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Background: Existing evidence indicates that atypical sensory reactivity is a core characteristic of autism, and has
been linked to both anxiety (and its putative infant precursor of fearfulness) and repetitive behaviours. However,
most work has used cross-sectional designs and not considered the differential roles of hyperreactivity and
hyporeactivity to sensory inputs, and is thus limited in specificity. Methods: 161 infants with and without an
elevated likelihood of developing autism and attention-deficit hyperactivity disorder (ADHD) were followed from 10 to
36 months of age. Parents rated an infant precursor of later anxiety (fearfulness) using the Infant Behaviour
Questionnaire at 10 and 14 months, and the Early Childhood Behavioural Questionnaire at 24 months, and sensory
hyperreactivity and hyporeactivity at 10, 14 and 24 months using the Infant Toddler Sensory Profile. Domains of
autistic traits (restrictive and repetitive behaviours; RRB, and social communication interaction, SCI) were assessed
using the parent-rated Social Responsiveness Scale at 36 months. Cross-lagged models tested (a) paths between
fearfulness and hyperreactivity at 10–24 months, and from fearfulness and hyperreactivity to later autism traits, (b)
the specificity of hyperreactivity effects by including hyporeactivity as a correlated predictor. Results: Hyperreactiv-
ity at 14 months was positively associated with fearfulness at 24 months, and hyperreactivity at 24 months was
positively associated with SCI and RRB at 36 months. When hyporeactivity was included in the model, paths between
hyperreactivity and fearfulness remained, but paths between hyperreactivity and autistic traits became
nonsignificant. Conclusions: Our findings indicate that alterations in early sensory reactivity may increase the
likelihood of showing fearfulness in infancy, and relate to later social interactions and repetitive behaviours,
particularly in individuals with a family history of autism or ADHD. Keywords: Autism; hyperreactivity;
hyporeactivity; anxiety; early development; elevated likelihood; sensory reactivity.

Introduction
Autism is a neurodevelopmental condition charac-
terised by differences in social communication and
the presence of restricted interests and repetitive
behaviours. Recent diagnostic frameworks have
incorporated sensory atypicalities into the cluster of
restricted and repetitive behaviours (RRB) as part of
the core autism symptoms (DSM-5; American Psy-
chological Association, APA, 2013). Sensory differ-
ences are experienced by almost 74% of autistic
children (Kirby et al., 2022). However, sensory
differences are not unique to autism and are present
in other neurodevelopmental conditions such as
Down’s Syndrome and Williams Syndrome (Baranek
et al., 2013), intellectual disability (Posar &
Visconti, 2018) and Attention Deficit Hyperactivity
Disorder (ADHD) (Schulz et al., 2023); some
report they are present in a significant proportion of
typically developing children (Carpenter et al., 2019).

Although not all alterations in sensory reactivity are
experienced as negative, certain sensory differences
can negatively impact daily activities, especially in
situations where environments are less controlled
(Posar & Visconti, 2018). Sensory challenges con-
tinue to present themselves in adulthood, making it
an important consideration across the lifespan
(Crane, Goddard, & Pring, 2009). Despite this, our
knowledge of the developmental manifestation and
impact of atypical sensory reactivity early on in life is
limited.

Characterising sensory atypicalities

Progress in understanding the drivers and impact of
sensory differences has been complicated by the
broad range of terminologies used to describe
differences in sensory functioning (e.g. hyper- and
hyposensitivity/processing/reactivity/responsive-
ness, sensation seeking) (see He et al., 2022 for a
review of nomenclature and theoretical frameworks)
and the different modalities of sensory experience
(e.g. visual, auditory, tactile). In this study, we use
the terminology of hyperreactivity and hyporeactiv-
ity, with hyperreactivity representing greater
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behavioural reactivity to sensory inputs and hypor-
eactivity observed as lower behavioural reactivity to
sensory inputs. A significant proportion of autistic
children experience both hyperreactivity and hypor-
eactivity in multiple domains (Marco et al., 2012;
Nied�zwiecka, Domasiewicz, Kawa, Tomalski, &
Pisula, 2019). Although data-driven approaches
have had success in differentiating individuals with
profiles of high and low sensory atypicalities, they do
not find evidence for specificity of sensory reactivity
profiles, again suggesting most people with sensory
differences experience both hyperreactivity and
hyporeactivity (Tillmann et al., 2020).

Developmental consequences of early alterations in
sensory reactivity

One way to conceptualise the role of early alterations
in sensory reactivity is through the developmental

cascades framework (Bradshaw, Schwichtenberg, &
Iverson, 2022), where early differences in specific
domains (e.g. sensory reactivity) can have cascading
and far-reaching effects on a variety of other,
seemingly unrelated domains (e.g. autistic charac-
teristics, mental health difficulties). Focusing early
in development is particularly pertinent when think-
ing about sensory differences, given the early
maturation of primary sensory systems in the brain.
Indeed, infant–sibling designs (where infants with a
family history of autism are recruited to give a
sample enriched for neurodevelopmental outcomes,
referred to as elevated likelihood; EL) find differences
in sensory behaviour and brain function from as
early as 6 months in infants who go on to receive an
autism diagnosis (Sacrey et al., 2015; Shen &
Piven, 2022). In terms of dimensional symptom
profiles, RRB have been the primary focus since
sensory atypicalities are located within this symp-
tom domain according to DSM-5 criteria. In 14-
month-old infants showing early autistic traits (as
identified through community screening), parent-
rated hyperreactivity, but not hyporeactivity, was
associated with higher RRB at 3–5 years of age
(Grzadzinski et al., 2020). However, there is evidence
for a broader effect of early alterations in sensory
differences and responsivity on autistic traits. In an
infant–sibling cohort tracked from 10 to 36 months,
perceptual sensitivity at 24 months were both pos-
itively associated with RRB and social communica-
tion and interaction (SCI) traits at age 3 years
(Narvekar et al., 2022). Others find using a directly
assessed play-based observational measure, hypor-
eactivity (but not hyperreactivity) at 14 months was
associated with later SCI difficulties and RRB. In the
same cohort, greater directly assessed atypical
sensory behaviours (a combination of hyporeactivity
and sensory seeking) were concurrently associated
with lower joint attention at 12 and 22 months, and
predictive of greater observer-rated social difficulties
at 3–5 years (Nowell et al., 2020); hyperreactivity

was not included as a predictor of interest. Similarly,
studies from prospective infant–sibling cohorts
report stronger correlations between RRB and
hyperreactivity as compared to hyporeactivity
between 12 and 24 months (Wolff et al., 2019). In
the study by Wolff et al. (2019), although sensory
atypicalities were not associated with observer-rated
social affect, both hyperreactivity and hyporeactivity
were associated with lower parent-rated socialisa-
tion skills, and only hyporeactivity was associated
with lower parent-rated communication skills. Sim-
ilarly, higher parent-reported hyporeactivity is
reported to be associated with lower communication
skills in infant–siblings aged 12 to 18 months (Feld-
man et al., 2021). In autistic toddlers aged 2 years,
parent-reported hyperreactivity was found to be a
predictor of enhanced neural response to faces and
increased social approach at age 4 (Jones, Dawson,
& Webb, 2018), again suggesting differential effects
for hyperreactivity as compared to hyporeactivity.

