
 

 

 University of Groningen

Task-generic and task-specific connectivity modulations in the ADHD brain
Chauvin, Roselyne J; Buitelaar, Jan K; Sprooten, Emma; Oldehinkel, Marianne; Franke,
Barbara; Hartman, Catharina; Heslenfeld, Dirk J; Hoekstra, Pieter J; Oosterlaan, Jaap;
Beckmann, Christian F
Published in:
Translational Psychiatry

DOI:
10.1038/s41398-021-01284-z

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Chauvin, R. J., Buitelaar, J. K., Sprooten, E., Oldehinkel, M., Franke, B., Hartman, C., Heslenfeld, D. J.,
Hoekstra, P. J., Oosterlaan, J., Beckmann, C. F., & Mennes, M. (2021). Task-generic and task-specific
connectivity modulations in the ADHD brain: an integrated analysis across multiple tasks. Translational
Psychiatry, 11(1), [159]. https://doi.org/10.1038/s41398-021-01284-z

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

https://doi.org/10.1038/s41398-021-01284-z
https://research.rug.nl/en/publications/a25a1a23-4021-4c23-9623-2024d95df45f
https://doi.org/10.1038/s41398-021-01284-z


Chauvin et al. Translational Psychiatry          (2021) 11:159 

https://doi.org/10.1038/s41398-021-01284-z Translational Psychiatry

ART ICLE Open Ac ce s s

Task-generic and task-specific connectivity
modulations in the ADHD brain: an integrated
analysis across multiple tasks
Roselyne J. Chauvin 1,2,3, Jan K. Buitelaar1,2,4, Emma Sprooten 1,2, Marianne Oldehinkel1,2,5, Barbara Franke 2,6,
Catharina Hartman7, Dirk J. Heslenfeld8, Pieter J. Hoekstra7, Jaap Oosterlaan8,9, Christian F. Beckmann1,2,10 and
Maarten Mennes2

Abstract
Attention-deficit/hyperactivity disorder (ADHD) is associated with altered functioning in multiple cognitive domains
and neural networks. This paper offers an overarching biological perspective across these. We applied a novel strategy
that extracts functional connectivity modulations in the brain across one (Psingle), two (Pmix) or three (Pall) cognitive
tasks and compared the pattern of modulations between participants with ADHD (n-89), unaffected siblings (n= 93)
and controls (n= 84; total N= 266; age range= 8–27 years). Participants with ADHD had significantly fewer Pall
connections (modulated regardless of task), but significantly more task-specific (Psingle) connectivity modulations than
the other groups. The amplitude of these Psingle modulations was significantly higher in ADHD. Unaffected siblings
showed a similar degree of Pall connectivity modulation as controls but a similar degree of Psingle connectivity
modulation as ADHD probands. Pall connections were strongly reproducible at the individual level in controls, but
showed marked heterogeneity in both participants with ADHD and unaffected siblings. The pattern of reduced task-
generic and increased task-specific connectivity modulations in ADHD may be interpreted as reflecting a less efficient
functional brain architecture due to a reduction in the ability to generalise processing pathways across multiple
cognitive domains. The higher amplitude of unique task-specific connectivity modulations in ADHD may index a more
“effortful” coping strategy. Unaffected siblings displayed a task connectivity profile in between that of controls and
ADHD probands, supporting an endophenotype view. Our approach provides a new perspective on the core neural
underpinnings of ADHD.

Introduction
Attention-deficit/hyperactivity disorder (ADHD) is a

mostly early onset neurodevelopmental disorder char-
acterised by symptoms of inattention and/or
hyperactivity-impulsivity that are associated with impair-
ments in multiple functional domains1. Multiple cognitive
theories have been proposed to explain the underlying

core deficits of the disorder, including a dysfunction in
state and arousal regulation2, response inhibition3,
broader executive functioning4, motivation5 and/or delay
aversion4. Functional imaging studies building on these
cognitive explanations have investigated the neural
underpinnings of ADHD, but have revealed a hetero-
geneous pattern of altered neuronal function spread
across the brain1,6–8. This fragmented pattern of findings
asks for new integrated approaches that provide an
overarching perspective on the functional architecture of
the ADHD brain across cognitive domains.
Here, we offer such a perspective by applying a novel

