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Abstract
Background
Neurofibromatosis Type 1 is a genetic condition diagnosed in infancy that substantially increases the likelihood of a child experiencing cognitive and developmental difficulties, including Autism Spectrum Disorder (ASD) and Attention Deficit Hyperactivity Disorder (ADHD). Children with NF1 show clear differences in attention, but whether these differences emerge in early development and how they relate to broader difficulties with cognitive and learning skills is unclear. To address this question requires longitudinal prospective studies from infancy, where the relation between domains of visual attention (including exogenous and endogenous shifting) and cognitive development can be mapped over time.

Methods
We report data from 28 infants with NF1 tested longitudinally at 5, 10 and 14 months compared to cohorts of 29 typical likelihood infants (with no history of NF1 or ASD and/or ADHD), and 123 infants with a family history of ASD and/or ADHD. We used an eyetracking battery to measure both exogenous and endogenous control of visual attention.

Results
Infants with NF1 demonstrated intact social orienting, but slower development of endogenous visual foraging. This slower development presented as prolonged engagement with a salient stimulus in a static display relative to typically developing infants. In terms of exogenous attention shifting, NF1 infants showed faster saccadic reaction times than typical likelihood infants. However, the NF1 group demonstrated a slower developmental improvement from 5 to 14 months of age. Individual differences in foraging and saccade times were concurrently related to visual reception abilities within the full infant cohort (NF1, typical likelihood and those with a family history of ASD/ADHD).

Conclusions
Our results provide preliminary evidence that alterations in saccadic reaction time and visual foraging may contribute to learning difficulties in infants with NF1.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s11689-025-09599-4.
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Introduction
Neurodevelopmental disorders affect up to 10% of children in the UK and can substantially affect quality of life [51]. The majority of conditions are associated with genetic changes present from conception [69], and there are thus likely to be changes in neurocognitive development from infancy. Understanding the infant neurocognitive changes that precede the emergence of later behavioural symptoms is critical to uncovering causal pathways to these conditions [48]. However, since many conditions are not diagnosed until patterns of behavioural difficulties become clear in childhood, our understanding of changes in early neurocognitive development has historically been limited. To this end, researchers have turned to prospective longitudinal studies of infants who have a higher likelihood of developing a neurodevelopmental condition. The majority of such studies use a familial design, where infants with a first degree relative with a condition like ASD or ADHD have an approximately 10–20% chance of developing ASD [12, 67] or ADHD themselves [61, 14, 15] and are also more likely to experience related cognitive or language delays [57]. These infants are followed from early infancy to early childhood, where developmental outcome can be ascertained [45]. Such studies have revealed early changes in both brain and behaviour that may predict both symptoms of ASD and ADHD [4, 34, 36, 60, 62] and associated cognitive or language difficulties [13, 49]. However, one limitation of such studies is that insights may be restricted to infants with a familial route to neurodevelopmental conditions. Whilst common genetic variation is important in pathways to autism, a substantial proportion of autistic people (currently estimated at 20–40%) also show more penetrant de novo genetic changes [92]. Thus, more recently, familial designs have been complemented with prospective studies of infants with genetic conditions known to raise the likelihood of neurodevelopmental conditions.
One example of a monogenetic condition associated with increased likelihood for ASD and/or ADHD is Neurofibromatosis Type 1 (NF1). NF1 is a common autosomal dominant condition that affects up to 1 in 2700 children [27]. The disorder is caused by a mutation on the NF1 gene on chromosome 17q11.2, which is important in intracellular signalling, learning and synaptic plasticity [21]. Approximately 50% of cases are inherited and 50% arise de novo [16]. Although most widely known for its cutaneous manifestations, the majority of difficulties experienced by preschool children with NF1 are cognitive, social and behavioural [42]. Children with NF1 have an elevated likelihood of ASD, with prevalence rates between 10–30% Chisholm et al (2018) relative to the 1% in the general population. An additional 30% of children with NF1 show subclinical ASD traits at a mild to moderate severity [64, 70], and between 30–50% of children fulfil the diagnostic criteria for ADHD [30, 42, 58, 73]. Cognitive impairments are common [22], cause significant difficulties at school [30, 42] and have a significant impact on quality of life [91]. For example, one recent study of 206 children with NF1 noted that 80% showed significantly lower scores in at least one cognitive, behavioural or academic domain [32]. These cognitive or learning difficulties are not necessarily related to IQ. Within people with NF1, IQ is normally distributed around a mean of 90; though broader deletions that extend beyond the NF1 gene may be associated with lower IQ. Thus, intellectual disability (defined as an IQ < 70) is relatively rare [65]. Notably, children with a family history of NF1 may experience greater difficulties than those without [32, 41]. Thus, prospective longitudinal studies of infants with NF1 can complement studies of infants with a family history of autism and ADHD and allow us to study the early neurocognitive predictors of both neurodevelopmental traits and cognitive differences. Further, given the genetic cause of NF1 in children is well understood, studying this population holds the potential for a deeper understanding of the neurobiological mechanisms underpinning the neurocognitive changes observed.
One domain of interest is that of visual attention. A recent meta-analysis suggests a Hedges g effect size of around −0.52 for differences in attention in NF1, and visual attention is likely to be particularly relevant given the prevalence of visuospatial differences (effect size −0.85) [22]. Visual attention is also an important modality through which young infants explore their environment, particularly when their early motor skills limit more active exploration. Attention can be measured from very early infancy using either behavioral coding or eyetracking approaches, and is thus a tractable domain for exploring developmental trajectories in NF1. Indeed, several previous studies have identified alterations in visual attention in children with NF1. For example, Lewis et al. [55] used eye tracking methods to examine looking behaviour to faces in complex scenes, in ten-year-old children, those with NF1 looked less at faces in naturalistic scenes as compared to typically developing children. Using a visual habituation paradigm Hocking et al. [39] found that 2–5 year olds with NF1 habituated more slowly to repeated stimuli when compared to both typically developing children and those with a diagnosis of ASD. Interestingly, the NF1 group demonstrated greater levels of attention to repeated stimuli at the expense of the novel stimuli. Slower habituation also associated with increased ASD symptomatology, consistent with evidence that young children with ASD also show prolonged habituation times, particularly to faces [90].
Although visual attention differences have been investigated in children with NF1, it is presently unclear how early in development these changes emerge. Within the (typical) developmental literature, it has been well established that visuospatial coordination of attention is one of the earliest-emerging volitional infant behaviours [10] and thus early-emerging difficulties could potentially have cascading effects on later visuospatial cognition. Eyetracking is a technique that enables the precise measurement of visual attention in infancy through the use of infrared light to detect the direction of gaze. A long history of infant eyetracking and gaze coding research has shown that individual differences in infant attention can relate to later cognition [18, 79, 80], and ASD and ADHD-related traits [25, 52, 60]. Models of infant visual attention distinguish between exogenous orienting (shifting from one spatial location to another in response to an external cue) and endogenous control (an internally-driven shift from one location to another; [19]).
In infancy, exogenous attention shifting is often measured using the Gap-Overlap task, in which the infant fixates on a central stimulus and then is attracted to shift their gaze to the sudden appearance of a peripheral stimulus under competition and non-competition conditions [26, 43]. Endogenous control can be measured during free viewing of naturalistic scenes containing salient (usually social) and less salient features [88, 89]. Typically, patterns of attention shift over the first years of life from being controlled primarily by reflexive salience-driven mechanisms to a more controlled, experience dependent process with a greater reliance on cortical control [45, 46, 83]. Thus, typical developmental changes in visual attention may include faster orienting, increased/faster disengagement to competing stimuli and decreased attention to (socially) salient stimuli as infants age [17, 29].
Previous longitudinal studies from infancy (in other populations) have indicated that individual differences in measures of visual attention can predict later developmental outcomes. For example, in early infancy, shorter fixation durations during static viewing have been related to both later ASD [88, 89] and ADHD in later childhood [68]. A long history of research in typically developing infants has linked ‘short looking’ during presentation of repeated stimuli and faster processing speed with later increased IQ [72]. In later infancy, slower orienting times on visual attention shifting measures and slower change with development have been related to later ASD in toddlerhood [24–26]. Further, slower developmental decreases in looking to a salient stimulus in a visual array between 10 and 14 months have been related to reduced executive functioning [38] and increased ADHD symptoms [36] in later development. As infants grow older, more rapid exploration (or foraging) of a visual scene is typical, with ‘sticky fixations’ on salient areas considered immature and a hallmark of an inability to disengage from a stimulus [19, 40].
In summary, the development of exogenous and endogenous attention place an important constraint on how infants forage for information about the world. Given widespread reports of attention alterations in children with NF1, understanding whether these differences are present from very early in infancy is important to determining whether they could be a target for early intervention. This may be feasible, because eyetracking is a relatively low cost and scalable measure that can be used for gaze contingent attention training in early development (e.g., [34, 71]. Further, identifying whether early changes in visual attention relate to later broader measures of cognitive development is important as a first step towards determining whether visual attention may lie on the developmental path between the effects of NF1 deletion on the brain and real-world impacts on learning outcomes.
In the present study, we first examined exogenous shifting and endogenous attention control in a group of infants with NF1 compared to typically developing infants. To examine the specificity of any differences to NF1, we investigated the same questions within a cohort that had a familial history of ASD and/or ADHD and thus, an elevated likelihood of developing ASD and/or ADHD and related developmental difficulties. Infants were assessed longitudinally at 5, 10 and 14 months on an eyetracking battery and a range of other behavioural measures [31]. In the present analysis, we used saccadic reaction times from the Gap-Overlap task as a measure of exogenous visuospatial attention shifting, and measures of looking time and direction to a static visual array to measure deployment of endogenous attention towards and away from a salient stimulus (here a face). We measured initial orienting to the face within an object array presentation (included in an array with four other distractor stimuli), and subsequent duration of face looking during the remainder of the 10 s slide duration. Faster attention shifting has been linked (in typically developing cohorts) to higher IQ [79]. Given that NF1 populations tend to have lower IQs, we predicted that exogenous visuospatial attention shifting would be slower in NF1 infants relative to typically developing infants. We also expected the NF1 group to be slower relative to the family history groups. Previous research has shown that, in early infancy, shorter fixation durations during static viewing has been linked to later ASD and ADHD [88, 68] and thus, we would expect attention shifting to also be faster in this cohort relative to our NF1 infants.
In infant populations with a family history of ASD/ADHD, it has been found that slower developmental improvements in the speed of shifting from a salient visual stimulus has been linked to poor effortful control [38]. Given children with NF1 often have poorer executive functioning/effortful control [2], we hypothesised that our NF1 sample would also show slower disengagement from the salient stimulus (i.e., more face looking).
Previous evidence has shown that differences emerge over the first year in infants with later ASD or executive functioning difficulties [25, 38]. As such, we expected that group differences in visual attention would increase over developmental time. We also ask whether these visual attention differences are related to visual cognition abilities (specifically the visual reception subscale of the Mullen Scales of Early Learning,Mullen, 1995) and whether the pattern of effects is consistent with the broader difficulties in cognition observed later in development in NF1.

