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Abstract

Background—Cortico-striatal network dysfunction in attention-deficit/hyperactivity disorder 

(ADHD) is generally investigated by comparing functional connectivity of the main striatal sub-

regions (i.e., putamen, caudate, and nucleus accumbens) between an ADHD and a control group. 

However, dimensional analyses based on continuous symptom measures might help to parse the 

high phenotypic heterogeneity in ADHD. Here, we focus on functional segregation of regions in 

the striatum and investigate cortico-striatal networks using both categorical and dimensional 

measures of ADHD.

Methods—We computed whole-brain functional connectivity for six striatal sub-regions that 

resulted from a novel functional parcellation technique. We compared functional connectivity 

maps between adolescents with ADHD (N=169) and healthy controls (N=122), and investigated 

dimensional ADHD-related measures by relating striatal connectivity to ADHD symptom scores 
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(N=444). Finally, we examined whether altered connectivity of striatal sub-regions related to 

motor and cognitive performance.

Results—We observed no case-control differences in functional connectivity patterns of the six 

striatal networks. In contrast, inattention and hyperactivity/impulsivity symptom scores were 

associated with increases in functional connectivity in the networks of posterior putamen and 

ventral caudate. Increased connectivity of posterior putamen with motor cortex and cerebellum 

was associated with decreased motor performance.

Conclusions—Our findings support hypotheses of cortico-striatal network dysfunction in 

ADHD by demonstrating that dimensional symptom measures are associated with changes in 

functional connectivity. These changes were not detected by categorical ADHD versus control 

group analyses, highlighting the important contribution of dimensional analyses to investigating 

the neurobiology of ADHD.
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Introduction

The striatum includes three main nuclei: the nucleus accumbens (NAcc), caudate, and 

putamen. These nuclei can be delineated based on histology, anatomical connectivity, and 

functional relevance (1-3). Specifically, the NAcc forms a network with anterior cingulate 

cortex (ACC) and orbitofrontal cortex (OFC), and is associated with motivational control 

and reward processing (4). The caudate facilitates cognitive control through its connectivity 

with dorsolateral prefrontal cortex (DLPFC; 1), and the putamen primarily regulates motor 

function via connections with motor areas (5), but is also involved in cognitive tasks (6, 7).

Dysfunction in these cortico-striatal networks is thought to contribute to attention-deficit/

hyperactivity disorder (ADHD) as the defining behavioral characteristics of ADHD coincide 

with the behaviors controlled by these networks. This idea is supported by structural meta-

analyses reporting abnormalities of striatal nuclei in ADHD (8, 9) and by functional 

magnetic resonance imaging (fMRI) studies in ADHD (for reviews see 10-12). For example, 

patients with ADHD show decreased performance on, and altered neural responses during, 

response inhibition (13), working memory (14), reward processing (15), and motor function 

(16). Resting-state fMRI (rs-fMRI) studies further support the notion of aberrant integration 

of cortico-striatal networks in ADHD. Aberrant functional connectivity of NAcc, caudate, 

putamen, ACC, and frontal cortex (including DLPFC and inferior frontal gyrus) has been 

reported in ADHD (for reviews see 17, 18), and atypical functional connectivity of NAcc, 

putamen, and OFC has been associated with ADHD severity (19-21). However, existing 

literature is heterogeneous regarding the specific striatal and cortical regions implicated in 

ADHD and the direction of the effect. Some studies found decreased functional connectivity 

of putamen (19), NAcc (22), and caudate (23), others reported increased functional 

connectivity of NAcc (20, 21) and caudate (24) in cortico-striatal networks. Furthermore, in 

a previous study we investigated functional connectivity of structural definitions of putamen, 
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caudate and NAcc as seeds in a large ADHD cohort (N=321). However, we did not observe 

differences in any of the whole brain cortico-striatal networks between participants with 

ADHD and controls (25).

To aid in clarifying the divergence in findings we propose to go beyond typical analytical 

approaches through incorporating two recent analytical developments. First, most studies 

have compared an ADHD group to a control group, i.e., used a categorical approach to 

investigate ADHD-related differences. This approach is based on clinical practice where 

patients are given an ADHD diagnosis when symptoms exceed a certain threshold, 

presuming underlying categorical mechanisms (26). However, high phenotypic 

heterogeneity and symptom overlap with other disorders have led to a shift toward 

dimensional characterization of ADHD (27). This approach corroborates the hypothesis that 

heterogeneous neurobiological mechanisms, comprising categorical and dimensional 

constructs underlie ADHD (27-29). Accordingly, dimensional analyses based on ADHD 

symptom scores might reveal ADHD-related changes not detected by a traditional ADHD 

versus control group comparison.

