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Executive function as an
ADHD endophenotype
In an ever-changing world, a vital skill for survival is the preparation of possible actions, the
monitoring of a selected action and the termination of an inappropriate action. Therefore,
preparation, selection, monitoring and inhibition are all core aspects of executive function;
they are also some of the key deficits in attention deficit hyperactivity disorder (ADHD).
Psychometric measurements of executive function tend to capture only the behaviours, not the
core symptoms of these deficits. Event-based electrophysiological brain measures can reveal the
neural mechanisms of executive function and can
distinguish subtypes of ADHD. The combination
of the neurological and behavioural markers of executive dysfunction in ADHD can give an endophenotype diagnosis of condition and inform
more personalised treatment plans.

Executive function
Executive function is an umbrella construct referring to the functions necessary to plan activities
and see them through efficiently. The qualities
needed for this are accurate goal selection, action
planning, monitoring, judgement, self-awareness,
anticipation, organisation, flexibility and decisionmaking. Emotional control is also often seen as a
necessary part of good executive functioning.
The negative effects of executive dysfunction are
seen in weak academic and occupational performance, even when the individual has a high IQ.
Recalling facts, getting started on projects, maintaining sustained attention, controlling frustration, thinking before speaking or acting and
analysing a problem systematically are all compromised. The same deficits affect social relationships.
Impulsivity, distractibility, forgetfulness, emotional volatility and a low boredom threshold can
be problematic when looking for expressions of
relationship depth and stability.
Psychometric measurement
of executive function
Executive function has been proposed as the central core deficit in ADHD and has been measured
in a variety of ways. These include questionnaires
such as the Behaviour Rating Inventory of Executive Function (BRIEF)1 and the Delis-Kaplan Executive Function System (D-KEFS);2 tasks such as the
Wisconsin Card Sorting Test,3 the Stroop test4 and

the Rey-Osterrieth Complex Figure Test;5 and the
computer-based continuous performance tests of
commission and omission, such as the Test of
Variables of Attention6 and the Intermediate Visual and Auditory Continuous Performance Test.7
All of these are suggested to show some frontal
lobe involvement, and to be a reflection of frontostriatal brain activity, which mediates executive
functioning. A more detailed outline of the full executive system of the brain, which includes connections from the cortex to the basal ganglia,
including the striatum and globus pallidus as well
as the thalamus, can be found in Kropotov et al.8
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ADHD and executive dysfunction
ADHD symptoms overlap with executive dysfunction. Despite expectations, the Diagnostic and Statistical Manual of Mental Disorders-5 has not
substantially changed the criteria of hyperactivity,
impulsiveness and inattention measured psychometrically, although the whole diagnostic category of ADHD has at least been placed in the
neurodevelopmental disorders chapter.
However, since electrophysiological brain-based
measures can distinguish individuals with ADHD
from those without ADHD,9 the combination of
behavioural symptoms and brain-based measures
would fulfil the criteria for an endophenotype. At
its simplest level, an endophenotype is defined as
a biologically based trait that has been shaped by
the environment, including genetic and behavioural aspects of ADHD. It also holds promise for
more objective and accurate diagnosis.
Measuring executive function by interview or
observation of various behaviours such as ‘frequently interrupts’ or ‘difficulty in organising a
project’ are isolated pieces of behaviour simply totalled. The measurement of executive function by
electrophysiological means, however, can encapsulate the whole of executive function, since all
human behaviour is a set of sensory, motor, affective and cognitive actions. The sequence of any
task is as follows:
● Prepare for action
● Select an appropriate action and/or suppress an
inappropriate one
● Evaluate the outcome
● Store the results of the action – successful or not
● Manipulate this information for the next action
and predict the outcome.
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An example of this would be crossing the road:
cross on green; this is inhibited if green changes to
red; if the light is amber you may be tempted to
cross. In this instance, you would think of the consequences and decide whether to launch the action. This is a major difficulty in ADHD, at least in
adults, according to Boonstra et al,10 who tested
adults diagnosed with ADHD on five domains of
executive functioning. They concluded that
ADHD was mainly a disorder of one of the executive functions – inhibition or stopping an action.

