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Attention-Deficit/Hyperactivity =~ Disorder (ADHD) is a  prevalent
neurodevelopmental disorder characterized by persistent patterns of inattention, impulsivity,
and hyperactivity.Traditional approaches have focused on the neurotransmitter imbalance,
particularly the dysfunction of the dopaminergic and noradrenergic system. However, these
accounts often fail to capture the dynamic regulation of behavior in real-world contexts.
This paper applies control system theory to conceptualize ADHD as a disorder of negative
feedback regulation failure. Within this framework, behavior is understood as an attempt to
minimize discrepancies between internal reference signals and perceived input. In ADHD,
impaired neuromodulation disrupts the stability of this feedback loop, leading to deficits in
sustained attention, error monitoring, and goal maintenance. The evidence from cognitive
neuroscience suggests that the prefrontal cortex, anterior cingulate cortex, and frontostriatal
circuits are all involved in some degree in the disorder, these regions are thought to have a
role in controlling and regulating the disorder.By reframing ADhD through the lens of
control theory, this study provides an integrative model of cognitive and motivational
dysregulation. It highlights the clinical potential of interventions targeting feedback
stabilization, such as neuromodulation, adaptive feedback systems, and cognitive training.

ADHD, Control theory, Feedback regulation, Neuromodulation, Executive
function

The global prevalence of Attention-Deficit/Hyperactivity Disorder (ADHD) is estimated to be
between 5-7% in pediatric populations, with a significant proportion of cases demonstrating
persistence into adolescence and adulthood [1]. It is typically characterized by difficulty sustaining
attention, excessive motor activity, and impulsive behavior. While pharmacological interventions
remain the most widely used treatments, the disorder continues to present challenges in diagnosis,
management, and long-term outcomes.

Conventional conceptualizations of ADHD posit a neurochemical etiology, specifically
implicating dysregulation of dopamine and norepinephrine neurotransmission within frontostriatal
circuitry [2]. While these accounts have provided valuable insights, they often overlook the
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dynamic, context-dependent nature of ADHD symptoms. For instance, individuals may display
severe inattention in structured settings yet exhibit intense focus, or “hyperfocus,” in activities of
personal interest. Such fluctuations are difficult to reconcile with static biochemical explanations
alone.

This paper introduces a novel framework based on control system theory. According to
perceptual control theory, behavior is driven by minimising discrepancies between internal reference
signals and sensory input. ADHD can therefore be conceptualized as a disorder of unstable negative
feedback regulation. Within this model, disrupted neuromodulation prevents accurate error
monitoring and goal maintenance, leading to the hallmark symptoms of inattention and impulsivity.
By taking a neuromodulation perspective on ADHD, the study aims to (1) identify how feedback
control is impaired in ADHD, (2) determine the brain regions that are most important for this
disorder, and (3) assess whether neuromodulation-based therapies can help to correct the disorder.

Research. Attention-Deficit/Hyperactivity Disorder (ADHD has traditionally focused on
neurochemical explanations, particularly the role of dopamine and neuropinephrine dysregulation in
frontostriatal circuits [1]. Pharmacological treatments such as methylphenidate and atomoxetine
were developed based on this model, targeting catecholamine transmission to reduce symptoms of
hyperactivity and inattention. While these drugs provide significant symptom relief for many
patients, their limitations have also become clear.Not all individuals respond in the same manner,
and the effects of treatment often do not have a long-term effect or an improvement in academic
performance [2]. This suggests that a purely neurotransmitter-based account is insufficient to capture
the full complexity of ADHD. One limitation of neurotransmitter models is their inability to explain
the variability of symptoms across contexts. Children with ADHD may struggle to sustain attention
during routine classroom tasks but demonstrate intense concentration, or ‘“hyperfocus”, when
engaged in video games or creative activities. This paradox indicates that ADHD is not simply a
global deficit of attention, but rather a context-sensitive dysfunction of regulatory systems. Static
biochemical explanations do not adequately account for the dynamic adjustments of cognition and
motivation observed in everyday life. Recent scholarship has turned to frameworks emphasising
control and regulation rather than static deficits to address these gaps. Control system theory,
particularly perceptual control theory (PCT), conceptualized behavior as an ongoing process of
minimization discrepancies between internal reference signals and perceived input [3]. In healthy
individuals, negative feedback loops stabilize this process, allowing for consistent error monitoring
and flexible adaptation to changing environments. In ADHD, however, these loops may be unstable
or dysregulated, leading to oscillations between under- and over-engagement.