Methods
Participants and procedure
28 infants with a clinical diagnosis of Neurofibromatosis Type 1 (NF1) were recruited into a longitudinal study running from 2013 to 2019 (EDEN: [31]). The comparison cohort was a group of n = 161 infants with a first degree relative with ASD (FH-ASD) and/or ADHD (FH-ADHD, FH ASD + ADHD) and infants who had no first degree relatives with a diagnosis of ASD and/or ADHD (Typical Likelihood,TL) who were recruited as part of the STAARS study [5]. In both cohorts, infants were tested longitudinally at 5, 10 and 14 months (see SM1 for full recruitment and categorisation processes).
We first compared our cohort with NF1 to infants who had no first-degree relatives with a diagnosis of ASD or ADHD, and for whom parents reported no developmental concerns (Typical Likelihood group; TL). Secondly, we compared the NF1 group to infants with first degree relatives with ASD and/or ADHD (FH-ASD, FH-ADHD or FH-ASD + ADHD). The TL group was largely recruited from a volunteer database at the Centre for Brain and Cognitive Development, Birkbeck University of London. At the time of enrolment, none of the infants in this cohort had a known medical or developmental condition. Participants in the NF1 cohort were recruited through local medical and genetic centres. All participants had their diagnosis confirmed via molecular testing of cord blood samples or clinical diagnosis based on NIH consensus criteria [85] and had no other developmental concerns at the time of the visits. Infants with an older sibling/parent with ASD and/or ADHD were recruited through online advertising, word of mouth, magazines/media, and clinical referrals. Inclusion criteria for all groups included full-term birth (gestational age greater than 36 weeks).
We examined infant visual attention and its associations with concurrent cognitive function at 5, 10 and 14 months of age. At these timepoints, participants came in for a day long visit and took part in a battery of tasks, including measures of eye tracking (see SM2 for full details). Following the eyetracking tasks, the behavioural measures (e.g., the Mullen Scales of Early Learning; Mullen, 1995) were completed. Infants also took part in EEG, physiological and play based assessments though these are not reported in the current paper (see [3]).
Informed written consent was provided by the parent(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 National 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 overnight stay if required. Infants were given a certificate and t-shirt after each visit.
Data availability varied by timepoint; Fig. 1 gives the number of children providing valid data per timepoint and key dependent measure.[image: ]
Fig. 1Consort diagram of data availability across measures and timepoint



Measures
Eyetracking tasks
Visual stimuli were presented, and eye tracking data acquired, using a Tobii TX-300 eye tracker (see SM 2.1).
Exogenous attention: Gap-Overlap: shifts of visual attention were measured using the gap-overlap task [25] which measures the time taken to plan and execute a saccade from a centrally-presented stimulus (CS), to a peripheral stimulus (PS) presented pseudo-randomly at one side of the screen, at distance of ~ 20° of visual angle (at a viewing distance of 60 cm). Each trial started with the onset of a central stimulus (CS), a cartoon image of an analogue clock accompanied by an alerting sound. After a 200 ms period had elapsed, the peripheral stimulus (PS) was presented. In the baseline condition the CS was removed from the screen when the PS was presented. In the overlap condition the CS continued to be presented for the duration of the rest of the trial. In the gap condition the CS was removed from the screen and the PS was presented after a short gap. The PS was a cartoon cloud that appeared on either the left or the right side of the screen and was accompanied by a sound, 3 cm (2.86°) from the edge, rotating at 500° per second until fixated by the participant. A reward stimulus (a star, a sun, a dog, cat, pig, tiger or tortoise which were animated and accompanied by a sound) was then presented at the location of the PS for 1000 ms. The mean saccadic reaction time (SRT) was calculated for the Baseline, Gap and Overlap conditions and logged for analysis to reduce skew,see SM 2.2 for full details.
Endogenous attention: Face Popout. Infants were presented with a series of six annular visual arrays (10 s duration) each composed of five objects in different locations on the screen [33, 38]. Each array contained: 1) a face with direct gaze,2) a visual ‘noise’ image generated from the same face presented within the array by randomising the phase spectra of the face whilst keeping the amplitude and colour spectra constant to act as a control for the low-level visual properties of the face stimuli [37]; 3) a bird; 4) a car; and, 5) a mobile phone (see Fig. 2). Each array was presented for 10 s and counter-balanced for the location of the face in the array. Gaze was averaged across eyes, assigned to an area of interest (AOI) and interpolated (< 200 ms missing data). Key dependent variables are the proportion of trials on which the infants first look to the face divided by the number of trials with a valid initial look (reflective of social orienting, “First Look”), and percent looking to faces (reflective of sustained attention to a salient stimulus [26]; see SM 2.3 for full details.[image: ]
Fig. 2Illustration of the two key variables used in the current study


Mullen Scales of Early Learning (MSEL): The MSEL (Mullen, 1995) was administered at all time points by trained researchers in the STAARS team. To allow for the greatest level of replicability and consistency across examiners, we have strict guidelines about how Mullens should be administered and marked (see SM3 for further details). These strict administration and scoring guidelines (although those recommended in the Mullen manual) may not be those applied more broadly in the field, and thus may account for relatively poorer performance in this cohort at infant timepoints relative to US norms. The variable of interest for analyses was the Visual Reception subscale (T score), which examines visual and visuospatial processing abilities. Tasks on the Visual Reception scale (commensurate with the ages under investigation) included tracking images of schematic faces, finding hidden objects (object permanence), attention switching and attending to pictures.

Data analysis plan
Multilevel growth modelling was used to estimate change in visual attention measures across time using the ‘nlme’ package. For outcomes measured at three time points (5, 10, 14 months), the overall growth trajectory was modelled linearly with fixed effects of all predictors (group, age) on all time terms and a random effect of each participant on intercept and the linear time term. All dependent variables were standardised with respect to the full cohort before modelling. Models were fit using REML to account for missing data. The Typical Likelihood (TL) group were treated as a reference group and parameters were estimated for the NF1 group. Akaike information criteria (AIC) and Bayes information criteria (BIC) were used to examine model goodness of fit, with lower values indicating better model fit.
Analysis 1: Infants with NF1 were compared to Typical Likelihood infants, following previous work [3, 31]. Models were of the form: m1 < -lme(eyetracking score ~ Ageindays * group + sex, random = ~ Ageindays| ID). This allows slopes and intercepts to vary randomly between individuals. If the model failed to converge, the random slope was removed. Sex was removed if it did not show significant effects. For the Gap task, given there are three experimental conditions that produce the same dependent variable the model was of the form m1 < -lme(reaction times ~ Ageindays * label + sex, random = list(~ 1| condition, ~ Ageindays| ID)).
Analysis 2: For eyetracking variables where the NF1 group differed from the Typical Likelihood group, we then compared the NF1 group to the group of infants with a family history of ASD/ADHD (FH-ASD, FH-ADHD, FH ASD + ADHD) using the same model structure to determine whether mechanisms may be shared or distinct.
Analysis 3: For the same set of variables, we examined the relation to concurrent cognitive function in the all groups (NF1, TL, FH-ASD, FH-ADHD, FH-ASD + ADHD). To do this, we used models of the following form: m0 < -lme(VR_TSCR ~ Ageindays*eyetracking score*group, random = ~ 1| ID).



Results
Table 1 presents clinical and demographic data for infants included in the sample.
Table 1Clinical and demographic data for infants included in the sample


	5 months

	 	LL
	NF1
	ASD
	ADHD
	ASD + ADHD

	n
	26
	12
	51
	15
	14

	Sex
	17m, 9f
	6m, 6f
	26m, 25f
	8m, 7f
	8m, 6f

	Age in days
	179.19 (14)
	192.17 (18.11)
	175.27 (20.72)
	170 (13.29)
	179 (15.16)

	MSEL Early Learning Composite
	85 (9.32)
	67 (9.9)
	82.98 (10.97)
	98.92 (14.64)
	85.64 (11)

	10 months

	 	LL
	NF1
	ASD
	ADHD
	ASD + ADHD

	n
	27
	19
	75
	26
	21

	Sex
	16m, 11f
	9m, 10f
	38m, 37f
	15m, 11f
	12m, 9f

	Age in days
	321.93 (16.7)
	327 (17.52)
	318.92 (14.43)
	324.12 (27.75)
	320.81 (15.16)

	MSEL Visual reception
	48.85 (7.99)
	42.37 (7.46)
	49.77 (9.45)
	47.04 (9.8)
	48.19 (7.5)

	MSEL Early Learning Composite
	88.89 (12.19)
	79.11 (10.34)
	87.88 (15.14)
	85.04 (15.61)
	85.57 (16.42)

	14 months

	 	LL
	NF1
	ASD
	ADHD
	ASD + ADHD

	n
	23
	24
	70 72
	24
	20

	Sex
	13m, 10f
	10m, 14f
	38m, 34f
	17m, 7f
	12, 8f

	Age in days
	445.83 (18.29)
	450.37 (24.38)
	451.01 (18.19)
	450.58 (21.89)
	448.55 (20.53)

	MSEL Visual reception
	35.09 (8.88)
	33.33 (5.3)
	37.6 (8.7)
	36.33 (5.82)
	33.8 (6.5)

	MSEL Early Learning Composite
	78.78 (11.99)
	72.87 (7.21)
	78.04 (11.87)
	79.08 (21.89)
	73.55 (14.84)




