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ABSTRACT

BACKGROUND: Children with autism spectrum disorder (ASD) and co-occurring attention-deficit/hyperactivity
disorder (ADHD) symptoms have worse functional outcomes and treatment response than those without ADHD
symptoms. There is limited knowledge of the neurobiology of ADHD symptoms in ASD. Here, we test the
hypothesis that aberrant functional connectivity of two large-scale executive brain networks implicated in ADHD—
the frontoparietal and salience/ventral attention networks—also play a role in ADHD symptoms in ASD.
METHODS: We compared resting-state functional connectivity of the two executive brain networks in children with
ASD (n = 77) and typically developing control children (n = 82). These two executive brain networks comprise five
subnetworks (three frontoparietal, two salience/ventral attention). After identifying aberrant functional connections
among subnetworks, we examined dimensional associations with parent-reported ADHD symptoms.

RESULTS: Weaker functional connectivity in ASD was present within and between the frontoparietal and salience/
ventral attention subnetworks. Decreased functional connectivity within a single salience/ventral attention subnet-
work, as well as between two frontoparietal subnetworks, significantly correlated with ADHD symptoms. Furthermore,
follow-up linear regressions demonstrated that the salience/ventral attention and frontoparietal subnetworks explain
unique variance in ADHD symptoms. These executive brain network—ADHD symptom relationships remained
significant after controlling for ASD symptoms. Finally, specificity was also demonstrated through the use of a
control brain network (visual) and a control co-occurring symptom domain (anxiety).

CONCLUSIONS: The present findings provide novel evidence that both frontoparietal and salience/ventral attention
networks’ weaker connectivities are linked to ADHD symptoms in ASD. Moreover, co-occurring ADHD in the context
of ASD is a source of meaningful neural heterogeneity in ASD.
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For children with autism spectrum disorder (ASD), the pres-
ence of co-occurring attention-deficit/hyperactivity disorder

contributes to the poor functional outcomes for children with
ASD and co-occurring ADHD symptoms. Despite these highly

(ADHD) is associated with worse functional outcomes and
treatment response (1-5). Children with ASD and co-occurring
ADHD struggle to a greater degree with skills needed for
adaptive behavior (self-care, communicating and interacting
effectively with others) and experience diminished quality of life
(1-3). Compared with the nonautistic ADHD population,
autistic children who seek treatment for ADHD symptoms have
lower response and remission rates to ADHD medications,
such as stimulants or a, agonists (4,5). Defining the brain
networks contributing to ADHD symptoms in ASD may provide
insight into the poor treatment response of children with co-
occurring ADHD and ASD. Poor treatment response likely
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detrimental effects, few neuroimaging studies have directly
evaluated multiple brain networks that may drive co-occurring
ADHD symptoms in children with ASD.

ADHD is characterized by poor cognitive control, the ability
to constrain thought and action to achieve goals (6-8). The
triple-network model of psychopathology posits that complex
cognition like cognitive control is subserved by two of the
three large-scale brain networks: the frontoparietal and
salience/ventral attention networks (9,10). The frontoparietal
network includes portions of dorsolateral and medial prefrontal
cortex (Brodmann area [BA] 6/9/10/44/46), intraparietal
sulcus (BA 7/39/40), precuneus (BA 7), and cingulate cortex
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(BA 24/31). This network is linked to cognitive control pro-
cesses including behavioral response inhibition, working
memory, and set shifting. Impairments in this network in ADHD
populations have long been observed in neuropsychological
studies (6). Task-based functional magnetic resonance imag-
ing (fMRY) studies have demonstrated decreased frontoparietal
activation in children with ADHD (11,12). Recovery of fronto-
parietal activation is observed in stimulant medication re-
sponders with ADHD during cognitive control tasks (13,14),
alongside changes in resting-state functional connectivity in
the dorsolateral prefrontal cortex—a key hub of the fronto-
parietal network (15). Furthermore, decreased activation in the
frontoparietal network during a cognitive-control fMRI task has
been reported in children with ASD relative to typically
developing control (TDC) children, and ADHD symptoms
correlated with lower functional connectivity within the fron-
toparietal network during this task (16).

