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Attention deficit hyperactivity disorder (ADHD) has been described in literature for
over 200 years (Lange et al., 2010), and the modern conceptualization continues to evolve
(Sonuga-Barke et al., 2023). Contemporary views place ADHD within a neurodivergence
framework. Behavioral symptoms can be viewed as variations along a continuum of
everyday behavior, with fluctuating patterns of symptom remission and recurrence across the
lifespan (Sibley et al., 2022; Van Meter et al., 2024). In addition, there is greater
consideration of how symptoms can be viewed in context as strengths, and of environments
that support behavioral variation, which are fruitful directions for research (Sonuga-Barke et
al., 2023). In this chapter, we outline the clinical features of ADHD and highlight the
condition's multifaceted nature, which has hindered understanding of its etiology and
pathophysiology. We then discuss personalized medicine approaches used in Applied
Behavior Analysis (ABA), which remains relatively agnostic about pathophysiology and
instead focuses on environmental variables that maintain the ADHD behavior of interest.
Finally, we discuss the importance of modeling ADHD in animals and its translational
significance to understanding ADHD-related behavior.

Background: Clinical Presentation and Associated Risks

ADHD remains one of the most common conditions of childhood and adolescence
wortldwide (3-8%) with estimates likely varying due to methodological disparities (Ayano,
Demelash, et al., 2023; Polanczyk et al., 2007, 2015). ADHD can persist in adulthood or be
diagnosed as late onset, with overall prevalence estimates at 3-5% (Ayano, Tsegay, et al.,
2023). The average age of diagnosis is seven years old, but symptoms typically begin to
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appear around preschool age. The diagnosis includes symptoms of inattention and/or
hyperactivity-impulsivity that are present in at least two settings (e.g., home, school, or work)
and interfere with social, academic, or occupational functioning (Faraone et al., 2021).
ADHD-diagnosed youth can have persistent academic struggles, including lower
standardized test scores, more frequent grade repetition, and a higher need for special
education services (Loe & Feldman, 2007). These challenges often continue into adulthood,
where individuals with untreated ADHD finish fewer years of education and are less likely to
earn a college degree (Barkley et al., 2006). Employment outcomes are also negatively
affected since adults diagnosed with ADHD are less likely to secure and maintain full-time
work and are more than twice as likely to experience job loss or unstable employment
(Biederman et al., 20006).

Social relationships often suffer because children with ADHD frequently face peer
rejection due to the associated behavior, and adults commonly report greater conflict in
romantic, family, and other social relationships (Bagwell et al., 2001). Physical safety
concerns are notable as well because ADHD is linked to higher rates of injuries, more
emergency room visits, and about twice the risk of motor vehicle accidents in adolescents
and young adults (Merrill et al. 2009; Barkley & Cox, 2007). Finally, untreated ADHD may
reduce life expectancy by approximately 4.5 to 11 years because of the combined effects of
mental health issues, substance use, and physical risks (Dalsgaard et al., 2015). These
findings highlight the importance of eatly identification and timely intervention for
individuals with ADHD.

Biomarkers

As with other mental health disorders, there is a continued research emphasis on
identifying biological markers to aid prevention, diagnosis, and treatment per the National
Institute of Mental Health’s Research Domain Criteria (Musser & Raiker, 2019; Pacheco et
al., 2022). Currently, diagnosis relies exclusively on descriptive data utilizing DSM-5 criteria
and parent/self-assessment questionnaires (Faraone et al., 2021). There are no biological
indicators via blood screens, neuroimaging, or neutroactivity to aid/refine diagnosis despite
the years of research dedicated to this endeavor. Mental health disorders are likely to exhibit
changes in physiological pathways before observable symptoms appear. As an extreme
example, the neurodegenerative condition of Parkinson’s disease can result in about 50-80%
dopamine depletion in the substantia nigra before clinical symptom onset (Heng et al., 2023).
Identifying individuals at risk for ADHD could provide a means for early intervention
before clinical onset.

One novel area of investigation into prevention and diagnosis is the epigenetic
alterations that underlie ADHD. Epigenetics involves the interplay of the environment (e.g.,
maternal smoking or stress) and gene expression (e.g., DNA methylation or histone
modification) that can determine whether a gene is expressed or not. Cecil and Nigg (2022)
have recently elaborated on the promises and challenges of epigenetic biomarkers associated

2



Attention Deficit Hyperactivity Disorder | 3

with ADHD and the potential to personalize treatment/prevention measures. However,
multiple factors, including heterogeneity of clinical presentation, genetics, co-morbidity, and
environmental risks, have all contributed to the limited understanding of the causes and
biological mechanisms of ADHD (Cortese, 2012; da Silva et al., 2023; Koriala et al., 2024).

Factors Complicating the Discovery of Etiology and Pathophysiology

ADHD is considered a heterogeneous condition as symptoms can be diagnosed
across three subtypes (inattentive, hyperactive-impulsive, and the combined subtype) that
tend to co-vary with developmental period and sex. For example, the diagnosis rate among
male patients can approximate twice that of females during childhood (Franke et al., 2018).
Males have a higher diagnosis rate of the hyperactive-impulsive subtype with a diminishing
difference in late adolescence. The inattentive subtype appears to be more common among
females, which could be overlooked clinically and partly accounts for the lower diagnostic
rate (Mowlem et al., 2019). Thus, clinical presentation of ADHD symptoms may depend on
the developmental period, subtype, and sex of the patient.