approach that integrates findings of cognitive tasks across
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multiple cognitive domains to assess the role of task-
dependent connectivity modulations9. We thereby capi-
talize on the idea that task-induced connectivity patterns
build on the baseline functional connectivity architecture
as indexed by resting-state MRI analyses10–12. Using the
resting-state architecture as baseline allows assessment of
the regional specifics and magnitude of task-induced
connectivity modulations across task paradigms9. Speci-
fically, we use task potency as a metric to index the
strength of task-induced connectivity modulations in
terms of their difference from a resting-state baseline.
This approach facilitates the comparison between task
paradigms and permits to disentangle modulations that
are shared across multiple cognitive functions (i.e. Pall),
resembling a cognitive core13–15, from those that are task-
specific (i.e. Psingle). For example, a comparison of working
memory, response inhibition and reward tasks could
reveal that participants with ADHD show alterations in
the same network of inhibition-related brain regions in
each task. This would provide support for theories that
claim a prominent role for poor response inhibition in
ADHD3. Alternatively, theories suggesting inefficient
management of resources in participants with ADHD
would be supported by observing, for example, a pattern
of modulations that is highly specific to each task, while
an overall cognitive core in support of task-general pro-
cesses remains under-modulated16,17. Both theories are
not incompatible: an alteration in one function network
may induce coping strategies involving other functional
networks. In combination, this may manifest as ineffi-
ciency across multiple task-generic and task-specific sys-
tems. In light of these possibilities we hypothesized that,
in ADHD, the brain’s functional core interacts differently
with more specialized network modulations, which could
reflect inefficient use of the brain’s resources in ADHD.
To test our hypothesis, we applied our task-potency

framework to a large cohort of participants with ADHD,
their unaffected siblings, and healthy controls (N= 266)
and describe functional connectivity patterns across three
cognitive domains (probing response inhibition16, work-
ing memory18 and reward processing17). Since unaffected
siblings share on average 50% of genetic variation with
their ADHD probands, the addition of unaffected siblings
allowed assessing the impact of familial vulnerability—
addressing the hypothesis that unaffected siblings show a
task connectivity modulation profile that is an inter-
mediate phenotype between that of diagnosed siblings and
control participants19,20.

Methods
Participants and (f)MRI acquisitions
We selected participants with ADHD, unaffected sib-

lings of individuals with ADHD (but not related to the
participants with ADHD included in this study), and

typically developing controls (unrelated to any partici-
pant) from the NeuroIMAGE sample21. All selected par-
ticipants completed an anatomical MRI scan, a resting
state fMRI scan (RS), and at least one of the following task
fMRI scans: a spatial working memory task (WM), a
monetary-incentive-delay reward task (REWARD) and/or
a stop signal response inhibition task (STOP) (see Table
S1). Table 1 summarizes the demographics of the 89
participants with ADHD, 93 unaffected siblings, and 84
controls included in the current analyses. A full descrip-
tion of the selection criteria, task paradigms and MRI
acquisition parameters is provided in Table S2 and S3 and
supplemental method (appendices). Participants were
scanned at two different sites; therefore we provide, in
supplementary Figs. 1 and 2, a replication of all results
within site and with matched samples on age, IQ, site,
gender.

Task potency calculation
Our task potency approach is described in detail else-

where9. In brief, for each participant and each pre-
processed RS, WM, REWARD and STOP fMRI acquisi-
tion (see eMethod for pre-processing procedures) we
defined functional connectivity matrices using 179 regions
from a hierarchical whole-brain atlas22 (see Fig. S3). We
calculated connectivity as the normalized Fisher-Z partial
correlation between the timeseries of each pair of regions
in the atlas. We used a mixture modelling approach23 for
the normalization in order to correct for residual auto-
correlation of each Z matrix. The central Gaussian fits the
‘null’ part of the matrix values and is used as normal
reference (see Supplementary Method). To isolate con-
nectivity changes induced by task modulation (WM,
REWARD, STOP) from changes in the brain’s baseline
architecture (RS), we standardized each individual-level
pair-wise correlation obtained during task acquisition by
subtracting the corresponding pair-wise correlation value
calculated for the RS scan of that participant. This effec-
tively allows comparing each connection in the task
connectivity matrices in terms of its magnitude of devia-
tion from that participant’s resting baseline9. We refer to
this deviation as ‘task potency’, which is considered as an
absolute value and disregards complex interpretation of
down- or up-modulation.
For each task, we created group-level task potency

