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Abstract
Purpose  Patterns of visual attention to faces are mixed in infants with a family history of autism relative to controls. Atten-
tion deficit hyperactivity disorder (ADHD) often co-occurs with autism and could represent one source of variance in find-
ings. Heterogeneity in language skills may represent another source of variance. We investigated longitudinal patterns of 
attention to eyes and mouths in infants with and without an elevated familial likelihood (EL) of autism and/or ADHD, and 
examined associations with language development.
Methods  The sample included 160 infants (EL-autism = 79, EL-ADHD = 31, EL-autism+ADHD = 21, Typical Likelihood 
(TL) of autism and/or ADHD = 29). We measured eye-to-mouth looking ratios of 5, 10 and 14 month olds who viewed pairs 
of faces with mouths moving at low (1 Hz), medium (6 Hz) and high (10 Hz/15 Hz) temporal frequency. Language skills 
were measured throughout infancy and at 36 months.
Results  Eye looking (relative to mouth) decreased as a function of age and was reduced for speech-like frequencies (6 Hz) 
compared to slower frequencies. Infants with EL-autism looked more to the eyes than TL infants, but this effect was attenu-
ated in the presence of familial ADHD. Controlling for 14 months word acquisition, higher receptive language at 36 months 
was associated with greater eye looking.
Conclusion  Our findings confirm age-related changes in eye-to-mouth looking across development and suggest that variabil-
ity in familial ADHD and heterogeneity in language skills influence attentional differences in infants with a family history of 
autism. Future family history studies should investigate this heterogeneity using neurophysiological methods.

Keywords  Autism · Attention deficit hyperactivity disorder · Infancy · Language development · Visual attention · Eye-
tracking
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Introduction

Autism and attention deficit hyperactivity disorder (ADHD) 
are highly heritable neurodevelopmental conditions which 
frequently co-occur (Hollingdale et al., 2020; Taylor et al., 
2013). Autism is characterised by challenges with social 
communication, the presence of restricted and repetitive 
behaviours and/or interests, and hypo/hypersensitivity to 
sensory stimuli (American Psychiatric Association [APA], 
2022). Pragmatic, phonological, morphological and lexical/
semantic language delays are often present in autism (Eigsti 
et al., 2011). ADHD is characterised by challenges with 
attentional control, hyperactivity and impulsivity, or a com-
bination of these factors (APA, 2022). Language delays, 
whilst not a diagnostic criterion for ADHD, are often pres-
ent (e.g., Gremillion & Martel, 2014; Kim & Kaiser, 2000). 
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Despite the common co-occurrence of autism and ADHD 
within individuals, each condition may have different routes 
to language delays, with language in autism affected by 
social difficulties and language in ADHD affected by impul-
sivity and difficulties with turn-taking (Geurts & Embrechts, 
2008). Understanding the factors that cause deviation from 
a typical linguistic developmental trajectory in these condi-
tions, and the mechanisms responsible, provides insight into 
their converging and diverging pathways.

Identifying the factors that underpin differences in lan-
guage trajectories in autism and ADHD requires studies prior 
to diagnosis, because differences in language development 
emerge in infancy and toddlerhood (Johnson et al., 2015). 
Identification of putative markers of altered developmental 
processes, such as visual attention and language, allow us to 
map deviations from a typical developmental trajectory and 
identify potential targets for supportive interventions.

Attention to Faces

Eye-tracking is a promising method for studying visual 
attention in young infants, being inexpensive, non-invasive, 
and suitable in non-verbal samples (Katus et al., 2019). 
Given that social difficulties are a core diagnostic criterion 
for autism and are related to quality of life (Oakley et al., 
2021), much eye tracking research has focused on measures 
of social attention. Findings are sometimes inconsistent 
for attention to faces over other body parts and non-social 
content. Where infants with an elevated likelihood (EL) 
for autism have demonstrated longer looking to faces in 
infancy, they have shown lower face recognition abilities 
at 3-years which may indicate face processing difficulties 
(de Klerk et al., 2014). There is some evidence for longer 
looking to faces in infants later diagnosed with autism when 
compared to typically developing (TD) infants, while other 
studies show shorter looking to faces or no group differ-
ences at all (Falck-Ytter et al., 2023; Johnson et al., 2015)—
reflecting the phenotypic heterogeneity of autism and the 
methodological heterogeneity of autism research, e.g. Mas-
tergeorge et al., 2021.

The extent to which there are different patterns of atten-
tion to internal facial features (such as eyes and mouths) in 
autism is also unclear. Before 5 months of age, TD infants 
look longer at the eyes than the mouth. Thereafter, they 
spend an increasing amount of time looking at the mouth, 
which remains their predominant focus up until 12 months 
of age (Lewkowicz & Hansen-Tift, 2012; Tsang et al., 2018). 
Some (generally earlier) studies report a decreased eye-to-
mouth looking index (EMI) in autism (i.e. less attention to 
the eyes relative to the mouth; Jones et al., 2008; Klin et al., 
2002). This has been associated with lower social communi-
cation skills (Chawarska et al., 2012); however, others report 

mixed or null results on attention to these features (Guillon 
et al., 2014; Papagiannopoulou et al., 2014). In some famil-
ial likelihood studies, infants with EL-autism show similar 
proportions of looking to the eyes and mouth compared to 
infants with typical-likelihood (TL) for autism (Elsabbagh 
et al., 2014; Shic et al., 2014; Young et al., 2009). However, 
there is a dearth of literature studying EMI in infants with 
EL-ADHD. It is likely that multiple factors lead to altera-
tions in attention to eyes and mouths, including the nature of 
the stimuli, the degree of audio-visual synchrony between 
speech sounds and mouth movements, stages of develop-
ment and language acquisition (Falck-Ytter et al., 2013), 
and culture (Ma et al., 2021).

