland, 
S., . . . Mitchell, B. (2021). Can network analysis of self-
reported psychopathology shed light on the core phenome-
nology of bipolar disorders in adolescents and young adults? 
Bipolar Disorders, 23, 584–594. https://doi.org/10.1111/
bdi.13067

Seidman, L. J. (2006). Neuropsychological functioning in people 
with ADHD across the lifespan. Clinical Psychology Review, 
26(4), 466–485. https://doi.org/10.1016/j.cpr.2006.01.004

Shanahan, M. A., Pennington, B. F., Yerys, B. E., Scott, A., 
Boada, R., Willcutt, E. G., . . . DeFries, J. C. (2006). 
Processing speed deficits in attention deficit/hyperactiv-
ity disorder and reading disability. Journal of Abnormal 
Child Psychology Volume, 34(5), 584–601. https://doi.
org/10.1007/s10802-006-9037-8

Sheline, Y. I., Barch, D. M., Garcia, K., Gersing, K., Pieper, 
C., Welsh-Bohmer, K., . . . Doraiswamy, P. M. (2006). 

Cognitive function in late life depression: Relationships to 
depression severity, cerebrovascular risk factors and process-
ing speed. Biological Psychiatry, 60(1), 58–65. https://doi.
org/10.1016/j.biopsych.2005.09.019

Sibley, M. H. (2021). Empirically-informed guidelines for 
first-time adult ADHD diagnosis. Journal of Clinical and 
Experimental Neuropsychology, 43(4), 340–351. https://doi.
org/10.1080/13803395.2021.1923665

Silk, T. J., Malpas, C. B., Beare, R., Efron, D., Anderson, V., 
Hazell, P., . . . Sciberras, E. (2019). A network analysis 
approach to ADHD symptoms: More than the sum of its parts. 
PLOS ONE, 14(1), Article e0211053. https://doi.org/10.1371/
journal.pone.0211053

Skodzik, T., Holling, H., & Pedersen, A. (2017). Long-term 
memory performance in adult ADHD: A meta-analysis. 
Journal of Attention Disorders, 21(4), 267–283. https://doi.
org/10.1177/1087054713510561

Slobodin, O., Yahav, I., & Berger, I. (2020). A machine-based pre-
diction model of ADHD using CPT data. Frontiers in Human 
Neuroscience, 14, Article 383. https://doi.org/10.3389/
fnhum.2020.560021

Sonuga-Barke, E. J. S. (2003). The dual pathway model of AD/
HD: An elaboration of neuro-developmental characteristics. 
Neuroscience & Biobehavioral Reviews, 27(7), 593–604. 
https://doi.org/10.1016/j.neubiorev.2003.08.005

Sonuga-Barke, E. J. S., Bitsakou, P., & Thompson, M. (2010). 
Beyond the dual pathway model: Evidence for the disso-
ciation of timing, inhibitory, and delay-related impairments 
in attention-deficit/hyperactivity disorder. Journal of the 
American Academy of Child & Adolescent Psychiatry, 49(4), 
345–355. https://doi.org/10.1016/j.jaac.2009.12.018

Sonuga-Barke, E. J. S., Brandeis, D., Holtmann, M., & Cortese, 
S. (2014). Computer-based cognitive training for ADHD: A 
review of current evidence. Child and Adolescent Psychiatric 
Clinics, 23(4), 807–824. https://doi.org/10.1016/j.
chc.2014.05.009

Spencer, S. V., Hawk, L. W., Richards, J. B., Shiels, K., Pelham, 
W. E., & Waxmonsky, J. G. (2009). Stimulant treatment 
reduces lapses in attention among children with ADHD: The 
effects of methylphenidate on intra-individual response time 
distributions. Journal of Abnormal Child Psychology, 37(6), 
805–816. https://doi.org/10.1007/s10802-009-9316-2

Stern, A., Malik, E., Pollak, Y., Bonne, O., & Maeir, A. (2016). 
The efficacy of computerized cognitive training in adults 
with ADHD: A randomized controlled trial. Journal 
of Attention Disorders, 20(12), 991–1003. https://doi.
org/10.1177/1087054714529815

Stroop, J. R. (1935). Studies of interference in serial verbal reac-
tions. Journal of Experimental Psychology, 18(6), 643–662. 
https://doi.org/10.1037/h0054651

Sturm, W. (2011). Vienna Test System (VTS): Perceptual and 
Attention Functions—Selective Attention (WAFS). Schuhfried.

Sturm, W. (2012). Vienna Test System (VTS): Perceptual and 
Attention Functions—Vigilance (WAFV). Schuhfried.