Although the extant evidence regarding the spec-
ificity of associations between the types of early
sensory differences and later clusters of autism
characteristics is mixed, likely due in part to
variability in measurement of sensory reactivity
and sample ascertainment, an emerging theme is
that hyperreactivity is more closely related to RRB,
whereas hyporeactivity is more closely linked to
difficulties in socio-communication skills. With
regard to the effect of hyperreactivity on RRB, some
posit that RRB might reflect a compensatory strategy
to reduce negative affect/arousal (Kapp et al., 2019).
Furthermore, research has reported associations
between anxiety, sensory atypicalities, and RRB
(Gotham et al., 2013; Lidstone et al., 2014; Rodgers,
Glod, Connolly, & McConachie, 2012; Williams,
Campi, & Baranek, 2021). Some have suggested
that hyperreactivity acts upon RRB through anxiety
(Wigham, Rodgers, South, McConachie, & Free-
ston, 2015) in autistic children. Indeed, hyperreac-
tivity is reported to be predictive of longitudinal
increases in anxiety in both autistic (Green, Ben-
Sasson, Soto, & Carter, 2012) and typically develop-
ing (Carpenter et al., 2019; Schwarzlose, Tillman,
Hoyniak, Luby, & Barch, 2022) children. In very
young infants, anxiety per se is hard to measure and
thus typically researchers focus on domains of
temperament that are thought to be developmental
precursors, namely behavioural inhibition/fearful-
ness (Gartstein et al., 2010; Shephard et al., 2019;
Tonnsen, Malone, Hatton, & Roberts, 2013). Poten-
tially suggestive of bidirectional cascading effects, in
one infant sibling study greater fearfulness at
14 months predicts enhanced perceptual sensitivity
at 36 months (characterised by enhanced detection
of slight, low intensity environmental stimuli, con-
ceptually close to hyperreactivity) (Narvekar
et al., 2022). However, the field is limited by the lack
of models that include both hyperreactivity and
hyporeactivity. As hyporeactivity and hyperreactivity
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often co-occur in the same individual, studies which
only focus on one domain of sensory atypicalities
may be attributing phenotypic specificity (e.g. the
proposed hyperreactivity to anxiety/RRB pathway)
when global sensory alterations could explain the
pattern of results.

The present study extends our previous work on
infant fearfulness and sensory reactivity (Narvekar
et al., 2022), by examining bidirectional associations
between hyperreactivity and fearfulness in early
infancy, and how these domains relate to later SCI
and RRB traits in toddlerhood, using a more precise
measure of sensory differences that distinguishes
between hyperreactivity and hyporeactivity. Impor-
tantly, we examine the effect of including hyporeac-
tivity on our findings to assess the specificity of
associations between hyperreactivity and later fear-
fulness and SCI and RRB traits. We test these
associations in a prospective longitudinal cohort
enriched for atypical neurodevelopmental outcomes
through a family history design. This includes
infants with family history of autism and/or ADHD.
Both conditions are associated with early alterations
in sensory reactivity (Shephard et al., 2022), have
significant symptom overlap (Nijmeijer et al., 2008)
and share aetiological underpinnings evidenced by
twin studies (Ronald, Larsson, Anckars€ater, &
Lichtenstein, 2014; Ronald, Simonoff, Kuntsi,
Asherson, & Plomin, 2008). Furthermore, they have
a high co-occurrence rate ranging from 40% to 70%
(Antshel & Russo, 2019). Hence, we expect shared
transdiagnostic pathways from early alterations to
developmental outcomes to be common (although
some may be distinct) in infants with a family history
or autism and/or ADHD, due to common beha-
vioural co-occurrence and moderate cross-condition
heritability. We predicted that early hyperreactivity
will be associated with infant fearfulness, and that
both hyperreactivity and infant fearfulness will be
associated with RRB traits. We also predicted that
when we included hyporeactivity, effects of hyper-
reactivity on infant fearfulness and RRB traits would
remain, and we would see a specific path from
hyporeactivity to SCI traits. To maximise statistical
power, and given that our sample is a heterogenous
group spanning the clinical and nonclinical range,
we focused on autistic traits rather than categorical
diagnosis.

Methods
Participants

Participants were recruited for a longitudinal study as part of
the Studying Autism and ADHD Risks Study (STAARS); for
more details see Begum-Ali et al. (2022). Infants either had an
elevated likelihood for autism (EL-autism; n = 80; 42 male; 38
female), who had a first degree relative with a community
clinical diagnosis of autism; elevated likelihood for ADHD (EL-
ADHD; n = 31; 19 male; 12 female), who had a first degree
relative with a community clinical diagnosis of ADHD or a

probable research diagnosis of ADHD; and elevated likelihood
for both conditions (EL-autism+ADHD, n = 21; 12 male; 9
female), which consisted of the criteria of the previous two
groups and diagnosed with both autism and ADHD; and lastly
typical likelihood (TL; n = 29; 18 male; 11 female), who had at
least one older sibling with typical development and no known
autism or ADHD diagnosis in first-degree family members,
which included the child’s biological parents and full/half
siblings (as confirmed through parent interviews regarding
family medical history). Current analyses included infants who
had at least one datapoint at the 10-, 14-, 24- or 36-month
assessments, giving a final sample size of 161. See Table 1 for a
breakdown of datapoints at each timepoint.

The Mullen Scales of Early Learning (MSEL; Mullen, 1995)
and Vineland Adaptive Behaviour Scale-II (VABS-II; Sparrow,
Cicchetti, & Balla, 2005) were administered at each visit. All
toddlers were assessed at 24 and 36 months with the Autism
Diagnostic Observation Schedule-2 (ADOS-2; Lord
et al., 2012), and at 36 months parents were interviewed using
the Autism Diagnostic Interview-Revised (ADI-R; Lord, Rutter,
& Le Couteur, 1994). Best estimate DSM-5 clinical diagnosis of
autism was made at age three informed by, but not dependent
on outcomes from the ADOS-2, the ADI-R, the VABS-II and
MSEL scores by experienced researchers (TC, GP). 12 EL
infants met the diagnostic criteria for autism at 36 months (9
in the EL-autism group, 3 in the EL-autism+ADHD group). All
parents included in the study completed written informed
consent before each visit.

Measures

Infant fearfulness was assessed with the fear subscale of the
Infant Behaviour Questionnaire–Revised short form (IBQ-R;
Gartstein & Rothbart, 2003; fear subscale = 6 items) at 10 and
14 months and Early Childhood Behavioural Questionnaire–
short form (ECBQ; Putnam, Gartstein, & Rothbart, 2006; fear
subscale = 8 items) at 24 months. The fear subscale measures
infant/toddler distress or inhibited approach to novel social
and nonsocial stimuli and higher fear scores in infancy are
associated with greater child anxiety later in childhood
(Gartstein et al., 2010; Shephard et al., 2019). Parents rated
their child on how often they exhibited certain behaviours in
the previous 2 weeks. Items are scored on a Likert scale from 1
(Never) to 7 (Always). The IBQ-R is designed for infants aged 3–
12 months and the ECBQ for children aged 18–36 months.
Both measures are reliable and well-validated parent-report
questionnaires (Gartstein & Rothbart, 2003; Tomlinson,
Harbaugh, & Anderson, 1996). The reliability of the fear
subscale of the IBQ-R and ECBQ in our sample was assessed
using Cronbach’s alpha, which showed good internal consis-
tency (a = .75–.83).