ADHD also has one of the highest heritability rates of all mental health conditions,
estimated at around 70%-80% (Willcutt, 2012). However, there are no large-effect genes
driving the high heritability, unlike Huntington’s disease, which is entirely accounted for by a
mutation in the huntingtin gene. Instead, ADHD is considered polygenic, with many small
genetic associations identified through candidate gene and genome-wide association studies,
including those related to dopamine, noradrenaline, neurotransmitter signaling genes, and
transcription factor genes involved in DNA-to-mRNA transcription (Klein et al., 2017).
Thus, insights from genetics will be multifaceted and likely modifiable by various
environmental factors, such as prenatal alcohol or tobacco use, low birth weight, family
adversity, pesticide exposure, and lead exposure (Thaper et al., 2007).

Further complicating efforts to identify pathophysiology is the high degree of
comorbidity. A Danish study over 30 years indicates more than 60% of ADHD patients
have at least one comorbidity (Ottosen et al., 2019). For example, depression and anxiety
are reported as occurring in 18%-50% of adult ADHD-diagnosed individuals (Biederman et
al., 2006; Fu et al., 2025). The likelihood of developing a substance use disorder is also
higher, with approximately a quarter of adolescents and adults affected, often coping with
untreated symptoms (Lee et al., 2011; Wilens, 2004). Such complexity, from genetics to
clinical presentation, indicates that diagnosis and treatment of ADHD would benefit from a
personalized medicine approach that is data-driven and tailored to the individual needs of a
patient.

Personalized Medicine

Personalized medicine is found in the field of pharmacogenomics, where research is
growing to understand how medication responses vary based on individual genetic makeup.
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The goal is to better understand how a given drug moves through and interacts within the
body (i.e., pharmacokinetics and pharmacodynamics) to tailor specific drugs and doses that
optimize therapeutic efficacy while limiting side effects in individuals. For example, current
research is aimed at alterations in a sub-cohort of ADHD individuals with genetic
modifications in metabotropic glutamate receptors that could be targeted with specific
compounds (e.g., the metabotropic glutamate receptor activator fasoracetam (NFC-1), aimed
at this receptor pathway (Connolly et al., 2015; Mamiya et al., 2021). Another form of
personalized medicine is the development of diagnostic and treatment plans within the field
of Applied Behavior Analysis (ABA).

ABA offers a personalized medicine approach that aligns with the Research Domain
Criteria (RDoC; Auerbach, 2022) framework, focusing on identifying specific behavioral
markers and the contextual variables associated with them. The approach is multimodal and
starts by operationalizing core behavioral features (such as academic failure, inattention,
impulsivity, etc.) and identifying environmental events around these markers (like
antecedents and consequences), with the primary goal of improving the life circumstances
for individuals with an ADHD diagnosis (Neef et al., 2013).

ABA ADHD Assessments and Treatment Methods

Applied behavior analysis (ABA) interventions targeting behaviors that impede
functioning in ADHD typically begin with functional assessment (Neef & Northup, 2007).
The assessment process includes indirect methods (e.g., categiver/teacher interviews and
standardized checklists) and direct methods (e.g., descriptive assessment and, when
indicated, experimental functional analysis) to identify antecedent events that reliably
occasion the target behavior and the consequent events that maintain it. These maintaining
consequences may be socially mediated (e.g., attention, escape from demands or other
environmental events, access to preferred items/activities) or automatic/nonsocial in origin.

Several studies have conducted descriptive or antecedent assessments of associated
ADHD behavioral concerns (e.g., Anderson et al., 2006; Ervin et al., 1998; Flood & Wilder,
2002; Hawkins & Axelrod, 2008). For example, Anderson and colleagues (2006) used a
structured descriptive assessment (SDA) to evaluate the circumstances surrounding the
behavior of children with various behavioral needs, such as ADHD-related disruptive
behavior. Results showed that the SDA effectively identified distinct behavioral patterns (i.e.,
behaviors that occur more frequently in the presence of certain antecedent environmental
events), which are often overlooked by traditional assessment methods. It highlighted the
nuances in children’s behavior, suggesting that implementing structured assessments of
ecological variables using SDAs could lead to more tailored and effective educational
strategies for children with ADHD and related challenges.
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Other studies have experimentally manipulated antecedents and consequences
associated with specific ADHD behaviors to determine which events reliably influence these
behaviors, and to improve them (e.g., Athens & Vollmer, 2010; Boyajian et al., 2001;
Northup et al., 1995). This direct assessment process is known as a functional analysis (Iwata
etal., 1994). In one such example, Boyajian and colleagues (2001) conducted a series of
brief functional analyses within the preschool classtoom environment to address specific
disruptive behaviors among children diagnosed with different ADHD subtypes. The analysis
used procedures from Northup et al. (1991), with functional analysis sessions lasting 5-to 10-
minutes, with brief 1-to 2-minute breaks between sessions. The analysis identified high rates
of inappropriate behavior during the contingent attention, access to tangible, and escape
conditions for the preschoolers in the study. More importantly, applying these findings led to
the development of targeted behavior interventions that significantly reduced off-task and
inappropriate behaviors in the classroom. The findings suggest that early interventions based
on functional analysis not only address immediate behavior issues but also contribute to
overall educational and social skills development among preschoolers with ADHD.