Stuss, D. T., & Alexander, M. P. (2007). Is there a dysexecutive 
syndrome? Philosophical Transactions of the Royal Society 
B: Biological Sciences, 362(1481), 901–915. https://doi.
org/10.1098/rstb.2007.2096

https://doi.org/10.1371/journal.pone.0186695
https://doi.org/10.1371/journal.pone.0186695
https://doi.org/10.1177/1087054713510349
https://doi.org/10.1177/1087054713510349
https://doi.org/10.1037/abn0000181
https://doi.org/10.1007/s00115-003-1622-2
https://doi.org/10.1007/s00115-003-1622-2
http://www.rstudio.com/
https://doi.org/10.1080/21622965.2017.1407653
https://doi.org/10.1177/1087054715623045
https://doi.org/10.1111/bdi.13067
https://doi.org/10.1111/bdi.13067
https://doi.org/10.1016/j.cpr.2006.01.004
https://doi.org/10.1007/s10802-006-9037-8
https://doi.org/10.1007/s10802-006-9037-8
https://doi.org/10.1016/j.biopsych.2005.09.019
https://doi.org/10.1016/j.biopsych.2005.09.019
https://doi.org/10.1080/13803395.2021.1923665
https://doi.org/10.1080/13803395.2021.1923665
https://doi.org/10.1371/journal.pone.0211053
https://doi.org/10.1371/journal.pone.0211053
https://doi.org/10.1177/1087054713510561
https://doi.org/10.1177/1087054713510561
https://doi.org/10.3389/fnhum.2020.560021
https://doi.org/10.3389/fnhum.2020.560021
https://doi.org/10.1016/j.neubiorev.2003.08.005
https://doi.org/10.1016/j.jaac.2009.12.018
https://doi.org/10.1016/j.chc.2014.05.009
https://doi.org/10.1016/j.chc.2014.05.009
https://doi.org/10.1007/s10802-009-9316-2
https://doi.org/10.1177/1087054714529815
https://doi.org/10.1177/1087054714529815
https://doi.org/10.1037/h0054651
https://doi.org/10.1098/rstb.2007.2096
https://doi.org/10.1098/rstb.2007.2096


1736 Assessment 30(6) 

Takeuchi, H., & Kawashima, R. (2012). Effects of processing 
speed training on cognitive functions and neural systems. 
Reviews in the Neurosciences, 23(3), 289–301. https://doi.
org/10.1515/revneuro-2012-0035

Tamminga, H., Reneman, L., Huizenga, H., & Geurts, H. (2016). 
Effects of methylphenidate on executive functioning in 
attention-deficit/hyperactivity disorder across the lifespan: 
A meta-regression analysis. Psychological Medicine, 46(9), 
1791–1807. https://doi.org/10.1017/S0033291716000350

Thorell, L. B., Holst, Y., & Sjöwall, D. (2019). Quality of life 
in older adults with ADHD: Links to ADHD symptom lev-
els and executive functioning deficits. Nordic Journal of 
Psychiatry, 73(7), 409–416. https://doi.org/10.1080/0803948
8.2019.1646804

Tibshirani, R. (1996). Regression shrinkage and selection 
via the lasso. Journal of the Royal Statistical Society: 
Series B (Methodological), 58(1), 267–288. https://doi.
org/10.1111/j.2517-6161.1996.tb02080.x

Tucha, L., Fuermaier, A. B. M., Aschenbrenner, S., & Tucha, O. 
(2013). Vienna Test System (VTS): Neuropsychological test 
battery for the assessment of cognitive functions in adult ADHD 
(CFADHD). Schuhfried. https://marketplace.schuhfried.com/
en/CFADHD?_ga=2.68658775.776288798.1660297066-
586462972.1660297065 

Tucha, L., Fuermaier, A. B. M., Koerts, J., Buggenthin, R., 
Aschenbrenner, S., Weisbrod, M., . . . Tucha, O. (2017). 
Sustained attention in adult ADHD: Time-on-task effects of 
various measures of attention. Journal of Neural Transmission, 
124(1), 39–53. https://doi.org/10.1007/s00702-015-1426-0

Tucha, O., Mecklinger, L., Laufkötter, R., Kaunzinger, I., Paul, 
G., Klein, H., & Lange, K. (2005). Clustering and switching 
on verbal and figural fluency functions in adults with attention 
deficit hyperactivity disorder. Cognitive Neuropsychiatry, 
10(3), 231–248. https://doi.org/10.1080/13546800444000047

Tucha, O., Mecklinger, L., Laufkötter, R., Klein, H., Walitza, S., & 
Lange, K. W. (2006). Methylphenidate-induced improvements 
of various measures of attention in adults with attention deficit 
hyperactivity disorder. Journal of Neural Transmission, 113(10), 
1575–1592. https://doi.org/10.1007/s00702-005-0437-7

