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Disentangling early versus late audiovisual
integration in adult ADHD: a combined
behavioural and resting-state connectivity study

Marcel Schulze, MSc; Behrem Aslan, MD, PhD; Tony Stocker, PhD;
Ridiger Stirnberg, PhD; Silke Lux, PhD*; Alexandra Philipsen, MD, PhD*

Background: Studies investigating sensory processing in attention-deficit/hyperactivity disorder (ADHD) have shown altered visual and
auditory processing. However, evidence is lacking for audiovisual interplay — namely, multisensory integration. As well, neuronal dys-
regulation at rest (e.g., aberrant within- or between-network functional connectivity) may account for difficulties with integration across
the senses in ADHD. We investigated whether sensory processing was altered at the multimodal level in adult ADHD and included
resting-state functional connectivity to illustrate a possible overlap between deficient network connectivity and the ability to integrate
stimuli. Methods: We tested 25 patients with ADHD and 24 healthy controls using 2 illusionary paradigms: the sound-induced flash illu-
sion and the McGurk illusion. We applied the Mann—-Whitney U test to assess statistical differences between groups. We acquired
resting-state functional MRIs on a 3.0 T Siemens magnetic resonance scanner, using a highly accelerated 3-dimensional echo
planar imaging sequence. Results: For the sound-induced flash illusion, susceptibility and reaction time were not different between the
2 groups. For the McGurk illusion, susceptibility was significantly lower for patients with ADHD, and reaction times were significantly
longer. At a neuronal level, resting-state functional connectivity in the ADHD group was more highly regulated in polymodal regions that
play a role in binding unimodal sensory inputs from different modalities and enabling sensory-to-cognition integration. Limitations: We
did not explicitly screen for autism spectrum disorder, which has high rates of comorbidity with ADHD and also involves impairments in
multisensory integration. Although the patients were carefully screened by our outpatient department, we could not rule out the possibility
of autism spectrum disorder in some participants. Conclusion: Unimodal hypersensitivity seems to have no influence on the integration
of basal stimuli, but it might have negative consequences for the multisensory integration of complex stimuli. This finding was supported
by observations of higher resting-state functional connectivity between unimodal sensory areas and polymodal multisensory integration

convergence zones for complex stimuli.

Introduction

Our daily-life interaction with our environment is driven by
numerous inputs to our sensory systems (e.g., listening to a
person speaking while seeing their lip movements and
sensing certain odours, all at the same time). To form a
unified percept, our brain combines individual streams of
stimuli. That process, called multisensory integration,
enables us to detect, locate and differentiate external objects
more beneficially and precisely than a single stream of input.!
Attention depends on stimulus complexity and triggers early
or late multisensory integration. When a person is confronted
with simple stimuli, bottom—up attentional processing
enables early processing; more complex stimuli are processed

top-down, because incoming stimuli need to be compared
with existing background knowledge via feedback loops to
sensory cortices.>”

The process of bottom—up and top—down attentional multi-
sensory integration processing is modulated by adjusting the
gain and stimulus saliency between sensory modalities.® In
primary sensory areas and superior colliculi, signals are auto-
matically integrated, but top-down attention is necessary in
higher-order association areas to properly integrate semantic
information, for example.’

Attention-deficit/hyperactivity disorder (ADHD) is a
neurodevelopmental disorder that is associated with inap-
propriate levels of inattention, hyperactivity and impulsiv-
ity.!” Although ADHD has long been considered a childhood
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disorder, recent studies have shown that 40%-50% of people
with ADHD have symptoms in adulthood.! The main symp-
toms of ADHD and their neuronal underpinnings have been
the subject of many investigations, but a neglected area has
been multisensory integration, especially in adults.

