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Abstract

Background—Working memory impairments are commonly found in Attention Deficit/

Hyperactivity Disorder (AD/HD) and often improve with psychostimulant treatment. Little is

known about how these medications affect the function of frontoparietal brain regions engaged for

working memory. This study used functional magnetic resonance imaging (fMRI) to examine

medication-related changes in brain activation and functional connectivity in AD/HD.

Methods—Eighteen AD/HD-Combined subtype youths (ages 11-17) twice completed a

Sternberg working memory fMRI task in a randomized, double-blind, placebo-controlled design.

Medications were individualized as patients' standard, clinically-effective psychostimulant (e.g.

methylphenidate or dextroamphetamine/amphetamine combination) dose. Brain activity and

functional connectivity were characterized using group independent component analysis (ICA).

SPM5 repeated-measures t tests compared AD/HD patients' network engagement and regional

functional connectivity on and off medication.

Results—ICA identified six frontoparietal networks/components with hemodynamic responses

to Encoding/Maintenance or Retrieval phases of the Sternberg fMRI task. On medication, three of

these networks significantly increased activation. Functional connectivity analyses found

medication led to recruitment of additional brain regions that were not engaged into the networks

when participants were on placebo. Also, medication strengthened connectivity of some

frontoparietal regions. Many connectivity changes were directly related to improved working

memory reaction time. Overall, there was strong evidence for regional functional connectivity

changes following medication in structures previously implicated as abnormal in AD/HD, such as

anterior cingulate, ventrolateral prefrontal cortex, and precuneus.

Conclusions—Stimulant medication has widespread effects on the functional connectivity of

frontoparietal brain networks, which might be a mechanism that underlies their beneficial effects

on working memory performance.
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Many children with Attention Deficit/Hyperactivity Disorder (AD/HD) (1) have problems

with working memory (2, 3), typically defined as the ability to temporarily hold and

manipulate information mentally in the absence of stimuli (4). Although not present in all

AD/HD patients (5), a meta-analysis found medium effect sizes for AD/HD impairments in

both verbal (d=0.55) and spatial (d=0.63) working memory (3). Working memory

performance is directly linked to brain activity and to catecholaminergic regulation (6, 7),

which are proposed pathophysiological components of AD/HD (8). Brain regions engaged

during working memory include dorso/ventrolateral prefrontal cortex, posterior parietal

cortex, anterior and mid-cingulate, inferior temporal lobe, basal ganglia, thalamus and

cerebellum (9). Neuroimaging studies of working memory have found significantly less

activation of ventrolateral prefrontal cortex (10, 11), cerebellar and occipital regions (12) in

adults with AD/HD compared to controls. Similar studies of AD/HD youths are inconsistent.

Sheridan et al. found no differences between working memory-elicited brain activity in

AD/HD girls and controls, although ventrolateral prefrontal cortex activity was related to

better behavioral performance in AD/HD patients (13). More recently, Kobel et al. found

precentral, superior/inferior parietal lobule, and cerebellar activation deficits in AD/HD boys

on an N-back task (14). These findings link AD/HD to ventrolateral prefrontal and parietal

lobe abnormalities during working memory tasks, though additional investigation could

clarify incongruent findings.

Psychostimulant medications improve many AD/HD cognitive impairments (15-17), but

their effect on working memory is unclear. A review found that stimulants improved

working memory performance in AD/HD within roughly half of 40 placebo-controlled

studies (17), which suggests that its efficacy might depend on AD/HD clinical

characteristics (e.g., DSM-IV subtype) or type of working memory task used. Both positron

emission tomography (PET) studies of brain metabolism (18-21) and functional magnetic

resonance imaging (fMRI) studies of working memory (14, 22) have produced mixed results

for specific regional increases or decreases of activation following acute drug treatment.

Discrepancies among studies illustrate the need to further explore how stimulant

medications alter working memory brain function in AD/HD.