Infant sensory hyporeactivity and hyperreactivity were
measured with the Infant Toddler Sensory Profile (ITSP;
Dunn, 2002), a 48-item parent–caregiver questionnaire that
measures sensory difficulties in children aged 7–36 months.
Parents rate the frequency of their child’s behaviour on a 5-
point scale from 1 (almost always) to 5 (almost never). The ITSP
scores assess sensory differences across five domains; audi-
tory, visual, tactile, vestibular and oral. Items are also grouped
into four quadrants; low registration, sensation seeking,
sensory sensitivity and sensation avoiding. A composite low
threshold score can be calculated by combining scores from
the sensory sensitivity and sensation avoiding scales. Higher
scores indicate the child shows less atypicality as compared to
their peers. We used the total scores from the low registration
quadrant as our index of hyporeactivity (11 items) and the total
scores from the low threshold quadrant as our index of
hyperreactivity (25 items) (Germani et al., 2014; Vlaeminck,
Vermeirsch, Verhaeghe, Warreyn, & Roeyers, 2020).

The ITSP showed high internal consistence for hyporeactiv-
ity (a = .81–.88 across 10, 14 and 24 months) and
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Table 1 Sample characteristics

Mean (SD) N
EL-autism
(N = 80)

EL-ADHD
(N = 31)

EL-autism
+ADHD
(N = 21)

TL
(N = 29)

Group
differences Direction of effect

10 months
Sex (n female:male) 149 38:38 12:14 8:12 11:16 p = .783 –
Age in months 149 10.03

(0.52)
10.23
(0.91)

10.15
(0.49)

10.00
(0.62)

p = .422 –

MSEL ELC 149 88.03
(15.09)

85.04
(15.61)

84.90
(16.55)

88.89
(12.19)

p = .660 –

IBQ-R Fear 123 3.67
(1.43)

3.03
(1.14)

3.77
(1.39)

3.14
(0.84)

p = .091 –

ITSP Hyporeactivity 127 44.98
(7.19)

48.13
(3.72)

45.24
(7.09)

46.18
(4.83)

p = .213 –

ITSP Hyperreactivity 128 93.75
(15.29)

95.65
(7.46)

93.57
(13.93)

95.98
(8.40)

p = .863 –

14 months
Sex (n female: male) 138 35:38 7:16 7:12 10:13 p = .474 –
Age in months 138 14.30

(0.64)
14.22
(0.80)

14.37
(0.60)

14.26
(0.62)

p = .893 –

MSEL ELC 139 78.25
(11.92)

79.08
(11.12)

72.53
(14.50)

78.78
(11.99)

p = .259 –

IBQ-R Fear 127 3.87
(1.29)

3.83
(1.56)

4.07
(1.30)

3.42
(0.87)

p = .485 –

ITSP Hyporeactivity 129 45.35
(6.96)

45.50
(6.05)

43.74
(6.70)

47.87
(4.54)

p = .294 –

ITSP Hyperreactivity 129 92.41
(14.82)

93.56
(9.82)

89.28
(13.23)

94.82
(7.99)

p = .617 –

24 months
Sex (n female:male) 128 33:33 9:13 5:11 11:13 p = .565 –
Age in months 128 24.92

(1.55)
24.68
(1.09)

24.38
(0.72)

24.58
(1.14)

p = .420 –

MSEL ELC 125 100.63
(20.76)

106.86
(21.21)

96.94
(17.12)

114.25
(17.91)

p = .017 EL-autism,
EL-autism+ADHD <TL

ECBQ Fear 115 2.36
(1.11)

2.19
(0.78)

2.41
(1.15)

2.04
(0.59)

p = .570 –

ITSP Hyporeactivity 118 47.53
(7.12)

45.18
(6.86)

44.47
(8.40)

48.95
(3.15)

p = .140 –

ITSP Hyperreactivity 118 92.07
(14.83)

90.42
(14.33)

88.67
(18.57)

97.64
(8.63)

p = .251 –

ADOS CSS SA 127 3.32
(1.95)

2.95
(2.01)

4.13
(2.19)

2.29
(1.00)

p = .019 TL < EL-autism,
EL-autism+ADHD

ADOS CSS RRB 127 3.53
(2.54)

4.05
(2.48)

2.88
(2.36)

2.79
(2.19)

p = .279 –

36 months
Sex (n female:male) 119 33:28 11:12 5:11 7:12 p = .306 –
Age in months 119 37.21

(1.46)
37.35
(2.69)

37.19
(1.52)

36.79
(1.78)

p = .779 –

MSEL ELC 117 108.10
(18.53)

118.39
(18.83)

105.93
(19.90)

129.05
(11.75)

p < .001 EL-autism,
EL-autism+ADHD < TL;

EL-autism,
EL-autism+ADHD < EL-ADHD

SRS RRB 107 5.48
(6.38)

4.05
(5.22)

9.00
(9.53)

1.16
(1.61)

p = .005 TL < EL-autism,
EL-autism+ADHD;
EL-ADHD<EL-autism+ADHD

SRS SCI 107 37.43
(26.66)

31.50
(19.41)

52.00
(40.10)

22.21
(8.78)

p = .013 TL < EL-autism,
EL-autism+ADHD;
EL-ADHD<EL-autism+ADHD

ADOS CSS SA 123 2.62
(1.90)

2.27
(1.58)

2.93
(1.44)

3.15
(1.98)

p = .425 –

ADOS CSS RRB 123 3.53
(2.46)

3.00
(2.58)

4.00
(2.67)

3.30
(2.41)

p = .666 –

ADI-R Social 122 3.89
(5.33)

2.55
(4.04)

5.69
(8.15)

0.94
(1.00)

p = .046 TL < EL-autism+ADHD

(continues)
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hyperreactivity (a = .90–.91 across 10, 14 and 24 months). In
the current sample, correlations between the quadrants of
sensory sensitivity and sensation avoidance subscales that
form the low threshold/hyperreactivity scale were strong at
each timepoint (10 months: r = .834; 14 months: r = .807;
24 months: r = .812, all p < .001) (see Table S1).

As analyses focused on traits rather than diagnostic
symptoms, we used the preschool version of Social Respon-
siveness Scale 2 (SRS-2; Constantino & Gruber, 2012) at
36 months to capture RRB (12 items) and SCI (53 items) traits.
The SRS is a parent-rated questionnaire designed to measure
autistic traits, consisting of 65 items, each rated on a 4-point
scale ranging from 1 (Not True) to 4 (Almost Always True). In
our sample, both subscales of RRB and SCI showed excellent
internal consistency (a = .90 and a = .97 respectively).