Children with ADHD show sensory processing deficits
and modulatory difficulties via abnormalities in the visual
domain; the auditory domain (with increasing issues over
time); and with touch, taste, smell, and emotional and social
responses.’>'* Numerous studies have shown sensory hyper-
sensitivity in children with ADHD, marked primarily by
higher distractibility from external stimuli (as a failure to in-
hibit irrelevant stimuli), especially in the auditory domain.™*
In adults with ADHD, studies of sensory processing are
scarce, but deficits seem to extend into adulthood.” Because
unisensory processing is impaired, it raises the question of
whether multisensory processing is also affected in adult
patients with ADHD.

To the best of our knowledge, only 2 studies have investi-
gated multisensory processing in adults with ADHD.
Michalek and colleagues'® showed that in adults with
ADHD, their understanding of speech in a noisy environ-
ment did not improve when speakers’ faces were made vis-
ible. In other words, although the control group improved
their understanding of speech-in-noise, patients with ADHD
could not make use of the additional visual information
from mouth movements. As mentioned earlier, this was a
type of multisensory integration (the integration of auditory
speech and visual lip movements is taking place at a higher
level of processing, because speech is a complex stimulus).
In the other study'” — in which patients and controls reacted
to parallel presentations of the auditory word “red” and a
visual red circle — results showed no difference between
groups, suggesting that multisensory integration is not im-
paired in ADHD. However, as the authors stated, this effect
could have been a recognition effect rather than multi-
sensory integration, because the task was solvable without
complex cognitive processing. Therefore, further studies are
needed to investigate whether multisensory integration is
impaired in adult ADHD.

Previous studies have investigated multisensory integra-
tion by comparing unisensory to multisensory reaction times,
aiming for a behavioural benefit for multisensory integration
stimuli (i.e., faster reaction times when successfully inte-
grated). Another way of studying multisensory integration is
to create conflicting information across different sensory mo-
dalities, leading to perceptual biases or illusions.® This has
been done with the sound-induced flash illusion (SIFI) and
the McGurk illusion, 2 of the most-used illusion paradigms in
multisensory integration research. In the SIFI, visual percep-
tion can be influenced by the auditory modality, because the
presentation of multiple auditory stimuli can lead to the illu-
sion of several visual stimuli (although the number of visual
stimuli actually presented is lower than that of the auditory
stimuli).”®2° The McGurk illusion is a proxy measure for
audiovisual speech integration.?** By presenting a visual
phoneme that is different from an auditory phoneme, the
illusion occurs when a completely different phoneme is per-

ceived (other than the ones presented) — namely the fused
response. The 2 illusions, SIFI and McGurk, differ in stimulus
quality, because the SIFI makes use of relatively simple
stimuli (e.g., single visual flashes and auditory beep tones)
and the McGurk illusion comprises semantic phonemes.
However, in both systems the occurrence of the illusion (i.e.,
the fused response) indicates successful multisensory inte-
gration. As mentioned earlier, the complexity of the stimuli
influences whether bottom—up (for simpler stimuli) or top—
down (for more complex stimuli) processing of multisensory
integration is taking place. Applying SIFI and McGurk
within a single study allowed us to disentangle early and late
multisensory integration. The aim of the current study was to
investigate multisensory integration using simple and com-
plex stimuli in the same sample of adults with ADHD. Be-
cause the SIFI is driven mainly by auditory processing and
ADHD is associated with higher gains and distractibility,
particularly in the auditory domain at the unisensory level,
we assumed that adults with ADHD and healthy controls
would integrate the SIFI illusion in a similar way. In contrast,
because of the perceptual hypersensitivity outlined above,
we hypothesized that adults with ADHD would show defi-
cient multisensory integration for more complex stimuli in
the McGurk illusion.