The salience/ventral attention network includes the anterior
cingulate cortex (BA 24/32), insula (BA 13), lateral prefrontal
cortex (BA 8/9/10/44/46), precuneus/posterior cingulate cortex
(BA 7/31), supramarginal gyrus (BA 2/40), and parietal oper-
culum (BA 40). The salience and ventral attention networks
were originally studied independently (17,18), but recent
functional connectivity research on large-scale brain networks
shows the two to be highly associated (19,20). The salience/
ventral attention network is linked to multiple components of
attention including error monitoring, selective attention, and
task switching (10,17). Task-based fMRI studies of selective
attention have shown increased activation of the salience/
ventral attention network in children with ADHD compared with
TDC children (21,22). Functional connectivity within the
salience/ventral attention network shows atypical development
in children with ASD (23). The salience/ventral attention
network also has atypical functional connectivity to other
networks in children with ASD compared with TDC children
(24). However, to our knowledge, no study has directly
assessed whether ADHD symptoms in ASD are associated
with abnormalities of functional connectivity of the salience/
ventral attention network.

The primary objective of the present study is to examine
whether aberrant functional connectivity within and between the
frontoparietal and salience/ventral attention networks relates to
co-occurring ADHD symptoms in children with ASD. Prior
research has implicated these networks as atypical in ASD
(23-28), but those studies did not test whether the functional
connectivity differences were related to co-occurring ADHD
symptoms. Therefore, it is not known whether differences in the
frontoparietal and salience networks are strictly related to ASD,
or whether they may be related to co-occurring ADHD symp-
toms. We used resting-state fMRI to measure functional con-
nectivity in children with ASD without an intellectual disability, as
well as TDC children. A dimensional index of ADHD symptoms
was provided by the parent-reported ADHD rating scale (29).
Based on prior literature (16), we hypothesized that a measure
of the overall strength of functional connectivity within both
the frontoparietal and salience/ventral attention networks
would be reduced in ASD and that greater reductions in func-
tional connectivity would be associated with more ADHD
symptoms. To assess the specificity of our hypothesis, we also
tested for group differences and correlations with a control brain
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network (visual subnetworks) and a control co-occurring
symptom domain (anxiety). We hypothesized that ADHD
symptoms would be associated with the salience/ventral
attention and frontoparietal but not visual networks and that the
salience/ventral attention and frontoparietal networks would not
be associated with anxiety symptoms (30).