Data analysis

All analyses were run in Stata 16. Due to positive skewed
distributions, the RRB and SCI variables were log transformed.
For completeness, we present unadjusted correlation coeffi-
cients between all variables (see Table S2). To test our
predicted hypotheses, (a) hyperreactivity will be associated
with infant fearfulness, (b) hyperreactivity and infant fearful-
ness would be associated with RRB, (c) effects of hyperreactiv-
ity on infant fearfulness and RRB would remain with the
inclusion of hyporeactivity, and (d) we would see a specific path
from hyporeactivity to SCI, two cross-lagged structural equa-
tion models were estimated using maximum likelihood to
account for missing data, and robust standard errors were
used to correct for any residual skew in RRB/SCI scores.
Model 1 examined the direction of longitudinal associations
between each timepoint of fear, hyperreactivity and later RRB
and SCI (Figure 1). To test the specificity of the associations
with hyperreactivity we not only re-ran Model 1 but also
included measurement of hyporeactivity at 10, 14, and
24 months (Model 2; Figure 2). All models were adjusted for
sex and group. Sex was included to account for actual sex
differences in reactivity, and potential gender-based differ-
ences in how parents rate their children’s behaviour. Group
status was accounted for by entering two binary variables (EL-
Autism present/absent; EL-ADHD present/absent) as pre-
dictors of all variables in the model. We also specified an
interaction between the two likelihood groups, but all interac-
tion terms were nonsignificant and, therefore, not included in
final models. We also ran additional follow-up sensitivity
analyses to better understand the role of ADHD family history
and co-occurring ADHD traits. This involved (a) excluding
EL-ADHD infants and (b) including ADHD traits at 36 months
(Child Behaviour Checklist (CBCL) ADHD subscale) as an
outcome that correlated with SCI and RRB. We report

unstandardised (B) and standardised (b) coefficients. As an
additional robustness check, we used the Wald test to test
whether constraining all significant coefficients to zero (i.e.
leaving out these predictor variables) significantly reduced the
fit of the model (conceptually equivalent to a Likelihood Ratio
test for nested models). A significant p value indicates that the
selected coefficients are not simultaneously equal to zero,
meaning that including these paths create a statistically
significant improvement in the fit of the model.

Results
Sample characteristics and likelihood group com-
parisons are shown in Table 1.

Model 1: Bidirectional associations between fear
and hyperreactivity from 10 to 24 months and later
autism traits at 36 months

The model fit was good (v2 = 1.73, p = .422,
CFI = 1.00, TLI = 1.01). The Wald test of combined
coefficients was significant (v2 = 394.01, p < .001).
There was within-domain continuity for both con-
structs (see Figure 1, Table 2). As predicted, there
was a negative association between hyperreactivity
at 14 months and fear at 24 months (B = �0.04,
b = �.46, p < 0.001), with the negative scoring of the
ITSP indicating that greater hyperreactivity was
associated with higher levels of fear. Higher hyper-
reactivity at 14 months was also associated with
higher SCI (B = �0.02, b = �.33, p = .04) but not
RRB (B = �0.02, b = �.23, p = .14) at 36 months.
Higher hyperreactivity at 24 months was signifi-
cantly associated with higher RRB (B = �0.02,
b = �.30, p = .02) and SCI (B = �0.02, b = �.35,
p < .01) at 36 months. There was a concurrent
positive association between RRB and SCI at
36 months (B = 0.16, b = .52, p < .001). All other
pathways were nonsignificant (see Figure 1).

As the association between hyperreactivity and
fear was in the opposite direction to our previously
published results in an independent infant–
sibling cohort (where we found higher infant fear
predicted enhanced perceptual sensitivity), to better

Table 1 (continued)

Mean (SD) N
EL-autism
(N = 80)

EL-ADHD
(N = 31)

EL-autism
+ADHD
(N = 21)

TL
(N = 29)

Group
differences Direction of effect

ADI-R Communication 122 3.53
(4.65)

1.55
(2.69)

3.38
(4.10)

0.67
(0.97)

p = .021 TL < EL-autism,
EL-autism+ADHD;
EL-ADHD<EL-autism

ADI-R RRB 122 1.42
(2.03)

0.73
(1.49)

1.69
(2.12)

0.39
(0.61)

p = .070 –

Group differences were tested using one-way ANOVAs with group as a between-subject factor, followed by uncorrected post hoc
pairwise comparisons of means. ADI-R, Autism Diagnostic Interview-Revised; ADOS, Autism Diagnostic Observation Schedule;
CSS, Composite Standard Score; Difficulties; ECBQ, Early Childhood Behavioural Questionnaire; IBQ-R, Infant Behavioural
Questionnaire-Revised; ITSP, Infant Toddler Sensory Profile; MSEL ELC, Mullen Scales of Early Learning Early Learning; RRB,
Restrictive and Repetitive Behaviours; SA, Social Affect; SCI, Social Communication Interactions; SD, Standard Deviation; SRS,
Social Responsiveness Scale.

� 2024 The Authors. Journal of Child Psychology and Psychiatry published by John Wiley & Sons Ltd on behalf of Association for
Child and Adolescent Mental Health.
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understand the drivers of opposing results, we ran a
comparable model using the same variables as in our
previous work in the current sample. Results from
modelling perceptual sensitivity (our previous

marker of sensory reactivities) and fear/shyness (to
mirror our previously used subscales) in the current
cohort showed a negative association at the thresh-
old of statistical significance between perceptual

Figure 1 Cross-lagged associations between Fear, Hyperreactivity, Restricted and Repetitive Behaviours (RRB) and Social Communication
Interactions (SCI) at 10–36 months of age. Bold indicates significant at p < .05

Figure 2 Cross-lagged associations between Fear, Hyperreactivity, Hyporeactivity, Restricted and Repetitive Behaviours (RRB) and Social
Communication Interactions (SCI) at 10–36 months of age. Bold indicates significant at p < .05

� 2024 The Authors. Journal of Child Psychology and Psychiatry published by John Wiley & Sons Ltd on behalf of Association for
Child and Adolescent Mental Health.
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sensitivity at 14 months and shyness at 24 months,
such that higher perceptual sensitivity at 14 months
was associated with lower shyness at 24 months
(b = �.19, p = .055) (see Figure S1). However, when
we accounted for differences in the presence of
ADHD family history between previous and current
samples by excluding EL-ADHD infants (the previ-
ous cohort only recruited TL and EL-autism infants)
this path became nonsignificant (b = �.13, p = .30)
(see Figure S2). We also noted a significant drop in
within-domain continuity for perceptual sensitivity
between 14 and 24 months, regardless of the
inclusion of EL-ADHD infants, which contrasted to
the strong within-domain continuity observed for
hyperreactivity in the current analyses. Based on
these results, we infer that perceptual sensitivity
may not be a stable measure across time points or
cohorts, or that the transition from the IBQ to the
ECBQ at 14–24 months impacted our ability to
capture the same underlying construct over
developmental time.