Event-related potentials
Event-related potentials (ERPs) are a non-invasive
measure of the electrical activity or electroencephalography (EEG) of the brain while a subject is
performing a task. The use of EEG and ERPs to measure brain function is called neurometrics. The ERPs
have low amplitudes compared with the background EEG, so hundreds of trials must be averaged
by ‘time locking’ each to the stimuli onset. This generates a set of positive and negative waves at different latencies from the beginning of the trial. A
single cognitive task will have a collection of waves
called components, related to the different actions
in the task. The P300 wave, for example, is a positive
wave that peaks at around 300 milliseconds (ms)
after the start of the trial and signifies a synchronisation of neural activity (see Figure 1). A well-known
ERP measure is the Go/NoGo task (see Figure 2).
ERPs trace the passage and rate of information
flow through the brain in response to a particular
task in time windows of 500 ms or more. The components reflect basic sensory perceptual and cognitive processing stages as the brain perceives,
classifies and acts on the stimuli. The location of
any deviation of latency (time lag) or amplitude
(excess synchronisation or desynchronisation)
suggests which brain network is compromised.
Over the last 70 years, research has yielded much
empirical knowledge about the functional meaning of the extracted waves. The P300, in particular,
has been implicated in several neurodevelopmental disorders, including ADHD, autistic spectrum
disorders, Alzheimer’s disease, Parkinson’s disease,
cognitive decline, alcoholism and traumatic brain
injury, among others.12 This correlates with lower
grey matter volume in the prefrontal cortex. Some
researchers think the P300 represents the transfer
of information to consciousness.13
More recently, the P300 has been divided into
two different parts,14 the P3a and P3b, each having
different neurotransmitter involvement. The P3a
reflects attention to a stimulus, followed by the
P3b over the parietal cortex, which is elicited
when the stimulus or event is improbable, such as
an odd picture, number or word in a sequence.
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■ Figure 1. Figure 1A shows an

event-related potential (ERP) with time
in milliseconds (ms) on the X-axis.
The Y-axis shows the change in brain
response to the stimuli, with the plus sign
being an increase in microvolts (µV) in
relation to a baseline recorded just before
the beginning of each trial. The blue
shaded area shows the first 100 ms where
the picture is displayed. The waveform has
several peaks and troughs at different
times; for example, the N1 is a ‘negative’
trough at 100 ms and the P3 (also called
the P300) is a ‘positive’ peak at around
300 ms. The activity was measured at the
location called Cz in the international
10–20 system and is at the centre (top) of
the head
Figure 1B is a ‘head map’ showing the
topology of the brain response at 340 ms
from the beginning of the trial. The ‘hot’
colours show an increase in activity, with
pink showing 12 µV, while ‘cold’ colours
show a decrease in activity, with dark blue
showing -12 µV. Green indicates no change

■ Figure 2. Reduction of the action inhibition component in ADHD subjects.9 The Go/NoGo task is to push a

button as quickly as possible when an image of an animal is followed by a second animal 1,100 milliseconds
later – this is the ‘Go’ trial. The subject is instructed to withhold the planned motor response if the second image
is not an animal – this is the ‘NoGo’ trial. The top row of four event-related potentials (ERPs) in the different age
ranges are elicited in the ‘Go’ trial and the bottom row shows ERPs from the ‘NoGo’ trial, with ADHD subjects
shown in green and age-matched controls in red. The yellow shaded area is the difference between ADHD
subjects and controls. It shows no significant difference in the ‘motor engagement component’ in the top row,
but demonstrates a significant difference across all ages in the ‘P300 action inhibition NoGo’ component on the
bottom row; that is, impulsive responding. The image of the brain on the right shows the source of this activity
(by sLORETA11) to be the Brodmann area 6, the supplementary motor area of the frontal lobe