Language Development and EMI

Given that TD infants begin to shift attention to mouths ver-
sus eyes over the same developmental timescale as emerg-
ing comprehension, language ability may be related to gaze 
patterns. Children with a family history of autism show 
language delays and lower receptive and expressive lan-
guage scores compared to children with no family history 
of autism (Belteki et al., 2022; Hudry et al., 2014; Marrus et 
al., 2018). There is also evidence for early language delays 
in ADHD from retrospective studies with infants and tod-
dlers who were later diagnosed with ADHD (Gurevitz et al., 
2012), though it is unclear if this extends to infants with a 
family history of ADHD. Thus, studying variability in lan-
guage skills within cohorts of infants enriched for neuro-
developmental outcomes could clarify associations between 
having a family history of autism and/or ADHD and hetero-
geneity in eyes versus mouth looking.

Indeed, preference for the mouth compared to the eyes 
has been associated with higher concurrent expressive lan-
guage scores in autistic children (Habayeb et al., 2021) and 
has been associated with higher later expressive language 
abilities in prospective autism cohorts (Elsabbagh et al., 
2014; Young et al., 2009). This association between EMI and 
expressive language was only observed in particular con-
texts, such as where infants had already acquired first words 
(Habayeb et al., 2021) and for ‘mouths only’ or ‘peek-a-boo’ 
stimulus videos (Elsabbagh et al., 2014). However, the same 
associations were not observed between EMI and receptive 
language in these studies (or between looking to the mouth 
and later receptive language in infants with a family history 
of autism; Chawarska et al., 2022). It is currently unclear 
how both infants’ eye-mouth looking behaviour and having 
first words in infancy may relate to later language skills in 
infants with a family history of autism and/or ADHD.
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Language-Relevant Temporal Frequencies

Falck-Ytter et al. (2013) concluded that eye and mouth 
looking in EL-autism infants is determined by a constella-
tion of factors beyond diagnostic category, such as develop-
mental stage, presence of social cues, competing non-social 
stimulus characteristics, multisensory integration of speech 
sounds and mouth movements, and genetics. It is unknown 
whether preferences for language-relevant frequencies of 
visual mouth movements also modulates eye and mouth 
looking. Studies on the speech modulation spectrum have 
shown that amplitude modulation sensitivity peaks at about 
4–5 Hz for fluent speech—within the syllabic speech pro-
duction range (i.e. theta, 4–8 Hz; Giraud & Poeppel, 2012; 
Poeppel & Assaneo, 2020). Theta-band neural oscillations 
are primarily responsible for processing syllables, and 
studies with adults show that the intelligibility of speech 
is diminished when theta frequency has been acoustically 
degraded within the speech signal (Ghitza, 2014; Luo & 
Poeppel, 2007). Theta frequency neural activations in new-
borns highlights its importance in speech perception from 
the prenatal period (e.g. Mariani et al., 2023). It is possible 
that as infants become more familiar with language, they are 
drawn to audiovisual cues but also perceptually tune into rel-
evant frequencies of mouth movements to aid intelligibility.

There is evidence of cortical tracking in 5 and 8 months 
old typically developing infants during silent videos of syl-
lables repeated at low temporal frequency. Infants showed 
neural entrainment to 2  Hz stimuli, and positive associa-
tions between 8 months ‘phase angle’ to theta (4 Hz) and 
24 months expressive and receptive language were observed 
(Choisdealbha et al., 2024). This highlights the importance 
of attention to language-relevant temporal frequencies for 
later language development.

Evolutionary research suggests that rhesus monkeys 
demonstrate perceptual tuning to theta frequency at a behav-
ioural level (Ghazanfar et al., 2013). Monkeys showed a 
visual preference for avatars of monkeys which opened and 
closed their mouths at theta frequency, compared to lower 
and higher frequencies (Ghazanfar et al., 2013). However, 
it is unclear if human infants show a visual preference for 
human mouths moving at theta frequency (relative to slower 
or faster frequencies) and if this associates with emerging 
language skills.

Present Study

While recent studies have highlighted varying patterns of 
attention to faces in infants with a family history of autism 
(Falck-Ytter et al., 2023), a gap in the literature remains 
here for infants with a family history of ADHD. Unlike nat-
uralistic speech tasks, silent experimental stimulus videos 

where frequencies of mouth movements are carefully con-
trolled (i.e. Ghazanfar et al., 2013) target attention to visual 
properties of speech-like frequencies. However, our current 
knowledge of infant visual attention to mouths moving at 
frequencies similar or different to syllabic speech remains 
unclear, and its association with language development in 
infants with a family history of autism and ADHD is not 
known. Taken together, these factors may elucidate possible 
effects on visual attention to facial features in the develop-
ment of autism and ADHD.

Therefore, in this study we aimed to extend previous 
work by examining the relationship between visual attention 
to faces, temporal frequency of mouth movements, and lan-
guage outcomes, through a prospective longitudinal study 
of infants with and without a family history of autism and/or 
ADHD. Firstly, we sought to investigate the developmental 
pattern of eye versus mouth looking behaviour across our 
sample at 5, 10 and 14 months, and we predicted a decrease 
in infants’ EMI (i.e. less looking to the eyes relative to the 
mouth) over time. We also predicted that EMI would not 
vary by familial likelihood status of autism and/or ADHD. 
Next, we predicted that TL infants would have higher early 
receptive and expressive language scores at 14 months than 
infants with a family history of either condition. We also 
examined whether infant face scanning patterns are modu-
lated by temporal frequency and language skills. We pre-
dicted that at 14 months, infants would show a smaller EMI 
for mid-frequency stimuli, and that frequency and having 
first words would be associated with a smaller EMI. We also 
predicted that higher expressive (but not receptive) language 
scores at 36 months would be associated with smaller EMI 
across infancy. If having first words is found to modulate 
concurrent EMI at 14 months, we would further explore if 
this associated with 36 months language and developmental 
EMI.