ADHD is characterized by structural and functional im-
pairments in brain regions associated with multisensory inte-
gration. The temporoparietal junction, insula, anterior cingu-
lum, inferior frontal gyrus, mediofrontal gyrus and middle
temporal gyrus are all associated with polysensory responses
and may be the loci of multisensory integration.” These re-
gions are also part of the default mode network, the dorsal
attention network and the salience networks,?*? which have
been investigated frequently in resting-state functional MRI
studies. In ADHD, most of the regions are dysregulated at
rest, showing aberrant within- or between-network func-
tional connectivity, which may also imply difficulties with
multisensory integration. Therefore, we included resting-
state functional connectivity in the current study to illustrate
a possible overlap between network connectivity and the
ability to integrate stimuli. We assumed altered resting-state
functional connectivity at polysensory brain areas.

Methods
Participants

We recruited 25 patients with ADHD (6 female; age [mean +
standard deviation] 30.08 + 9.3 years) at our psychiatric
outpatient department. We recruited 24 healthy controls
(9 female; age 26.88 + 6.3 years) using bulletin boards. All
participants provided written consent to take part, and the
study was approved by the ethics committee of the medical
faculty of the university of Bonn (166/18). Patients
with ADHD who were taking stimulant medication were
asked to discontinue the medication at least 24 hours before
the experiment.

All patients had received a diagnosis of ADHD according
to international guidelines,®** based on DSM-5 diagnostic
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criteria. Patients were diagnosed by a specialist psychiatrist
after a detailed clinical and psychosocial interview that inte-
grated somatic differential diagnosis, patients” psychiatric
and developmental history, and observer reports.

To further assess ADHD symptoms, we used the Conners
Adult ADHD Rating Scales (CAARS), long version, self-
rated.®® We used the Wender Utah Rating Scale (WURS-k) to
rate ADHD symptoms in childhood.”” We assessed patients
for comorbid psychiatric disorders using the Structured Clin-
ical Interview for DSM-5, short interview.®

Participants provided a self-rating of depressive symptoms
using the Beck Depression Inventory.’® We used the Edin-
burgh Handedness Questionnaire® to confirm that the right
hand was the most dominant for each participant. This was
important because responses during the experiment were
made with the right hand on a controller.

Behavioural experiments

Participants were seated approximately 60 cm in front of a
screen in a light-dimmed room. Auditory stimuli were pre-
sented via headphones with the sound pressure level ad-
justed for each participant.

Sound-induced flash illusion

In the SIFI, brief auditory stimuli influence the number of per-
ceived visual stimuli. The illusion occurs as a result of an in-
congruent number of auditory beeps (e.g., 2 beeps) and visual
flashes (e.g., 1 flash), leading to the impression that 2 visual
flashes have been presented. Beeps consisted of 1 kHz tones
presented for 10 ms (1 ms ramp), and flashes consisted of
white circles (sized 0.75°) presented on a black background
for 16 ms. The auditory stimulus was created using MATLAB
release 2018b (MathWorks), and flashes were created using
Presentation (version 22.1 Neurobehavioural Systems). In the
experiment, 2 unimodal and 3 bimodal conditions were pre-
sented. The unimodal conditions consisted of 1 flash (1F) and
2 flashes (2F), respectively. Bimodal conditions consisted of
1 flash (1F) with 1 beep (1B) and 2 flashes (2F) with 2 beeps
(2B). The SIFI condition consisted of an incongruent number
of stimuli: 1 flash (1F) and 2 beeps (2B). Whenever 2 stimuli of
the same category (e.g., 2 beeps) were presented, stimulus on-
set asynchronies were chosen between 70 ms and 420 ms (in-
creases in steps of 50 ms). Each condition involved 160 trials
(20 trials per stimulus onset asynchrony), and each trial began
with a fixation cross for 1000 ms. Conditions were presented
randomly with a break after half of the trials had been com-
pleted. Participants were instructed to report the number of
perceived flashes as quickly as possible using a controller.

