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Abstract

Objective: Stimulant medications are the main treatment for Attention Deficit Hyperactivity 

Disorder (ADHD), but overall treatment efficacy in adults has less than a 60% response rate. This 

study aimed to identify neural and cognitive markers predictive of longitudinal improvement in 

response to stimulant treatment in drug-naïve adults with ADHD.

Method: We used diffusion tensor imaging (DTI) and executive function measures with 36 

drug-naïve adult ADHD patients in a prospective study design.

Results: Structural connectivity (measured by fractional anisotropy, FA) in striatal 

regions correlated with ADHD clinical symptom improvement following stimulant treatment 

(amphetamine or methylphenidate) in better medication responders. A significant positive 

correlation was also found between working memory performance and stimulant-related symptom 

improvement. Higher pre-treatment working memory scores correlated with greater response.

Conclusion: These findings provide evidence of pre-treatment neural and behavioral markers 

predictive of longitudinal treatment response to stimulant medications in adults with ADHD.
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Introduction

Attention Deficit Hyperactivity Disorder (ADHD), which affects an estimated 11% of 

children and adolescents and 4.4% of adults (Spencer et al., 2005; Weisler et al., 2006), is 

the most common neurodevelopmental disorder that results in significantly reduced quality 

of life. This disorder not only impairs a broad range of cognitive and behavioral functions, 

but in about 50 to 80% of sufferers, the ADHD persists into their adulthood (Kuperman et 

al., 2001; Kooij et al., 2004; Weisler et al., 2006). Currently, stimulant medicine (including 

options for methylphenidate [MPH] and amphetamine [AMPH]) is the main FDA-approved 

treatment for treating ADHD. A meta-analysis of ADHD studies on children, adolescents, 

and adults found that, in general, adults with ADHD showed significant response efficacy 

with stimulant medications compared with placebo; however, the response rate in adults 

was weaker and more varied than that in children and adolescents (Cortese et al., 2018). 

Overall response rates are less than 60% among treated adult patients (Adler et al., 2008; 

Ginsberg & Lindefors, 2012; Kooij et al., 2004; Spencer et al., 2001, 2005; Weiss & 

Hechtman, 2006). Further, up to 41% of medication-naïve adults diagnosed with ADHD 

who started stimulant treatment needed to change their initially prescribed stimulant drug to 

an alternative stimulant family due to low tolerance of the drug’s side effects (Biederman, 

DiSalvo, Green, Woodworth, Gilfix, et al., 2021; Biederman, DiSalvo, Green, Woodworth, 

Law, et al., 2021).

To date, however, there is no scientific evidence available to physicians on how to predict 

which individual patient is more or less likely to respond to a stimulant treatment plan. 

Meta-analyses have concluded that demographic and clinical measures are unable to 

predict stimulant response (MPH; (Pagnier, 2023)). As a result, treating physicians have 

to make decisions based on a trial-and-error fashion. An unsuccessful initial treatment could 

be a discouraging experience for ADHD patients who often struggle with motivational 

difficulties, and therefore could prevent these patients from continuing their efforts to seek 

alternative treatment options.

The goal of this study was to identify sensitive neural and behavioral measures that 

predict longitudinal response to stimulant treatment in adults with ADHD. This predictive 

approach is an example of personalized or precision medicine, with the hope that specific 

neurobiological and behavioral profiles can identify individual patient characteristics that 

predict patient responses to a specific pharmacological treatment.

In this study, we employed a case-control, prospective study design and used diffusion 

tensor imaging (DTI), combined with an executive-function measure, to search for pre-

treatment characteristics that were predictive of the longitudinal stimulant-related response 

efficacy in 36 drug-naïve adult patients diagnosed with ADHD. Neuroimaging and 

behavioral characterization occurred prior to treatment. Patients were then prescribed with 

one of the two most common medications for adult ADHD, MPH or AMPH, in random 
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order, and were behaviorally assessed at two follow-up visits after 2 to 4 months of the 

initiation of medication. We hypothesized that striatal connectivity and executive function 

would be implicated in predicting longitudinal response to stimulant treatment.