An interesting possibility is that stimulants might enhance working memory ability through

better coordination of information processing across the nodes of widely distributed, yet

functionally connected networks. Functional connectivity among brain regions can be

inferred when distal regions show strongly correlated temporal patterns of fMRI-measured

signal change (23). Functional connectivity studies have shown that working memory brain

regions are organized into distinct functional networks (24-27). In particular, frontal and

parietal lobe brain regions comprise neural circuits that are engaged for working memory

regardless of information encoding or retrieval demands (28-32). In a pilot study of five

AD/HD adolescent girls, Sheridan et al. found that lateral prefrontal cortex functional

connectivity was altered by stimulant treatment (22). Drug administration increased
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functional connectivity with middle frontal gyrus and cerebellar vermis, but resulted in less

middle frontal gyrus connectivity with striatum, temporal/parietal junction, and numerous

other cortical and paralimbic regions. The only other comparable study in AD/HD children

found methylphenidate increased frontoparietal, frontostriatal, and frontocerebellar

connectivity during a sustained attention task (33).

The study objective was to assess stimulant medication effects on frontoparietal network

activity and functional connectivity in AD/HD. We focused on frontoparietal networks

because of their frequently demonstrated importance to both working memory encoding/

maintenance and retrieval (28), which we dissociated using a Sternberg working memory

fMRI task. We employed independent component analysis (ICA), as it is ideally suited to

characterize multiple discrete networks, examine their profiles of task-related activation, and

test for regional functional connectivity differences while on/off medications. We

hypothesized that psychostimulant medications would alter network engagement (activation)

and change regional functional connectivity. We wished to ascertain whether medications

increased strength of functional connectivity within already-active brain regions, or

increased the connectivity of frontoparietal network regions with other brain areas

(including those known to be dysfunctional in AD/HD, e.g., cingulate, striatum, cerebellum

(34, 35)). The former would suggest that medications specifically facilitate communication

between the key functionally-specialized nodes of the network, while the latter would

suggest that the systems-level influence of effective AD/HD psychostimulant treatment is to

improve large-scale distributed network communication. We also predicted medications

would improve Sternberg task performance, and conducted supplemental tests of

relationships between performance and regional connectivity.

Methods

Participants and Clinical Characterization

Eighteen children/adolescents with DSM-IV 314.01 AD/HD-Combined subtype (1) (mean

age=14.6; range=11-17; 83% male) of normal IQ were recruited via physician referral and

community advertisements. Potential participants were excluded for history of learning

disability, neurological illness, lost consciousness >30 minutes or significant medical

conditions. AD/HD and other psychiatric diagnoses were evaluated using the Schedule for

Affective Disorders and Schizophrenia (K-SADS-PL) (36). Participants with comorbid

psychiatric/substance diagnoses other than Oppositional Defiant Disorder (ODD) were

excluded (only 1 participant had ODD). All were regularly treated with methylphenidate or

dextroamphetamine/amphetamine combination prescribed by personal physicians, at doses

judged to be clinically effective by each family. Participants/legal guardians gave written

informed assent/consent before study participation using procedures approved by Hartford

Hospital's Institutional Review Board. Participants received monetary compensation for

their time. Sample demographic and clinical characteristics are reported in Supplemental

Table 1.
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Medication and Placebo Control Procedures

The study used a double-blind, randomized, placebo-controlled design. A “washout” period

was used to ensure active drug had been eliminated. 48 hours prior to MRI sessions,

participants began randomized consumption of opaque capsules (to prevent visual inspection

of contents) prepared by a local pharmacy. This ensured that participants received their

normal drug regimen (or placebo) for assessment. Because AD/HD patients often can

readily ascertain whether or not they are medicated, participants were informed they might

receive a lower dose of their normal medication to mitigate expectancy effects on

performance, when in reality they received either their normally-prescribed medication

dose(s) or placebo. Debriefing revealed all experimental procedures.

fMRI Task

The Sternberg Item Recognition paradigm (37) was chosen because most Sternberg

behavioral studies find deficits in AD/HD (38, 39) or show test gains with AD/HD

medications (40, 41), typically in reaction time. The 7-minute task required subjects to

memorize a list of consonants, maintain them in memory, then differentiate target letters

from foils. During each Encoding period, participants saw each single letter sequentially for

