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Abstract
Background

The way we perceive our environment is driven by our sensory nervous system and our attentional
resources. Attention-de�cit/hyperactivity disorder (ADHD) is a neurodevelopmental disorder characterized
by inattention, impulsivity, and hyperactivity. While cognitive and behavior dysfunctions have broadly
been investigated, sensory processing has received less scienti�c attention. It has been shown, that
children with ADHD show processing and modulatory de�cits in multiple sensory domains, but very few
studies examine to what extent these de�cits persist in adult life. We conducted a systematic review of
studies investigating sensory processing in adult ADHD.

Main Body

Using the keywords ‘ADHD’ and ‘sensory processing’, Web of Science and MEDLINE database were
systematically searched for all articles published up to March 2020. 53 studies were included. Mostly,
visual and auditory processing are studied, few investigated multisensory audiovisual and
somatosensory processing. In summary, adult ADHD is marked by increased sensory gaining and
de�cient sensory inhibition. These disturbed gaining and inhibitory mechanisms were most prominent in
the auditory modality but also visual modality impairment in terms of stimuli modulation were evident.
Electrophysiological studies show alterations across all event-related potential (ERP) components
associated with distractibility at early components (bottom-up) and inhibition and stimulus
discrimination at later components (top-down). Brain imaging studies on sensory processing in ADHD are
scarce, few pointing to higher resting state functional connectivity in visual areas and visual crossmodal
activation for auditory stimuli.

Conclusion

Sensory processing de�cits extent from childhood to adult ADHD. These de�cits are mainly driven by
higher distractibility by irrelevant stimuli and modulatory impairment for relevant stimuli. In future
studies, the relation of impaired bottom-up and top-down attentional mechanisms should be investigated
and how they contribute to sensory processing de�cits and clinical symptomatology in adult ADHD. This
could help to gather more information about the underling processing de�cits, so that speci�c adjusted
training can be provided, that helps to overcome de�cits in daily life functioning in e.g., not producing
appropriate adaptive responses in social settings.

Trial registration

N/A

Background
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Attention-de�cit/hyperactivity disorder (ADHD) is a neurodevelopmental disorder characterized by
inattention, impulsivity, and hyperactivity [1]. While ADHD has long been considered as a childhood
disorder, evidence points to an ongoing course into adult life. Symptoms of impulsivity and hyperactivity
have been shown to decrease whereas inattention tends to persist [2]. Associated with the main
symptoms of ADHD, patients suffer from de�cits in executive functioning. Working memory impairments
is of the most robust �nding causing impairment in patients’ daily life [3, 4]. While the main symptoms,
executive functioning as well as their neuronal underpinnings has been subject of many investigations
recently, one area that has been rarely investigated in adult ADHD patients is sensory processing. In order
to perceive environmental stimuli properly, our nervous system constantly has to receive, integrate and
organize sensory input [5, 6]. Further, modulation in terms of an adaptive inhibition or an increasing
degree of processing is necessary [7]. The frontal cortex assumes to be related to the role of behaviour-
guiding function and is therefore dependent on input of sensory association areas. De�cient connectivity
within frontal brain areas and between frontal areas and sensory association areas is frequently reported
in ADHD [8]. As a consequence, sensory input may not be properly regulated hence have consequences
for higher order cognitive functioning e.g., working memory and planning [9].

With respect to Dunn’s model of sensory processing, each individual’s behaviour to sensory stimuli is
determined by the neurological sensitivity threshold and the corresponding responding strategy. A low
registration of environmental stimuli is marked by a high detecting threshold together with passive
responding strategies. Those individuals with high thresholds and active responding strategies can be
considered as sensory seeking. In contrast, sensory sensitivity goes along with low threshold and passive
responding strategies. Having a low threshold with active responding strategies can be considered as
sensory avoiding [10]. Of note, a person’s ability to process sensory events is not categorical per se rather
can be highly differentiated by e.g., having a sensitivity to certain sensory events while being avoidant to
other. With the help of this model, a sensory pro�le of a person’s sensory processing abilities can be
compiled. Numerous studies show that children having ADHD can be distinguished in their sensory
pro�le from children without any disability [11]. ADHD children show sensory processing de�cits and
modulatory di�culties by scoring lower in the visual, auditory (with increasing issues over time), touch,
taste/smell, multisensory, emotional and social responses [11–13]. It can be assumed that this
impairment is responsible for not producing appropriate adaptive responses at school, at home and in
social settings [14]. Moreover, current studies assume that a low threshold for sensory stimuli is
associated with distractibility (especially for the auditory domain) whereas a high threshold could be
attributed to inattentive behaviour, since certain stimuli will be neglected [14].

