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Abstract

Autism and ADHD are characterised by atypical sensory responsivity, and this may be driven by
alterations in the balance of cortical excitation to inhibition (E/I). Studies in early development are
required to establish the primary of effects. We utilised data from a prospective longitudinal cohort of
infants with and without a family history (FH) of autism and/or ADHD (N=151; 55% male, 83% white). We
extracted electroencephalography (EEG) metrics of E/I balance at 5, 10 and 14 months; the aperiodic
exponent of the slope of the power spectrum (“1/f"). Models estimated correlated latent growth curves of
parent-reported hyper and hypo-responsivity between 10 — 36 months. Analyses tested associations
between developmental trajectories of sensory responsivity and FH, parent-rated neurodevelopmental
traits at 3 years and E/I balance. Results showed that FH-autism was associated with steeper increases
in parent-reported hyper-responsivity between 10 to 36 months, whereas FH-ADHD was associated with
steeper increases in hypo-responsivity. Higher hypo-responsivity at 10-month baseline was associated
with both autistic and ADHD traits at 3 years. A steeper slope of hypo-responsivity predicted ADHD traits
at 3 years. Neither the baseline or slope of hyper-responsivity was associated with FH-ADHD, or autistic or
ADHD traits at 3 years. Males displayed higher baseline hypo-responsivity. Aperiodic exponent values at 5
and 10, but not 14 months, were associated with hyper-responsivity. Results suggest that hypo-
responsivity in infancy may be an indicator of later autism and ADHD outcomes. Alterations in E/I
balance may contribute to early differences in sensory responsivity and thus could represent a useful
target for intervention development.

Introduction

Although atypical sensory responsivity is traditionally associated with autism 73 (and included in the
diagnostic criteria), recent research has suggested sensory responsivity may also be altered in other
neurodevelopmental conditions, such as Attention-Deficit Hyperactivity Disorder (ADHD) 4, which
commonly co-occurs with autism °. Despite the wide-ranging negative consequences of atypical sensory
responsivity in childhood 68, and it being a priority area for individuals with lived experience ?, little is
known about how sensory responsivity may develop differently in children with autism and/or ADHD, or
the neurobiological factors that may contribute to these individual differences. Better understanding of
relevant neurobiological processes that underpin sensory responsivity is required to inform evidence-
based intervention.

To detect causal pathways, and understand what is distinct or common between autism and ADHD (e.g.,
does sensory responsivity represent a shared neuroendophenotype °), studies are required that examine
sensory differences before symptom emergence, and capture different forms of sensory difference (i.e.,
hyper and hypo-responsivity). Infant-sibling designs, where infants with a family history of
neurodevelopmental conditions are recruited around birth, report infants with a family history of autism
(FH-autism) who receive a diagnosis themselves have atypical sensory responsivity from early in
development 19713, One study found 3 year old children with a family history of ADHD (FH-ADHD) also
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score higher on parent-reported hyper and hypo-responsivity '. To our knowledge, no study has
compared FH-autism and FH-ADHD siblings in terms of developmental patterns of sensory responsivity,
or examined how these pattern predict emerging traits of these conditions.

One proposed mechanism that underpins differences in sensory processing and responsivity is the
relative ratio of cortical excitatory to inhibitory activity (E/I balance), with inhibition in particular thought
to govern the processing of sensory inputs through mechanisms such as neuronal tuning '°. This has
been a topic of great interest in the autism research field, although methodologies vary considerable, and
little consensus has been reached as to the nature of alterations in autistic individuals '®. There is some
evidence that alterations in markers of E/I balance are correlated with atypical sensory responsivity in
autistic children and adults 717720, However, these studies were conducted in older individuals, usually
after they have received a diagnosis, limiting inference about directionality of effects. One infant study, in
an overlapping cohort to the current analytic sample, reported that although 10-month old FH-autism
infants showed altered repetition suppression to tactile stimulation (a marker of GABAergic inhibition), no
association was found between tactile suppression index and parent-rated tactile sensory seeking 2.
This may be in part due to difficulties capturing observable individual differences in tactile sensory
seeking at such a young age.

There is evidence from infant-sibling studies that certain brain and cognitive features are more clearly
associated with autism outcomes when measured earlier in development 2222, This may reflect the
emerging influence of other modifying domains that come online later in life that obscure brain-behaviour
associations (i.e., developmental moderators) or compensatory processes. The idea of developmental
specificity is of particular relevance to E/I balance, as it has been proposed that the brain may attempt to
compensate for alterations to E/I balance early in the lifespan, which in turn could lead to group effects
reversing later in development (as the brain ‘overcorrects’ itself) 24. Similar biological compensatory
processes are noted elsewhere, for example arterial remodelling in response to atherosclerotic plaques, 2°
neural reorganization such that non-speech areas predict language outcomes in children with cochlear
implants 26, and increased levels of obesity in adults exposed to famine in utero 2/.

