
How do stimulant treatments for ADHD work? Evidence for 
mediation by improved cognition

Larry W. Hawk Jr.1,2, Whitney D. Fosco1, Craig R. Colder1, James G. Waxmonsky3, William 
E. Pelham Jr.4,5, Keri S. Rosch6

1Department of Psychology, University at Buffalo, SUNY, Buffalo, New York

2Department of Center for Children and Families, University at Buffalo, SUNY, Buffalo, New York

3Department of Psychiatry, Penn State College of Medicine, Hershey, Pennsylvania

4Department of Psychology, Florida International University, Miami, Florida

5Department of Center for Children and Families, Florida International University, Miami, Florida

6Center for Neurodevelopmental and Imaging Research and Department of Neuropsychology, 
Kennedy Krieger Institute, Department of Psychiatry and Behavioral Sciences, Johns Hopkins 
University School of Medicine, Baltimore, Maryland

Abstract

Background: Stimulant medications such as methylphenidate (MPH) are the frontline treatment 

for Attention-Deficit/Hyperactivity Disorder (ADHD). Despite their well-documented efficacy, 

the mechanisms by which stimulants improve clinical outcomes are not clear. The current study 

evaluated whether MPH effects on classroom behavior were mediated by improved cognitive 

functioning.

Methods: Children with ADHD (n=82;9–12 years old) participated in a week-long summer 

research camp, consisting of cognitive testing, classroom periods, and recreational activities. After 

a baseline day, participants completed a three-day randomized, double-blind, placebo-controlled 

trial of MPH (at doses approximating 0.3 and 0.6 mg/kg of immediate-release MPH dosed 

TID). Cognitive domains included inhibitory control (Stop Signal Task and prepulse inhibition 

of startle), attention (Continuous Performance Task and reaction time variability), and working 

memory (forward and backward spatial span). Clinical outcomes included math seatwork 

productivity and teacher-rated classroom behavior. A within-subjects path-analytic approach was 

used to test mediation. MPH-placebo and dose-response contrasts were used to evaluate drug 

effects.

Results: MPH improved seatwork productivity and teacher ratings (ds=1.4 and 1.1) and all 

domains of cognition (ds=.3–1.1). Inhibitory control (SST) and working memory backward 

uniquely mediated the effect of MPH (vs. placebo) on productivity. Only working memory 

backward mediated the impact of MPH on teacher-rated behavior. The dose-response (0.6 vs. 0.3 
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mg/kg) effects were more modest for clinical outcomes (ds=0.4 and 0.2) and cognition (ds=0–0.3); 

there was no evidence of cognitive mediation of the clinical dose-response effects.

Conclusions: These findings are novel in demonstrating that specific cognitive processes 

mediate clinical improvement with stimulant treatment for ADHD. They converge with work on 

ADHD theory, neurobiology, and treatment development in suggesting that inhibitory control and 

working memory may be mechanisms of stimulant treatment response in ADHD. More work is 

necessary to evaluate the degree to which these findings generalize to chronic treatment, a broader 

array of clinical outcomes, and non-stimulant treatments.
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The identification of treatment mechanisms is critical for evaluating theory, advancing 

personalized medicine, and developing novel, targeted therapies (e.g., Kazdin, 2007; 

Kraemer, Wilson, Fairburn, & Agras, 2002). In Attention-Deficit/Hyperactivity Disorder 

(ADHD), as in many other disorders, demonstration of how even the most well-supported 

treatments work has proven challenging. Stimulant medications such as methylphenidate 

(MPH) are the frontline pharmacotherapy for school-age children with Attention-Deficit/

Hyperactivity Disorder (ADHD; Pliszka 2007); decades of clinical studies document their 

efficacy in the short-term management of ADHD, improving target behavior and symptom 

ratings. In parallel, decades of basic laboratory research demonstrate that stimulants improve 

a range of cognitive processes that are implicated in ADHD (e.g., Coghill et al., 2014a; 

Cortese et al., 2015). Though these independent lines of research are consistent with 

hypotheses that stimulant effects on cognitive processes are causal in the clinical effects, 

they provide only indirect evidence that treatment-related improvement in cognitive function 

accounts for, or mediates, treatment-related clinical improvement. As highlighted in the 

framework of Kazdin (2007; see also Kraemer et al., 2002; Mackinnon et al., 2008), 

direct tests of mediation are necessary (but not sufficient) to evaluate candidate treatment 

mechanisms. Such work requires the assessment of potential mediators in the context of 

a strong treatment outcome design, such as a randomized controlled trial (RCT), in order 

to concurrently assess treatment effects on clinical outcomes (Figure 1, “c” path) and the 

hypothesized mediators (“a” path). Given the challenges of such designs, it is perhaps 

not surprising that they are rarely implemented in the ADHD literature (c.f., Froehlich et 

al., 2014; Kortekaas-Rijlaarsdam et al., 2017). The present study addresses this gap by 

evaluating the degree to which MPH effects on basic cognitive processes mediate the effects 

of MPH on classroom functioning, a key clinical outcome for youth with ADHD.