ADHD neuroimaging research has attempted to identify biomarkers associated with 

stimulant medication treatment efficacy. One study across a broad age range of patients 

(6–42 years of age) found that variation in striatal (left putamen) and precuneus grey matter 

was associated with a response to MPH (Chang et al., 2021). Another study used a form 

of machine learning, support vector machines (SVMs), applied to DTI measures in children 

and adolescents with ADHD to predict response to MPH and found a relation between pre-

treatment measures, especially in the right supramarginal gyrus, and response to treatment 

(Griffiths et al., 2021). One more study compared responders versus non-responders and 

found that responders had higher incentive salience and hedonic experience scores than non-

responders and that such scores correlated with resting-state functional magnetic resonance 

imaging (fMRI) connectivity in the ventral striatum (Rode et al., 2023). The findings 

that pre-treatment striatal structure and function were related to treatment response are 

consistent with considerable structural and functional imaging evidence pointing toward the 

role of striatal regions associated with receiving ADHD stimulant medication across child, 

adolescent, and adult ADHD cohorts (Berberat et al., 2021; Bouziane et al., 2019; Schrantee 

et al., 2016; Schweren et al., 2016; Vaidya et al., 1998).

To our knowledge, the current study is the first study combining DTI technique and 

cognitive profiles to predict stimulant-related longitudinal symptom improvement in adult 

patients with ADHD who had no prior medication history. The findings of this study may 

not only suggest a mechanistic understanding of the neural-behavioral characteristics that 

are predictive of clinical outcomes in response to pharmacological treatments, but may 

contribute to improved clinical decision-making for treatment selection for adult ADHD.

Methods

Participants

Participants include forty medication-naïve adult patients diagnosed with ADHD 

consecutively after referral to the Massachusetts General Hospital (MGH) Adult ADHD 

Program (Table 1). Participants were assessed by the study clinicians and were confirmed 

that they had the diagnosis of ADHD by meeting the DSM-V criteria. Participants were 

excluded if they had concurrent active psychiatric or neurological comorbidities that 

required clinical attention, or if they had neuroimaging contraindications. Participants with 

mild symptoms or a history of psychiatric conditions that are commonly presented in ADHD 

patients such as anxiety and depression that did not require clinical attention were not 

excluded. The study was approved by both the MGH Institutional Review Board and the 

Committee on the Use of Humans as Experimental Subjects at the Massachusetts Institute of 

Technology (MIT).

Brain scanning was conducted at baseline assessment at MIT before initiation of treatment 

at MGH. After obtaining the brain scan, within 2 weeks, study participants were randomly 

assigned to receive either MPH or AMPH (N of MPH = 25; N of AMPH = 11). After the 
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initiation of treatment, patients were naturalistically followed in the clinic for two follow-up 

assessment visits for an average of 51 days (mid-point follow-up) and 121 days (final 

follow-up). The clinical decisions on medication management including the dosing, the type 

of the methylphenidate or amphetamine prescribed (i.e., short-acting vs. long-acting), and 

switching to another stimulant medication in the case where the participants reported poor 

response or adverse events to the original medication were made by the study clinicians 

following a natural treatment course. By the end of the follow-up period, there were 15 

participants receiving MPH and 21 receiving AMPH.

ADHD Clinical Progression Measurement

At baseline and at each follow up visit, participants were assessed with the NIH clinician-

assessed ADHD Clinical Global Impression (CGI) Scale of Severity (CGI-S: 1 minimally 

ill-7 extremely ill) (Guy, 1976). All clinical assessments were conducted by the treating 

clinician (the senior co-author, JB) blindly to any data analysis or neuroimaging data 

collection. We calculated symptom improvement percentage changes from the baseline to 

each follow-up visit as well as between the two follow-up visits by calculating score changes 

over time relative to the score at the reference time point for example, subtracting the final 

follow-up CGI-S score from the baseline CGI-S score and then dividing this difference 

score by the baseline CGI-S score (Table 1). These percentage change scores were used 

for all analyses related to treatment efficacy, including the non-parametric whole-brain DTI 

tests, and the remaining ROI and post-hoc tests. All ADHD participants were categorized 

into one of two groups, the Better Responder Group and the Worse Responder Group (the 

category split cut-off score was the median score of changes in CGI-S from baseline to final 

follow-up). Brain-behavioral analyses were carried out across groups and within groups.

Behavior Rating Inventory of Executive Function (BRIEF-Adult Version)

We administered the BRIEF-A executive function measure, which included eight self-report 

clinical scales (Inhibit, Shift, Emotional Control, Initiate, Working Memory, Plan/Organize, 

Organization of Materials, Monitor) and an overall score of the Global Executive Composite 

(Roth et al., 2005). We also examined whether any of the BRIEF-A measures correlated with 

treatment response independent of neuroimaging.

