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Abstract
This paper reviews the underlying evidence for various aspects of the convergence mechanism of mindfulness intervention in attention deficit hyperactivity disorder (ADHD). There may be compatibility among various ADHD remission models and the therapeutic mechanism of mindfulness intervention in ADHD may be mainly via the convergence mechanism. However, neuroimaging-based analysis of the mechanisms of mindfulness intervention in treating ADHD is lacking. Differences in the efficacy of various subtypes of mindfulness intervention, and corresponding specific imaging changes need further investigation. Future research may focus on the neuroimaging features of specific mindfulness intervention subtypes.
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Core Tip: The therapeutic mechanism of mindfulness intervention in attention deficit hyperactivity disorder (ADHD) may be mainly via the convergence mechanism. Few studies have deeply explored the neurobiological mechanisms of mindfulness intervention in ADHD treatment. Differences in the efficacy of subtypes of mindfulness intervention, and corresponding specific imaging changes need further investigation. Pre- and post-treatment changes in regions of the executive control loop and default-mode network may be a key direction.


INTRODUCTION
Attention deficit hyperactivity disorder (ADHD) is one of the most common developmental neuropsychiatric disorder characterized by attention deficit, hyperactivity, and impulsivity[1,2]. ADHD symptoms occur in a variety of contexts, severely affecting patients’ social function and development. Children and adolescents with ADHD often have other mental comorbidities, including autism spectrum disorder, tic disorder, obsessive-compulsive disorder, depressive disorder, and anxiety disorder[3,4]. Additionally, they are prone to various neurological problems, including headaches and epilepsy[5]. Currently, international recommendations for the combined use of medication and psychotherapy for children and adolescents vary[6-8]. Moreover, the nervous systems of children and adolescents are not fully developed, leading to significant differences across individuals and further complicating diagnosis and treatment[9]. Adult patients with ADHD often have adverse outcomes, including residual core symptoms/relapse, delayed recovery from multiple comorbidities, and impaired social function and reduced quality of life[10,11]. Currently, for adult ADHD patients, a comprehensive treatment plan based on central stimulants combined with psychotherapy is recommended[1,12].
ADHD is widely considered a neurodevelopmental disease and its pathogenesis has been associated with polygenic variation[13], subcortical abnormalities in the cerebral cortex[14], down/up-regulation of the brain-gut axis[15], and immunity[16]. However, reliable biomarkers or other objective criteria for diagnosing ADHD have not been identified[17], and the exact mechanisms of pathogenesis and mitigation have not been elucidated. ADHD is estimated to have a remission rate of 55%-85%, indicating that it persists to adulthood in < 50% of children and adolescents[18,19]. However, a recent 16-year longitudinal study showed that > 90% of children with ADHD in multimodal treatment studies may have residual symptoms in early adulthood, and that only 9.1% of the study’s participants achieved sustained remission[20]. These studies show that although ADHD treatment is effective in most cases, achieving intermittent remission periods, sustained remission is low. Thus, the mechanism by which various treatment modalities alleviate ADHD needs further investigation. Therefore, current research efforts seek to improve ADHD remission and explore neural targets for different treatments aimed at alleviating ADHD symptoms.