To address limitations of current knowledge, we estimate a dual latent growth curve model where
trajectories of hyper and hypo-responsivity are predicted by family history, and predictive of childhood
neurodevelopmental traits. We estimate developmental change as previous work finds that change rates
in sensory responsivity are the most robust predictors of autistic traits 8. We predict that infants with FH-
autism would show increased hyper- and hypo-responsivity, and increases in both would be associated
with higher autistic traits at 36 months. We predict that infants with FH-ADHD would show increased
hypo-responsivity, which would in turn predict ADHD traits at 36 months, based on theoretical
frameworks that certain attributes of ADHD (e.g., hyperactive behaviour) may represent attempts to
increase environmental input to compensate for hypo-sensitivity 2°. We examine associations between
E/I balance (indexed by the aperiodic exponent) and hyper- and hypo-responsivity, as listed in our pre-
registered analysis (https://osf.io/sm4f8). To explore the idea that there may be specific periods where
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E/l balance is the critical determinant of sensory processing, we examined associations at 5, 10, and 14
months of age.

Methods

Infants were recruited as part of a longitudinal prospective study (Studying Autism and ADHD in the early
years; STAARS) see 30 for more details. Participants were recruited between 2013 to 2019 from a
volunteer database, community flyers, internet adverts and clinical networks. Informed written consent
was provided by the parent(s). The study was approved by the National Research Ethics Service and the
Research Ethics Committees of Birkbeck, University of London and King's College London. 161 infants
completed visits at approximately 5, 10, 14, 24 and 36 months of age. Infants were assigned group
membership based on information on clinical diagnoses and scores on various screening measures (see
Supplement Materials, section SM1 and Table S1). Infants in the FH-autism group had at least one first-
degree relative with a community clinical diagnosis of autism, infants in the FH-ADHD group had at least
one first-degree relative with a community clinical diagnosis or probable research diagnosis of ADHD, and
infants in the FH-typical group had at least one older sibling with typical development and no known
autism or ADHD in first-degree family members. Infants with a family history of both autism and ADHD
formed the FH-autism + ADHD group. The current sample includes infants who had at least one
measurement of sensory responsivity between 10 and 36 months (n=151).

Sensory Responsivity

Sensory hyper-responsivity and hypo-responsivity were measured at 10, 14, 24 and 36 months with the
48-item Infant Toddler Sensory Profile (ITSP)37. A composite low threshold score was calculated by
combining the sensory sensitivity and sensation avoiding subscales. We used the total score from the
low threshold quadrant as an index of hyper-responsivity (25 items) and scores from the low registration
quadrant as an index of hypo-responsivity (11 items). Scores were reverse scored to aid interpretability.

Neurodevelopmental Traits

Autistic traits were measured at 36 months using the Preschool form of the Social Responsiveness Scale
— 232 The SRS consists of 65 items and is designed to measure autistic traits in the general population.
ADHD traits were measured at 36 months using the Preschool Child Behavior Checklist DSM Attention
Deficit/Hyperactivity Problems subscale®3. which comprises six items that measure inattentive and
hyperactive behaviours.

EEG Acquisition and Procedure

EEG was collected at 5, 10 and 14 months. EEG was recorded using an EGI (Philips Neuro, Oregon, USA)
128-electrode Hydrocel Sensor Net, online referenced to Cz. EEG was collected at 500Hz at 5 and 10
months and 1000Hz at 14 months. Infants were seated on their caregiver's lap, 60cm from a screen, in a
sound attenuated and electrically-shielded room. Stimuli consisted of naturalistic social (women singing)
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or non-social (toys moving) videos designed to produce calm attention. Videos were 1 minute in length
and presented up to 3 times, interspersed between other tasks as part of a longer session. EEG was
bandpass filtered (0.1-100Hz), and 1-second segmented. Data was manually cleaned in NetStation 4.5;
segments with excessive artifact, where infants were not looking at the video, or with >25 noisy channels
were excluded. Infants with < 10 artifact-free trials in either condition were excluded. Noisy channels were
interpolated from neighbouring channels using spline interpolation. 1-second non-overlapping segments
were referenced to the average reference, imported into Matlab, detrended and subjected to a Fast Fourier
Transform (FFT). Power values were calculated and averaged across artefact-free segments in THz bins
from all electrodes excluding those on the outer rim of the net.

Extraction of E/lI Metrics from EEG

The fitting oscillations and one over f (FOOOF) algorithm was used to obtain individual aperiodic
exponent values 34. When the power spectrum is plotted on a log—log axis (i.e., power on the y axis,
frequency on the x axis), the aperiodic exponent is equivalent to the coefficient of the regression line. We
parameterized spectra in the 1-20 Hz range, and only exponents from model fits with R? = 0.95 and >20
trials were retained (see eFigure 1 and eTable 2 in Supplement 1 for a breakdown and analysis of EEG
attrition). Other settings were: peak width limits = 2, 8, maximum number of peaks = 4, peak threshold =
0.1, aperiodic mode = fixed'. Previous work finds no differences in aperiodic exponent for the social as
compared to non-social videos 35; therefore, aperiodic exponents were averaged for the social and non-
social videos (as outlined in our pre-registered analysis). To minimise the impact of outliers, values were
winsorized such that the 5% of the lowest/highest values were recoded to the value of the 5th/95th
percentile.