Neuroimaging

All participants underwent MRI/fMRI scanning, including T1-weighted whole-head 

anatomical and diffusion-weighted imaging scans at the baseline assessment visit at the 

Athinoula A. Martinos Imaging Center at the McGovern Institute for Brain Research located 

at the MIT campus. Imaging data were acquired on a 3 Tesla Siemens Trio scanner 

(Siemens, Erlangen, Germany) using a 32-channel head coil. T1 MPRAGE sequence 

parameters included 1.0 × 1.0 mm2 in-plane resolution, 1.0 mm slice thickness, field of 

view (FOV) = 256 × 256 mm2, matrix = 256 × 256, 176 slices, single echo sequence with 

TE = 2.34 milliseconds, TR = 2.53 seconds, an Inversion time of TI = 900 milliseconds and 

a read out bandwidth of 190 Hz/pixel. Simultaneous Multi Slice (SMS) BOLD was used 

increase the total number of slices while maintaining a TR of 1 second using SliceAcc = 6, 

TE = 38 milliseconds, FOV = 208 × 208 mm2, Matrix size 104 × 104 pixels, and 66 mm2 

slices. The diffusion-weighted scan sequence included 1 non-diffusion weighted reference 
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volume (b = 0) and 2 shells of 64 diffusion directions (b = 1,000 and 3,000 seconds/mm2) 

with acquisition parameters: 2.0 × 2.0 mm2 in-plane resolution, 2.0 mm slice thickness, FOV 

= 220 × 220 mm2 66 slices, SMS = 3, chosen for full brain coverage, matrix = 110 × 110, 

TE = 67 milliseconds, and TR = 3.0 seconds.

DTI Data Processing

Diffusion data were processed by the pre-processing algorithm of TRACULA (TRActs 

Constrained by UnderLying Anatomy) (Yendiki et al., 2011). The TRACULA-processed 

data were then fed into TBSS algorithm (Track-Based Spatial Statistics) (Smith et al., 

2006). The fractional anisotropy (FA) data were non-linearly aligned to a common space. 

FMRIB58_FA image was used as the target image for a linear registration to the standard 

space. Each participant’s mean diffusion measure image was generated and thinned to create 

an alignment-invariant tract representation (e.g., the “mean FA skeleton”) representing the 

centers of all tracts common to the group. All participants’ diffusion data were then aligned 

on the skeleton space as 4D series and set at a threshold of 0.2 before statistical testing.

Quality Assurance

As quality control, four DTI motion measures were derived by TRACULA, including the 

average translation score, rotation score, signal drop-out score (percentage of bad slices), 

and signal drop-out severity (Yendiki et al., 2011). All participants’ translation scores were 

below 2 mm and rotation scores below 0.01°. Normal signal drop-out percentage (~0%) and 

severity (~1) were observed across all participants. None of these motion measure showed a 

significant correlation with the CGI change scores.

Voxelwise Brain-Symptom Analyses

Across all ADHD participants, a whole-brain voxelwise analysis was first carried out on 

the skeletonized FA map in TBSS using general linear models (GLM) by regressing the 

CGI-S change score against the FA, to identify cross-group brain regions significantly 

correlated with ADHD symptom improvement over time (indexed by CGI-S percentage 

change scores; Table 1). Then, a whole-brain two-way interaction test was carried out to 

identify differences of brain-behavior relationship between the two ADHD subgroups in 

terms of FA’s association with the longitudinal ADHD clinical severity changes (measured 

by CGI-S percentage changes); in other words, we identified an interaction effect between 

the ADHD subgroup and the level of longitudinal ADHD clinical improvement on structural 

brain connectivity measure. In all analyses, individual IQ, gender, ADHD onset age, 

and time-lapse (days) between the two CGI assessment visits were used as co-variates 

to control for individual variances from potential confounding factors. Non-parametric 

randomized permutation test was performed (number of permutations = 5,000) (Winkler et 

al., 2016), correcting for multiple comparisons using the threshold-free cluster enhancement 

method (Smith & Nichols, 2009) and controlling for the family-wise error rate (p < .1). 

For result presentation, the JHU DTI-based atlases were used (https://fsl.fmrib.ox.ac.uk/fsl/

fslwiki/Atlases) to determine white-matter locations of significant results. Significant TBSS 

result images were filled into the mean FA space for presentation purposes. For any TBSS-

significant findings, individual mean FA values averaged across all significant voxels in the 

standard space were calculated for further SPSS tests and visualization.
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Assessment of Brain-Behavior Associations

To determine whether any cognitive measure of the executive functions predicted the 

medication-related longitudinal ADHD symptom improvement, linear correlation tests were 

carried out between the CGI symptom improvement score (between baseline to final follow 

up) and each of the BRIEF subtest scores.