matrices by averaging the individual-level potency matri-
ces across all participants in each diagnostic group. Within
these group-level matrices we selected those connections
that were sensitive to task modulation, by thresholding
each group-level task potency matrix. Negative and posi-
tive thresholds were defined using a two-tailed version9 of
mixture modelling thresholding24,25. We used the most
conservative limit across groups (as controls, ADHD, and
Sibling groups were not equal size) in order to compare
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the same level of information and selected potency values
exceeding this limit as being sensitive to task modulation.
To integrate results across task-paradigms, we sub-

divided these sensitive connections depending on their
modulation by one or more of the tasks. In particular, we
refer to connections that were modulated by one task only
as Psingle, to connections that were modulated by more
than one but not all tasks as Pmix, and to connections that
were modulated regardless of task as Pall. We verified that
the relative percentage of participants that performed
multiple acquisitions was equivalent between groups to
avoid a possible bias related to participant by task inter-
actions in edge selection (see details in Supplementary
Table 1).

Group differences in task connection type
To assess whether ADHD was associated with a deviant

distribution of task-induced modulations across the brain
and across tasks, we compared the distribution of task-
sensitive connections and relative Psingle, Pmix and Pall
connections across the three diagnostic groups.
We compared the amount of sensitive connections

between groups by indexing the percentage of connections

included for each group relative to the total number of
sensitive connections. We assessed between-group differ-
ences in the specificity of connections by obtaining for
each group the percentage of connections per type relative
to the total number of sensitive connections for that
group. Finally, we assessed the ratio of connections
uniquely modulated by each diagnostic group (unique
connections) versus those connections that were also
modulated by one or both of the other groups (shared
connections).
To account for the heterogeneity in the population, we

used a bootstrapping procedure to statistically infer group
differences against an appropriate null distribution.
Defining empirical null distributions specifically for each
diagnostic group allows controlling for sensitivity-
differences due to relative group sizes across tasks and
across diagnosis. We sub-selected 80% of the study
population, computed the different metrics of interest, i.e.
true values (percentage of connections per label and
amplitude of modulation), randomly relabelled the parti-
cipants keeping group size equal and computed the same
values for a random expectation. We perform this sub-
selection and procedure 10,000 times in order to build a

Table 1 Participant information: descriptive, clinical variables, head movement during scanning and distribution of
scan modalities, for each group sample and tasks: resting state (RS), stop signal paradigm (STOP), reward processing
(REWARD), working memory (WM).

N used in

final

analyses

Age

min – max

Age

mean (std)

% female** Siteb Inattentiona (std) Hyperactivitya (std) IQ** (std) Root mean

square head

movement (std)

Healthy control participants

RS 84 10.8 – 23.5 16.7 (3) 50% 65% 0.4 (1.1) 0.3 (0.8) 107.2 (13.8) 0.14 (0.17)

STOP 46 10.8 – 23.4 16.7 (3.1) 58.7% 50% 0.3 (1.0) 0.2 (0.6) 106.1 (14.1) 0.10 (0.06)

REWARD 46 12.7 – 23.5 16.6 (2.9) 50% 55% 0.6 (1.5) 0.3 (0.9) 108.1 (12.8) 0.16 (0.11)

WM 66 10.8 – 23.5 16.5 (3.1) 50% 80% 0.3 (1.0) 0.3 (0.8) 105.8 (13.4) 0.18 (0.16)

Unaffected Siblings

RS 93 7.7 – 28.1 16.9 (4) 57% 45% 0.7 (1.4) 0.6 (1.1) 101.6 (14.9) 0.16 (0.21)

STOP 55 7.7 – 27.3 17.1 (4.1) 54.5% 36% 0.7 (1.7) 0.7 (1.3) 102.6 (16.3) 0.10 (0.10)