1.5 sec, with a 1 sec inter-stimulus interval. After a 9 sec Maintenance period (during which

participants silently rehearsed each consonant set), target or foil letters were presented for

Retrieval (2.5 sec with a 500 msec inter-stimulus interval). They were instructed to make an

index finger button-press for items in the immediately-preceding list (targets) or a middle

finger button-press for any non-seen letters (foils). Trial/condition onsets were constructed

such that fMRI modeling could separate hemodynamic change of the Encoding/Maintenance

phases from the Retrieval phase. The task included different memory loads (4, 5, or 6

letters) (Supplemental Table 2) (42). Participants practiced the task prior to the fMRI to

ensure understanding and ability. fMRI sessions were 6 weeks apart on average.

Imaging Parameters and Processing

Imaging used a Siemens Allegra 3T MRI at the Olin Neuropsychiatry Research Center.

Localizer images were acquired to prescribe functional image volumes. The echo planar

image (EPI) gradient-echo pulse sequence sensitive to endogenous BOLD signal (TR/TE

1860/27 ms, flip angle 70°, 3.44×3.44 mm in-plane resolution, 5 mm effective slice

thickness, 36 slices) effectively covered the entire brain in 1.86 seconds. Head motion was

restricted using a custom-built cushion inside the head coil. 226 time points were collected.

The initial five images were discarded to avoid T1 saturation effects.

Functional images were reconstructed offline and each timeseries was separately realigned

(43). Average head displacement was ≤ 3.32 mm. There was no correlation between

movement and task conditions (average r ≤ .08 across motion parameters). Because the ICA

technique is relatively robust to sporadic, rapid head motions (typically separating such

signal changes from brain activation within “junk” components), occasional, rare head

motion beyond a 1-voxel cutoff was deemed acceptable. Average per voxel signal-to-noise

ratio (SNR) values did not differ between the medicated/unmedicated fMRI sessions. Image

timeseries underwent slice timing acquisition correction, and a mean volume was used to

determine parameters for spatial normalization into Montreal Neurological Institute space,
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which were applied to all participant volumes. Normalized images were smoothed with an 8

mm FWHM Gaussian filter.

Independent Component Analysis

ICA is a whole brain, data-driven multivariate analysis method that identifies distinct groups

of brain regions with the same temporal pattern of hemodynamic signal change. Analysis

included intensity normalization, two principal component analyses (PCA), concatenated

data reduction stages (44, 45), and estimation of independent components using an

algorithm that minimizes the mutual information of the network outputs (46). The final ICA

rotation was performed on the group of participants' aggregate data and produced spatial

maps and timecourses that represented both the spatial and temporal characteristics of each

component's ‘functionally-connected network’. This group solution was used to back-

reconstruct single-subject time courses and spatial maps from the raw data using methods

that accurately preserved participant-to-participant variability (i.e., GICA3 (47)). The

resulting single-subject timecourse amplitudes were then calibrated using raw data so that

they reflected percent fMRI signal change (44). The ICA methods are available in a Group

ICA of fMRI Toolbox (GIFT v1.3h) implemented in Matlab (http://icatb.sourceforge.net).

Data dimensionality (number of components) was estimated using the minimum description

length (MDL) criteria tool in GIFT, which suggested that ∼40 components were present in

the data (48). ICA solution reliability was assessed using ICASSO (http://www.cis.hut.fi/

projects/ica/icasso) where only components consistently identified across 100 separate

FastICA estimations were examined (Iq coefficients >.90).

As in previous work (49-51), the R2 association between each component's spatial map

absolute values and a priori probabilistic masks of brain tissue (MNI templates) identified

which components should be retained for further analysis. We discarded components with

high correlation to white matter or cerebral spinal fluid (CSF) as they largely reflected

eyeball movements, head motion, and cardiac-induced pulsatile artifact. Of the remaining

components, we retained only components that depicted brain activity within frontal lobe

regions, parietal lobe regions, or both in either hemisphere.

