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Abstract

which can be achieved through prospective studies.

likelihood of developing ASD.

related to later ASD traits.

disorder

Background: Sensory modulation difficulties are common in children with conditions such as Autism Spectrum
Disorder (ASD) and could contribute to other social and non-social symptoms. Positing a causal role for sensory
processing differences requires observing atypical sensory reactivity prior to the emergence of other symptoms,

Methods: In this longitudinal study, we examined auditory repetition suppression and change detection at 5 and
10 months in infants with and without Neurofibromatosis Type 1 (NF1), a condition associated with higher

Results: In typically developing infants, suppression to vowel repetition and enhanced responses to vowel/pitch
change decreased with age over posterior regions, becoming more frontally specific; age-related change was
diminished in the NF1 group. Whilst both groups detected changes in vowel and pitch, the NF1 group were largely
slower to show a differentiated neural response. Auditory responses did not relate to later language, but were

Conclusions: These findings represent the first demonstration of atypical brain responses to sounds in infants with
NF1 and suggest they may relate to the likelihood of later ASD.
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Background

Autism Spectrum Disorder (ASD) is characterised by
difficulties in social communication and restrictive and
repetitive behaviours (DSM-5 [2];). A range of under-
lying genetic and environmental aetiologies have been
identified, but the pathways that link these distal causal
factors to the later emergence of diagnostic symptoms
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remain unclear [16]. Recently, sensory symptoms have
been recognised as a core part of the diagnostic profile
[2]. Indeed, up to 90% of individuals with ASD report
difficulties in sensory processing [65] that include both
hyper and hyposensitivity to auditory, tactile, and visual
stimulation [90]. Since sensory systems mature very early
in postnatal development, it is possible that early sensory
atypicalities have a cascading effect on developmental
trajectories and contribute to later emerging behavioural
symptoms [55, 68]. However, there remains little direct
investigation of this possibility.
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Identifying causal pathways to symptom emergence re-
quires prospective longitudinal studies of infants with an
elevated likelihood of developing ASD. One common ap-
proach has been to study infants with an older sibling
with ASD [56, 84, 91]. Such studies have identified some
evidence of early sensory atypicalities in infants with
later ASD, including faster identification of visual differ-
ences [18, 40], slower latency of pupillary responses to
luminance changes [80], increased behavioural responses
to perceptual change [19], and elevated cortical reactivity
to repeated sounds [60]. This range of work suggests
that early disruptions in sensory processing may be de-
tectable in infants with later ASD prior to the onset of
other behavioural symptoms, consistent with a causal
model. Observations from familial designs, however, are
limited to the 10-20% of children whose ASD is associ-
ated with the accumulation of multiple common genetic
variants of small effect [64, 94]. It is not currently clear
whether similar effects are present in the 5-11% of aut-
istic children who present with a monogenic or more
penetrant cause of ASD [108], or indeed in idiopathic
cases of ASD where there is a non-familial route to the
disorder.

A complementary approach to familial designs is thus
to study infants who have an elevated likelihood of de-
veloping ASD due to the presence of a monogenic dis-
order that can be identified in infancy. A strong
candidate monogenic condition associated with ASD is
Neurofibromatosis Type 1 (NF1), an autosomal domin-
ant neurocutaneous disorder with a birth incidence of 1:
2700 [28]. Fifty percent of cases of NF1 are inherited,
while the rest arise de novo due to spontaneous loss-of-
function mutation of the NF1 gene located on chromo-
some 17q11.2 [20]. The NF1 gene encodes for neurofi-
bromin, a large 2818-amino acid negative RAS GTPase-
regulating protein [97, 98]. Although the physical pheno-
type of NF1 may include neurofibromas, café-au-lait
macules, Lisch nodules and abnormalities within the
skeleton and the central nervous system [54], the main
challenges reported by parents and children with NF1 in
clinical settings are cognitive, social and behavioural dif-
ficulties [44, 75]. Indeed, up to 25% of children with NF1
may meet criteria for ASD, up to 45% may experience
broader autism symptomatology [34, 36, 87, 109] and up
to 50% receive a diagnosis of ADHD [53, 61].

NF1 is a suitable monogenic condition for studying
early developmental pathways to ASD for several key
reasons. First, the phenotypic profile of ASD in NF1 is
broadly similar to idiopathic ASD [37], with a similar
male bias in prevalence of ASD [35], making insights
from NF1 more likely to be generalisable to the under-
standing of ASD as a whole. Second, NF1 is typically
identified early in development through either cord
blood testing in familial cases or through its cutaneous
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manifestations in both inherited and de novo cases (par-
ticularly café-au-lait spots). This makes prospective stud-
ies from early infancy feasible. Third, NF1 is not
associated with profound developmental delays, but ra-
ther with a more subtle shift in IQ [53]. Due to this,
comparisons with typically developing infants are less
confounded by selection bias and developmental chal-
lenges within the NF1 group [3]. Finally, there are good
animal models of NF1 that may facilitate the subsequent
investigation of neural mechanisms underlying particular
phenotypes in human infants [22, 43, 103]. Such investi-
gations may highlight new paths in animal-to-human
translation.

One promising domain of investigation in infants with
NF1 is low-level auditory processing. Important to path-
ways to translational research, auditory paradigms can
be meaningfully reproduced across the lifespan and in
animal models [8, 99] where the importance of auditory
processing is high across species (unlike visual process-
ing, which is far more important in primates than in ro-
dents). In particular, the suppression of neural responses
following repetition and an increase in response when
change is detected are suitable for studying auditory brain
development across the lifespan [76, 86]. Failure to attenu-
ate responses to repetition or to respond selectively to a
change in auditory input could compromise language de-
velopment [6, 7] and may also relate to broader aspects of
cognitive inflexibility, which has been noted in several
neurodevelopmental disorders including ASD, Prader-
Willi, Rett Syndrome and Fragile X [2, 66, 70, 81]. Further,
failure in these basic learning mechanisms may indicate
alterations in neural organisation, consistent with observa-
tions of atypical neural connectivity in developmental dis-
orders as well as differences in the co-ordination of
excitation and inhibition [24, 27, 67, 92].

Previous work has indeed identified alterations in
auditory responses in children with NF1. A study of 22
children and adults with NF1 found that while periph-
eral acoustic hearing was within the normal range, dif-
ferences emerged in temporal auditory processing
during standardised tests, including phonological pro-
cessing and temporal resolution [4]. Difficulties in audi-
tory processing were further associated with degree of
language impairment and communication disorders in
the sample. Additionally, Chaix et al. [14] found that
children with NF1 (n = 75) scored lower on a phoneme
deletion task, indicating impaired phonological process-
ing. However, there has been no work on early auditory
development in infants with NF1, and no efforts to
examine the relationship between auditory processing
and the presence of ASD within the sample.

One common method that has been used to measure
responses to auditory repetition and change in the devel-
oping brain is electroencephalography, or EEG. EEG is
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suitable for infants and children of all ages because it is
relatively non-invasive and does not require verbal or
behavioural responses. The high temporal resolution of
EEG also allows it to accurately capture the time-course
of neural correlates of auditory processing. EEG studies
have shown that neural responses to auditory stimuli de-
crease with repetition and that the magnitude of this ef-
fect increases with age [14]. A related phenomenon is
sensory gating, in which a pair of stimuli are presented in
quick succession after a period of silence and the second
stimulus elicits a smaller neural response than the first
[45]. Importantly, individual differences in responses to
repetition have been related to future cognitive abilities of
the infant [69], as well as neurodevelopmental conditions
such as ASD [46, 60, 67, 100]. Atypical neural responses
to repetition in ASD have also been linked to severity of
behavioural symptoms [83].