Methods

Participants

The total sample of 161 infants comprised 80 infants with 
EL-autism, 31 infants with EL-ADHD, 21 infants with EL 
of both autism and ADHD (EL-autism+ADHD) and 29 
infants with TL for both conditions. Of these, one partici-
pant with EL-autism had no valid eye-tracking task trials 
after data quality checks (see below) and was therefore 
excluded from the analyses. The remaining 160 infants with 
valid eye-tracking data from at least one of the infant visits 
(see Table S1) were included in the current analysis: 79 EL-
autism, 31 EL-ADHD, 21 EL-autism+ADHD, and 29 TL 
(77% were of White ethnicity, see Table 1 for participant 
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characteristics). Infants were part of the longitudinal Study-
ing Autism and ADHD Risk in Siblings study (STAARS), 
recruited from a volunteer database at the Birkbeck Centre 
for Brain and Cognitive Development, existing research net-
works, and advertisements including via social media and 
with autism-related charities. The children were recruited 
for the longitudinal study if, based on parent report, they 
had a first degree relative with: a community clinical diag-
nosis of autism; a community clinical diagnosis or probable 
research diagnosis of ADHD; or, typically developing older 
sibling(s) and no first-degree relatives with either diagnosis 
(see Supplementary Materials for full details). Inclusion cri-
teria included full-term birth (gestational age > 36 weeks) 
and no known medical or developmental conditions.

Families enrolled in the study during one of the infant 
timepoints (5, 10 or 14  months) and were subsequently 
followed-up at the remaining infant timepoints with an out-
come visit at 36  months. Infant visits were carried out at 
the Birkbeck Babylab, while 36 months data was collected 
at King’s College London. Parents provided informed writ-
ten consent. Ethical approval was granted by the National 
Research Ethics Service (13/LO/0751) and the Psychologi-
cal Sciences Research Ethics Committee, Birkbeck, Univer-
sity of London.

For analysis each infant was assigned a binary rating, to 
account for the absence or presence of a first-degree relative 
with autism and ADHD. This approach allowed us to test 
the independent effect of an EL of autism or ADHD, and 
their interaction.

Table 1   Sample characteristics
Mean (SD) N EL-autism EL-ADHD EL-autism+ADHD TL Group 

differencesN = 79 N = 31 N = 21 N = 29
5 months
 n Infants [female:male] 93 42 [20:22] 14 [7:7] 12 [5:7] 25 [9:16] p = .78
 Age in months 93 5.29 (0.67) 5.21 (0.43) 5.33 (0.49) 5.36 (0.57) p = .89
 MSEL ELC [n infants] 93 [42] 84.14 (10.24) [14] 84.71 (7.42) [12] 85.42 (11.75) [25] 84.88 (9.49) p = .98
 Valid EMI trials out of 3 [n infants] 93 [42] 2.55 (0.67) [14] 2.79 (0.43) [12] 2.75 (0.62) [25] 2.72 (0.54) p = .46
 EMI 93 0.72 (0.25) 0.78 (0.24) 0.73 (0.31) 0.58 (0.29) p = .08
10 months
 n Infants [female:male] 141 72 [37:35] 25 [12:13] 19 [7:12] 25 [11:14] p = .70
 Age in months 141 10.01 (0.52) 10.28 (0.89) 10.16 (0.50) 9.96 (0.61) p = .20
 MSEL ELC [n infants] 141 [72] 87.18 (14.52) [25] 85.44 (15.79) [19] 83.74 (16.14) [25] 87.80 (11.76) p = .76
 Valid EMI trials out of 3 [n infants] 141 [72] 2.65 (0.63) [25] 2.76 (0.60) [19] 2.68 (0.58) [25] 2.76 (0.44) p = .80
 EMI 141 0.52 (0.32) 0.56 (0.32) 0.48 (0.34) 0.48 (0.29) p = .82
14 months
 n infants [female:male] 137 70 [33:37] 25 [8:17] 19 [7:12] 23 [10:13] p = .57
 Age in months 137 14.26 (0.61) 14.12 (0.83) 14.32 (0.67) 14.22 (0.67) p = .78
 MSEL ELC [n infants] 136 [70] 77.41 (11.44) [24] 79.08 (11.12) [19] 72.53 (14.50) [23] 78.78 (11.99) p = .27
 CDI comprehension [n infants] 129 [69] 89.54 (71.24) [23] 119.22 

(74.25)
[17] 130.29 (139.11) [20] 121.00 

(150.09)
p = .28

 CDI production 129 10.45 (13.70) 11.65 (12.96) 14.29 (20.95) 14.55 (22.05) p = .69
 Valid EMI trials out of 3 [n infants] 137 [70] 2.74 (0.56) [25] 2.72 (0.46) [19] 2.79 (0.54) [23] 2.78 (0.52) p = .96
 EMI 137 0.44 (0.28) 0.39 (0.31) 0.33 (0.29) 0.24 (0.18) p = .030a

36 months
 n infants [female:male] 119 61 [33:28] 23 [11:12] 16 [5:11] 19 [7:12] p = .31
 Age in months 119 37.21 (1.46) 37.35 (2.69) 37.19 (1.52) 36.79 (1.78) p = .78
 MSEL ELC [n infants] 119 [61] 108.10 

(18.53)
[23] 118.39 
(18.83)

[16] 105.93 (19.90) [19] 129.05 
(11.75)

p < .001b

 MSEL receptive language 119 34.41 (4.66) 35.87 (6.06) 32.75 (6.03) 39.26 (2.64) p < .001c

 MSEL expressive language 119 33.26 (6.02) 34.70 (6.03) 29.13 (6.27) 37.53 (4.09) p < .001c,d

Sex ratios across groups were tested using Chi-Squared Test for independence. Group differences in means were tested using one-way ANOVAs 
with group as a between-subject factor, followed by uncorrected post-hoc pairwise comparisons of means (significance level p < .05)
CDI communicative development index, EL elevated-likelihood, EMI eye-mouth index (collapsed across frequency), ELC early learning com-
posite, SD standard deviation, TL typical-likelihood
aTL < EL-autism
bEL-autism, EL-autism+ADHD < EL-ADHD, TL
cEL-autism, EL-ADHD, EL-autism+ADHD < TL
dEL-autism+ADHD < EL-autism, EL-ADHD
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Stimuli