Examination of Component Temporal Dynamics

Task engagement analysis involved parameterizing the timecourses to provide estimates of

the association between component timecourse and experimental design. The Sternberg

Encoding/Maintenance and Retrieval conditions were represented by convolving trial onsets

with a hemodynamic response model. This is analogous to a conventional “SPM-type”

analysis of “activation,” with greater β-weights typically representing greater amplitude of

distributed networks' general hemodynamic responses. β-weights showing the relationship of

each component to experimental conditions were examined to determine to which task

conditions each was activated (one-sample t tests against zero). Figures depicting ICA

timecourse data averaged over either Encoding/Maintenance or Retrieval (i.e., event-related

averages) were constructed for visualization of task-associated positive and negative signal

change patterns.

Wong and Stevens Page 5

Biol Psychiatry. Author manuscript; available in PMC 2014 August 04.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://icatb.sourceforge.net
http://www.cis.hut.fi/projects/ica/icasso
http://www.cis.hut.fi/projects/ica/icasso


Visualization of Spatial Components

Each set of participant spatial maps (18 maps for each component) was entered into SPM5

voxelwise one-sample t tests in order to visualize which brain regions were part of each

network. Significance was evaluated using p < .001 whole-brain family-wise error

correction (52). Component spatial structure was visualized by color-coded component maps

projected to cortical surface renderings (53).

Hypothesis Testing

Task Engagement (“Activation”)—β-weights representing the fit of ICA components

with canonical hemodynamic models of the Sternberg task conditions were examined using

12 repeated-measures two-sided t tests (i.e., one for each of the 6 components, separately for

Encoding/Maintenance and Retrieval conditions). Multiple comparisons corrections were

made using False Discovery Rate methods (54).

Functional Connectivity—Tests for differences in degree of regional functional

connectivity were done by comparing ICA-generated spatial maps for each subject between

medication and placebo fMRI sessions using a series of SPM5 repeated-measures t test

models. Clusterwise statistical inference was used (p<.01 entry-level). Effects are noted if

they met either corrected or uncorrected p<.05 levels.

fMRI Task and Neuropsychological Behavioral Analyses—Sternberg task

behavioral data included reaction time to targets, reaction time to foils, and accuracy for

Retrieval trials. These were evaluated in three multivariate working memory load (4, 5, or 6)

× medication status (placebo or medication) repeated-measures ANOVA models with

Greehouse-Geiser corrections to determine the effect of medications on task performance.

Post hoc univariate effects were examined to determine the most important contributions to

any significant multivariate effect. Supplemental SPM5 correlation analyses (without

multiple comparisons correction) examined the linear relationship of change in mean target

reaction time with change in regional functional connectivity across the brain for medication

versus placebo (SPM5 small volume correction within 6 mm radius spheres at coordinates of

peak medication versus placebo difference).

Participants underwent a short battery of neuropsychological tasks performed outside the

scanner, which were examined using a series of repeated-measures t tests to compare

medication and placebo performance (Supplemental Table 1).

Results

Frontoparietal Networks' Structure

ICA identified 6 frontoparietal components, each representing unique networks.

Supplemental Table 3 lists brain regions comprising each (Components A-F), including

x,y,z coordinates and t score of peak regional connectivity within discrete regions. When

networks included brain regions that showed negative BOLD signal change relative to other

network nodes, these are noted by negative t score values for each regional peak.

Wong and Stevens Page 6

Biol Psychiatry. Author manuscript; available in PMC 2014 August 04.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Medication Effects on Network Task Engagement

Table 1 lists mean β-weights from one-sample t tests that test whether or not each

component was engaged during Sternberg task conditions. Components B and C were

engaged during Encoding/Maintenance trials for both placebo (β=-0.47, p=0.01; β=-0.41,

p=0.009) and medication (β=-0.40, p=0.02; β=-0.26, p=0.08, i.e., “trend”) sessions.

