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Abstract

Prior studies suggest that methylphenidate, the primary pharmacological treatment
for attention-deficit/hyperactivity disorder (ADHD), alters functional brain connectiv-
ity. As the neurotransmitter systems targeted by methylphenidate undergo signifi-
cant alterations throughout development, the effects of methylphenidate on
functional connectivity may also be modulated by age. Therefore, we assessed the
effects of a single methylphenidate challenge on brain network connectivity in
stimulant-treatment naive children and adults with ADHD. We obtained resting-state
functional MRI from 50 boys (10-12 years of age) and 49 men (23-40 years of age)
with ADHD (DSM 1V, all subtypes), before and after an oral challenge with 0.5 mg/kg
methylphenidate; and from 11 boys and 12 men as typically developing controls.
Connectivity strength (CS), eigenvector centrality (EC), and betweenness centrality
(BC) were calculated for the striatum, thalamus, dorsal anterior cingulate cortex
(dACC), and prefrontal cortex (PFC). In line with our hypotheses, we found that meth-
ylphenidate decreased measures of connectivity and centrality in the striatum and
thalamus in children with ADHD, but increased the same metrics in adults with
ADHD. Surprisingly, we found no major effects of methylphenidate in the dACC and
PFC in either children or adults. Interestingly, pre-methylphenidate, participants with
ADHD showed aberrant connectivity and centrality compared to controls predomi-
nantly in frontal regions. Our findings demonstrate that methylphenidate's effects on
connectivity of subcortical regions are age-dependent in stimulant-treatment naive
participants with ADHD, likely due to ongoing maturation of dopamine and nor-
adrenaline systems. These findings highlight the importance for future studies to take
a developmental perspective when studying the effects of methylphenidate
treatment.
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1 | INTRODUCTION

In recent years, attention-deficit/hyperactivity disorder (ADHD)
has been increasingly considered a disorder of brain-wide
network dysconnectivity rather than of region-specific deficits
(Castellanos & Proal, 2012; Samea et al., 2019). Methylphenidate,
the primary pharmacological treatment for ADHD, has been
proposed to alter functional connectivity in various brain-wide
functional circuits affected by ADHD (Pereira-Sanchez et al., 2020).
For instance, normalized connectivity in fronto-parietal-cerebellar
circuits has been observed in children with ADHD following acute
methylphenidate. This was first observed by An et al., demonstrat-
ing that a single dose of methylphenidate compared to placebo,
upregulated abnormally decreased local connectivity in bilateral
ventral prefrontal cortices and the cerebellar vermis, and downre-
gulated abnormally increased local connectivity in the right parietal
and visual areas in children with ADHD (An et al., 2013). Similarly,
Silk et al. found that a single dose of methylphenidate compared to
placebo normalized increased functional connectivity in occipital,
temporal, and cerebellar regions and visual, executive, and default
mode networks in adolescents with ADHD (Silk et al., 2017). More
recently, alterations in fronto-parietal-cerebellar circuits have also
been observed following prolonged methylphenidate treatment in
medication-naive children with ADHD (Yoo et al., 2018). Finally,
preliminary evidence suggests that such a normalization might also
occur in adults with ADHD (Cary et al., 2017; Picon et al., 2020).
However, due to methodological heterogeneity in previous studies,
including prior use of stimulant medications, results remain incon-
clusive (Pereira-Sanchez et al., 2020).

Methylphenidate acts by inhibiting dopamine and noradrenaline
reuptake in the brain (Cortese et al., 2017). As the dopamine system
undergoes significant alterations throughout development (Chen
et al., 2010), methylphenidate-induced effects on functional connec-
tivity may be modulated by age. For example, a recent longitudinal
study demonstrated an age-dependent effect of prolonged stimulant
treatment-response on cingulo-opercular network connectivity
(Norman et al, 2021b). Moreover, exposure to stimulants during
sensitive stages of maturation might cause developmental alterations,
a process called neuronal imprinting (Andersen, 2005). Indeed, animal
studies suggest that the age at initiation of methylphenidate-
treatment affects its influence on development in a highly specific
manner (Canese et al., 2009). In the same sample as described here,
we also observed that the effects of methylphenidate may be
modulated by age; we found that acute methylphenidate decreased
thalamic cerebral blood flow only in children, but not in adults
(Schrantee et al., 2017). Moreover, we observed that prolonged
methylphenidate-treatment followed by an acute challenge with
methylphenidate significantly influenced cerebral blood flow in the
striatum and thalamus in children, but not adults, nor in the placebo
conditions (Schrantee et al., 2016).