In the 21st century, neuroimaging technologies, such as electroencephalography, magnetic resonance imaging, and functional near-infrared spectroscopy, have advanced rapidly[21], offering valuable neuroimaging tools for studying the mechanisms of ADHD. In 2018, Sudre et al[22] summarized previous ADHD neuroimaging studies and suggested multiple cognitive developmental models that may elucidate the mechanisms of alleviating ADHD. Among them, the convergence mechanism may explain the results of most therapeutic interventions. The model hypothesizes that specific strategies can correct early irregularities in specific brain regions and promote the normalization of neural activation patterns from multiple dimensions, such as neuroanatomical structures and neural circuit function[23]. Remission may primarily be caused by the normalization of neural regions that control top-down cognitive processes, and it is likely that the neural characteristics of adult ADHD patients who achieve remission are not substantially different from those of healthy individuals[22]. This hypothesis is supported by multiple studies showing that regions like the right caudate nucleus may undergo gradual microarchitecture normalization after long-term stimulant treatment[14], and that remission in adult individuals is closely related to the convergence of brain activity patterns. Additionally, a recent randomized controlled trial (RCT) found that systematic right inferior frontal cortex (rIFC) functional magnetic resonance neurofeedback therapy has a positive effect on brain function in adolescent ADHD patients. This treatment upregulates rIFC function in the impaired cognitive control network and improves activation of the left frontal-insula-striatal and premotor regions, thereby improving symptoms[24,25].
Other models that may explain ADHD remission are the compensation/neural re-organization model, the fixed anomalies model, the carried forward model, and the cascading anomalies model, which have been partly confirmed by various studies, including neurophysiology and neuroimaging studies[17,26,27]. It is hypothesized that there is compatibility between multiple models and that different treatments may trigger different improvement processes[23]. Although recent studies have yielded more evidence in support of the convergence model, it has not been investigated in detail in the field of mindfulness intervention, and a comprehensive examination is warranted.

IMPORTANT NEUROPSYCHOTHERAPY STRATEGIES FOR ADHD: MINDFULNESS INTERVENTION
Although norepinephrine and dopamine reuptake inhibitors, such as methylphenidate, are effective in relieving the main symptoms of ADHD and play an important role in clinical treatment, benefit to some patients is limited by the following factors: (1) Contraindications[28-30]. Contraindications to methylphenidate include hyperthyroidism, pregnancy, hypertonia, and drug abuse[31]. If patients have such conditions, it is difficult to use psychopharmacological treatment; (2) Even without contraindications, the drug has low efficacy in many patients and about 20%-50% of adult ADHD patients may not respond to methylphenidate[28]. Data from multiple RCTs show that the therapeutic effect of central stimulants is often unsustainable and reduced dosage often causes rapid return of symptoms[32]; (3) Unacceptable side effects in some patients. Common side effects of central stimulants include headache, loss of appetite, weight loss, mouth dryness, palpitations, insomnia, gastrointestinal infections, and abnormally elevated blood pressure[33,34]; (4) Central stimulants such as methylphenidate often fail to improve patients’ comorbidities. ADHD patients often have a variety of mental disorders or emotional symptoms. Norepinephrine and dopamine reuptake inhibitors can only improve inherent attention deficit, impulsivity, and hyperactivity and in the presence of other drugs, complex drug interactions often make treatment difficult[35]. It is worth mentioning that viloxazine, which is also a norepinephrine reuptake inhibitor, was first approved for use in ADHD in pediatric patients aged 6-17 years on April 2, 2021 in the United States[29]. In light of the use of the original formulation of viloxazine for depression in adults, the efficacy and safety of which were also confirmed[36], the therapeutic effect in terms of emotional problems of ADHD patients can be possibly anticipated[37]. Further, viloxazine may bring about lower substance abuse liability in comparison to the traditional stimulant medication; and (5) In children and adolescents, the nervous system is still developing. Thus, the use of methylphenidate may have potentially harmful side effects[9]. Moreover, many parents object to the use of drugs in early childhood and adolescence[38,39]. For these reasons, psychotherapy has gradually emerged as an alternative therapeutic strategy[40]. Psychotherapy includes the neuropsychological treatment strategy of mindfulness intervention, which has raised much interest by combining neuroscience and psychology[41].