REWARD 57 9.1 – 28.1 17.2 (3.7) 57.9% 49% 0.6 (1.4) 0.7 (1.2) 100.1 (15.2) 0.11 (0.07)

WM 44 7.7 – 28.1 16.2 (4.1) 56.8% 54% 0.3 (1.0) 0.3 (0.7) 102.6 (13.7) 0.15 (0.21)

ADHD participants

RS 89 8.5 – 24.5 17.4 (3.1) 31.5% 38% 7.3 (1.9)* 5.8 (2.3)* 94.4 (14.5) 0.24 (0.38)

STOP 49 11.1 – 24.5 17.7 (2.7) 22.4% 37% 7.3 (1.5)* 5.3 (2.3)* 95.8 (14.7) 0.09 (0.05)

REWARD 57 10.2 – 24.5 17.7 (3.1) 35.1% 32% 7.0 (1.5)* 6.1 (2.0)* 97.0 (14.9) 0.17 (0.20)

WM 51 10.2 – 24.2 17.2 (3.23) 35.3% 47% 7.5 (1.3)* 5.8 (2.3)* 94.6 (14.3) 0.24 (0.21)

Replication of analysis for differences in sample (scanner/site, gender, IQ) is available in Figs. S1 and S2.
For participant exclusion, see Table S6. **For more detail on IQ and gender representation and testing of differences, see Fig. S7.
aCombined symptoms from KSADS and Conners.
bRatio of Amsterdam/Nijmegen scan localisation.
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null distribution. We tested for significant differences
between the average observed values across 10,000 sub-
selections and the obtained null distribution (for further
details see Supplementary Methods).
Using this procedure, we tested differences in the per-

centage of connections modulated across tasks (task-
sensitive, Pall, Pmix, Psingle connections), and in the per-
centage of shared versus unique connections for each of
the connection labels. To further assess whether differ-
ences in percentage of selected connections were asso-
ciated with different amounts of modulation, we compare
their average amplitude of modulation and tested values
against the corresponding diagnostic group specific null
distribution. P values were assessed for significance using
FDR correction across tests per group at q < 0.05. Repli-
cation of values in light of possible confounder effects
(medication, gender, scanner of acquisition and comor-
bidity) are presented in Fig. S4.
Finally, we assessed the stability versus the hetero-

geneity of task connection types in the different groups.
To this end we used the 10,000 extracted values from the
80% sample bootstrapping procedure and computed each
connection’s selection rate at the group level across
bootstraps and its associated shared selection rate
between two groups. We computed these rates for sen-
sitive, Pall, Pmix and Psingle connections. These group-level
selection rates index how specific a selected connection is
to one particular group by computing the difference in
selection rate between groups for each connection. We
can then display the uniqueness (for a specific group)
versus the sharedness (across groups) of each connection.
By comparing both rates, we can estimate which con-
nections are uniquely and reproducibly selected in one
group only, potentially representing idiosyncratic strate-
gies to solve a task.

Results
Establishing an ADHD connectivity profile
Starting from the set of connections that yielded sig-

nificant connectivity modulations across all participants,
we compared the diagnostic groups in terms of the sen-
sitivity and specificity of their connectome to task mod-
ulations. Figure 1 shows that participants with ADHD
modulated a significantly smaller part of sensitive con-
nections (mean 40.1% of all sensitive edges, SD= 4.7,
P < 0.005) compared with the group-specific null dis-
tribution (50.6%, SD= 4.1), while the percentage of edges
modulated by controls and siblings was not significantly
different from random expectation (47.4%, SD= 4.4 and
44.5%, SD= 4.5, respectively).
Illustrating the task-specific nature of the sensitive

connections, the bottom part of Fig. 1 displays the pro-
portion of selected connections that were Pall or Psingle
(full results including Pmix edges are available in Fig. S4).

ADHD had 13.8% Pall modulations, which was sig-
nificantly lower than expected (P= 0.031), and lower
compared to both controls (17.8%) and siblings (16.3%).
Within the Pall connections, ADHD seemed to mostly
modulate connections that controls and siblings also
modulated (the percentage of shared connections was
>10% higher compared with the other groups, yet, this
group difference did not reach significance).
In contrast to the lower number of Pall connections, the

ADHD group exhibited a significantly higher percentage
of Psingle connections compared with the null distribution
(see Fig. 1). While the sibling group also showed a high
percentage of Psingle connections, this difference did not
survive multiple comparison corrections across tests
within this group. We observed no significant between-
group differences in the uniqueness of the Psingle
connections.