Many factors that influence cognition, such as
age, disease, mental illness, and alcoholism or
drug abuse, affect the amplitude of the P3b, since
working memory is at least one factor in these
conditions. In order to judge improbability, one
needs to have an idea of what is expected.
A further complexity in ERP research is that
there are several types of tasks designed to measure
different sensory, motor or cognitive activities. Because slight changes in the task design – such as the
time between stimuli, or the loudness or brightness
of the stimuli – will change the ERP components,
comparisons cannot be made between components from different tasks and it is essential to have
norms of each task to ensure their clinical utility.
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ERPs of executive function
Differences in the particular sequence of executive
function activated make a difference to the individual’s functioning and not all ERP components
will be abnormal. However, there are consistencies
in ADHD. The main abnormality noted in ADHD
is the reduction in amplitude of the ‘P300 motor
suppression’ component when recorded in the
NoGo ‘action inhibition’ paradigm. The ‘NoGo’ is
the waveform elicited when the subject suppresses
the prepared action of pushing a button in response to a non-target stimulus and is an index of
difficulty in inhibiting behavioural responses.
Kropotovet al found that this wave was reduced in
252 subjects diagnosed with ADHD aged between
seven and 55, compared with 333 controls of the
same age.9 This shows the physiological link to the
psychological observation of Barkley that the core
ADHD deficit is an impairment of inhibition.15 The
inhibition measured in Barkley’s research was the
degree to which the subject could stop or inhibit
an ongoing behavioural response – such as interrupting others in conversation – and was gleaned
from interviews and questionnaires from teachers
and parents. This reflects the same sequence of cognitive control exerted in everyday life.
Impulsivity of motor responses may be connected with other types of impulsivity such as
choice – the basis of delay aversion; where ADHD
subjects will choose a smaller immediate reward
rather than wait for a bigger one. An ERP study of
this16 showed enhanced amplitude in the late positive components when subjects escaped delay, but
reflected ventral prefrontal cortex activity. Emotional impulsivity where the subject was motivated
to avoid waiting (delay aversion) was shown to activate the amygdala.17 These behavioural types of
impulsivity are unlikely to show relatedness in the
brain and ADHD understanding could be enhanced by the study of ERPs of impulsivity types.

Conclusion
The combination of ERPs and psychometric measures of executive function can provide a specificity,
identify co-morbidities and predict likely medication response, as well as help titrate medication.18
Measuring this endophenotype would be of value
in distinguishing the children exhibiting ADHD
symptoms who may have only a developmental
lag of the executive function19 and will catch up in
time. Other misdiagnoses are likely when the individual is under extreme stress, has a high degree of
anxiety or other developmental problems such as
autism or pathological demand syndrome.
Recently, as the EEG hardware has become
cheaper, better and easier to use, and with the development of normative databases, EEG and ERPs