McGurk illusion

To measure audiovisual speech intelligibility, we took exist-
ing stimuli from the Oldenburg Audio Visual Speech Stimuli
data set.®® In this scenario, 6 speakers (3 females) were chosen
to present syllables (e.g., “ba,” “ga”) in 4 different conditions
(120 trials each): unimodal auditory, unimodal visual, bi-
modal congruent and bimodal incongruent. Participants
were instructed to report what they heard in bimodal condi-

tions and to report the corresponding sense for unimodal
conditions (lip reading for the visual condition and hearing
for the auditory condition). After each clip, a 4-alternative
forced-choice task was presented, consisting of auditory,
visual, and 2 possible fused response options. Conditions
were presented randomly across 6 blocks.

Statistical analysis

We compared all demographic variables between groups
using independent ¢ tests.

We calculated susceptibility scores individually for the
SIFI and the McGurk illusion, as well as the number of cor-
rect responses in control conditions. We defined correct re-
sponses in the SIFI as the correct number of flashes seen,
and in the McGurk illusion as the heard syllable (except for
the unimodal visual condition, in which lip reading was
taking place). Outliers on reaction time data were detected
using the MATLAB build-in function “rmoutliers.” An out-
lier was defined as a finding with a value above 3 median
absolute deviations.

We used nonparametric Mann-Whitney U tests to com-
pare response scores (including susceptibility scores and
number of correct responses) and reaction times between
groups. We used Pearson correlation for CAARS inattention/
susceptibility scores. We used childhood ADHD symptoms
(WURS-k score) as a regressor for susceptibility to the
McGurk illusion.

Neuroimaging protocol

We acquired structural images on a 3.0 T MRI scanner (Mag-
netom Skyra, Siemens Healthineers) using a 32-channel head
coil. We acquired magnetization-prepared rapid gradient
echo (MP-RAGE) T,-weighted images with an acquisition
time of 2 min 40 s using controlled aliasing in parallel im-
aging results in higher acceleration (CAIPIRINHA) and ellip-
tical sampling (repetition time 2500 ms, echo time 3.55 ms, in-
version time 1100 ms, flip angle 7°, matrix size 256 x 256 x
176, voxel size 1.0 x 1.0 x 1.0 mm?, sagittal slice orientation,
slice parallel imaging acceleration factor 3, CAIPI shift 1, Tur-
bofactor 192).3#% We acquired functional resting-state images
consisting of 850 volumes with a rapid 3-dimensional echo
planar imaging sequence that combined CAIPIRINHA, semi-
elliptical sampling and water-selective fat suppression (repe-
tition time 760 ms, echo time 30 ms, flip angle 18°, matrix size
84 x 84 x 56, voxel size 2.5 x 2.5 x 2.5 mm?®, oblique-axial slice
orientation approximately along the anterior—posterior com-
missure, anterior—posterior phase encoding direction, slice
parallel imaging acceleration factor 4, CAIPI shift 2).%

Image processing

Data were preprocessed and analyzed using MATLAB
release 2018b and SPM12 (www.fil.ion.ucl.ac.uk/spm/
software/spm12/). Functional images were realigned using a
6-parameter rigid body transformation. We performed mo-
tion correction and susceptibility distortion correction using a
voxel displacement map. Further preprocessing included
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coregistration to a structural scan, spatial normalization to
Montreal Neurological Institute space and spatial smoothing
(Gaussian kernel, 8 mm full width at half maximum).

