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Introduction

Attention-deficit/hyperactivity disorder (ADHD) is a com-
mon neurodevelopmental disorder in children and adoles-
cents that often continues until adulthood.1 Youth with 
ADHD commonly show hyperactivity, inattentiveness and 
impulsivity, frequently expressed as behavioural problems 
and decreased concentration during school activities. 
Proper treatment of ADHD could promote social adjust-
ment and normal daily performance in youth with ADHD. 
Stimulants such as methylphenidate have been used widely 
to treat youth with ADHD and are reported to be effective 
in 70% to 80% of those who receive them.2 However, be-
cause some youth with ADHD do not respond to methyl-
phenidate treatment, identifying factors that can predict 
treatment response is important to aid in accurate prescrib-
ing. As a neurodevelopmental disorder, ADHD is known to 
be associated with neurobiological alterations in both brain 

structure and function.3 This study focused on identifying 
neurobiological factors that could predict treatment re-
sponse to medication in youth with ADHD.

The mechanisms of action of methylphenidate are associ-
ated with dopamine active transporter, which is widely 
 expressed in the thalamus4 and striatum areas such as the 
nucleus accumbens.5 Previous studies using positron emis-
sion tomography have reported that methylphenidate 
works as an antagonist against active dopamine active 
transporter, hindering the reuptake of dopamine in the 
synapses.6 This results in increased dopamine concentra-
tions in the synaptic clefts that is proportional to the de-
gree of dopamine active transporter blockage.6 Increased 
dopamine in the neural circuit strengthens attentiveness to 
tasks in patients with ADHD who are treated with methyl-
phenidate.6 Moreover, animal studies have reported that 
methylphenidate amplifies intercellular concentrations of 
dopamine and norepinephrine in the prefrontal cortex7 and 
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Background: Patients with attention-deficit/hyperactivity disorder (ADHD) show structural alterations in the subcortical and dopaminergic 
regions of the brain. Methylphenidate is a first-line treatment for ADHD, and it is known to affect the subcortical and dopaminergic sys-
tems. The degree of pretreatment structural alterations in patients with ADHD may be an important factor in predicting methylphenidate 
treatment outcomes. The present study examined whether pretreatment volumetric alterations in the subcortical and dopaminergic regions 
predicted treatment response in youth with ADHD. Methods: This study included 67 youth with ADHD and 25 healthy controls. Youth with 
ADHD received 8 weeks of methylphenidate treatment. They completed baseline (pretreatment) T1-weighted structural MRI scans and 
under went clinical assessments before and after methylphenidate treatment. The healthy controls also completed baseline structural MRI 
scans. We assessed volumetric alterations using relative volumes (volume of each region of interest/intracranial volume). Results: Among 
67 youth with ADHD, 44 were treatment responders and 23 were nonresponders based on post-treatment scores on the Clinical Global 
Impression Scale–Improvement. Nonresponders had larger volumes in the bilateral amygdala and right thalamus than responders. Non-
responders also had larger volumes in amygdalar subregions (i.e., the bilateral lateral nucleus and right basal nucleus) and hippocampal 
subregions (i.e., the right hippocampal head and right molecular layer) relative to responders. Limitations: We did not collect post- 
treatment structural T1-weighted images, so volumetric changes related to methylphenidate treatment in youth with ADHD were undeter-
mined. Conclusion: These findings suggest that pretreatment volumetric alterations in subcortical regions may serve as biomarkers for 
predicting methylphenidate treatment response in youth with ADHD.
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enhances hippocampal synaptic plasticity.8 Methylpheni-
date has also been reported to promote learning-induced 
amygdala plasticity in rats9 and normalize amygdala func-
tion in children with ADHD.10 These results suggest that 
methylphenidate may modify function and structure in the 
striatum, prefrontal cortex, thalamus, hippocampus and 
amygdala, eventually improving the symptoms of ADHD. 
The findings also indicate that brain regions modified by 
methylphenidate may be altered in youth with ADHD 
 before treatment. This study examined whether pretreat-
ment structural alterations predicted methylphenidate 
treatment response in youth with ADHD.