Given the lack of association between fear and
RRB in our primary analysis was also unexpected
(and goes against previous reports of associations
between infant manifestations of anxiety and autism
traits in a comparable developmental period; Ersoy
et al., 2021), we ran an additional supplementary
model testing whether fear in isolation (e.g. removing
measurements of hyperreactivity from the model)
predicted autistic traits (see Figure S3). We found

fear at 24 months was positively associated with
both RRB (B = 0.41, b = .42, p < .001) and SCI
(B = 0.28, b = .43, p < .001) at 36 months, suggest-
ing these associations may be in part driven by
unmeasured effects of hyperreactivity.

Model 2: Analyses testing specificity of
hyperreactivity effects

When we included hyporeactivity measured at 10, 14
and 24 months as an additional variable in themodel
(see Figure 2), the model fit was good (v2 = 7.33,
p = .292, CFI = 0.99, TLI = 0.98). The Wald test of
combined coefficients was significant (v2 = 536.28,
p < .001). Cross-lagged paths indicated higher
hyperreactivity at 14 months remained associated
with higher fear at 24 months (B = �0.04, b = �.48,
p = .002), and higher hyperreactivity at 14 months
was also associated with higher hyporeactivity at
24 months (B = 0.16, b = .29, p = .01). Higher
hyporeactivity at 24 months was significantly asso-
ciated with higher RRB (B = �0.04, b = �.30,
p = .001) and SCI (B = �0.03, b = �.32, p < .001) at
36 months, and the paths from hyperreactivity at
24 months to RRB and SCI at 36 months both
became nonsignificant (B = �0.01, b = �.15,
p = .21; B = 0.00, b = �.11, p = .37 respectively).
Higher hyporeactivity at 14 months was also
associated with increased SCI (B = �0.03, b = �.31,
p < .01). The concurrent positive association

Table 2 Model 1 with standardised coefficients

b p
[95% Confidence
interval] b

Fear 14 m Fear 10 m 0.67 .000 0.51 0.83 .68
Hyperreactivity 10 m 0.00 .799 �0.01 0.02 .02

Fear 24 m Fear 14 m 0.25 .001 0.10 0.39 .32
Fear 10 m �0.05 .534 �0.22 0.12 �.07
Hyperreactivity 14 m �0.04 .000 �0.05 �0.02 �.46

Hyperreactivity 14 m Fear 10 m �0.72 .268 �2.00 0.56 �.07
Hyperreactivity 10 m 0.76 .000 0.64 0.88 .77

Hyperreactivity 24 m Fear 14 m 0.31 .737 �1.50 2.13 .03
Hyperreactivity 10 m 0.07 .566 �0.16 0.29 .06
Hyperreactivity 14 m 0.74 .000 0.50 0.99 .65

RRB 36 m Fear 14 m 0.06 .446 �0.10 0.22 .08
Fear 10 m �0.08 .379 �0.25 0.10 �.10
Hyperreactivity 10 m 0.00 .633 �0.02 0.01 �.06
Fear 24 m 0.12 .209 �0.07 0.32 .13
Hyperreactivity 14 m �0.02 .143 �0.04 0.01 �.23
Hyperreactivity 24 m �0.02 .018 �0.04 0.00 �.30

SCI 36 m Fear 14 m 0.08 .161 �0.03 0.18 .15
Fear 10 m �0.08 .146 �0.19 0.03 �.16
Hyperreactivity 10 m 0.00 .910 �0.02 0.01 �.02
Fear 24 m 0.04 .504 �0.08 0.17 .06
Hyperreactivity 14 m �0.02 .040 �0.03 0.00 �.33
Hyperreactivity 24 m �0.02 .003 �0.03 �0.01 �.35

Covariance Fear 14 m – Hyperreactivity 14 m �1.61 .037 �3.12 �0.10 �.23
Covariance Fear 10 m – Hyperreactivity 10 m �7.34 .000 �11.05 �3.63 �.45
Covariance Fear 24 m – Hyperreactivity 24 m �3.43 .000 �5.17 �1.70 �.43
Covariance SCI 36 m – RRB 36 m 0.16 .000 0.10 0.23 .52

RRB, restrictive and repetitive behaviours; SCI, social communication interaction.

� 2024 The Authors. Journal of Child Psychology and Psychiatry published by John Wiley & Sons Ltd on behalf of Association for
Child and Adolescent Mental Health.
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between RRB and SCI at 36 months remained
(B = 0.12, b = .47, p < .001). All other pathways were
nonsignificant (see Figure 2, Table 3). As an addi-
tional check, we excluded the two items from the low
registration quadrant (our metric of hyporeactivity)
that had clear overlap with autistic traits/symptom-
atology (Item 13 “It takes a long time for my child to
respond to his/her name when it is called”, Item 16
“My child avoids eye contact with me”) (9 items total
using this revised scoring) to prevent contamination

when seeking to look at paths from hyporeactivity to
later autistic traits. Results from themodel using this
amended scoring were largely unchanged (see
Figure S4).

Sensitivity analyses accounting for ADHD family
history and traits

First, we ran a sensitivity analysis excluding EL-
ADHD infants to check that main findings were not

Table 3 Model 2 with standardised coefficients

b p
[95% Confidence

interval] b

Fear 14 m Fear 10 m 0.67 .000 0.51 0.83 .68
Hyporeactivity 10 m 0.01 .756 �0.03 0.04 .03
Hyperreactivity 10 m 0.00 .987 �0.02 0.02 .00

Fear 24 m Fear 14 m 0.25 .000 0.11 0.38 .32
Fear 10 m �0.06 .467 �0.23 0.11 �.08
Hyporeactivity 14 m 0.00 .791 �0.03 0.04 .03
Hyperreactivity 14 m �0.04 .002 �0.06 �0.01 �.48

Hyporeactivity 14 m Fear 10 m 0.33 .210 �0.18 0.84 .07
Hyporeactivity 10 m 0.70 .000 0.56 0.83 .70
Hyperreactivity 10 m 0.06 .151 �0.02 0.15 .13

Hyperreactivity 14 m Fear 10 m �0.74 .262 �2.02 0.55 �.08
Hyporeactivity 10 m 0.28 .079 �0.03 0.59 .14
Hyperreactivity 10 m 0.66 .000 0.52 0.81 .67

Hyporeactivity 24 m Fear 14 m 0.14 .732 �0.65 0.92 .03
Hyporeactivity 10 m �0.09 .551 �0.39 0.21 �.08
Hyporeactivity 14 0.52 .017 0.10 0.95 .48
Hyperreactivity 14 m 0.16 .006 0.04 0.27 .29

Hyperreactivity 24 m Fear 14 m 0.01 .992 �1.79 1.81 .00
Hyperreactivity 10 m 0.08 .413 �0.11 0.26 .07
Hyporeactivity 14 m 0.41 .061 �0.02 0.84 .18
Hyperreactivity 14 m 0.59 .000 0.29 0.88 .51

RRB 36 m Fear 14 m 0.09 .258 �0.07 0.26 .12
Fear 10 m �0.08 .377 �0.25 0.09 �.10
Hyporeactivity 10 m 0.03 .119 �0.01 0.08 .22
Hyperreactivity 10 m �0.02 .113 �0.04 0.00 �.21
Fear 24 m 0.11 .233 �0.07 0.30 .11
Hyporeactivity 14 m �0.02 .340 �0.06 0.02 �.12
Hyperreactivity 14 m �0.01 .576 �0.03 0.02 �.08
Hyporeactivity 24 m �0.04 .001 �0.07 �0.02 �.30
Hyperreactivity 24 m �0.01 .206 �0.03 0.01 �.15