Another fundamental feature of low-level auditory
processing is the ability to detect when changes occur in
a sequence of repeated tones. The mismatch negativity
is a frontocentral negative deflection in an event-related
waveform, elicited by subtracting responses to an infre-
quent “deviant” from a repeatedly presented “standard”
tone [5, 17, 48, 62, 63, 96]. Two- to 4-month-old infants
show age-related differences in responses to deviant ver-
sus standard tones, with a slow positive wave at 2
months that becomes an adult-like negativity in 3—4-
month-olds [48]. When embedded within a train of re-
peating stimuli, infants have shown sensitivity to both
pitch [32, 48, 110] and frequency [9, 82] change, which
have been associated with increasing brain specialisation
to language processing [7]. Dysregulation of deviance de-
tection, as both suppression or enhancement of the
event-related response, has been described as atypical
neurological function [79]. More importantly, these early
differences have been associated with downstream ef-
fects on social and non-social sound processing and lan-
guage production [26, 49, 113]. Taken together, auditory
habituation and deviance detection could provide im-
portant insights into basic perceptual processing in in-
fants with NF1, and help us understand whether
disrupted low-level auditory processing is predictive of
ASD diagnosis in toddlerhood or appear as a cumulative
risk factor across several neurodevelopmental conditions
[29, 30, 46, 58].

In the current study, we examined age-related changes
in auditory repetition suppression and change detection
responses in infants with typical development (TD) and
those diagnosed with NF1. We assessed infants at 5 and
10 months, which is a sensitive period for auditory de-
velopment, as well as the comprehension and production
of speech [95, 111]. Further, these processes occur prior
to the onset of behavioural symptoms associated with
neurodevelopmental conditions including ASD and
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ADHD, which holds great promise for early detection
and implementation of effective interventions during the
period of high brain plasticity. We presented infants with
trains composed of three repeated vowels and then one
deviant (either a change in the Vowel category or a
change in its pitch), separated by an inter-train interval
jittered between 3 and 5 seconds (simplified from a
more complex design [23]). We indexed repetition sup-
pression by comparing neural responses to the first and
the second standard, and change detection by comparing
the second standards with the deviants (reducing the in-
fluence of orienting effects from the first standard and
preparatory effects from the third). As responses to the
third standard could have additional influences from a
recovery response [85], changes between the second and
third repeated standard stimulus were examined as a
secondary question in the SM. In some previous studies
examining auditory processing and habituation the de-
crease in neural response between the first and second
standards has been referred to as the fast decay response
[93].

In the typically developing population, we expected a
clear reduction in response between repetition of the
first and second standard vowel sound at 5 and 10
months of age. We additionally expected a stronger
change detection response (increased ERP negativity) to-
wards pitch change at 5 months, and towards Vowel cat-
egory change at 10 months, to reflect increasing
specialisation to language processing [7]. Further, we
predicted age-related changes in the localisation of repe-
tition suppression and change detection responses be-
tween 5 and 10 months, to reflect increasing
specialisation for sound processing towards the mature
frontally driven response [88]. We predicted that infants
with NF1 would show reduced or absent repetition sup-
pression and change detection responses relative to typ-
ically developing infants at both 5 and 10 months of age.
Finally, we examined whether individual differences in
auditory change responses related to variation in three
key phenotypes at a follow-up visit at 14 months: (a) lan-
guage ability [107]; (b) ASD-relevant early behaviours as
measured by the Autism Observation Scale for Infants
[11]; and (c) early ADHD-relevant behaviours as mea-
sured by the Infant Behaviour Questionnaire-Revised [89],
as a test of specificity [102];). We predicted there would
be a positive association between a weaker repetition sup-
pression and deviance detection response, reduced lan-
guage ability and ASD-relevant behaviours.

Methods

Participants

We recruited 25 infants with NF1 and 52 typically devel-
oping (TD) infants into a longitudinal study running
from 2013 to 2019. Some NF1 infants missed the 5-
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month entry point and entered at 10 months due to de-
lays with families receiving the diagnosis (expert consul-
tations take longer to be scheduled and attended).
Infants were enrolled in the study if they either had
Neurofibromatosis Type 1 or were typically developing.
EEG was collected at 5 and 10 months, and a range of
phenotypic measures were collected at a 14-month
follow-up visit. We defined typical development (TD) as
infants who had no first-degree relatives with a diagnosis
of ASD or ADHD, with parents reporting no develop-
mental concerns. These TD infants were recruited from
a volunteer database at the Centre for Brain and Cogni-
tive Development, Birkbeck, University of London. In-
clusion criteria included full-term birth (gestational age
greater than 36 weeks). At the time of enrolment, none
of the infants in this cohort had a known medical or de-
velopmental condition. Participants in our NF1 cohort
were recruited through local medical and genetic cen-
tres. All participants had their diagnosis confirmed via

(2021) 13:22

Page 4 of 19

molecular testing of cord blood samples or clinical diag-
nosis based on NIH consensus criteria [105] and had no
other developmental concerns at the time of the visits.

Informed written consent was provided by the par-
ent(s) prior to the commencement of the study. The
testing only took place if the infants were in a content
and alert state. Ethical approval was granted by the Na-
tional Research Ethics Service and the Research Ethics
Committee of the Department of Psychological Sciences,
Birkbeck, University of London. Participant families were
reimbursed expenses for travel, subsistence and over-
night stay if required. Infants were given a certificate
and t-shirt after each visit.

A number of infants were excluded from the final EEG
analyses for fussy behaviour (n = 15 and 3 at the 5- and
10-month time points respectively), noisy data (n = 4 and
4 at the 5- and 10-month time points respectively) or
technical difficulties with the EEG protocol (nz = 2 and 1 at
the 5- and 10-month time points respectively) (see Fig. 1a

~N

NF1 cohort - consent and TD cohort - consent and baseline
A baseline assessment in lab assessment in lab C
N=25 N=52
Fussed out
Fussed out N=13
N=2 NF15mo EEG TD 5mo EEG Noisy data
No 5mo visit N= N=32 =
N=12 No 5mo visit
N=3
Technical error Fus;:t; out
N=1 NF1 10mo EEG TD 10mo EEG Noisy data
No 10mo visit N=19 N=38 N=4
N2 g No 10mo visit
Not due for visit at N=7
point of analysis
N=1
NF1 14mo Behavioural TD 14mo Behavioural
assessment assessment
MSEL N= 24 MSEL N=37
CDIN=23 CDIN=33
B Auditory train (1.7s) ~ITI (3-5s)
> >
> >
ISl _ ISI ISl
> >
Dev
PN
50ms 500ms 50ms 500ms  50ms 500ms 50ms
>
Standard 1,2, and 3 are three consecutive /u/ vowel
Std sounds presented at 500HZ.
Pitch deviant: /U/ vowel presented at 650Hz with 50%
Dev P probability.
PP
' : Vowel deviant: /i/ vowel presented at 500Hz with 50%
: DevV + Pprobability.
'
'