Several studies have observed volume differences in the 
subcortical and dopaminergic brain regions in patients with 
ADHD compared to healthy controls. A previous meta-
analysis showed that compared to healthy controls, children 
and adults with ADHD had smaller volumes in the nucleus 
accumbens, amygdala, caudate nucleus, hippocampus and 
putamen.11 Preschoolers with ADHD also displayed smaller 
thalamus volumes compared to healthy controls.12 Previous 
findings for hippocampal volumes in people with ADHD 
have been contradictory. For example, unlike the meta-
analysis described above,11 1 study showed increased hippo-
campal volumes in children and adolescents with ADHD 
compared to controls.13 

Previous research has shown that subregions of the hip-
pocampus and amygdala were distinguished both anatom-
ically and functionally,14,15 and that they responded differ-
ently in psychiatric disorders.16–18 The hippocampus and 
amygdala include several subregions that serve different 
roles, and those subregions have been reported to show al-
tered volumes in youth with ADHD. In children and ado-
lescents with ADHD, volumetric alterations have been ob-
served in the hippocampal tail, subiculum, cornu ammonis 
1 (CA1), cornu ammonis 4 (CA4), presubiculum, molecular 
layer, granule cell layers of the dentate gyrus, fimbria19 and 
hippocampal head13 of the hippocampus, and in the basal 
and lateral nuclei of the amygdala.13 Overall, these findings 
provide evidence for volumetric alterations related to 
ADHD in the subcortical and dopaminergic brain regions 
that may predict treatment outcomes in youth with ADHD.

Importantly, previous studies have predicted treatment 
response using pretreatment brain structural alterations. 
One of these studies reported that treatment responders 
had larger pretreatment volumes in the bilateral head of 
the caudate nuclei and the right nucleus accumbens com-
pared to nonresponders.20 There is also evidence that 
stimu lant treatment is associated with structural altera-
tions in brain regions, demonstrating smaller or larger vol-
umes in treated versus untreated youth and adults with 
ADHD. Stimulant-treated youth with ADHD showed a 
larger post-treatment thalamus than untreated youth with 
ADHD.21 Stimulant-treated adults with ADHD had 
smaller post-treatment volumes in the right hippocampus 
than both treatment-naive adults and healthy controls.22 
Stimulant-treated children with ADHD also showed larger 
post- treatment volumes in the anterior cingulate cortex 
than treatment-naive children.23 

Taken together, these findings suggest that subcortical re-
gions and dopaminergic brain systems may serve as target 
regions for predicting ADHD treatment response. Therefore, 
this study focused on volumetric alterations in the caudate 
nucleus, nucleus accumbens, thalamus, hippocampus and an-
terior cingulate cortex as regions of interest (ROIs). Although 
the relationship between amygdalar volumes and methyl-
phenidate treatment has been rarely studied, we also included 
the amygdala as an extra ROI, considering the reported bio-
molecular effects of methylphenidate on the amygdala.9

As mentioned earlier, only a few studies have predicted 
treatment response to stimulants using pretreatment brain 
structural alterations. However, when we conceived the 
present work, we found that these studies focused only on 
the caudate and nucleus accumbens as their ROIs to predict 
stimulant treatment outcomes.20 Given that youth with 
ADHD have shown volumetric alterations in subcortical and 
dopaminergic regions, and that stimulants affect structures 
in these regions, we broadened our ROIs to the 6 regions 
 described above. Structural MRI has several advantages, in-
cluding accessibility in psychiatric clinical practice and con-
venience.24 It may be clinically important to ascertain 
whether pretreatment brain structural alterations can predict 
treatment response.

We acquired pretreatment T1-weighted structural MRIs 
from youth with ADHD and healthy controls, and we com-
pared volumetric alterations in our ROIs between respond-
ers, nonresponders and healthy controls using relative vol-
umes (volume of each ROI/intracranial volume). Given that 
patients with ADHD who were treated with methyl-
phenidate had larger volumes in these ROIs than treatment- 
naive patients and that larger pretreatment volumes pre-
dicted treatment effects, we hypothesized that volumes in 
the ROIs would be larger in responders than in non-
responders. Given that volume alterations have been ob-
served in the subregions of the amygdala and hippocam-
pus,13,19 we also explored whether volumetric alterations in 
the amygdala and hippocampal subregions predicted treat-
ment response in youth with ADHD.