Within this framework, ADHD can be viewed as a disorder of negative feedback regulation
failure. Impaired neuromodulation prevents the accurate updating of error signals, resulting in
unstable goal maintenance and difficulties with sustained attention.This perspective also
incorporates findings from multiple levels of analysis: cognitive deficiencies in executive function,
neural disruptions in prefrontal and striatal networks, and motivational issues with delay aversion.
By reframing ADHD through the lens of control theory, researchers can unify previously fragmented
accounts and generate new predictions about symptom expression and potential interventions.
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A central feature of ADHD is impairment in executive functions, which are higher-order cognitive
processes that enable individuals to pain, monitor, and regulate behavior. Multiple investigations
have demonstrated a consistent lack of ability to work memory, control of attention, and speed of
processing in individuals with ADHD [4]. For example, working memory impairments reduce the
ability to hold task-relevant information online, making sustaining attention across extended
activities difficult. Inhibitory control deficit contributes to impulsive responses and difficulties
delaying gratification. These impairments collectively result in the disorganization and distractibility
frequency reported in classrooms and workplaces.

Experimental paradiagms provide converging evidence for these deficits. The Stroop task, which
requires suppressing an automatic reading response to name the ink color of a word, typically elicits
longer reaction times and higher error rates in the ADHD population [5]. Similarly, the Go/No-Go
task, a measure of response inhibition, reveals higher rates of commission errors, reflecting
difficulties in suppressing prepotent actions. The oddball paradigm, which measures the brain’s
responsiveness to infrequent stimuli, shows diminished amplitudes of the P300 component in even-
related potentials (ERPs), suggesting impaired allocation of attentional resources [6]. These findings
reinforce the view that ADHD involves disruptions in cognitive control mechanisms responsible for
monitoring performance and adjusting behavior in real time.

Error monitoring 1is another domain where ADHD-related deficits are apparent.
Electrophysiological studies have identified abnormalities in error-related negativity (ERN), an ERp
signal generated by the anterior cingulate cortex (ACC) in response to mistakes. Reduced ERN
amplitude in individuals with ADHD suggests weakened internal monitoring of errors, which
contributes to difficulties in correcting behavior and maintaining long-term goals [7]. Such deficits
align closely with the control theory framework: the feedback loop cannot stabilise behaviour
effectively if error signals are not correctly generated or utilized.

Importantly, these impairments are not uniform across all contexts. Some individuals with ADHD
show near-normal performance in tasks that provide immediate reinforcement of high personal
relevance, underscoring the dynamic, context-dependent nature of the disorder. The variability
highlights the inadequacy of static deficit models and supports the interpretation of ADHD as a
disorder of unstable control systems. Cognitive and behavioral evidence thus provides a critical
foundation for linking the clinical symptoms of ADHD to underlying failure in negative feedback
regulation.

The neurobiological foundations of AdHd provide crucial insight into why negative feedback
regulation fails in this disorder. Neuroimaging and physiological studies that are consistent with the
prefrontal cortex (PFC), the anterior cingulate cortex (ACC), the basal ganglia, and the frontostriatal
circuits all contribute to the regulation of goal-oriented behavior [8]. These brain regions form the
core of the control network and are responsible for error detection, adaptive response selection, and
motivational regulation. Dysfunction across these systems contributes to the instability of behavioral
feedback loops in ADHD.

The prefrontal cortex plays a central role in maintaining task goals and regulating attention.
Structural MRI studies have demonstrated reduced cortical thickness and gray matter volume in the
dorsolateral PFC of individuals with ADHD [9]. Functional imaging reveals PFC hypoactivation
during tasks requiring working memory or inhibitory control, aligning with observed behavioral
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deficits. Without robust prefrontal engagement, the system fails to stabilize reference signals that
guide behavior, resulting in fluctuating attentional control.

The anterior cingulate cortex, particularly the coral ACC, is implicated in error monitoring and
conflict resolution. Event-related potential studies show reduced error-related negativity (ERN) in
ADHD, reflecting an inability to update control strategies based on feedback, thereby weakening the
integrity of the feedback loop.

The basal ganglia and striatum are also critical for integrating reinforcement signals.
Dopaminergic dysfunction in these regions leads to altered reward sensitivity and delay aversion,
phenomena commonly observed in ADHD [10]. Functional connectivity studies have documented
disrupted interactions between the striatum and PFC, this suggests a loss of communication between
the systems that promote motivation and the systems that control cognition.