METHODS AND MATERIALS

Participants

A total of 214 children (111 children with ASD and 103 TDC
children) between 6 and 17 years of age completed a resting-
state scan across multiple studies at the Center for Autism
Research from 2010 to 2014. Children in the ASD group met
the DSM-IV-TR criteria for autism, Asperger’s syndrome, or
pervasive developmental disorder not otherwise specified (31),
which was informed by the Autism Diagnostic Interview,
Revised (32) and the Autism Diagnostic Observation Schedule
(ADOS). We used the revised ADOS algorithm (33) that aligns
with the second edition’s algorithm (34). DSM-IV-TR criteria
were used because data collection started prior to the release
of the DSM-5 and we wanted to maintain diagnostic consis-
tency in our sample across this group of studies. Children with
ASD were excluded if parents reported that their child had any
known genetic, active mood, or psychotic symptoms or
neurological disorder; extreme premature birth (gestational age
<32 weeks); or other significant medical condition that
affected functioning or completion of research procedures.
TDC participants were excluded if parents reported that their
child had any known genetic, language, learning, neurological,
or psychiatric disorder; premature birth; any first- or second-
degree relative with ASD; or if the child was receiving any
psychoactive medication. TDC children were also excluded if
they presented scores in the clinical range on the parent-
reported Child and Adolescent Symptom Inventory (35). We
excluded 4 children with scores below 75 on General Con-
ceptual Ability (analogous to full-scale 1Q) as measured by the
Differential Ability Scales—-Second Edition (36) and 48 children
(ASD group n = 28; TDC group n = 20) with a mean framewise
displacement >0.2 mm during fMRI scanning (37). Three more
children (ASD n = 2) were excluded because their global
functional connectivity was >4 SDs from their own group’s
mean. Thus, our final sample included 159 children (ASD group
n =77; TDC group n = 82; 7-17 years of age (see Table 1 for
group characteristics). Thirty-seven children with ASD were not
prescribed medications at the time of the scan (48%), and 7 of
the 40 children prescribed medications were prescribed more
than one medication. Prescribed medications included stimu-
lants (n = 20), selective serotonin reuptake inhibitors (n = 18),
selective norepinephrine reuptake inhibitors (n = 5), aya ago-
nists (n = 5), an atypical antipsychotic (n = 2), and an amino-
ketone antidepressant (n = 1). A subset of children prescribed
stimulant medication were asked to withhold their medication
on the day of scanning to minimize the effects of these med-
ications on brain function (n = 6).

Of note, 20 children in the ASD group did not have an ADHD
Rating Scale-Fourth Edition for correlation analyses. The 57
children with ADHD symptom scores did not differ from the 20
missing ADHD symptom scores in age, 1Q, gender ratio, ASD
or anxiety symptoms, or functional connectivity of any brain
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Table 1. Participant Characteristics
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ASD Group (n = 77) TDC Group (n = 82) p Value Hedges’ g
Age, Months 149 =+ 31 149 + 33 .94 0.01
General Conceptual Ability Score 108 = 18 112 =17 .16 0.24
Male/Female 60/17 67/15 .69 -
ADOS Social Affect 8.65 = 3.59 - - -
ADOS Repetitive Behaviors 2.30 = 1.64 - - -
ADOS Total Score 10.95 = 3.72 - - -
ADOS Calibrated Severity Score 6.39 = 2.05 - - -
ADHD-IV Rating Scale Total Score 23.84 = 11.56 4.28 + 4,53 <.001 2.24
CASI-IV Anxiety Score (20 Items) 12.49 + 8.18 1.84 + 2.33 <.001 1.79
In-Scanner Motion (Relative Mean Displacement) 0.10 = 0.05 0.11 = 0.04 .29 0.17

Values are mean = SD or n.

ADOS, Autism Diagnostic Observation Schedule (Revised Algorithm); ASD, autism spectrum disorder; CASI-IV, Child and Adolescent Symptom

Inventory—-Fourth Edition; TDC, typically developing control.

network, but did have lower in-scanner head motion (mean
relative displacement: 0.09 vs. 0.13) (see Supplemental
Table S1 for detailed comparison).

Image Acquisition

Functional images were acquired on a 3T Siemens Verio
scanner (Siemens Healthineers, Erlangen, Germany) using a
T2*-weighted gradient-echo pulse sequence: 160 whole-brain
volumes, 40 slices, repetition time = 2340 ms, echo time = 25
ms, flip angle = 60°, voxel size = 3.55-mm isotropic. Thirty-
seven children (20 with ASD) received a slightly modified
sequence: 172 whole-brain volumes, 36 slices, repetition
time = 2110 ms, echo time = 25 ms, flip angle = 60°, voxel
size = 3.5-mm isotropic (with a 0.35-mm gap between slices).
A high-resolution T1-weighted image for coregistration of the
functional images was acquired with an magnetization pre-
pared rapid acquisition gradient-echo sequence: repetition
time = 300 ms, echo time = 2.46 ms, voxel size = 1-mm
isotropic, flip angle = 60°. Participants were instructed to
keep their eyes open and lie still while the monitor displayed a
black screen with a gray cross at the center.