Here, we aimed to assess the effects of a single-dose challenge of
methylphenidate on resting-state functional MRI (rs-fMRI) network
connectivity in stimulant-treatment naive children and adults with
ADHD using graph theoretical measures, to investigate potential age-

dependent neural mechanisms involved in stimulant-induced changes
in ADHD. Based on previous findings, we expected significant
methylphenidate-induced alterations in connectivity of the striatum,
thalamus, dorsal anterior cingulate cortex (dACC), and prefrontal cor-
tex (PFC). We expected that these effects would differ between chil-
dren and adults because of functional maturation of the dopamine
and noradrenaline system (Chen et al., 2010). In addition, based on
studies reporting altered connectivity in individuals with ADHD com-
pared to typically developing control participants, we hypothesized
that an acute dose of methylphenidate would strengthen connectivity
for these four brain regions in adults, whereas in children, we
expected increased connectivity in frontal regions (PFC and dACC)
and decreased connectivity in the thalamus and striatum.

2 | MATERIALS AND METHODS

We included 50 stimulant treatment-naive boys (10-12 years
of age) and 49 stimulant-treatment naive men (23-40 years of
age) that were part of the “effects of Psychotropic drugs On the
Developing brain - methylphenidate” (ePOD-MPH) trial (NTR3103
and NL34509.000.10; (Bottelier et al., 2014; Schrantee et al.,
2016)). They were recruited through clinical programs at the
Child and Adolescent Psychiatry Center Triversum (Alkmaar, The
Netherlands), the Department of Child and Adolescent Psychiatry
at the Bascule/AMC (Amsterdam, The Netherlands), and the PsyQ
Mental Health Facility (The Hague, The Netherlands). All partici-
pants were diagnosed with ADHD (DSM-1V, all subtypes) by an
experienced psychiatrist, using a structured interview, (Diagnostic
Interview Schedule for Children (NIMH-DISC-IV): authorized
Dutch translation (Ferdinand & van der Ende, 1998)) and the
Diagnostic Interview for ADHD (DIVA 2.0) for adults (Kooij
et al., 2008). In addition, as a typically developing comparison
group, we included 11 boys (aged 10-12 years) and 12 men (aged
23-40 years) as non-ADHD control participants, who received
pre-methylphenidate scans only (Table 1).

Exclusion criteria were: comorbid axis | psychiatric disorders requir-
ing treatment with medication at study entry, a history of major neuro-
logical or medical illness or clinical treatment with drugs influencing the
dopamine system (for adults before 23 years of age), such as stimulants,
neuroleptics, antipsychotics, and/or D2/3 agonists (see Supplementary
Material for more detail). The study was approved by the medical ethical
committee and consequently monitored by the Clinical Research Unit of
the Amsterdam University Medical Center, University of Amsterdam,
Amsterdam, the Netherlands. All participants and parents or legal repre-
sentatives of the children provided written informed consent.

The primary outcome measure of the ePOD-MPH trial was to
report on the modification by age of methylphenidate treatment on
the outgrowth of the dopamine system by using pharmacologic MRI
(Schrantee et al., 2016). Here, we report on acute effects of methyl-
phenidate on the baseline rs-fMRI measurement of the trial, during
which ADHD participants underwent two MRI scans, one before and
one 90 min after an oral challenge of short-acting methylphenidate
(Sandoz B.V., Weesp, the Netherlands; 0.5 mg/kg with a maximum of
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TABLE 1 Characteristics of participants included in the rs-fMRI analysis. Significant effects are indicated in bold (p < 0.05)
Children Adults
ADHD Controls ADHD Controls
n=33 n=10 Statistics n =48 n=11 Statistics
mean + SD mean + SD mean+SD  meanSD
Age (y) 11.4+0.9 11.5+£0.8 t(17) = -0.4,p = 0.67 285+4.6 251+19 t(39)=3.9,p <0.01
Estimated 1Q* 106.1 +18.9 101.8+7.9 t(36) = 1.0,p =0.31 107.8 +7.5 108.0 +5.8 t(19) = -0.1,p = 0.92
ADHD subtype, no.
Inattentive 16 = 16 =
Hyperactive/impulsive 1 = 0 -
Combined 16 = 33 =
ADHD symptoms
DBD-RS Inattention® 21.7 £3.5 3.8+3.0 t(17) = 15.9,p < 0.01 - -
DBD-RS Hyperactivity” 159 +5.5 40+26 t(33) = 9.4,p <0.01 - -
ADHD-SR® - - 32.7+9.7 11.5+5.6 t(26) = 9.5, p < 0.01
Depressive symptoms®
CDI 79+42 3+3.2 t(16) = 3.8, p < 0.01 - -
BDI - - - 72+58 27 +20 t(53) = 5.0, p < 0.01
Anxiety symptoms?
SCARED 264 £16.3 11.1+6.6 t(29) = 4.2, p < 0.01 - -
BAI - - - 9.0+7.4 22+17 t(55) = 5.1, p < 0.01
Framewise Displacement
pre-MPH 0.04+£0.02 0.03+0.008 F(1,57) =7.53,p<0.01 0.01+0.01 0.02 +0.004 F(1,58) = 1.47,p = 0.23
post-MPH 0.03+0.01 - F(1,52) = 0.05,p=0.83  0.01+0.005 - F(1,58) = 0.70, p = 0.41
MPH challenge, mg 18.7 +2.2 38.3+2.6

