Association between single dose and longer-term clinical response to stimulants in ADHD: a systematic review of randomized controlled trials.
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ABSTRACT 
Objectives: Stimulants, such as methylphenidate (MPH) and amphetamines, represent the first-line pharmacological option for Attention-deficit/hyperactivity disorder (ADHD). Randomized controlled trials (RCTs) have demonstrated beneficial effects at a group level but could not identify characteristics consistently associated with varying individual response. Thus, more individualized approaches are needed. Experimental studies have suggested that the neurobiological response to a single dose is indicative of longer-term response. It is unclear whether this also applies to clinical measures. 

Methods: We carried out a systematic review of RCTs testing the association between the clinical response to a single dose of stimulants and longer-term improvement. Potentially suitable single-dose RCTs were identified from the MED-ADHD dataset, the European ADHD Guidelines Group (EAGG) RCT Dataset (https://med-adhd.org/), as updated on the 01/02/2024. Quality assessment was carried out using the Cochrane Risk of Bias (RoB) 2.0 tool.

Results: 63 single-dose RCTs (94% testing MPH, 85% in children) were identified. Among these, only one RCT tested the association between acute and longer-term clinical response. This showed that the clinical improvement after a single dose of MPH was significantly associated with symptom improvement after four-week MPH treatment in 46 children (89% males) with ADHD. The risk of bias was rated as moderate. A further RCT used near-infrared spectroscopy (NIRS), thus did not meet inclusion criteria, and reported an association between brain changes under a single dose and longer-term clinical response in 22 children (82% males) with ADHD. The remaining RCTs only reported single dose effects on neuropsychological, neuroimaging or neurophysiological measures. 

Conclusion: This systematic review highlighted an important gap in the current knowledge. Investigating how acute and long-term response may be related can foster our understanding of stimulant mechanism of action and help develop stratification approaches for more tailored treatment strategies. Future studies need to investigate potential age and sex-related differences. 
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INTRODUCTION
Attention-deficit/hyperactivity disorder (ADHD) is a common neurodevelopmental condition, defined by developmentally-inappropriate inattentive and/or hyperactive-impulsive symptoms (APA, 2022, WHO, 2019/2021). It has an estimated prevalence between 2 and 7% in childhood (Sayal et al., 2018, Cortese et al., 2023, Chaulagain et al., 2023), and impairing symptoms persist in adulthood in up to 75% of cases (Sibley et al., 2016). Due to changes in clinical practices, and increased awareness about this condition as well as its persistence in adulthood, administrative diagnostic rates have raised in recent years in both children and adults (Faraone et al., 2021). Prescription rates of stimulants, the first line pharmacological option, have also increased, especially in adults (https://www.nhsbsa.nhs.uk/statistical-collections/medicines-used-mental-health-england/medicines-used-mental-health-england-201516-202223). Therefore, child and adult mental health services are facing increasing demands to provide pharmacological treatments for ADHD. Randomized controlled trials (RCTs) demonstrated that stimulants are efficacious in ameliorating ADHD symptoms at the group level (Cortese et al., 2018). They also highlighted that individual response varies across individuals. However, to date, pre-treatment characteristics consistently associated with better response have not been identified (Cortese, 2021, Buitelaar et al., 2022). In current clinical practice, the most appropriate medication is selected on a trial-and-error basis, a not cost-effective approach that is time-consuming for already overstretched services. Therefore, more targeted treatment approaches are needed to enable services to meet increased demands and to tailor treatments to each individual (Cortese, 2021, Buitelaar et al., 2022).
Whilst clinical RCTs have primarily focused on the effects of continuous stimulant treatment over several weeks, experimental studies have assessed the effects of a single dose of stimulants on brain activity or specific cognitive functions/skills (Parlatini et al., under review) (Kirkland and Holton, 2019, Michelini et al., 2022). As, once administered, short-acting stimulants are rapidly absorbed and the maximum plasma concentration (Cmax) is attained in about two hours for both methylphenidate (MPH) and dexamphetamine (Markowitz and Melchert, 2022), their biological and behavioral effects can be observed shortly after administration. Nuclear medicine and magnetic resonance imaging (MRI) studies showed that a single dose of stimulants ameliorate catecholaminergic neurotransmission and may reduce functional brain network alterations observed in untreated individuals (Parlatini et al., under review)(Pereira-Sanchez et al., 2021, Kowalczyk et al., 2022, Faraone, 2018). Similarly, single-dose neurophysiological studies demonstrated stimulant effects on the activity of the central and peripheral (autonomous) nervous systems (Kirkland and Holton, 2019, Idrees et al., 2023). Notably, imaging and neurophysiological studies have provided preliminary evidence that functional brain changes under a single dose of stimulants are associated with treatment response at 4-8 weeks. For instance, an acute shift in resting state parietal or fronto-cerebellar functional connectivity (An et al., 2013)(Pretzsch, Parlatini et al., under review) or more evident changes in P3 amplitude (Michelini et al., 2022) have been associated with positive longer-term response. These findings suggest that the neurobiological response to a single dose may be indicative of the likelihood for an individual to respond in the longer-term. However, the measures that have been found to predict longer-term response in these studies are usually not gathered in standard clinical services in daily practice. Here, we carried out a systematic review of clinical RCTs to find any study testing the association between clinical response to a single dose of stimulants and longer-term response.