Fig. 1 Auditory Task Methodology. (a) Participant numbers at each cohort, time point and task with attrition rates and reasons. Data was
analysed using all infants with sufficient data at each time point; for information, the total number of infants who provided artefact-free EEG at
both time points was NF1 n = 8; and TD n = 25. (b) Train of vowels’ task design. Three (500 ms) auditory Standards were presented before a
Deviant stimulus (500ms) followed by an ITl of ~ 2-3 s. (c) Electrodes chosen for analyses, with different colours depicting frontal left (dark
green), frontal central (blue), frontal right (red), posterior left (purple), posterior central (maroon) and posterior right areas (turquoise)
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Table 1 Participant characteristics; means (SD) of MSEL scores

5 months 10 months

NF1 L) NF1 D
n 11 34 19 40
Sex 4m,7f 15m, 19 f 8m, 11f 17 m, 23 f
Age in days (SD) 191 (20) 167 (9) 308 (16) 317 (8)
Mullen composite score (SD) 67.09 (9.9 89.73 (11.29) 7847 (11.19) 8 (9.15)
Gross motor raw score 8 (.77) 845 (1.03) 10.95 (1.9)** 12.72 (147)
Visual reception raw score 6.64 (2.16) 733 (1.31) 11.89 (1.82)* 13.36 (1.4)
Fine motor raw score 582 (147)** 701.7) 11.21 (2.23)** 14.51 (1.96)
Receptive language raw score 3.73 (1.56)* 5 (1.48) 8.53 (241) 8.74 (2.2)
Expressive language raw score 491 (83)* 6.09 (91) 884 (2.61) 8.56 (1.74)

*p < .05, ¥*p < .001

and Table 1 for the final participant numbers and demo-
graphic breakdown by group at each time point).

Stimuli

The auditory trains task consisted of sounds originally de-
signed by [46]. Each train was composed of four consecu-
tive 50-ms sounds with a 5-ms rise and fall time (Fig. 1b).
The first three sounds in each train were repeated stan-
dards, and the fourth was a deviant. Standard sounds were
all a /u/ vowel sound administered at 500 Hz. Deviants
were either a Deviant Pitch (/U/ sound administered at
650 Hz) or Deviant Vowel sound (/i/ sound administered
at 500 Hz) with 50% probability each. The inter-stimulus
interval (ISI) was jittered at ~ 500 ms, and the inter-train
interval was a random 3000—-4000 ms. The sound intensity
was 70dBA SPL. The sounds were presented for between
7 and 10 min, or until the infant became restless.

Procedure

The auditory trains task was administered at the end of a
battery of visual EEG tasks (not reported here). Infants were
seated on their parents’/caregiver’s lap facing an experi-
menter. All testing took place in a sound-attenuated and
electrically shielded room. Stimuli were presented via two
speakers located behind a screen, placed 1 metre apart and
approximately 1 metre away from the infant. Infants engaged
in silent play (toys and/or bubbles) with a researcher. The
task was still administered if infants fell asleep during any
part of the EEG protocol (n = 2 for the NF1 group), as this
does not affect the strength of the responses observed [21,
71].

Fussy behaviour

Fussy behaviour is defined as excessive motion, behavioural
signs of negative affect and avoidance behaviour that indi-
cates the child is not enjoying participating in the experi-
ment. Significant fussiness typically leads to poor quality or
missing data. To maximise cross-researcher standardisation

in responses to fussiness, we agreed a hierarchy of responses
to maximise both data yield and participant comfort. Before
the experiment, researchers asked parents to maximise their
baby’s comfort by ensuring they were warm, fed, changed
and seated comfortably. During the experiment, if a baby
showed signs of fussiness (e.g. began to move more, show
negative facial expressions, turn away from the stimuli) ex-
perimenters first addressed possible boredom by engaging
the baby with a variety of silent toys (e.g. blowing bubbles). If
fussiness continued, the parent was instructed to try (in this
order) cuddling; holding hands; give baby something boring
to hold (like a plastic teething ring); give baby a pacifier or
snack; if all that did not work, a break was taken. If the par-
ent wished to try again after the baby had calmed down, the

experiment was resumed.

Behavioural measures

Mullen Scales of Early Learning

The Mullen Scales of Early Learning (MSEL) [77] is a
standardised measure that assesses developmental ability
across five domains: Gross Motor, Visual Reception, Fine
Motor, Receptive Language and Expressive Language. The
MSEL was administered at all time points by trained re-
searchers in the STAARS team. We used raw scores for
subdomains to examine relations with neural activity;' we

To allow for the greatest level of replicability and consistency across
examiners, our guidelines for Mullen scoring include only behaviours
that are captured on camera (so can be confirmed by a second/third
researcher if necessary) within the Mullen session. For example, if an
infant demonstrates babbling throughout the rest of the testing day
(i.e. during another task or a lunch break), but not during the specific
Mullen administration session, we would not score this infant as being
able to produce babbling sounds on the Expressive Language scale. To
further ensure the fidelity of the scoring, a second fully trained
researcher watches the administration in real time (via a video feed)
and consensus discussions take place after the testing session. These
strict administration and scoring guidelines make the US norms less
applicable. As such, we decided to use the raw scores of the four
subdomains (as opposed to the T-scores, presented in Table 1).
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present standard scores for overall developmental level for
descriptive cohort comparisons.

Autism Observation Score for Infants

The Autism Observation Score for Infants (AOSI) [11]
is a standardised research assessment that examines
ASD traits in infants in the first two years of life. The
measure involves a semi-structured play session between
a researcher and the infant, examining such factors as
social-communicative development, atypical sensori-
motor behaviours and repetitive behaviours). Higher
scores on this measure indicate greater ASD traits.
Trained researchers administered the AOSI with our
NF1 cohort at a follow-up 14-month time point.

Infant Behaviour Questionnaire-Revised

To measure ADHD-related early behaviours, we used
the Activity Level subscale of the Infant Behaviour
Questionnaire-Revised [89]. Previous work has shown
this subscale to show a reasonable predictive relationship
with later ADHD traits [102]. Parents completed the In-
fant Behaviour Questionnaire-Revised (IBQ-R) at a 14
month follow-up time point. The IBQ-R is a parent-
report questionnaire consisting of 191 items and 14
scales that relate to different aspects of infant tempera-
ment. On a 7-point Likert scale, parents rated infant’s
behaviours from “Never” to “Always”. Items are summed
to produce a raw score for different subscales, any in-
fants that had more than 20% missing data (including in-
stances where parents reported “not applicable”) were
not included in the final analyses for the subscale.

MacArthur Bates Communicative Development Inventory
Parents completed the MacArthur Bates Communicative
Development Inventory (CDI) long form [31] at a
follow-up 14-month time point. The CDI measures early
language abilities by assessing vocabulary comprehen-
sion and expression, use of gestures and grammar. The
questionnaire is comprised of approximately 800 items
on a 1-3-point scale, with parents indicating whether
their child can understand/understand and say certain
words/complete certain gestures. Item scores can then
be summed to produce a “Comprehension” score and an
“Expression” score.

Language scores

We computed composite scores across the MSEL and
CDI measures for “Language Comprehension” and “Lan-
guage Production” separately. We chose to form com-
posite scores such that each encompassed both parent
report and observational measures, giving a more com-
prehensive assessment of the two language domains.
This also reduces the issue of multiple comparisons that
are raised when correlating with different subtests that
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are designed to measure the same skill set. To compute
the Language Comprehension composite score, the raw
scores from the Receptive Language subscale of the
MSEL and the sum of ‘Words Understood’ from the
CDI were normalised (z-scored) based on subtracting
the mean and then dividing by the standard deviation of
the TD group. The resulting z-scores for the Receptive
Language and CDI scales were then averaged together to
produce the ‘Language Comprehension’ composite. The
‘Language Production’ composite score was calculated in
the same way, but using the Expressive Language sub-
scale of the MSEL and the sum of the total of “Words
Understands and Says’ on the CDI. These scores were
calculated from a follow-up visit at 14 months of age
(see Table S1 for participant characteristics and individ-
ual subsets of scores).