for children: Wechsler Intelligence Scale for Children (WISC) (Kort et al., 2002); for adults: National Adults Reading Test (NART) (Schmand et al., 1992).

®DBD-RS = disruptive behavior disorder rating scale (Pelham Jr. et al., 1992).
“ADHD-SR, Attention Deficit Hyperactivity Disorder-Self Report (Kooij, 2012).

9Depressive symptoms and anxiety symptoms: children: Child Depression Inventory (CDI) (Kovacs, 1985); Screen for Child Anxiety Related Disorders
(SCARED) (Muris et al., 1998); adults: Beck's Depression Inventory (BDI) (Beck et al., 1961); Beck's Anxiety Inventory (BAI) (Beck et al., 1988).

20 mg in children and 40 mg in adults). The dose was chosen so that
80% of dopamine transporters were occupied (Swanson &
Volkow, 2003), and we chose 90 min of waiting period for optimal
occupation of these transporters. Typically developing control sub-

jects did not receive a challenge of methylphenidate.

2.1 | Resting-state fMRI

Data were acquired on 3 T Philips scanners (Philips Healthcare, Best, The
Netherlands) using an 8-channel receive-only head coil. A 3D T1-weighted
anatomical scan was acquired for registration purposes, and resting-state
fMRI (rs-fMRI) data were acquired using a single-shot echo-planar imaging
sequence (TR/TE = 2300/30 ms, resolution = 2.3 x 2.3 x 3 mm,
39 sequential slices, FA = 80°, dynamics = 130).

Preprocessing was performed using FMRIPREP v1.2.3 (Esteban
et al., 2020; RRID: SCR_016216), including ICA-AROMA.. Subsequently,
white matter (WM) and cerebral spinal fluid (CSF) signals (obtained
before ICA-AROMA) were regressed out and high-pass-filtering (100 s)
was applied using FSL. The Brainnetome atlas was used to define
246 parcels ((Fan et al., 2016); Figure 1a,b) and fMRI signal time-series

per participant were extracted and z-scored (Figure 1c). Framewise dis-
placement (FD) values were calculated from low-pass filtered motion
parameter time-series according to Gratton et al. (2020) to remove res-
piration artifacts (Supplementary Methods) and fMRI signal timepoints
where FD >0.2 mm were scrubbed. Participants were excluded from
further analyses if mean FD >0.2 mm or if the number of volumes after
scrubbing <104.Cleaned fMRI time-series were then used to calculate
connectivity matrices using Pearson correlations, resulting in a
246 x 246 connectivity matrix per participant, which was absolutized
for further analyses (Figure 1c,d). Temporal signal-to-noise ratio (tSNR)
maps were calculated per participant to remove low-tSNR nodes
(Supplementary Methods).Graph theory measures were calculated for
the whole brain from connectivity matrices using the Brain Connectivity
Toolbox ((Rubinov & Sporns, 2010); [RRID:SCR_004841]; Figure 1e).
Quality control measures as defined by Ciric et al. (2017), as well as the
number of negative correlations and average correlation coefficients,
were calculated (Supplementary Figure 1; Supplementary Table 1). Con-
nectivity strength (CS), betweenness centrality (BC), and eigenvector
centrality (EC) were calculated and consequently averaged for four
regions of interest (ROIs): striatum, thalamus, dorsal anterior cingulate
cortex (dACC), and prefrontal cortex (PFC) (Brainnetome region
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(a) fMRI timeseries (b) BNA-parcellation (c) Time course extraction
(e) Graph theory analysis (d)
pre- and post-MPH Correlation matrix

ROIs:
Striatum dACC
Thalamus PFC

Metrics:

Connectivity Strength
Eigenvector Centrality
Betweenness Centrality

90 min.