Functional analyses have also been conducted to evaluate how medications affect
behavior by altering the motivational functions of some behavioral consequences (e.g.,
Carlson et al., 2012; Cox & Virues-Ortega, 2016, 2022; Dicesare et al., 2005; Neef et al.,
2005). In one such example, Discesare and colleagues (2005) investigated the effects of
methylphenidate on disruptive behavior in an 18-year-old man with ADHD. The functional
analysis involved exposing the adult to different environmental conditions in which
antecedents (i.e., motivating operations and discriminative stimuli) and consequences were
manipulated for various reinforcers (e.g., socially mediated reinforcers such as attention,
escape from some environmental event, and access to some items or activities) to determine
which maintained disruptive behavior. Under these conditions, the adult received varying
doses of methylphenidate and then underwent functional analysis to assess the medication's
effects on behavior. Results indicated that the adult displayed lower levels of disruptive
behavior when given methylphenidate; however, in the absence of methylphenidate, high
rates of disruptive behavior occurred in the attention-reinforcer condition. These results
suggest that methylphenidate decreased disruptive behavior maintained by attention. This
implies that methylphenidate may have decreased the reinforcing effects of social attention
for this individual. Overall, this study demonstrates the utility of combining functional
analysis with pharmacological interventions to better understand and treat disruptive
behavior associated with ADHD.

Functional Assessment-Based Interventions

As discussed in the previous section, the results of functional assessments offer ways
to address ADHD-related behaviors that enhance learning opportunities. This has been
supported by research using functional assessment-matched intervention strategies, including
procedures that manipulate antecedent (i.e., motivating operations and discriminative
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stimuli) and consequences (i.e., attention, escape from some environmental events, and
access to some items or activities) assessed to evoke and maintain ADHD behavior reliably.

Antecedent-Based Interventions. Once the functions of ADHD-related behaviors
are identified, antecedent strategies focus on reducing the need for behaviors that generate
specific reinforcers before they happen (e.g., Kodak et al., 2003; Jones et al., 2000). For
example, Jones and colleagues (2000) evaluated whether providing noncontingent peer
attention could effectively reduce disruptive behaviors, specifically in an 8-year-old child
diagnosed with ADHD. The researchers first conducted a functional analysis to identify the
variables maintaining the patticipant's disruptive behavior. Through this process, they
reliably identified that peer attention significantly reinforced the child’s behavior. Then, using
a reversal design, they evaluated conditions in which the child received noncontingent peer
attention at specific 90-second intervals. Results indicated a marked decrease in disruptive
behavior during the noncontingent peer attention condition, showcasing the potential
effectiveness of this antecedent intervention strategy.

Consequence-Based Interventions. Other studies have manipulated functional
consequences associated with ADHD-related behaviors, and provided them for functionally
equivalent appropriate behavior, while withholding them for previously reinforced
inappropriate behavior (e.g., Flood et al., 2002; Grauvogel-MacAleese et al., 2010; Hagopian
et al., 2005). Grauvogel-MacAleese and colleagues (2010) evaluated the effectiveness of peer
interactions in a structured work context in improving on-task behavior in children
diagnosed with ADHD. Before the intervention, a functional analysis was conducted, which
determined that off-task behaviors were maintained by access to peer attention. Next, during
the intervention phase, peers provided praise and help when participants were on task. If
they were off task, the peer discontinued praise and help until they were back on task.
Results indicated that the peer-delivered contingent attention intervention significantly
reduced off-task behavior and improved on-task behavior. Moreover, the implications of
these results resonate with broader literature on ADHD interventions, which emphasize the
importance of both direct skills training and the social environment supporting positive
outcomes for children diagnosed with ADHD.

When functional assessments of ADHD-related behaviors have not been feasible,
penalty- or punishment-based procedures have been added to reduce the occurrence of the
impeding behavior (e.g., DuPaul et al., 1992; Fabiano et al., 2004; Northup et al., 1999). This
approach is utilized when ADHD related behaviors produce severe risks for the behaver and
others in the learning environment. For instance, Northup and colleagues (1999) investigated
the separate and interactive effects of methylphenidate (MPH) and standard classroom
punishment-based contingencies on disruptive and off-task behavior among children
diagnosed with ADHD. The researchers used analogue conditions with different
contingencies, such as contingent teacher reprimands, brief time-outs, no interaction, and an
‘alone' condition, all conducted in a multi-element design. The experimental design rotated
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between MPH and placebo days, enabling the researchers to assess the effects of medication
alongside various behavioral strategies used in classrooms. This careful multi-element setup
allowed a thorough analysis of individual differences in responses to both medication and
behavioral interventions. Results revealed that both MPH and classroom contingencies had
significant individual and combined effects on reducing disruptive behaviors. Specifically,
MPH was found to be effective on its own, but its effectiveness was enhanced when
combined with specific classroom contingencies. This interaction effect of MPH with
behavioral strategies suggested that the combined approach provided greater reduction in
off-task and disruptive behavior compared with either treatment alone, thereby underscoring
the benefits of the multimodal educational strategy.