Methods

Participants

For this study, we recruited 94 youth with ADHD who visited 
Seoul National University Children’s Hospital outpatient clinic 
and 30 healthy controls. All ADHD participants were aged 6 to 
17 years; had an IQ above 70; and had no history of treatment 
with methylphenidate, or had received methylphenidate treat-
ment for less than 6 months and had not been treated for 
4 weeks before entering the study.25–27 Patients with ADHD 
were excluded if they had an intellectual disability; a congenital 
genetic disorder; an acquired brain injury; a developmental dis-
ability, such as autism spectrum disorder; juvenile psychoses, 
such as schizophrenia; Tourette syndrome or obsessive–
compulsive disorder; or a language or severe learning disabil-
ity. Healthy controls were recruited based on the criteria above, 
but those with previous or current ADHD were excluded.
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Among the patients with ADHD, 9 dropped out before 
the baseline MRI data had been acquired, 13 had problem-
atic brain MRIs and 5 were missing clinical information 
(unobtainable). Among the healthy controls, 2 dropped out 
and 3 had problematic brain MRIs. Thus, our final sample 
included 67 youth with ADHD (mean age ± standard devi-
ation 9.76 ± 2.51 years; 13 girls) and 25  healthy controls 
(mean age ± standard deviation 10.00 ± 2.50 years; 14 girls). 
This study was approved by the institutional review board 
of Seoul National University Hospital. Written informed 
consent was obtained from all participants and their 
 parents.

Diagnostic and clinical assessment

Patients with ADHD were diagnosed based on criteria from 
the Diagnostic and Statistical Manual of Mental Disorders, 
fourth edition, text revision,28 and the Korean version of the 
Kiddie Schedule for Affective Disorders and Schizophrenia, 
Present and Lifetime Version (K-SADS-PL-K).29 Partici-
pants’ clinical inattentiveness and hyperactivity-impulsivity 
were measured using the ADHD rating scale (ADHD-RS), 
which was completed by their parents.30 Patients’ inatten-
tiveness and impulsivity were assessed by omission and 
commission errors, respectively, on the standardized visual 
version of the computerized Continuous Performance Test 
(CPT).25,31 Healthy controls were also assessed using the 
K-SADS-PL-K criteria, the ADHD-RS and the CPT. Healthy 
controls were confirmed not to have ADHD based on 
K-SADS-PL-K criteria.

Methylphenidate treatment and clinical assessment of response

In patients with ADHD, we assessed baseline clinical per-
form ance using the Clinical Global Impression Scale– 
Severity before initiating methylphenidate treatment. After 
clinical assessment, patients began 8 weeks of methyl-
phenidate treatment. Doses were adjusted every 2 weeks 
until patients showed sufficient therapeutic effect, and then 
doses were maintained for the remaining treatment sessions 
(ClinicalTrials.gov; NCT01912352). After treatment ended, 
we assessed patients’ treatment response and clinical per-
formance using the Clinical Global Impression Scale– 
Improvement (CGI-I), which consists of a numeric scale 
from 1 (ADHD symptoms highly improved) to 7 (ADHD 
symptoms highly aggravated). The CGI-I scale has been 
used frequently as a sole criterion for analyzing treatment 
response in patients with ADHD.25,32–34 Patients with a CGI-I 
score of 2 or less were grouped as responders (44 patients; 
mean age 9.5 years; 9 girls) and the others were grouped as 
nonresponders (23 patients; mean age 10.4  years; 4 girls). 
The CGI-I scale was administered by the psychiatrist who 
treated the patients (J.-W.K.). Four patients with ADHD 
who did not complete an 8-week treatment session were 
classified as nonresponders for the intention-to-treat analy-
sis. Their methylphenidate dose and weight at the time of 
dropout were considered to be their final methylphenidate 
dose and weight.

MRI data acquisition and processing

We acquired high-resolution, T1-weighted brain MRIs using a 
3 T scanner (Trio Tim; Siemens) and a 12-channel birdcage 
head coil. We used a T1-weighted 3-dimensional gradient echo 
pulse sequence with magnetization-prepared rapid gradient 
echo sequencing to obtain the images (repetition time 1900 ms; 
echo time 3.13 ms; slice thickness 0.9 mm; flip angle 9°; matrix 
size 256 × 224 × 176). Two evaluators (J.-S.K., C.-S.H.) vis ually 
inspected the T1-weighted images (κ = 0.64, p < 0.001 for head 
motion; κ = 0.71, p < 0.001 for partial signal loss). Images with 
structural abnormalities such as large humps (1 patient), severe 
head movement (5 patients and 3 controls) and partial signal 
loss (7 patients) were excluded from the final analysis. 