FIGURE 1

Analysis overview. (a and b) to construct functional brain networks per participant, the Brainnetome atlas (BNA) was used to

define 246 parcels (Fan et al., 2016). (c and d) the cleaned time series were then used to calculate connectivity matrices using Pearson
correlations, resulting in a 246 x 246 connectivity matrix per participant, which was absolutized for further analyses. () Graph theory measures
were calculated from the connectivity matrices using the brain connectivity toolbox (Rubinov & Sporns, 2010). Connectivity strength (CS),
betweenness centrality (BC), and eigenvector centrality (EC) were calculated for four regions of interest (ROls): Striatum, thalamus, dorsal anterior

cingulate cortex (dACC), and prefrontal cortex (PFC)

numbers per ROl in Supplementary Table 2). The striatum was selected
because it is rich in dopamine transporters and is the primary target of
methylphenidate. The thalamus and dACC were selected because ani-
mal literature has demonstrated the largest age-dependent effects of
methylphenidate in these two important projections from the striatum
(Andersen, 2005). Finally, the PFC was selected due to its hypothesized
importance and its interconnection with other areas that are affected
by ADHD (Mehta et al., 2019). We decided not to take lateralization
into account, mainly for statistical reasons. An additional division into
left and right would have significantly decreased the statistical power of
our study. Additionally, we did not have any a-priori hypotheses about
lateralization of methylphenidate induced resting-state connectivity
changes in either the striatum, thalamus, dACC or the PFC, as pre-
registered with the ePOD-MPH randomized controlled trial. Correla-
tions of all connectivity measures and FD can be found in Supplemen-
tary Table 3. Further details on the analysis methods can be found in
the Supplementary Material.

2.2 | Statistical analysis

Statistical analyses were conducted using R v.3.5.3 (R Development
Core Team, 2011). All data were checked for normality and, in case of

non-normality, log-transformed. Linear mixed-effects models were
used to analyze changes in fMRI connectivity per age group sepa-
rately to investigate the main effect of methylphenidate (pre- and
post-challenge of acute methylphenidate) using the Ime4 package
(Bates et al., 2015). Linear models were used to analyze the differ-
ences between the ADHD participants and controls at pre-methyl-
phenidate. The average whole-brain CS per participant was added to
the model as a covariate. FD and a variable representing the scanner
that was used were tested as possible covariates, but not significant
and thus not included in the models. Multiple comparison correction
within  modalities was performed using Sidak's correction:
of = 1-(1-0)™™, with « = 0.05 and m = 4 (number of ROIs), which
resulted in an o* = 0.0127.

3 | RESULTS

3.1 | Participants

Of the 99 ADHD patients scanned, data from 81 participants with
ADHD and 21 typically developing controls were analyzed
(Table 1). One adult ADHD participant was excluded because of
undisclosed prior stimulant treatment (more details about the trial
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(Continued)

TABLE 2

ADHD (pre-methylphenidate) vs. controls ADHD (post-methylphenidate) vs. controls

ADHD pre- vs. post-methlylphenidate

Estimated mean

difference

Estimated mean

difference

Estimated mean

difference

Region of
Interest

Statistics

[95% Cls]

Statistics

[95% Cls]

Statistics

[95% Cls]

Adults

0.78
0.25

F(1,54) < 0.1,p

0.4 [-6.0 6.9]

0.30

8.8,p < 0.01

F(1,52) =1.1,p
F(1,52)

—-9.0[-2.6152]
-0.6 [-0.8 —0.4]

=6.3,p=0.02
0.02

F(1,44)
F(1,45)

—9.4[-9.5-9.3]

-0.3[-0.3 -0.3]

Strength

F(1,54)=1.3,p

-0.3[-0.5 -0.1]

58,p=

EC (x10?)