Comparison of precision, accuracy and measures of data quantity indicate that data quality was equivalent in the two groups in Analysis 1 (SM4.1) for the accuracy and data quantity metrics. Since precision values improved with age (lower values indicate less variability) and were significantly lower in the NF1 group, this variable was included as a covariate in sensitivity analyses (see SM4.3; the pattern of results was substantively the same as that reported in the main text).
Analysis 1: Infants with NF1 compared to infants with a Typical Likelihood (TL)
Exogenous shifting
Gap reaction times: If Condition was included as a fixed effect with the Baseline as the reference category (lme(reaction times ~ Age * group*condition + sex, random = list(~ Ageindays| ID); AIC = 863.31, BIC = 929.33, loglik = −414.65) it did not significantly interact with Group (Gap effect: t = −0.83, p = 0.41; Overlap effect t = 1.07, p = 0.29) and given the higher BIC (compared to AIC) it was instead included as a random effect. Sex was retained in the model as it was a significant predictor of reaction times, such that males showed faster reaction times than females [t(166) = −2.62, p = 0.01; CI = −0.77 to −0.07; mean RT 5.72 vs 5.66 respectively]. Thus, the final model was of the form: reaction times ~ Age * group + sex, random = list(~ 1| condition, ~ Age| ID; AIC = 872.67, BIC = 911.75, loglik = −426.33). Reaction times got faster with age [t(200) = 7.81, p < 0.001; CI = −0.005 to −0.003]. The NF1 group showed faster reaction times than the TL group [t(166) = −2.75, p = 0.01; CI = −1.32 to −0.22) and a slower developmental improvement [t(200) = 2.24, p = 0.02; CI = 0.0001 to 0.0003); see Table 2 and Fig. 3.
Table 2Eye tracking key variables mean (SD)


	5 months

	 	LL
	NF1
	ASD
	ADHD
	ASD + ADHD

	Gap Baseline RT (log)
	5.75 (.12)
	5.67 (.12)
	5.75 (.16)
	5.78 (.2)
	5.76 (.14)

	Gap Gap RT (log)
	5.61 (.12)
	5.5 (.09)
	5.57 (.1)
	5.58 (.14)
	5.59 (.17)

	Gap Overlap RT (log)
	6.09 (.21)
	6.02 (.18)
	6.09 (.25)
	6.04 (.24)
	6.16 (.28)

	Popout Face Proportion Looking
	.48 (.16)
	.5 (.18)
	.48 (.16)
	.49 (.19)
	.44 (.15)

	Popout Looking to Face first proportion
	.52 (.24)
	.42 (.2)
	.39 (.23)
	.39 (.19)
	.4 (.24)

	Accuracy Degree
	2.09 (.54)
	1.83 (.55)
	2.13 (1)
	2.16 (.6)
	2.25 (.66)

	Precision Degree
	2.41 (.57)
	1.59 (.33)
	2.43 (1)
	2.45 (.7)
	2.57 (.71)

	10 months

	 	LL
	NF1
	ASD
	ADHD
	ASD + ADHD

	Gap Baseline RT (log)
	5.71 (.11)
	5.68 (.11)
	5.73 (.15)
	5.69 (.14)
	5.73 (.14)

	Gap Gap RT (log)
	5.47 (.08)
	5.44 (.09)
	5.46 (.11)
	5.45 (.09)
	5.48 (.09)

	Gap Overlap RT (log)
	5.87 (.16)
	5.91 (.19)
	5.93 (.22)
	5.92 (.21)
	5.98 (.14)

	Popout Proportion Looking
	.45 (.13)
	.49 (.11)
	.5 (.16)
	.47 (.17)
	.39 (.13)

	Popout Looking to Face first proportion
	.59 (.23)
	.55 (.3)
	.59 (.24)
	.56 (.25)
	.47 (.26)

	Accuracy Degree
	1.59 (.41)
	1.68 (.57)
	1.75 (.54)
	1.89 (.42)
	1.96 (.75)

	Precision Degree
	1.89 (.46)
	1.53 (.4)
	2.04 (.59)
	2.2 (.44)
	2.27 (.85)

	14 months

	 	LL
	NF1
	ASD
	ADHD
	ASD + ADHD

	Gap Baseline RT (log)
	5.65 (.11)
	5.64 (.12)
	5.65 (.13)
	5.61 (.15)
	5.65 (.18)

	Gap Gap RT. (log)
	5.42 (.08)
	5.39 (.09)
	5.41 (.12)
	5.38 (.11)
	5.42 (.16)

	Gap Overlap RT (log)
	5.85 (.16)
	5.84 (.17)
	5.84 (.18)
	5.85 (.27)
	5.8 (.22)

	Popout Proportion Looking
	.32 (.13)
	.46 (.17)
	.41 (.13)
	.4 (.19)
	.38 (.09)

	Popout Looking to Face first proportion
	.51 (.26)
	.64 (.21)
	.62 (.22)
	.5 (.25)
	.57 (.22)

	Accuracy Degree
	1.61 (.46)
	1.5 (.28)
	1.73 (.47)
	1.89 (.53)
	1.91 (1.01)

	Precision Degree
	1.9 (.5)
	1.47 (.31)
	2.02 (.5)
	2.2 (.52)
	2.22 (1.24)


N.B: Precision measures the degree of variability. Accuracy measures the difference between a gaze point and where it should be on the screen. As such, smaller values for both metrics indicate better precision and accuracy


[image: ]
Fig. 3Exogenous attention shifting measured using the gap-overlap task in the NF1 and TD groups. Left: Changes in reaction time with age at a group level; Right: Trajectories of change in reaction times by age in days




Endogenous attention
First looks to face
The final model was of the form: proportion face orienting ~ Age * group + sex, random = list(~ Age| ID). There was a marginally significant Group difference in the proportion of trials on which infants oriented to the face before other stimuli such that infants with NF1 oriented slightly less often [t(52) = −1.9, p = 0.06; CI = −5.86 to 0.01] and a marginally significant interaction with Age such that infants with NF1 improved slightly more with Age [t(65) = 1.94, p = 0.06; CI = −2.22 to 0.00]. There was no main effect of Age [t(65) = 0.009, p = 0.99; CI = −5.09 to 0] and a marginal effect of Sex such that female infants showed slightly stronger face orienting than male infants [t(65) = 1.94, p = 0.06; CI = −3.53 to 0.18]. As a group, infants robustly looked at the face more than chance [0.42 vs 0.2 chance, t(65) = 3.99, p < 0.001; Fig. 4].[image: ]
Fig. 4Endogenous attention measured using the Popout task in the NF1 and TD groups. Left: Changes in face orienting and proportion looking to face with age at a group level; Right: Trajectories of change in proportion looking to faces by age in days



Proportion looking to face
The effect of Sex was not significant [t(51) = 1.56, p = 0.12, CI = −0.07 to 0.58], so was not included in the final model. The final model took the form: proportion of face looking ~ Ageindays * group, random = ~ Ageindays| ID (AIC 365.18; BIC 387.34; log likelihood −174.6). Looking to the Face decreased with Age [t(52) = −2.76, p = 0.008; CI = −0.006 to −0.001] but decreased more slowly with Age in the NF1 group [t(52) = 2.08, p = 0.04; CI = 0.0 to 0.01; Fig. 4). There was no overall Group difference [t(52) = −1.25, p = 0.22; CI = −2.17 to 0.5].

Analysis 2: Comparison to infants with a family history of autism and/or ADHD
In order to determine the specificity of the effects found in the previous analyses, we compared our NF1 group to those with a family history of ASD and/or ADHD (FH-ASD, FH-ADHD, FH-ASD + ADHD).

Exogenous shifting
Reaction times: Sex was not a significant predictor of saccadic reaction times [t(464) = 0.24, p = 0.81; CI = −0.12 to 0.16] and was not included in the final model. Thus, the final model was of the form: saccadic reaction times ~ Ageindays * group, random = list(~ 1| condition, ~ Ageindays| ID); AIC = 2577.8, BIC = 2641.7, loglik = −1275.91). Saccadic reaction times got faster with Age [t(546) = −3.42, p < 0.001; CI = −0.004 to −0.001). The NF1 group showed faster saccadic reaction times than all other groups [FH-ASD: t(465) = 2.42, p = 0.02, CI = 0.12 to 1.18; FH-ASD + ADHD t(465) = 3.66, p = 0.003, CI = 0.56 to 1.85; FH-ADHD t(465) = 2.81, p = 0.005, CI = 0.27 to 1.52] and a slower developmental improvement than other groups with a family history of ADHD [FH-ASD + ADHD: t(545) = −2.89, p = 0.004, CI = −0.004 to −0.001; FH-ADHD: t(546) = −2.53, p = 0.01, CI = −0.004 to −0.001], but not those with a family history of ASD only [FH-ASD: t(546) = −1.77, p = 0.08, CI = −0.003 to 0].

Endogenous attention: proportion looking to Face
Sex was a significant predictor such that female infants looked more at faces than male infants [t(144) = 2.09, p = 0.04, CI = 0.01 to 0.43) and thus was included in the final model (proportion of face looking ~ Age * group + sex, random = ~ Age| ID; AIC = 824.32, BIC = 872.20, log likelihood = −399.16). The NF1 group did not differ from other groups [ASD: t(144) = 1.13, p = 0.26, CI = −0.48 to 1.77; FH-ASD + ADHD: t(144) = 0.30, p = 0.77, CI = −1.13 to 1.53; FH-ADHD: t(144) = 0.86, p = 0.39, CI = −0.74 to 1.89) and did not show different developmental change to the other groups [ASD: t(150) = −1.68, p = 0.09, CI = −0.01 to 0; FH-ASD + ADHD t(150) = −1.08, p = 0.28, CI = −0.01 to 0; FH-ADHD t(150) = −1.47, p = 0.14, CI = −0.01 to 0]. Thus, the proportion of looking to faces in NF1 were similar to infants with a familial history of ASD and/or ADHD.

Analysis 3: Relation to visual reception
Here, for the same eye tracking variables, we examined the relation to concurrent cognitive function across all groups (NF1, TL, FH-ASD, FH-ADHD and FH-ASD + ADHD).