Second, striatal connectivity is typically investigated using putamen, caudate, and NAcc as 

homogeneous regions. However, recent evidence suggests that putamen and caudate may be 

functionally segregated into smaller sub-regions (1, 30). The putamen is considered to 

consist of an anterior region, connected to pre-supplementary motor area and ACC, and a 

posterior region, connected to primary and secondary motor areas (2, 31, 32). Anterior 

putamen has been associated with higher-order cognitive aspects of motor control such as 

learning new movements (31), while posterior putamen has been related to execution of 

skilled movements (32). A functional segregation of the caudate into a dorsal and ventral 

region has also been suggested (1, 33). Ventral caudate has been hypothesized to exert 

cognitive control over emotional circuits via connections with PFC, ACC and amygdala, 

whereas dorsal caudate has been associated with cognitive control over action-based 

networks via connections with PFC, motor cortex, and parietal cortex (33, 34). Investigating 

functional connectivity of the striatum in ADHD while taking these potential subdivisions of 

putamen and caudate into account might enable detection of ADHD-related effects localized 

within these sub-regions, that may not be revealed when considering caudate and putamen as 

homogeneous regions.

Here, we examined cortico-striatal network connectivity in ADHD while taking subdivisions 

within the striatum into account. We used functionally defined sub-regions of the striatum 

obtained by applying a novel parcellation strategy. We investigated resting-state functional 

connectivity of these fine-scale striatal sub-regions in a large ADHD cohort (N=444) using 

both categorical diagnosis and dimensional ADHD symptom measures. Finally, we explored 

whether altered connectivity of striatal sub-regions was related to motor and cognitive 

performance. As such, this study builds on previous reports, including our own work (25), 

by using fine-scale functionally-defined instead of structurally-defined striatal subregions 

and by conducting dimensional analyses in addition to categorical analyses.
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Materials and Methods

Participants

Participants in our study were part of the NeuroIMAGE cohort (35), the Dutch follow-up of 

the large-scale International Multicenter ADHD Genetics (IMAGE) study (36), consisting of 

families with one or more children ‘officially’ diagnosed with ADHD by a psychiatrist and 

control families without an ADHD diagnosis. ADHD (and comorbid oppositional defiant 

disorder (ODD), conduct disorder (CD), anxiety disorders and depression) were reassessed 

by a trained psychologist during the NeuroIMAGE assessment. To this end, the Schedule for 

Affective Disorders and Schizophrenia for School-Age Children - Present and Lifetime 

Version (K-SADS; 37) was used, complemented with Conners’ ADHD questionnaires (38, 

39). For an ADHD diagnosis, six or more DSM-5 ADHD symptoms on at least one domain 

(inattention or hyperactivity/impulsivity) were required (five or more for participants >18 

years). Participants from control families and unaffected siblings of ADHD participants 

were allowed to have a maximum of two ADHD symptoms per domain. The remaining 

participants were classified as subthreshold ADHD. Next to this categorical classification, 

we used inattention and hyperactivity/impulsivity symptom scores derived from the 

Conners’ Parent Rating Scale (CPRS-RL; 38) for our dimensional analyses. The CPRS-RL 

is an ADHD rating scale from which standardized T-scores ranging from 40-90 can be 

obtained. For a full description of the NeuroIMAGE cohort, including inclusion criteria and 

diagnostic assessment, see (35). Local ethical committees of the participating centers 

approved our study and we obtained written informed consent from all participants (for 

participants >12 years) and their legal guardians (for participants <18 years).

For the current analyses we selected participants who completed an anatomical and an 8-

minute rs-fMRI scan. Detailed scan parameters and preprocessing procedures are provided 

in the Supplementary material. Participants with high head-motion (N=47) as determined by 

the root mean squared of the frame-wise displacement (RMS-FD>0.5; 40) and participants 

with insufficient brain coverage (N=16) were excluded. This procedure led to the inclusion 

of 444 participants, consisting of ADHD participants (N=169), healthy controls (N=122), 

unaffected siblings of ADHD participants (N=89), and subthreshold ADHD cases (N=64). 