All T1 images were processed using the recon-all pipeline 
(https://surfer.nmr.mgh.harvard.edu/fswiki/recon -all/) in 
Freesurfer 6.0 (https://surfer.nmr.mgh.harvard.edu/). 
Movement correction, intensity normalization, Talairach 
transformation and skull stripping were included in the 
 recon-all pipeline. Details of the preprocessing of T1-weighted 
images and analysis procedures have been described in pre-
vious research.35 We inspected the processed images and cor-
rected erroneous white matter segmentation near the parietal 
cortex areas using “control points” (https://surfer.nmr.mgh.
harvard.edu/fswiki/FsTutorial/ControlPoints_freeview/). 
During image processing through recon-all, cortical and sub-
cortical regions were automatically segmented, and the vol-
umes of these regions were calculated. Figure 1 shows exam-
ples of segmented ROIs.

As mentioned previously, we analyzed the volumes of the 
hippocampal and amygdalar subregions in addition to the 
ROIs. For further analysis of the hippocampal and amygdalar 
subregions, we performed segmentation of the hippocampal 
subfield and the nuclei of the amygdala and made volumetric 
measurements using automatic procedures implemented in 
Freesurfer 6.0.36,37 Based on the literature, we set the hippocam-
pal head, hippocampal tail, subiculum, CA1, CA4, presubicu-
lum and molecular layer of the hippocampus and the basal 
and lateral nuclei of the amygdala as additional ROIs. For each 
participant, we divided the volume of each ROI by the partici-
pant’s intracranial volume to calculate relative volumes.20,38,39 
We used relative volume to strictly control for intracranial vol-
ume, because the volumes of developing brains vary widely.40

Statistical analysis

We used SPSS 25.0 for Windows (SPSS Inc.) for all statistical 
analyses. For participant demographic and clinical characteris-
tics, we analyzed continuous variables such as age and ADHD-
RS using Student t tests, and categorical variables such as sex 
using χ2 tests. To examine whether volumes in responders dif-
fered from those in nonresponders, we conducted analyses of 
covariance, controlling for age, sex and IQ for each ROI. We set 
the relative volumes of the ROIs as dependent variables. We 
checked for outliers (3 × interquartile range, as defined in SPSS) 
before all statistical analyses, but we found none. Because we 
used multiple ROIs in this study, we used Benjamini–Hochberg 
false discovery rate (FDR) to correct for multiple tests.41
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Results

Demographic and clinical characteristics

Table 1 summarizes participants’ demographic and clinical 
characteristics. The group of youth with ADHD had more 
male participants and a lower average IQ than the control 
group. To control for the effects of these variables, we set sex 
and IQ as covariates in the analyses that follow. Given the 
wide range of ages among participants, we also included age 
as a covariate. Compared to healthy controls, youth with 

ADHD showed higher inattentiveness and hyperactivity-
impulsivity scores on the ADHD-RS. Youth with ADHD also 
had higher CPT omission scores than healthy controls.

As noted above, 44 of the 67 youth with ADHD were re-
sponders and 23 were nonresponders. We found no signifi-
cant demographic differences (including age, sex and IQ) be-
tween responders and nonresponders. We also found no 
differences between the 2 groups in terms of pretreatment 
ADHD-RS and CPT scores. Responders and nonresponders 
did not show significant differences in final methylphenidate 
treatment dose or dose per weight.

Table 1: Participant demographic and clinical characteristics

Characteristic

All participants   
n = 92

Methylphenidate response   
n = 67

ADHD
n = 67

Control
n = 25 p value

Responders
n = 44

Nonresponders
n = 23 p value

Age, yr 9.76 ± 2.51 10.00 ± 2.50 0.69 9.45 ± 2.37 10.35 ± 2.72 0.17

Female, n (%) 13 (19.4) 14 (56) 0.002 9 (20.5) 4 (17.4) 0.76

IQ 107.79 ± 13.22 116.92 ± 10.80 0.003 107.52 ± 12.33 108.30 ± 15.07 0.82

ADHD rating scale (pretreatment)

Inattentive 15.03 ± 5.61 3.04 ± 3.97  < 0.001 15.68 ± 5.94 13.78 ± 4.80 0.19

Hyperactive–impulsive 10.87 ± 5.42 1.36 ± 1.63  < 0.001 11.20 ± 5.69 10.22 ± 4.93 0.48

Continuous Performance Test (pretreatment)

Omission error 65.21 ± 20.79 50.80 ± 6.89 0.001 64.57 ± 20.25 66.43 ± 22.21 0.73

Commission error 63.85 ± 17.32 57.56 ± 14.64 0.11 64.00 ± 17.52 63.57 ± 17.32 0.92

Final methylphenidate dose, mg 32.45 ± 11.97 — — 32.61 ± 11.24 32.13 ± 13.54 0.88

Final methylphenidate dose, mg/kg 0.92 ± 0.25 — — 0.98 ± 0.25 0.81 ± 0.22 0.01

ADHD = attention-deficit/hyperactivity disorder.
Values are mean ± standard deviation unless otherwise specified.