Exogenous shifting
The final model was of the form: visual reception ~ Age*reaction time*group + sex, random = list(~ 1| condition, ~ Age| ID); AIC = 9015, BIC = 9148; log likelihood = −4481) and included all infants. Visual reception scores decreased with Age [t(666) = −7.87, p < 0.001, CI = −8.82 to −0.92) and were lower in the NF1 group [t(550) = −4.65, p < 0.001, CI = −2.25 to −9.13] and ADHD groups [t(550) = −2.17, p = 0.04, CI = −1.29 to −0.64] particularly at the younger timepoints [Age by NF1: t(666) = 3.19, p = 0.002, CI = 1.19 to 0.05; Age by ADHD t(666) = 2.18, p = 0.03, CI = 2.02 to 0.04]. Faster reaction times were associated with stronger visual reception overall [t(666) = −2.42, p = 0.02, CI = −6.17 to −0.04]; this was weaker in the NF1 group [Group by Reaction time interaction: t(196) = 2.57, p = 0.01, CI = 1.19 to 0.05] and stronger in younger infants [Age by Reaction time interaction: t(196) = 2.05, p = 0.04, CI = 5.75 to 0.02].

Endogenous attention: Proportion Looking to Face
The relation between visual attention to faces and cognition was assessed using the following model: visual reception ~ Age*face looking*group + sex, random = ~ Ageindays| ID; AIC = 2708, BIC = 2800, log likelihood = −1330). Here, the interaction term was significant and therefore the differential effects by Group were included. Visual reception scores decreased with Age (t(173) = −2.89, p = 0.004, CI = −0.05 to −0.01) and were lower in the NF1 group (t(172) = −2.56, p = 0.01, CI = −25.64 to −1.76). More looking time to the face (proportionally) was associated with lower visual reception overall [t(173) = −2.29, p = 0.02, CI = −16.62 to −0.89] and the association between visual reception and looking time was stronger in older infants [age by looking interaction: t(173) = 2.45, p = 0.01, CI = 0.01 to 0.05). Both overall relations between looking time and visual reception [Group by looking time: t(173) = 3.34, p = 0.001, CI = 8.53 to: 35.27] and change with Age [Group by Age: t(173) = −3.18, p = 0.002, CI = −0.1 to −0.02) were stronger in infants with NF1.



Discussion
Differences in attention are common in children with NF1 [22]. Here, we show that differences in visuospatial attention emerge in early infancy and may relate to broader differences with visual cognition. Specifically, we show that infants with NF1 are initially faster to respond to a sudden onset peripheral stimulus, but that reaction times decrease more slowly with age than in typically developing infants. Further, infants with NF1 show slower changes in reaction times than infants with older siblings with ASD or ADHD, who are also vulnerable to a range of developmental difficulties. Faster reaction times associated with stronger visual reception skills in infants with, and without, a family history of autism or ADHD, but this relationship was weaker in infants with NF1. This may suggest that the faster early reaction times in NF1 are not contributing to cognitive development for this cohort. Further, in an endogenous attention task infants with NF1 showed a slower decrease in looking to a salient stimulus with age than typically developing infants. Infants with NF1 showed a similar profile to infants with older siblings with ASD/ADHD, who have been previously shown to show developmental slowing in this task [25, 38]. More looking to the face (reduced disengagement from the salient stimulus associated with lower concurrent cognitive skills across all groups, particularly at older ages,this was strongest in infants with NF1. Taken together, these results suggest that both exogenous visuospatial attentional orienting and endogenous attentional control may be altered in NF1, and the latter may relate to broader aspects of visual cognition.
Exogenous orienting
The ability to shift attention to a peripheral stimulus is present from birth [56], and at this age is primarily subcortically mediated by structures such as the cerebellum, brain stem and superior colliculus [11, 45]. Over the first six months, saccadic control becomes increasingly cortical, involving structures like the frontal eye fields and prefrontal cortex [7]. Thus, examining basic saccadic reaction time can provide insight into the developing brain. In early life, typically developing infants demonstrate long, sustained fixations on a visual stimulus; “sticky fixations” [19, 40], which reflect an inability to disengage from the visual input. By approximately 4 months of age, infants develop the ability to inhibit these longer fixations [20] and begin to strategically scan a display, encoding and engaging with a wider range of visual information. In terms of exogenous orienting, and the Gap-Overlap task more specifically, this developmental shift may present as initially longer reaction times when shifting from the central to the peripheral stimulus, with disengagement reaction times decreasing as infants’ age.
In the present study, infants with NF1 showed faster reaction times than typically developing infants; Fig. 3 shows that this is strongest at the 5-month timepoint. Shorter fixation durations during viewing of static arrays (indicating faster shifting between array elements) at 6 months have been previously related to later attention and cognitive difficulties [68], and to later diagnosis of ASD [65, 66]. Faster reaction times in an attention-shifting task could also indicate diminished engagement with the central stimulus; if infants are not as interested/engaged with the stimulus, they are more likely to be captured by the peripheral stimulus and disengage faster from the original, central stimulus. In future studies, it may be fruitful to use EEG (and particularly the Nc component) to examine the degree of engagement with a stimulus.
In terms of the results of this study, it is possible that our NF1 group demonstrating faster reaction times in the attention shifting task is related to observations of poorer sustained attention in older children with NF1 [44]. For example, Michael et al. [59] found that older children with NF1 showed over reactivity and longer inspection of visual signals that were presented outside the current focus of attention,faster reaction times to a peripheral stimulus in the present cohort may potentially capture similar processes. Interestingly, one previous study reported that higher GABA levels were related to faster reaction times in a behavioural go/no go task in NF1 [75] and a second study reported associations between higher GABA and faster RTs in a visuospatial working memory task [31]. Thus, testing the degree to which our infant findings reflect alterations in cortical inhibition is an important direction for future research. Notably, our findings were not compromised by differences in data quality,although differences in precision (the stability of gaze points around the centre during a fixation) were observed, precision was better in infants with NF1 (as indicated by smaller variability values) and was associated with longer reaction times, indicating that this worked against the direction of our results. Indeed, covarying for precision if anything made the findings stronger.
Although saccadic reaction times were faster in infants with NF1 in early development, infants with NF1 showed a slower developmental change in reaction time than typically developing infants. Reduction in saccadic reaction time with age is a robust finding in typically developing infants that has been replicated many times [35]. Thus, the diminished rate of change in speed of saccadic reaction time with age seen in NF1 suggests that the visual orienting system is not maturing typically. Indeed, infants with NF1 also differed from infants with older siblings with ASD and/or ADHD, suggesting that this difference is not generically observed in infants with risk factors for any neurodevelopmental condition. In other cohorts, developmental change has provided a more sensitive predictive measure than static measures taken at single timepoints. For example, [25] showed that slower developmental decreases in attention shifting in competition conditions between 6 and 12 months predicted later diagnosis of ASD in infants with a family history of the condition. Thus, measures of developmental change may provide more sensitive measures of neurocognitive development for use in later prediction.
Within the broader group of infants (i.e., our NF1 group as well as those with/without a family history of ASD/ADHD), faster saccadic reaction times were related to a broader measure of visual cognition, with effects stronger at younger ages. However, this effect was significantly weaker in infants with NF1, suggesting that different mechanisms underlie faster orienting in infants with NF1 as in other infants. The Mullen visual reception scale measures skills such as object permanence, object recognition and attention switching. Thus, the present results suggest that basic control of visual attention is related to this broader suite of visual cognitive abilities in typical development. Other studies have also suggested that visual attention relates to visual cognition later in development [78–80]. Further, subgroups formed from profiles of performance on visual attention tasks in the first year of life can explain variance in later visual short term memory [81]. Relatedly, it is important to consider the potential cascading effects of atypical visual attention in terms of social-communication development. Subtle differences in eye movements may change the way that infants with NF1 interact with their environment. Specifically, faster saccadic reaction times may reflect reduced engagement with stimuli. In social contexts, this could result in fewer successful episodes of joint attention which could have downstream consequences for social development. Future longitudinal modelling could address these possibilities. Integrating eyetracking measures with other modalities may also be important. For example, cortical markers of attention engagement have also been related to later cognitive skills in typically developing infants and infants with a family history of ASD [8, 49], whilst late-stage visual evoked potentials during visual attention have been identified in children with NF1 [74]. Examining similar EEG markers within the present cohort will be an important next step.

Endogenous orienting
To measure endogenous attention, we presented infants with a static array containing a salient stimulus (a face) and four other comparison objects [33]. Previous work has shown that infants typically orient first to the face, then scan around the array. With development, infants become more efficient at processing the face and moving on, such that looking times to the face typically decrease with developmental time [50]. Previous work has shown that infants with older siblings with ASD show a slower developmental decrease in face looking than typically developing infants, and within this group this reduced developmental decrease is associated with poorer later effortful control at age 3 [38]. Additionally, slower developmental decreases in visual attention appear to be more related to ADHD in later childhood [36]; though importantly this needs further investigation. In the present study, infants with NF1 also showed reduced developmental decrease in looking times with age (Fig. 3) and were significantly different from typically developing infants but not from infants with older siblings with ASD and/or ADHD. When longer-term follow-up data is available, we will examine if ASD and ADHD have different patterns of endogenous visual attention in the group of infants with NF1. Alterations in endogenous attention may also represent precursors of differences in sustained attention observed in children with NF1. For example, pre-schoolers with NF1 had longer look durations and slower habituation to repeating non-social visual stimuli relative to those with idiopathic ASD or typically developing children [32], disengagement from a familiar stimulus may be an area of difficulty in NF1. More broadly, differences in visual attention have been linked to reading difficulties in children with NF1 [86]; exploring whether the phenotypes we observed are related to later reading could provide insights into whether early support could be provided.