These findings converge on a model in which ADHD symptoms emerge from instability in
distributed neural circuits responsible for feedback regulation. Rather than a single deficit, ADHD
reflects widespread disruptions across cortical and subcortical systems that ordinarily maintain the
balance between goals, actions and outcomes. This neurobiological evidence strengthens the control
theory interpretation of ADHD as a disorder of negative feedback regulation failure, providing a
mechanistic bridge between cognitive symptoms and neural dysfunction.

Reframing ADHD as a disorder of feedback instability rather than a simple neurotransmitter
imbalance has significant implications for intervention. While stimulant medications such as
methylphenidate and amphetamine remain the most common treatments, their effects are often
short-lived and primarily target symptom suppression rather than long-term regulatory stability
While stimulant drugs like methylphenidate and amphetamine are still commonly used treatments,
their effects are typically short-lived and primarily focus on suppressing symptoms instead of
maintaining long-term stability [2]. By contrast, a control system framework suggests that effective
interventions should focus on stabilizing feedback loops and enhancing error monitoring
mechanisms across cognitive and motivational domains.

Neuromodulation techniques represent a promising avenue for targeting dysfunctional control
circuits. Transcranial direct current stimulation (tDCS) and transcranial magnetic stimulation (TMS)
applied to the dorsolateral prefrontal cortex have been shown to improve working memory and
inhibitory control in individuals with ADHD [11]. Similarly, neurofeedback training, which provides
real-time feedback of brain activity through electroencephalography (EEG), enables individuals to
learn to produce lasting improvements in attention and impulse control, consistent with the idea of
strengthening internal feedback mechanisms [12].

In addition to biological approaches, adaptive feedback environments in educational and clinical
settings can reduce instability in goal maintenance. For example, classroom strategies that provide
immediate reinforcement for task completion help minimize delay aversion and sustain attention in
children with ADHD. Digital platforms that combine the difficulty of the task with performance-
based feedback also have the potential to engage the attention. These interventions align with the
control theory in perspective, as they reduce discrepancies between reference signals and perceived
outcomes by increasing the immediacy and clarity of feedback.

Pharmacological treatments should not be disregarded but instead integrated within a multimodal
framework. Medication may provide the necessary neurochemical support for stabilizing feedback
loops, while behavioral and neuromodulation strategies enhance error monitoring and goal
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regulation capacities. The combination of these approaches may offer the most sustainable
improvement in functioning.

By shifting the focus of clinical practice toward the stabilization of feedbacks, interventions can
bypass the short term suppression of symptoms in ADHD and address the underlying issues of
regulation in ADHD. This paradigm highlights the value of precision-based, context-sensitive
strategies that directly target the control mechanisms disrupted in the disorder.

Attention-Deficit/HYperactivity Disorder has long been described as a neurodevelopmental disorder
of attention and impulse regulation, but traditional neurotransmitter-based models fall short of
capturing its complexity. By examining ADHD through the lens of control system theory, this paper
has argued that the disorder can be more accurately conceptualized as a failure of negative feedback
regulation. This framework views behavior as an ongoing attempt to minimize discrepancies
between internal goals and external inputs. When feedback mechanisms are unstable, as in ADHD,
individuals struggle to sustain attention, monitor errors, and maintain goal-directed behavior.

The evidence from cognitive and behavioral studies suggests that individuals with ADHD have
consistent problems with working memory, control of the inhibitory system, and the monitoring of
errors. These deficiencies directly correspond to the functions of negative feedback systems, this
supports the claim that the instability of regulation is responsible for the core symptoms.
Neurobiological findings further strengthen this account, implicating dysfunction in the prefrontal
cortex, anterior cingulate cortex, and frontostriatal circuits—all regions critical for hierarchical
control and error-based learning.

The reconceptualization has meaningful clinical implications. Interventions should not only target
neurotransmitter balance but also focus on stabilizing feedback loops. Neuromodulation methods
such as tDCS, neurofeedback training, and adaptive classroom feedback environments illustrate
promising strategies for enhancing regulatory stability. A multimodal approach that integrates
medication, cognitive training, and feedback-based therapies may provide more sustainable benefits
than symptom suppression alone. The control system framework unifies cognitive, behavioral, and
neurobiological perspectives on ADHD. It explains symptom variability across contexts and
highlights why some tasks may elicit better performance than others. Most importantly, it directs
attention towards interventions that strengthen regulation rather than mask dysfunction. By
understanding ADHD as a disorder of feedback instability, researchers and clinicians can move
towards treatments that foster resilience cues, adaptability, and long-term improvement in
functioning.
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