EEG processing

We recorded EEG data with an EGI (Philips Neuro, Ore-
gon, USA) 128-electrode Hydrocel Sensor Net, with the
vertex electrode (approximate position of Cz in 10-20
co-ordinate system) acting as a reference online and the
data sampled at 500 Hz. We applied a 0.1-30-Hz band-
pass filter offline. We segmented trials (representing the
neural response to one sound within a train) 100 ms be-
fore and 800 ms after stimulus onset (Standard 1, Stand-
ard 2, Standard 3, Deviant Pitch and Deviant Vowel).
We visually inspected EEG data for artefacts at a single-
trial level. Segments with pronounced artefacts such as
gross motor movement, eye blinks and/or more than 25
bad channels (before interpolation) were excluded from
the analysis. Infants with fewer than 10 trials in any con-
dition were excluded from any analyses involving that
condition (see Table 2 for the final average number of
presented and retained trials after artefact detection
across age and groups). Within the remaining segments,
channels marked as having a noisy signal were interpo-
lated with a clean signal from neighbouring channels
using spline interpolation. Following this, the data was
baseline corrected (- 100 ms to 0 ms, relative to sound
onset), re-referenced to the average of all electrodes and
averaged across trials (see Fig. 1c for electrodes chosen
for analyses). A proportion of the NF1 group were pre-
sented with a longer version of the paradigm. As such,
we truncated our pre-processing and analyses to the first
~ 120 trials for Standards 1, 2 and 3 and the first ~ 65
trials for Deviant Pitch and Vowel.

Data analysis methods

Neural response analyses

To address our key questions, we examined (a) overall
responses to the first standard as a measure of basic
auditory processing; (b) changes in response between
the first and second standard as a measure of repetition



Begum-Ali et al. Journal of Neurodevelopmental Disorders

(2021) 13:22

Page 7 of 19

Table 2 Mean (SD) and range of the number of presented trials. Mean % (SD) retained after artefact detection

Standard 1 Standard 2 Standard 3 Deviant Pitch Deviant Vowel
Presented
5 months
NF1 89 (26.97) 54-125 88.55 (27.1) 53-125 88.55 (27.1) 53-125 4191 (15.61) 19-62 46.27 (12.86) 30-67
TD 81.97 (26.46) 38-150 81.62 (26.58) 38-150 81.5 (26.64) 38-150 40.09 (14.21) 19-76 41.15 (13.55) 19-76
10 months
NF1 81.05 (21.89) 40-119 81.79 (23.27) 41-124 79.84 (21.77) 38-115 41.16 (11.08) 21-61 41.26 (12.94) 24-67
TD 76.7 (17.8) 53-127 76.33 (17.79) 53-127 76.03 (17.76) 52-126 37.08 (8.84) 23-61 38.73 (10.52) 23-65
Retained %
5 months
NF1 59.72 (21.82) 5557 (22.52) 55.05 (19.48) 61.7 (1941) 59.83 (19.73)
TD 4327 (1442) 42.57 (13.25) 43.09 (14.26) 49.01 (16.36) 4847 (13.61)
10 months
NF1 63.97 (47) 63.92 (42) 63.96 (.35) 63.92 (92) 63.8 (.86)
TD 56.26 (14.48) 5555 (13.72) 5491 (13.54) 5583 (14.62) 58.85 (14.35)

suppression; and (c) changes in response between the
second standard and the Deviant Pitch/Vowel category
as a measure of change detection; finally, we examined
(d) the difference in neural responses to the pitch
change and vowel category deviants as a measure of
auditory discrimination. Within each analysis, we exam-
ined both differences in the mean amplitude of the ERP
waveform across 50-ms time windows (Analysis Type 1:
Mean amplitude ERP analysis) and the onset of signifi-
cant differences in the ERP waveform (Analysis Type 2:
Autocorrelation analyses).

Analysis 1: Mean amplitude ERP analysis

Within each key question, separate linear mixed models
(LMMs) with the following dependent variables were
run: “Standard 17, “Standard 1-Standard 2”, “Standard 2-
Deviant Pitch”, “Standard 2-Deviant Vowel” and “Devi-
ant Pitch-Deviant Vowel” for both the frontal and pos-
terior regions analysed separately (because of the
opposite polarity of waveforms). In order to examine ef-
fects of further subsequent repetition, we also conducted
analyses for “Standard 2-Standard 3” (see SM1).

All LMMs used the following fixed factors: Age (5
months, 10 months), Group (typical likelihood, NF1),
site (left, central, right) and Time (100-150 ms, 150—200
ms, 200-250 ms, 250-300 ms, 300-350 ms, 350-400
ms, 400-450 ms, 450-500 ms). The repeated covariance
type was set as “compound symmetry” and the max-
imum likelihood estimate was used for each model (see
Table S3 for a summary of significant results).

Analysis 2: Autocorrelation analysis
Autocorrelation analyses allow us to examine the exact
time at which neural responses to two different

conditions begin to significantly differ from each other.
Whereas more traditional ERP analyses focus on differ-
ences across a previously specified time window (typic-
ally as a result of top down hypotheses) or require
selection of a peak (often less clearly apparent in infant
data), autocorrelation analyses allow for more data-
driven estimates of the onset of condition differences.
For this autocorrelation analysis, we compared ERP re-
sponses within the condition contrasts b) to e) outlined
above using paired t-tests at each sample point (2ms in-
tervals) in the first 500ms post-sound-onset. We cor-
rected for the autocorrelation of consecutive sample
points using a Monte Carlo simulation approach [47,
74]. This method estimated the average first-order auto-
correlation (set at lag 1 and was .98 for all datasets ana-
lysed) present in the real difference waveforms of our
experimental conditions. Following this, the method
produced 1000 datasets of randomly generated wave-
forms. Each simulated difference waveform had a mean
and unit variance of zero at each time point, but the
same level of autocorrelation as seen on average in the
observed data. Each simulated dataset also had the same
number of participants and time samples as in the real
data. We then applied two-tailed one-sample ¢-tests (vs.
zero; alpha = .05, uncorrected) to the simulated wave-
forms at each time point, recording significant vs. non-
significant outcomes. In each of the 1000 simulations,
the longest sequence of consecutive significant z-test
outcomes was computed. The 95th percentile of that
simulated distribution of “longest sequence lengths” was
then used to determine a significant difference waveform
in the real data; specifically, we noted any sequences of
significant t-tests that exceeded this 95th percentile in
the real data. This method thus avoids the difficulties
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associated with multiple comparisons and preserves the
type I error rate at .05 for each difference waveform
analysed.

Due to the constraints of the statistical assumptions of
t-tests, we were restricted to comparing each age group
separately (as not all participants would have data for
both the 5 and 10-month time points). We collapsed
across site (left, central, right) and analysed separately by
region (frontal, posterior) (see Table S4 for a summary
of significant results). We also conducted control ana-
lyses where each Group had the same number of partici-
pants (see SM2), with relatively similar results as those
presented below.