Skill-Based Interventions. In many cases, children and adolescents with ADHD
display behaviors that result in academic impairment. For instance, DuPaul and Langberg
(2015) suggest that preschoolers and children with ADHD have lower literacy skills, making
it essential to address behavior associated with ADHD in learning contexts. In some of these
cases, non-function-based antecedent interventions have been used to build skills that
facilitate learning. For instance, some of these interventions have included the use of white
noise (Cook et al., 2015; Lin, 2022; Rosalez et al., 2020), added physical activity (Kercood et
al., 2012), targeted instructions to use during schoolwork completion (Bicard & Neef, 2002),
and inclusion of choice-making opportunities (Kern et al., 2001; Powell & Nelson, 1997), all
of which have produced good outcomes for individuals.

Attention Training. ADHD-associated behaviors may result in inattentive behavior,
resulting in significant impairment for the individual who displays these behaviors.
According to the National Institute of Mental Health (NIMH, 2024), inattentive ADHD
behavioral markers are commonly addressed with medications that elevate levels of thinking
and attention-stimulating catecholamines (e.g., dopamine and epinephrine). However, these
treatments alone may not be effective in establishing adaptive skills for the individual with an
ADHD diagnosis. In some of these cases, contingent-reward interventions that involve
physical activity have been used to teach attention skills (Azrin et al., 2006, 2007).

For instance, Azrin et al. (2007) explored the effectiveness of physical activity as a
reinforcement strategy to promote calmness and shape learning readiness in children with
ADHD in a classroom setting. This study used a pre- and post-intervention design, and a
shaping procedure was employed to gradually increase participants’ duration of calmness and
classroom engagement. Results indicated a positive correlation between contingent
engagement in physical activity and the levels of calmness and classroom engagement
observed among children with ADHD. Specifically, structured physical activity periods led
to significant reductions in hyperactive behaviors and improvements in attentiveness,
supporting the hypothesis that physical activity can serve as an effective behavioral
reinforcer.
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A complementary line of research also shows that gamified, app-based “digital
therapeutics” can instantiate ABA principles by programming antecedent cues (i.e.,
structured, stimulus-controlled tasks with dynamic difficulty) and contingent consequences
(i.e., immediate feedback and in-game rewards) to shape attention and on-task behavior
(Kollins et al., 2020; American Psychiatric Association, 2020). In this way, game-based
interventions operationalize the same functional relations targeted by other ABA antecedent-
and-consequence procedures, while also serving as a skill-building, attention-training strategy
that can be layered with classroom contingencies or medication as part of a multimodal plan
(Kollins et al., 2021). Early large trials using this approach report objective gains in
sustained/selective attention with minimal side effects (Kollins et al., 2020; Kollins et al.,
2021).

As an example, Kollins et al. (2020) evaluated the video-game-based intervention
AKL-TO1 (Akili Interactive Labs, Boston, MA, USA) in the Software Treatment for Actively
Reducing the Severity of ADHD (STARS-ADHD) randomized, double-blind trial (n=348;
ages 8-12). The intervention used a video-game interface with two tasks: a perceptual
discrimination task in which users respond to instructed stimulus targets while ignoring
distractors (similar to a Go-No-Go task), and a sensory-motor navigation task in which users
continuously adjust their position to interact with and avoid positional targets. The control
was designed to match AKIL-T01 in expectancy, engagement, and time on task and
comprised a digital word game. The intervention group was instructed to use the
intervention for approximately 25 minutes per day, 5 days per week, over 4 weeks. Results
showed that the AKL-T01 intervention produced significantly greater improvements on the
Test of Variables of Attention (TOVA) Attention Performance Index (primary endpoint),
with high adherence and no adverse effects. Subsequent research using STARS-Adjunct by
Kollins et al. (2021) found that adding the same intervention to usual care led to significant
reductions in ADHD-related impairment for children both on stimulant medication and not
on medication, supporting its utility as an adjunct within multimodal treatment. Reflecting
this evidence base, in June 2020, the U.S. FDA authorized marketing of AKL-TO01 as the
first prescription, game-based digital therapeutic to improve attention function in pediatric
ADHD, alongside clinician-directed therapy, medication, and educational supports
(American Psychiatric Association, 2020).

Self-Management Training. Self-management skills have also been taught when
ADHD related behaviors result in inattention (e.g., Davies & Witte, 2000; Hoff & Ervin,
2013; Harris et al., 2005; Gureasko-Moore et al., 2006). Self-management programs teach
individuals to arrange environmental variables (i.e., antecedents and consequences) to modify
aspects of their own ADHD related behavior. In essence, these programs help individuals to
be aware of their ADHD related behavior through some or all of the following: (a) goal
setting, (b) self-instruction, (c) self-monitoring, (d) self-evaluation, and (e) self-reinforcement
(Erhard et al., 2022). This approach to skill building increases autonomy by minimizing
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others' involvement in intervention delivery and maintenance, while creating an optimal and
compassionate teaching environment (Scallan & Rosales-Ruiz, 2023).