On a neuronal level, smaller cerebral volume in frontal and prefrontal cortices were associated with
altered brain activation in sensory cortices (auditory, visual and somatosensory areas) [9, 15, 16].

At a neuronal level, the perception of a stimulus is a complex interplay of an early analysis of stimulus
features as well as integration of this information in higher order cortical areas for further processing. To
generate a percept, attention is necessary which can be divided in bottom-up (sensory driven) and top-
down (sensory modulation from higher cortical areas) [17]. When stimuli salience reaches a certain
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threshold, primary sensory cortices trigger attentional ressources by recruiting ‘higher order’ brain areas
(from unisensory to heteromodal association areas to parietal and frontal regions) [17, 18]. Attentional
top-down mechanisms enable a selective process by binding several stimuli categories (attention speci�c
perceptual binding, see [19]), reweight sensory information further distinguishing noise from act-relevant
stimuli [20, 21] and faster/ more accurate responses [22].

The following review gives an overview of current studies of sensory processing in adult ADHD.
Furthermore, it will be discussed whether sensory perception in ADHD might be a de�cient process in a
bottom-up manner (by failing at the early stages of stimuli processing as well as to capture attentional
deployment of higher areas) or whether sensory perception in ADHD is marked by impaired top-down
processing (by failing e.g., stimuli enhancement or reweighting of stimuli). To elucidate a potential de�cit
of bottom-up and top-down attention, the current review also considers electrophysiological and
neuroimaging �ndings.

Methods
Web of Science and MEDLINE database were systematically searched for all articles published up to
March 2020. The keywords used were ‘ADHD’, ‘attention de�cit hyperactivity disorder’, ‘adult ADHD’,
‘sensory’, ‘sensory processing’ as well as all possible combinations. Articles have to be published peer-
reviewed and written in English. Four hundred twenty abstracts were retrieved and scanned.

Reference lists of obtained articles were also considered. Finally, 53 studies were included. This review
was performed according to the PRISMA guidelines.

Results
1.1 Behavioral Studies

There has been a long tradition considering ADHD as a discrete entity. However, attentional resources and
the respective variation in activation level or perception fall on a continuum with different inter-individual
distributions. Therefore, recent developments consider ADHD as one extreme on a continuum negating a
categorical view [23, 24]. By measuring ADHD traits in a large cohort where most of them have not
received a diagnosis in the past supports a dimensional point of view. Panagiotidi et al. 2017 assessed
sensory responsivity across sensory domains and relates these capacities to ADHD traits in a sample of
students (n=234) [25]. Sensory qualities were assessed with the Glasgow Sensory Questionnaire (GSQ;
[26]) allowing the investigation for hyper-and and hyposensitivity across sensory modalities. As a result,
GSQ scores on all sensory modalities were positively correlated with ADHD traits. Also, ADHD-traits and
age were a robust predictor for GSQ suggesting that ADHD-traits are associated with altered sensory
responsiveness. In diagnosed ADHD patients these sensory processing de�cits were demonstrated in
terms of perceptual modulation (e.g., being �ooded by sensory events), distractibility (e.g., di�culties to
focus when background noise is present) and over-inclusion (e.g., noticing slightest sound changes in the
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background) [27].This �nding is further supported by a survey study from Bijlenga et al. 2017 who
screened 116 diagnosed adult ADHD patients [28]. Low registration and less sensation seeking behavior
was reported. The latter contradicts the clinical practice of ADHD where patients often report high
sensation seeking. Less sensation seeking behavior as well as avoidance of certain sensory events may
be a consequence of a lower detection threshold [28].