Relationship with later development

In order to examine relationships between auditory process-
ing and later development, we first needed to reduce the
current number of variables (so as to streamline the number
of correlations). To do this, we conducted a factor analysis
on the primary variables of interest from the auditory pro-
cessing task (Standard 1, Standard 1-Standard 2, Standard 2-
Deviant Pitch and Standard 2-Deviant Vowel; mean ampli-
tudes averaged over 100-500 ms and over left, central and
right areas; frontal and posterior separate for each condition;
both age points entered together). We used the principle
components method, with a direct oblimin rotation given
the relatedness of the variables. Two components were ex-
tracted (both eigenvalues > 1) that were consistent with re-
sponses to deviant stimuli, and the Initial Response/Change
to the Standards. The deviant stimuli response factor was
comprised of Standard 2-Deviant Pitch and Standard 2-
Deviant Vowel (both frontal and posterior), factor loadings
of -.74 to .84 and explaining 43% of the variance. The Initial
Response/Change to the Standards factor was comprised of
Standard 1 and Standard 1-Standard 2 (both frontal and pos-
terior), with factor loadings of -.56 to .9 and explaining 24%
of the variance; positive factor loadings represent frontal vari-
ables and negative factor loadings denote posterior variable.
Of note, this same factor structure was obtained if the two
age points were examined separately (see SM3). We then
used the factor scores at the level of each individual in a
number of correlation analyses that investigated relationships
with language development and ASD and ADHD traits.

We measured infants’ language skills on two measures:
the MSEL [77] and the MacArthur Bates Communicative
Development Index (CDI) long form [31] and used our
composite scores of Language Comprehension and Lan-
guage Production in later analyses.

Results

Developmental ability

We conducted a MANCOVA on our MSEL scores (with
age in days as a covariate; see Table 1), comparing raw
scores between the two groups (asterisks indicate
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significant Group differences). This showed that the NF1
group showed lower language skills at 5 months, but not
10 months, than the TD group, and lower cognitive and
motor skills at 10 months.

Table 2 shows the number of presented and retained
trials for each Group at the 5- and 10-month time
points. Generally, the NF1 group had a higher percent-
age of retained trials; as such, we conducted control ana-
lyses with retained trial numbers as a covariate.

Response to sudden sound (Standard 1)

Frontal Amplitudes decreased with Age [F(1, 2416) =
25.43, p < .001, yp> = .01], fluctuated over the waveform
(effect of Time: Fig. 2; [F(7, 2426) = 5.56, p <. 001, yp* =
.02]) and were smaller centrally than laterally [F(2, 2426)
= 30.07, p < .001, yp> = .02; Fig. 2]. There were no
Group differences [F(1, 70) = .91, p = .34, 17p2 = .01; see
Table S3 for a summary of all analysis statistics].

Posterior Responses decreased with Age [F(1, 2445) =
18.7, p < .001, yp> = .008], were greater over the left area
[F(2, 2426) = 3.29, p = .04, yp> = .003]; and varied over
the waveform [effect of Time; F(7, 2426).= 6.5, p < .001,
np> = .02; Fig. 2]. The effect of Age varied by Group
[F(1, 2445) = 4.51, p = .03, yp> = .001; with number of
trials retained covaried F = 6.8, p = .009, 5p*> = .003],
with pairwise comparisons indicating greater change in
amplitude between 5 (M = — 3.53 pV, SE = 47 pV) and
10 months of age (M = - 1.88 uV, SE = 46 uV) in the
TD group (mean diff = — 1.65pV, df = 2495, p < .001, CI
= — 2.14 to - 1.17pV) than in the NF1 group (5 months:
M = - 218 uV, SE = .72 pV, 10 months : M = - 1.61
uV, SE = .67 uV; mean diff = - .57 pV, df = 2415, p =
21, CI = - 145 to .32 pV); Bonferroni corrected to p =
.013.

Effect of repetition (Standard 1-Standard 2)

Frontal Amplitudes slightly decreased with Age at trend
level [F(1, 2305) = 3.36, p = .07, 17p2 = .001], and varied
across the waveform with the most pronounced differ-
ence between conditions around 200ms (effect of Time;
[E(7, 2426) = 10.71, p < .001, 17p2 = .03]) and were great-
est over right areas [F(2, 2426) = 33.49, p < .001, p* =
.03; Fig. 3]. There were no Group differences [F(1, 71) =
01, p = .92, yp* = .01].

Posterior Amplitudes were greater over central areas
[F(2, 2427) = 6.97, p = .001, 17p2 = .006] and changed
over the waveform with the most pronounced difference
between conditions around 200ms [effect of Time; F(7,
2427).= 2.17, p = .03, yp> = .006]. Age effects varied by
Group [F(1, 2455) = 5.86, p = .02, yp> = .002; with
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number of trials retained covaried F = 10.48, p = .001, yp> =
.004], with decreasing effects of repetition on the neural re-
sponse in the TD group between 5 (M = — 5.13 puV, SE =
71uV) and 10 months (M = — 3.77 pV, SE = .7uV) (mean
diff = - 1.37pV, df = 2496, p < .001, CI = - 2.09 to — .64uV);
responses in NF1 group did not change (5 months: M = -
3.39 pV, SE = 1.09; 10 months M = — 3.87 puV, SE = 1.02)
(mean diff = 48uV, df = 2429, p = 67, CI = - .83 to 1.79uV);
Bonferroni corrected to p = .013.

Autocorrelation results showed the onset and offset times
of the periods of the waveform in which there were signifi-
cant differences in the neural response between different
conditions (see Table S3). For both diagnostic groups, 10-
month-old infants showed differences earlier in the time
course than 5-month-old infants (Fig. 3, Table S3). The dur-
ation of significant waveform differences was also longer in
the 10-month-olds and in posterior than frontal regions
more generally across both groups. When examining group
differences, for the frontal region the TD group displayed
earlier latencies of onset of significant responses to repetition
than the NF1 group at both ages (Table S4). This pattern
was also observed over posterior regions at 5 months. How-
ever, over posterior regions at 10 months, repetition detec-
tion was earlier in the NF1 group (by around 35 ms).

Detection of a change in pitch (Standard 2-Deviant Pitch)

Frontal Amplitudes slightly decreased with Age at trend
level [F(1, 2393) = 3.63, p = .06, 17p2 = .002] and were
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greater over right areas [F(2, 2355) = 43.52, p < .001, yp* =
.04; see Table S2 and S3]. Responses varied across the wave-
form such that the most pronounced difference between
conditions was around 200ms [effect of Time; Fig. 4; F(7,
2355) = 17.99, p < .001, #p* = .05]. Responses did not vary
by Group [F(1, 69) = .72, p = 4, ;7p2 =.01].

Posterior Amplitudes slightly decreased with Age at the
trend level [F(1, 2421) = 3.03, p = .08, yp> = .001], were
greater over central than lateral regions [F(2, 2353) =
8.29, p < .001, yp* = .007]; and varied over the waveform
such that differentiation between conditions was greater
around 200ms [effect of Time; F(7, 2354).= 4.83, p <
.001, 17p2 = .01] (see Fig. 4). The effect of Age differed by
Group [F(1, 2421) = 15.35, p < .001, #p> = .006; with
number of trials retained covaried F = 11.84, p = .001,
np> = .005], with pairwise comparisons demonstrating
decreasing effects of deviance on posterior waveforms
between 5 (M = 5.29 pV, SE = .8) and 10 months (M =
32 pV, SE = 8uV) in the TD group (mean diff =
2.09uV, df = 2421, p < .001, CI = 1.37 to 2.81uV); re-
sponses in the NF1 group were largely stable (5 months:
M = 419 pV, SE = 1.25; 10 months: M = 5 pV, SE =
1.18; mean diff = - .8uV, df = 2420, p = .21, CI = - 2.06
to .46uV); Bonferroni corrected to p = .013.