Resting-state functional connectivity
We analyzed seed-to-voxel functional connectivity using the
CONN 19.c toolbox (https:/ /web.conn-toolbox.org/home).
Using the default processing parameters in CONN, we re-
gressed out potential confounding effects (white matter, cere-
brospinal fluid and motion) from the functional data using
an anatomic component-based noise correction procedure
(aCompCor). We also used a band-pass filter (0.008-0.09 Hz)
to further reduce noise such as respiration, pulsation and
scanner drift. To detect motion outliers, we performed linear
detrending and frame censoring using image-scrubbing Arti-
fact Detection Tools. We generated individual correlation
maps by extracting the mean blood-oxygen-level-dependent
(BOLD) time course from each region of interest and calculat-
ing correlation coefficients using the BOLD time course for
each voxel throughout the whole brain. We chose regions of
interest based on the literature, including the default mode
network (e.g., inferior parietal cortex, anterior cingulate cor-
tex, hippocampus, orbitofrontal cortex),”” the salience net-
work (e.g., insula)® and the cognitive control networks (e.g.,
precentral gyrus, supramarginal gyrus, calcarine sulcus).¥
We then used these maps for second-level analyses with a
2-sided independent f test to investigate differences in seed-
to-voxel connectivity between patients with ADHD and con-
trols. We also performed an analysis of covariance, control-
ling for McGurk susceptibility. Statistical significance was set
at voxel-wise p < 0.001 (uncorrected), before false discovery
rate correction was applied at the cluster level (p < 0.05).

Results
Behavioural data

For a demographic overview, see Table 1. We found no dif-
ferences between groups in terms of age or sex.

Sound-induced flash illusion

Susceptibility to the SIFI (1F/2B) revealed no differences be-
tween groups (median: ADHD 6.9%, control 10.1%; U =
237.0, p = 0.41, r = =0.12). We found no differences in per-
formance for the control conditions or for reaction times be-
tween groups (median: ADHD 777 ms, control 693 ms; U =
222.0, p = 0.25, r = =0.17) in cases of successful multisensory
integration. We also found no reaction differences in control
conditions (Figure 1).

McGurk illusion

The Mann-Whitney U test indicated significantly more fused
responses for control participants in the bimodal incongruent
condition (median: ADHD 5.83%, control 44.2%; U = 160.5,
p = 0.022, r = —0.34). With respect to the instructions to report
the heard phenomenon, patients with ADHD relied correctly
on the auditory response in the 4-alternative forced-choice
task (median: ADHD 93.3%, control 51.7%; U = 166.0, p = 0.03,

Table 1: Participant clinical and demographic characteristics

Characteristic* ADHDt Controls
Patients (female), n 25 (6) 24 (9)
Age, yr 30.08 +9.3 26.88 + 6.3
CAARS score, inattention 19.8 + 6.5% 6.29 +4.8
CAARS score, hyperactivity/impulsivity 20.32 +7.9% 7.58 £5.8
WURS-k score 39.8+11.8% 11.42+7.2
BDI score 9.44 +8.2% 204+19
Previous substance abuse, n 9 —
Lifetime comorbidities, n
Major depression 5 —
Generalized anxiety disorder <5 —
PTSD <5 —
Borderline personality disorder <5 —
Medication, n
Methylphenidate 5 —
Elontril <5 —
Sertraline <5 —
Triptane <5 —
Gestagen <5 —
L-thyroxine <5 —_

ADHD = attention-deficit/hyperactivity disorder; BDI = Beck Depression Inventory;
CAARS = Conners’ Adult ADHD Rating Scale; PTSD = posttraumatic stress disorder;
WURS-k = Wender-Utah-Rating-Scale.

*Values are mean =+ standard deviation or n.

tValues of less than 5 have been rounded to protect participant privacy.
}Significantly different from controls at p = 0.01.

r = —0.32; Figure 1). We found no differences in the bimodal
congruent and unimodal auditory/visual control conditions.
If multisensory integration took place in the bimodal incon-
gruent condition, reaction times differed significantly be-
tween groups (median: ADHD 1260 ms, control 582 ms; U =
41.0, p < 0.01, r = =0.56). Compared to controls, patients with
ADHD had slower reaction times across all control condi-
tions, although this finding was not significant.

ADHD characteristics: McGurk fused scores

The occurrence of multisensory integration was inversely re-
lated to inattention (r, = —0.49, p = 0.001; Figure 2) and to
hyperactivity /impulsivity (r,; = —0.37, p = 0.12). Furthermore,
we calculated a linear regression to predict fused McGurk
scores based on the severity of childhood ADHD (WURS-k).
We found that childhood ADHD severity could negatively
predict multisensory integration performance on the McGurk
illusion (R? = 0.139; F, ,, = 7.09, p < 0.001; Figure 3).