Statistical Analysis

All analyses were conducted in Stata v16. Analyses were largely pre-registered (https://osf.io/sm4f8; see
Supplementary Materials SM2 for deviations). First, a joint latent growth curve mediation model was
estimated, specifying correlated latent factors of intercept (baseline) and slope (change over time) for
sensory hyper-responsivity and hypo-responsivity (see Figure S2). Paths were specified from family
history and sex to sensory responsivity intercepts, slopes and neurodevelopmental traits, and from
sensory responsivity intercepts and slopes to neurodevelopmental traits. In these models, the FH-
autism*FH-ADHD interaction was added in a second step to aid interpretation of main effects. Time-
varying age effects were accounted for by specifying age at visit as a predictor of observed ITSP scores
at each wave. Second, we then re-ran the models with the 5-, 10- and 14-month aperiodic exponents and
number of available EEG trials as a predictor of intercept and slope (one model for each EEG timepoint).
FH-autism, FH-ADHD, FH-autism*FH-ADHD and sex were included as covariates. All models were
estimated with maximum likelihood to account for missing data. We report both unstandardised (b) and
standardized (B) coefficients.

Results
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Associations between Autism/ADHD Family History,
Sensory Responsivity, and Childhood Traits

See Tables 1 and Table S3 for descriptive statistics, and Tables S4 and S5 for full results. FH-autism was
associated with a steeper slope of hyper-responsivity (b =1.90,95% Cls [0.12, 3.67], p =.036, B =.25). FH-
ADHD was associated with a steeper slope of hypo-responsivity (b =1.41,95% Cls [0.51, 2.30], p=.002, B
=.36). See Fig. 1 for estimated trajectories. Males had higher scores than females for the hypo-
responsivity intercept (b = -2.27,95% Cls [-4.18,-0.35], p =.020, B = - .21). Hyper-responsivity was
significantly associated with hypo-responsivity (intercept covariance: B =.85, p <.001, slope covariance:
B=.71,p<.001). A higher hypo-responsivity intercept was associated with higher autistic traits (b = 0.06,
95% Cls [0.01,0.11], p=.011, B=0.49) and ADHD traits at aged 3 (b =0.25,95% Cls [0.00, 0.49], p = 0.051,
B = 0.39), although the latter was at significance. A steeper slope for hypo-responsivity was associated
with higher ADHD traits at aged 3 (b =1.40,95% Cls [0.58, 2.22], p =.001, B = 0.75). Neither the intercept or
slope of hyper-responsivity was associated with later autistic or ADHD traits (ps >.10). Autistic and ADHD
traits at 3 years were significantly correlated (B =.38, p =.004). See Fig. 2 for a summary of significant
associations.
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Table 1

Characteristics of Analytic Sample

Mean (SD) unless
otherwise indicated

Gender n (%)

Male

Female

Ethnicity n (%)
White

Mixed Race

Asian

Black

Other

Parent education n (%)
Primary/Secondary
BA/BSc or above
Child Assessments

5m age of assessment
5m Mullen ELC

10m Age at visit

10m Mullen ELC

14m Age at visit

14m Mullen ELC

24m Age at visit

Total sample
(N=151)

83 (55%)
68 (45%)

121 (83%)
15 (10%)
7 (5%)

2 (1%)
1(1%)

41 (28%)
105 (72%)
5.32 (0.57)
84.48 (10.04)
10.06 (0.62)
87.57 (14.90)
14.29 (0.65)
77.82 (12.25)

24.75 (1.33)

Typical FH
(n=26)

15 (58%)
11 (42%)

23 (92%)
1(4%)
1(4%)

0

0

2 (8%)

23 (92%)
5.39 (0.50)
85.30 (8.71)
10.00 (0.63)
89.23
(12.30)
14.23 (0.61)
79.50

(11.76)
24.61 (1.16)

FH-
autism

(n=76)

38 (50%)
38 (50%)

54 (74%)
10 (14%)
6 (8%)
2 (3%)
1(1%)

17 (23%)
56 (77%)

5.35
(0.66)

83.02
(10.93)

10.03
(0.52)

88.49
(15.00)

14.31
(0.64)

78.28
(12.00)

24.91
(1.56)

FH-ADHD
(n=29)

18 (62%)
11 (38%)

27 (93%)
2 (7%)

0

0

0

10 (34%)
19 (66%)

5.15
(0.38)

85.54
(9.01)

10.20
(0.91)

84.76
(15.86)

14.22
(0.80)

79.08
(11.12)

24.68
(1.09)

FH-autism
+ ADHD

(n=20)

12 (60%)
8 (40%)

17 (89%)
2 (11%)
0

0

0

12 (63%)

7 (37%)
5.25 (0.45)
87.75(9.72)
10.11 (0.46)
85.42
(16.83)
14.37 (0.60)
72.53

(14.50)
24.38 (0.72)

CBCL = Child Behavior Checklist; ELC = Early Learning Composite; FH = family history; SRS = Social