Implications for future work
A clear next step is to examine the predictive validity of the eyetracking measures selected in larger cohorts of infants with NF1 with longer-term follow up data. Such associations may also not be specific to NF1. Population studies looking for early predictors of later cognitive development and studies of infants with other genetic syndromes may benefit from including simple measures of visuospatial attention in their batteries. A further next step would be to examine the translational potential of this work. Animal models of NF1 are available, and have been used to link differences in attention to striatal dopamine [9]; broader cognitive differences are associated with Ras regulation of inhibitory networks [82]. Saccadic responses can be studied in rodents [1], and could be used in animal models of NF1 to test whether similar effects are seen. If so, the neurobiological mechanisms underpinning the effects we see and their links to the neurofibromin gene can be further probed. This may also prove fruitful in the development of new treatments for NF1. Recent trials have tested the efficacy of medications such as statins [6, 54, 84] with encouraging results; it may be that the development of new simple tasks that can be used in both human and animal models will help accelerate the development of new medication options or could be used as future proxy outcome measures. Alternative technology-assisted interventions could also be considered; visual attention training delivered through an eyetracker can produce enhanced changes in saccadic reaction time in typically developing infants and sometimes has generalised effects on infant attention to real world objects [87]. Trialling such attention training programs with infants with NF1 may be a fruitful strategy for future work, though current programs will need augmenting given recent failures to shift attention profiles in infants with parents/older siblings with ADHD [34].
The current study also indicates the potential value for eyetracking to study infants and toddlers with genetic syndromes (e.g., [23, 28, 39, 66, 77]. Such approaches will allow us to move beyond behavioural measures, which may be less sensitive to early developmental differences. Indeed, in the same cohort of infants with NF1 we recently showed very few developmental differences on a range of standardised behavioural measures that assessed cognitive, motor and language skills [31], but we did observe significant differences in EEG measures of habituation that related to autistic traits [3]. Furthermore, others have shown similar differences in EEG in other genetic syndromes (e.g., [53, 76]. Thus, eyetracking and other neurocognitive measures may provide a useful complement to behavioural measures like the Mullen for studies attempting to identify individual differences in infancy. In person assessments like the Mullen require significant training, are lengthy, subjective and may require significant adaptation for cross-cultural use [63]. Indeed, we have previously shown that eyetracking assessments can be more robust and generalisable across sites than subjective behavioural measures in infancy [50]. Neurocognitive measures of visual attention have also proved sensitivity to intervention-related changes in infant cognition [47, 87]. Thus, neurocognitive assessments should be an important part of the assessment protocol in newer population cohorts or global health studies.

Limitations
Due to the relatively rare nature of NF1, our sample size was relatively small. Data quality was broadly similar in our groups of infants across most measures, though the NF1 infants demonstrated significantly less variability (and thus better) precision. Precision represents the degree of clustering of gaze estimates within a fixation and could reflect either poorer data quality or genuine differences in the stability with which a fixation is maintained. Interestingly, precision was better in the NF1 group than in typically developing infants, which may be related to greater passivity. Notably, results did not change when precision was covaried in analyses, and indeed increased precision was associated with slower reaction times in the gap (the opposite direction to the NF1 effect), suggesting that these differences did not confound interpretations. The similarity in trial numbers, accuracy and percent data obtained between the two groups indicates that eyetracking is generally a feasible method in this special population.


Conclusion
Young children with genetic syndromes like NF1 experience significant challenges that include cognitive, social and attention problems. These difficulties likely emerge starting from infancy, and yet many children typically only receive help and support for behavioural challenges when their full manifestations become apparent. Studying infant neurocognitive development may help us identify the developmental paths that mediate between genetic risk factors and later symptoms, and in the longer term may help us to develop new early identification or intervention approaches. Here, we show alterations in the very early development of visual attention in infants with NF1; specifically we observed both slower development of endogenous visual foraging and slower developmental changes in exogenously-driven saccadic reaction times. Further, individual differences in foraging and saccade times were concurrently related to broader visual reception skills, suggesting that they may be early mechanistic indicators of individual differences in broader cognitive domains. These simple measures of visual attention hold promise for linking between genes and behaviour because their underpinning neurobiological circuits can be carefully probed. Future work can build on our work to test the potential for interventions targeted towards visual attention, or to use eye tracking techniques in naturalistic settings to examine how screen-based measures of visual attention generalise to real-world contexts.

Acknowledgements
We would like to thank Marian Greensmith who helped with visit scheduling. We would also like to also thank the placement students who helped in data collection and coding: Ankita Bhojwani, Shannon Connelly, Francesca Conti, Beth Evans, Meg Jackson and Emily Powell. Finally, we would like to warmly thank all the parents and infants that took part in this study. The STAARS team consists of: Mary Agyapong, Tessel Bazelmans, Leila Dafner, Mutluhan Ersoy, Teodora Gliga, Amy Goodwin, Rianne Haartsen, Hanna Halkola, Alexandra Hendry, Rebecca Holman, Sarah Kalwarowsky, Anna Kolesnik, Sarah Lloyd-Fox, Nisha Narvekar, Laura Pirazzoli and Chloë Taylor. The EDEN team consists of the NF1 Clinical consortium Manchester NF1 service: Grace Vassallo, Emma Burkitt-Wright, Judith Eelloo, D Gareth Evans, Siobhan West, Eileen Hupton, Lauren Lewis, Louise Robinson; Yorkshire Regional NF1 service: Angus Dobbie, Ruth Drimer, Saghira Malik Sharif; Newcastle NF1 service: Helen Bethell, Rachel Jones, Susan Musson, Catherine Prem, Miranda Splitt; Sunderland NF1 clinic: Karen Horridge; Southhampton Genetics Service: Professor Diana Baralle, Carolyn Redman; Peninsula Clinical Genetics: Helen Tomkins.
Disclaimer
The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.) Any views expressed are those of the author(s) and not necessarily those of the funders.


Authors’ contributions
JBA collected, pre-processed and collated the data across EDEN and STAARS cohorts and wrote up the manuscript. LM programmed the eye trackings task and commented on the manuscript. SG secured grant funding, led the recruitment of the NF1 infants and commented on the manuscript. JG secured grant funding, led the recruitment of the NF1 infants and commented on the manuscript. MHJ secured grant funding, conceptualised the broader STAARS study and commented on the manuscript. EJHJ analysed the data and wrote the manuscript, secured grant funding and conceptualised the broader STAARS study. The STAARS/EDEN teams recruited participants or collected data from these cohorts and commented on the manuscript.

Funding
This work was supported by Action for Medical Research, Great Ormond Street Hospital Children’s Charity and the Bailey Thomas Charitable Fund (GN2385), Rosetrees Trust (A2213). This research was also supported by awards from the Medical Research Council (MR/K021389/1; MHJ, TC), MQ (MQ14PP_83, MHJ, EJHJ, TC). Further, this work was also supported by the EU-AIMS and AIMS-2-TRIALS programmes funded by the Innovative Medicines Initiative (IMI) Joint Undertaking Grant Nos. 115300 (MHJ, TC) and No. 777394 (MHJ, EJHJ and TC; European Union’s FP7 and Horizon 2020, respectively). This Joint Undertaking receives support from the European Union’s Horizon 2020 research and innovation programme, with in-kind contributions from the European Federation of Pharmaceutical Industries and Associations (EFPIA) companies and funding from Autism Speaks, Autistica and SFARI.

Data availability
The datasets generated and/or analysed during the current study are not publically available due to confidentiality constraints within our ethical approvals. However, access may be granted upon completion of a successful Project Affiliation Form via The BASIS/STAARS Network (http://​www.​basisnetwork.​org/) and completion of all requisite data access and sharing protocols. Please get in touch with the corresponding authors to start this process.

Declarations
Ethical approval and consent to participate
Informed written consent was provided by the parent(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 National Research Ethics Service and the Research Ethics Committee of the Department of Psychological Sciences, Birkbeck, University of London.

Consent for publication
Not applicable.

Competing interests
Dr Jannath Begum Ali declares no conflict of interest. Dr Luke Mason declares no conflict of interest. Professor Tony Charman has served as a paid consultant to F. Hoffmann-La Roche Ltd and Servier. He has received royalties from Sage Publications and Guildford Publications. . Dr Shruti Garg declares no conflict of interest. Professor Jonathan Green declares no conflict of interest. Professor Mark H. Johnson declares no conflict of interest. Professor Emily J.H. Jones declares no conflict of interest. The STAARS team declares no conflict of interest. The EDEN team declares no conflict of interest.


References

	1. 
Abdolrahmani M, Lyamzin DR, Aoki R, Benucci A. Attention separates sensory and motor signals in the mouse visual cortex. Cell Rep. 2021;36(2): 109377. https://​doi.​org/​10.​1016/​j.​celrep.​2021.​109377.CrossrefPubMed


	2. 
Beaussart ML, Barbarot S, Mauger C, Roy A. Systematic review and meta-analysis of executive functions in preschool and school-age children with neurofibromatosis type 1. J Int Neuropsychol Soc. 2018;24(9):977–94.CrossrefPubMed


	3. 
Begum-Ali, J., Kolesnik-Taylor, A., Quiroz, I., Mason, L., Garg, S., Green, J., Johnson, M. H., Jones, E. J. H., & STAARS and EDEN Teams. Early differences in auditory processing relate to Autism Spectrum Disorder traits in infants with Neurofibromatosis Type I. J Neurodev Disord. 2021;13(1):22. https://​doi.​org/​10.​1186/​s11689-021-09364-3.Crossref


	4. 
Begum-Ali J, Goodwin A, Mason L, Pasco G, Charman T, Johnson MH, et al. Altered theta–beta ratio in infancy associates with family history of ADHD and later ADHD-relevant temperamental traits. J Child Psychol Psychiatry. 2022;63(9):1057–67.CrossrefPubMedPubMedCentral


	5. 
Begum-Ali J, Gossé LK, Mason L, Pasco G, Charman T, Johnson MH, et al. Infant sleep predicts trajectories of social attention and later autism traits. J Child Psychol Psychiatry. 2023;64(8):1200–11.CrossrefPubMedPubMedCentral


	6. 
Bernardino, I., Dionísio, A., & Castelo-Branco, M. (2022). Cortical inhibition in neurofibromatosis type 1 is modulated by lovastatin, as demonstrated by a randomized, triple-blind, placebo-controlled clinical trial. Scie Rep. 12(1), Article 1. https://​doi.​org/​10.​1038/​s41598-022-17873-x


	7. 
Blumberg MS, Adolph KE. Protracted development of motor cortex constrains rich interpretations of infant cognition. Trends Cogn Sci. 2023;27(3):233–45. https://​doi.​org/​10.​1016/​j.​tics.​2022.​12.​014.CrossrefPubMedPubMedCentral