Once again, autocorrelation results showed that 10-
month-old infants demonstrated differences earlier in
the time course than 5-month-old infants (Fig. 4, Table
S4) for pitch detection. The duration of significant
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waveform differences was also longer in the 10-month-
olds and in posterior regions more generally across both
groups. When examining group differences, for the frontal
region the TD group displayed earlier latencies of onset of
significant responses to pitch change than the NF1 group
at both ages (Table S4). This pattern was also observed
over posterior regions at 5 months. However, over poster-
ior regions at 10 months, the detection of a pitch deviant
was earlier in the NF1 group (by around 40 ms).

Detection of a change in vowel category (Standard 2-
Deviant Vowel)

Frontal Responses were greater over the left areas [F(2,
2378) = 21.34, p < .001, #p> = .02]; and varied over the
waveform such that the difference between conditions
was most pronounced around 300ms [effect of Time;
F(7,2378) = 7.59, p < .001, yp> = .02]; Fig. 5. There were
no significant Group differences [F(1, 70) = .93, p = .44,
np> = .01].

Posterior Responses were greatest over central areas
[F(2, 2378) = 13.33, p < .001, #p> = .01]; and varied over
the waveform such that the difference between condi-
tions was most pronounced around 200-300ms [effect of
Time; F(7, 2378) = 3.66, p = .001, yp> = .01]; Fig. 5.
There were no significant Group differences [F(1, 70) =
26, p = .61, yp* = .003].
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Here, autocorrelation analyses demonstrated that 10-
month-olds showed differences earlier in the time course
than 5-month-old infants (Fig. 5, Table S4) for vowel
category detection. The duration of significant waveform
differences was also generally longer in the 10-month-
olds and in posterior regions more generally across both
groups. When examining group differences, at 5 months
significant differences were seen in the TD group but
not the NF1 group. At 10 months, the NF1 group also
showed earlier differentiation over frontal and posterior
regions at 10 months (NF1 earlier by around 30 and
60ms respectively).

Auditory discrimination (Deviant Pitch-Deviant Vowel
category)

Given that we observe difference between our groups in
their ability to detect deviant stimuli, we examined if
there were direct differences in the processing of the De-
viant Pitch-Deviant Vowel category.

Frontal Responses varied over the waveform such that
the difference between conditions was most pronounced
around 150ms and 300ms [effect of Time; F(7, 2404) =
9.87, p < .001, np* = .03]; Fig. 6, with the younger infants
demonstrating a more negative deflection to the change
in pitch than the change in vowel, an effect that was di-
minished at 10 months [effect of Age; F(1, 2407) =
12.09, p = .001, #p> = .005].
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Posterior Responses were greatest over central areas
[F(2, 2403) = 3.74, p = .02, yp*> = .003]; and varied over
the waveform such that the difference was most pro-
nounced around 100ms [effect of Time; F(7, 2403) = 5.9,
p < 001, yp> = .02]; Fig. 6. Finally, we also found a sig-
nificant interaction of Age and Group [F(1, 2467) = 6.46,
p = .01, np* = .003; with number of trials retained covar-
ied F = 12.07, p = .001, yp> = .005], with pairwise com-
parisons demonstrating the response to pitch becoming
more positive than to vowel between 5 (M = - .29 puV,
SE = .78) and 10 months (M = .81 pV, SE = .77 pV) in
the TD group (mean diff = — 1.1 gV, df = 2471, p =
003, CI = - 1.83 to - .37uV); responses in the NF1
group changed in the opposite direction (5 months: M =
.52 uV, SE = 1.23; 10 months: M = — .34 uV, SE = 1.15;
mean diff = .87uV, df = 2461, p = .2, CI = - 46 to 2.2
uV); Bonferroni corrected to p = .013.

In the autocorrelation analyses the only significant dif-
ference seen was in the TD group at 5 months, with a
more negative response to the Deviant Vowel category
than the Deviant Pitch stimulus (from 304 to 444 ms)
(see Fig. 6). This effect remained in our matched partici-
pant analysis (see SM2; Table S5).

Summary

In sum, LMM analyses indicate that there are age-
related changes in posterior brain activity in the typically
developing group that are not present in the NF1 group.
These effects were present for responses to sudden-
onset sounds, habituation of response to a repeated
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sound, and detection of a change in pitch but not a
change in vowel category. Autocorrelation analyses indi-
cate slower responses over the frontal region in the NF1
group, but often enhanced or more rapid responses over
the posterior region. This was the case particularly at 10
months and in response to Deviant Vowel category stim-
uli in the NF1 group. Results were robust to controlling
for trial numbers and repeating autocorrelation analyses
using groups with matched samples (see SM 2; Table
S5).

Relationship to later development

To consolidate our predictor variables, we examined re-
lations between factor scores (Deviant Stimuli Response
factor, Initial/Change to the Standards) and later devel-
opment. Of note, we also conducted LMMs on our fac-
tor scores (Deviant Stimuli Response factor, Initial/
Change to the Standards) with the following fixed fac-
tors: Age (5 months, 10 months) and Group (Typical
likelihood, NF1). The repeated covariance type was set
as ‘compound symmetry’ and the maximum likelihood
estimate was used for the model. We found no signifi-
cant effect of Age [Deviant Response: F(1, 64) = .74, p
.39; 1123 = .01; Initial/Change to Standards: F(1, 74)
1.04, p = .31, 5123 =.01], no effect of Group [Deviant Re-
sponse: F(1, 67) = .18, p = .67; 1123 = .003; Initial/Change
to Standards: F(1, 61) = .77, p = .38, l’ha% = .01] and no
interaction of Group by Age [Deviant Response: F(1, 64)
=.19, p = .67; 1123 = .003; Initial/Change to Standards:
F(1, 74) = .06, p = .81, 17,% = .001].
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We did not find any significant relationships between
participants’ Deviant Stimuli Response and Initial Re-
sponse/Change to the Standards scores and Language
Comprehension [r(44) = - .07, p = .65 and r(44) = .008,
p = .96 respectively] or Language Production composite
scores [r(44) = - .03, p = .85 and r(44) = .05, p = .75 re-
spectively]. Interestingly, when examining the language
subscales individually, we found that increased Initial
Response/Change to the Standards at 10 months was as-
sociated with better Receptive Language scores on the
MSEL at 14 months; however, this should be treated
with caution given the multiple comparisons [r(42) =
.33, p = .03; see SM4).

Whilst we did not find significant associations between our
neural Factor scores and our Language composites, we did
find that a greater Initial Response/Change to Standards at
10 months was related to both greater levels of activity on
the IBQ-R [r(36) = 43, p = .01] as well as more ASD traits as
measured on the AOSI [r(12) = .61, p = .04] (see Fig. 7).