Note: Linear mixed-effects models were used to analyze changes in fMRI connectivity per age group separately to investigate the main effect of methylphenidate (pre- and post-challenge of acute

methylphenidate). Linear models were used to analyze the differences between the ADHD participants and controls at pre- and post-methylphenidate. The average whole-brain CS per participant was added to

the model as a covariate. Multiple comparison correction within modalities was performed using Sidak's correction, which resulted in an o* = 0.0127. Significant effects are indicated in bold.

Betweenness Centrality.

Eigenvector Centrality (shown in x 102 for legibility); BC

Connectivity Strength; EC

Strength

are published elsewhere (Schrantee et al., 2016)). Seventeen chil-
dren with ADHD were excluded due to excessive motion (whose
characteristics did not differ from the included children

(Supplementary Results)).

3.2 | Rs-fMRI connectivity
All results of the statistical tests, as well as the estimated means and

95% confidence intervals, can be found in Table 2.

3.2.1 | Striatum

Pre- to post-methylphenidate, in children with ADHD, CS, and
EC significantly decreased, but changes in BC did not survive
multiple comparison corrections. Pre- to post-methylphenidate,
in adults with ADHD, the opposite effect was found; both
CS and EC significantly increased, but BC did not change
significantly.

Pre-methylphenidate, neither children nor adults with ADHD
differed significantly from the respective controls in any of the con-
nectivity metrics. Post-methylphenidate, in children with ADHD, none
of the connectivity metrics differed significantly from the respective
young controls. Post-methylphenidate, in adults with ADHD, CS and
EC differed significantly from the adult controls, but BC did not differ
significantly. (Figure 2a; Table 2).

3.2.2 | Thalamus

Pre- to post-methylphenidate, in children with ADHD, CS, EC, and
BC decreased significantly. Pre- to post- methylphenidate, in adults
with ADHD, the opposite effect was found; CS, EC, and BC
increase significantly. Pre-methylphenidate, children with ADHD did
not differ significantly from the young controls in any of the con-
nectivity metrics.

Pre-methylphenidate, adult ADHD participants showed lower BC
than adult controls, but CS and EC did not differ significantly. Post-
methylphenidate, in children with ADHD, CS was significantly differ-
ent from the respective controls, but EC and BC were not significantly
different. Post-methylphenidate, in adults with ADHD, CS and EC
were significantly different from the respective controls (Figure 2b;
Table 2).

323 | dACC

Pre- to post-methylphenidate, in children with ADHD, CS, BC and EC
changes did not survive multiple comparison corrections. Pre- to post-
methylphenidate, in adults with ADHD, none of the connectivity met-

rics changed significantly.
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FIGURE 2

Functional connectivity within the ROIs. Connectivity strength, eigenvector centrality, and betweenness centrality are shown for

the (a) striatum (b) thalamus (c) dorsal anterior cingulate cortex (dJACC) and (d) prefrontal cortex (PFC). Estimated marginal means and 95%
confidence intervals at pre-MPH (pre) and post-MPH (post) for children and adults are shown in green. Estimated means and 95% confidence
intervals for TD controls are shown in black. Significant effects are indicated with an asterisk (*; p < 0.0127)

Pre-methylphenidate, children with ADHD did not differ signifi-
cantly from the respective controls in any of the connectivity metrics.
Pre-methylphenidate, adult ADHD participants showed higher CS and
EC values than the adult controls, but BC did not differ significantly.
Post-methylphenidate, in children with ADHD, none of the connectivity
metrics differed from the controls. Post-methylphenidate, in adults with
ADHD, CS, EC and BC differed significantly from (Figure 2c; Table 2).

324 | PFC

Pre- to post-methylphenidate, in children with ADHD, none of the

graph-theory metrics changed significantly. Pre- to post-

methylphenidate, in adults with ADHD, CS and EC did not survive
multiple comparison corrections, BC was found to increase
significantly.

Pre-methylphenidate, children with ADHD showed significantly
higher CS values than controls. None of the other connectivity mea-
sures differed significantly. Adults with ADHD showed no differences
to controls in CS, but significantly higher EC values and lower BC
values than the control group. Post-methylphenidate, in children with
ADHD, EC was not significantly different from the young controls,
but CS and BC were found to be significantly different. Post-methyl-
phenidate, in adults with ADHD, none of the connectivity metrics
were significantly different from the adult controls (Figure 2d;
Table 2).
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4 | DISCUSSION

The goal of this study was to investigate the effects of acute methyl-
phenidate on rs-fMRI connectivity in stimulant-treatment naive chil-
dren and adults with ADHD. In line with our hypotheses, we found
that methylphenidate decreased measures of connectivity and cen-
trality in subcortical ROIs in children with ADHD, but increased the
same metrics in adults with ADHD, indicating an age-dependent acute
effect of methylphenidate in dopamine-sensitive regions. Surprisingly,
we found no major effects of methylphenidate in frontal ROIls in
either children or adults. Interestingly, at pre-methylphenidate, partici-
pants with ADHD showed aberrant connectivity and centrality pre-
dominantly in frontal ROls compared to controls.