Resting-state functional connectivity

Patients with ADHD versus controls

Seed-to-voxel correlation analysis revealed that patients with
ADHD elicited higher brain functional connectivity between
the left insula and the left lingual gyrus, the right planum po-
lare and the primary motor cortex, the right inferior colliculus
and the left precuneus, and the left hippocampus and the left
parietal inferior gyrus (Figure 4). We also found higher con-
nectivity between the left Heschl gyrus and the visual cortex,
and the inferior temporal gyrus and the pars triangularis.
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Figure 1: (A) Sound-induced flash illusion. Upper left, fusion rates for the bimodal incongruent condition (1 flash/2 beeps); upper right, reac-
tion times compared for the bimodal incongruent condition (1 flash/2 beeps) for integration and no integration; lower left, percentage of correct
button presses for control conditions; lower right, reaction times for control conditions. (B) McGurk illusion. Left, comparison of responses to
the bimodal incongruent condition: fused response (successful integration), auditory input (heard tone) or visual input (lip movements). Right,
comparison of reaction times for successful integration (fused) or auditory or visual answers. *p = 0.05; **p = 0.01. B = beep; F = flash.

McGurk and resting-state functional connectivity

Correlational analysis across the entire sample revealed a
negative relationship between McGurk illusion scores and
resting-state functional connectivity for the inferior frontal
gyrus, the anterior cingulum and the precuneus (Figure 4).
Resting-state functional connectivity was negatively correl-
ated with the McGurk illusion score for the parahippocampal
cortex and the frontal orbital cortex. Selecting the hippocam-
pus as a seed region revealed negative associations for the in-
ferior frontal gyrus, the right insula and the fusiform gyrus.

In the middle temporal gyrus, we found negative associa-
tions for the primary auditory cortex, the inferior frontal gy-
rus, the precentral gyrus and the fusiform gyrus.

Discussion

This was the first study to comprehensively investigate
multisensory integration with simple (SIFI) and complex
(McGurk illusion) stimuli separately in the same sample of
adults with ADHD compared to a healthy control group. To
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Figure 2: Correlation between CAARS inattention scores and fused (multisensory integration) responses to the McGurk illusion. ADHD =
attention-deficit/hyperactivity disorder; CAARS = Conners’ Adult ADHD Rating Scale.
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Figure 3: Linear regression with severity of childhood ADHD (WURS-k score) as a predictor of fused (multisensory integration) responses to
the McGurk illusion. ADHD = attention-deficit/hyperactivity disorder; WURS-k = Wender Utah Rating Scale.
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Figure 4: Resting-state functional connectivity. (A) Enhanced resting-state functional connectivity in patients with ADHD compared to healthy
controls. (B) Correlation between McGurk scores and resting-state functional connectivity across the entire study sample. False discovery rate
correction was applied at the cluster level (p < 0.05). ADHD = attention-deficit/hyperactivity disorder; IFG = inferior frontal gyrus; MTG = mid-

dle temporal gyrus; PaHC = parahippocampal gyrus.

identify possible overlaps between pathophysiologic resting-
state activity and multisensory integration, we calculated
seed-to-voxel resting-state functional connectivity. Our as-
sumption was that adult patients with ADHD would suc-
cessfully integrate simple stimuli but fail at multisensory
integration for complex stimuli. Not surprisingly, we found
no difference in terms of fused responses and reaction times
with the SIFL In the McGurk illusion, patients with ADHD
experienced significantly fewer illusions because of a sensory
preference for auditory stimuli in multimodal scenarios. In
trials in which patients with ADHD successfully integrated
stimuli, they were significantly slower than controls. Further-
more, childhood severity of ADHD predicted multisensory
integration on the McGurk illusion and was inversely associ-
ated with inattention. At a neuronal level, resting-state func-
tional connectivity in patients with ADHD was more highly
regulated in polymodal regions known to play a role in bind-
ing unimodal sensory inputs from different modalities to
enable sensory-to-cognition integration.