The characteristics of these participants are specified in Table 1. In the ADHD group 130 

participants were currently on stimulant medication, however, all participants discontinued 

stimulant medication use 48 hours before assessment.

Functional segmentation of the striatum

We obtained functionally defined sub-regions within the striatum using a novel top-down 

parcellation strategy called Instantaneous Correlation Parcellation (ICP; Van Oort et al., in 

preparation). ICP delineates sub-regions within a larger predefined region of interest based 

on subtle differences in the timeseries of the regions’ voxels. To this end ICP applies group-

level independent component analysis to temporally unfolded voxel-wise timeseries, which 

augments those subtle differences. The optimal number of sub-regions is determined by 

assessing reproducibility of the parcellation across random splits of the data sample. Details 

about the ICP implementation are provided in the Supplementary material.
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Here, we generated an independent, high-resolution parcellation of the striatum using rs-

fMRI data publically available in the Human Connectome Project (HCP; 41). The HCP 

dataset provides one hour of rs-fMRI data acquired using a multiband echo-planar imaging 

sequence with a spatial resolution of 2mm isotropic and a TR of 720ms. This results in 4800 

available time points for every participant. This high temporal resolution is of great benefit 

as the ICP strategy specifically focuses on subtle differences in timeseries to delineate sub-

regions. We used 50 females and 50 males from the S500 release (for subject IDs see 

Supplementary Table S1). Specifically, we used their ICA-FIX denoised data (41) and 

additionally applied a high-pass filter of 0.01Hz and spatial smoothing using a 3mm FWHM 

Gaussian kernel.

We applied ICP to the selected HCP rs-fMRI data, using a mask of bilateral striatum created 

by combining NAcc, caudate, and putamen as extracted from the Harvard-Oxford atlas 

(Figure 1A). As a first solution, ICP yielded highest split-half reproducibility for a 

parcellation including two sub-regions. This parcellation segregated the striatum into a 

cluster corresponding to putamen and a cluster corresponding to NAcc and caudate. The 

parcellation showing the second highest reproducibility (84% overlap between split-half 

analyses; Figure S3) yielded six sub-regions, which closely corresponded to the 

hypothesized sub-regions within the striatum (Figure 1B). Accordingly, we used this 

parcellation for further analyses.

Figure 1B illustrates the six sub-regions, including the hypothesized anterior-posterior 

division within putamen and dorsal-ventral division within caudate. All resulting sub-regions 

were bilateral, except for anterior putamen, which was split in separate left and right parts. 

To enhance the homogeneity of the obtained sub-regions we identified voxels within each 

sub-region that were part of the same sub-region across the lower-scale parcellations (scale 

2-5; Supplementary Figure S4). This procedure excluded voxels that exhibited discordant 

associations when increasing the number of sub-regions. Especially voxels at the interface 

between two regions might be subject to altered associations depending on the number of 

requested sub-regions. The resulting coherent, stable sub-regions were used as regions of 

interest in subsequent functional connectivity analyses. These six sub-regions are displayed 

in Figure 1C and consisted of dorsal caudate (turquoise), ventral caudate (green), NAcc 

(yellow), left anterior putamen (red), right anterior putamen (violet), and posterior putamen 

(blue). Of note, we present a comparison with an alternative functional parcellation of 

striatum (30) in Supplementary Figure S5.

Seed-based functional connectivity analyses

We used the six stable sub-regions obtained from the ICP parcellation as masks to extract rs-

fMRI timeseries for the NeuroIMAGE participants. Timeseries were extracted from each 

participant's rs-fMRI data after transformation to MNI152 2mm standard space (see 

Supplementary material). First we extracted timeseries for all voxels within each mask and 

applied a singular value decomposition. We then selected the first eigenvariate and used the 

associated timeseries as the timeseries that most accurately represented the seed mask. Next, 

we obtained native-space participant-level whole-brain voxel-wise functional connectivity 

maps for each seed by entering all seed timeseries simultaneously in a multiple regression. 
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This approach resulted in unique whole-brain functional connectivity maps for each striatal 

sub-region that were not confounded by contributions of the other seeds. The whole-brain 

functional connectivity maps were transformed to MNI152 2mm standard space and were 

used in categorical and dimensional analyses that assessed effects of ADHD. In the 

categorical analysis we compared the functional connectivity maps of the six striatal regions 

between the ADHD (N=169) and control group (N=122). In the dimensional analyses we 

examined the relationship between functional connectivity of the six striatal regions and 

CPRS inattention and hyperactivity/impulsivity scores across all participants (N=444) in two 

separate linear models.