In order to scrutinise whether the neural response was
more related to ASD or ADHD traits, we conducted two
partial correlations. When controlling for IBQ-R Activity
Level, the relationship between the Initial Response/Change
to the Standards at 10 months and AOSI Raw Scores
dropped to a trend level though still with a strong effect size
[1(9) = 49, p = .12]. When controlling for AOSI Raw Score,
the relationship between Initial/Change Response to Stan-
dards at 10 months and IBQ-R Activity Level became non-
significant with a much reduced effect size, though it is im-
portant to note the small sample size [r(9) = .11, p = .74]. As
such, the Initial Response/Change to Standards factor at 10
months seems to be more closely related to early ASD traits.
Further analyses split by brain region and condition indicated
that the associations with the AOSI were broadly present for
both the initial response to the standards and repetition sup-
pression to the second standard across both frontal and pos-
terior areas of the brain (SM5).

Discussion
This is the first study to examine the neural correlates of
auditory processing in infants with NF1. Results showed
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that infants with NF1 are able to discriminate between
different auditory stimuli (e.g. they are able to detect
auditory repetition and detect auditory stimulus change).
However, response profiles differed between the groups.
Whilst effects over posterior regions decreased in magni-
tude between 5 and 10 months of age in typically devel-
oping infants (resulting in a more mature frontally
centred response), this developmental change was less
pronounced in the NF1 group. Further, typically devel-
oping infants largely differentiated stimulus repetition or
change earlier in the waveform than the NF1 group over
frontal (but not posterior regions), suggestive of process-
ing delays in infants with NF1. Individual differences in
these neural responses did not relate to Language Com-
prehension or Expressive Language, but did relate to
early ASD and ADHD-related behaviours.

Response to repetition
Both our NF1 and TD cohorts showed suppression of
the neural response to Standard 2 relative to Standard 1.
Given our paradigm, the effects of repetition likely re-
flect both sensory gating and fast-decay forms of habitu-
ation. Sensory gating refers to the suppression of a
neural response to a rapidly repeated stimulus and has
been observed as early as 50ms after auditory stimulus
onset in infants aged between 1 and 4 months [51, 52,
57]. In adults, sensory gating is most common between
100 and 200 ms post-stimulus onset, consistent with the
peak timing of our observed difference waves [10, 104].
Habituation is a broader process that includes decreased
neural responses to repetition over short and longer
timescales and likely contributes to the suppression of
responses across the waveform in addition to subsequent
responses to further stimulus repetition that are some-
times used to assess asymptotes in responding (e.g. the
Standard 2-Standard 3 difference scores reported in the
SM). Thus, the overall nature of the event-related re-
sponse to auditory repetition was present in both
groups, confirming our paradigm worked as expected.
The topography and timing of the effects of repetition
were however different between infants with and without
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NF1. Specifically, over frontal regions, repetition sup-
pression emerged later in the waveform for the NF1
than TD group at both ages. However, the pattern was
different over posterior regions. Whilst at 5 months the
TD group were again faster to detect repetition than the
NF1 group over posterior regions, at 10 months, the
NF1 group were faster. Further, the linear mixed models
showed developmental decreases in the repetition effect
over posterior regions between 5 and 10 months in the
TD group but not the NF1 group. We believe these pat-
terns of neural response to be demonstrative of less ma-
ture (or altered) repetition detection. Specifically, we
posit that there is a shift in the topography of the neural
response in typical development from a more global to a
more localised fronto-central mature profile. This is evi-
denced by both the diminishing effect of suppression
with age in the linear mixed model analyses over poster-
ior regions in the TD group; and the suppression effect
happening faster at 10 months than 5 months over
frontal areas in the TD group, whilst the suppression ef-
fect doesn’t change in timing over posterior regions.
This profile is altered in the NF1 group. This group does
not show changes over posterior regions in the magni-
tude of the suppression effect and show a faster suppres-
sion effect across both frontal and posterior regions at
10 than 5 months. The pattern of these changes suggests
that activity was becoming more frontally focused in the
TD but not the NF1 group, reflecting a more mature
topographic profile. Of note, this pattern of repetition
suppression was specific to the change between the first
and second standards; there were no group differences
in responses to Standard 2 versus Standard 3 (SM1).
This could indicate specificity of these differences to
more rapid forms of suppression; however, it is import-
ant to note the limitation that the Standard 2/Standard 3
comparison may be affected by preparatory responses
during the third standard (since it was always followed
by a deviant).

The magnitude of the response to the first stimulus
and the degree of suppression to the second stimulus
were associated with later behavioural traits of ASD
(measured with the AOSI). Although significant associa-
tions were initially seen with a PCA-formed composite
of EEG repetition measures that did not itself vary by
age or group, we also saw associations with responses to
the first standard and the Standard 1-Standard 2 change
over frontal and posterior scalp regions analysed separ-
ately. The AOSI predicts later ASD relatively well [12,
38], but not perfectly. This suggests that alterations in
sensory processing may be related to the likelihood of
infants with NF1 going on to a later ASD diagnosis, al-
though further longitudinal follow-up with a larger sam-
ple would be required to test this hypothesis.
Interestingly, previous work with 8-month-old infants
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with later ASD demonstrated differentiation of auditory
stimuli over posterior areas only [60]. This differenti-
ation response typically becomes more fronto-central
with age [42], which is consistent with the current find-
ings from our TD group. In comparison, our NF1 group
show a more delayed or atypical pattern of neural re-
sponse across age. In general, habituation as a mechan-
ism has been shown to be altered in ASD [50, 72], with
atypical patterns seen in infants as young as 3 months
who are at an elevated likelihood of developing the dis-
order [25]. Another possibility is that these effects relate
to the heightened and prolonged startle response to even
weak auditory stimuli sometimes observed in ASD [15,
59, 106]. Sensory processing is of particular interest in
ASD given that 90% of individuals with the neurodeve-
lopmental disorder report atypicalities [65], that are evi-
dent across a number of sensory systems [90]. Given
that sensory systems undergo rapid development (both
pre- and post-natally), it may be that early alterations in
sensory processing may have a cascading effect on later
developmental trajectories. As such, our results may re-
flect alterations in auditory sensory processing that pre-
dict the emergence of later ASD traits.

One note of caution is however that our results are
not necessarily specific to later ASD symptoms. In the
present dataset, we also observed an association between
responses to the first and second stimuli and later
ADHD-related traits (IBQ activity levels, which we have
previously associated with later ADHD symptoms [102].
It is important to note that this association was also seen
for both groups and thus may not relate to subsequent
clinically significant ADHD traits, given that we would
not expect elevated levels of ADHD within our TD co-
hort. The effect size of the relation between early audi-
tory processing and later ASD traits remained stronger
when covarying for activity level than in the reverse ana-
lysis, suggesting that there may be a closer mechanistic
link to later ASD symptoms. However, we did not ob-
serve relations to two specifically hypothesised elements
of the ASD phenotype that we thought might provide a
developmental link between auditory processing and
later symptoms (language skills and auditory sensory
sensitivities). In addition to this, we must point out that
the AOSI was not measured in our TD group, so it is
difficult to determine if the same positive association
would have been observed between the neural response
to the first and second auditory stimulus and ASD traits
in this cohort. However, research has indicated that in-
fants with a typical likelihood of ASD score much lower
on this behavioural assessment than those with an ele-
vated likelihood of ASD (e.g. [40]), with the measure
able to differentiate these cohorts from 12 months of
age [114]. Taking these factors into consideration, fur-
ther work will be required to evaluate whether early
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auditory processing differences are more generally linked
to later neurodevelopmental difficulties or more specific-
ally linked to particular phenotypes later on.