SCI 36 m Fear 14 m 0.10 .070 �0.01 0.20 .19
Fear 10 m �0.07 .197 �0.18 0.04 �.15
Hyporeactivity 10 m 0.01 .400 �0.01 0.03 .09
Hyperreactivity 10 m 0.00 .619 �0.02 0.01 �.07
Fear 24 m 0.05 .488 �0.09 0.19 .07
Hyporeactivity 14 m �0.03 .003 �0.05 �0.01 �.31
Hyperreactivity 14 m 0.00 .570 �0.02 0.01 �.09
Hyporeactivity 24 m �0.03 .000 �0.05 �0.01 �.32
Hyperreactivity 24 m 0.00 .369 �0.02 0.01 �.11

Covariance Fear 14 m – Hyporeactivity 14 m �0.29 .345 �0.89 0.31 �.08
Covariance Fear 14 m – Hyperreactivity 14 m �1.60 .035 �3.09 �0.11 �.23
Covariance Fear 10 m – Hyporeactivity 10 m �2.63 .002 �4.29 �0.96 �.33
Covariance Fear 10 m – Hyperreactivity 10 m �7.36 .000 �11.07 �3.64 �.45
Covariance Hyporeactivity 10 m – Hyperreactivity
10 m

55.27 .000 37.71 72.83 .69

Covariance Fear 24 m – Hyporeactivity 24 m �1.07 .004 �1.79 �0.34 �.28
Covariance Fear 24 m – Hyperreactivity 24 m �3.49 .000 �5.16 �1.83 �.44
Covariance Hyporeactivity 14 m – Hyperreactivity
14 m

15.20 .000 8.04 22.36 .53

Covariance Hyporeactivity 24 m – Hyperreactivity
24 m

25.97 .000 14.37 37.57 .52

Covariance RRB 36 m – SCI 36 m 0.12 .000 0.06 0.19 .47

RRB, restrictive and repetitive behaviours; SCI, social communication interaction.

� 2024 The Authors. Journal of Child Psychology and Psychiatry published by John Wiley & Sons Ltd on behalf of Association for
Child and Adolescent Mental Health.
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only driven by the sub-group of infants with a family
likelihood of ADHD (see Models, Figures S5 and S6,
akin to Model 1 and Model 2). Model S5 largely
replicates the paths found in Model 1, in that higher
14-month hyperreactivity is associated with higher
24-month fear (b = �.49, p < .001), and 24-month
hyperreactivity remains associated with SCI
(b = �.39, p = .001) and RRB with similar coefficient
of effect, although at a trend level of significance
(b = �.29, p = .06). Model S6, where we include
hyporeactivity, again mostly replicates Model 2, in
that higher 14-month hyperreactivity is associated
with higher 24 months fear (b = �.50, p = .01) and
higher 24 months hyporeactivity respectively
(b = .31, p = .02), and higher 24-month hyporeactiv-
ity is associated with greater 36-month SCI and RRB
(b = �.32, p < .001, b = �.24, p = .02 respectively).
One new path became statistically significant; higher
fear at 14 months was associated with higher SCI at
24 months (b = .28, p = .01), although the standar-
dised coefficient of effect was similar to models run
on the full sample (b = .19, p = .07).

Next, in the full sample, we then ran a second
sensitivity analysis where we included ADHD traits
(CBCL-ADHD subscale) as correlated outcome at
36 months (see Models, Figures S7 and S8, again
akin to Model 1 and Model 2). When ADHD traits
were included as well as autism traits at 36 months,
the pattern of associations between 24-month fear,
hyporeactivity and hyperreactivity and later SCI and
RRB remained unchanged, but additional associa-
tions were identified between hyperreactivity at
10 months and hyporeactivity at 10 and 24 months
with ADHD traits at 36 months. Thus, we found no
clear evidence that unmeasured ADHD was driving
observed associations with autistic traits, but it is
possible that unmeasured ADHD could be masking
some significant pathways that contribute to
observed associations.

Finally, we re-ran Model 1 and 2 using a subset of
IBQ/ECBQ items from the Fear and Shyness sub-
scales that were more closely matched to check that
differences in construct measurement between the
two versions of the questionnaire was not driving the
pattern of results (see Table S3 for item matching,
Figures S9 and S10 for results). Results were
unchanged, with a marginal increase in within-
domain continuity for Fear/Shyness.

Discussion
The current paper examined the developmental
correlates of alterations in sensory reactivity on
infant fearfulness and autistic traits in the first
3 years of life. Results showed a pathway from 14-
month hyperreactivity to 24-month infant fearful-
ness, in line with previous research, which found
sensory over-responsivity was positively associated
with anxiety 1 year later in a cohort of toddlers with
a similar age to our later time points (mean age of

28 months upon study entry) (Green et al., 2012).
The anxiety measure used by Green and colleagues
(General Anxiety subscale of the ITSEA) includes
items that tap fearfulness, similar to the current
work, but also items that index more compulsive and
ritualistic type behaviours. We also found that
greater hyperreactivity at 14 months was associated
with higher levels of SCI at 36 months, and greater
hyperreactivity at 24 months was longitudinally
associated with both more RRB and SCI traits at
36 months. When hyporeactivity was included in the
model to assess specificity of effects, pathways
between hyperreactivity and fear remained, but
paths from hyperreactivity to SCI and RRB became
nonsignificant, suggesting unmeasured hyporeactiv-
ity may have been driving observed effects. Thus, to
comprehend the developmental pathways to autism
and specificity of effects, we need to take into
account different types of sensory reactivities.

The relationship between hyperreactivity, infant
fearfulness and autistic traits

Our cross-lag models of infant fearfulness and
hyperreactivity measured at 10, 14 and 24 months
found associations between greater 14-month hyper-
reactivity and later fearfulness. This is in contrast to
our previous report (Narvekar et al., 2022), where we
found a path in the reverse direction between 14-
month fearfulness and 24-month perceptual sensi-
tivity (conceptually similar to hyperreactivity). Our
additional supplementary analyses, using the same
measures as in our previous work (i.e. moving from
the ITSP hyperreactivity to the IBQ-R perceptual
sensitivity subscale), did not replicate the
fearfulness-sensitivity path in this new sample. This
lack of replication, and the fact that other studies
with overlapping age ranges (Green et al., 2012),
including current results, report the opposite direc-
tion of effect, indicates that further work is needed to
probe generalisability; factors that could have
impacted our ability to replicate previously reported
effects include moving from pure EL-autism cohorts
to other groups enriched for other atypical neurode-
velopmental outcomes, in addition to unobserved
differences in sample ascertainment and possible
lack of stability in perceptual sensitivity measure
with age. Finally, we note when we re-ran models
with a novel fear/shyness subscale based on the
subset of items that were more clearly matched
between the IBQ and ECBQ, we found a decrease in
the standardised coefficient for the association
between 14 months hyperreactivity and 24 months
fear/shyness (e.g. b = �.28 in item-matched Model
S9 vs. b = �.46 in original Model 1). This change in
coefficient suggests that the large effect may in part
reflect incomplete adjustment of early fear/shyness
levels due to a change in measure to match
developmental level (although the effect remains
relatively large in the item-matched models).