Infants took part in a battery of eye-tracking tasks at 5, 10, 
and 14 months. The ‘frequency task’ involved pairs of 10 s 
social or non-social silent videos. The non-social condition 
was only shown at 5 months, during which two videos of 
checkerboards were presented side by side, and the check-
erboards alternated between black and white squares in 
every other frame at either low- (1 Hz), mid- (6 Hz) or high-
frequency (10 Hz at 5 months timepoint, 15 Hz at 10 and 
14 months timepoints). The present study only focused on 
the social condition; therefore, the non-social condition will 
not be further discussed. During the social condition, two 
videos of a woman’s face were presented side by side, and 
the mouth flashed open and closed at low-, mid- or high-
frequency; see Fig. 1. Infants viewed a total of 3 social trials 
at each of the 5, 10 and 14 months visits. Each social video 
in the respective pairs was presented at different frequen-
cies (e.g. one trial would present 1 Hz in the video on the 
left-side, 6 Hz in the video on the right-side, etc.). Infants 
were presented with all possible frequency pairs, with each 
frequency shown at least once on each side of screen. We 
increased the high-frequency condition from 10 to 15  Hz 
for 10 and 14 months visits after piloting the task, as 10 Hz 
did not seem developmentally appropriate for capturing the 
older infants’ attention.

Procedure

Stimuli were presented on a 23-inch flat screen monitor 
with a 16:9 aspect ratio. Gaze data were acquired with a 
Tobii TX-300 (sampled at 120  Hz) infra-red eye tracker. 
Infants sat in their parent’s lap at distance of ~ 20° of visual 
angle (approximately 60  cm viewing distance). Parents 
were asked to refrain from directing their child’s attention 
to specific stimuli on the screen while helping the child 

stay engaged. After calibration, frequency task trials were 
presented as part of a larger battery of short eye-tracking 
videos. The order of presentation for each trial was counter-
balanced across participants.

Offline Data Processing

Gaze data were processed using a customised MATLAB 
(MathWorks, 2016) script. Raw data were assigned to areas 
of interest (AOIs) for the upper face (eyes) and lower face 
(mouth) in each stimulus within the pair for each frequency 
task trial, i.e. respectively for each video presented on the 
left- and right-side of the screen; see Fig. 1. To minimise 
issues with estimating gaze samples that arose with binocu-
lar gaze coordinates, the X and Y gaze co-ordinates of mon-
ocular samples were averaged for both eyes; off-screen gaze 
was considered as missing.

Trials where participants had < 25% valid samples (e.g. 
due to infant fussiness or skipped trials) were deemed 
invalid and excluded from further analysis. Infants showed 
a mean of > 2.5 valid trials out of 3 at each timepoint (see 
Table 1; see also Table S1 for summary of timepoints where 
infants contributed valid EMI data). To calculate EMI for 
each face stimulus i.e. respectively for left- and right-side 
of the screen, we used the formula: time spent looking at the 
eyes/time spent looking to the eyes + the mouth. EMI means 
and SDs are presented in Table 1 and Fig. S1.

Language and Developmental Measures

MacArthur-Bates Communicative Development Inventory 
(CDI; Fenson et al., 2007) words and gestures form is a par-
ent/caregiver report checklist to assess infants and toddlers 
communication and early language skills. We used the total 
raw word comprehension (‘understands’ + ‘understands 
and says’; i.e. receptive language skills) and production 

Fig. 1  The Frequency Task. a Schematic of the 10 s videos of face pairs 
presented to infants. The mouths opened and closed at low (1 Hz), mid 
(6 Hz) or high (5 months: 10 Hz; 10 and 14 months: 15 Hz) frequen-
cies. Infants were presented with all possible frequency pairs. b Upper 

face and lower face areas of interest (AOIs) used to calculate eye-
mouth looking index (EMI) for each face stimulus i.e. respectively for 
left- and right-side of the screen
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(‘understands and says’; i.e. expressive language skills). 
The CDI scores at 14 months were the focus of the present 
study, as infants have generally developed more language 
by this age than earlier timepoints, providing more variance 
in the scores (see Table 1).

Mullen Scales of Early Learning (MSEL; Mullen, 1995) 
was administered by a trained examiner at 5, 10, 14, and 
36 months to measure developmental ability with a compos-
ite score. Similar to Habayeb et al. (2021), we used a binary 
score for the absence or presence of first words at 14 months 
on item 11 of the expressive language subscale (Says first 
words: 0, no words; > 0, has words). We also focused on 
36  months raw MSEL receptive and expressive language 
subscale scores; see Table 1.

Statistical Analyses

Data were analysed using R version 3.6.2 (R Core Team, 
2019). Across 5, 10 and 14  months timepoints, EMI data 
were non-normally distributed (Kolmogorov–Smirnov nor-
mality tests: p < .001). Therefore, we conducted longitudi-
nal analyses with generalised linear mixed models (glmer; 
maximum likelihood (Laplace) to provide accurate estima-
tions of parameters despite missing values; logit link func-
tion and bobyqa optimizer) using the lme4 package. This 
approach accounted for EMI taking values between 0 and 
1. Glmer are also appropriate for analyses with missing data 
across trials and timepoints, as analyses are conducted on 
each trial (Brown, 2021).

An initial glmer was run to establish a base model that 
converged and whether variables included as controls (i.e. 
side of presentation, trial number, sex) significantly contrib-
uted to the model. This initial glmer included EMI (across 
5, 10 and 14 months) as the outcome variable, and the fol-
lowing fixed factors: Familial likelihood (autism, ADHD, 
and their interaction), frequency (low, mid, high), side of 
presentation (left, right; given differences in lateral looking 
behaviour in autistic infants; Donati et al., 2020) and trial 
number (1, 2, 3). Sex was also included as a fixed effect 
(male, female) and always retained in language analyses 
given literature suggesting that girls show higher scores on 
early language development measures compared to boys 
(Wallentin, 2009). Age (in days; centred around the mean to 
aid convergence) was included as a fixed and random effect 
to account for minor variations. Slopes were allowed to vary 
by participant (random effect). Where glmer was subse-
quently used to test longitudinal hypotheses, separate glmer 
were run by adding appropriate predictors and interaction 
terms to the base model.