Auditory processing

Overall highest sensitivity was found for the auditory modality (marked by the inability to suppress
irrelevant noises e.g., footsteps in the background while doing another task) [29]. Auditory
hypersensitivity is in line with a �nding that processing de�cits in this modality seem to increase with age
in children with ADHD whereas processing in other modalities seem to improve slightly [12]. In a study
comparing auditory temporal thresholds (assessed by judging the order of incoming dichotic tones)
between unmedicated ADHD patients, medicated ADHD and healthy controls, Fostick et al could show
higher temporal order judgement thresholds in unmedicated adult ADHD patients [30]. Of note, under
methylphenidate (MPH), medicated patients’ thresholds decreased similar to healthy controls. However, it
is challenging to disentangle, whether MPH directly in�uences early sensory processing or whether it has
an indirect effect on sensory processing by modulating later stages. One study investigating the effect of
MPH on various measures of attention shows that MPH had a bene�cial effect on alertness, selective
attention, divided attention but not on integration of sensory information (i.e. the process of combining
different sensory modalities) [31]. This might be a hint that early sensory processing is not in�uenced by
MPH. In a combined MEG/EEG experiment Korostenskaja et al (2008) demonstrated that mismatch-
negativity (MMN, re�ective for pre-attentive detection of stimulus) is unaffected under MPH in healthy
participants but MPH may be bene�cial for modulatory (e.g., top-down selection attention on stimulus
features), processes of the stimuli (but see below for electrophysiological sensory processing in ADHD)
[32].

Visual processing

In the visual domain, ADHD-traits were tested in adult healthy participants to study reaction time costs
when presented peripheral checkerboards distractors in a sustained attention to response task (SART)
[33]. As a result, higher ADHD traits were related to less distraction. Since the distractor always appeared
at a �xed time before stimulus presentation, the authors argued that the distractor served as a cue which
allowed participants having high ADHD-traits to allocate attentional resources. This supports the idea
that children with ADHD show optimal performance when noise or other types of stimuli are available
[34]. The authors of the study argued that by reducing the distractor-stimulus interval, the bene�cial
effects for participants having high ADHD traits would be diminished. Indeed, as soon as the cueing
effect of the distractor was removed, performance changed similar to those with low ADHD-scores. This
suggests that cued stimuli that occur at a speci�c time interval triggers attentional allocation more
bene�cial for those scoring high on ADHD traits [21]. The higher sensitivity in the peripheral visual system
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was reasoned with an enhanced activity of the superior colliculus, which is associated with higher
distractibility in ADHD [33, 35].

In a visual crowding perceptual interference task Stevenson et al. showed that ADHD patients are more
sensitive to perceptual interference (i.e. fail to suppress distractors) when visual crowding is increased
[36]. Of note, the authors controlled for attention allocation hence this �nding is supporting bottom-up
di�culties in adult ADHD.

In ADHD children, several ophthalmologic de�cits have been found e.g., color perception [37, 38].
Especially the short-wavelength cones (perception of the color ‘blue’) are affected in ADHD which is
reasoned with the retinal dopaminergic hypothesis by Tannock et al. 2006 [39]. Here, abnormal
dopamine-levels are assumed to induce a hypo-dopaminergic tone in the retina leading to de�cits in
perception of the short-wavelength (since these cones show sensitivity to dopamine) [37, 39]. A de�cit in
perception of the blue spectrum was also present in adults with ADHD [40]. Further, visual de�cits were
reported for in-depth perception, peripheral vision, visual search and visual processing speed [40].