Clinical Effects of Stimulants

There is strong evidence that stimulants reduce parent- and teacher-reported ADHD 

symptoms (Faraone & Buitelaar, 2010; MTA Cooperative Group, 1999) and improve 

classroom behavior (Pelham et al., 2014; Prasad et al., 2013), including increasing on-task 

behavior and the amount of school work completed (Baweja et al., 2016; Prasad et al., 

2013). Moreover, clinical improvement can be realized with acute treatment in natural and 

laboratory settings (e.g., Pelham et al., 2001), allowing the initial evaluation of mediation in 
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a more feasible short-term RCT. The setting for the present work, an analogue classroom, 

was chosen to balance feasibility and internal validity with clinical relevance. School-related 

impairment is a common referral concern, and laboratory school analogues have become the 

predominant paradigm for evaluating the efficacy of novel stimulant agents in children with 

ADHD (Wigal & Wigal, 2006).

Candidate Mediators of ADHD Treatment Response

Kazdin (2007) recommends using theory to guide the selection of multiple mediators that 

are evaluated concurrently. Etiologic theories of ADHD posit that deficits in core cognitive 

processes, such as behavioral inhibition (Barkley, 1997), attention (Castellanos & Tannock, 

2002; Douglas, 1999), and working memory (Rapport et al., 2008) give rise to behavioral 

symptoms and related impairment. From these theories, it follows that amelioration of 

ADHD-related deficits in cognition should result in clinical improvement. Indeed, there is 

evidence that maturation of cognitive function predicts ADHD remission (e.g., Halperin et 

al., 2008; Karalunas et al., 2017; c.f., Coghill et., 2014b). In ADHD intervention work, 

cognitive functions have been hypothesized as treatment mechanisms for stimulant and 

non-stimulant medications (e.g., Arnsten, 2010; Gamo et al., 2010; Robbins & Arnsten, 

2009) and are common targets for the development of non-pharmacologic interventions (see 

e.g., Cortese et al., 2015; Halperin et al., 2011; 2013).

Following additional recommendations for selecting candidate mediators (Kraemer et al., 

2002), we targeted basic processes that robustly discriminate between children with and 

without ADHD at the group level and have demonstrated sensitivity to MPH. As briefly 

detailed below, these criteria led us to focus on three domains: inhibitory control, working 

memory, and attention. Meta-analytic evidence suggests that these domains demonstrate 

robust diagnostic group differences (Willcutt et al., 2005; Huang-Pollock, Karalunas, Tam, 

& Moore, 2012; Martinussen, Hayden, Hogg-Johnson, & Tannock, 2005) and beneficial 

effects of MPH (Coghill et al., 2014a; see also Pietrzak, Mollica, Maruff, & Snyder, 2006).

We assessed two indicators for each cognitive domain. Within inhibitory control, we focused 

on the most influential measure of response inhibition in the ADHD literature- stop signal 

reaction time (SSRT) from the stop task (Lipszyc & Schachar, 2010); we recently reported 

that MPH normalized SSRT in the present sample (Rosch et al., 2016). We also assessed 

a psychophysiological index of inhibitory function- prepulse inhibition (PPI) of the startle 

reflex. PPI during task-relevant stimuli is disrupted in ADHD (Conzelmann et al., 2010; 

Hawk et al., 2003), and MPH reverses this deficit (Ashare et al., 2010 focused on the first 

50 participants in the present study; Hawk et al., 2003). On tasks of working memory, 

MPH generally improves the manipulation component of memory, with less clear evidence 

that MPH improves storage capacity (Bedard & Tannock, 2008; cf. Bedard et al., 2007). 

We assessed both sub-domains of visual-spatial working memory in the present study (see 

Shiels et al., 2008). Attention was assessed with a widely-used Continuous Performance 

Task (CPT; see Huang-Pollock et al., 2012); we also examined reaction time (RT) variability 

on a simple discrimination task (Leth-Steensen, Elbaz, & Douglas, 2000). MPH increases 

CPT hit rate (Bubnik et al., 2015; Solanto, Wender, & Bartell, 1997) and reduces reaction 
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time variability, an effect observed among the first 50 participants in the current study 

(Spencer et al., 2009).