	8. 
Braithwaite EK, Jones EJH, Johnson MH, Holmboe K. Dynamic modulation of frontal theta power predicts cognitive ability in infancy. Dev Cogn Neurosci. 2020;45: 100818. https://​doi.​org/​10.​1016/​j.​dcn.​2020.​100818.CrossrefPubMedPubMedCentral


	9. 
Brown JA, Emnett RJ, White CR, Yuede CM, Conyers SB, O’Malley KL, Wozniak DF, Gutmann DH. Reduced striatal dopamine underlies the attention system dysfunction in neurofibromatosis-1 mutant mice. Hum Mol Genet. 2010;19(22):4515–28. https://​doi.​org/​10.​1093/​hmg/​ddq382.CrossrefPubMedPubMedCentral


	10. 
Butcher PR, Kalverboer AF. The early development of visuo-spatial attention and its impact on social looking. Early Development and Parenting. 1997;6(1):15–26. https://​doi.​org/​10.​1002/​(SICI)1099-0917(199703)6:​1%3c15:​:​AID-EDP141%3e3.​0.​CO;2-3.Crossref


	11. 
Canfield RL, Kirkham NZ. Infant Cortical Development and the Prospective Control of Saccadic Eye Movements. Infancy. 2001;2(2):197–211. https://​doi.​org/​10.​1207/​S15327078IN0202_​5.Crossref


	12. 
Charman, T., Pasco, G., Hendry, A., Bazelmans, T., Narvekar, N., Goodwin, A., … & STAARS Team. Three year outcomes in infants with a family history of autism and/or attention deficit hyperactivity disorder. JCPP advances. 2023;3(4): e12189.Crossref


	13. 
Charman, T., Young, G. S., Brian, J., Carter, A., Carver, L. J., Chawarska, K., Curtin, S., Dobkins, K., Elsabbagh, M., Georgiades, S., Hertz-Picciotto, I., Hutman, T., Iverson, J. M., Jones, E. J., Landa, R., Macari, S., Messinger, D. S., Nelson, C. A., Ozonoff, S., … Zwaigenbaum, L. (2017). Non-ASD Outcomes at 36 Months in Siblings at Familial Risk for Autism Spectrum Disorder (ASD): A Baby Siblings Research Consortium (BSRC) Study. Autism Research : Official Journal of the International Society for Autism Res. 10(1), 169–178. https://​doi.​org/​10.​1002/​aur.​1669


	14. 
Chen W, Zhou K, Sham P, Franke B, Kuntsi J, Campbell D, Asherson P. DSM-IV combined type ADHD shows familial association with sibling trait scores: A sampling strategy for QTL linkage. Am J Med Genet B Neuropsychiatr Genet. 2008;147(8):1450–60.Crossref


	15. 
Chen Q, Brikell I, Lichtenstein P, Serlachius E, Kuja-Halkola R, Sandin S, Larsson H. Familial aggregation of attention-deficit/hyperactivity disorder. J Child Psychol Psychiatry. 2017;58(3):231–9.CrossrefPubMed


	16. 
Cohen R, Halevi A, Aharoni S, Aronson B, Diamond G. Impairments in communication and social interaction in children with neurofibromatosis type 1: Characteristics and role of ADHD and language delay. Appl Neuropsychol Child. 2020;11(3):1–6.


	17. 
Colombo J, Mitchell DW, Coldren JT, Freeseman LJ. Individual differences in infant visual attention: are short lookers faster processors or feature processors? Child Develop. 1991;62(6):1247–57.CrossrefPubMed


	18. 
Colombo J. Infant cognition: Predicting later intellectual functioning, vol. 5. California: Sage publications; 1993.Crossref


	19. 
Colombo J. The development of visual attention in infancy. Annu Rev Psychol. 2001;52:337–67. https://​doi.​org/​10.​1146/​annurev.​psych.​52.​1.​337.CrossrefPubMed


	20. 
Colombo J, Cheatham CL. The emergence and basis of endogenous attention in infancy and early childhood. Adv Child Dev Behav. 2006;34:283–322.CrossrefPubMed


	21. 
Costa, R. M., Federov, N. B., Kogan, J. H., Murphy, G. G., Stern, J., Ohno, M., Kucherlapati, R., Jacks, T., & Silva, A. J. (2002). Mechanism for the learning deficits in a mouse model of neurofibromatosis type 1. Nature. 415(6871), Article 6871. https://​doi.​org/​10.​1038/​nature711


	22. 
Crow AJD, Janssen JM, Marshall C, Moffit A, Brennan L, Kohler CG, Roalf DR, Moberg PJ. A systematic review and meta-analysis of intellectual, neuropsychological, and psychoeducational functioning in neurofibromatosis type 1. Am J Med Genet A. 2022;188(8):2277–92. https://​doi.​org/​10.​1002/​ajmg.​a.​62773.CrossrefPubMedPubMedCentral


	23. 
D’Souza D, D’Souza H, Johnson MH, Karmiloff-Smith A. Concurrent relations between face scanning and language: a cross-syndrome infant study. PLoS One. 2015:10(10):e0139319.


	24. 
Elison JT, Paterson SJ, Wolff JJ, Reznick JS, Sasson NJ, Gu H, Botteron KN, Dager SR, Estes AM, Evans AC, Gerig G, Hazlett HC, Schultz RT, Styner M, Zwaigenbaum L, Piven J. White Matter Microstructure and Atypical Visual Orienting in 7-Month-Olds at Risk for Autism. Am J Psychiatry. 2013;170(8):899–908. https://​doi.​org/​10.​1176/​appi.​ajp.​2012.​12091150.CrossrefPubMed


	25. 
Elsabbagh M, Fernandes J, Jane Webb S, Dawson G, Charman T, Johnson MH. Disengagement of Visual Attention in Infancy is Associated with Emerging Autism in Toddlerhood. Biol Psychiat. 2013;74(3):189–94. https://​doi.​org/​10.​1016/​j.​biopsych.​2012.​11.​030.CrossrefPubMed


	26. 
Elsabbagh M, Gliga T, Pickles A, Hudry K, Charman T, Johnson MH. The development of face orienting mechanisms in infants at-risk for autism. Behav Brain Res. 2013;251:147–54. https://​doi.​org/​10.​1016/​j.​bbr.​2012.​07.​030.CrossrefPubMedPubMedCentral


	27. 
Evans D, g., Howard, E., Giblin, C., Clancy, T., Spencer, H., Huson, S. m., & Lalloo, F. Birth incidence and prevalence of tumor-prone syndromes: Estimates from a UK family genetic register service. Am J Med Genet A. 2010;152A(2):327–32. https://​doi.​org/​10.​1002/​ajmg.​a.​33139.CrossrefPubMed


	28.
Farzin F, Rivera SM, Whitney D. Resolution of spatial and temporal visual attention in infants with fragile X syndrome. Brain. 2011;134(11):3355–68.CrossrefPubMedPubMedCentral


	29. 
Frick, J. E., Colombo, J., & Saxon, T. F. Individual and developmental differences in disengagement of fixation in early infancy. Child develop. 1999:70(3):537-548.CrossrefPubMed


	30. 
Garg S, Lehtonen A, Huson SM, Emsley R, Trump D, Evans DG, Green J. Autism and other psychiatric comorbidity in neurofibromatosis type 1: evidence from a population-based study. Develop Med Child Neurol. 2013;55(2):139–45.CrossrefPubMed


	31. 
Garg, S., Wan, M. W., Begum-Ali, J., Kolesnik-Taylor, A., Green, J., Johnson, M. H., & Jones, E. (2022). Early Developmental Trajectories in Infants With Neurofibromatosis 1. Front Psychol. 13. https://​www.​frontiersin.​org/​articles/​https://​doi.​org/​10.​3389/​fpsyg.​2022.​795951


	32. 
Geoffray M-M, Robinson L, Ramamurthy K, Manderson L, O’Flaherty J, Lehtonen A, Tordjman S, Green J, Vassallo G, Garg S. Predictors of cognitive, behavioural and academic difficulties in NF1. J Psychiatr Res. 2021;140:545–50. https://​doi.​org/​10.​1016/​j.​jpsychires.​2021.​06.​002.CrossrefPubMed


	33. 
Gliga T, Elsabbagh M, Andravizou A, Johnson M. Faces Attract Infants’ Attention in Complex Displays. Infancy. 2009;14(5):550–62. https://​doi.​org/​10.​1080/​1525000090314419​9.CrossrefPubMed


	34. 
Goodwin, A., Jones, E. J. H., Salomone, S., Mason, L., Holman, R., Begum-Ali, J., Hunt, A., Ruddock, M., Vamvakas, G., Robinson, E., Holden, C. J., Taylor, C., Smith, T. J., Sonuga-Barke, E., Bolton, P., Charman, T., Pickles, A., Wass, S., & Johnson, M. H. (2021). INTERSTAARS: Attention training for infants with elevated likelihood of developing ADHD: A proof-of-concept randomised controlled trial. Translational Psychiatry, 11(1), Article 1. https://​doi.​org/​10.​1038/​s41398-021-01698-9


	35. 
Gredebäck G, Örnkloo H, von Hofsten C. The development of reactive saccade latencies. Exp Brain Res. 2006;173(1):159–64. https://​doi.​org/​10.​1007/​s00221-006-0376-z.CrossrefPubMed


	36. 
Gui A, Mason L, Gliga T, Hendry A, Begum Ali J, Pasco G, Shephard E, Curtis C, Charman T, Johnson MH, Meaburn E, Jones EJH, the BASIS-STAARS team. Look duration at the face as a developmental endophenotype: Elucidating pathways to autism and ADHD. Dev Psychopathol. 2020;32(4):1303–22. https://​doi.​org/​10.​1017/​S095457942000093​0.CrossrefPubMed


	37. 
Halit H, Csibra G, Volein A, Johnson MH. Face-sensitive cortical processing in early infancy. J Child Psychol Psychiatry. 2004;45(7):1228–34. https://​doi.​org/​10.​1111/​j.​1469-7610.​2004.​00321.​x.CrossrefPubMed


	38. 
Hendry, A., Jones, E. J. H., Bedford, R., Gliga, T., Charman, T., & Johnson, M. H. (2018). Developmental change in look durations predicts later effortful control in toddlers at familial risk for ASD. J Neurodevelopment Disorders. 10. https://​doi.​org/​10.​1186/​s11689-017-9219-4


	39. 
Hocking DR, Sun X, Haebich K, Darke H, North KN, Vivanti G, Payne JM. Delineating Visual Habituation Profiles in Preschoolers with Neurofibromatosis Type 1 and Autism Spectrum Disorder: A Cross-Syndrome Study. J Autism Dev Disord. 2023. https://​doi.​org/​10.​1007/​s10803-023-05913-y.CrossrefPubMed


	40. 
Hood BM. Shifts of visual attention in the human infant: A neuroscientific approach. Adv Infancy Res. 1995;9:163–216.