Tucha, O., Prell, S., Mecklinger, L., Bormann-Kischkel, C., 
Kübber, S., Linder, M., . . . Lange, K. W. (2006). Effects 
of methylphenidate on multiple components of atten-
tion in children with attention deficit hyperactivity disor-
der. Psychopharmacology, 185(3), 315–326. https://doi.
org/10.1007/s00213-006-0318-2

van Borkulo, C. D. (2018). A tutorial on R package 
NetworkComparisonTest (NCT). In Symptom network mod-
els in depression research: From methodological exploration 
to clinical application. University of Groningen.

van Borkulo, C. D., van Bork, R., Boschloo, L., Kossakowski, J. 
J., Tio, P., Schoevers, R. A., Borsboom, D., & Waldorp, L. 
J. (2022). Comparing network structures on three aspects: 
A permutation test. Psychological Methods. https://doi.
org/10.1037/met0000476

Voigt, R. G., Katusic, S. K., Colligan, R. C., Killian, J. M., 
Weaver, A. L., & Barbaresi, W. J. (2017). Academic achieve-
ment in adults with a history of childhood attention-deficit/
hyperactivity disorder: A population-based prospective study. 
Journal of Developmental & Behavioral Pediatrics, 38(1), 
1–11. https://doi.org/10.1097/DBP.0000000000000358

Weigard, A., & Huang-Pollock, C. (2017). The role of speed 
in ADHD-related working memory deficits: A time-
based resource-sharing and diffusion model account. 
Clinical Psychological Science, 5(2), 195–211. https://doi.
org/10.1177/2167702616668320

Wilding, J. (2005). Is attention impaired in ADHD? British 
Journal of Developmental Psychology, 23(4), 487–505. 
https://doi.org/10.1348/026151005X48972

Willcutt, E. G., Doyle, A. E., Nigg, J. T., Faraone, S. V., & 
Pennington, B. F. (2005). Validity of the executive function 
theory of attention-deficit/hyperactivity disorder: A meta-
analytic review. Biological Psychiatry, 57(11), 1336–1346. 
https://doi.org/10.1016/j.biopsych.2005.02.006

Woods, S. P., Lovejoy, D. W., & Ball, J. D. (2002). 
Neuropsychological characteristics of adults with ADHD: 
A comprehensive review of initial studies. The Clinical 
Neuropsychologist, 16(1), 12–34. https://doi.org/10.1076/
clin.16.1.12.8336

Yang, L., Cao, Q., Shuai, L., Li, H., Chan, R. C., & Wang, Y. 
(2012). Comparative study of OROS-MPH and atomox-
etine on executive function improvement in ADHD: A 
randomized controlled trial. The International Journal 
of Neuropsychopharmacology, 15(1), 15–26. https://doi.
org/10.1017/S1461145711001490

Yildiz, O., Sismanlar, S. G., Memik, N. C., Karakaya, I., & 
Agaoglu, B. (2011). Atomoxetine and methylphenidate treat-
ment in children with ADHD: The efficacy, tolerability and 
effects on executive functions. Child Psychiatry & Human 
Development, 42(3), 257–269. https://doi.org/10.1007/
s10578-010-0212-3

https://doi.org/10.1515/revneuro-2012-0035
https://doi.org/10.1515/revneuro-2012-0035
https://doi.org/10.1017/S0033291716000350
https://doi.org/10.1080/08039488.2019.1646804
https://doi.org/10.1080/08039488.2019.1646804
https://doi.org/10.1111/j.2517-6161.1996.tb02080.x
https://doi.org/10.1111/j.2517-6161.1996.tb02080.x
https://marketplace.schuhfried.com/en/CFADHD?_ga=2.68658775.776288798.1660297066-586462972.1660297065
https://marketplace.schuhfried.com/en/CFADHD?_ga=2.68658775.776288798.1660297066-586462972.1660297065
https://marketplace.schuhfried.com/en/CFADHD?_ga=2.68658775.776288798.1660297066-586462972.1660297065
https://doi.org/10.1007/s00702-015-1426-0
https://doi.org/10.1080/13546800444000047
https://doi.org/10.1007/s00702-005-0437-7
https://doi.org/10.1007/s00213-006-0318-2
https://doi.org/10.1007/s00213-006-0318-2
https://doi.org/10.1037/met0000476
https://doi.org/10.1037/met0000476
https://doi.org/10.1097/DBP.0000000000000358
https://doi.org/10.1177/2167702616668320
https://doi.org/10.1177/2167702616668320
https://doi.org/10.1348/026151005X48972
https://doi.org/10.1016/j.biopsych.2005.02.006
https://doi.org/10.1076/clin.16.1.12.8336
https://doi.org/10.1076/clin.16.1.12.8336
https://doi.org/10.1017/S1461145711001490
https://doi.org/10.1017/S1461145711001490
https://doi.org/10.1007/s10578-010-0212-3
https://doi.org/10.1007/s10578-010-0212-3