The Full Mediation Framework

A novel and critical question is the extent to which individual differences in the cognitive 

effects of stimulants actually account for individual differences in the clinical effects of 

stimulants. There are only two published studies on this topic (Froehlich et al., 2014; 

Kortekaas-Rijlaarsdam et al., 2017; see also Hinshaw, 2007). Both prior studies were 

medication titration trials of children with ADHD. Froehlich et al. examined cognitive and 

classroom performance at baseline and again after a 4-week, double-blind crossover MPH 

titration trial; at post-titration, children were randomized to their clinically-optimal dose of 

MPH (n=47) or placebo (n=46). Cognitive performance was averaged across 2 incentive 

× 3 event rate conditions for each outcome. In Kortekaas-Rijlaarsdam et al., 65 children 

completed a double-blind, randomized crossover evaluation of their typical MPH dose and 

placebo. Brief cognitive and math productivity assessments were completed individually at 

each child’s school.

Although these studies were groundbreaking in applying the full logic of mediation to 

stimulant mechanisms in ADHD, the results were disappointing. In particular, there was 

a surprising lack of stimulant effects on key cognitive measures (“a” path in Figure 1), 

precluding tests of mediation for most (Froehlich et al., 2014) or all (Kortekass-Rijlaarsdam 

et al., 2017) cognitive processes.

The present study improves upon these initial efforts in several ways. Titration studies 

are useful clinically but are not ideal for evaluating mediation. Mediation explicitly seeks 

to explain variability in treatment response (Kraemer et al., 2002). By contrast, titration 

studies vary the treatment across participants in a manner that is designed to restrict 

variability in clinical response – but that variability is of central interest in mediational 

analyses. The titration approach may be even more problematic in understanding stimulant 

treatment for ADHD, as the dose-response functions for clinical and cognitive measures 

may differ (see, e.g., Coghill, 2014a; Rosch et al., 2016; Pietrzak et al., 2006). We take 

an approach more aligned with mediation theory and methodology by evaluating clinical 

and cognitive performance under two standard therapeutic doses of MPH and placebo. This 

approach provides a broader assessment of stimulant treatment and allows the evaluation of 

dose-response relationships (see Kazdin, 2007).

We took steps to improve statistical power and the reliability and validity of our outcomes, 

including the use of a fully within-subjects design, a baseline practice day to minimize 

the impact of practice effects, two active medication assessments, and a large sample size 

(n=82). For clinical outcomes, we examined mediation for both academic productivity and 

teacher ratings; in contrast to prior mediation efforts, children completed three small-group 

classroom periods in each condition, facilitating reliability and ecological validity. For 

candidate mediators, we conducted a head-to-head comparison of leading theory-based 

cognitive processes with demonstrated sensitivity to stimulant treatment, administered under 

standard testing conditions (c.f. the complex manipulation of MPH × incentive × event rate 
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in Froehlich et al. and the abbreviated cognitive battery administered in the school setting 

by Kortekaas-Rijlaarsdam et al.). Following initial evaluation of each putative mediator 

in separate models, we examined the degree to which they uniquely mediated treatment 

outcome when considered together.

Method

Participants

Participants were 82 children (9–12 years old) with a DSM-IV (American Psychiatric 

Association, 2000) diagnosis of ADHD (see Table 1 for participant characteristics). 

Diagnoses were made based on a structured computerized parent clinical interview 

(Diagnostic Interview Schedule for Children Version IV (DISC-IV); Shaffer et al., 2000), 

as well as parent and teacher rating scales of behavior (Disruptive Behavior Disorder 

(DBD) rating scale; Pelham et al., 1992) and impairment (Fabiano et al., 2006); ratings 

were completed based on behavior off of medication (see Rosch et al., 2016 for detailed 

diagnostic procedures and inclusion/exclusion criteria).

Setting and Procedures

Cohorts of 3–5 children participated in a week-long Summer Research Camp that ran 

7:30am to 5pm Monday through Friday. Camp days consisted of computerized cognitive 

tasks (to assess candidate mediators) and three academic periods (to assess clinical 

outcomes), which were interspersed with recreational activities.