Reproducibility—from group level to individual analyses
We assessed the variability of the task connection types

across bootstraps within each group, to examine the
homogeneity of results across participants within a group.
Figure 2 shows the results of these analyses for Pall and
Psingle edges (task-sensitive and Pmix related results can be
found in Fig. S5). The Pall connections in particular dis-
played strong homogeneity across control participants,
with a notable shift toward 100% selected for controls,
demonstrating a high reproducibility in controls and
missing characterisation of these edges as Pall in other
groups. In other words, controls reliably modulated Pall
connections that were not consistently modulated by both
other groups. In contrast, siblings seemed to modulate an
alternative set of Pall connections that were not used by
controls (Fig. 2 top right). This further informs on dif-
ferences and similarities observed in Fig. 1. In contrast,
the Psingle connections observed in ADHD and siblings
(see Fig. 1) were heterogeneous across participants, as
illustrated by an absence of a shift in the distributions
shown in Fig. 2 towards the ADHD and sibling groups
(see also Fig. S5). Finally, we refer to Fig. 3 and S6 for a
description of the location of Pall connections that were
strongly selected in each of the diagnostic groups.

Amplitude of modulation
As a proxy for cost estimation of different connectivity

profiles reflecting possible compensatory mechanisms, we
assessed whether the group differences in connectivity
profiles were associated with group differences in the
amplitude of the modulations. Figure 4 shows that sib-
lings and controls equally modulated the different con-
nection types (Table S4 provides statistical details).
However, participants with ADHD overmodulated con-
nections that were unique to them. This overmodulation
was significant for Psingle connections and Pmix
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connections (see Table S4), but did not reach significance
for Pall connections. This is in line with the idea that the
ADHD group placed more emphasis on Psingle and Pmix

rather than on generic connections.

Confounder effects
In Supplementary Figs. 1 and 2, we replicated Figs. 1

and 3 to investigate age, IQ, gender, comorbidity, scan site
and medication effect with matched samples. The new

Fig. 1 Sensitivity to task modulation. Description of total connectivity modulations across the three tasks and diagnostic groups (ADHD, siblings,
controls). The first row shows for each group the percentage of connections they modulated across the three tasks (sensitive connections) and within
these selected connections, the relative percentage of connections unique to one group or shared across groups. We further split the selected
connections of each group into task-specific (Psingle), and common (Pall) connections, corresponding to connections modulated in only one, or all
three tasks, respectively. The second row of this figure quantifies the relative percentage of each connection type (Pall and Psingle) within the sensitive
connections of each group. For the connections described in the second row, the third row then quantifies whether these connections were unique
to that group or shared across groups. Stars indicate significant differences from null distribution after FDR correction (see Table S7). Replication of
these findings across possible confounding effects (scanner, gender, medication, comorbidity, age, IQ) is available in Figs. S1 and S2.
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sample size being reduced, we did not perform the
bootstrapping procedure. We observed an overall repli-
cation of effects with a lower Pall and higher Psingle per-
centage in ADHD and a partial similarity of connectivity
profiles between unaffected siblings and ADHD groups.

Discussion
We used a novel framework to provide an overarching

perspective on the neurobiology of ADHD by inferring
the nature of connectivity modulations in ADHD under
the demands of working memory, reward processing, and
response inhibition tasks. Our framework reveals that
participants with ADHD activate significantly fewer con-
nections than expected to perform each task. Further-
more, they modulated significantly fewer task-generic
connections that share resources across tasks, and instead,
relied significantly more on unique sets of connections
(Psingle). In turn, participants with ADHD over-modulated

those Psingle connections, suggesting a task-tailored
potential compensatory mechanism. In comparison,
unaffected siblings of ADHD participants displayed an
intermediate phenotype with values in between those
observed for controls and ADHD.
The ADHD population is known for its clinical, biolo-

gical and etiologic heterogeneity, and it is possible that
different etiologic and/or biological mechanisms could
result in the same behavioural symptoms. The results of
our group-based analyses together with the high repro-
ducibility at the individual level strongly support the idea
that a core alteration underlies the cognitive and neural
impairments observed in ADHD. Participants with
ADHD rely less on a Pall core of modulations and instead
involve task-tailored patterns of connectivity. These
observations further support the idea that ADHD is
characterized by neural inflexibility26,27, as the use of
predominantly task-tailored connectivity patterns makes