Both the categorical and dimensional models included covariates for age, age2, sex, scan 

location, and comorbid ODD/CD. The effects of both categorical and dimensional analyses 

were tested using permutation testing as implemented in FSL randomize (5000 

permutations; 42). We applied threshold-free cluster enhancement and family-wise error 

correction. Results were considered statistically significant if they passed a threshold of 

p<0.0083 (i.e., p=0.05/6 investigated networks). To rule out that our findings were driven by 

scan location, sex, age, IQ, medication history, ODD/CD comorbidity or motion, we 

conducted post-hoc sensitivity analyses, as described in the Supplementary material (Tables 

S2-S6). Finally, to provide a comparison with current literature, we repeated our analyses 

using putamen, caudate, and NAcc as homogeneous (anatomically-defined) seed regions 

(see Supplementary material).

Relationships with motor performance and cognition

For regions showing significant ADHD-related effects in the categorical and/or dimensional 

analyses, we explored post-hoc whether these effects were related to motor or cognitive 

performance. We calculated mean connectivity for regions identified in the categorical 

and/or dimensional analyses for every participant and correlated these connectivity values 

with measures of motor or cognitive performance, while correcting for effects of age, age2, 

sex, scan location, and ODD/CD comorbidity. To index motor performance we used total 

motor performance scores obtained from the Developmental Coordination Disorder 

questionnaire (DCD-Q; 43), performance on a motor timing task (44, 45), and performance 

on motor speed, motor pursuit, and motor tracking obtained from the Amsterdam 

Neuropsychological Task battery (46, 47). To index cognitive functioning we used 

performance on the following tasks: visuospatial working memory (accuracy and reaction 

time; 48-50), response inhibition (stop signal reaction time and number of errors; 6, 51), and 

WISC/WAIS intellectual functioning (30, 47, 52, 53). Supplementary Table S8 lists 

participant characteristics for each measure.

Results

Whole-brain functional connectivity of the six striatal regions

Figure 2 shows the whole-brain functional connectivity networks of the six striatal sub-

regions in the control group. The observed networks largely correspond with striatal 

networks as reported in existing literature (1, 2). The network of NAcc comprised OFC, 

ACC, and precuneus. The ventral caudate network (VC) included medial and lateral PFC, 
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lateral OFC and ACC, whereas the network of dorsal caudate (DC) was restricted to striatal 

regions. The left (APl) and right (APr) anterior putamen networks were unilateral and 

smaller compared to the other networks, including dorsal ACC and pre-supplementary motor 

area. Finally, the posterior putamen (PP) was extensively connected with areas of the motor 

system including primary motor cortex and cerebellum. Supplementary Figure S6 compares 

the current networks to functional networks of the striatum defined in an earlier study (1).

Categorical effects of ADHD

We did not observe significant differences between the ADHD and control group in the 

functional connectivity patterns of any of the six striatal regions. Results obtained using a 

non-Bonferroni corrected threshold of p<0.05 are presented in Supplementary Figure S9. 

Further, to allow comparison with earlier studies we conducted univariate (instead of 

multivariate) categorical analyses investigating connectivity for each striatal seed region in a 

separate model. These analyses did also not reveal significant differences between the 

ADHD and control group.

Effects of dimensional ADHD-related measures

Dimensional analyses using participant-level ADHD symptom ratings of all 444 

participants, revealed that increased hyperactivity/impulsivity (Figure 3A) and increased 

inattention scores (Figure 3B) were associated with increased functional connectivity of 

posterior putamen with occipital cortex and cerebellum. Higher inattention scores were 

furthermore associated with increased functional connectivity of posterior putamen with 

prefrontal cortex, left motor cortex, and precuneus (Figure 3B). Increased inattention scores 

also correlated with increased functional connectivity between ventral caudate and occipital 

fusiform gyrus (Figure 3C). Peak coordinates of the significant clusters are listed in Table 2; 

Figure S7 illustrates the relationship between symptom scores and functional connectivity 

for each cluster. Of note, although effects were observed across the whole sample, 

relationships between functional connectivity and symptom scores were strongest in ADHD 

participants and their siblings; See Supplementary Table S4). No significant dimensional 

relationships were observed for functional connectivity patterns of the other striatal regions 

(NAcc, dorsal caudate, left and right anterior putamen). Post-hoc sensitivity analyses showed 

that the observed dimensional effects were not related to scan location, sex, age, IQ, 

medication history, or ODD/CD comorbidity (Supplementary Tables S2 and S3).