Figure 1: Regions of interest.

Caudate nucleus Nucleus accumbens Thalamus

Hippocampus Anterior cingulate cortex Amygdala
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Volumetric differences in the subcortical regions:  
responders versus nonresponders

The volumes of the ROIs between groups are described in 
 Appendix 1, Table S1, available at www.jpn.ca/lookup/
doi/10.1503/jpn.210074/tab-related-content. Nonresponders 
had significantly larger volumes in the bilateral amygdala (right: 
F1,62 = 12.07, p = 0.001, ηp

2 = 0.163; left: F1,62 = 10.27, p = 0.002, ηp
2 = 

0.142) and right thalamus (F1,62 = 8.02, p = 0.006, ηp
2 = 0.115) than 

responders (Figure 2). These differences remained significant 
 after we applied Benjamini–Hochberg FDR correction.

Nonresponders also had marginally larger volumes in the 
left thalamus (F1,62 = 5.31, p = 0.025, ηp

2 = 0.079) and right hip-
pocampus (F1,62 = 5.45, p = 0.023, ηp

2 = 0.081) than responders, 
but these differences were nonsignificant after we applied 
Benjamini–Hochberg FDR correction. 

We found no significant differences in the other ROIs, 
 including the caudate, the anterior cingulate cortex and the 
 nucleus accumbens.

Volumetric differences in the amygdalar and hippocampal 
subregions: responders versus nonresponders

Given the heterogeneous roles of the amygdalar and hippo-
campal subregions, we examined group volumetric differ-
ences in the preselected subregions of each. In the amygdalar 
subregions, nonresponders had significantly larger volumes 
in the bilateral lateral nucleus (right: F1,62 = 11.52, p = 0.001, 
ηp

2 = 0.157; left: F1,62 = 8.35, p = 0.005, ηp
2 = 0.119) and the right 

basal nucleus (F1,62 = 13.74, p < 0.001, ηp
2 = 0.181) than 

 responders (Figure 3 and Appendix 1, Table S2). These differ-
ences remained significant after we applied Benjamini– 
Hochberg FDR correction. We found no significant differences 
for the left basal nucleus.

In the hippocampal subregions, nonresponders had signifi-
cantly larger volumes in the right molecular layer (F1,62 = 12.95, 
p = 0.001, ηp

2 = 0.173), right hippocampal head (F1,62 = 9.93, p = 
0.003, ηp

2 = 0.138) and right CA1 (F1,62 = 7.73, p = 0.007, ηp
2 = 

0.111) than responders (Figure 4 and Appendix 1, Table S3). 
These differences remained significant after we applied 
 Benjamini–Hochberg FDR correction. We observed no signifi-
cant differences in the other subregions, including the CA4, 
hippocampal tail, presubiculum and subiculum.

Additional analyses

Comparison with healthy controls
To examine volumetric differences between responders, 
nonresponders and healthy controls, we also conducted 
3-group comparisons. We found significant volumetric dif-
ferences in the bilateral amygdala (right: F2,86 = 5.73, p = 
0.005, ηp

2 = 0.118; left: F2,86 = 5.70, p = 0.005, ηp
2 = 0.117) and 

the right thalamus (F2,86 = 5.24, p = 0.007, ηp
2 = 0.109) 

among responders, nonresponders and healthy controls. 
Post hoc tests showed that nonresponders had signifi-
cantly larger volumes in the bilateral amygdala (right: p = 
0.003, left: p = 0.003) and right thalamus (p = 0.011) than 
 responders (Appendix 1, Figure S1). However, we found 

no significant volumetric differences in the amygdala be-
tween responders and controls or between nonresponders 
and controls.