Gureasko-Moore and colleagues (2000) investigated the impact of self-management
strategies on the organizational skills of three seventh-grade males diagnosed with ADHD.
All participants received methylphenidate to help alleviate the symptoms of ADHD, and
each participant was taught specific self-management strategies through coaching from the
researcher. The skills taught included self-monitoring of organization, goal setting, and self-
reinforcement. The results showed a statistically significant improvement in participants'
organizational skills following the implementation of self-management strategies.
Specifically, there was a marked improvement in areas such as task completion and time
management. Teachers also reported fewer instances of disorganization among participants,
which aligned with objective measures of organizational skills observed during classroom
activities after participants acquired self-management skills.

Self-Control Training. In other cases, ADHD related behavior has resulted in what
has been described as “impulsive choice making” requiring structured skills-based
interventions to teach self-control (Neef et al., 2001). Impulsive choice making is occurs
when an individual chooses to respond to a smaller, more immediate reinforcer. The
alternative, which involves the individual responding for/or selecting a larger, more delayed
reinforcer, is considered a “self-controlled choice” (Neef et al., 2001; Neef et al., 2005;
Schweitzer & Sulzer-Azaroff, 1988).

Assessments have been developed to measure the extent to which the value or
effectiveness of a consequence is a function of its immediacy relative to other possible
dimensions (such as quality, rate, magnitude, probability, or effort, Neef & Lutz, 2001; Neef
et al., 2001). The structure of these assessments involves arranging choices in which
response options are between those that result in immediate consequences that are less
favorable with respect to another dimension (e.g., an immediate low-quality reinforcer) and
delayed consequences that are more favorable with respect to the same alternative
dimensions (e.g., delayed high-quality reinforcer, Neef & Northup, 2007). These resulting
choices are then examined through evaluation of the percentage of choices that are made
between the options and resulting response patterns. For instance, if an individual reliably
selects the response options that result in immediate reinforcement, despite the quality,
magnitude, rate, or effort necessary for reinforcement relative to the alternative, then their
choices will be characterized as “impulsive choice making” (Neef et al., 2001). However, if
the individual’s response pattern changes relative to other dimensions of reinforcement, and
not just immediacy, then their choices may be characterized as “self-controlled” (Neef &
Northup, 2007).

ABA studies have used singular and combined intervention strategies to increase
self-control skills with individuals with ADHD (Binder et al., 2000; Dixon & Holcomb,
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2000; Dixon & Cummings, 2001; Neef et al., 2001, 2005; Schweitzer & Sulzer-Azaroff,
1988). For instance, Schweitzer and Sulzer-Azaroff (1988) taught six children whose
behavior produced outcomes identified as impulsive to wait for delayed reinforcers. All six
of the children were assessed to display behaviors associated with an ADHD diagnosis. The
children were exposed to gradually increasing delays between choices and receiving a larger
delayed reinforcer over a smaller immediate one. Results indicated that this progressive delay
procedure successfully enhanced the participant’s self-control skills.

Neef et al. (2001) assessed the use of a combined approach consisting of reinforcer
dimension manipulation and delay fading to promote self-control skills with three children
diagnosed with ADHD. An initial assessment was implemented in this study to evaluate the
influence of reinforcer dimensions (i.e., rate, quality, immediacy, and effort) on participants’
time allocation between concurrently available sets of math problems. Next, a self-control
training was implemented, in which immediacy and other reinforcer dimensions and delays
associated with the higher rate or quality reinforcer alternative were gradually increased.
Results of this training indicated that self-control or sensitivity to different dimensions of
reinforcement emerged for all participants in this study. Illustrating the effects of this
procedure on self-control skills.

Self-Control and Verbal Mediation Training. Some self-control studies have
employed verbal mediation strategies in addition to delay fading and direct reinforcement
strategies described above (Binder et al., 2000; & Dixon & Cummings, 2001). For instance,
Binder and colleagues (2000) evaluated the use of a progressive delay procedure combined
with verbal mediation to teach self-control to three children with ADHD. An initial natural
baseline was conducted in which two preferred items of different quantities (one large and
one small) were placed in front of each child. Next, each child was asked to choose an item
and then wait as long as possible before eating it. A choice baseline was then implemented,
during which each child chose between a smaller immediate item and a larger delayed item.
During the self-control training, if the child selected the smaller item, it was delivered
immediately; however, if the child selected the larger item, incremental delays along with two
types of alternating verbal activities were implemented. In the first verbal activity, the child
repeated the self-rule, “if I wait longer, I will get the bigger one,” and another activity
involved the child naming pictures of objects depicted on a flash card. Results indicated that
both intervening verbal activities were successful, as all participants demonstrated self-
control regardless of the content of the verbal activities. Future research is necessary to
continue to explore the role of verbal behavior in conditioning and mediating choices of
reinforcers in individuals with ADHD.

While these behavioral strategies show promise when effective, understanding the
underlying mechanism of ADHD requires deeper exploration across the various domains of
behavioral science (Moore & Cooper, 2003). Animal models of ADHD provide a valuable
framework for investigating the neurobiological foundations of impulsivity and attention
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deficits. By simulating ADHD-like behaviors in controlled settings, these models allow
researchers to test interventions, examine brain function, and refine treatments that may
ultimately enhance outcomes for individuals with ADHD.