In separate glmer, interaction terms for age by frequency 
were included to test developmental effects, and for familial 

likelihood by age to test familial likelihood effects across 
development.

For 14 months language analyses, to test infants’ recep-
tive and expressive language skills on the CDI by familial 
likelihood status we used separate Analysis of Covariance 
(ANCOVA) models, controlling for sex and age in days. To 
test effects of MSEL first words acquisition (no words, has 
words) and frequency on EMI at 14 months, we ran a mul-
tiple regression (robust standard errors clustered by partici-
pant ID) including sex and age (as well as side of presentation 
and trial number if they were significant in the base glmer), 
and an interaction between first words and frequency. Group 
differences were assessed by subsequently adding familial 
likelihood into the multiple regression model.

To test effects of language outcomes, EMI (across 5, 10 
and 14 months) was the outcome variable,1 and 36 months 
raw MSEL expressive and receptive language scores (cen-
tred around the mean for model convergence) were included 
as fixed effects in separate glmer. If first word status was 
found to predict EMI at 14 months then longitudinal effects 
would be explored by including interaction terms between 
14 months first words and 36 months MSEL outcomes in 
the glmer.

To aid interpretation of significant effects in glmer mod-
els, estimates were back-transformed into predicted prob-
abilities using the formula: exp(logit)/[1 + exp(logit)], and 
their 95% confidence intervals were calculated. Similar to 
raw EMI scores, probabilities > 0.5 indicates infants were 
more likely to look to the eyes; while probabilities <  0.5 
indicates infants were more likely to look to the mouth. 
Tukey’s method for pairwise comparisons was applied for 
post-hoc analyses.

Results

Preliminary Analyses

Sex was not a significant predictor (p = .95) and therefore 
removed from the initial glmer. The resulting base glmer 
(model 0) was of the form: glmer (EMI ~ autism likeli-
hood * ADHD likelihood + frequency + age + side of pre-
sentation + trial number + (1 + age | participant ID)). The 
effect of side of presentation was significant (right-side: 
estimate = − 0.26, SE = 0.12, z(1925) = − 2.24, p = .025), 
as was trial number 3 compared to trial number 1 (estimate 
= − 0.41, SE = 0.16, z(1925) = − 2.60, p = .009; but not trial 

1  EMI was entered as an outcome variable when testing the effects 
of language outcomes (as opposed to 36 month MSEL expressive or 
receptive language scores) in favour of model convergence. The asso-
ciation being tested remains unchanged—i.e. whether there is an asso-
ciation between language abilities and infant EMI.
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number 2 compared to trial number 1, p = .40). Side of 
presentation and trial number were retained in subsequent 
glmer and multiple regression models; selected results are 
summarised in Table 2.

Developmental EMI

In the model with an interaction between age and frequency 
(model 1), looking to the eyes decreased as age increased 
(p < .001, predicted probability = 0.26, 95% CIprob = 0.22, 
0.31). Infants looked more at the eyes relative to the mouth 
for low- compared to mid-frequency stimuli (p = .021, 
predicted probability = 0.59, 95% CIprob = 0.51, 0.66), but 
showed no difference in EMI between mid- and high-fre-
quency stimuli (p = .25). There was no significant interac-
tion between age in days and frequency such that there were 
no developmental changes in the frequency effect on eye/
mouth looking (ps > .22), see Table 2 and Fig. 2.

Familial Likelihood and Developmental EMI

In the model including an interaction between familial like-
lihood and age (model 2), the effect of autism likelihood 
on eye-mouth looking was significant (p = .036, predicted 

Table 2  Selected output from glmer
Model 
number

Fixed effect Estimate 
(logit)

Stan-
dard 
error

z p Predicted 
probability

95% 
CIprob

1 Age − 1.05 0.12 − 8.88 < .001(*) 0.26 0.22, 0.31
Frequency (low) 0.36 0.15 2.32 .021(*) 0.59 0.51, 0.66
Interactions
 Age * Frequency (low) − 0.06 0.15 − 0.42 .68 0.48 0.41, 0.56
 Age * Frequency (high) 0.18 0.15 1.22 .22 0.55 0.47, 0.62

2  Age − 1.13 0.17 − 6.70 < .001(*) 0.24 0.19, 0.31
 Autism Likelihood 0.78 0.37 2.10 .036(*) 0.68 0.51, 0.82
 ADHD Likelihood 0.81 0.45 1.82 .068 0.69 0.48, 0.84
Interactions
 Autism Likelihood * ADHD Likelihood − 1.24 0.61 − 2.04 .042(*) 0.22 0.08, 0.49
 Age * Autism Likelihood * ADHD Likelihood − 0.08 0.35 − 0.23 .82 0.48 0.31, 0.65

4a  Sex − 0.07 0.37 − 0.19 .85 0.48 0.31, 0.66
 14 months words − 0.59 0.37 − 1.58 .11 0.36 0.21, 0.54
 MSEL 36 months Expressive 0.32 0.33 0.98 .33 0.58 0.42, 0.72
Interactions
 14 months words * MSEL 36 months Expressive − 0.57 0.38 − 1.50 .13 0.36 0.21, 0.54

5a  Sex − 0.25 0.36 − 0.68 .49 0.44 0.28, 0.61
 14 months words − 0.74 0.38 − 1.95 .051(*) 0.32 0.18, 0.50
 MSEL 36 months Receptive 0.65 0.32 2.01 .044(*) 0.66 0.50, 0.78
Interactions
 14 months words * MSEL 36 months receptive − 0.62 0.37 − 1.68 .09 0.35 0.21, 0.53