Relationships with motor performance and cognition

Given the role of the posterior putamen in motor function, we conducted post-hoc analyses 

exploring whether functional connectivity between posterior putamen and significant 

clusters identified in the dimensional analyses was related to motor performance (using a 

Bonferroni corrected p-value of 0.00625, i.e., 0.05/8 examined clusters). These analyses 

revealed that DCD-Q total motor performance decreased as functional connectivity between 

posterior putamen and motor cortex increased (r=−0.14, p=0.006; see Figure 4). Similarly, 

DCD-Q total motor performance decreased as posterior putamen-cerebellum connectivity 

increased (r=−0.20, p<0.001). These effects are however not unexpected given the presence 

of motor problems in ADHD. Correlations between connectivity of posterior putamen and 

the other measures of motor performance were not significant.
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Finally, we explored whether functional connectivity between ventral caudate and occipital 

fusiform gyrus, which was related to symptoms of inattention, was also related to impaired 

cognitive functioning, as the caudate has been implicated in cognitive control (54). We did 

not observe associations between ventral caudate-occipital fusiform gyrus connectivity and 

our cognitive performance measures.

Discussion

In this report we investigated categorical and dimensional ADHD-related alterations in 

whole-brain functional connectivity of six striatal sub-regions obtained using a novel 

functional parcellation technique. We did not replicate case-control differences in cortico-

striatal network connectivity observed in previous studies, yet we did observe that functional 

connectivity in the networks of posterior putamen and ventral caudate increased significantly 

with increasing inattention and hyperactivity/impulsivity symptom scores. In addition, we 

showed that increased connectivity of posterior putamen with motor cortex and cerebellum 

correlated with decreased motor performance. Our findings support hypotheses of cortico-

striatal dysfunction in ADHD and highlight the dimensional aspects of the disorder.

Increased inattention scores were associated with increased functional connectivity of 

posterior putamen with several regions including motor cortex, cerebellum, precuneus, and 

PFC. The observed increase in functional connectivity of posterior putamen with motor 

cortex and cerebellum could be interpreted in light of impairments in motor execution, 

which are typical for many children with ADHD (16, 55). This idea is supported by our 

observation that increased connectivity of posterior putamen with cerebellum and motor 

cortex was associated with subjective ratings of decreased motor performance, and also 

corresponds with previous studies relating increased white matter tract strength between 

posterior putamen and primary motor cortex to decreased motor performance in healthy 

adults (7). Our findings furthermore corroborate reports of increasing motor tract anisotropy 

with increasing ADHD symptom scores (56), and task-based fMRI studies that relate 

aberrant activity of the motor system to impaired motor function in ADHD (57, 58). We note 

that the direction of this dimensional effect, i.e., increased functional connectivity, 

contradicts task-based fMRI and rs-fMRI studies that reported reduced activation or 

connectivity in cortico-striatal networks in ADHD (for reviews see 12, 17, 18). Regarding 

the motor network, both increased (59) and decreased (19) functional connectivity have been 

reported in ADHD. This dichotomy might relate to potential opposite effects of ADHD 

characteristics in clinical ADHD versus the healthy population (15), yet other studies do not 

report such opposite effects (60).

Further, we observed that increased inattention scores were associated with increased 

connectivity between posterior putamen and precuneus. The precuneus is a multifaceted 

region and is also part of the default mode network (DMN). The DMN, as opposed to task-

positive networks, is associated with self-referential cognitive processes that are typically 

inhibited during externally oriented, attention-demanding tasks (61). Our findings 

correspond with previous studies reporting decreased anti-correlation between precuneus (as 

part of the DMN) and task-positive networks, or in other words diminished DMN 

suppression, during sustained attention in ADHD (62). Diminished DMN suppression is 
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thought to disrupt ongoing cognition and behavior, leading to periodic lapses in task-

performance, a hallmark of ADHD (18, 63).