In the amygdalar subregions, we found significant volu-
metric differences in the bilateral lateral nucleus (right: F2,86 = 
6.08, p = 0.003, ηp

2 = 0.124; left: F2,86 = 5.15, p = 0.008, ηp
2 = 0.107) 

and right basal nucleus (F2,86 = 7.38, p = 0.001, ηp
2 = 0.146) 

among responders, nonresponders and controls. Post hoc 
tests showed that nonresponders had significantly larger vol-
umes in the bilateral lateral nuclei (right: p = 0.003; left: p = 
0.009) and right basal nucleus (p = 0.001) than responders 
(Appendix 1, Figure S2). Nonresponders also had signifi-
cantly larger volumes in the left lateral nucleus (p = 0.049) 
and right basal nucleus (p = 0.010) than controls (Appendix 1, 
Figure S2). We found no significant differences between 
 responders and controls.

In the hippocampal subregions, we found significant volu-
metric differences in the right molecular layer (F2,86 = 6.70, p = 
0.002, ηp

2 = 0.135) and right hippocampal head (F2,86 = 5.23, p = 
0.007, ηp

2 = 0.109) among responders, nonresponders and 
controls. Post hoc tests showed that nonresponders had sig-
nificantly larger volumes in the right molecular layer of the 
hippocampus (p = 0.002) and right hippocampal head (p = 
0.009) than responders (Appendix 1, Figure S3). Non-
responders also had significantly larger volumes in the right 
molecular layer of the hippocampus (p = 0.019) and right hip-
pocampal head (p = 0.039) than controls (Appendix 1, 
Figure S3). We found no significant differences between 
 responders and controls.

Group differences in subcortical volume using absolute 
volumes
In the main analyses, we used relative volumes to strictly 
control for intracranial volume, but we conducted the same 
analyses using absolute volumes. Similar to the results for 
relative volumes, nonresponders had larger volumes in the 
subcortical ROIs (bilateral amygdala), amygdalar subregions 
(bilateral lateral nuclei and right basal nucleus) and hippo-
campal subregions (right molecular layer, right hippocampal 
head and right CA1) compared to responders. More detailed 
results are reported in Appendix 1.

Group differences in subcortical volume using 
 methylphenidate response criteria based on the CGI-I 
and ADHD-RS
In the main analyses, we classified responders and non-
responders based on 1 item of the CGI-I. Although CGI-I 
scores have been reported to be reliable in detecting treatment 
response,42 some studies have defined treatment response 
based on a combination of CGI-I and ADHD-RS scores.43,44 
Therefore, we also classified methylphenidate treatment re-
sponse based on criteria defined by combining CGI-I and 
ADHD-RS scores. Responders were defined as participants 
who met both of the following standards: post-treatment 
ADHD-RS scores of 18 or under and post-treatment CGI-I 
scores of 2 or under.43,44 The correspondence between classifi-
cation using the combined criteria and original classification 
using only CGI-I scores was excellent (κ = 0.843, p < 0.001). 
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Figure 3: Scatter plots of volumes in the bilateral lateral nuclei and right basal nucleus of the amygdala for responders and nonresponders. 
Average values for each group are displayed. ICV = intracranial volume.
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We also examined whether volumetric differences re-
mained unchanged when responders and nonresponders 
were defined based on the combined criteria, and we found 
similar results. Nonresponders had enlarged volumes in the 
subcortical ROIs (right thalamus and bilateral amygdala), the 
amygdalar subregions (right lateral nucleus and right basal 
nucleus) and a hippocampal subregion (right molecular 
layer) compared to responders. Specific results are reported 
in Appendix 1.

Group differences in subcortical volume controlling for 
methylphenidate treatment history before enrolment
Eight participants had received methylphenidate medication 
before they were enrolled in the study. Given that previous 
methylphenidate treatment history may be associated with 
brain volumetric alterations at baseline, we conducted the 
same analyses controlling for whether or not participants had 
received methylphenidate treatment before enrolment. Our 
main results remained unchanged. For example, non-
responders had enlarged volumes in the subcortical ROIs (bi-
lateral amygdala and right thalamus), the amygdalar sub-
regions (bilateral lateral nuclei and right basal nucleus) and 
the hippocampal subregions (right molecular layer and right 
hippocampal head) compared to responders. More detailed 
results are reported in Appendix 1.

Group differences in subcortical volume controlling for 
final methylphenidate dose by weight
We found a significant difference between responders and 
nonresponders in final methylphenidate dose by weight. To 
rule out the possible effect of methylphenidate dose by 
weight on volumetric alterations, we conducted the same 
analyses controlling for this factor. Similar to the main re-
sults, nonresponders had enlarged volumes in the subcortical 
ROIs (bilateral amygdala and right thalamus), the amygdalar 
subregions (bilateral lateral nuclei and right basal nucleus) 
and the hippocampal subregions (right molecular layer and 
right hippocampal head) compared to responders. More 
 detailed results are reported in Appendix 1.