Multisensory audiovisual processing

Two studies investigated the effects of multisensory (i.e. audiovisual) processing in adult ADHD yield to
mixed results. In Michalek et al 2014 understanding speech in noise led to comparable results in patients
and a healthy control group. However, by adding the speaker’s faces as visual cues, speech-to-noise
understanding in patients was not enhanced, while the controls bene�ted from the additional visual
information [41]. This suggests a de�cient process in the neural integration of multisensory cues for adult
ADHD patients. In contrast, such a de�cit was not found when comparing responses to unisensory
auditory, unisensory visual with multisensory audiovisual cues in ADHD. In theory, one would expect
longer reaction times in multisensory scenarios compared to unisensory events, if multisensory
integration does not take place properly. In the study by McCracken et al. 2019, patients and controls were
similarly able, to integrate multisensory cues, re�ected in faster reaction times for multisensory cues
compared to unisensory cues [42]. More studies in the �eld of multisensory integration are necessary to
elucidate the ability to bind different modalities to form a uni�ed percept in adult ADHD.

Sensorimotor processing

In ADHD-children lower sensory-motor abilities and motor coordination was reported compared to healthy
controls [13]. Two studies investigated postural sway (assessed with balanced boards) in adult ADHD.
Compared to controls, higher postural sway was found indicating that sensorimotor de�cits extent from
childhood to adulthood. These postural abnormalities were associated with hyperactivity/impulsivity
rather than with inattention [43, 44].

1.2 Electrophysiological �ndings on sensory processing

Electroencephalography (EEG) allows to study cell activity within milliseconds range with event-related
potentials (ERP; the averaged pyramidal cell activity time-locked to the stimuli) [45]. Commonly studied
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ERP’s in the context of stimulus perception and modulation are components such as P50 (a positive
de�ection 50ms after stimulus onset), N1 (negative de�ection 100ms after stimulus onset), P1, P2 and
N2. Later ERP’s e.g., P3 already are considered to be involved in top-down cognition e.g. attention
allocation [46]. The perceptual process is a �ne-tuned process which involves �ltering of sensory
information (sensory gating capacities marked by P50 ERP;[47]), extraction of relevant sensory
information (N1 ERP), further processing or automatic stimulus discrimination (P2 ERP), and endogenous
mismatch-detection process related to stimulus discrimination (N2 ERP; commonly known as mismatch-
negativity-MMN) [48, 49]).

Adult ADHD patients often report being �ooded by sensory input [50]. Higher sensory gating was
associated with an abnormal P50 suppression across multiple studies [29, 51, 52], while one study did
not �nd a difference between ADHD, Schizophrenia and normal controls [53]. Most recently, higher
distractibility as measured with P50 was found to be inversely correlated with the P3 ERP which indicates
that attention allocation cannot take place properly, since higher distractibility hinders a proper
attentional selection hence di�culties to focus [51, 54]. A disruptive process on stimuli �ltering also
support the pathophysiology of prefrontal-cortex maturation according to Halperin & Schulz et al-. 2006
[55]. Here, higher order executive and attentional de�cits are considered to be the consequence of a
disrupted lower sensory processing mechanism.

In an experiment conducted with visual checkerboards and auditory tone stimuli, Gonen et al.
investigated P1 and N1ERP’s [56]. While the averaged components did not differ between adult ADHD
patients and controls respectively, larger trial-to-trial variability in both P1/N1 were found. This enhanced
trial-to-trial variability was reasoned with a higher �uctuation in neural activity generally found in ADHD. A
higher �uctuation in neural activity underlies an impaired mechanism of the default mode system, which
is an interplay of brain areas usually suppressed in the presence of a task [57].

In an intermodal oddball task, Barry et al 2009 revealed increased auditory N1, P2, and smaller N2 activity
in ADHD patients compared to healthy controls [48]. For the visual domain mixed results are reported,
some indicating smaller P1, increased P2, increased N1, while others some show responses similar to
healthy controls [48, 58–61]. Overall, smaller P3 activity was reported [48, 60, 62]. Increased P2 responses
accompanied with delayed peak latencies between 130 to 350 ms post-stimulus were found in a pop-out
search task, further supporting the hypothesis that attention selection of relevant stimuli features is
de�cient in ADHD patients [58]. In summery, the �ndings outlined above seem to represent de�cient
inhibitory processing in conjunction with an overall heightened activity in the mismatch-detection process
for target stimuli and an inappropriate allocation of attentional resources.