METHODS
This systematic review followed the 2020 Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines (Page et al., 2021). Potentially suitable publications and trial registrations of single-dose RCTs were identified from the freely accessible MED-ADHD dataset, the European ADHD Guidelines Group (EAGG) RCT Dataset curated at the University of Southampton (https://med-adhd.org/), as updated on 1st February 2024. This dataset was initially created to carry out the systematic review and network meta-analysis by Cortese et al. (2018)(PROSPERO CRD42014008976) of double-blind RCTs of ADHD medications and is updated annually since. Search strategy is described in Cortese et al., 2018. The original systematic review only included double-blind RCTs of at least 4-week duration. However, we were able to retrieve single-dose trials as they were listed in the supplementary material of Cortese et al. (2018) among the studies excluded, with reason for exclusion. We also identified single dose RCT from the updated list of excluded studies up to 2024 and carried out a manual search of corresponding full-text publications for conference proceedings and trial registrations. The screening process was conducted independently by two authors (VP and AB). This resulted in the inclusion of any publications and trial registrations identifying single dose RCTs that tested the association between clinical response to a single dose of stimulants and longer-term (at last 4 weeks) treatment response in individuals with ADHD of any age. Studies were included with no language restriction. We limited the search to RCTs of stimulant treatments. Furthermore, reflecting the exclusion criteria in Cortese et al., (2018), studies were excluded if they included only neurotypical controls or individuals without a confirmed diagnosis of ADHD; required a specific comorbidity (e.g. substance abuse) for inclusion; pre-selected individuals that were responders to or optimized on stimulants; tested subjects on-off medication without placebo condition; were pharmacokinetic studies; were ongoing trials or with no reported/published results on the trial registry (unless identified through manual search). Data extraction was carried out by VP and cross-checked by SR, and included information on sample size, age group, type of measure used, and main results. As Cortese et al. (2018) used the Cochrane risk of bias (RoB) 1, we repeated quality assessment of studies eligible for the present research using the current version (RoB 2.0) of this tool (Sterne et al., 2019).

RESULTS
The initial search identified a total of 118 records (108 publications and 10 RCT registrations) as possibly relevant.  Among these, only one RCT (Buitelaar et al., 1995) tested the association between the clinical response to a single dose of MPH and longer-term clinical response. Please see supplementary material for PRISMA flow chart and Table 1 for study characteristics. Buitelaar et al. (1995) carried out a secondary analysis of a double-blind placebo-controlled RCT of MPH in 46 medication-naïve children with ADHD aged 6 to 13 years. They reported that changes in clinical severity under a single dose of MPH, as rated by a blind clinician during the performance of a neuropsychological battery, were predictive of symptom improvement (but not recovery) at 4 weeks, with 70% accuracy. Conversely, baseline characteristics (primarily full-scale IQ and classroom inattentiveness) were predictive of recovery (i.e. no significant difference from expected ratings in neurotypical controls), with an 81% accuracy. Thus, acute response and baseline characteristics appeared to predict different response thresholds. Combining acute response and baseline variables improved prediction for partial remission (not for recovery)(Buitelaar et al., 1995). We rated this study as at moderate risk of bias, due to the absence of a preregistered analysis plan and the lack of baseline comparisons between individuals randomized to MPH or placebo. We also noted that a further RCT (Ishii-Takahashi et al., 2015), depite not considering the clinical response to a single dose of MPH (thus did not meet inclusion criteria), showed that acute functional changes in near-infrared spectroscopy (NIRS) signals versus placebo were predictive of clinical improvement at 4-8 weeks in 22 medication-naïve children (82% males) with 81% accuracy. Finally, the study by Steinhausen and Kreuzer (1981) did not test the association between single and long-term response but reported no effect of a single dose of MPH on learning, and mentioned that all tested 17 children with ADHD later responded to longer-term MPH treatment (Steinhausen and Kreuzer, 1981). Overall, these studies suggest that, when detected, the response to a single dose of MPH may be associated with longer-term clinical response. 
Given the very limited number of RCTs testing the association between acute and longer-term response, and for completeness, we also extracted data from the 61 RCTs that only reported the effects of a single dose of stimulants but still met other inclusion criteria (Table 1). This may guide future studies investigating associations between acute and longer-term treatment-related effects. Most of the identified studies were in children (<18 years), with only 10 studies including adults. All studies tested MPH but four, which used various formulations of amphetamines. Medication effects were most commonly measured using cognitive tests (38 studies), neuroimaging (13 studies), or neurophysiological techniques (10 studies). Most studies reported beneficial effect of medication on a variety of cognitive functions/skills, especially attention, although with some inconsistencies. For instance, improvement in attention performance under stimulants was reported by 20 RCTs but not confirmed by other three studies. Medication was shown to reduce impulsivity (10 studies); and improve working memory (three studies) and motor performance (three studies). A positive effect was reported on school-related skills, such as reading, math and storytelling (three studies); and on complex behaviors, such as driving (three studies) and workplace productivity (one study). However, studies highlighted no effect on reactivity towards positive stimuli, parent-teen interactions, performance at job interviews, anxiety and overall mood (one study each). Considering imaging studies, medication was reported to positively affect activation/connectivity within task-based networks, as well as within-network but not between-network connectivity with the default mode network, which is associated with distractibility. Neurophysiological studies reported medication-related changes in evoked response potential (ERPs) (e.g., in frontal processing negativity and posterior P3), although not consistently associated with improvement in attention performance (Table 1).