Correlation between volumetric alterations and clinical 
measures
Given the significant correlations between the volumes of the 
caudate and nucleus accumbens and the degree of improve-
ment on the CPT and the Conner’s Parent Rating Scale,20 we 
investigated the relationships between ROI volumes and im-
provement on the CPT and ADHD-RS in youth with ADHD. 
In this additional analysis, we focused on ROIs that predicted 
significant methylphenidate treatment outcomes, such as the 
thalamus, amygdala, molecular layer of the hippocampus, 
hippocampal head, lateral nucleus and basal nucleus of the 
amygdala. We calculated differences between pretreatment 
and post-treatment scores on the CPT and ADHD-RS to 
 assess improvement. We performed regression analyses 
to examine whether pretreatment volumes predicted 
 improvements in ADHD symptoms and behaviours, control-
ling for age, sex and IQ. However, pretreatment volumes did 
not predict improvement on the CPT or ADHD-RS.

Discussion

We investigated pretreatment brain structural alterations and 
their potential to predict methylphenidate treatment response 
in youth with ADHD. We compared pretreatment volumes in 
subcortical regions and dopaminergic regions between re-
sponders and nonresponders. Nonresponders consistently 
showed larger volumes in subcortical areas (bilateral amyg-
dala and right thalamus), amygdalar subregions (right and left 
lateral nuclei and right basal nucleus) and hippocampal subre-
gions (right molecular layer, right head and right CA1) com-
pared to responders. Nonresponders also showed larger vol-
umes in the amygdalar subregions (left lateral nucleus and 
right basal nucleus) and hippocampal subregions (right 
molecu lar layer and right hippocampal head) than controls. 
However, responders did not show significant volumetric dif-
ferences in these regions compared to controls. We found no 
significant group differences in other ROIs, including the an-
terior cingulate cortex, caudate nucleus, nucleus accumbens 
and total hippocampus. Pretreatment volumes in the regions 
that predicted methylphenidate treatment response did not 
predict improvement in CPT or ADHD-RS scores.

As hypothesized, our study revealed structural differences 
in subcortical regions (thalamus, hippocampal subregions 
and amygdala subregions) between responders and non-
responders. These results suggest that pretreatment struc-
tural alterations in ADHD may play an important role in pre-
dicting methylphenidate treatment outcomes. In general, 
structural alterations in nonresponders may be associated 
with functional alterations. These 3 regions are known to be 
closely connected as part of the subcortical regions. For 
exam ple, impairments in hippocampal and amygdalar func-
tion may attenuate their modulation of the thalamus,45 lead-
ing to a deficit in thalamocortical information processing that 
may result in impulsivity symptoms in with ADHD.46

However, our findings related to the direction of group dif-
ferences were inconsistent with our hypotheses. Unlike our 
hypotheses, nonresponders showed larger volumes than re-
sponders in the thalamus, amygdala and its subregions, and 
hippocampal subregions. One possible reason for these find-
ings may have been a compensatory plastic hypertrophic 
 response to functional deficits in these regions. Neuronal 
 hypertrophy could be associated with the normalizing mech-
anisms of the defective brain regions that contribute to 
ADHD symptoms.13 Functional deficits may be trivial in re-
sponders, preserving brain regional volumes, similar to con-
trols. However, functional impairment may be substantial in 
nonresponders to enforce compensatory hypertrophic re-
sponse. For example, compensatory hyperactivity and collat-
eral sprouting of axons in partially damaged hippocampi 
have been reported previously.47 This mechanism may ex-
plain why nonresponders in the present study showed en-
larged volumes in the anterior hippocampus that could com-
pensate for its functional deficit, known to be associated with 
impulsivity and waiting problems in patients with 
ADHD.13,48,49 Compensatory volumetric enlargement has also 
been reported in the thalamus in other neurodevelopmental 
disorders related to hyperactivity symptoms.50 Therefore, 
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compensatory hypertrophy in the brains of nonresponders 
may be associated with functional deficits that are refrac-
tory to methylphenidate treatment. Further research is 
needed to assess brain activity and volume after treatment 
to confirm compensatory hypertrophy in these regions in 
nonresponders.