Responsiveness Scale
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Mean (SD) unless Total sample Typical FH FH- FH-ADHD FH-autism
otherwise indicated (N=151) (n=26) autism ( ) + ADHD
n=29
(n=76) (n=20)
24m Mullen ELC 104.05 (20.63) 115.30 100.71 106.86 96.94
(15.53) (20.92) (21.27) (17.12)
36m Age at visit 37.18 (1.81) 36.83(1.82) 37.21 37.35 37.19 (1.52)
(1.46) (2.69)
36m Mullen ELC 113.25(19.52) 129.94 108.10 118.39 105.93
(11.47) (18.53) (18.83) (19.90)
36m SRS total 39.95(31.75) 23.37 (9.46) 42.91 35.55 61.00
(32.39) (24.19) (48.52)
36m CBCL ADHD total 4.30 (3.28) 3.05(2.16) 4.22 477 5.79 (3.93)
(3.28) (3.49)
CBCL = Child Behavior Checklist; ELC = Early Learning Composite; FH = family history; SRS = Social
Responsiveness Scale

Associations between EEG Markers of E/I Balance and
Sensory Responsivity

See Table 2 and Fig. 3 for results. 5-month and 10-month aperiodic exponent were positively associated
with the intercept of sensory hyper-responsivity (5 months: b =22.24,95% Cls [1.27, 43.22], p=.038,B
=.26; 10 months: b =18.06,95% Cls [1.29, 34.83], p =.035, B =.21). The association between 5-month
aperiodic exponent and hypo-responsivity intercept was at significance (b =10.59, 95% Cls [-0.16, 21.35],
p =.054, B =.25). 14-month aperiodic exponent was not associated with sensory responsivity. No
associations were observed with number of retained EEG trials, aside from an at-significance association
between number of trials at the 14-month assessment and the slope of hypo-responsivity (b =.01, 95%
Cls [0.00, 0.02], p=.051, B =.26).
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Table 2

Associations between Global Metrics of Excitation/Inhibition Balance and Trajectories of Sensory Hyper-
and Hypo-Responsivity

Hyper-responsivity

Intercept Slope

b 95% ClI p B b 95% ClI p B
5m aperiodic 2224 1.27 4322 .038 0.26 022 -8.88 932 963 0.01

exponent

5m number of 0.05 -0.02 0.13 184 0.16 0.01 -0.02 0.05 434 012
trials

10m aperiodic 18.06 1.29 3483 035 021 -067 -782 648 854 -0.02
exponent

10m number of -0.03 -0.09 0.03 286 -0.11 0.00 -0.02 0.03 .819 0.03
trials

14m aperiodic -0.65 -19.80 1850 947 -0.01 -1.34 -878 6.09 .723 -0.05
exponent

14m number of -0.04 -0.10 0.02 236 -0.14 0.00 -0.02 0.03 .816 0.03
trials

Hypo-responsivity

Intercept Slope

b 95% ClI p B b 95% Cl p B
5m aperiodic 10.59 -0.16 2135 054 025 -1.54 -590 281 .488 -0.11
exponent
?rgglgumberof -0.01  -0.05 0.03 764 004 001 -0.01 0.02 .509 0.10

10m aperiodic 6.47 -1.63 1458 118 0.15 -032 -3.74 310 .855 -0.02
exponent

10m number of -0.02 -0.05 0.01 209 -0.13 0.00 -0.01 0.01 .841 0.02
trials

14m aperiodic 0.21 -8.61 9.03 962 0.01 099 -251 450 .578 0.07
exponent

14m number of -0.02 -0.05 0.01 196 -0.15  0.01 0.00 0.02 .051 0.26
trials

Note: Although effects for FH-autism, FH-ADHD, FH-autism*FH-ADHD and sex were included as
before, they are omitted from the table for brevity. Models for the 5-, 10- and 14-month data were run
separately. FH = family history
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Discussion

Disturbances of sensory responsivity are commonly associated with diagnosed autism, and emerging
evidence suggests potentially also with ADHD. However, critical questions remain as to whether these
differences emerge early in development — suggesting causality — and the neurobiological mechanisms
that may drive variation in sensory responsivity. We present analyses of a prospective longitudinal cohort
of infants, followed from 10—36 months. Results showed that a family history of autism (FH-autism) was
associated with steeper increases in hyper-responsivity. Conversely, a family history of ADHD (FH-ADHD)
was associated with increasing hypo-responsivity. A higher intercept (equivalent to estimated level at 10-
month baseline) of hypo-responsivity was associated with being male, and having higher later autistic
and ADHD traits at age 3 years; a steeper slope of hypo-responsivity was also associated with higher
ADHD traits. Alterations in markers of global E/I balance, potentially indicative of enhanced inhibition,
were associated with increased hyper-responsivity (and there was evidence to suggest increased hypo-
responsivity also).