While most studies investigate the visual and auditory modality, two studies from Dockstader et al
investigate somatosensory processing in adult ADHD. Somatosensory processing is re�ected in the
sensorimotor oscillations of 8-12Hz, also known as mu rhythm, which is suppressed during movement
preparation (mu rhythm-event-related desynchronization; mu-ERD). The ERD-reactivity pattern is shown to
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be lowered in adult ADHD patients which might have consequences for attentional alerting when an
unexpected stimulus occurs [63, 64].

To sum up: ERP components associated with auditory and visual processing respectively, show
alterations, some leading to mixed results. These alterations are associated with higher distractibility at
early components as well as inhibition and stimulus discrimination process at later components. Future
studies should investigate not only single components but focus on the whole time-course allowing for
estimating the relationship between early stimulus detection and later stimuli processing. Further,
somatosensory processing as abnormal regulated as re�ected in the mu rhythm. The behavioral
consequences of a diminished mu rhythm remain elusive.

1.3 Brain-imaging �ndings of sensory processing

Resting-state functional connectivity (rsFC) is a correlational measure of activity between brain areas
without an external task given [8, 65]. In children with ADHD, one study investigated rsFC of primary
sensory areas to higher order attentional networks [66]. Results demonstrated higher rsFC of primary
sensory areas to its neighboured areas and reduced rsFC to attention-regulatory networks compared to
controls. This might re�ect enhanced sensitivity to sensory events at rest and a disrupted between-
network communication to attention-related areas. Our systematic literature search yields no study
addressing bottom-up sensory rsFC and its relation to attentional networks in adult ADHD. In healthy
participants, sensory hypersensitivity was linked to reduced dopamine levels in several brain regions.
Especially the precuneus seem to play a role in suppression of genes responsible for sensory processing
sensitivity [67]. The precuneus as part of the default mode network is consistently associated with
weaker within-network connectivity and stronger connectivity to other networks compared to healthy
controls [8, 68, 69]. Therefore, we only can speculate that in adult ADHD sensory information may be
abnormally integrated and regulated via the precuneus to higher order processing areas. Future studies
are needed to explore the role of the precuneus in bottom up sensory processing in ADHD.

One study found enhanced rsFC in visual sensory processing areas and regions involved in
somatosensory processing. As the authors state in their paper, a possible explanation of this �nding is
that ADHD patients are more delay avers than healthy controls during the scanning, therefore allocate
their attention to the environment [70].

In a functional magnetic resonance imaging (fMRI) study, Salmi et al. disentangled sensory bottom-up
processing (assessed by visual and auditory discrimination tasks) from top-down processing (divided
attention, focused attention) [69]. During the auditory task, enhanced visual cross-modal activation was
found, whereas this was not evident during visual stimulation in auditory cortices. This �nding is contrary
to studies done in healthy participants, where a decreased activation in the unattended modality is
reported [71]. In the focused attention task and divided attention task, higher activation in cuneus,
precuneus and posterior cingulate cortex (PCC) was found. In conclusion this study demonstrates de�cits
in bottom-up sensory attention and top-down attentional selection. In future studies, clari�cation is
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needed regarding crossmodal activation whether this re�ects a de�cient suppressing mechanism of
visual bottom-up sensation [69].

On a structural level, voxel-based morphometry (VBM) revealed smaller grey matter volumes in Brodmann
areas 17 and 18 involved in primary visual processing (V1, V2) [72]. These gray matter volumes were
inversely correlated with symptoms of ADHD during childhood. From this study, it cannot be concluded
whether this volume reduction can be associated with early sensory stimuli analysis (the authors of the
study did not obtain functional visual data to obtain visual impairments) or top-down attentional
modulation because V1,V2 are already considered as part of the visual attentional network [73–75].