Component A was engaged during Encoding/Maintenance only when participants were

medicated (β=0.31, p=0.009). A similar picture of more networks being engaged during

medication sessions emerged for the Retrieval condition as well. Components B (β=0.54,

p=0.005) and F (β=-0.36, p=0.02) and C (β=-0.23, p=0.09, trend) were engaged during

placebo Retrieval trials. However, when participants were medicated, Components B-E were

engaged for Retrieval (β=0.67, p=0.0003; β=0.22, p=0.04; β=0.20, p=0.02; β=0.22, p=0.03;

A at a trend level; β=0.20, p=0.06). Only Component F showed no evidence for task-induced

change in activity amplitude.

Repeated-measures t tests of the hypothesis that networks would be more greatly engaged

when AD/HD participants were medicated found activity in Component A significantly

increased during Encoding/Maintenance during medicated sessions (mean β change=-0.13 to

0.31). Two components increased engagement between placebo and medication sessions

during Retrieval: Component C (mean β change=-0.23 to 0.22) and Component E (mean β

change=-0.27 to 0.22). Figure 1 illustrates these results with component timecourse averages

over Encoding/Maintenance or Retrieval trials. Component A failed to engage for Encoding/

Maintenance (and actually reverses engagement to ‘deactivate’) during placebo, but shows a

typical event-related response to Encoding/Maintenance trials when AD/HD participants are

medicated. Component C did not engage the network during the expected peak of activation

to Retrieval trials during placebo, but medication produced a more consistent profile of

BOLD signal change to task. Component E shows a sharp spike of activation at the end of

Retrieval trials on-medication.

Medication Effects of Regional Functional Connectivity

Results of 6 SPM5 repeated-measures t tests on spatial maps representing regional

functional connectivity are listed in Table 2 and depicted in Figure 2. Table 2 lists all

clusterwise differences among medication versus placebo fMRI sessions for each

component. The left column shows Medication > Placebo, while the right shows Medication

< Placebo. t statistics surviving clusterwise multiple comparisons are noted. The strongest

evidence for changes in regional functional connectivity (clusterwise-corrected) was found

for regions that were not part of the networks when on placebo, but became significantly

integrated while medicated. Across the different networks, “newly-engaged” structures that

survived multiple comparisons corrections include different postcentral gyrus regions

(Components A and C), anterior cingulate (Component B), precuneus/posterior cingulate

(Component C), medial frontal gyrus (Component E), and cuneus/lingual gyri (Component

F). In contrast, only two components showed functional connectivity modulation of already-

engaged frontal or parietal lobe regions (D-inferior parietal lobule and F-inferior frontal

gyrus). If uncorrected significance levels are considered, the evidence for regional

connectivity changes is far more extensive. Nearly every component showed additional

recruitment of brain regions not traditionally thought of as part of frontoparietal working
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memory networks. All these effects ranged in size from d=1.97 to 3.13, representing

considerably large medication effects (55).

Behavioral Data

None of the various non-working memory neuropsychological tasks showed improvement

with stimulant treatment (Supplemental Table 1). All these performances were in the

average normative range.

Increasing load increased target reaction time (F2,34=8.571, p=.002) and foil reaction time

(F2,34=7.077, p=.003), but accuracy differences were only significant at a trend level

(F2,34=2.978, p=.065). Supplemental correlations explored possible speed-accuracy tradeoff

effects, but failed to find relationships between medication-related reaction time and

accuracy changes at any load. Only target reaction time showed the expected pattern of

consistently linearly-increasing response time with more difficulty (Figure 3). Accuracy and

foil reaction time had a mixed relationship with task difficulty (Supplemental Table 1).

Medication reduced target (F1,17=4.437, p=.050) and foil reaction times (F1,17=8.123, p=.

011), in each case improving performance following medication. Task load × medication

interaction tests showed there was a significant effect only for target reaction time

(F2,34=4.101, p=.027), with largest gains at the lowest load.