During both cognitive testing and the classroom periods, a low-intensity behavioral 

modification system was in place to ensure that markedly disruptive behavior did not 

invalidate data (see e.g., Fabiano et al., 2014). A basic set of rules (follow directions, stay in 

your assigned area, use materials appropriately, try your best) was reviewed at the beginning 

of each classroom or cognitive testing period, and children began with a set number of 

points that varied depending on the length of time of the activity. Note that points were not 
contingent on cognitive or math performance. The first two rule violations resulted in verbal 

warnings; subsequent rule violations led to response cost. Consequently, it was rare for a 

child to have more than two rule violations per period. Points were exchanged for small toys 

and/or gift cards at the end of each day.

Medication Assessment

Most participants (n=58) had prior experience with stimulant medication. Participants 

currently taking stimulants (n=31) discontinued use at least 24 hours prior to baseline 

testing. One participant had previously taken atomoxetine but had discontinued use several 

months prior to study participation. After a baseline, stimulant-free day (Monday) to 

familiarize participants with study activities and minimize to the impact of novelty or 

practice during the medication evaluation, children completed a 3-day, randomized, double-

blind, placebo-controlled medication assessment. Medication and placebo were administered 

in identical opaque capsules by study staff upon arrival to camp (~7:45 am; 90 minutes prior 

to testing). Active doses were extended-release osmotic-release oral system (OROS) MPH at 

the nearest commercially-available equivalents to 0.3 and 0.6 mg/kg TID immediate-release 
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MPH. Doses ranged from 27 to 90 mg (dose was capped at 90 mg for safety reasons). Mean 

low and high doses were 1.06 mg/kg (SD=0.12) and 2.02 mg/kg (SD=0.23), respectively.

To promote tolerability, the 24 children (29% of the sample) who were either stimulant-

naïve or were previously taking MPH at doses <40% of the 0.6 mg/kg dose had their 

medication order restricted to ensure they received the 0.3 mg/kg dose prior to the 0.6 

mg/kg dose. Otherwise, dosing order was counterbalanced across participants. Based on 

daily assessments of blood pressure, heart rate, and side effect ratings by staff and parents, 

this regimen was well-tolerated among the participants in the present report. However, data 

for two additional children are excluded because we withheld the 0.6 mg/kg dose after 

observing moderate motor tics on the 0.3 mg/kg dose.

Cognitive Assessments

Children completed tasks in individual testing rooms. Tasks were programmed in E-Prime 

1.1 and presented on 43-cm (diagonal) monitors, unless otherwise noted. Task order was 

randomized between participants. All tasks either included alternate forms across days (math 

seatwork, WM, CPT, PPI) or had built-in randomization procedures (SST, choice RT task) 

to mitigate concerns about memorization of task stimuli. Given space limitations, cognitive 

methods are presented in brief; we refer readers interested in additional details to papers 

demonstrating MPH effects among initial participants in the current study.

Inhibitory control.

Stop Signal Task (SST).: The SST (see Rosch et al., 20161, for details) involves pressing 

a button to indicate which direction an arrow faces (equal p ←, →; the “go” stimulus; 

Logan, Cowan, & Davis, 1984). After a brief “go” practice to emphasize quick responding, 

a “stop” practice introduced the auditory stop signal (1000 Hz tone; p=.25). Children were 

instructed to withhold responding whenever the “go” stimulus was followed by the stop 

signal. Next, children completed 4 blocks of 64 trials. The initial stop delay (SD) occurred 

350 ms post-stimulus onset and adjusted dynamically in 50 ms increments to maximize the 

probability that the child could inhibit on ~50% of stop trials. Stop signal reaction time 

(SSRT = mean RT – mean SD) was the primary outcome; smaller SSRTs reflect better 

inhibitory control.

Prepulse inhibition (PPI) of startle.: In brief (see Ashare et al., 20102, for details), 

children were asked to discriminate between short (p=.67; 5 s duration) and long (p=.33; 8 

s duration) tones of one pitch (p=.5) and to ignore tones of another pitch (400-and 1200-Hz; 

70-dB). Auditory startle probes (50-ms, 100-dB white noise) were presented binaurally 

during most tones (p=.25 for each of 120-, 180-, and 4500-ms stimulus onset asynchronies 

[SOAs]) and during the inter-trial interval (ITI) on the remaining trials. The eyeblink startle 

response was measured bilaterally from orbicularis oculi electromyography and scored 

following standard procedures. Percent PPI ([(Mprepulse_trials − MITI_trials)/(MITI_trials)] × 

−100) was computed for each Day/Medication × Pitch (attended vs. ignored) × short-lead 

1Rosch et al. (2016) reports SST data on MPH effects for the full sample in the current study.
2Ashare et al. (2010) presents data from the first 50 participants of the current sample.
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SOA (120, 180 ms) × Eye condition, examined for outliers, and aggregated across eye and 

SOA. Outlying or missing data in one or more cells is common in this paradigm, resulting 

in exclusion of up to 50% of participants even in single-session studies; in the present study, 

complete data were available for 71% (n=58) of the sample. Greater attentional modification 

of PPI (%PPI attend − %PPI ignore) difference scores reflect better sensitivity of this early 

inhibitory process to contextual demands.