	41. 
Hou Y, Allen T, Wolters PL, Toledo-Tamula MA, Martin S, Baldwin A, Reda S, Gillespie A, Goodwin A, Widemann BC. Predictors of cognitive development in children with neurofibromatosis type 1 and plexiform neurofibromas. Dev Med Child Neurol. 2020;62(8):977–84. https://​doi.​org/​10.​1111/​dmcn.​14489.CrossrefPubMedPubMedCentral


	42. 
Hyman SL, Shores A, North KN. The nature and frequency of cognitive deficits in children with neurofibromatosis type 1. Neurology. 2005;65(7):1037–44. https://​doi.​org/​10.​1212/​01.​wnl.​0000179303.​72345.​ce.CrossrefPubMed


	43. 
Johnson MH. Visual attention and the control of eye movements in early infancy. Attention and Performance Vol. XV: Conscious and Unconscious Processing. 1994. p. 291–310.


	44. 
Isenberg JC, Templer A, Gao F, Titus JB, Gutmann DH. Attention Skills in Children With Neurofibromatosis Type 1. J Child Neurol. 2013;28(1):45–9. https://​doi.​org/​10.​1177/​0883073812439435​.CrossrefPubMed


	45. 
Johnson MH, Gliga T, Jones E, Charman T. Annual Research Review: Infant development, autism, and ADHD – early pathways to emerging disorders. J Child Psychol Psychiatry. 2015;56(3):228–47. https://​doi.​org/​10.​1111/​jcpp.​12328.CrossrefPubMed


	46. 
Johnson MH, de Haan MD. Developmental cognitive neuroscience: An introduction. London: John Wiley & Sons; 2015.


	47. 
Jones EJH, Dawson G, Kelly J, Estes A, Webb SJ. Parent-delivered early intervention in infants at risk for ASD: Effects on electrophysiological and habituation measures of social attention. Autism Res. 2017;10(5):961–72. https://​doi.​org/​10.​1002/​aur.​1754.CrossrefPubMedPubMedCentral


	48. 
Jones EJH, Gliga T, Bedford R, Charman T, Johnson MH. Developmental pathways to autism: A review of prospective studies of infants at risk. Neurosci Biobehav Rev. 2014;39:1–33. https://​doi.​org/​10.​1016/​j.​neubiorev.​2013.​12.​001.CrossrefPubMedPubMedCentral


	49. 
Jones, E. J. H., Goodwin, A., Orekhova, E., Charman, T., Dawson, G., Webb, S. J., & Johnson, M. H. (2020). Infant EEG theta modulation predicts childhood intelligence. Sci Rep. 10(1), Article 1. https://​doi.​org/​10.​1038/​s41598-020-67687-y


	50. 
Jones EJH, Mason L, Begum Ali J, van den Boomen C, Braukmann R, Cauvet E, Demurie E, Hessels RS, Ward EK, Hunnius S, Bolte S, Tomalski P, Kemner C, Warreyn P, Roeyers H, Buitelaar J, Falck-Ytter T, Charman T, Johnson MH. Eurosibs: Towards robust measurement of infant neurocognitive predictors of autism across Europe. Infant Behav Dev. 2019;57: 101316. https://​doi.​org/​10.​1016/​j.​infbeh.​2019.​03.​007.CrossrefPubMedPubMedCentral


	51. 
Jonsson U, Alaie I, Löfgren Wilteus A, Zander E, Marschik PB, Coghill D, Bölte S. Annual Research Review: Quality of life and childhood mental and behavioural disorders – a critical review of the research. J Child Psychol Psychiatry. 2017;58(4):439–69. https://​doi.​org/​10.​1111/​jcpp.​12645.CrossrefPubMed


	52. 
Klin A, Lin DJ, Gorrindo P, Ramsay G, Jones W. Two-year-olds with autism orient to non-social contingencies rather than biological motion. Nature. 2009;459(7244):257–61. https://​doi.​org/​10.​1038/​nature07868.CrossrefPubMedPubMedCentral


	53. 
Knoth IS, Lajnef T, Rigoulot S, Lacourse K, Vannasing P, Michaud JL, et al. Auditory repetition suppression alterations in relation to cognitive functioning in fragile X syndrome: a combined EEG and machine learning approach. J Neurodevelop Disord. 2018;10:1–13.Crossref


	54. 
Krab LC, de Goede-Bolder A, Aarsen FK, Pluijm SMF, Bouman MJ, van der Geest JN, Lequin M, Catsman CE, Arts WFM, Kushner SA, Silva AJ, de Zeeuw CI, Moll HA, Elgersma Y. Effect of Simvastatin on Cognitive Functioning in Children With Neurofibromatosis Type 1. JAMA, J Am Med Assoc. 2008;300(3):287–94. https://​doi.​org/​10.​1001/​jama.​300.​3.​287.Crossref


	55. 
Lewis AK, Porter MA, Williams TA, Bzishvili S, North KN, Payne JM. Attention to faces in social context in children with neurofibromatosis type 1. Dev Med Child Neurol. 2019;61(2):174–80. https://​doi.​org/​10.​1111/​dmcn.​13928.CrossrefPubMed


	56. 
Lewis TL, Maurer D. The development of the temporal and nasal visual fields during infancy. Vision Res. 1992;32(5):903–11. https://​doi.​org/​10.​1016/​0042-6989(92)90033-f.CrossrefPubMed


	57. 
Marrus, N., Hall, L. P., Paterson, S. J., Elison, J. T., Wolff, J. J., Swanson, M. R., ... & IBIS Network J Piven HC Hazlett C Chappell S Dager A Estes D Shaw K Botteron R McKinstry J Constantino J Pruett RT Schultz S Paterson L Zwaigenbaum J Elison AC Evans DL Collins GB Pike V Fonov P Kostopoulos S Das G Gerig M Styner H Gu. (2018). Language delay aggregates in toddler siblings of children with autism spectrum disorder. J neurodevelopment disorders. 10:1–16.


	58. 
Mautner, V. F., Kluwe, L., Thakker, S. D., & Leark, R. A. Treatment of ADHD in neurofibromatosis type 1. Develop med child neurol. 2002:44(3):164-170.CrossrefPubMed


	59. 
Michael GA, Garcia S, Herbillon V, Lion-François L. Reactivity to visual signals in neurofibromatosis type 1: Is everything ok? Neuropsychology. 2014;28(3):423–8. https://​doi.​org/​10.​1037/​neu0000046.CrossrefPubMed


	60. 
Miller, M., Iosif, A.-M., Young, G. S., Hill, M. M., & Ozonoff, S. (2018). Early Detection of ADHD: Insights From Infant Siblings of Children With Autism. Journal of Clinical Child and Adolescent Psychology: The Official Journal for the Society of Clinical Child and Adolescent Psychology, American Psychological Association, Division 53, 47(5), 737–744. https://​doi.​org/​10.​1080/​15374416.​2016.​1220314


	61. 
Miller M, Musser ED, Young GS, Olson B, Steiner RD, Nigg JT. Sibling recurrence risk and crossaggregation of attention-deficit/hyperactivity disorder and autism spectrum disorder. JAMA Pediatr. 2019;173(2):147–52.CrossrefPubMed


	62. 
Miller M, Austin S, Iosif AM, De La Paz L, Chuang A, Hatch B, Ozonoff S. Shared and distinct developmental pathways to ASD and ADHD phenotypes among infants at familial risk. Deve Psychopathol. 2020;32(4):1323–34.Crossref


	63. 
Milosavljevic B, Vellekoop P, Maris H, Halliday D, Drammeh S, Sanyang L, Darboe MK, Elwell C, Moore SE, Lloyd-Fox S. Adaptation of the Mullen Scales of Early Learning for use among infants aged 5- to 24-months in rural Gambia. Dev Sci. 2019;22(5): e12808. https://​doi.​org/​10.​1111/​desc.​12808.CrossrefPubMedPubMedCentral


	64. 
Morris SM, Acosta MT, Garg S, Green J, Huson S, Legius E, et al. Disease burden and symptom structure of autism in neurofibromatosis type 1: a study of the International NF1-ASD Consortium Team (INFACT). JAMA Psychiatry. 2016;73(12):1276–84.CrossrefPubMedPubMedCentral


	65. 
Ottenhoff MJ, Rietman AB, Mous SE, Plasschaert E, Gawehns D, Brems H, Oostenbrink R, van Minkelen R, Nellist M, Schorry E, Legius E, Moll HA, Elgersma Y. Examination of the genetic factors underlying the cognitive variability associated with neurofibromatosis type 1. Genet Med. 2020;22(5):889–97. https://​doi.​org/​10.​1038/​s41436-020-0752-2.CrossrefPubMedPubMedCentral


	66. 
Owen, E. R., Baumgartner, H. A., & Rivera, S. M. Using infrared eye-tracking to explore ordinal numerical processing in toddlers with Fragile X Syndrome. J neurodevelop disorders. 2013:5:1-10.Crossref


	67. 
Ozonoff, S., Young, G. S., Carter, A., Messinger, D., Yirmiya, N., Zwaigenbaum, L., ... & Stone, W. L. (2011). Recurrence risk for autism spectrum disorders: a Baby Siblings Research Consortium study. Pediatrics. 128(3):e488-e495.