Of brain regions having significant relationships with reaction time (Table 2), exploratory

analyses of the relationship between target reaction time change and functional connectivity

change found that nearly all associations were linked to reductions in how long AD/HD

participants mentally searched working memory storage. Only Component D (whose

activation was not affected by medication) showed the opposite pattern. Target reaction time

was related to several regions where evidence for medication-induced connectivity changes

survived clusterwise corrections (Component A–right postcentral gyrus; Component B–

anterior cingulate; Component C–precuneus/posterior cingulate; Component F–left inferior

frontal gyrus and cuneus/lingual). However, associations between connectivity and reaction

time were found for most frontal and parietal lobe regions (Components A-F), and the

caudate and cerebellum (Component E), with large effect sizes ranging from d=0.84-2.55,

average=1.21.

Discussion

This study shows that regularly-prescribed, clinically-effective stimulant medications alter

AD/HD brain activity during a Sternberg working memory fMRI task by increasing the

magnitude of some frontoparietal networks' activity and changing regional functional

connectivity across the brain, not just between frontal and parietal lobe structures. Improved

target identification reaction time was significantly associated with many medication-

induced regional functional connectivity changes. The value in examining whole brain

connectivity of several distinct frontoparietal networks is the potential to make conclusions

about systems-level effects of psychostimulant medications on AD/HD brain function.

Although some evidence was found indicating that medications enhanced functional

connectivity between working memory-specialized frontal and parietal lobe regions, the

majority of evidence indicated that medications increased functional connectivity of key
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frontoparietal networks with other brain structures. We saw several examples where brain

regions that did not appear to be integrated into working memory circuits during placebo

were engaged when participants took their medications. Insofar as increased connectivity

reflects enhanced inter-regional communication, this indicates that the net effect of

psychostimulants is to facilitate neurotransmission through long-distance connections

between widespread brain regions. Many of these putatively “re-connected” brain regions

(e.g., anterior cingulate, lateral prefrontal cortex, caudate and cerebellum) have been shown

in previous fMRI/PET studies to be dysfunctional in AD/HD (34, 35). Although the

predominant effect of medications was to increase connectivity, evidence for connectivity

decreases also was found. Some of these “reductions” (Table 2; Figure 2) actually indicate

greater connectivity (i.e., more negative connectivity values for “deactivating” regions).

However, others might reflect shifting of regional engagement between networks (e.g.,

anterior cingulate from Component E to C, posterior cingulate from Component F to C,

temporal cortex from Component A to B). Future research should seek to validate such

medication-induced shifts and link them to clinical correlates.

Consistent with previous reports (40, 41), stimulant medication did not improve Sternberg

behavioral accuracy, but AD/HD participants had faster response times while medicated

indicating decreased working memory storage “search” time. The greatest behavioral effect

was at the lowest load, whereas medicated performance at the highest load resembled

unmedicated performance. These gains could not be simply due to motor response

facilitation which would have produced equivalent gains at every load. Functional

connectivity within nearly two-thirds of the brain regions whose connectivity was modulated

by psychostimulants was directly related to improved target probe identification time,

supporting the role of widespread AD/HD brain functional connectivity in working memory.

The left dorso/ventrolateral prefrontal/parietal network (Component A) was not significantly

active during placebo, but increased activity during Encoding/Maintenance following

medication (Figure 2). Reduced ventrolateral prefrontal activation was found in two

previous adult AD/HD fMRI working memory studies (10, 12) and in AD/HD children (14).

Stimulant treatment increases ventrolateral prefrontal cortex activation in AD/HD on other

paradigms (33, 56-58), with evidence for a predominant left-lateralized effect (59). Given

this frequent finding, left ventrolateral prefrontal cortex might represent a general target of

psychostimulant effects, particularly as evidence links treatment to normalized AD/HD

cortical thickness in this area (60). Both methylphenidate and amphetamine increase

extracellular catecholamine availability (61, 62), and prefrontal cortex activity can be

modulated by dopamine and norepinephrine through D1/D5 or α2A receptor abnormalities

or synaptic neurotransmitter levels (6, 63-67). In our study, medication increased the

integration of left dorso/ventrolateral prefrontal cortex with left inferior parietal lobe regions