4.1 | Effect of methylphenidate in children
with ADHD

A recent review on the effects of stimulant medication on rs-fMRI
connectivity in individuals with ADHD shows that methylphenidate
appears to modulate several rs-fMRI networks, but the number of
studies is small, and the results are heterogeneous (Pereira-Sanchez
et al., 2020). In line with findings from Silk et al., 2017, we observed
that acute methylphenidate decreased connectivity in the striatum
and thalamus, whereas in the dACC we found nonsignificant increases
in connectivity after a single dose of methylphenidate. This is in
agreement with a previous study reporting that acute methylpheni-
date increased connectivity in frontal regions (An et al., 2013). Not-
withstanding, our study has some methodological differences
compared to previous studies. Firstly, all our participants were
stimulant-treatment naive, whereas in other studies medication status
was inconsistent. Therefore, our study rules out the influence of prior
medication on connectivity through prolonged effects of stimulants
on the dopamine system. For example, prolonged MPH treatment has
been shown to impact (proxy measures of) dopamine function in juve-
nile animals and children (Andersen, 2005; Moll et al., 2001; Schrantee
et al., 2016). Furthermore, long-term stimulant treatment normalized
delayed structural maturation of the PFC in individuals with ADHD,
which may reflect dopaminergic adaptive processes (Castellanos
et al., 2002; Shaw et al., 2009).

Secondly, we assessed graph theory metrics, whereas Silk
et al, 2017 used Network Based Statistics to identify connections
that are affected by methylphenidate, and An et al., 2013 used
regional homogeneity, reflecting local synchronized brain activity,
considered to be a measure of functional segregation (Lv et al., 2018).
As such, our study extends prior literature from connectivity metrics
to topology metrics, which allows us to not only assess individual
nodes or global connectivity, but to assess the importance and inte-
gration of pre-specified nodes within the global network. In subcorti-
cal regions, methylphenidate affects average connectivity (CS) and
nodal importance (EC), suggesting changes in the role of these regions
in both local and global network topology. In frontal regions on the

other hand, we observe marginal increases in global importance

(BC) following methylphenidate, which might indicate a more impor-
tant role for these regions regarding information flow in the network
(Farahani et al., 2019; Wang et al., 2010). Thirdly, both previous stud-
ies included placebo conditions, whereas we used a pre-post design.
Finally, the dose that we used was slightly higher than Silk
et al. (2017; 0.41 mg/kg) and substantially higher than An et al.
(10 mg), which may have affected functional connectivity differently
(An et al., 2013), particularly considering the inverted-U relationship
between dopamine levels and cognition (Arnsten & Rubia, 2012;
Froudist-Walsh et al., 2020).

Although previous studies have reported that methylphenidate
normalizes brain activity (Czerniak et al., 2013; Rubia, 2011) and con-
nectivity (An et al., 2013), our results do not support these findings.
Instead, in accordance with a recent meta-analysis (Cortese
et al., 2021), pre-methylphenidate, we show no group differences in
connectivity in subcortical ROIls, and our findings suggest that
methylphenidate-induced changes in connectivity deviate from the
control-like state. We could speculate that these discrepancies are
due to divergent brain development in ADHD, affecting local
vs. global metrics differently. As such, methylphenidate could normal-
ize local connectivity and activity, as demonstrated by previous stud-
ies, but compensate for altered network structure on a global level, as
found here. Alternatively, the deviation from the control-like state
(“normal” to “abnormal”) may also represent potential “side effects”
of the medication. Future studies are needed to determine whether
these different connectivity patterns reflect compensatory processes
or unwanted side effects of medication. In the PFC on the other hand,
we found higher CS compared to controls, one of the latest brain
regions to mature (Mills et al., 2014). This is partly in line with two
recent meta-analyses proposing increased connectivity within the
executive control network in children with ADHD (Gao et al., 2019;
Sutcubasi et al., 2020), potentially reflecting greater mental effort to

compensate for executive function in ADHD.