Our predictions that FH-autism infants would show increased sensory hyper- and hypo-responsivity, and
these increases would in turn be associated with increases in emerging autistic traits, was partially
supported. FH-autism infants displayed a steeper increase in hyper-responsivity over the first three years
of life, however, hyper-responsivity was not associated with later autism traits. These results contrast with
meta-analyses reporting that sensory over-responsivity is best able to distinguish autism from other
clinical groups 2, and reports that FH-autism infants who receive a diagnosis of autism score higher on
hyper-responsivity at 12 months of age ''. What did predict later autistic (and ADHD) traits was increased
hypo-responsivity at 10-month baseline. It is of interest that the form of sensory responsivity associated
with a family history of autism (hyper-responsivity) is different to that which relates to later autistic traits
(hypo-responsivity), and calls into question the centrality of hyper-responsivity as a mechanism for core
autism characteristics. Increased responsivity has been associated with anxiety in both autistic 3¢ and
typically developing ° children, and thus could in-part explain the increased prevalence of mental health
difficulties in autistic populations. The association with hypo-responsivity is consistent with reports that
hypo-responsivity is more prevalent in autism in early childhood 3/, and predicts later autism symptoms
in infant-siblings 28. Early hypo-responsivity may have knock-on effects on cognitive development; hypo-
responsivity is associated with lower levels of joint attention and language 3°, decreased neural response
to social stimuli and fewer social approach behaviours 4. Notably, in most previous studies, associations
with hyper- and hypo-responsivity are tested in separate models and without examining co-occurring
conditions, limiting inference about specificity. One prospective community study that included both
types of sensory responsivity in the same model reported both hyper- and hypo-responsivity were
associated with later autism outcomes 28, although this work covered a wider developmental window (6
months — 7 years) and did not assess ADHD traits. Current results suggest that increased hypo-
responsivity may not be a specific marker for later autistic characteristics, but also relevant for emerging
ADHD behaviours (and thus may function as a shared neuroendophenotype).
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In addition to the aforementioned associations between baseline hypo-reactivity and ADHD traits, a
family history of ADHD was associated with steeper slope of hypo-responsivity (greater increase between
10-36 months), which in turn was associated with higher ADHD traits at age 3. This result extends
findings from meta-analyses that report broad alterations in sensory processing in the early years are
predictive of ADHD outcomes *. The lack of association with hyper-responsivity goes against previous
reports 1441, although many of these studies did not account for the co-occurrence of ADHD and autism,
or were conducted in older samples. One hypothesis is that ADHD traits are a form of compensation for
early hypo-responsivity, such that the child learns to sample the environment more rapidly and randomly
to overcome for a decreased response to external inputs. However, it could also be that increases in
parent-reported hypo-responsivity are a reflection off increasing differences in attention control that are
characteristic of ADHD, which in turn lead to an apparent lack of responsivity as cues are ‘missed’. Finally,
we found males were rated as more hypo-responsive than females (as found in general population
cohorts 28), emphasising the need to account for sex in analytic models.

In terms of putative neurobiological mechanisms, our pre-registered hypothesis on the role of E/I balance
was supported, such that increased aperiodic exponent values, indicative of enhanced inhibitory activity,
were associated with greater hyper-responsivity. However, our pre-registered plan had specified analysis
of EEG data at 14 months, whereas we found significant effects at 5- and 10-months only. Thus, current
results require replication. Results concur with other infant-sibling studies that find brain or cognitive
features are more strongly predictive of later autism outcomes when measured earlier in development
2223 and genetic research which finds critical periods early in development for SCN2A mutations to
produce an autistic phenotype®?. Crucially, results demonstrate the role of alterations in E/| balance early
in the lifespan, potentially before initial effects become confounded by developmental compensation 24
or later emerging moderating factors #3. We also note the association between 5-month aperiodic
exponent and hypo-responsivity was at significance (p =.054), and the standardized coefficients of effect
were comparable for hyper and hypo-responsivity (B =.26 and .25), suggesting enhanced inhibition in
early development may alter sensory processing at a system-wide level '°. Possible mechanisms of
effect include disruption in evoked gamma oscillatory activity, which in turn alters the temporal

sharpening of cortical sensory responses 44.

One limitation is the reliance on parent ratings for behavioural phenotypes, which could be impacted by
rater biases (e.g., sex effects could in part reflect gendered expectations of child behaviour). Future
studies with greater diversity of ethnicity and socio-economic status are needed to understand the
generalisability of results.

To summarize, increased hypo-responsivity may function as a general marker for later neurodivergence.
Early alterations in E/I balance may contribute to differences in childhood sensory responsivity,
highlighting a putative neurobiological mechanism that could inform assessment and intervention.
Future research should explore how differences in sensory processing may arise from alterations in E/I
balance, and in turn how these translate to observable differences in responsivity.

Page 12/19



Declarations

Acknowledgements: This research was supported by awards from the Medical Research Council
(MR/K021389/1; MJ and TC), MQ (MQ14PP_83, MJ, EJ and TC) and the Wellcome Trust
(213608/Z/18/Z,VCL). AP is supported by a National Institute for Health Research (NIHR) Senior
Investigator (NF-SI-0617-10168) and receives support from the NIHR Biomedical Research Centre at
South London and Maudsley Foundation Trust (IS-BRC-1215-20018). Further, this work was also
supported by the EU-AIMS and AIMS-2-TRIALS programmes funded by the Innovative Medicines Initiative
(IMI) Joint Undertaking Grant Nos. 115300 (MJ and TC) and No. 777394 (MJ, EJ and TC; European
Union's FP7 and Horizon 2020, respectively). This Joint Undertaking receives support from the European
Union's Horizon 2020 research and innovation programme, with in-kind contributions from the European
Federation of Pharmaceutical Industries and Associations (EFPIA) companies and funding from Autism
Speaks, Autistica and SFARI. The funders had no role in the design of the study; in the collection,
analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the
results. Any views expressed are those of the author(s) and not necessarily those of the funders.