Another possible reason for our findings may be related to 
abnormal hyperactivity of the brain regions in non-
responders. Nonresponders may have more hyperactive 
brain regions related to ADHD pathogenesis than responders 
and controls, and this may be expressed as neuronal hyper-
trophy and enlarged volume in the subcortical regions. For 
example, amygdala hyperactivity in ADHD patients,51 nor-
malized by methylphenidate treatment,10,52 was reported to 
be accompanied by volume enlargement in the amygdala.53 
However, we did not measure brain activity in this study. 
Further research is required to examine how neural activity 
and volumes (or their combination) predict methylphenidate 
treatment response in youth with ADHD.

Although we found significant volumetric differences be-
tween responders and nonresponders, the 2 groups did not 
show significant differences in pretreatment clinical measure-
ments of ADHD, such as CPT and ADHD-RS scores. These 
findings could be in line with previous studies that reported 
significant brain function and structure differences but no 
significant differences in clinically observable perform-
ance.54–56 Moreover, lack of difference in rating and test scores 
between responders and nonresponders may be explained 
using our compensation model: compensation could have 
prevented functional deficits from being expressed at a clin-
ical level. The finding that some neurobiological deficits are 
not expressed as deficits in clinical performance also add im-
portance to studies that predict treatment response using 
neurobiological factors such as volumetric alteration. Overall, 
our findings may emphasize the importance of predicting 
methylphenidate treatment response using neurobiological 
factors, especially in situations where it is difficult to detect 
pretreatment clinical and behavioural manifestations in 
youth with ADHD.

Limitations

The present study had some limitations that should be 
noted. We did not collect structural T1 images after methyl-
phenidate treatment, limiting our ability to examine volume 
changes after treatment. Future research is needed to verify 
whether responders and nonresponders show volumetric 
alter ations in the thalamus, amygdala and hippocampal sub-
regions after methylphenidate treatment. Because we inter-
preted enlarged ROIs as markers associated with functional 
deficits, any volume changes in the brain after methylpheni-
date treatment could add another possible explanation of 
functional improvements. 

We did not measure functional changes (e.g., neural activa-
tion) in the ROIs or directly measure the connectivity be-
tween the ROIs. As mentioned above, structural alteration in 
nonresponders may be related to functional deficits. Thus, it 
is important to measure neural activation and functional con-

nectivity between regions. Given that our ROIs (e.g., thala-
mus, amygdala and hippocampus) and the subregions of the 
amygdala and hippocampus were interconnected,45,57 it may 
be particularly important to examine alteration in their func-
tion and connectivity and how structural alteration is associ-
ated with functional deficits. Functional connectivity during 
the resting state and when performing tasks has been re-
ported to effectively explain the pathogenesis of ADHD.25,58,59 
To confirm our explanation of volumetric alterations by func-
tions and connectivity of the ROIs, further research using 
functional MRI is needed to demonstrate differences in the 
function and connectivity of the ROIs between groups. 

Our study included patients with a methylphenidate treat-
ment history of less than 6 months. These patients had not 
been treated with methylphenidate for at least 4 weeks before 
participating in the present study, so we assumed that any 
persisting pharmacological effects could be ruled out. Our ad-
ditional analyses showed that methylphenidate treatment his-
tory did not affect our main findings. However, some effects 
of methylphenidate treatment history on structural alterations 
(e.g., other regions outside our ROIs) may have remained. To 
rule out any remaining possibilities of structural alterations 
induced by previous methylphenidate treatment, future re-
search is needed that includes only medication-naive patients 
with ADHD, exploring whether structural alterations at pre-
treatment can predict methylphenidate treatment response.

Conclusion

This study found that methylphenidate treatment outcomes in 
youth with ADHD were predicted by altered pretreatment vol-
umes in the thalamus, the amygdala and its subregions, and the 
hippocampal subregions. These findings suggest that structural 
alterations, such as volumes in subcortical regions, may be an 
important factor for predicting treatment response in ADHD. 
Given the advantages of MRI measurement as noted above, 
measuring brain structure before treatment is practical for clin-
ical use, especially when predicting methyl phenidate treatment 
outcomes in youth with ADHD. For further practical applica-
tions, calculating the accuracy of volumetric-based predictions 
using machine-learning techniques would be useful for future 
ADHD treatment research.60 Our findings also suggest that 
more attention should be paid to patients who do not respond 
to methylphenidate treatment in clinical practice. For example, 
in youth with ADHD who show a higher degree of pretreat-
ment structural alterations in the subcortical regions, alternative 
pharmacological treatment may be considered when establish-
ing a treatment plan.
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