Subject-Level Time Series Processing

All functional time series data were preprocessed using a
procedure that has been validated in multiple large-scale
developmental datasets and has been shown to be highly
effective at reducing the influence of motion artifact on func-
tional connectivity data (38-40). Preprocessing included
removal of the first four volumes to allow for signal stabiliza-
tion, slice-time correction, realignment to the median volume,
brain extraction, spatial smoothing (7-mm full width at half
maximum), and grand mean scaling. Mean white matter and
cerebrospinal fluid signals were extracted from the filtered time
series data using tissue segments generated for each subject.
Confound regression included nine standard confound signals
(six motion parameters + global/white matter/cerebrospinal
fluid) as well as the temporal derivative, quadratic term, and the
temporal derivative of the quadratic term (36 parameters total).
We bandpass filtered the functional time series and the
confound regressors simultaneously to retain frequencies be-
tween 0.01 and 0.08 Hz; identical temporal filtering prevented

frequency mismatch between the confound parameters and
the time series data (41). A recent benchmarking article
comparing more than a dozen preprocessing pipelines for
resting-state fMRI data demonstrated that the 36-parameter
model is a good choice for pediatric group comparisons
compared with other commonly used approaches (37). We
also measured in-scanner motion as mean framewise
displacement of brain slices. Framewise displacement was
calculated by FSL’s MCFLIRT software, defined as the relative
mean displacement across all rotations and translations (42).

The T1 image was skull-stripped using FSL’s BET (43), bias
corrected and segmented using FSL's FAST algorithm (44),
and registered to the Montreal Neurological Institute template
using DRAMMS, a highly accurate deformable registration with
attribute matching and mutual salience weighting (45). Pro-
cessed subject-level echo-planar images were coregistered to
the T1 image using boundary-based registration with inte-
grated distortion correction as implemented in FSL5. All reg-
istrations were visually inspected.

Brain Networks and Functional Connectivity
Analysis

We extracted time series data from a 200-area parcellation
scheme of the cortex, which maps to 17 functional networks
(19). The functional networks were derived from an indepen-
dent sample (20), which included three frontoparietal sub-
networks and two salience/ventral attention subnetworks. Per
Schaefer et al. (19), the frontoparietal A subnetwork includes
parcels located in the intraparietal sulcus, dorsal and lateral
portions of prefrontal cortex, and anterior cingulate cortex (see
Figure 1 and Supplemental Table S2 for comprehensive list of
parcels for all subnetworks). The frontoparietal B subnetwork
includes parcels in the lateral and ventrolateral portions of
prefrontal cortex, lateral temporal cortex, and intraparietal
lobule. The frontoparietal C network includes the precuneus
and posterior cingulate cortex. The salience/ventral attention A
subnetwork includes parcels located in the insula, medial pa-
rietal (operculum), and supplementary motor area (also referred
to as the juxtapositional cortex and medial prefrontal cortex in
the Harvard-Oxford cortical atlas). The salience/ventral atten-
tion B subnetwork includes parcels in the intraparietal lobule,
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Figure 1. The three frontoparietal and two salience/ventral attention
subnetworks are shown here on an inflated brain on the 32,000-vertex
Conte atlas available with Workbench. Green indicates frontoparietal A
(FP-A), red indicates frontoparietal B (FP-B), dark blue indicates frontopar-
ietal C (FP-C), yellow indicates salience/ventral attention A (SAL-VA-A), and
light blue indicates salience/ventral attention B (SAL-VA-B). The bar graph in
the middle shows the means of group differences for within-subnetwork
functional connectivity and the error bars represent the standard de-
viations. Significant group differences with Welch’s two-group t test,
Bayesian analysis, and analysis of covariance surviving false discovery rate
(FDR) correction are denoted with an asterisk. The autism spectrum disorder
(ASD) group had significantly weaker functional connectivity within three
subnetworks: FP-C (t156.35 = 3.39, FDR-corrected p = .004, Hedges’ g = 0.53
[95% confidence interval, 0.028-0.106]), SAL-VA-A (t15424 = 3.65, FDR-
corrected p = .003, Hedges’ g = 0.573 [95% confidence interval,
0.027-0.091]), and SAL-VA-B (tis6.9 = 3.98, FDR-corrected p = .002, Hed-
ges’ g = 0.627 [95% confidence interval, 0.034-0.102]). TDC, typically
developing control.