Finally, we observed increased functional connectivity of both posterior putamen and ventral 

caudate with occipital cortex at higher ADHD symptom scores. Deficits in occipital cortex, 

which is involved in visual processing, are not typically considered in the etiology of 

ADHD. Yet, there is ample evidence for structural (64, 65) and functional occipital cortex 

abnormalities in ADHD (for review see 63). Furthermore, local functional connectivity 

within occipital cortex was significantly increased in ADHD patients (23, 66). Increased 

activation and connectivity of occipital cortex has been hypothesized to reflect mechanisms 

compensating for inattention in ADHD (14, 63). Accordingly, our finding of increased 

functional connectivity between ventral caudate and occipital cortex as a function of 

increased inattention could be explained in the context of interactions between occipital 

cortex, caudate, and attention networks that are aimed at maintaining attention to relevant 

stimuli while suppressing attention to irrelevant stimuli (67).

In contrast to the dimensional ADHD-related effects we did not find significant case-control 

differences on cortico-striatal network connectivity when using categorical definitions of the 

disorder. A recent rs-fMRI study characterized both categorical and dimensional variations 

in four large-scale brain networks (default mode, dorsal attention, executive control, and 

salience network; 28). Distinct categorical and dimensional effects were reported, but 

overlap between some of the neural correlates of both measures was also demonstrated, 

confirming the hypothesis that both categorical and dimensional mechanisms contribute to 

ADHD. We did not find significant categorical differences, which in inconsistent with this 

hypothesis and previous reports investigating functional connectivity in corticostriatal 

networks in ADHD (for reviews see 17, 18). However, when lowering the threshold for 

significance we observed increased connectivity between posterior putamen and occipital 

cortex in the ADHD group compared to controls, which overlapped with our significant 

dimensional findings (see Supplementary Figure S9). These observations seem to suggest 

that dimensional analyses using inattention and hyperactivity/impulsivity measures might be 

more sensitive than a categorical analysis to reveal the neuroimaging correlates of ADHD. 

Yet, our findings do not rule out that different mechanisms underlie the ADHD-related 

effects observed in categorical and dimensional analyses of cortico-striatal network 

connectivity (28). Of note, we are preparing a manuscript focusing on statistical techniques 

to disentangle effects of hyperactivity/impulsivity, inattention, and general ADHD-related 

effects (Pruim et al., in preparation). Further, although not yielding significance, the 

categorical analyses revealed similar effects sizes as the dimensional analyses. The average 

effect size of the dimensional effects is r=0.237 versus r=0.225 of the subthreshold 

categorical effect depicted in Supplementary Figure S9. This suggests that the difference in 

results might at least be partly related to increased statistical power in the dimensional 

analyses through the inclusion of more participants.

A factor that might have contributed to the absence of significant categorical differences in 

our study is the potential heterogeneity in our large sample (N=444). We explicitly aimed to 

include an ADHD sample sufficiently broad to provide a valid representation of the general 

ADHD population: we selected participants independent of ADHD subtype, sex, and 
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stimulant treatment within a large age range (8-25 years). This approach however, might 

have concealed categorical differences detected in previous studies. That is, previous studies 

have mostly been conducted in smaller, potentially more homogeneous samples consisting 

of participants with the combined (and most severe) ADHD subtype, while all ADHD 

subtypes were included in our study. Dimensional measures, in contrast, capture such 

developmental, sex, and treatment differences by allowing individual variation.

A limitation of our study is that medication use differed among ADHD participants, with 

130 out of 169 participants being on stimulant medication. Importantly, stimulant 

medication has been shown to alter activation and/or functional connectivity of prefrontal 

and striatal regions in controls (68) and participants with ADHD (for meta-analyses see 

69-71). However, sensitivity analyses described in the Supplementary material indicate that 

medication status (i.e., medicated versus medication-naïve; Table S5 and Figure S8) and the 

duration of medication use (Table S2) did not significantly impact our findings. We could 

not distinguish medicated from medication-naïve participants.