Attention.

A-X CPT.: The A-X CPT is a widely-used measure of attention (see Bubnik et al., 2015; 

current task adapted from Halperin et al., 1988). Participants attended to a long stream of 

characters and were instructed to press the space bar only when they observed an “X” that 

was immediately preceded by an “A.” A 20-trial practice preceded 400 task trials (target 

p=.1; stimulus duration=150 ms; ISI=1500 ms). Though number of hits is often examined, 

there was a ceiling effect in the present sample (see also Huang-Pollock et al., 2012), with 

16 children with perfect hit rates on the placebo day. Therefore, we examined mean hit RT.

Intra-individual RT variability - XO Choice Discrimination Task.: Children completed 

a simple discrimination task (“X” vs. “O”) by pressing buttons as quickly as possible while 

maintaining accuracy (see Spencer et al., 20093, for details). The task included 10 practice 

trials and 100 test trials (2.8-s stimulus duration; 1-s ITI). RT variability was quantified 

with the ex-Gaussian parameter tau, which provides an estimate of the skewed tail of an RT 

distribution (Leth-Steensen et al., 2000). Tau was computed in MATLAB (Mathworks, Inc., 

Natick, MA) using the DISTRIB toolbox (Lacouture & Cousineau, 2008).

Visuo-spatial working memory.—The computerized visuo-spatial working memory 

task (see Shiels et al., 2008) was adapted from the Corsi’s Block Tapping task (Milner, 

1971) and previous visuo-spatial paradigms (e.g., Bedard & Tannock, 2008). The task 

presented an array of 10 white boxes on a black background. On each trial, a sequence of 

smiley faces (☺) appeared within these squares at a rate of one square per second.

Forward span- storage.: To assess short-term storage of visuo-spatial information, children 

were asked to click on the squares in the same order in which the smiley faces appeared. 

After a practice trial, children completed trials that advanced in difficulty from a two-

location sequence to a maximum of an eight-location sequence, with two trials in each 

difficulty level. The task terminated when the child missed both trials in the same level.

Backward span- manipulation.: To assess mental manipulation of visuo-spatial 

information, children were instructed to click on the squares in the reverse order that they 

were presented. The task structure paralleled that of the Forward Span. For each direction 

(Forward and Backward), the total number of correct trials served as the measure of working 

memory.

3Spencer et al. (2009) reports data from the first 50 participants from the current sample.
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Classroom Outcome Measures

Children attended 30-min classroom periods at 10:15 a.m., noon, and 3:30 p.m. each day. 

After reviewing classroom rules, children completed 20 minutes of individualized math 

seatwork (based on the intake assessment of the maximum difficulty at which a child 

could complete 5 problems in one minute; if needed, difficulty level was adjusted on the 

baseline day). Seatwork packets contained more problems than could be completed in 20 

minutes, and children were instructed to accurately complete as many problems as possible. 

Consistent with prior work (see Baweja et al., 2016; Prasad et al., 2013), the primary 

classroom outcome was productivity; the total number of math problems completed was 

averaged across the three classroom periods within medication condition (accuracy was 

uniformly high because difficulty was tailored to each child’s level.)

We examined teacher ratings of Inattention/Overactivity on the modified-IOWA Scale 

(Pelham et al., 1989) as a secondary clinical outcome; ratings were made blind to treatment 

condition and were aggregated across classes within condition.

Data Reduction and Analytic Plan

Premature responses (<150 ms) were excluded for RT-based tasks. The primary variables for 

each mediation analysis were difference scores representing the contrast between 1) placebo 

vs. the average of 0.3 and 0.6 mg/kg MPH, and 2) 0.3 vs. 0.6 mg/kg MPH. The difference 

scores were screened for outliers and conformation to distributional assumptions. Outliers 

>3 SDs were windsorized; no problematic skewness or kurtosis was observed.