lateral prefrontal cortex, and supplementary motor area
(or medial prefrontal cortex). The visual peripheral network
includes parcels in the superior extrastriate cortex (BA 18/19).
The visual central network includes parcels in the extrastriate
cortex (BA 18/19/30/31). All parcels by definition are
nonoverlapping even if they lie within similarly labeled regions
of cortex. We estimated functional connectivity between all
parcels of interest to create an 87 X 87 functional connectivity
matrix, which represents pairwise Pearson’s correlations be-
tween all pairs of parcels.

We calculated the mean overall functional connectivity
within and between the five a priori subnetworks after trans-
forming the entire matrix into z-scores using Fisher’s r-to-z
transformation, yielding a total of 15 variables (mean within-
and between-subnetwork functional connectivity). We
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compared each of those 15 variables between the ASD and
TDC groups with a Welch’s two-group t test; the false dis-
covery rate (FDR) was used to correct for multiple comparisons
for an overall p < .05 (46). We report Hedges’ g for effect size
and 95% confidence interval (Cl) of the difference in group
means in brackets.

As a means of increasing scientific rigor, we conducted two
additional analyses owing to growing concerns regarding
reproducibility of findings in psychology and related fields (47).
We estimated the difference in group means using the
Bayesian Estimation Supersedes the t test (48) algorithm
implemented in the Bayesian First Aid package (49); we report
group means, difference of the means, and standard de-
viations with their 95% credibility intervals, as well as an
associated p value. We also conducted analyses of covariance
to control for confounds that may covary with ADHD symp-
toms (age [linear, quadratic, and cubic effects], gender, 1Q,
echo-planar sequence, and relative mean displacement to
capture residual effects of head motion). Initial models
included all covariates, and nonsignificant covariates were
dropped from the final models. We report np2 as the effect size
for these models. These additional analyses are reported in
Supplemental Tables S3 and S4.

Symptom Analysis

We tested associations between ADHD symptoms and sub-
networks that differed among the ASD and TDC groups. For
rigor, we then conducted follow-up analyses to control for
potential confounds (ASD symptoms and residual motion), as
well as using an alternative statistical approach (Bayesian).
Finally, we had two control analyses, one using a different
brain network (vision) and another using a different symptom
domain (anxiety), to demonstrate the specificity of our findings.
We used the Pearson correlation coefficient for initial analysis
and partial correlations to account for variance related to ASD
symptoms or for variance related to residual motion (relative
mean displacement). We utilized the raw scores from the
ADHD Rating Scale-Fourth Edition (0-54) and the 20 anxiety
items in ASD from the Child and Adolescent Symptom In-
ventory (0-60) as dimensional measures of ADHD and anxiety
symptoms because both have been validated in pediatric ASD
samples (50,51). We included the ADOS calibrated severity
score (52,53) in partial correlations because this study required
the use of more than one ADOS module. Bayesian estimation
was used again for the Pearson correlation to demonstrate
robustness of findings across statistical approaches.

A secondary analysis explored whether the relationships
between ADHD symptoms and frontoparietal and salience/
ventral attention subnetworks were independent or over-
lapping. The first step was a Pearson correlation between the
functional connectivity strength of the salience/ventral atten-
tion B subnetwork and the functional connectivity strength
between the frontoparietal A and frontoparietal C subnetworks.
The second step included a series of linear regressions to
determine if the salience/ventral attention B subnetwork and
frontoparietal A to frontoparietal C subnetwork explained
unique variance in ADHD symptoms. All analyses were
calculated using the R statistical package version 3.4.3 (R
Foundation for Statistical Computing, Vienna, Austria) and the
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following packages: nlme, ImSupport, psych, stats, effsize,
ggplot2, BayesianFirstAid.