Although patients with ADHD were able to integrate sig-
nals in the SIFI at a similar level to controls, overall integra-
tion rates across all participants were relatively low. The opti-
mal time interval for the occurrence of the illusion is 100 ms
before or after the onset of the flash.*’ The overall low fused
response rates we found in the present study might have
been caused by asynchronies that were too wide (maximum
asynchrony of 420 ms), although several studies have shown

integration effects for asynchronies up to 600 ms.****? Sensory
processing in ADHD is marked by hypersensitivity, espe-
cially for the auditory sense.*** Although the SIFI is an illu-
sion in which visual processing is influenced by auditory
processing, it is possible that auditory hypersensitivity is
beneficial for integration in that scenario. However, possible
enhanced bottom—up sensory processing could have conse-
quences for later processing stages (e.g., improper filtering of
incoming stimuli may have consequences for attentional allo-
cation at later stages). Our findings for the SIFI were in line
with those of McCracken and colleagues,” who found that
patients with ADHD showed faster response times in multi-
sensory integration conditions compared to unisensory re-
sponse latencies. However, they also found the longest
response latencies for the auditory-only condition (a
verbalization of the word “red”). This finding could indicate
that more complex stimuli, which need higher-order process-
ing, are disadvantageously regulated in terms of attentional
allocation. By disentangling multisensory integration for sim-
ple and complex stimuli, we were able to demonstrate that
patients with ADHD had difficulty integrating speech-like
phonemes. When these patients did not integrate the incon-
gruent stimuli to a new, single percept, they relied more on
the auditory modality (i.e., they reported significantly more
auditory phonemes) than the healthy controls. All partici-
pants were instructed to report the auditory phoneme pri-
marily in the multisensory integration condition, which
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could mean that patients with ADHD simply followed the in-
structions more strictly than the controls. Alternatively, it
also raises the possibility that auditory hypersensitivity is the
primary sense ADHD patients rely on in multisensory inte-
gration scenarios. In other words, bottom-up sensitivity,
which might be beneficial for simple stimuli, could hinder
successful integration for complex stimuli, because top—
down allocation does not take place properly. This assump-
tion is also in line with the response latencies we found in the
McGurk illusion. When patients with ADHD integrated suc-
cessfully, response latencies were significantly longer than
those of controls. Furthermore, we know that auditory infor-
mation directly influences and enhances visual processing
in a bottom—up fashion.* This process boosts multisensory
integration in terms of attentional capturing, whereas a single
sensory event would not capture attention.* In our study,
an interpretation is that in ADHD patients this boosting
process was deficient for complex stimuli, because atten-
tion was captured at later latencies or not at all compared
to healthy controls. This point of view would be supported
by the findings of Michalek and colleagues,'® who investi-
gated speech-in-noise understanding for a potential benefit
when visual information was added. In patients with
ADHD, the inclusion of visual information did not facili-
tate higher speech-in-noise understanding to the same ex-
tent as for controls.