Mediation was assessed using a within-subjects path-analytic approach with bootstrapped 

confidence intervals for evaluating statistical significance (Judd, Kenny, & McClelland, 

2001; Montoya & Hayes, 2017). Separate models were first run with each potential 

mediator. Significant mediators in individual models were then included in a parallel 

multiple mediator model to assess whether each process contributed uniquely to mediation. 

Mediation was assessed first for the MPH-placebo contrast (difference score of the average 

of 0.3 and .0.6 mg/kg MPH vs. placebo) and then for the dose-response contrast (difference 

score of 0.3 vs. 0.6 mg/kg).

Results

MPH Effects

Clinical outcomes – the c path.—As shown in Figure 2a, MPH significantly 

increased math productivity, MPH vs. placebo F(1,81)=120.2, p<.001, in a dose-dependent 

manner, 0.3 vs. 0.6 mg/kg MPH F(1,81)= 11.2, p=.001. MPH also dose-dependently 

improved teacher ratings, MPH vs. placebo F(1,81)=88.7, p<.001; 0.3 vs. 0.6 mg/kg MPH 

F(1,81)=4.9, p=.03.

Cognitive outcomes – the a path.—All cognitive variables were enhanced by MPH 

compared to placebo, all Fs>4.3, all ps<.05 (see Figure 2b). Inhibitory control (SSRT) and 

attention (tau and hit RT on the CPT) also demonstrated dose-response effects, Fs>4.5, 

ps<.05.

Hawk et al. Page 8

J Child Psychol Psychiatry. Author manuscript; available in PMC 2023 March 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Mediation

A significant indirect effect for the MPH vs. placebo effect on math productivity was 

observed for inhibitory control on the SST (b=8.2; 95% CI [2.5, 15.0]; see Table 2); 

medication effects on SSRT accounted for 9.8% of the variance in MPH effects on math 

productivity. Working memory backward also mediated the MPH vs. placebo effect on 

math productivity (b= 2.8; 95% CI [0.6, 5.4]), accounting for 10.1% of the variance in 

productivity. As shown in Table 2, the remaining cognitive measures did not significantly 

mediate the medication effect on math productivity. When included in a parallel multiple 

mediator model, both SST inhibitory control and working memory backward continued to 

uniquely mediate the MPH – math productivity relationship (inhibitory control b=7.4; 95% 

CI [1.7, 14.5]; working memory b=2.6; 95% CI [0.4, 5.0]; total indirect effect b=10.0; 95% 

CI [4.1, 17.3]). Together, MPH effects on both inhibitory control and working memory 

accounted for 18% of the variance in MPH effects on math productivity. None of the 

cognitive variables mediated the dose-response effect on math productivity.

For teacher ratings, only working memory backward mediated the MPH vs. placebo effect 

(indirect effect b= 0.4; 95% CI [0.1, 0.7]; see Table 3 for mediation results for all tasks), 

accounting for 16% of the variance in clinical outcome. There was no evidence of mediation 

for the dose-response effect on teacher ratings4.

Discussion

The present study provided the first demonstration that the acute effects of methylphenidate 

on select cognitive processes partially accounted for, or mediated, individual differences in 

treatment effects in a classroom setting. To appreciate the significance of this work, and the 

limitations that remain to be addressed, we consider the findings in the context of general 

treatment mechanism frameworks (e.g., Kazdin, 2007; Kraemer et al., 2002) and specific 

aspects of ADHD theory, research, and practice.

Despite the importance of elucidating treatment mechanisms, their evaluation has largely 

been limited to indirect evidence (e.g., Kazdin, 2007; Kraemer et al., 2002). Certainly, that 

is the case in the ADHD literature. Decades of research show that stimulant medication, the 

frontline pharmacotherapy for pediatric ADHD, reduces symptoms and impairment (Path 

‘c’ in Figure 1; MTA Group, 1999; Pelham et al., 2014). A separate longstanding literature 

demonstrates that stimulants ameliorate the cognitive deficits implicated in many theoretical 

models of ADHD (Path ‘a’ in Figure 1; e.g., Coghill et al., 2014a; Cortese et al., 2015).

The next critical step requires concurrent assessment of candidate mechanisms, preferably 

multiple theory-based mechanisms, and clinical outcomes under both treatment and control 

conditions, in order to directly evaluate mediation (e.g., Kazdin, 2007). In ADHD research, 

very few studies have collected such data (Froehlich et al., 2014; Kortekaas-Rijlaarsdam et 

al., 2017). A range of methodological factors may have contributed to their limited ability to 

test mediation (see introduction), including the lack of robust stimulant effects on cognition.