RESULTS

As seen in Table 1, groups were matched on chronological
age, male/female ratio, General Conceptual Ability score, and
in-scanner head motion.

Group Analyses Reveal Weaker Functional
Connectivity in the ASD Group Compared With the
TDC Group for the Frontoparietal and Salience/
Ventral Attention Networks

The ASD group had significantly weaker functional connectivity
than the TDC group within the frontoparietal and within salience
ventral-attention subnetworks (see Figure 1). Relative to the
TDC group, functional connectivity was weaker for the ASD
group for regions within frontoparietal C subnetwork (tis6.35 =
3.39, FDR-corrected p = .004, Hedges’ g = 0.53 [95% ClI,
0.028-0.106]). The ASD group had weaker functional
connectivity between frontoparietal A and frontoparietal C
subnetworks compared with the TDC group (ti37.7 = 2.78,
FDR-corrected p = .023, Hedges’ g = 0.43 [95% CI,
0.009-0.057]). The ASD group had weaker functional connec-
tivity than the TDC group within the salience/ventral attention
subnetworks: salience/ventral attention A (t154.04 = 3.65, FDR-
corrected p = .003, Hedges’ g = 0.573 [95% ClI, 0.027-0.091]),
salience/ventral attention B (1569 = 3.98, FDR-corrected
p =.002, Hedges’ g = 0.627 [95% Cl, 0.034-0.102]). All other
subnetworks within the frontoparietal network had FDR-
corrected p > .05 (see Supplemental Table S5).

Compared with the TDC group, the ASD group had weaker
functional connectivity between the frontoparietal A and
salience/ventral attention B subnetworks (t15¢.50 = 2.43, FDR-
corrected p = .049, Hedges’ g = 0.382 [95% Cl,
0.006-0.066]). All other group comparisons of functional con-
nectivity among the frontoparietal and salience/ventral atten-
tion subnetworks had weak effects and were nonsignificant
(FDR-corrected p > .05) (see Supplemental Table S5).

Our two additional analyses to enhance scientific rigor
largely supported the primary analyses reported above. The
Bayesian analyses replicated all group differences reported
above (Supplemental Table S3). The analysis of covariance
replicated all group differences except the finding that the ASD
group had weaker functional connectivity between the fron-
toparietal A and frontoparietal C subnetworks compared with
the TDC group; this effect was weaker and marginally signifi-
cant after applying FDR correction (Supplemental Table S4
contains results and covariates that were retained in final
models).

Symptom Analyses in ASD Reveal That
Frontoparietal and Salience/Ventral Attention
Differences Are Related to ADHD Symptoms but Not
to Each Other

For the ASD group, increased symptoms of ADHD were
associated with decreased functional connectivity strength
within the salience/ventral attention B subnetwork (rss = —.29,
p < .05) and with the functional connectivity between the
frontoparietal A and frontoparietal C subnetworks (rss = —.27,
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p < .05) (Figure 2A, B). The results were largely unaffected
when ASD symptoms or residual head motion were entered as
covariates in partial correlations or when a Bayesian correla-
tional approach was used (see Supplemental Table S6). Cor-
relations of ADHD symptoms with the other three subnetworks
were not significant (all r < .15, p > .33).
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Figure 2. Scatterplots of the autism spectrum disorder group showing (A)
the relationship between attention-deficit/hyperactivity disorder (ADHD)
symptoms and functional connectivity within the salience/ventral attention
network B (SAL-VA-B) subnetwork, (B) the relationship between ADHD
symptoms and functional connectivity between the frontoparietal A (FP-A)
and frontoparietal C (FP-C) subnetworks, and (C) the lack of a relationship
between functional connectivity strength within the SAL-VA-B subnetwork
and the functional connectivity strength between the FP-A and FP-C
subnetworks.
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Our secondary analysis within the ASD group revealed weak
and nonsignificant relationships between functional connectivity
strength within the salience/ventral attention B subnetwork and
functional connectivity strength between the frontoparietal A and
frontoparietal C subnetworks (r75 = —.05, p = .66; Bayesian:
rs7=—.05,p =.665 [95% CI, —0.28 to 0.18]). Furthermore, linear
regressions showed that both of these functional connectivity
differences in children with ASD explained significant, indepen-
dent variance in ADHD symptoms (multiple R? = .156, Fosa =
5.00, p < .05) (see Table 2 for details).