Change detection

Alterations were also observed in the responses to a
change in deviant category (vowel or pitch). Both
changes produced characteristic fronto-central negative
deflections, as well as positive-going deflections over
posterior regions. For the change in pitch, the TD group
showed a stable differentiation over fronto-central re-
gions but a diminishing differentiation over the posterior
cortex between 5 and 10 months. Further, the differenti-
ation occurred earlier in the waveform over frontal re-
gions at 10 than 5 months, but did not change over
posterior regions. Again, this is potentially reflective of
the emergence of the mature fronto-centrally focused
MMN component in the TD infants. Previous research
with adults has shown that the auditory MMN response
is predominantly observed over the auditory cortex with
some recruitment of the frontal and parietal regions ([1,
39, 41, 73]. Indeed, a frontocentral topographic presenta-
tion has been observed in young children [41, 42] and
infants, although it is typically broader and more central
(for a review, see Cheour et al. [17]). Thus, the increas-
ingly fronto-central topography observed in the TD
group may be an expected shift towards a more mature
pattern.

Similar to the effects of repetition, the profile was dif-
ferent in the NF1 group. At 5 months, the NF1 group
differentiated the change in pitch later in the waveform
than the TD group over both posterior and frontal re-
gions, suggestive of globally slower processing. Between
5 and 10 months, response latencies got faster in the
NF1 group over posterior regions such that at 10
months of age the NF1 group were faster in differentiat-
ing stimuli that deviated in pitch than the TD group.
Again, these effects suggest an alteration in the topo-
graphic specialisation of auditory processing in NF1.
However, unlike responses to repetition, these effects
did not relate to later measures of ASD traits. It is pos-
sible that these effects may be related to the enhanced
pitch perception that has been shown in ASD [26], but
we may need longer-term follow-up data to fully evalu-
ate this possibility.

In terms of the differentiation of the vowel change
stimulus, a significant period of differentiation was not
observed over frontal regions until 10 months in the
NF1 group but was present at 5 months in the TD
group, which could be consistent with a developmental
delay in NF1. However, we did not find this effect in a
similar analysis performed on groups of a matched sam-
ple size. Thus, more research is required to determine
the robustness of this finding in NF1. Further, the linear

(2021) 13:22

Page 15 of 19

mixed models did not indicate significant group differ-
ences in response profiles. It may be that changes in re-
sponses to vowel categories would be observed later in
development, where processing of this change has be-
come more specialised. When directly contrasting
changes in pitch and vowel categories, our autocorrel-
ation analyses demonstrated that the TD group showed
a significant window late in the waveform at 5 months
of age in the frontal region where responses were more
negative to the pitch than the vowel change; this effect
had diminished by 10 months and was not present in
the NF1 group. This may reflect age-related changes as
infants shift to more mature processing where both
types of deviants (pitch and vowel change) are processed
in terms of probability rather than surface features.
Interestingly, this was only seen in our TD group, which
suggests alterations in the way the NF1 group detect
changes in deviant categories. Consistent with this hy-
pothesis, in the LMM, analyses examining the posterior
region indicated that whilst the response to pitch was
greater than to vowel by 10 months in the TD group,
progression moved in the opposite direction for the NF1
group. Again, this may be consistent with a reduction in
sensitivity to vowel change over posterior cortex with
age in typical infants, with a movement to the more neu-
rotypical fronto-central distribution,

A further avenue of research would be to investigate
auditory processing in younger infants. Our present re-
sults are consistent with the NF1 group showing less
mature auditory processing. As such, future research
could study auditory processing in the first 2 years of life
to map the protracted developmental trajectory of repe-
tition and change detection. Additionally, the paradigm
is easily adaptable to be used with other sensory modal-
ities (e.g. the tactile domain) in order to determine if
atypicalities in sensory processing are domain general or
are specific to within a sensory system. Indeed, this may
be a particularly pertinent area of investigation given the
sensory sensitivities related to touch within the ASD lit-
erature [13, 33].

When examining the relationship between auditory
processing and later development, we did not find a cor-
relation between the neural response and either compos-
ite scores for Language Production or Language
Comprehension. A possible explanation for this lack of
relationship could be due to the age at which we were
measuring language skills. It may be that 14 months of
age is perhaps too young to get an accurate representa-
tion of language development, especially in terms of ex-
pressive language, and it may be more fruitful to
examine this relationship later in development (e.g.
toddlerhood). Other studies have found associations be-
tween neural responses to vowel or pitch change and
language development [7, 101]. Alternatively, it may be
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that the more predictable paradigm used in the current
study does not tap into language development in the
same way as traditional MMN paradigms. This could
then potentially speak to underlying mechanisms regard-
ing temporal predictability in language development. In
turn, it may be that traditional MMN paradigms are
measuring unpredictability rather than detecting changes
in auditory stimuli per se. Alternatively, it may be that
by forming language composite scores (to reduce the
issue of multiple comparisons) we are missing key ele-
ments of variability in our dataset. Indeed, when we de-
compose our Language Composites scores we see a
positive association between the Initial/Change Response
to Standard stimuli and Receptive Language on the
MSEL. However, if corrected for multiple comparisons
this would no longer be significant and thus may be
treated with caution.

Further research in this area could be translational in
nature. Auditory paradigms, in general, lend themselves
to being used translationally with a wide range of species
(both asleep and awake) due to the passive nature of the
task. Non-human animal models have been particularly
informative in NF1 research [22, 29, 30, 43, 103], dem-
onstrating impairments in attention, habituation, motor
co-ordination and visual-spatial learning. As the sensory
systems are tightly coupled, and research has well estab-
lished the modulatory effect of attention on sensory pro-
cessing [78, 112], this may be a fruitful avenue of further
research when investigating NF1. Given the ease of use
of the current paradigm, and that no NF1 mouse models
of auditory processing currently exist, this task is primed
for use with a number of different species as well as in
the youngest human primates.

Further to the use of the current paradigm with animal
participants, if replicated the task could also potentially
be used in a battery of screening measures for infants at
elevated likelihood of developing neurodevelopmental
disorders such as ASD or ADHD. With the relative ease
and accessibility of EEG as a methodology, and the par-
ticular ease of the task with infant populations, it would
be feasible to use the measure with infants even in the
neonatal period. Additionally, the nature of the task also
means that it is possible to administer with older popu-
lations, which would allow for more frequent evaluations
and detailed longitudinal comparisons. Whilst the
current task used very short, simple phonemes that in-
fants may not have recognised as language components,
it would be possible to incorporate more complex lan-
guage stimuli to tease apart low level auditory processing
and language processing. Finally, to further test the
hypothesised shift from posteriorly to frontally focused
neural activity, future avenues of research may be in-
clined to co-register fMRI and EEG for source analyses.
This may allow greater mechanistic insights into the
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neural systems that underpin the scalp-level changes ap-
parent in the present study.

Conclusions

We present the first evidence of atypical neural corre-
lates of auditory processing in infants with Neuro-
fibromatosis Type 1. We found that infants with NF1
showed slower neural detection of repetition or change,
and diminished developmental change in the scalp pro-
file of neural responses. Whilst auditory responses were
not related to later language development, an increased
neural response to an initial auditory stimulus was re-
lated to more ASD-relevant behaviours at 14 months.
Taken together, this auditory neural response may indi-
cate alterations in early sensory processing and special-
isation that could provide valuable options for
developmental screening within groups of infants with
NF1.
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