4When participants with a restricted medication order (n=24) are excluded from analyses, dose effects on SSRT mediate the 
dose-response effect of MPH on classroom teacher ratings (b=0.12; 95% CI [0.002, 0.27]; R2 = 0.11). The pattern of results for all 
other analyses were the same when participants with a restricted order were excluded.
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In the present study, we assessed two conceptually and methodologically strong indices in 

each of three key cognitive domains: inhibitory control, attention, and working memory. 

Compared to placebo, MPH improved one or both indices in each domain with effect sizes 

in the medium-to-large range (see Figure 2b). However, only MPH effects on inhibitory 

control on the SST and working memory manipulation on the spatial span task actually 

mediated the MPH effect on classroom productivity, together accounting for 18% of the 

variance. Working memory manipulation also mediated the MPH effect on teacher-reported 

classroom behavior (inattention/overactivity), explaining 16% of the variance.

The novel findings of significant treatment mediation are encouraging, but it is important to 

note that the majority of the variance in clinical outcomes remained unexplained. This does 

not appear to be due to insensitivity of the measures to MPH. Indeed, the attention measures 

(CPT hit RT and tau on the XO task) exhibited the largest effects of MPH in the present 

work (both ds > 1.1), but neither mediated stimulant effects on classroom productivity or 

teacher ratings. Of course, the absence of mediation by these two RT-based attention tasks 

does not allow us to rule out attention as a stimulant treatment mechanism. Indeed, a ceiling 

effect resulted in our inability to evaluate CPT hit rate, a more typical index of sustained 

attention, as a mediator. Future work should consider more difficult CPT variations as well 

as the examination of changes in attention over time (e.g., Fosco & Hawk, 2017; Huang-

Pollock et al., 2012). Despite the possibility of a Type II error when it comes to attention, the 

present findings highlight an important principle of treatment mechanism evaluation: direct 

evaluation of mediation is critical for ruling out many of the wide range of basic processes 

a treatment might improve to a subset that can actually statistically account for individual 

differences in treatment outcome (e.g., Kazdin, 2007). The present work subjected a panel of 

cognitive indices central to ADHD theory to such a direct test, and only indices of response 

inhibition and working memory manipulation survived.

The present demonstration of cognitive mediation of clinical outcomes helps to open a 

bottleneck in understanding of ADHD treatment. As others have detailed (e.g., Kazdin, 

2007; Kraemer et al., 2002), elucidation of treatment mechanisms facilitates and constrains 

theory, provides clearer targets for refining or repurposing current treatments and screening 

of new treatment approaches, and may foster tailoring of treatments (e.g., making use of 

the substantial cognitive heterogeneity that characterizes ADHD; Nigg et al., 2005). It also 

provides evidence that the clinical and cognitive effects of stimulants are linked, in contrast 

to the recent suggestion that the two domains are independent (e.g., Coghill et al., 2014b).

However, a full understanding of treatment mechanisms is never the result of a single 

study (Kazdin, 2007), and future work is needed to address several gaps not addressed 

by the present work. Statistical mediation is a necessary but not sufficient condition for 

demonstrating a treatment mechanism. Because a mediator may simply be a correlate of the 

true mechanism, one would ideally independently manipulate the putative mechanism and 

observe a later change in the clinical outcome (e.g., Kazdin, 2007). This would demonstrate 

that the mediator changes before the outcome, or temporal precedence. Temporal precedence 

can be most clearly evaluated for treatment effects that develop slowly, over days, weeks, or 

even months (see Judd et al., 2001; Kraemer et al., 2001). However, temporal precedence is 

nearly impossible to demonstrate for treatments like stimulants that produce acute cognitive 
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and clinical effects – effects that occur within 60–90 minutes of dosing and dissipate within 

12 hours of dosing (see, e.g., Pelham et al., 2001; Bubnik et al., 2015; Rosch et al., 2016). 

That is, one can choose to measure one process hours or days before the other, but in 

actuality, the basic and clinical effects likely occur so closely together in time that it would 

be futile to try to demonstrate that change in a hypothesized mediator preceded the change in 

clinical behavior.

