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Atypical visual attention patterns have been observed among carriers of the fragile X 
mental retardation gene (FMR1) premutation (PM), with some similarities to visual attention 
patterns observed in autism spectrum disorder (ASD) and among clinically unaffected 
relatives of individuals with ASD. Patterns of visual attention could constitute biomarkers 
that can help to inform the neurocognitive profile of the PM, and that potentially span 
diagnostic boundaries. This study examined patterns of eye movement across an array 
of fixation measurements from three distinct eye-tracking tasks in order to investigate 
potentially overlapping profiles of visual attention among PM carriers, ASD parents, and 
parent controls. Logistic regression analyses were conducted to examine whether variables 
constituting a PM-specific looking profile were able to effectively predict group membership. 
Participants included 65 PM female carriers, 188 ASD parents, and 84 parent controls. 
Analyses of fixations across the eye-tracking tasks, and their corresponding areas of 
interest, revealed a distinct visual attention pattern in carriers of the FMR1 PM, characterized 
by increased fixations on the mouth when viewing faces, more intense focus on bodies 
in socially complex scenes, and decreased fixations on salient characters and faces while 
narrating a wordless picture book. This set of variables was able to successfully differentiate 
individuals with the PM from controls (Sensitivity = 0.76, Specificity = 0.85, Accuracy = 0.77) 
as well as from ASD parents (Sensitivity = 0.70, Specificity = 0.80, Accuracy = 0.72), but 
did not show a strong distinction between ASD parents and controls (Accuracy = 0.62), 
indicating that this set of variables comprises a profile that is unique to PM carriers. 
Regarding predictive power, fixations toward the mouth when viewing faces was able to 
differentiate PM carriers from both ASD parents and controls, whereas fixations toward 
other social stimuli did not differentiate PM carriers from ASD parents, highlighting some 
overlap in visual attention patterns that could point toward shared neurobiological 
mechanisms. Results demonstrate a profile of visual attention that appears strongly 
associated with the FMR1 PM in women, and may constitute a meaningful biomarker.
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INTRODUCTION

A range of clinical and subclinical phenotypes result from 
mutations in the fragile X mental retardation gene (FMR1) 
on the X-chromosome involving a cytosine-guanine-guanine 
(CGG) repeat expansion in the promotor region of the gene 
(Bagni and Oostra, 2013). Specifically, a CGG repeat expansion 
of greater than 200 causes fragile X syndrome (FXS) and 
inhibits the production of the fragile X mental retardation 
protein (FMRP), a critical protein involved in synaptic pruning 
and neural maturation during development (Weiler and 
Greenough, 1999). FXS is characterized by developmental delays 
in language, intellectual ability, and social cognition, as well 
as increased anxiety, and is the leading single-gene disorder 
associated with autism spectrum disorder (ASD; Bailey et  al., 
2001; Hernandez et  al., 2009). Whereas FXS has a prevalence 
of around 1  in 4,000 males and 1  in 7,000–10,000 females, 
the FMR1 premutation (PM; FMR1 expansion between 55 and 
200 CGG repeats) is more prevalent and occurs in approximately 
1  in 468 males and 1  in 151 females in the United  States 
(Seltzer et  al., 2012). The FMR1 PM is also associated with a 
range of clinical phenotypes, including higher rates of psychiatric 
and medical comorbidities (Hagerman and Hagerman, 2002; 
Bourgeois et  al., 2011; Besterman et  al., 2014).

The PM has unique clinical risks, such as the potential 
presence of a Parkinson-like neurodegenerative disorder, fragile 
X-associated tremor and ataxia syndrome (FXTAS), which develops 
in a subset of carriers with the PM in advanced age (Hagerman 
et  al., 2004). The PM is also associated with a higher risk of 
psychiatric disorders, including elevated rates of depression and 
anxiety (Hunter et  al., 2008; Bourgeois et  al., 2011). Differences 
in executive skills have also been reported, including working 
memory, inhibitory control, and processing speed (Wang et  al., 
2013; Shelton et  al., 2014, 2015, 2016). Subclinical phenotypic 
differences have also been documented in social cognition 
(Cornish et  al., 2005; Losh et  al., 2008), language processing 
(Nayar et  al., 2019), and social language use (Losh et  al., 2012; 
Klusek et  al., 2016) in women with the PM. Manifestation of 
the PM phenotype is thought to be in part related to molecular-
genetic differences including levels of FMRP and CGG repeat 
length (Wheeler et  al., 2014). Specifically, with respect to this 
study, some literature suggests that this variation is specifically 
related to social language (Klusek et  al., 2018b) and fixation 
patterns (Nayar et  al., 2019; Winston et  al., 2020), although 
evidence is mixed (Cornish et  al., 2005; Wheeler et  al., 2014; 
Klusek et  al., 2018a).