Mindfulness intervention originated from Eastern Buddhism[42]. Mindfulness-based stress reduction (MBSR) programs for relieving chronic pain first emerged in 1979[43,44]. Since then, mindfulness intervention has undergone scientific development and developed into a systematic intervention strategy[42,45]. Mindfulness is often described as a conscious, non-judgmental awareness of internal and external experiences with two core elements: (1) Maintaining attention to the immediate experience; and (2) Maintaining a receptive attitude towards that experience[42,46]. This awareness can be developed through gradual exercise. Several modern subtypes of mindfulness interventions have been applied in clinical/non-clinical populations, including MBSR, mindfulness-based cognitive therapy (MBCT), dialectical behavior therapy (DBT), and acceptance and commitment therapy[38]. Mindfulness intervention was first introduced into the field of ADHD treatment in 2004[47]. During mindfulness intervention, ADHD patients perform breathing exercises and body relaxation exercises and gradually become aware of emotions in an open and accepting attitude, which helps them manage attention[48]. They may gain awareness and attention to everything that occurs at the moment and improve symptoms in executive function and emotional disorders[49]. Previous studies have shown that mindfulness may be used as a tool for reducing impairments in patients with residual ADHD symptoms[50]. Mindfulness is regarded as the third wave of ADHD psychological theory, and it differs from traditional CBT, which not only explores the content of the relationship between thought and emotion, but also the relationship’s context[51]. In addition to alleviating symptoms, mindfulness intervention contains a more holistic health perspective and is feasible, efficacious, and safe, as shown by numerous clinical trials and meta-analyses[38]. Mindfulness intervention strategies for ADHD mainly include MBCT, DBT, and other non-specific mindfulness interventions[51], such as mindfulness meditation-based mobile applications[49].
Although the clinical efficacy of mindfulness intervention has been extensively confirmed[52,53], there is still no unified consensus on the process of ADHD remission[54]. Understanding this process is key to the elucidation of the neurobiological mechanisms underlying ADHD remission/sustainability and may unveil candidate biomarkers for the development of more therapeutic subtypes of mindfulness intervention. For the moment, despite a number of clinical trials on the efficacy and safety of treatments for ADHD core symptoms[6], and that the underlying mechanism of pharmacological interventions is relatively fully elucidated, evidence synthesizing the imaging characteristics of the non-pharmacological interventions by means of fMRI is still limited[12]. Hence we keep our thought fastened on the mindfulness intervention in ADHD, so as to acquire a thorough comprehension of the convergence mechanism. Since the monitoring of imaging changes via fMRI, meanwhile, does not contain a sufficient number of studies that conformed to strict criteria of systematic review and meta-analysis, we ultimately choose the format of selective review. We searched for the terms ((mindfulness intervention) OR (mindfulness)) AND (ADHD) within the title/abstract of the relevant literature from the PubMed and Web of Science database on March 15, 2022. We also searched Google Scholar for additional articles that may have been missed on the initial search to control for publication bias. In total, 179 papers were retrieved (46 from PubMed, 131 from Web of Science, and 2 from Google Scholar). After checking out repetitions and themes, only 21 papers were perfectly appropriate in which explicit studies monitoring imaging changes associated with mindfulness interventions in ADHD were implemented or supporting evidence of mindfulness intervention in brain imaging was expounded. We speculate that mindfulness intervention in ADHD treatment may primarily work through the convergence mechanism. Mindfulness intervention may lead to a clinical course of symptom relief, which is mediated by the restoration of the neural network with specific deficits (as shown in Figure 1).