To sum up: Few neuroimaging studies are available investigating sensory processing in adult ADHD.
Existing evidence point to bottom-up (marked by a possible dysfunctional inhibition of the irrelevant
sensory modality) di�culties, as well as to a top-down attentional selection dysfunction. Future studies
are needed to clarify e.g., whether bottom-up de�ciencies arise as a consequence of abnormal within- and
between network rsFC which is not properly down-regulated at task.

Discussion
The aim of our systematic review was to summarize the �ndings on sensory processing in adult ADHD.

Most of the current studies focus on the auditory/visual modality leaving a research gap for other
sensory modalities. Available studies point to impaired sensory processing regarding enhanced
distractibility and modulating impairments such as stimulus feature discrimination or inhibition of
sensory information. The majority of studies indicate an auditory hypersensitivity, while the evidence of
such a hypersensitivity is lower for the visual modality. It remains unclear whether this is due to the
inherent feature of the auditory sense that processing of input is involuntary (automatic). In contrast,
exogenous input to the visual modality may cause attention shifting, which implies voluntary action e.g.,
turning the head towards a stimulus [76, 77]. This can explain why the auditory modality is generally
more prone to certain distractors but it cannot account for the difference between ADHD-patients and
neurotypical controls. Therefore, one important issue for future studies is to study the mechanism behind
the auditory hypersensitivity in adult ADHD.

Perceptual processing in adult ADHD is accompanied with numerous irregularities at the
electrophysiological and haemodynamic level. As described in the paragraphs above, these irregularities
suggest impaired bottom-up and top-down attentional mechanisms. The role of these disturbed bottom-
up/top-down attentional mechanism for sensory processing is still understudied and not well understood.
It is possible that an early sensory processing de�cit (early ERP-components), i.e., no proper �ltering of
incoming stimuli, leads to poor allocation of attention (late ERP-components) and, hence, to an overall
higher sensitivity to other incoming stimuli. A failure in suppressing irrelevant sensory modalities may
have consequences for higher order areas processing (fronto-parietal regions) that cannot weight the
input properly leading to impaired stimulus integration.
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Dependent on the perceptual load (i.e., the amount of information involved in processing task-relevant
stimuli), attentional selection occurs at early stages when the sensory demand is high and at later stages
when sensory demand is low [78–80]. To achieve e�cient behavioral responses to environmental cues,
the process of early vs. late attentional selection is determined by a network of prefrontal and parietal
brain regions constantly adapting to high or low loads [81]. In adult ADHD it is unclear, whether these
patients have a higher baseline perceptual load due to higher sensory gaining. In theory this would lead to
enhanced top-down processing in order to overcome sensory overload. However, since top-down attention
in ADHD is abnormally regulated, it might be that the switching mechanism between early vs late
selection is impaired as well. Future studies are needed to identify a possible enhanced baseline-
perceptual load and whether switching between early vs late selection is impaired.

Sensory processing di�culties are also reported in other psychiatric disorders such as autism, anxiety,
bipolar disorder depression, and schizophrenia [82–85]. Therefore, it is questionable whether sensory
processing de�cits are ADHD-speci�c. Since ADHD shares common pathophysiologic neurocircuitry with
sensory processing disorder, as well as with other neuropsychiatric diagnoses [86, 87], one is tempted to
consider sensory processing de�cits as something nonspeci�c to ADHD. However, such a consideration
would again support a categorical thinking of sensory processing rather than regarding it as an added
dimension on a continuum [88, 89].

Conclusion
This review demonstrates that the relationship of sensory processing de�cits to the core symptoms of
ADHD is not properly understood yet. It is therefore necessary to investigate sensory processing in adult
ADHD more detailed. Especially, the in�uence of impaired bottom-up sensory processing to top-down
attentional selection should be targeted in future studies. This could help to gather more information
about the underling processing de�cits, so that speci�c adjusted training can be provided, that helps to
overcome de�cits in daily life functioning in e.g., not producing appropriate adaptive responses in social
settings.
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