4.2 | Effect of methylphenidate in adults
with ADHD

The present study is, to our knowledge, the first to investigate the
acute effects of methylphenidate in stimulant-treatment naive adults
with ADHD. In agreement with our hypotheses, our findings indicate
that methylphenidate increased overall connectivity and importance
of striatal and thalamic nodes within the brain network. Our results
show overlap with regions identified in a study investigating pro-
longed effects of methylphenidate in adults (Cary et al., 2017), and
correspond to findings from typically-developing adults showing that
acute methylphenidate increased connectivity between the thalamus
and attention networks, and subcortical regions (Farr et al., 2014;
Mueller et al., 2014). These findings, together with the absence of
major differences in connectivity when compared to controls, suggest
that the mechanisms underlying the effects of methylphenidate on
subcortical connectivity are largely comparable between adults with

and without ADHD. However, this is in contrast with evidence from
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Positron Emission Tomography (PET) studies reporting significant dif-
ferences in striatal dopamine release between adults with ADHD and
controls following a stimulant challenge; albeit in different directions
(Cherkasova et al., 2014; Volkow et al., 2007). Together, this suggests
that differential effects of methylphenidate on subcortical dopamine
release may not directly translate into differential subcortical connec-
tivity between individuals with ADHD and controls.

The pattern observed in cortical regions is more complex. In the
dACC, methylphenidate did not induce changes in connectivity in par-
ticipants with ADHD, despite higher pre-methylphenidate connectiv-
ity compared to controls. Such hyperconnectivity (Guo et al., 2020)
could be speculated to be a result of developed compensatory pro-
cesses, in response to reduced network efficiency (Konrad &
Eickhoff, 2010), particularly in adults who were never treated with
ADHD medication. Interestingly, the absence of normalized dACC
after methylphenidate could suggest that such processes are dopa-
mine and noradrenaline-independent. Alternatively, individual differ-
ences may be too large to observe group differences, or such
processes affect other network measures than those studied here.
Conversely, in the PFC, we found that BC increased, whereas CS and
EC decreased after methylphenidate. This would mean that methyl-
phenidate increases the role of the PFC as a global communication
hub (i.e., BC), but reduces connectivity of the PFC with other regions
(i.e., CS and EC); meaning that the PFC connections become more
specialized for network communication.

43 | Age-dependent effects of methylphenidate
in ADHD

The effects of methylphenidate on the brain have been proposed to
be age-dependent (Andersen, 2005; Canese et al., 2009; Norman
et al., 2021b). Indeed, we previously showed that thalamic cerebral
blood flow was reduced following acute methylphenidate in children,
but not in adults with ADHD (Schrantee et al., 2016). Accordingly, we
here find an opposite effect of acute methylphenidate in thalamic and
striatal connectivity in children compared to adults. Nevertheless,
these age-effects may not be specific to ADHD, as functional connec-
tivity changes over development, complicating intergenerational com-
parisons (Tooley & Bassett, 2021; Vasa et al, 2020). Functional
segregation appears predominant in children, whereas functional inte-
gration prevails in adults. Systems neuroscience models, suggest that
increased segregation reflects efficient network functioning, and that
excessive integration can be a correlate of brain dysfunction. If exces-
sive cross-network functional integration were confirmed to be a con-
sistent feature of ADHD, it could represent a therapeutic target
(Pereira-Sanchez et al., 2021; Wig, 2017). As such, typical develop-
ment of functional connectivity is characterized by simultaneous
reduction of local circuitry and strengthening of long-range connectiv-
ity (Grayson & Fair, 2017; Supekar et al., 2010). Nevertheless, we can
speculate that the difference in methylphenidate-induced connectiv-
ity changes between children and adults might result from maturation