Control Analyses Reveal That Visual Networks Do
Not Differ in Functional Connectivity Between
Groups or Associate With ADHD Symptoms in ASD
and That Anxiety Symptoms Are Not Associated
With Functional Connectivity Strength in the
Frontoparietal and Salience/Ventral Attention
Networks

Follow-up control analyses revealed no group differences in the
visual networks (FDR-corrected p values > .05) (see
Supplemental Table S5). Furthermore, functional connectivity
within visual subnetworks were not correlated with ADHD
symptoms. Finally, anxiety symptoms were not correlated with
functional connectivity within the two salience/ventral attention
subnetworks or the functional connectivity between the fronto-
parietal A and frontoparietal C subnetworks (all r < .19, p > .11).

DISCUSSION

To our knowledge, this study is the first to associate ADHD
symptoms in ASD with changes in large-scale, executive brain
networks. In a large, single-site sample of children with ASD
that have a range of ADHD symptoms, results indicate that
both frontoparietal and salience/ventral attention subnetworks
have weaker functional connectivity in children with ASD
compared with children with typical development. Even after
controlling for core ASD symptoms, functional connectivity in
frontoparietal and salience/ventral attention subnetworks was
significantly associated with co-occurring ADHD symptoms,
but not with anxiety symptoms. Using visual subnetworks as
control subnetworks, no group differences were observed in
functional connectivity, and visual subnetworks were not
significantly correlated with  ADHD symptoms. Additional
Bayesian analyses for statistical rigor supported the primary
findings.

Our findings that the frontoparietal and salience/ventral
attention networks differ in the strength of their functional
connectivity in children with ASD relative to typical develop-
ment are consistent with an accumulating literature on atypical
functional connectivity of large-scale executive networks dur-
ing rest (23,25,26,54) and task conditions (16,24,27,28,55).

The current study extends these findings in a number of
important ways. First, it extends the relationship of ADHD
symptoms and the salience/ventral attention network into the
ASD population. In particular, our study showed that both of
the salience/ventral attention subnetworks had weaker func-
tional connectivity strength in the ASD group compared with
the TDC group. This finding converges with evidence that the
salience/ventral attention network plays a role in ADHD
symptoms for those children without ASD (22). It also
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Table 2. Linear Regressions of the Frontoparietal and
Salience/Ventral Attention Subsystems Explaining ADHD
Symptoms

ADHD Symptoms

Predictor B SEB t (df R?
Frontoparietal Subsystem
Model 1
FP-A to FP-C —36.61 17.63 -2.087 (1,55) .073
Model 2
FP-A to FP-C -35.83 16.98 -2.117 (2,54)
SAL-VA-B -32.19 13.92 -2.31% (2,54) .156
Salience/Ventral Attention Subsystem
Model 1
SAL-VA-B -32.78 14.35 -2.297 (1,55) .087
Model 2
SAL-VA-B -32.19 13.92 -2.31% (2,54)
FP-A to FP-C -35.83 16.98 -2.11% (2,54) 156

Owing to rounding, R is slightly less than the summing the
individual effect of each predictor.