� 2024 The Authors. Journal of Child Psychology and Psychiatry published by John Wiley & Sons Ltd on behalf of Association for
Child and Adolescent Mental Health.
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Although within diagnostic manuals sensory reac-
tivities are included in the RRB domain, we found
pathways from hyperreactivity to RRB and SCI. Some
report evidence of specific associations between
hyperreactivity and RRB (Black et al., 2017; Boyd
et al., 2010; Chen, Sideris, Watson, Crais, & Bar-
anek, 2022; Schulz & Stevenson, 2019), others
report hyperreactivity also predicts social difficulties
(Feldman et al., 2021; Wolff et al., 2019), including
our own previous work on perceptual sensitivity
(Narvekar et al., 2022). The degree to which hyper-
reactivity truly only impacts RRB remains unclear;
current diagnostic frameworks may have inadver-
tently encouraged researchers to primarily consider
the mechanisms by which atypical sensory reactivity
can lead to RRB, rather than autistic traits more
broadly. It is worth noting here the wide range of
phenomena that fall under the umbrella term of
atypical sensory differences (e.g. sensitivity, reactiv-
ity, and/or responsivity) (He et al., 2022). A more
precise definition of levels of meaning and measure-
ment will support the generation of empirical mech-
anistic hypotheses linking sensory reactivity to
different domains of autism characteristics.

One interpretation of the observed path from
hyperreactivity to RRB is that RRB represent a
coping mechanism to regulate states of high arousal
associated with fear and anxiety (Vlaeminck
et al., 2020). If this was the case, we might also
expect to see associations between infant fearfulness
and RRB, such that fearfulness acts as a mediator
between hyperreactivity and RRB (as in Wigham
et al., 2015). However, in contrast to previous
studies (Ersoy et al., 2021; Narvekar et al., 2022;
Shephard et al., 2019), we did not find significant
paths from infant fearfulness to RRB. One explana-
tion is that these latter studies (Ersoy et al., 2021;
Narvekar et al., 2022; Shephard et al., 2019) did not
include a specific measure of hyperreactivity, and
observed relations between fearfulness and RRB
could thus reflect unmeasured hyperreactivity. In
support of this hypothesis, our supplementary
analyses (Figure S3) showed when we removed
hyperreactivity from the model, we recover the
association from infant fearfulness to later autism
traits. The lack of path from fearfulness to RRB when
we include hyperreactivity in the model suggests that
at least at this developmental stage, RRB may not
function as a coping mechanism for high levels of
fearfulness. It may be that over time, being more
reactive not only leads to anxiety about encountering
situations with aversive sensory stimuli in the future
but also the use of RRB to manage in-the-moment
arousal. Measures that can separate arousal
from anticipatory anxiety and avoidance behaviours,
and moment-to-moment dynamic data including
direct capture of arousal, are required to test this
working hypothesis. These analyses highlight the
importance of carefully constructed multivariate
analyses that can capture the different aspects of

complex developmental systems present in the early
infant period.

The specificity of hyperreactivity effects

We next examined whether the effects of hyperreac-
tivity on infant fearfulness and autistic traits were
specific to this type of sensory atypicality, or whether
they were shared with hyporeactivity. As it is known
that different types of atypical sensory reactivities
are correlated, even within a given individual (Elwin,
Ek, Kjellin, & Schr€oder, 2013; Nied�zwiecka
et al., 2019; Tillmann et al., 2020), it is important
to include multiple types of sensory atypicalities in
analytic models. When we also included hyporeac-
tivity in our cross-lag models, we found strong
bivariate correlations between hyporeactivity and
hyperreactivity, in line with the idea that individuals
who experience hyporeactivity are also more likely to
experience hyperreactivity. However, the effect of
hyperreactivity on fearfulness appeared relatively
specific; no paths were seen from hyporeactivity to
fearfulness, and hyperreactivity effects remained
even in multivariate models. Thus, even though
hyporeactivity and hyperreactivity share high vari-
ance, there may be specific variation in hyperreac-
tivity that raises the likelihood of fearfulness. Since
infant fearfulness has been proposed as an early
precursor of child anxiety (Gartstein et al., 2010;
Shephard et al., 2019), this is in keeping with recent
conceptualisations of ‘sensory over responsivity’ as a
transdiagnostic risk factor for anxiety that is present
even in typically developing populations (Carpenter
et al., 2019; Schwarzlose et al., 2022). The current
results demonstrate this may be true even in the first
year of life, and much like the developmental
cascade framework (Bradshaw et al., 2022), it is
important to better understand the mechanisms by
which heightened sensory reactivity increases anx-
iety, in order to develop targeted (and thus effective)
support.

When considering the associations between hyper-
reactivity and later autism traits, when hyporeactiv-
ity was included in the model it was found to be
predictive of later RRB and SCI, and associations
with hyperreactivity became nonsignificant. This
pattern is different to results from a recent general
population study which found even when hyperreac-
tivity and hyporeactivity were both included as
predictors of autism traits, hyperreactivity was still
predictive of RRB (Chen et al., 2022). There are
multiple possible interpretations of these findings.
One possible explanation may be that hyporeactivity
is on the pathway to autism outcomes, but hyper-
reactivity is not, and the latter is more relevant for
understanding co-occurring features such as anxi-
ety. Alternatively, it could be that the hyporeactivity
scale used in the current study is capturing features
of early autism, and that is why it ‘trumps’ the effects
of hyperreactivity. Indeed, inspection of the ITSP

� 2024 The Authors. Journal of Child Psychology and Psychiatry published by John Wiley & Sons Ltd on behalf of Association for
Child and Adolescent Mental Health.
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hyporeactivity subscale suggests some items are
very similar to the types of early social communica-
tion difficulties that are characteristic of autism.
However, when we run the same model with a revised
version of the ITSP hyporeactivity subscale, where
we remove two items that most clearly overlap with
the early autism phenotype (‘it takes a long time for
my child to respond to his/her name when it is
called’, ‘my child avoids eye contact with me’) from
the scale to minimise construct overlap (shown in
Figure S4), we found that most associations
remained the same, including those between hypor-
eactivity and later autistic traits. This question of
measurement relates to wider debates about what is
a marker or manifestation of autism early in the
developmental pathway, and what are factors that
are causally involved in the aetiology of autism and
associated characteristics. Unpicking these two
possibilities is challenging; analytic models that
can test directionality of within-person associations
between aspects of sensory reactivity and autistic
traits (Hamaker, Kuiper, & Grasman, 2015; Mund &
Nestler, 2019), or delineate stability and change in
statistically defined classes of symptoms (McCul-
loch, Lin, Slate, & Turnbull, 2002), may help. Precise
measurement of proposed markers/likelihood fac-
tors as compared to clinical outcomes is critical.