of dopaminergic and noradrenergic systems (Chen et al., 2010). For

instance, adults display a more segregated architecture in the fronto-
parietal network, including the dorsal basal ganglia (i.e., caudate
nucleus) (Fair et al., 2009), possibly through changes in the dopamine
system in the frontal cortex (Rosenberg & Lewis, 1994; Lidow
et al., 1991; Lidow & Rakic, 1992). This network is, for example,
important for the top-down regulation of emotion and attention
(Zhou et al., 2007). Indeed, a recent longitudinal study on the effects
of stimulant treatment response and age found a significant influence
on cingulo-opercular network connectivity (Norman et al., 2021b).
The age-dependent effects on striatal and thalamic connectivity
reported here could therefore be due to compensatory mechanisms
taking place in the adults, especially given that they were stimulant-
treatment naive before the study. It has been argued that the neuro-
pathology of childhood remittent cases could be attributed largely to
a delayed frontal cortex maturation, whereas the neuropathology of
persistent cases is linked more to pathology in extra-frontal and sub-
cortical structures (Francx et al., 2015). In summary, this suggests that
the efficacy of stimulant therapy may not be based on normalization
only, but rather depend on combinations of factors that return the
network organization to typical topology for some systems while reor-
ganizing others. In other words, it might be that altered networks in
the brain do not need to return to the control state to function in the
desired way, a restructuring of function could be sufficient. It is there-
fore important that future studies take age-dependent effects into
account.

In addition, previous studies have suggested potential neural dif-
ferences between persistent and remitted adults with ADHD
(Mattfeld et al., 2014). By definition, our adult ADHD sample had per-
sistent ADHD, whereas this remains to be assessed for our pediatric
sample (Caye et al., 2016; Kessler et al., 2005). Longitudinal (f)MRI
studies on ADHD persisters and remitters with childhood ADHD wiill
be crucial to gain more insight into the differences in brain connectiv-
ity of persisting and remitting ADHD in childhood (Rubia, 2018).
Speculatively, in addition to developmental differences, our results
may partially be explained by neuronal differences between these
two ADHD phenotypes. Norman et al., indeed found reduced con-
nectivity within the inferior frontal gyrus in children with ADHD to
be indicative of longitudinal risk for ADHD inattention symptoms
(Norman et al., 2021a). Additionally, because we included stimulant-
treatment naive individuals with ADHD, the adults might not repre-
sent a typical sample, as most adults with ADHD will receive medica-
tion before adulthood. For a long time it has been debated if ADHD
may also be developed in adulthood, with no previous symptoms in
childhood (“adult-onset ADHD”; (Castellanos, 2015)). However, a
recent review argues that symptoms in adults indeed exist but that
their source would be either symptoms that were previously sur-
passed, were not properly assessed before, or not detected earlier
(Taylor et al., 2021).

One of the main strengths of this study is that we included both
stimulant-treatment naive boys and men with ADHD and that, com-
pared to previous studies on the acute effects of methylphenidate, we
included a larger number of participants. However, limitations of our

study are that the results cannot be extrapolated to all children and
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adults with ADHD, because we only studied participants with
restricted age ranges. Furthermore, we included only male participants
to reduce heterogeneity, but this limits the generalizability to female
participants. Additional studies are needed in females, since female
sex hormones modulate dopamine transporter expression (Wagner
et al., 2007). Furthermore, the comparisons between participants with
ADHD and control participants have to be interpreted with caution,
due to the small control groups and because control participants did
not receive a methylphenidate challenge. Ethical considerations did
not permit us to administer methylphenidate to the young controls,
therefore, the controls were assessed only once. Due to this limita-
tion, we cannot fully exclude the possibility of a scan order effect
causing differences, even though children and adults showed effects
in opposite directions in this study, which makes that explanation
unlikely. Moreover, we acquired only a relatively short scan of
~5 min, which might have made the intra—/intersession reliability

lower.

5 | CONCLUSION

Taken together, in line with our hypothesis, we found opposing
effects of acute methylphenidate on connectivity strength and the
relative importance of the nodes in subcortical regions, in children
compared to adults. In contrast with what we expected, MPH-
induced changes in connectivity of frontal cortical regions were
marginal. They did not indicate differences between age groups, and
mainly global importance of these regions (i.e., their importance as a
hub) within the network was increased. Therefore, we conclude that
acute methylphenidate-effects on connectivity measures in
dopamine-sensitive subcortical, but not cortical regions, are different
in children and adults with ADHD, possibly due to changes of the
dopamine and noradrenergic systems during maturation. These find-
ings highlight the importance for future studies to investigate the
age-dependent effects of long-term methylphenidate treatment, ide-
ally in previously medication-naive individuals, on graph-theoretical
connectivity measures, with a focus on centrality measures of sub-
cortical regions. Additionally, we did not find normalizing effects of
acute methylphenidate in either of the age groups, indicating that
the previously found normalization towards a control state might be
present on the local connectivity level, whereas on the global net-
work level methylphenidate may give rise to reorganization of
function.
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