The STAARS team consists of Mary Agyapong, Tessel Bazelmans, Leila Dafner, Mutluhan Ersoy, Laurel
Fish, Teodora Gliga, Rianne Haartsen, Alexandra Hendry, Rebecca Holman, Sarah Kalwarowsky, Anna
Kolesnik, Laura Pirazzoli and Chlo€ Taylor. The authors would like to thank the researchers who helped
with data collection and recruitment; Kim Davies, Janice Fernandes and Natalie Vaz. The authors would
also like to thank the placement students who helped in data collection and entry; Francesca Conti, Meg
Jackson and Zoé Freeman. Finally, they would like to warmly thank all the parents and infants that took
part in this study.

Conflict of Interest: Prof. Charman has served as a paid consultant to F. Hoffmann-La Roche Ltd and
Servier. He has received royalties from Sage Publications and Guildford Publications. Prof Pickles
receives royalties from the Social Communication Questionnaire (SCQ). All other authors have declared
that they have no competing or potential conflicts of interest.

References

1. Marco EJ, Hinkley LBN, Hill SS, Nagarajan SS. Sensory Processing in Autism: A Review of
Neurophysiologic Findings. Pediatric Research. 2011/05/01 2011;69(8):48-54.
doi:10.1203/PDR.0b013e3182130c54

2. Robertson CE, Baron-Cohen S. Sensory perception in autism. Nature Reviews Neuroscience.
2017/11/01 2017;18(11):671-684. doi:10.1038/nrn.2017.112

3. Ben-Sasson A, Gal E, Fluss R, Katz-Zetler N, Cermak SA. Update of a Meta-analysis of Sensory
Symptoms in ASD: A New Decade of Research. Journal of Autism and Developmental Disorders.
2019/12/01 2019;49(12):4974-4996. doi:10.1007/s10803-019-04180-0

4. Shephard E, Zuccolo PF, Idrees |, et al. Systematic Review and Meta-analysis: The Science of Early-

Life Precursors and Interventions for Attention-Deficit/Hyperactivity Disorder. Journal of the
Page 13/19



American Academy of Child & Adolescent Psychiatry. 2022;61(2):187-226.
doi:10.1016/j.jaac.2021.03.016

. Rommelse NNJ, Geurts HM, Franke B, Buitelaar JK, Hartman CA. A review on cognitive and brain

endophenotypes that may be common in autism spectrum disorder and attention-
deficit/hyperactivity disorder and facilitate the search for pleiotropic genes. Neuroscience &
Biobehavioral Reviews. 2011/05/01/ 2011;35(6):1363-1396.
doi:http://dx.doi.org/10.1016/j.neubiorev.2011.02.015

. Carpenter KLH, Baranek GT, Copeland WE, et al. Sensory Over-Responsivity: An Early Risk Factor for

Anxiety and Behavioral Challenges in Young Children. Journal of Abnormal Child Psychology.
2019/06/01 2019;47(6):1075-1088. doi:10.1007/s10802-018-0502-y

. Schwarzlose RF, Tillman R, Hoyniak CP, Luby JL, Barch DM. Sensory Over-responsivity: A Feature of

Childhood Psychiatric lliness Associated With Altered Functional Connectivity of Sensory Networks.
Biological Psychiatry. 2022/09/08/ 2022;doi:https://doi.org/10.1016/j.biopsych.2022.09.004

. Ben-Sasson A, Soto TW, Martinez-Pedraza F, Carter AS. Early sensory over-responsivity in toddlers

with autism spectrum disorders as a predictor of family impairment and parenting stress. Journal of
Child Psychology and Psychiatry. 2013;54(8):846-853. doi:https://doi.org/10.1111/jcpp.12035

9. Partnership A-JLPSA. Accessed 05/04/2023,

11.

12.

13.

14.

15.

16.