ADHD, attention-deficit/hyperactivity disorder; FP-A, frontoparietal
A; FP-C, frontoparietal C; SAL-VA-B, salience/ventral attention B.

%p < .05.

converges with a critical review of animal literature implicating
the network in complex forms of attention (56). Prior research
on the salience/ventral attention network in ASD ranged from
social and sociocognitive processes (26,57-59) to behavioral
flexibility (24). However, the present study also expands the
scope into the co-occurrence with ADHD symptoms, which
was specifically related to the ventral attention subnetwork.
This finding is also consistent with the Research Domain
Criteria initiative from the National Institute of Mental Health
that ascribes all of psychopathology to five major dimensions
of neurobiology and behavior that cut across diagnostic
boundaries (60,61). Findings from the present study fall in the
Cognitive Systems research domain and support the idea that
differences in cognitive control associate with ADHD symp-
toms regardless of whether a child has a formal diagnosis of
ADHD or not.

Second, this study demonstrates both reduced functional
connectivity of the frontoparietal network in resting-state data
and a relationship with ADHD symptoms. Our findings
converged with prior task-based functional connectivity data
showing weaker frontoparietal network functional connectivity
in children with ASD compared with TDC children. Further-
more, this diminished functional connectivity was associated
with ADHD symptoms (16).

Third, our finding that the salience/ventral attention and
frontoparietal networks explained unique variance in ADHD
symptoms suggests that that these two networks may not be
affected in the same children. An alternative possibility is that
these two networks are correlated, but these relationships may
be suppressed by a subset of children with ASD whose co-
occurring ADHD symptoms are adding “noise” and suppress-
ing the relationship between the networks. Finally, our use of
visual subnetworks and anxiety symptoms as negative control
subnetworks for nonexecutive networks and co-occurring
symptoms is innovative because it demonstrates that the
relationship between executive brain networks and ADHD
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symptoms is not the result of some general feature about
functional connectivity or co-occurring symptoms in ASD.

The present study has some limitations. Our sample’s 1Q
range had a lower bound of 75, a common problem among
resting-state functional connectivity studies (62); however, the
IQ score threshold was scientifically motivated in the present
study because the ADHD Rating Scale-Fourth Edition has not
yet been validated in those with ASD and an intellectual
disability (51). At first glance, this study might appear to be
inconsistent with our prior publication in which we demon-
strated an atypical topography of the ventral attention network
in ASD (54). However, our prior investigation demonstrated
globally weaker connectivity overall before examining topog-
raphy. Thus, our current findings of weaker functional con-
nectivity in the salience/ventral attention and frontoparietal
networks align with our prior finding that absolute functional
connectivity is weaker in ASD. The present study had a wide
age range; however, the ages of participants were not equally
distributed across the range, which limited our ability to look at
age-by-group interactions in functional connectivity. Future
longitudinal investigations would be best placed to examine
this question. There may be some concern that using the
calibration severity score from the ADOS may not be an ideal
symptom measure for correlations owing to its ordinal,
noncontinuous nature; however, recent efforts have shown
that other dimensional measures like the Social Responsive-
ness Scale are sensitive to ADHD symptoms in both ADHD
samples (63) and ASD samples (2,64). Thus, we elected to not
use a measure that would have knowingly removed variance of
interest. Finally, the present study implicates both the fronto-
parietal and salience/ventral attention networks at the group
level; future work should seek to identify how one or both
networks are associated with ADHD symptoms at the indi-
vidual level.

The present findings open an avenue of research to further
define the neural networks underlying co-occurring ADHD
symptoms in ASD. Future research will need to define brain
and behavioral profiles related to cognitive control and other
processes affected in ADHD (e.g., working memory). Devel-
oping neurobiologically and cognitively homogeneous sub-
groups of children with ASD will allow us to optimize
treatments—both pharmacological and behavioral—for spe-
cific subgroups of children. Doing so will reduce co-occurring
ADHD symptoms and improve long-term outcomes for people
with ASD.
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