	68. 
Papageorgiou KA, Smith TJ, Wu R, Johnson MH, Kirkham NZ, Ronald A. Individual Differences in Infant Fixation Duration Relate to Attention and Behavioral Control in Childhood. Psychol Sci. 2014;25(7):1371–9. https://​doi.​org/​10.​1177/​0956797614531295​.CrossrefPubMed


	69. 
Parenti I, Rabaneda LG, Schoen H, Novarino G. Neurodevelopmental Disorders: From Genetics to Functional Pathways. Trends Neurosci. 2020;43(8):608–21. https://​doi.​org/​10.​1016/​j.​tins.​2020.​05.​004.CrossrefPubMed


	70. 
Payne JM, Walsh KS, Pride NA, Haebich KM, Maier A, Chisholm A, et al. Social skills and autism spectrum disorder symptoms in children with neurofibromatosis type 1: evidence for clinical trial outcomes. Develop Med Child Neurol. 2020;62(7):813–9.CrossrefPubMed


	71. 
Perra O, Wass S, McNulty A, Sweet D, Papageorgiou K, Johnston M, Patterson A, Bilello D, Alderdice F. Training attention control of very preterm infants: protocol for a feasibility study of the Attention Control Training (ACT). Pilot Feasibility Stud. 2020;6:1–11.Crossref


	72. 
Poli F, Ghilardi T, Beijers R, de Weerth C, Hinne M, Mars RB, Hunnius S. Individual differences in processing speed and curiosity explain infant habituation and dishabituation performance. Dev Sci. 2024;27(3): e13460.CrossrefPubMed


	73. 
Pride NA, Payne JM, North KN. The impact of ADHD on the cognitive and academic functioning of children with NF1. Develop Neuropsychol. 2012;37(7):590–600.Crossref


	74. 
Ribeiro, M. J., d’Almeida, O. C., Ramos, F., Saraiva, J., Silva, E. D., & Castelo-Branco, M. (2014). Abnormal late visual responses and alpha oscillations in neurofibromatosis type 1: A link to visual and attention deficits. J Neurodevelopment Disorders. 6(1), Article 1. https://​doi.​org/​10.​1186/​1866-1955-6-4


	75. 
Ribeiro MJ, Violante IR, Bernardino I, Edden RA, Castelo-Branco M. Abnormal relationship between GABA, neurophysiology and impulsive behavior in neurofibromatosis type 1. Cortex. 2015;64:194–208.CrossrefPubMed


	76. 
Rigoulot S, Knoth IS, Lafontaine MP, Vannasing P, Major P, Jacquemont S, et al. Altered visual repetition suppression in Fragile X Syndrome: New evidence from ERPs and oscillatory activity. Int J Dev Neurosci. 2017;59:52–9.CrossrefPubMed


	77. 
Roberts, J. E., Hatton, D. D., Long, A. C., Anello, V., & Colombo, J. Visual attention and autistic behavior in infants with fragile X syndrome. J autism develop disorders. 2012:42:937-946.Crossref


	78. 
Rose DH, Slater A, Perry H. Prediction of childhood intelligence from habituation in early infancy. Intelligence. 1986;10(3):251–63. https://​doi.​org/​10.​1016/​0160-2896(86)90019-X.Crossref


	79. 
Rose SA, Feldman JF. Memory and speed: Their role in the relation of infant information processing to later IQ. Child Dev. 1997;68(4):630–41.CrossrefPubMed


	80. 
Rose SA, Feldman JF, Wallace IF. Individual differences in infants’ information processing: Reliability, stability, and prediction. Child Dev. 1988;59(5):1177–97.CrossrefPubMed


	81. 
Ross-Sheehy, S., Reynolds, E., & Eschman, B. (2020). Evidence for Attentional Phenotypes in Infancy and Their Role in Visual Cognitive Performance. Brain Sci. 10(9), Article 9. https://​doi.​org/​10.​3390/​brainsci10090605​


	82. 
Shilyansky C, Lee YS, Silva AJ. Molecular and Cellular Mechanisms of Learning Disabilities: A Focus on NF1. Annu Rev Neurosci. 2010;33(1):221–43. https://​doi.​org/​10.​1146/​annurev-neuro-060909-153215.CrossrefPubMedPubMedCentral


	83. 
Shultz S, Klin A, Jones W. Neonatal transitions in social behavior and their implications for autism. Trends Cognit Sci. 2018;22(5):452–69.Crossref


	84. 
Stivaros, S., Garg, S., Tziraki, M., Cai, Y., Thomas, O., Mellor, J., Morris, A. A., Jim, C., Szumanska-Ryt, K., Parkes, L. M., Haroon, H. A., Montaldi, D., Webb, N., Keane, J., Castellanos, F. X., Silva, A. J., Huson, S., Williams, S., Gareth Evans, D., … SANTA Consortium. Randomised controlled trial of simvastatin treatment for autism in young children with neurofibromatosis type 1 (SANTA). Molecular Autism. 2018;9:12. https://​doi.​org/​10.​1186/​s13229-018-0190-z.Crossref


	85. 
Stumpf, D. A., Alksne, J. F., Annegers, F., Brown, S. S., Conneally, P. M., & Housman, D. (1988). National Institutes of Health Consensus Development Conference Statement: Neurofibromatosis. Bethesda, Md., USA, July 13–15, 1987. Archiv Neurol. 1(3):172–178.


	86. 
Vernet M, Jover M, Bellocchi S, Maziero S, Jucla M, Tallet J, Danna J, Chaix Y, Ducrot S. Visual-processing deficits in children with neurofibromatosis type 1: A clinical marker of reading difficulties. Eur J Paediatr Neurol. 2022;38:25–32. https://​doi.​org/​10.​1016/​j.​ejpn.​2022.​03.​009.CrossrefPubMed


	87. 
Wass S, Porayska-Pomsta K, Johnson MH. Training Attentional Control in Infancy. Curr Biol. 2011;21(18):1543–7. https://​doi.​org/​10.​1016/​j.​cub.​2011.​08.​004.CrossrefPubMedPubMedCentral


	88. 
Wass, S. V., Jones, E. J. H., Gliga, T., Smith, T. J., Charman, T., & Johnson, M. H. (2015). Shorter spontaneous fixation durations in infants with later emerging autism. Sci Rep. 5(1), Article 1. https://​doi.​org/​10.​1038/​srep08284


	89. 
Wass SV, Jones EJH, Gliga T, Smith TJ, Charman T, Johnson MH, Baron-Cohen S, Bedford R, Bolton P, Chandler S, Davies K, Fernandes J, Garwood H, Hudry K, Maris H, Pasco G, Pickles A, Ribiero H, Tucker L, Volein A. Shorter spontaneous fixation durations in infants with later emerging autism. Sci Rep. 2015;5:8284. https://​doi.​org/​10.​1038/​srep08284.CrossrefPubMedPubMedCentral


	90. 
Webb SJ, Jones EJH, Merkle K, Namkung J, Toth K, Greenson J, Murias M, Dawson G. Toddlers with elevated autism symptoms show slowed habituation to faces. Child Neuropsychology: A Journal on Normal and Abnormal Development in Childhood and Adolescence. 2010;16(3):255–78. https://​doi.​org/​10.​1080/​0929704100360145​4.CrossrefPubMed


	91. 
Wolkenstein P, Rodriguez D, Ferkal S, Gravier H, Buret V, Algans N, Simeoni M-C, Bastuji-Garin S. Impact of neurofibromatosis 1 upon quality of life in childhood: A cross-sectional study of 79 cases. Br J Dermatol. 2009;160(4):844–8. https://​doi.​org/​10.​1111/​j.​1365-2133.​2008.​08949.​x.CrossrefPubMed


	92. 
Yoon, S., Munoz, A., Yamrom, B., Lee, Y., Andrews, P., Marks, S., Wang, Z., Reeves, C., Winterkorn, L., Krieger, A. M., Buja, A., Pradhan, K., Ronemus, M., Baldwin, K. K., Levy, D., Wigler, M., & Iossifov, I. (2021). Rates of contributory de novo mutation in high and low-risk autism families. Commun Biol. 4(1), Article 1. https://​doi.​org/​10.​1038/​s42003-021-02533-z




Publisher’s Note
A list of authors and their affiliations appears at the end of the paper.


OEBPS/navigation.xhtml

    
      Contents


      
        		Disrupted visual attention relates to cognitive development in infants with Neurofibromatosis Type 1


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/11689_2025_9599_Fig3_HTML.png
NF1 14 months

NF1 10 months

NF1 5 months

LL 14 months

Group

LL 10 months

Mean Log Reaction Time

LL 5 months

Mean Log Reaction Time
s

ADHD 14 months | =705 d L S T T
ADHD 10 months T —

ADHD 5 months

ASD+ADHD 14 months
=== NF1

=+ ASD

=== ASD+ADHD
~+ ADHD

ASD+ADHD 10 months

Group

ASD+ADHD 5 months

ASD 14 months

Mean Log Reaction Time

ASD 10 months

ASD 5 months

Mz Q 9 150 abo 40
Mean Log Reaction Time Age in days





OEBPS/css/envelope.png





OEBPS/images/11689_2025_9599_Fig4_HTML.png
ADHD 14 months g 7
ADHD 10 months __‘
ADHD 5 months | )
ASD+ADHD 14 months
=% .
g ASD+ADHD 10 months
L
ASD+ADHD 5 months
ASD 14 months ——*
ASD 10 months - —
ASD 5 months —
& & RS & Ry IS S N
Face Orienting Proportion Normed Face Looking Proportion
NF1 14 months _4 =
= TP .
NF1 10 months L ——— —r
= NF15 months —_———— [ "
2 i
=4
© —_———— ——
LL 14 months ]
—— S,
LL 10 months 2 Ly R 2 : 5 . .
—* ar——— ————=—]
LL 5 months " 2 $ . b (T T T e |
N N N 9

O Na) N) \J O
Q‘Q Q"‘" Qb 0’~\ \9
Face Orienting Proportion

Normed Face Looking Proportion

Normed looking to faces

Normed looking to faces

sbo

Age in days

a0

Age In days

== NF1

== ASD

=== ASD+ADHD
~+ ADHD






OEBPS/images/11689_2025_9599_Fig1_HTML.png
10 months

14 months

e 2 s \ e 3

n=112 n=147 n=148

Face Popout

Gap Overlap

n=109 n=164 n=156

n=118 n=168 n=163

( ) e 3 e A
\ 7 \. J \ J






OEBPS/images/11689_2025_9599_Fig2_HTML.png
(A) Baseline condition

@

(B) Overlap condition

@

(C) Gap condition

@

Gap task

Popout task





OEBPS/css/sidebar.gif