. Sacrey L-AR, Zwaigenbaum L, Bryson S, et al. Can Parents Concerns Predict Autism Spectrum

Disorder? A Prospective Study of High-Risk Siblings From 6 to 36 Months of Age. Journal of the
American Academy of Child & Adolescent Psychiatry. 2015;54(6):470-478.
doi:10.1016/j.jaac.2015.03.014

Wolff JJ, Dimian AF, Botteron KN, et al. A longitudinal study of parent-reported sensory
responsiveness in toddlers at-risk for autism. Journal of Child Psychology and Psychiatry.
2019;60(3):314-324. doi:https://doi.org/10.1111/jcpp.12978

Germani T, Zwaigenbaum L, Bryson S, et al. Brief Report: Assessment of Early Sensory Processing in
Infants at High-Risk of Autism Spectrum Disorder. Journal of Autism and Developmental Disorders.
2014/12/01 2014;44(12):3264-3270. doi:10.1007/s10803-014-2175-x

Feldman JI, Raj S, Bowman SM, et al. Sensory Responsiveness Is Linked With Communication in
Infant Siblings of Children With and Without Autism. Journal of Speech, Language, and Hearing
Research. 2021;64(6):1964-1976. doi:doi:10.1044/2021_JSLHR-20-00196

Keating J, Bramham J, Downes M. Sensory modulation and negative affect in children at familial
risk of ADHD. Research in Developmental Disabilities. 2021/05/01/ 2021;112:103904.
doi:https://doi.org/10.1016/j.ridd.2021.103904

Isaacson Jeffry S, Scanziani M. How Inhibition Shapes Cortical Activity. Neuron. 2011/10/20/
2011;72(2):231-243. doi:https://doi.org/10.1016/j.neuron.2011.09.027

Dickinson A, Jones M, Milne E. Measuring neural excitation and inhibition in autism: Different
approaches, different findings and different interpretations. Brain Research. 2016/10/01/
2016;1648:277-289. doi:https://doi.org/10.1016/j.brainres.2016.07.011

Page 14/19



17.

18

19.

20.

21.

22.

23.

24.

25.

26

27.

28.

Wood ET, Cummings KK, Jung J, et al. Sensory over-responsivity is related to GABAergic inhibition in
thalamocortical circuits. Translational psychiatry. 2021/01/12 2021;11(1):39. doi:10.1038/s41398-
020-01154-0

. Green SA, Hernandez L, Tottenham N, Krasileva K, Bookheimer SY, Dapretto M. Neurobiology of

Sensory Overresponsivity in Youth With Autism Spectrum Disorders. JAMA Psychiatry.
2015;72(8):778-786. doi:10.1001/jamapsychiatry.2015.0737

Orekhova EV, Stroganova TA, Schneiderman JF, et al. Neural gain control measured through cortical
gamma oscillations is associated with sensory sensitivity. Human Brain Mapping. 2019;40(5):1583-
1593. doi:https://doi.org/10.1002/hbm.24469

He JL, Oeltzschner G, Mikkelsen M, et al. Region-specific elevations of glutamate + glutamine
correlate with the sensory symptoms of autism spectrum disorders. Translational Psychiatry.
2021/07/29 2021;11(1):411. doi:10.1038/s41398-021-01525-1

Piccardi ES, Begum Ali J, Jones EJH, et al. Behavioural and neural markers of tactile sensory
processing in infants at elevated likelihood of autism spectrum disorder and/or attention deficit
hyperactivity disorder. Journal of Neurodevelopmental Disorders. 2021/01/04 2021;13(1):1.
doi:10.1186/s11689-020-09334-1

Cheung CHM, Bedford R, Johnson MH, Charman T, Gliga T. Visual search performance in infants
associates with later ASD diagnosis. Developmental Cognitive Neuroscience. 2018/01/01/
2018;29:4-10. doi:https://doi.org/10.1016/j.dcn.2016.09.003

Nystrom P, Gliga T, Nilsson Jobs E, et al. Enhanced pupillary light reflex in infancy is associated with
autism diagnosis in toddlerhood. Nature Communications. 2018/05/07 2018;9(1):1678.
doi:10.1038/s41467-018-03985-4

Nelson Sacha B, Valakh V. Excitatory/Inhibitory Balance and Circuit Homeostasis in Autism
Spectrum Disorders. Neuron. 2015/08/19/ 2015;87(4):684-698.
doi:https://doi.org/10.1016/j.neuron.2015.07.033

Glagov S, Weisenberg E, Zarins CK, Stankunavicius R, Kolettis GJ. Compensatory Enlargement of
Human Atherosclerotic Coronary Arteries. New England Journal of Medicine. 1987;316(22):1371-
1375. doi:10.1056/nejm198705283162204

. Feng G, Ingvalson EM, Grieco-Calub TM, et al. Neural preservation underlies speech improvement

from auditory deprivation in young cochlear implant recipients. Proceedings of the National
Academy of Sciences. 2018;115(5):E1022-E1031.

Ravelli G-P, Stein ZA, Susser MW. Obesity in Young Men after Famine Exposure in Utero and Early
Infancy. New England Journal of Medicine. 1976;295(7):349-353.
doi:10.1056/nejm197608122950701

Chen Y-J, Sideris J, Watson LR, Crais ER, Baranek GT. Developmental trajectories of sensory patterns
from infancy to school age in a community sample and associations with autistic traits. Child
Development. 2022;93(4):e446-e459. doi:https://doi.org/10.1111/cdev.13745

Page 15/19



29.

30.

31.
32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

Zentall SS, Zentall TR. Optimal stimulation: a model of disordered activity and performance in
normal and deviant children. Psychological bulletin. 1983;94(3):446.