SUPPORTING EVIDENCE FOR MINDFULNESS INTERVENTION IN BRAIN STRUCTURAL IMAGING
Neuroanatomical abnormalities in ADHD may be revealed by changes in total brain volume and cortical and subcortical multidimensional structural changes[14,23,55]. A recent large cohort study found that significant gray matter loss in adolescent ADHD patients is significantly associated with impaired concentration or working memory[18]. In particular, persistent reduction in the volume of the prefrontal cortex (PFC) may be an imaging feature that correlates with the persistence of symptoms into adulthood[56]. MBCT combines cognitive behavioral therapy and mindfulness meditation using top-down cognitive control and mental training of mindfulness meditation[57,58]. These may cause the neuroplastic repair of specific brain structures[59,60], thereby improving various aspects, including attention control and emotion regulation[41,61]. A meta-analysis of 21 studies involving mindfulness intervention found that mindfulness induces persistent structural changes in eight brain regions, including increases in PFC gray matter density and thickness[62]. These interesting findings shed light on the potential normalizing process of mindfulness intervention, which may enhance self-awareness in patients by restoring damaged regional structures such as the PFC. Although various mindfulness-based structural neuroimaging studies have shown that mindfulness intervention that mediates multiple complex aspects of mental function may involve large-scale modulation of brain network structure[63], evidence is lacking on the mechanisms by which mindfulness intervention affects brain structure in ADHD patients. It is thought that mindfulness meditation alters patients’ brain structure via myelination and synaptogenesis[63], and that it may positively impact neuronal preservation and restoration[64,65].

SUPPORTING EVIDENCE FOR MINDFULNESS INTERVENTION IN BRAIN FUNCTIONAL IMAGING
Brain function circuit research
Fronto-basal ganglia network includes the rIFC, anterior cingulate cortex (ACC), anterior PFC, dorsolateral PFC (dlPFC), inferior parietal lobe, and striatum[66]. The network combines external information with internal representations, providing the flexibility of processing information with changing task requirements, ultimately contributing to goal-directed execution[67]. Its low activation may significantly contribute to executive dysfunction in adult ADHD patients[68]. After a 6-wk mindfulness intervention in healthy people, participants showed increased dlPFC activation on the emotional Stroop task[69]. Experienced mindfulness meditators also showed better ACC brain activity during meditation[70]. Studies of integrative body-mind training intervention in student populations have shown that in resting state after meditation, the activation of the ventral and/or rostral ACC, caudatum, and putamen was enhanced[64]. Combined with the above studies, we speculate that mindfulness intervention is likely to up-regulate the functions of brain regions involved in executive control and this activation not only benefits the normal population, but also increases function in ADHD patients. Frontal-striatal circuitry and other damaged brain regions gradually enhance original functions and approach normal levels. Studies have also shown that in a mindful state that only observes breathing, the activation of brain regions such as the striatum is enhanced and that this effect is consistent with the psychopharmacological treatment with stimulant drugs like methylphenidate. In this region, defects in dopaminergic and noradrenergic systems are alleviated, which improves the function of the corresponding brain region[71]. In children and adolescents with ADHD, weaker brain activation in the PFC and striatum is also believed to predict impaired inhibitory behavior and individual functioning of sustained attention[72]. Additionally, treatment of anxiety disorder patients with MBSR also revealed that the ventrolateral PFC response that had been reduced in the process of performing specific tasks was partially restored[73]. This observation also suggests that the convergence mechanism might play a major role.
Emotional dysregulation is thought to be an important comorbidity of ADHD, and there may be a singular neurobiological pathway of pathogenesis during the process[14]. Emotion regulation refers to strategies that influence the occurrence, experience, and expression of emotions[74]. Practitioners in mindfulness intervention are advised, as much as possible, not to act out their emotional states, but to treat them as passing events[42]. It is believed that in ADHD patients, emotional dysregulation may be alleviated by improved brain function in the area that caused the original defect[63]. For example, mindfulness meditation can improve affective responding through reduced amygdala reactivity, which may reduce abnormal emotional arousal in children with ADHD[75-77].
Default-mode network (DMN) includes the medial PFC (mPFC), ACC, and posterior cingulate cortex (PCC) and its dysfunction may be a key cause of ADHD. In healthy people, DMN activity is usually suppressed during the execution of tasks that require external attention and the more attention required, the less DMN activated[78]. In ADHD patients, the DMN network is overactive during task performance, which may disrupt cognitive performance and cause attention fluctuations[41]. Good mindfulness meditation may decrease brain activation in the DMN, thereby minimizing mind wandering. A study comparing experienced mindfulness meditators and healthy non-meditators found that during mindfulness meditation, DMN activation was relatively reduced, especially the main nodes mPFC and PCC, which were relatively inactivated[79].