Fig. 2 Comparison of selection reliability across bootstraps. By investigating the reproducibility of the selection of connections across bootstraps
for each group and connections, we inferred on the uniqueness (x-axis) and shareability (y-axis) of each connection between two groups. Y-axis
represents the percentage of bootstraps in which a connection is selected in two groups as a common or task specific connection, relatively. X-axis
represents the difference between groups in percentage of selection across bootstraps of a connection as Pall or Psingle edges. A connection that was
always selected in both groups, i.e. high shareability, shown at the top corner of each triangle, would represent a connection that cannot be used to
differentiate between those two groups. A connection that was always selected in one group only, located in the lower corners of the triangles,
would be unique to a group and could be used to predict the group. Connections that would be heterogeneously selected in the population would
have a low uniqueness (around 0 on the x-axis) and a low shareability (bottom of y-axis). The distribution at the basis of the triangle informs about the
density of connections represented in the triangle, i.e. the spread of the distribution indicates whether only a small subset or a larger representation
of connections are most often selected in one group relatively to the total amount of selected connections.
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task switching more demanding, more ‘expensive' and
inefficient, with more challenging task performance as a
result. As such, this connectivity profile provides support
for the cognitive-energetic model of ADHD2. In this
model, the limitations in arousal observed in ADHD could

be a consequence of a higher level of energy required to
perform cognitive tasks. This is potentially related to
having to micro-manage Psingle patterns instead of keeping
a general processing core ready to perform. Assessing
individual-specificities of these task-tailored connectivity

Fig. 3 Representation of areas with most reproducible Pall connections comparing ADHD and Control groups. The brain slices on the left
show areas with at least one connection used reproducibly (>50% of selection and ratio difference <25%) in both groups. The circular connectivity
plot represents all connections selected >50% as Pall in one of the two compared groups across bootstraps. Within these strongly reproducible Pall
connections, the ones used most often in one group are represented with full color of that group (ratio difference >25%) (red for ADHD, blue for
Controls). The brain slices on the right represent the brain areas associated to the connections used more often in one group. If an area has
connections used in each group, its color is a blend of the compared group colors (purple).

Fig. 4 Modulation of edges. The graphs quantify the average task potency across unique or shared connections for each group and connection
type (corresponding to the third line in Fig. 1). All reported values show the average and standard deviation across 10,000 independent bootstraps.
Indicated P values show significant differences after FDR correction. Full results are available in Tables S3 and S7. Replication of these findings in light
of possible confounding effects (scanner, gender, medication, comorbidity, age, IQ) is available in Figs. S1 and S2.
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in protocols including multiple tasks and mind-wandering
detection could help disentangle whether this connectivity
profile reflects coping strategies from possible distracting
thoughts during the task.
Fitting with the hypothesis of inefficient neural pro-

cessing is the observation that participants with ADHD
typically are able to perform most tasks but exhibit large
variability in the way they perform tasks16,28,29. Some
studies have reported an inefficient use of resources for
specific networks or functions in ADHD including the
attention network29,30, executive functioning6,31 or cog-
nitive control29,32. However, as these studies focus on
specific cognitive aspects, they do not allow identifying a
potential task-general underlying deficit, as demonstrated
in the present study. Alternative approaches to investi-
gating the efficiency of the brain’s organization have used
graph theory and shown that the functional architecture
of the ADHD brain is associated with differences in the
balance of local and global efficiency7,33–35. However,
these graph theory metrics provide no information on
localized effects affecting specific cognitive functions. In
contrast, our integrated approach provides a bridge
between cognitive tasks and the functional architecture of
the brain to understand the interaction between neural
systems.
Unaffected siblings of individuals with ADHD share on