Begum Ali J, Charman T, Johnson MH, Jones EJH, and the BST. Early Motor Differences in Infants at
Elevated Likelihood of Autism Spectrum Disorder and/or Attention Deficit Hyperactivity Disorder. J
Autism Dev Disord. 2020/12/01 2020;50(12):4367-4384. doi:10.1007/s10803-020-04489-1

Dunn W. Infant/Toddler Sensory Profile: User's Manual. Psychological Corporation; 2002.

Constantino J, Gruber C. Social Responsiveness Scale (SRS)-2. Western Psychological Services;
2012.

Achenbach TM, Edelbrock C. Child behavior checklist. Burlington (Vt). 1991;7:371-392.

Donoghue T, Haller M, Peterson EJ, et al. Parameterizing neural power spectra into periodic and
aperiodic components. Nature Neuroscience. 2020/12/01 2020;23(12):1655-1665.
doi:10.1038/s41593-020-00744-x

Carter Leno V, Begum-Ali J, Goodwin A, et al. Infant excitation/inhibition balance interacts with
executive attention to predict autistic traits in childhood. Molecular Autism. 2022/12/08
2022;13(1):46. doi:10.1186/s13229-022-00526-1

Green SA, Ben-Sasson A, Soto TW, Carter AS. Anxiety and Sensory Over-Responsivity in Toddlers with
Autism Spectrum Disorders: Bidirectional Effects Across Time. Journal of Autism and Developmental
Disorders. 2012/06/01 2012;42(6):1112-1119. doi:10.1007/s10803-011-1361-3

Baranek GT, David FJ, Poe MD, Stone WL, Watson LR. Sensory Experiences Questionnaire:
discriminating sensory features in young children with autism, developmental delays, and typical
development. Journal of Child Psychology and Psychiatry. 2006;47(6):591-601.
doi:https://doi.org/10.1111/j.1469-7610.2005.01546.x

Grzadzinski R, Donovan K, Truong K, et al. Sensory Reactivity at 1 and 2 Years Old is Associated with
ASD Severity During the Preschool Years. Journal of Autism and Developmental Disorders.
2020/11/01 2020;50(11):3895-3904. doi:10.1007/s10803-020-04432-4

Baranek GT, Watson LR, Boyd BA, Poe MD, David FJ, McGuire L. Hyporesponsiveness to social and
nonsocial sensory stimuli in children with autism, children with developmental delays, and typically
developing children. Development and Psychopathology. 2013;25(2):307-320.
doi:10.1017/S0954579412001071

Jones EJH, Dawson G, Webb SJ. Sensory hypersensitivity predicts enhanced attention capture by
faces in the early development of ASD. Developmental Cognitive Neuroscience. 2018/01/01/
2018;29:11-20. doi:https://doi.org/10.1016/j.dcn.2017.04.001

Keating J, Gaffney R, Bramham J, Downes M. Sensory modulation difficulties and assessment in
children with attention deficit hyperactivity disorder: A systematic review. European Journal of
Developmental Psychology. 2022/01/02 2022;19(1):110-144. doi:10.1080/17405629.2021.1889502
Ben-Shalom R, Keeshen CM, Berrios KN, An JY, Sanders SJ, Bender KJ. Opposing Effects on
Na<sub>V</sub>1.2 Function Underlie Differences Between <em>SCN2A</em> Variants Observed in

Page 16/19



Individuals With Autism Spectrum Disorder or Infantile Seizures. Biological Psychiatry.
2017;82(3):224-232. doi:10.1016/j.biopsych.2017.01.009

43. Johnson MH, Charman T, Pickles A, Jones EJH. Annual Research Review: Anterior Modifiers in the
Emergence of Neurodevelopmental Disorders (AMEND)—a systems neuroscience approach to
common developmental disorders. Journal of Child Psychology and Psychiatry. 2021;62(5):610-630.
doi:https://doi.org/10.1111/jcpp.13372

44. Cardin JA, Carlén M, Meletis K, et al. Driving fast-spiking cells induces gamma rhythm and controls
sensory responses. Nature. 2009/06/01 2009;459(7247):663-667. doi:10.1038/nature08002

Figures

Hyper-responsivity: Estimated Means with 95% Cls Hypo-responsivity: Estimated Means with 95% Cls
i i

35

30

25

20

15

30 35 10 15 30 35

10 15 20 25 20 25
Age (months) Age (months)
“ Typical Family Histary # Family History of Autism * Typical Family Histary @ Family History of Autism
® Family History of ADHD  ® Family History of ADHD + Autism ® Family History of ADHD  ® Family History of ADHD + Autism
Figure 1

Trajectories of Sensory Hyper-Responsivity and Hypo-Responsivity between 10-36 Months in Infants With
and Without Family History of Autism and ADHD
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Significant Associations between Autism Family History (FH), ADHD Family History, Gender, Trajectories
of Sensory Responsivity and Toddler Neurodevelopmental Traits. Standardised estimates are displayed.
Created with BioRender.com
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Figure 3

Developmentally Specific Associations between Metrics of Global E/I Balance (Aperiodic Exponent) and
Hyper- (top blue panels) and Hypo-Responsivity (bottom green panels)
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