Brain functional connectivity research
In ADHD, an imbalance between neural excitation and inhibition may occur in early childhood development, which may lead to atypical brain connections within and between neural networks associated with cognitive function, leading to long-term persistence of symptoms[17]. Previous EEG studies of mindfulness indicated that in addition to mediating the normalization of brain function, it also promotes the normalization of damaged connections, which may also be a key mechanism by which mindfulness intervention promotes ADHD remission[80]. It is thought that mindfulness intervention might improve functional connectivity of the PFC, which may also be closely related to the normalization of neural regions that control top-down cognitive processes[42]. At the same time, there may also be atypical connectivity in the limbic cortex-striatal-thalamo-cortical loops in ADHD patients, suggesting that impaired affective motivational systems may underlie the neural basis of ADHD[14]. Mindfulness practice can reduce brain functional connectivity between the amygdala and the ACC, which are involved in the regulation of “fight or flight” stress responses, thereby inhibiting abnormal impulses[42]. Additionally, the persistence of ADHD symptoms into adulthood may be associated with reduced dynamic functional connectivity of the DMN to functional brain networks during active tasks[81]. A study on DMN functional connectivity in subjects during attention concentration meditation/loving-kindness meditation/choiceless awareness meditation, found stronger functional connectivity between the PCC, dACC, and dlPFC in experienced subjects in these non-specific mindfulness meditations, which may lead to a reduction in attentional errors in cognitive measures[79]. This also provides indirect evidence that mindfulness intervention in ADHD may gradually restore impaired DMN external functional connectivity.

CONCLUSION
This article summarizes the underlying evidence for various aspects of convergence mechanism of mindfulness intervention for ADHD. Although evidence has accumulated on the convergence mechanism, its role in ADHD remission is not conclusively established. There may be compatibility among various ADHD remission models and the therapeutic mechanism of mindfulness intervention in ADHD may be mainly via the convergence mechanism, which may restore brain microstructure and functional networks.
Several limitations in current research are worth mentioning: (1) Discussions on mindfulness intervention in ADHD treatment are still focused on clinical indexes, such as its therapeutic effect[82], which has been adequately shown to be effective, accessible, and safe[7]. However, few studies have deeply explored the underlying neurobiological mechanisms[83]. In particular, neuroimaging-based analysis of the mechanisms of mindfulness intervention is lacking and there has been no major breakthrough in recent years; and (2) Mindfulness intervention emphasizes understanding the core; that is, different subtypes focus on training learners to grasp the psychological characteristics of more mindfulness, acceptance, and awareness. However, the common mechanisms corresponding to this feature at the neuroimaging level are still poorly understood. In contrast, differences in the efficacy of various subtypes of mindfulness intervention, and corresponding specific imaging changes need further investigation. With the development of brain imaging techniques of mindfulness in ADHD, we next plan to conduct a systematic review and meta-analysis based on sufficient independent primary studies where validated date or statistical information is available for generating an appropriate calculation of the imaging changes. Future research may focus on the neuroimaging features of specific mindfulness intervention subtypes as a key direction, especially focusing on pre- and post-treatment changes in key regions of the executive control loop and DMN. This may further elucidate the convergence mechanism and clarify the specific effects of neuropsychological techniques on associated brain regions and reliable imaging indicators, as well as identify clearer treatment objectives for personalized clinical care.
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Figure Legends
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Figure 1 The convergence mechanism of mindfulness intervention in treating attention deficit hyperactivity disorder. CBT: Cognitive behavior therapy; MBCT: Mindfulness-based cognitive therapy; DBT: Dialectical behavior therapy; PFC: Prefrontal cortex; DMN: Default mode network.
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