Estimates which are significantly different from 0 are denoted with (*). Estimates are provided in the logit scale; the formula exp(logit)/[1 + 
exp(logit)] applies a backward transformation, converting these values into predicted probabilities
Model 1: glmer (EMI ~ autism likelihood * ADHD likelihood + frequency * age + side of presentation + trial number + (1 + age | participant 
ID))
Model 2: glmer (EMI ~ autism likelihood * ADHD likelihood * age + frequency + side of presentation + trial number + (1 + age | participant 
ID))
Model 4a: glmer (EMI ~ autism likelihood * ADHD likelihood + frequency + MSEL Expressive Language 36 months * 14 months words + age 
+ sex + side of presentation + trial number + (1 + age | participant ID)
Model 5a: glmer (EMI ~ autism likelihood * ADHD likelihood + frequency + MSEL Receptive Language 36 months * 14 months words + age 
+ sex + side of presentation + trial number + (1 + age | participant ID)

Fig. 2  Predicted probabilities of eye-mouth index (EMI) across age and 
temporal frequencies (modelled using ‘ggpredict’ function). Coloured 
ribbons represent 95% confidence intervals of the mean
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probability = 0.68, 95% CIprob = 0.51, 0.82) while ADHD 
likelihood was non-significant but had a similar predicted 
probability to autism likelihood (p = .07, predicted prob-
ability = 0.69, 95% CIprob = 0.48, 0.84). The interaction 
between autism and ADHD familial likelihood was signifi-
cant (p = .042, predicted probability = 0.22, 95% CIprob = 
0.08, 0.49); the greater eye to mouth looking in infants with 
a family history of autism was attenuated where there was 
also a family history of ADHD. Pairwise comparisons also 
showed that infants with EL-autism had a larger EMI than 
the TL infants (OR = 0.46, SE = 0.17, p = .035). There were 
no significant differences between any other contrasts (ps > 
.07); see Tables 2, S2 and Fig. 3. Age remained a significant 
predictor of eye-mouth looking in the model (p < .001, pre-
dicted probability = 0.24, 95% CIprob = 0.19, 0.31) but did 
not share any two- or three-way interactions with autism- or 
ADHD-likelihood (ps > .19; see Fig. S2).

14 Months Language and EMI

There were no main effects of familial likelihood on 
14 months language comprehension (ANCOVA 1: F(3, 119) 
= 2.04, p = .11) or production (ANCOVA 2: F(3, 119) = 0.76, 
p = .52); see Fig. S3. Girls comprehended significantly more 
words than boys (F(1, 119) = 4.22, p = .042, ηp

2 = 0.03) and 
this effect was approaching significance for language pro-
duction (F(1, 119) = 3.66, p = .058, ηp

2 = 0.03). Age was not 
a significant covariate for receptive language (p = .13), but 
older children produced more words than younger children 
(F(1, 119) = 5.08, p = .026, ηp

2 = 0.04).
We used a multiple regression (robust standard errors) to 

investigate if MSEL first words status and frequency pre-
dicted EMI at 14 months.

The overall model was significant (Model 3: Adjusted 
R2 = 0.03; F(10, 135) = 2.03, p = .034). Infants who had 

acquired words by 14 months had a smaller concurrent EMI 
compared to those with no words, with medium-to-large 
effect (β = − 0.14, SE = 0.06, t(59.15) = − 2.36, p = .021, d 
= − 0.61). However, there was no effect of frequency (ps > 
.42) or first words by frequency interaction (ps > .61); see 
Fig. S4.

Familial likelihood was subsequently added into the 
model. The overall model was significant (Model 3a: 
Adjusted R2 = 0.08; F(13, 135) = 3.25, p < .001) and a sig-
nificantly better fit compared to when familial likelihood 
was not included (Wald test: ꭓ2 (3) = 18.61, p < .001). First 
words status remained a significant predictor of 14 months 
EMI (β = − 0.14, t(58.43) = − 2.47, p = .016, d = − 0.65). 
There were effects of autism-likelihood (β = 0.20, t(36.12) 
= 4.13, p < .001, d = 1.37), and ADHD likelihood (β = 0.16, 
t(42.99) = 2.17, p = .035, d = 0.66) such that infants with 
a family history of either autism or ADHD had a larger 
14  months EMI. The autism-likelihood  by  ADHD-likeli-
hood interaction was also significant with medium-to-large 
effect (β = − 0.31, t(68.09) = − 3.01, p = .004, d = − 0.73). 
Pairwise comparisons showed that 14 months EMI was sig-
nificantly larger in infants with EL-autism (t(720) = − 4.13, 
SE = 0.05, p < .001, d = − 0.31) and EL-ADHD (t(720) = 
− 2.17, SE = 0.08, p = .030, d = − 0.16) compared to TL 
infants. The EL-autism group also had a larger EMI com-
pared to the EL-autism+ADHD group (t(720) = 2.04, SE = 
0.07, p = .042, d = 0.14). No other contrasts reached signifi-
cance (ps > .21); see Table S2. With the exception of right-
side of presentation (β = − 0.04, t(129.16) = − 2.36, p = .020, 
d = − 0.42), all other simple effects and interactions did not 
reach significance (ps > .17).

36 Months Language Outcomes and Developmental 
EMI

We then tested associations between 36  months language 
outcomes and the variance in developmental EMI.

In the model including 36 months expressive language 
(Model 4), there was no association between 36  months 
expressive language (p = .38) and developmental EMI; as 
was the finding in the model including 36 months receptive 
language (Model 5: p = .45).

Given the significant association between having first 
words and smaller EMI at 14 months (Model 3, Model 3a), 
we subsequently investigated the longitudinal relationship 
between developmental EMI, 14  months first words sta-
tus and 36  months language outcomes. Interaction terms 
between 14  months first words and 36  months MSEL 
expressive and receptive language were separately added to 
the previous models.

In the 36 months expressive language model including 
14 months first word status (Model 4a), having first words 

Fig.  3  Eye-mouth index (EMI) by timepoint and familial likeli-
hood status (EL-autism, elevated likelihood for autism; EL-ADHD, 
elevated likelihood for attention deficit hyperactivity disorder; EL-
autism+ADHD, elevated likelihood for autism and attention deficit 
hyperactivity disorder; TL, typical likelihood). Data were collapsed 
across temporal frequencies. Error bars represent standard errors of 
the mean
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was not associated with developmental EMI (p = .11), nor 
was the interaction between first words status and 36 months 
expressive language (p = .13).