Results

The final sample consisted of 36 ADHD adult patients (mean age = 31.2; 16 males and 

20 females; see Table 1 for participant demographics). Four participants were excluded due 

to incomplete follow-up data collection or low-quality imaging data that are unanalyzable. 

The clinical assessment of ADHD symptom changes for each ADHD group (Table 2) 

showed that both groups demonstrated the largest symptom improvement from baseline to 

final follow-up. The Better Responder Group exhibited significant and continued ADHD 

symptom improvements from baseline to mid-point follow-up and from mid-point follow-up 

to final follow-up time points (p < .05, Paired t-tests). In contrast, the Worse Responder 

Group showed an initial symptom improvement from baseline to mid-point follow-up (p < 

.05) but not from mid-point follow-up to final follow-up (Table 3).

Neuromarkers of ADHD Symptom Improvement

The voxelwise correlation analysis between DTI measures and longitudinal ADHD 

symptom improvement did not reveal any significant correlations, either across groups or 

within each group. However, analysis of the brain-behavioral interaction tests showed a 

significant two-way interaction effect on the FA, between the responder group (Better/Worse 

Responders) and the CGI-S change score, localized to the striatal regions (p < .05, corrected; 

Figure 1a). Specifically, the relationships (slopes) between the FA and the longitudinal 

ADHD symptom improvement significantly differed between the Better and the Worse 

Responder Groups, with a lower degree of relationship in the Better Responder Group than 

in the Worse Responder Group (Figure 1b). The significant brain location is the right striatal 

white matter region in the posterior limb of the internal capsule along the corticospinal tract 

(CST). Within-group examination using the mean FA extracted from the TBSS-identified 

region suggests that the interaction effect was driven by a significant negative relationship 

between the FA and the CGI-S change in the Better Responder Group (ρ = −0.71, p < .05, 

Spearman’s correlation; Figure 1b), whereas in the Worse Responder Group, no significant 

correlation was observed.

Brain-Behavior Associations Between Executive Function and Medication 
Efficacy.—There was a significant positive correlation between the BRIEF Working 

Memory scores and the CGI improvement scores across all participants (N = 36, r = 0.42, 

p < .05; Spearman’s correlation test; Figure 2). Higher Working Memory scores before 

treatment were associated with greater medication efficacy.
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Discussions

In drug-naïve ADHD adult patients, ADHD symptom improvement due to stimulant 

treatment among better responders, but not worse responders, correlated with pretreatment 

strength of anatomic white-matter connectivity in the striatum, with weaker connectivity 

associated with greater clinical improvement. Furthermore, this effect was modulated by the 

working memory score from the BRIEF-A measure of executive functions. The finding of 

this association in the striatum is consistent with prior studies noting stimulant treatment 

effects in the striatum of patients with ADHD (Berberat et al., 2021; Bouziane et al., 2019; 

Schrantee et al., 2016; Schweren et al., 2016; Vaidya et al., 1998) as well as two studies 

reporting that pre-treatment structural (Chang et al., 2021) or functional (Rode et al., 2023) 

neuroimaging measures of the striatum were associated with stimulant treatment efficacy in 

ADHD. Further, higher pre-treatment Working Memory scores were associated with greater 

treatment efficacy across all participants.

For any pre-treatment measure to support personalized or precision clinical decision making, 

such as whether or not to prescribe a stimulant or which stimulant to prescribe for a 

patient with ADHD, that measure must be informative prior to knowledge about clinical 

response. The DTI measures in the present study were not associated with overall stimulant 

response. That could have occurred for several reasons. DTI measures may simply not be 

predictive of response. Other sorts of neuroimaging measures, especially fMRI, have often 

yielded predictive information about pharmacological or behavioral treatments of mood 

and anxiety disorders (Doehrmann et al., 2013; Fonzo et al., 2019; Klumpp & Fitzgerald, 

2018; Picó-Pérez et al., 2023; Whitfield-Gabrieli et al., 2016). In one study, DTI measures, 

together with fMRI and clinical measures, yielded high accuracy in predicting response to 

cognitive behavioral therapy in patients with social anxiety disorder (Whitfield-Gabrieli et 

al., 2016). Thus, DTI measures have the potential to be combined with other measures, 

perhaps using machine learning approaches, to enhance predictive accuracy.