In this report we investigated cortico-striatal networks using functionally defined sub-

regions of the striatum obtained via a novel functional parcellation strategy (i.e., ICP). Using 

this approach we avoided imposing structural borders while taking functional subdivisions 

of the striatum into account. We clearly demonstrated the potency of ICP to segregate the 

striatum into functional sub-regions: the parcellation of the striatum not only confirmed the 

traditional subdivision into NAcc, putamen, and caudate, but also the hypothesized anterior-

posterior division of putamen and ventral-dorsal division of caudate were retrieved. We 

furthermore demonstrated the benefit of our fine-scale functional subdivision over a 

traditional anatomical subdivision of striatum: the analyses using putamen, caudate, and 

NAcc as homogeneous seed regions only revealed a significant inattention-related increase 

in functional connectivity in the network of putamen, which was of smaller spatial extent 

than the inattention-related increases observed in the network of the functionally defined 

posterior putamen region (Supplementary Figure S10).

To conclude, we demonstrated the effectiveness of ICP to functionally segregate the striatum 

into biologically valid sub-regions. Using these regions we confirmed cortico-striatal 

network dysfunction in ADHD by revealing symptom-related increases in functional 

connectivity of posterior putamen and ventral caudate. Our results highlight the potential of 

data-driven functional connectivity studies for explaining variance in the behavioral 

heterogeneity of ADHD beyond a categorical definition of the disorder.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Functional parcellation of striatum generated using Instantaneous Correlation 
Parcellation
A) Structural parcellation of the striatum in NAcc (yellow), caudate (green), and putamen 

(blue) as provided in the Harvard-Oxford Atlas. B) Functional parcellation of the striatum 

into six sub-regions using the ICP strategy. C) The six final, stable sub-regions used for 

further analyses including: dorsal caudate (turquoise), ventral caudate (green), NAcc 

(yellow), left anterior putamen (red), right anterior putamen (violet), and posterior putamen 

(blue). We created the stable regions by excluding those voxels that were inconsistently 

associated with sub-regions across lower-level parcellations (e.g., a voxel that was associated 

with anterior putamen in a 4-region solution, and posterior putamen in the current 6-region 

solution would be excluded; see also Supplementary Figure S4).
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Figure 2. Whole-brain functional connectivity networks for each of the six striatal sub-regions
Whole-brain networks shown here were derived through multiple regression using data of 

healthy controls only (N=122). X- and z-values represent x- and z-MNI152 coordinates. 

Abbreviations: NAcc=nucleus accumbens, VC=ventral caudate, DC=dorsal caudate, 

APl=anterior putamen left, APr=anterior putamen right, PP=posterior putamen. The network 

for the right anterior putamen seed (APr) is displayed for the corresponding x-values in the 

right hemisphere (x=5, x=20, x=35, and x=50). To aid visualization, the threshold for the 

network of posterior putamen seed (PP) was set at |t|≥ 7.
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Figure 3. Significant dimensional effects for posterior putamen and ventral caudate connectivity
A) Increased hyperactivity/impulsivity scores were associated with increased functional 

connectivity of posterior putamen with regions in occipital cortex and cerebellum. B) 
Increased inattention scores were associated with increased functional connectivity of 

posterior putamen with the various highlighted regions. C) Increased inattention scores were 

furthermore related to increased functional connectivity between ventral caudate and 

occipital fusiform gyrus. D) Representation of the relationship between inattention and 

functional connectivity between posterior putamen and motor cortex (as circled in panel B).
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Figure 4. 
Increased functional connectivity between posterior putamen and motor cortex is associated 

with decreased motor performance, r=−0.14, p=0.006. Motor performance was based on the 

Developmental Coordination Disorder Questionnaire (DCD-Q; 43); higher scores indicate 

better performance. The correlation between posterior putamen-cerebellum connectivity and 

motor performance (r=−0.20, p<0.001) yielded a similar effect.
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Table 2

Peak coordinates of significant clusters observed in the dimensional analyses.

Inattention-related increase in posterior putamen connectivity Peak coordinates (MNI)

Occipital cortex x=−12 y=−94 z=8

Cerebellum x=−6 y=−68 z=−22

Precuneus x=10 y=−46 z=46

Motor cortex x=−46 y=2 z=50

    extending to supramarginal gyrus x=−58 y=−40 z=38

Prefrontal cortex x=−22 y=44 z=30

Inattention-related increase in ventral caudate connectivity

Occipital cortex x=−24 y=−68 z=−18

Hyperactivity/Impulsivity-related increase in posterior putamen connectivity

Posterior putamen – Occipital cortex x=24 y=−86 z=16

Posterior putamen – Cerebellum x=14 y=−74 z=−18
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