However, in the 36  months receptive language model 
including 14 months first word status (Model 5a), the effect 
of first words was marginally significant (p = .051, predicted 
probability = 0.32, 95% CIprob = 0.18, 0.50), as having words 
at 14 months was associated with having a smaller develop-
mental EMI than infants without words at 14 months; see 
Fig. 4. The effect of MSEL 36 months receptive language 
was significant (p = .044, predicted probability = 0.66, 95% 
CIprob = 0.50, 0.78); see Fig. S5 and Table 2. Higher recep-
tive language scores at 36 months was associated with more 
looking to the eyes than the mouth across 5–14  months. 
The interaction term between 14  months word status and 
36 months MSEL receptive language did not reach signifi-
cance (p = .09).

Discussion

We investigated visual attention to faces and language out-
comes in infants with a family history of autism and/or 
ADHD. EMI decreased with age across all infants, consis-
tent with increasing focus on the mouth over the age range 
that infants develop their receptive and expressive language 
skills. Indeed, infants who had acquired words by 14 months 
showed greater concurrent mouth looking, consistent with 

previous work (Habayeb et al., 2021). Infants also showed 
more looking at the eyes relative to the mouth for low- com-
pared to mid-frequency stimuli, suggesting some modula-
tion by the nature of facial movement patterns. We found 
that both a family history of autism or a family history of 
ADHD was associated with more looking at eyes relative 
to mouth compared to infants without a family history of 
autism, though the latter effect was weaker and only sig-
nificant at 14 months when concurrent language skills were 
accounted for. Further, a family history of ADHD appeared 
to moderate the relationship between EL-autism and EMI 
such that the pattern of greater eye looking in infants with 
a family history of autism was attenuated. Finally, higher 
receptive language scores at 36 months was associated with 
more looking to the eyes than the mouth when controlling 
for having words at 14 months. Taken together, our findings 
suggest that infants with a family history of autism show 
different face scanning patterns to those without a family 
history of autism in the first year of life. However, these 
effects may vary by the presence of ADHD in the family and 
language outcomes, potentially explaining some heteroge-
neity in previous reports.

EMI Across Infancy

As predicted, we found that there was a developmental 
effect on EMI, with EMI decreasing from 5 to 14 months. 
This is consistent with previous studies (e.g. Frank et al., 

Fig.  4  Raincloud plots of eye-mouth index (EMI) by timepoint and 
14  months first words status. Data were collapsed across temporal 
frequencies. Each coloured dot represents one participant, and the 
black dot on boxplots represents the mean. Infants were categorised 

as having acquired language at 14 months according to item 11 on the 
Expressive Language subscale (EL11) of the Mullen Scales of Early 
Learning (MSEL; No words: EL11 = 0; Has words: EL11 > 0)
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2012; Tsang et al., 2018), showing a general shift from look-
ing more to the eyes and towards the mouth in the first year 
of life. While some studies found a gradual re-orienting 
back towards the eyes from about 12 months (Lewkowicz 
& Hansen-Tift, 2012), we did not observe this in our sam-
ple. Indeed, some studies (e.g. Morin-Lessard et al., 2019) 
have found that increased attention to the mouth relative to 
the eyes remains up to age 5 in monolingual and bilingual 
children, supporting the notion that attention to the mouth 
(particularly when it is moving) is adaptive for language 
development (Falck-Ytter & von Hofsten, 2011).

EMI and Family History of Autism and/or ADHD

We found that infants with EL-autism looked more to the 
eyes relative to the mouth compared to TL infants. Contex-
tual differences may contribute to the contrast with previous 
findings, where infants with EL-autism showed no differ-
ences in EMI compared to TL peers (e.g. Elsabbagh et al., 
2014; Shic et al., 2014). For example, Shic et al. (2014) 
played background music while presenting selected stimuli 
to increase overall attention, whereas we reduced potential 
competition of input to other sensory modalities by pre-
senting silent videos during this task. In Elsabbagh et al. 
(2014), the ‘mouth only’ condition is somewhat similar to 
the present study, with only the mouth moving in the videos. 
However, we presented pairs of stimuli (not a singular face) 
where the mouths were moving at varying frequencies and 
employed a more widely used calculation for EMI. Here, 
the mouths could be considered as more salient than other 
regions. Increased attention to the eyes relative to the mouth 
is typically seen earlier in infancy, with infants gradually 
directing their attention to the most socially relevant areas 
(Frank et al., 2012). Our findings may therefore reflect a 
developmental delay in the shift between eyes and mouth 
for infants with EL-autism. Future replication studies of 
existing experimental protocols could help strengthen pre-
vious developmental EMI findings; while novel eye-track-
ing research could investigate dynamic fixation patterns in 
infants and toddlers with EL-autism, to gain knowledge of 
continuous changes (i.e. by millisecond) in face scanning 
pathways.

We found a significant interaction between having a fam-
ily history of autism and a family history of ADHD on EMI, 
such that the overall increase in eye looking in infants with 
a family history of autism was attenuated by the additional 
presence of ADHD. However, the effect of ADHD alone 
had a similar estimated probability as the effect of autism 
and was in the same direction (increased EMI). Further, at 
14 months, we also found an association between a family 
history of ADHD and more looking to the eyes, and that 
EMI was significantly larger in infants with EL-autism when 

compared to EL-autism+ADHD. The development of face 
scanning behaviour in infants with EL-autism+ADHD may 
therefore be distinct from that in EL-autism, where having a 
family history of ADHD attenuates the relationship between 
EL-autism and EMI. It would be beneficial for ADHD to be 
mapped in cohorts with a family history of autism (John-
son et al., 2015), as ADHD familial history may affect the 
presence of observed effects. Future genetic research could 
explore non-additive effects of having a family history of 
autism and ADHD in relation to EMI.