Further, predictive measures of alternative treatments would be especially valuable because 

the clinician and patient need to know what among reasonable alternative treatments is most 

likely to be helpful for that individual patient. One study reported that fMRI activation 

in the striatum (caudate) during an inhibitory control task was associated with differential 

response to MPH and atomoxetine (Schulz et al., 2017). Future studies might include 

multiple neuroimaging, clinical, and behavioral measures to enhance predictive accuracy for 

individual treatments and comparative efficacy among alternative treatments.

Nevertheless, the observation that pre-treatment variation in striatal white matter was 

relevant to treatment efficacy is consistent with evidence about a critical role for the striatum 

in response to treatment. First, cross-sectional studies on ADHD have reported that smaller 

striatal volumes were observed in worse relative to better ADHD stimulant responders 

across different age groups (Chang et al., 2021; Frodl & Skokauskas, 2012; Moreno et al., 

2014). Also, lower striatal dopamine transporter availability was linked to greater ADHD 

symptom improvement after 10 weeks of MPH treatment (Krause et al., 2005), and striatal 

fMRI connectivity with frontal and limbic areas was found to be lower in better MPH 

stimulant responders (Hong et al., 2015). It need not be the case that brain predictors of 
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response are the same brain measures that mediate response, but it is possible that they are 

highly related.

The only measure that was associated with better treatment response across all patients 

was the Working Memory score from the BRIEF-A. Higher pre-treatment scores were 

associated with greater symptom reduction. These behavioral differences may also reflect 

brain differences because the presence or absence of working memory deficits in adult 

ADHD patients was associated with fMRI differences in multiple brain regions (Mattfeld 

et al., 2016). This finding is broadly consistent with two studies in youth reporting that 

another behavioral measure of executive function, performance on the Stroop color-word 

interference test, was a predictor of response to MPH in youth (Kim et al., 2015) and 

that fMRI activation in response to a Go/No-Go inhibitory task was predictive of response 

to MPH and atomoxetine (Schulz et al., 2017). Thus, executive functions may be useful 

predictors of treatment response.

The current pilot findings can be considered in the context of limitations and future 

directions. First, the value of studying newly diagnosed adults with ADHD is that the 

findings were not confounded with treatment history and were applicable to the adult age 

group that most often shows limited benefits of stimulant treatment. The results, however, 

cannot speak directly to younger patients. Second, patients were followed for a limited 

time. However, given the frequent non-response in adult ADHD patients in response to 

any particular stimulant (Adler et al., 2008; Kooij et al., 2004; Spencer et al., 2001, 2005; 

Ginsberg & Lindefors, 2012; Weiss & Hechtman, 2006) and the high rate of needing to 

switch adult patients from an initially prescribed stimulant (Biederman, DiSalvo, Green, 

Woodworth, Gilfix, et al., 2021; Biederman, DiSalvo, Green, Woodworth, Law, et al., 2021), 

it will be valuable to conduct more comprehensive studies of brain (and perhaps genetic) 

biomarkers and demographic and clinical measures to optimize the likelihood that ADHD 

patients can receive effective initial treatment. Third, treatment selection was based on 

individualized patient needs and profiles. On the one hand, this reflects actual clinical 

practice, but on the other hand, treatment regimens varied across patients.

Overall, this pilot study contributes toward development of behavioral and brain markers 

that may predict, to some degree, the likelihood that stimulant treatment is effective on 

behalf of individual patients with ADHD. Additional research is needed, but the high rate of 

treatment ineffectiveness in adults ought to inspire larger and more comprehensive studies to 

improve patient outcome.
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Figure 1. 
Significant striatal regions showing an interaction effect of differences in brain-symptom 

connections between the Better and Worse Responder Groups. (a) Whole-brain voxelwise 

statistics show that the degree of the relationship (slope) between the FA in the right striatal 

region and the longitudinal ADHD symptom improvement (CGI-S change) is significantly 

lower in the Better Responder Group than in the Worse Responder Group. (b) Individual 

mean FAs extracted from the identified striatal regions (Y-axis) are plotted against the 

ADHD symptom improvement (% of CGI-S change from baseline to final follow-up; X-

axis). The within-group correlation assessments suggest that the identified interaction effect 

is driven by a significant negative relationship found between the FA and ADHD symptom 

improvement in the Better Responder Group.
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Figure 2. 
Pre-treatment working memory scores significantly correlated with the medication-induced 

ADHD symptom improvement across all patients.
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