Establishing Animal Models of ADHD

Animal models are approximations of clinical disorders and rarely capture the full
spectrum of a human condition. A primary goal of animal modeling is to isolate the
biological or behavioral mechanisms in controlled settings. Aspects of learning history,
environment, and biology can all be carefully studied to illuminate contributing factors of the
condition that could be further investigated in the clinical population. Ultimately, we want
our animal models to have some translatable significance that can lead to improvements in
the human population. For example, from a pharmacotherapy perspective, we could work
on ways to understand or reduce side effects of current treatments, develop novel primary or
adjunctive treatments, increase treatment adherence (e.g., via route of administration or
duration of effect), decrease the abuse potential of a current treatment (e.g., prodrugs that
metabolize into the active ingredient after administration), or understand the interaction
between clinical drugs and the underlying mechanisms. Alternatively, focusing exclusively
on physiological or behavioral mechanisms could allow for earlier detection, preventative
care, and expanded non-pharmacological treatment options. The utility of animal models
depends on their effectiveness in predicting clinical outcomes from the laboratory findings.
In general, there are three categories of animal models (Kantak, 2022; Kim et al., 2024;
Regan et al., 2022; Wickens et al., 2011) that have been studied in relation to ADHD: 1)
genetic (e.g., Spontaneously Hypertensive Rats, dopamine transporter knockout mice), 2)
environmental (e.g., prenatal alcohol or nicotine exposure), and 3) procedural models (e.g.,
delay-discounting or serial reaction time tasks). The process of validating an animal model
primarily focuses on face, predictive, and construct validity (Katz & Higgins, 2003;
McKinney, 1989; Willner, 1980).

Face Validity. The concept of face validity concerns the resemblance of the clinical
condition by the appearance of symptoms and outcomes. For example, researchers may try
to approximate hyperactivity in a familiar environment. Children and adults will generally
explore novel environments when at a new park or when exposed to new toys or games, but
over time, habituation sets in with continued exposure. This is less the case with ADHD,
and therefore, we may look for an animal model that shows excessive locomotion in a
familiar environment compared to a control group. Face validity, thus, could entail a model
showing parallels in behavioral symptoms, so it “looks like ADHD.” However, there are
limitations to relying on face validity. In the 1700s, a French automaton worker developed a
mechanical duck that could quack, move its head, and even eat grain, which resulted in
“digestive processes.” Thus, the saying goes, what looks like a duck, quacks like a duck, and
moves like a duck —is a duck. The so-called Duck Test implies similarity based on
observable characteristics. Unfortunately, relying on structural similarities does not
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guarantee similar biological or behavioral mechanisms and thus alone is not a valuable means
to establish a model.

As we discussed previously, there are several functional deficits associated with
ADHD that impede life outcomes such as occupational, educational, social, or personal
health distress. Many models and interventions do not attempt to address these functional
deficits. Still, at least one (the Spontaneously Hypertensive Rat) has a reduced life
expectancy compared to controls (Linz et al., 1997) - this would entail face validity. We
would then need to identify the cause in the model and the human condition. In the model,
reduced life expectancy is due to hypertension and resulting cardiovascular complications.
Although there is an increased risk of hypertension in ADHD-diagnosed individuals (C6l et
al., 2019), it does not fully explain the multifaceted nature of reduced life expectancy in
humans (Faraone et al., 2021); thus, the importance of establishing other forms of validity
besides face validity.

Predictive Validity. Predictive validity depends on the correlation between the
outcome in the laboratory model and the clinical outcome of interest. For example, an
ADHD animal model should show a strong positive correlation between behavioral effects
of psychostimulant treatment (e.g., Adderall and Ritalin) and the effects seen in the clinical
population. Conversely, drugs not prescribed for ADHD treatment should show no
“clinical response” in the animal model. As the underlying mechanisms of ADHD remain
unclear, this is one of the most useful indicators of an ADHD animal model (Kim et al.,
2024; Wickens et al., 2011). Relying exclusively on predictive validity also comes with
limitations.

While there are over 30 different pharmaceutical products on the market for ADHD,
the overwhelming majority are based on the same two chemicals — amphetamine and
methylphenidate. The differences mainly lie with the route of administration, duration of
action, and pro-drug formulations. A few other drugs fall into the category of either
selective norepinephrine reuptake inhibitors or alpha-2 adrenergic agonists and tend to lack
the therapeutic efficacy of psychostimulants (Briars & Todd, 2016; Cortese, 2023;
Mohammadi & Akhondzadeh, 2007). Thus, there is a limited number of positive controls
that can be tested in an ADHD animal model. By “positive controls” we mean drugs
already known to work in ADHD (e.g., methylphenidate or amphetamine) that are included
in animal studies to show the model can detect a real therapeutic effect. Second, clinical trials
with methylphenidate or amphetamine tend to indicate about 70%-80% efficacy in the
relatively short-term treatment of the core behavioral symptoms (Advokat & Scheithauer,
2013; Cortese et al., 2018), and some estimates rise to 90% when including all drug treatment
options (Connolly et al., 2015). This indicates that the majority, but not all, cases of ADHD
are responsive to drug treatment. Third, pharmacotherapies tend to focus exclusively on
core behavioral symptoms and do not address underlying pathophysiology. When drug
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treatment is discontinued, it is common for symptoms to return when medication was the
sole form of treatment (Liman et al., 2024; Lohr et al., 2021; Somkuwar et al., 2010).