Given this intractable problem for demonstrating temporal precedence for putative mediators 

of stimulants, we turn to the broader context of causal precedence (e.g., Baron & Kenny, 

1986; Judd et al., 2001), which relies on theory (see also Kazdin, 2007). As noted in the 

introduction, decades of theory on ADHD posit that deficits in basic cognitive processes 

give rise to the symptoms, clinically-relevant behavior, and impairment associated with 

ADHD. Extending this logic, theory consistently posits that stimulants (and non-stimulants 

such as atomoxetine; Arnsten, 2010) improve clinical behavior via improvements in basic 

cognitive processes, not the reverse causal pathway. Finally, numerous cognitive training 

programs have also been developed explicitly on the premise that enhancing cognitive 

function will result in better clinical functioning for children with ADHD (unfortunately, 

this work generally has not directly evaluated mediation; for a review, see Cortese et al., 

2015). Thus, although temporal precedence cannot be demonstrated empirically, logic and 

theory strongly suggest that changes in basic processes causally precede changes in clinical 

outcomes.

We hope that the current study serves as a catalyst for more systematic and integrative 

evaluation of ADHD treatment mechanisms. The present investigation is strong on internal 

validity, but weak on external validity. That is not an uncommon starting point when 

breaking new ground, but it is vital that future work address key limitations of the 

present work. First, the majority of children had a history of well-tolerated treatment with 

stimulant medication, and the study was not adequately powered to evaluate the possible 

moderating role of treatment history. Second, data were collected in a summer research 

camp with clinical outcomes focusing on an analogue classroom. This permitted strong 

experimental control but does not reflect the environments in which children’s behavior is 

most problematic. Third, we examined a narrow range of clinical outcomes, which limits 

generalizability. Our primary outcome was a self-paced math task. It is plausible that 

classroom activities with different demands (e.g., attending to a teacher’s lesson, during 

which the pace of information is outside of the child’s control), and clinical outcomes 

in other contexts (e.g., home, recreational and social activities) rely on different cognitive 

processes than those we studied. Fourth, it is critical to determine whether our findings 

for acute intervention (one day per treatment condition) generalize to more ecologically-

valid treatment durations, as well as varying combinations of medication and behavioral 

intervention. It should also be noted that repeated assessments of cognition and clinical 

outcome over time may yield even stronger evidence of mediation, both because of 

improved reliability of measurement with aggregation and because of the improved ability to 

evaluate temporal precedence.
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Conclusions

Building upon decades of largely independent literatures demonstrating the clinical and 

cognitive effects of stimulants among children with ADHD, the present work provides 

the first evidence that stimulant effects on specific cognitive processes (namely working 

memory and inhibitory control) actually account for, or partially mediate, individual 

differences in clinical response to stimulants. Rather than being the final word on the 

topic, this work provides important proof of principle: We can explicitly evaluate and 

understand how our ADHD treatments work. We call for greater integration of experimental 

psychopathology, behavioral pharmacology, and treatment outcome research in evaluating 

existing treatments and developing future mechanism-targeted therapies.
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Key Points

• Mechanisms of stimulant treatment response are poorly understood. The 

present study evaluated a panel of candidate cognitive mediators and 

classroom outcomes under placebo and two active doses (0.3 and 0.6 mg/kg) 

of methylphenidate.

• Methylphenidate effects on inhibitory control and working memory mediated 

medication effects on math seatwork productivity. Working memory also 

mediated medication effects on teacher-rated classroom behavior.

• These findings converge with ADHD theory, neurobiology, and treatment 

development in suggesting that inhibitory control and working memory may 

be mechanisms of stimulant treatment response.
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Figure 1. 
Sample mediation model.

Hawk et al. Page 17

J Child Psychol Psychiatry. Author manuscript; available in PMC 2023 March 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Methylphenidate effects on clinical outcomes (panel a) and candidate mediators (panel b).

Teacher ratings are from the Inattention/Overactivity subscale of the IOWA Conners rating 

scale. PPI= prepulse inhibition (represents the change in prepulse inhibition in attended 

vs. ignored trials); CPT= continuous performance task. Contrasts represent the medication 

effect (placebo vs. the average of the low and high doses) and the dose-response effect (low 

vs. high dose).
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Table 1.

Participant characteristics.

Age, mean (SD) 10.8 (1.1)

Gender (%male:female) 74:26

% stimulant naïve 21

WISC Full-Scale IQ, mean (SD) 103 (14)

Ethnicity (%white:black:other) 81:12:7

% Comorbid ODD 44

% Comorbid CD 27

Hyp/Imp symptoms, mean (SD)

 Parent 15.2 (5.9)

 Teacher 11.6 (7.1)

Inattentive symptoms, mean (SD)

 Parent 18.7 (5.6)

 Teacher 14.6 (6.3)

Note. Symptoms represent the total score of items within each subtype domain on the DBD-rating scale (range of 0–27).
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