DISCUSSION
The systematic review identified only one RCT that specifically investigated the relationship between acute and longer-term clinical response to stimulants (Buitelaar et al., 1995). This RCT reported that changes in clinical severity following a single dose of MPH predicted symptom improvement with moderate accuracy, and suggested a potential clinical utility of this measure. This study represents a very important first step towards precision medicine approaches in ADHD, and the results appear promising. However, the study only included children aged 6 to 13 years and found that younger age was associated with better clinical response. Hence it is unclear if these findings are generalizable to adults. This issue is of relevance as, with increasing age, ADHD tends to present with more subtle symptoms and to be associated with lower response rates to stimulants (Cortese et al., 2018, Faraone et al., 2021). Further, the study by Buitelaar et al. (1995) included predominantly males (89%) – understandably given that ADHD is predominantly diagnosed in males (Young et al., 2020). However, there is increasing recognition of sex-related differences in clinical presentation, underlying brain characteristics, and biological response to stimulants (Carucci et al., 2023, Parlatini et al., 2023, Manza et al., 2022). Thus, future work needs to be extended to populations that are frequently excluded from ADHD studies (e.g., adults and/or females) to ensure generalizability. Finally, although accuracy estimates were quite high, these were based on a relatively small sample (N=46) and there were not internally or externally validated. Thus, replication is needed in order to adhere to the requirements of precision medicine (Cortese, 2021, Buitelaar et al., 2022). The remaining RCTs that we described here did not specifically test the hypothesis of interest but reported significant changes under a single dose of medication on a variety of outcomes, ranging from cognitive to electrophysiological and neuroimaging measures. Although studies in adults or using amphetamines were limited, and the potential clinical applicability of these techniques varies, these findings suggest that a response to a single dose can be detected at multiple levels. Overall, the available limited body of research should encourage further research on the relationship between acute and longer-term response. Notably, we only included placebo-controlled RCTs, thus there is a possibility that studies using a different design may have tested this association, but they would be less rigorous and potentially prone to placebo effects or other sources of bias.

CONCLUSION
Despite the large number of RCTs conducted in ADHD, this systematic review identified only one RCT specifically investigating the relationship between acute and longer-term clinical response to stimulants. This prevents us from drawing definitive conclusions on this association. Further, studies primarily focused on MPH effects in male children. Thus, future studies need to investigate potential differences between children and adults, males and females, and among ADHD medications.

CLINICAL SIGNIFICANCE 
Investigating how acute and long-term response are related can foster our understanding of stimulant mechanism of action but also support the development of stratification approaches that can inform personalized treatment strategies in ADHD. However, currently, it is not possible to predict in advance who is going to respond, which means that individuals may undergo multiple trials of medication before the optimal treatment is identified. Further, although many individuals will respond to either MPH or amphetamines (Hodgkins et al., 2012), there is no current evidence to guide decision on which medication may best benefit an individual. Extending the evidence from the only RCT that has attempted to identify predictors of treatment response based on a single dose, multimodal stratification approaches, potentially including baseline characteristics as well as changes under a single dose, have the potential to offer more tailored treatments and improve outcomes. 
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