(Components D and F). Although 83% of the sample took methylphenidate, inclusion of

three amphetamine-treated patients limits inferences about cellular mechanisms, which

differ by drug at typical therapeutic levels (presynaptic dopamine transporter (DAT) and

norepinephrine transporter (NET) blockade versus dopamine release stimulation) (61, 62). It

would be fruitful to learn which specific cellular mechanisms mediate each stimulant's

effects on prefrontal connectivity in AD/HD, as this might be tied to genetic profile.
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Burgess et al. (68) found better working memory performance was correlated with increased

activation in inferior parietal lobule, temporal and frontal cortex, and the motor areas in

AD/HD. Our study shows that medications not only increased activity, but also functional

connectivity in many of those areas. Ventrolateral/parietal network engagement (activity)

increased during both Encoding/Maintenance and Retrieval (Figure 1; Component A), along

with specific increasing of regional functional connectivity in dorsolateral prefrontal cortex

(Figure 2a). Timecourse analysis of Component E (Figure 1) indicates that medication

increased engagement of this right dorso/ventrolateral prefrontal/putamen network near or

after the termination of Retrieval trials, suggesting a role in task disengagement or

preparation for the next Encoding trial. Finally, bilateral dorsal anterior cingulate was

recruited into Component B. The importance of cingulate dysfunction in AD/HD has often

been studied (69, 70). Our findings suggest that better functional integration of this area

could be facilitating comparisons of probe stimuli to working memory representations

through the cingulate's role in conflict detection and performance monitoring/adjustment

(71, 72).

We found evidence for medication-induced reductions in prefrontal cortex functional

connectivity with other brain regions, some of which overlapped those reported by Sheridan

et al. (22). Discrepancies might be related to that study's fMRI paradigm choice, its smaller

sample size, or the presence of other psychotropic medication use or unreported psychiatric

comorbidity in their sample. Alternatively, ICA whole brain analysis allowed us to avoid

averaging across bilateral dorsolateral prefrontal regions-of-interest as done by Sheridan et

al. (22). The lack of prominent striatal connectivity changes might reflect the fact this was a

working memory, not motor inhibition paradigm. There is some evidence that indicates

long-term stimulant treatment might affect brain structure (60, 73, 74). As all our

participants had medication histories and served as their own controls, this issue was not a

major limitation but results should be confirmed in medication-naïve AD/HD adolescents.

However, it is unlikely that fMRI-measured connectivity changed due to medication effects

across the relatively short ∼6-week test-retest interval. Study strengths include rigorous

frontoparietal functional connectivity assessment, placebo-control design, 48-hour

medication washout, and sampling restriction to AD/HD-Combined subtype without

significant psychiatric comorbidities.

In conclusion, psychostimulant doses that result in clinical benefit alter regional brain

functional connectivity during working memory in frontoparietal networks. The study

supports the possibility that therapeutic effects of psychostimulant medications are achieved

by re-engaging brain regions that normally participate in functionally-specialized networks

(24-27), particularly those known to be impaired in AD/HD (34, 35). Given that some of the

targets of medications observed in this study coincide with areas of deficits in AD/HD

reported in previous research, future studies should confirm medications are acting to

normalize working memory activation and connectivity deficits in AD/HD to levels

comparable to healthy controls (10-12).
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Significant differences in the amplitude of BOLD signal change during Encoding/

Maintenance or Retrieval trials of the Sternberg fMRI task between medication and placebo

conditions. These activity increases following medication survive corrections for multiple

comparisons using False Discovery Rate (q<.05).
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Figure 2.
Inflated brain renderings showing network structure for each frontoparietal component and

effects of medication on brain functional connectivity. Areas in red and blue show regions of

positive- or negative-going BOLD signal change within each functionally-connected

network (thresholded at False Discovery Rate q<.001). Other colors depict all regional

effects of psychostimulant medication on functional connectivity (p<.05 clusterwise

uncorrected). Yellow represents Medication > Placebo while turquoise shows Medication <

Placebo.
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Figure 3.
Effects of working memory load and psychostimulant medication on reaction time to target

stimuli during Retrieval trials of the Sternberg fMRI task.
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