Construct Validity. Construct validity entails similarity between the model and
clinical ailment in the origins and/or the processes (physiological or behavioral) that
maintain the condition. Most attempts at construct validity usually examine putative
similarities in genetic alterations, environmental precursors, or neurobiology (Regan et al.,
2022). As detailed previously, these attempts are extremely tentative as the precise factors
remain unclear and have likely impeded model development (Wickens et al., 2011).
Alternative means of supporting construct validity may involve examining putative
behavioral mechanisms and establishing functional equivalence. The general goal of
functional equivalence is to evaluate common experimental manipulations to determine
whether similar behavioral outcomes are observed in the model and the clinical population
(Katz & Higgins, 2003). Two procedural models that have received attention in translation
research are delay discounting and continuous performance tasks, as models of impulsivity
and inattention, respectively (Higgins & Silenieks, 2022).

Modeling Impulsivity

Impulsivity has been operationalized in several ways (e.g., Evenden, 1999) and
typically as either a form of motor or choice impulsivity as related to ADHD. Within a
specific “type” of impulsivity, there are varying procedural definitions. For example, choice
impulsivity has been modeled with delay aversion and delay-discounting tasks that can also
vary by several parameters, such as experienced versus hypothetical delays. Each of these
procedures should be evaluated against the others to determine the degree of convergent
validity (Marx et al., 2021), which assesses the degree to which two measures assess the same
construct. If they are modeling a similar construct, then a positive correlation should exist
between the behavioral outcomes of interest, providing support for construct validity.

The delay-discounting task has garnered translational research focus in the study of
“choice impulsivity” and has support for face, predictive, and construct validity. As
described in the applied behavior analysis section, delay discounting is commonly examined
by assessing preference between a choice for a smaller immediate reward compared to a
larger delayed reward. As the delay to the larger reward increases, its effectiveness decreases.
The rewards are either hypothetical amounts of money or consumables, visual stimulation,
or tokens exchangeable for toys. Overall, it has been found that ADHD-diagnosed
individuals tend to have a higher rate of delay discounting compared to healthy controls and
thus demonstrate a greater preference for smaller, immediate rewards compared to larger,
delayed rewards (Jackson & Mackillop, 2016; Marx et al., 2021). The underlying mechanism
by which this occurs continues to be investigated — focusing on greater sensitivity to reward
immediacy and/or delay, greater sensitivity to reward amount, and alterations in timing
processes (Fox et al., 2023; Hughes et al., 2022; Mies et al., 2019).
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To assess predictive validity (and support construct validity), it is important to
determine whether drugs prescribed for ADHD symptoms can increase preference for
delayed rewards and whether drugs not prescribed show no “clinical” effect. A few studies
have examined methylphenidate administration in humans (Campez et al., 2021; Low et al.,
2018; Shiels et al., 2009). Generally, an increased preference for the larger reward after
methylphenidate administration appears when delays are experienced rather than
hypothetical (e.g., Shiels et al. 2009). However, there are additional differences between
studies, such as participant demographics (e.g., child versus adult ADHD patients), dosing
regimens, and task parameters beyond experienced versus hypothetical delays, that require
turther investigation.

Delay-discounting tasks in animals are implemented by providing subjects with a
choice between one food pellet delivered immediately and a larger amount delivered after an
increasing delay. Initially, animals prefer the larger option, but as the delay increases, choice
preference switches to the smaller, immediate reward. Effects of acute methylphenidate
have also been investigated in animal models (Paterson et al., 2012; Pitts & McKinney, 2005;
Slezak et al., 2014; Koloski et al., 2024) with dose-dependent increases in responses to larger
reinforcer choice at moderate doses that do not affect other behavioral outcomes (i.e., those
associated with side-effects). The mechanism by which this occurs also continues to be
examined with evidence supporting reductions in sensitivity to reinforcer delay, amount, and
baseline-dependent (or rate-convergent) effects (Pitts & Hughes, 2025). To enhance clinical
translation, we have examined the chronic effects of methylphenidate (Slezak & Anderson,
2011), as treatment may last for several years. We found no change in increases in larger-
reinforcer choice during chronic drug administration, and, like clinical results, when drug
administration was discontinued, the enhancement of larger-reinforcer choice also
dissipated. Thus, suggesting that the drug is primarily alleviating behavioral symptoms.

Another factor to consider is drug formulation. For example, clinical
methylphenidate formulations are composed of different ratios of their enantiomers, &~-MPH
and AMPH. Focalin is 100% 4-MPH, which is about 10x more active than /MPH. Both
Ritalin and Daytrana are 50:50 mixtures that result in different bioavailability due to
differences in metabolism for oral compared to transdermal drug delivery systems,
respectively. Unique drug combinations could interact to produce novel effects compared to
when delivered in isolation. However, we found that ~MPH likely does not alter the effects
of &-MPH on a delay-discounting task (Slezak et al., 2014). Examining these clinical features
can enhance the animal model's clinical relevance.