Finally, we note that additional supplementary
analyses found that when ADHD traits were
included as well as autism traits at 36 months, the
pattern of associations between 24-month fear,
hyporeactivity and hyperreactivity and later SCI
and RRB remained unchanged. Thus, we found no
clear evidence that co-occurring ADHD traits were
driving observed associations with autistic traits,
despite the SRS and other autism measures being
confounded with other neurodevelopmental traits,
including ADHD (as noted by Grzadzinski
et al., 2011; Havdahl et al., 2016). One possibility
is given the earlier age of autism onset than ADHD,
the SRS may be less likely to be confounded at this
young age. However, it appears that certain sensory
reactivity measures that predicted autistic traits also
predicted ADHD traits, that is, hyperreactivity at
24 months. Interestingly, the fact that when we
include hyporeactivity in models with ADHD traits,
this also ‘overrides’ previously observed associations
from hyperreactivity, suggests the similar override
effect to autistic traits is likely not solely due to our
measure of hyporeactivity being contaminated with
autism traits. Overall, our additional sensitivity
analyses suggest the observed associations with
autistic traits are unlikely to be purely due to the
presence of unmeasured ADHD, and some associa-
tions were shared between autistic and ADHD traits.
These findings highlight that sensory differences
may function in a transdiagnostic manner and as
such may not be specific to autism traits (Scheerer
et al., 2022), although we also found some evidence
of a limited number of specific associations

(e.g. 10-month hyperreactivity and hyporeactivity to
ADHD only).

Lastly, it is important to consider the implications
of these findings for the broader infant population.
One interpretation consistent with our findings is
that alterations in early sensory reactivity may
increase the likelihood of showing fearfulness in
infancy, and presage later social interactions and
repetitive behaviours, particularly in individuals
with a family history of autism or ADHD. Moreover,
sensory differences are not exclusive to autism and
ADHD; they may be a common feature of the
neurodevelopmental pathways to a number of neu-
rodevelopmental conditions (Baranek et al., 2013;
Posar & Visconti, 2018).

Strengths and limitations

This study has several strengths. Although the field
of autism research, and psychological research more
broadly, often highlights the importance of replica-
tion (Asendorpf et al., 2016; Nosek et al., 2022),
published examples are relatively lacking. We show
here the value in replication and transparency, in
terms of gauging the generalisability of past results,
and the importance of variation in both measure-
ment and sample design. We also collected detailed
and repeated measurement of different aspects of
sensory reactivity within a prospective longitudinal
design. Most studies examine different aspects of
sensory reactivity in isolation; our approach allows
us to move towards a more precise mechanistic
understanding of how differences in reactivity of
incoming sensory input contribute to different types
of autistic behaviours and mental health difficulties.
However, we also acknowledge important limita-
tions; all data were based on parent report, resulting
in the possibility of shared method variance contrib-
uting to results. Additionally, even though we
removed the two ITSP hyporeactivity items with the
clearest overlap with the early autism phenotype,
other items may overlap with early autistic social
communication features. How we measure sensory
differences independently from other autistic char-
acteristics is a challenge for the field more broadly,
and may require development of new measures in
the future. Observational and experimental mea-
sures may be of use here (Baranek et al., 2018;
Tavassoli et al., 2019). Additionally, we recognise
that the lack of uniform measures across various
time periods, even if it is meant to ensure that the
questions are suitable for a specific age group, may
be considered a limitation. Agreement in the field as
to appropriate instruments that capture relevant
constructs and can be used in a comparable manner
across a broad developmental range is required to
support use of more advanced statistical models (e.g.
random intercept cross lag panel models) and thus
strengthen inference. Regardless of the change in
questionnaire, we found within-domain continuity in

� 2024 The Authors. Journal of Child Psychology and Psychiatry published by John Wiley & Sons Ltd on behalf of Association for
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all our constructs, indicating that the change in
measurement scales did not have a large influence
on our findings.

Conclusions
The results from this study have important method-
ological and clinical implications. First, hyperreac-
tivity in early infancy may be one of clearest
predictors of fearfulness in infancy, and thus may
offer a potential target for future interventions.
Second, the direction of relation between sensory
atypicalities and early fearfulness appeared to vary
across cohorts, highlighting the importance of rep-
lication studies and the need to carefully consider
sample composition in infant–sibling studies. Third,
it is crucial to measure independent but correlated
aspects of sensory atypicalities, and include them in
the same analytic model, to understand shared
versus distinct mechanisms. An important goal for
future studies is to unpick how these alterations in
sensory reactivity translate to challenges in child
development, with a focus on later anxiety.

Supporting information
Additional supporting information may be found online
in the Supporting Information section at the end of the
article:

Table S1. Pearson correlation between Infant and
Toddler Sensory Profile subscales of sensory sensitivity
and sensation avoiding.

Table S2. Pearson correlation coefficients between key
variables.

Table S3. Matching of IBQ-R and EBCQ items on fear
domain.

Figure S1. Cross-lagged replication model related to
Fear/Shyness and Perceptual Sensitivity (PS) at 10, 14
and 24 months in infants from the whole sample.

Figure S2. Cross-lagged replication model excluding
infants with family history of ADHD (EL-ADHD) at 10,
14 and 24 months.

Figure S3. Path analysis between Fear at 10, 14,
24 months and Restricted and Repetitive Behaviours
(RRB) and Social Communication Interaction (SCI) at
36 months in infants from the whole sample.

Figure S4. Cross-lagged associations between Fear,
Hyperreactivity, Hyporeactivity, Restricted and Repeti-
tive Behaviours (RRB) and Social Communication
Interactions (SCI) at 10–36 months of age using
amended scoring of ITSP Hyporeactivity subscale.

Figure S5. Cross-lagged association between Fear,
Hyperreactivity, Restricted and Repetitive Behaviours
(RRB) and Social Communication Interactions (SCI) at
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Figure S6. Cross-lagged association between Fear,
Hyperreactivity, Hyporeactivity, Restricted and Repeti-
tive Behaviours (RRB) and Social Communication
Interactions (SCI) at 10–36 months of age in sample
excluding infants with family history of ADHD.

Figure S7. Cross-lagged association between Fear,
Hyperreactivity, Restricted and Repetitive Behaviours
(RRB), Social Communication Interactions (SCI) and
ADHD traits at 10–36 months of age in infants from the
whole sample.

Figure S8. Cross-lagged association between Fear,
Hyperreactivity, Hyporeactivity, Restricted and Repeti-
tive Behaviours (RRB), Social Communication Interac-
tions (SCI) and ADHD traits at 10–36 months of age in
infants from the whole sample.

Figure S9. Cross-lagged associations between Fear,
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using subset of matched IBQ/ECBQ items.

Figure S10. Cross-lagged associations between Fear,
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Key points

• Most research on sensory reactivity does not account for the fact that different types of sensory
atypicality often co-occur.

• We find a specific association between sensory hyperreactivity in early infancy and later fearfulness,
even when accounting for the co-occurrence of hyperreactivity and hyporeactivity.

• Although there was some evidence hyperreactivity was associated with later autism traits, this appears
to be driven by the co-occurrence with hyporeactivity.

• Results suggest alterations in different domains of sensory reactivity may have differential
developmental consequences.
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