The exact factors that lead to multisensory integration for
complex stimuli in some trials and not in others remain elu-
sive. One point of view is that selective attention — necessary
for multisensory integration — is modulated by the pre-
stimulus rate of cortical networks. Dependent on the oscilla-
tory state (either synchronized across networks or not), per-
ceptual binding in multisensory integration scenarios could
occur.## Attention can act as a modulator for oscillatory ac-
tivity and is itself determined by trial-by-trial variability.*
Larger trial-by-trial neural response variability has been re-
ported for visual and auditory unisensory events in ADHD.®
Although the effect of such enhanced neural variability on
multisensory integration in ADHD has not yet been investi-
gated, we can assume that enhanced trial-by-trial variability
could also play a role in deficient multisensory integration.
Such higher neuronal fluctuations are associated with defi-
ciency in the default mode network — an intrinsic, sponta-
neous activation of brain areas at rest, usually suppressed in
the presence of a task.”! In ADHD, disrupted activity in the
default mode network has been found (i.e., increased within-
network connectivity at the temporal pole-inferior frontal
gyrus and decreased within-network connectivity to the pos-
terior cingulate cortex).”? In the present study, we found
higher resting-state functional connectivity in patients with
ADHD, not only in areas usually associated with the func-
tioning of the default mode network, but also in areas related
to sensory processing and sensory integration. Heschl’s gy-
rus showed higher connectivity to the visual cortex, which
could indicate abnormal regulation of the influence on sen-
sory processing of the auditory cortex to the visual cortex as
described above. In general, multisensory integration is a
complex interplay of regions throughout the brain. The main

loci of multisensory integration are the temporoparietal junction,
the middle temporal gyrus, the middle frontal gyrus, the in-
ferior frontal gyrus, the anterior cingulate cortex, the insula
and the hippocampus, all of which receive inputs from sen-
sory modalities.”® Our analysis revealed higher resting-state
functional connectivity between sensory areas and frontal
areas. Because of higher network activity at rest, this result
could mirror disrupted communication from areas of lower
sensory integration to areas of higher sensory integration
(e.g., the insula as a causal control hub in multisensory atten-
tion).®® Furthermore, the planum temporale, associated with
complex auditory processing, also showed hyperconnectivity
to the insula®? in our sample of adults with ADHD. We can
only speculate whether this result reflects higher gains and
distractibility in the auditory sense at the network level for
patients with ADHD. The middle temporal gyrus is fre-
quently reported as a multimodal area that reflects the inte-
gration of sensory-specific input for complex objects.* Taking
the fused scores of the McGurk illusion as a regressor, the
seeded middle temporal gyrus was inversely associated with
resting-state functional connectivity to the primary auditory
cortex, the inferior frontal gyrus, the precentral gyrus and the
fusiform gyrus. This result further supports the assumption
that communication from lower sensory areas to sensory-
integrating areas might be disrupted in ADHD. Simulta-
neously, the left putamen, the left temporal pole, the right
caudate and the left inferior frontal gyrus were hypoacti-
vated in patients with ADHD in a task-based functional meta-
analysis, further indicating an overlap between ADHD
symptomatology, brain activation and multisensory integra-
tion.”” Overall, our results were in line with findings for
autism spectrum disorder, a clinical disorder that is often
comorbid with ADHD?® and also involves difficulties in inte-
grating complex signals, % although some studies have re-
ported integration rates similar to healthy controls.®"®* At a
neuronal level, a stepwise functional connectivity analysis re-
vealed hyperconnectivity between the sensory unimodal and
default mode networks.®® In contrast to our results, hypocon-
nectivity of sensory unimodal areas to frontoparietal areas
has been reported in autism spectrum disorder.

Limitations

We recruited a relatively small sample size. As well, in our
screening assessment we did not account specifically for au-
tism spectrum disorder, which has high comorbidity with
ADHD and also involves impairments for multisensory inte-
gration. Although patients with ADHD were carefully
screened by our outpatient department, we cannot rule out the
possibility of autism spectrum disorder in some participants.

Conclusion

Adult patients with ADHD showed unimpaired bottom-up
sensory integration of simple stimuli, but impaired top-
down multisensory integration of more complex stimuli.
We concluded that sensory impairments at a unisensory
level led to deficient multisensory integration for complex
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stimuli, indicating a failure of late attentional deployment.
This conclusion was supported by findings of higher
resting-state functional connectivity from unimodal sen-
sory areas to polymodal convergence zones for multi-
sensory integration. Future studies are needed to clarify
whether deficient multisensory integration for complex
stimuli can account for ADHD core symptoms, or whether
these are independent constructs.
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