average 50% of their genetic make-up with the ADHD
probands, and accordingly, are hypothesized to share part
of the ADHD endophenotype, i.e. biological deficits
underpinning the ADHD phenotype19,36,37. To avoid
genetic relatedness between our groups, we selected
unaffected siblings and ADHD from independent families
that reduced our sample size but validate a biological
endophenotype. Siblings displayed a task connectivity
profile in between that of controls and ADHD partici-
pants. Siblings showed a (non-significantly) larger use of
Psingle connections and some differences in the choice of
Pall connections compared with controls. In terms of
localization of Pall connections (see Fig. 3 and S6), they
combined motor connectivity like controls and subcortical
connectivity like ADHD, which enables to perform the
task as well as controls and which might be a more effi-
cient alternative strategy, as it requires less modulation of
connectivity. The strongest differences are observed in the
stop signal reaction time variability for ADHD partici-
pants. No differences in performance are observed
between unaffected siblings of ADHD and the control
participants (see Table S5). Previous research suggests that
ADHD participants could compensate by using higher
order executive systems or by relying more on lower-order
visual, spatial and motoric processing38–41. Our results
support the literature by suggesting that unaffected sib-
lings are potentially still able to recruit more task-general
efficient connections.

The results shown in Fig. 2 also highlight that Psingle
connections can be used to investigate such compensatory
mechanisms at the level of individual participants. Psingle
connections are highly variable across participants, which
is also described in previous work on task potency9. For
instance, using longitudinal designs and models of com-
pensatory strategies41, we can focus on those connections
that are subject-specific and highly reproducible at the
individual level to investigate a progressive specialization
of individual compensatory mechanisms. In contrast to
the high variability of Psingle connections, the absence of
some Pall connections was highly reproducible across
ADHD and siblings compared with controls (Fig. 2). As
such, an absence of Pall connections may have potential as
a biomarker for ADHD. This would encourage further,
out-of-sample investigations of our new task potency
approach.
Brain areas involved in the Pall connections and the

associated differences between ADHD and controls are
shown in Fig. 3 and S6. At the brain regional level, par-
ticipants with ADHD mainly missed modulations that
connect regions within the executive control and reward
pathways, including cerebellum, striatal, cingulum and
cortical areas during task performance33. These results are
coherent with meta-analysis showing hypoconnectivity in
fronto-parieto-cingulo-striatal circuit6,26. As shown in Fig.
3 and S6, participants with ADHD preserved only few Pall
connections, interestingly involving striatal regions
known to be involved in reward processing. Note that
these results do not contradict typical findings of aberrant
brain activity in reward-related regions in participants
with ADHD5 as we showed that participants with ADHD
used these connections with greater inconsistency and
decreased modulation compared with controls. Knowing
that ADHD participants make less efficient use of com-
mon pathways to govern multiple cognitive functions, will
inform next studies aimed at understanding task response
variability in ADHD.
Another important follow up is to integrate knowledge

on resting state differences7. As the task modulation
builds upon the baseline architecture, after identifying
differences between groups during task processing, both
levels of baseline and modulation need to be integrated.
This will also allow an understanding of the dependency
between baseline and task effect and whether task con-
nectivity differences can be predicted on the basis of
baseline alterations42. The choice of task in this study is
aimed to target cognitive functions altered in ADHD and
follow up studies need to extend this finding to other
cognitive domains to frame the Pall edges toward specific
localized circuit or show a generalization of this effect. In
addition, longitudinal studies need to assess age-related
trajectories of these findings, as we know that task
potency changes with age43. Performance on these tasks
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also changes with further maturation and changes in
symptoms severity that can occur in ADHD with age. The
current study does not address a possible developmental
delay explanation44, as it would require a longitudinal
database to be able to disentangle the complex interaction
between symptom severity, age and performance in rela-
tion to differences in connectivity.
In conclusion, we examined connectivity modulations

across three tasks and demonstrated that individuals with
ADHD showed less Pall and more Psingle connectivity
modulations when compared with controls or unaffected
siblings. Our work represents an important step towards
new integrative theories explaining how multiple neural
alterations interact and result into multiple cognitive
impairments in ADHD. Future studies should explore
whether the results hold under other tasks paradigms.
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