Visual Attention to Theta Frequency and 14 Months 
Language

We found that across infancy, infants looked more at the 
eyes relative to the mouth for low- compared to mid-fre-
quency stimuli. This suggests infants show some preference 
for mouths moving at the frequency of syllabic speech, pro-
viding partial support for perceptual tuning to theta (Gha-
zanfar et al., 2013). However, this was not an exclusive 
preference, as the effect of frequency on EMI did not hold 
for mid- versus high-frequency stimuli. Early infant studies 
using checkerboard stimuli have shown frequency stimula-
tion preference is associated with arousal (Karmel et al., 
2010). Further, recent research suggests that infants show 
highest levels of attention when at an intermediate level of 
arousal, reflecting an inverted-U shape relationship between 
attention and arousal (Kleberg et al., 2019). Future research 
could explore longitudinal effects of arousal on EMI by ana-
lysing physiological responses to mouths moving at low-, 
mid- and high-frequency across infancy.

Having words at 14  months was associated with more 
mouth looking concurrently and across infancy, compared 
to infants who did not have first words. However, this did 
not interact with frequency. Our findings can be understood 
in the light of attention to faces being experience depen-
dent (Chawarska et al., 2012); and therefore, having first 
words possibly invites more scenarios to engage in refining 
and imitating word shapes from other speakers. Addition-
ally, theta frequencies are one part of the multi-level fre-
quency structure of language. Syllables occur in the theta 
range but are nested within lower (e.g. delta frequency—
important for prosody) and higher frequency levels (e.g. 
gamma frequency—denotes phonemic units; Gross et al., 
2013; Meyer, 2018). Therefore, it is possible that frequen-
cies nested within other units of language are more salient 
than the frequency of syllabic speech alone at 14 months. 
Our study presented moving mouths and not speaking faces 
as such. Future studies could measure EEG during naturalis-
tic speech videos, to examine neural responses to the differ-
ent frequencies present in speech and if this associates with 
infant language development.
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When controlling for sex and age, we observed no famil-
ial likelihood differences in 14 months CDI language pro-
duction and comprehension. It is possible that differences in 
the analysis of language scores compared to previous stud-
ies may contribute to our findings (e.g. comprehension-pro-
duction difference scores on the CDI in Hudry et al., 2014; 
compared to separate models in the present study).

Developmental EMI and 36 Months Language 
Outcomes

Initially, we did not observe an association between 
36 months expressive or receptive language and EMI across 
5–14 months. We subsequently found significant effects of 
36 months language when controlling for whether infants 
could say their first words at 14 months; however, this was in 
the opposite direction to our predictions. When controlling 
for infants having first words at 14 months, higher recep-
tive language at 36 months was associated with preference 
for the eyes relative to the mouth in infancy. Habayeb et al. 
(2021) found smaller EMI associated with higher concur-
rent expressive language in infants who had first words at 
14 months—however, here we analysed language and lon-
gitudinal EMI. Our findings also contrast with previous lit-
erature which suggests that greater attention to the mouth in 
infancy associates with (a) better later receptive language in 
infants without a family history of autism (but not in infants 
with a family history of autism; Chawarska et al., 2022) 
and (b) better later expressive language in infants with and 
without a family history of autism (Young et al., 2009). One 
interpretation for this unexpected result is offered in recent 
work by Viktorsson et al. (2023). They suggest that gaze 
following (a necessary component of joint attention) plays a 
key role in infants’ word learning—which may explain the 
positive correlation between 5 months preference for eyes 
and 14 months receptive language skills they observed in 
their study. Additionally, previous studies have found that 
attention to the eyes was positively correlated with inter-
personal skills in TL and EL-autism infants (Key & Stone, 
2012; Riddiford et al., 2022). Therefore, our present find-
ings further highlight the interdependence of attending to 
both the eyes and the mouth in language development; 
while attending to the mouth is valuable for infants’ emerg-
ing language skills, language abilities in toddlerhood are 
also associated with engaging with the eyes. Future work 
could explore the interplay between attention to eyes/mouth 
and language development in older children with a family 
history of autism and/or ADHD.

Limitations

Our results shed light on the associations between infants’ 
EMI, a family history of autism and/or ADHD and language 
skills. Although we gain some insight into the different 
mechanisms at play here, we cannot infer causality from 
our analyses. While the family history design is informa-
tive for studying the development of conditions with some 
familial/genetic influence, the present study was underpow-
ered to investigate autism or ADHD outcomes. Indeed, our 
experimental task featured videos where only the mouths 
were moving by design, which allowed for good control 
over the various frequencies of interest while allowing us to 
explore how infants direct their attention to faces. However, 
infants’ attention here may differ from attention to naturalis-
tic stimuli, as movements were isolated to the mouth in the 
present study, while naturalistic interactions may involve 
movements from other parts of the face and head (Esteve-
Gibert & Guellaï, 2018). The stimuli in the present study 
did not emulate human speech, nor was there a stream of 
audio like in naturalistic speech tasks. Although previous 
work has identified some group differences across stimulus 
conditions (i.e. still, moving or speaking faces; Shic et al., 
2014), recent evidence suggests that individual differences 
in EMI are largely independent of exact stimulus proper-
ties for 5-month-olds and toddlers (Constantino et al., 2017; 
Viktorsson et al., 2023). Finally, we did not control for 
arousal levels in the present study, or its association with 
frequency stimulation preference (Karmel et al., 2010).

Summary

In conclusion, using a prospective autism and/or ADHD 
longitudinal cohort, we studied infants’ attention to the eyes 
and mouth using an experimental eye tracking task. We 
investigated whether their looking patterns were modulated 
by temporal frequency, and associations with later language 
skills. Infants generally showed smaller eye-mouth look-
ing ratios over the first 14 months of life, and the greater 
eye to mouth looking in infants with a family history of 
autism was attenuated where there was also a family history 
of ADHD. Infants who had acquired words by 14 months 
looked more at the mouth, and higher 36 months receptive 
language scores was associated with a preference for the 
eyes across 5–14  months when controlling for first word 
status at 14 months. This highlights the importance of both 
eye and mouth looking in early development for social com-
munication contexts and language skills.
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