Modeling Inattention
Just as there are different procedural models of choice impulsivity, there are several

models of attentional deficits that continue to be debated as the best use for translational
investigation (Higgins & Silenieks, 2022; Kenton & Young, 2022). The continuous
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performance task (CPT) has been demonstrated useful to examine therapeutic benefits of
ADHD treatment (Riccio et al., 2001). Although there are many variants of the task, CPT
typically assesses attention to an infrequently occurring stimulus, and stimulant medications
have been proven successful in enhancing detection of the stimulus (Higgins & Silenieks,
2022). Improvement in attention under CPT after stimulant administration is also of
translational significance because a common procedure in animal research to assess ADHD
medication, the five-choice serial reaction time task, is a CPT variation that models aspects
of attention and impulse control (Robbins, 2002). With this task, a food-deprived animal is
placed in an operant-conditioning chamber and is required to monitor an array of five
apertures. A trial starts with a sample stimulus: brief illumination from behind in one of the
five apertures. A single response (e.g., nosepoke for a rodent) within the hole previously
illuminated is reinforced with food, followed by a short intertrial interval (ITT). The number
of correct vs. incorrect responses provides a measure of attention, and the number of
responses before stimulus onset is considered a measure of impulse control.

In support of predictive validity, studies in rodents show that acute injections of 4-
amphetamine and methylphenidate significantly increase the accuracy of attention relative to
saline conditions (Bizarro et al., 2004; Bizarro & Stolerman, 2003; Slezak et al., 2018;
MacQueen et al., 2018 for a review see Higgins & Silenieks, 2022) and can be enhanced
under intermittent reinforcement (Koffarnus & Katz, 2011) and delayed reinforcement
(Slezak & Katz, 2013). Although some of the reported effects have been small, additional
findings suggest that improvements in attention are selective for stimulant drugs relative to
drugs outside the stimulant drug class (Paine et al., 2007). For example, drugs such as
morphine and pentobarbital, not of clinical use for ADHD, do not improve attention in the
serial reaction time task, further demonstrating the predictive and construct validity of this
task as a model for ADHD (Koffarnus & Katz, 2011).

Despite the positive outcomes obtained with a serial reaction-time task using acute
dosing, no studies have assessed the effects of chronic d~amphetamine treatment to replicate
therapeutic conditions and determine the extent of behavioral and neurochemical change.
High doses (>15-20 mg/kg/day) of d-amphetamine can produce neurotoxicity of dopamine
makers (Advokat, 2007; Gerlach et al., 2013) while less is known about the therapeutically
relevant doses 0.2 to 0.5 mg/kg in children and up to 0.9 mg/kg in adults. In healthy non-
human primates, it appears that repeated exposure to clinically relevant plasma levels does
not produce neurotoxicity (Gerlach et al., 2013; Zhang et al., 2021). The findings could be
different if modeled with animals that share similarities in purported pathophysiology, such
as the Spontaneously Hypertensive Rat (Sagvolden et al., 2009). We attempted to model a
clinically therapeutic dosing regimen by functionally determining an oral dose of d-
amphetamine that enhances attention in the 5-CSRTT and administered it twice daily for
four weeks to simulate plasma concentrations that may occur in humans (Slezak et al.,
unpublished). We found a dose of 0.56 mg/kg to acutely enhance attention in the 5-CSRTT
and overlaps with clinically relevant plasma concentrations (see also Slezak et al., 2018). We
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found diminishing effects of enhanced attention after the four-week treatment (i.e., potential
for development of drug tolerance). In addition, there was no evidence for toxicity of the
monoamine systems after administration of the oral dose of 0.56 mg/kg. As patients may
continue administration of psychostimulants for several years (Johnson et al., 2021; Van de
Loo-Neus et al., 2011), it is imperative to continue studies in clinical and preclinical models
to understand both positive and potential adverse effects.

Conclusion

Despite extensive research into its causes, the ADHD diagnosis remains purely
descriptive as no biological marker has been identified to date. The heterogeneity of clinical
presentation, genetic and environmental interplay, and high comorbidity have hindered a
clear understanding of ADHD’s underlying mechanisms. In the realm of
pharmacogenomics, researchers are working to tailor ADHD medications to individual
genetic profiles. Applied Behavior Analysis exemplifies a personalized behavioral approach
where clinicians conduct detailed functional assessments to identify the antecedents and
consequences of problem behaviors, then design interventions targeting the individual’s
specific behavioral markers (such as inattention or impulsivity). Both pharmacological and
behavioral strategies can emphasize individualized, data-driven treatment planning. Animal
models of ADHD are a complementary research tool to allow investigation of possible
biological and behavioral mechanisms under controlled conditions. Animal models are
carefully evaluated for face, predictive, and construct validity in relation to human ADHD.
Incorporating evidence-based ABA treatment strategies into animal research holds promise
for further refining ADHD interventions. Integrating clinical insights, individualized
behavioral approaches, and translational animal studies is essential for advancing both our
understanding and effective management of ADHD.
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