have started to move out of the research lab and
into clinical practice. Organisations such as the
British Neuroscience Association and the Society of
Applied Neuroscience organise conferences and
courses for psychologists and other healthcare professionals wishing to add this diagnostic tool to
their clinical practice. Not only are ERPs a promising, precise and objective means for diagnosing
ADHD, but they can aid in the treatment by knowing the precise endophenotype. Neurofeedback20
or transcranial stimulation can normalise the aberrant electrophysiology and is an efficient adjunct
to the standard psychological treatment ■
Declaration of interest
The authors declare that there are no conflicts of interest.
References
1. Gioia GG, Isquith PK, Retzlaff PD, Espy KA. Confirmatory factor analysis of the Behavior Rating Inventory of Executive Function (BRIEF) in a clinical sample. Child Neuropsychol 2002; 8: 249–257.
2. Delis DC, Kaplan E, Kramer J. Some supplementary methods for the analysis of the
Delis-Kaplan Executive Function System. Psychological Assessment 2011; 23: 888–898.
3. Grant DA, Berg EA. A behavioral analysis of degree of reinforcement and ease of
shifting to new responses in a Weigl-type card sorting problem. J Exp Psychol 1946;
38: 404–411.
4. Stroop JR. Studies of interference in serial verbal reactions. J Exp Psychol 1935;
18: 643–662.
5. Osterrieth PA. Le test de copie d’une figure complexe: contribution à l’étude de la
perception et de la mémoire [The test of copying a complex figure: A contribution to
the study of perception and memory]. Archives de Psychologie 1944; 30: 286–356.
6. Greenberg LM, Waldman ID. Developmental normative data on the test of variables
of attention (T.O.V.A.). J Child Psychol Psychiatry 1993; 34: 1019–1030.
7. Sandford J, Turner A. Manual for the Integrated Visual and Auditory Continuous Performance Test. Richmond, VA: Brain Train Inc., 1995.
8. Kropotov I, Kropotova O, Ponomarev V, Poliakov I, Nechaev V. [The neurophysiological mechanisms in the selection of actions and their disturbance in the attention
deficit syndrome]. Fiziol Cheloveka 1999; 25: 115–124.
9. Kropotov J, Müller A, Candrian G, Valery P. Neurobiology of ADHD: A New Diagnostic
Approach Based on Electrophysiological Endophenotypes. London: Springer, 2013: 300.
10. Boonstra AM, Kooij JJ, Oosterlaan J, Sergeant JA, Buitelaar JK. To act or not to
act, that’s the problem: primarily inhibition difficulties in adult ADHD. Neuropsychology 2010; 24: 209–221.
11. Pascual-Marqui RD. Standardized low-resolution brain electromagnetic
tomography (sLORETA): technical details. Methods Find Exp Clin Pharmacol 2002;
24(Suppl D): 5–12.
12. Pooviboonsuk P, Dalton JK, Curran HV, Lader MH. The effect of single doses of
Lorazepam on event-related potentials and cognitive function. Human Psychopharmacol 1996; 11: 241–252.
13. Picton TW. The P300 wave of the Human Event-Related Potential. J Clin Neurophysiol 1992; 9: 456–479.
14. Polich J. Updating P300: an integrative theory of P3a and P3b. Clin Neurophysiol
2007; 118: 2128–2148.
15. Barkley RA. Behavioral inhibition, sustained attention, and executive functions:
constructing a unifying theory of ADHD. Psychol Bull 1997; 121: 65–94.
16 , Broyd SJ, Richards HJ, Helps SK et al. Electrophysiological markers of the motivational salience of delay imposition and escape. Neuropsychologia 2012; 50: 965–972.
17. Wilbertz G, Trueg A, Sonuga-Barke EJ et al. Neural and psychophysiological markers of delay aversion in attention-deficit hyperactivity disorder. J Abnorm Psychol
2013; 122: 566–572.
18. Arns M, Gunkelman J, Breteler M, Spronk D. EEG phenotypes predict treatment
outcome to stimulants in children with ADHD. J Integr Neurosci 2008; 7: 421–438.
19. El-Sayed E, Larsson J, Persson H, Santosh P, Rydelius P. “Maturational lag” hypothesis of attention deficit hyperactivity disorder: an update. Acta Paediatr 2003;
92: 776–784.
20. Steffert B, Steffert T. Neurofeedback and ADHD. ADHD in practice 2010;
2(1): 16–19.

Key points
■ Executive dysfunction is a core aspect of attention deficit
hyperactivity disorder (ADHD).
■ Psychometric measurements tend to only capture the behaviours,
rather than the symptoms of the deficits in executive dysfunction.
Event-based electrophysiological brain measures can reveal the
neural mechanisms of executive function.
■ A combination of both neurological and behavioural markers
can give an endophenotype of ADHD and inform treatment plans.
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