There is evidence to suggest that women with the PM may 
also display differences in patterns of visual fixation, which 
could reflect underlying differences in social processing and/
or cognitive styles, potentially relating to observable clinical-
behavioral features. For example, recent work has demonstrated 
less fluid and coordinated eye-voice control, wherein PM carriers 
displayed a greater number of repeat fixations during a task 
of concurrent eye tracking and language processing (Nayar 
et  al., 2019). This less efficient eye-voice coordination not only 
related to reduced language automaticity and fluency, but also 
related to greater social language atypicalities and underlying 

molecular-genetic variation among PM carriers. In another 
study that examined looking patterns during a face processing 
task displaying face stimuli exhibiting either direct vs. averted 
gaze, Klusek et  al. (2017) found that women with the PM 
did not show a preference for either gaze type; in contrast, 
controls demonstrated a clear attentional preference toward 
faces showing direct gaze. Importantly, increased dwell time 
(i.e., time spent fixating on a certain stimulus) on faces exhibiting 
direct gaze was associated with better social language use in 
controls but not in the PM, suggesting that PM carriers may 
not effectively capitalize on information from the eye region 
of the face. Relatedly, when women with the PM were asked 
to passively view a series of affective facial expressions, Winston 
et  al. (2020) found that PM carriers displayed an atypical 
fixation pattern characterized by reduced attention to the eyes 
and increased attention to the mouth compared to control 
participants. Interestingly, this atypical fixation pattern was 
associated with better social language and social cognitive 
abilities in PM carriers, suggesting that the unique fixation 
pattern in PM carriers in this task may reflect different strategies 
for emotion processing than those employed by controls. 
Together, these results suggest that carriers of the PM demonstrate 
a different fixation style than controls which may be  uniquely 
modulating social cognition and social language use.

Some studies have also demonstrated phenotypic similarities 
between carriers of the FMR1 PM and first-degree relatives 
of individuals with ASD, who display subtle social cognitive 
and social language differences as well that are believed to 
reflect underlying genetic liability to ASD. Specifically, there 
is evidence that both PM carriers and parents of individuals 
with ASD show differences from controls on tasks tapping 
social cognition, such as when asked to infer emotions from 
the eye region of the face (Cornish et  al., 2005; Losh et  al., 
2009). Moreover, a subgroup of parents of individuals with 
ASD as well as PM carriers demonstrate a constellation of 
subclinical traits that parallel the core features of ASD, referred 
to as the broad autism phenotype (BAP; Losh et  al., 2012; 
Schneider et  al., 2016). Indeed, results from Losh et  al. (2012) 
suggest that PM carriers demonstrate elevated levels of personality 
traits (such as greater social aloofness and rigidity) and social 
language features consistent with that of the BAP. In addition, 
higher rates of clinical ASD have also been reported among 
PM carriers (Clifford et  al., 2007).

Individuals with ASD as well as their parents show differences 
in gaze that complement the patterns observed in the PM. 
Many studies have shown that individuals with ASD tend to 
look less at the eyes when exploring faces and more at the 
mouth (Klin et  al., 2002), spend less time looking at social 
features in scenes (Lee et  al., 2019) and demonstrate decrease 
gaze-language coordination (Nayar et  al., 2018) compared to 
controls. In parents of individuals with ASD, Lee et  al. (2019) 
additionally demonstrated that parents of individuals with ASD 
who met criteria for the BAP showed distinct gaze profiles 
when viewing emotionally evocative scenes depicted in the 
thematic apperception test (TAT), allotting greater attention 
to faces in scenes in which the faces were featured most 
prominently, and more attention toward the setting in more 
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complex images with salient setting features. These differences 
in viewing patterns were associated with the quality of 
participants’ narratives when telling stories about these scenes 
(particularly in the group which met criteria for the BAP), 
suggesting that atypical attentional patterns importantly relate 
to social communication. Furthermore, Nayar et  al. (2018) 
observed that parents of individuals with ASD, particularly 
those who met criteria for the BAP, had reduced eye-voice 
coordination during rapid automatized naming, which was 
similarly linked with social language abilities, mirroring results 
reported among female carriers of the FMR1 PM (Nayar et al., 
2019). Together, results demonstrate that parents of individuals 
with ASD may demonstrate complementary looking patterns 
to PM carriers, potentially suggesting similar biological 
underpinnings of these shared phenotypic features.

Given the complex clinical and neurocognitive phenotypes 
associated with the FMR1 PM, there is a need for research 
investigating endophenotypes, or intermediate phenotypes 
associated with a disorder or condition, but more proximally 
related to underlying genetics (Gottesman and Gould, 2003). 
Visual attention profiles may constitute a candidate 
endophenotype in the PM that overlaps with parents of 
individuals with ASD. Visual attention is easy to assay and 
holds strong connections to underlying biology, which may 
be  relatable to downstream clinical-behavioral features that 
can be  used to stratify biologically meaningful subgroups 
that may cross standard diagnostic boundaries (Frazier et  al., 
2016, 2018; Pierce et  al., 2016). Studying how such potential 
endophenotypes may overlap in the FMR1 PM and ASD 
relatives could offer insight into the potential role of the 
FMR1 gene in ASD-related phenotypes. In this way, single-
gene disorders such as FXS and others (e.g., 22q11.2 deletion 
syndrome and Angelman syndrome) have informed 
understanding of ASD-related phenotypes linked to known 
genetic variation (Peters et  al., 2004; Fine et  al., 2005).

A challenge to understanding whether visual attention profiles 
might constitute such endophenotypes, however, is that most 
studies of visual attention have focused on single tasks within 
a participant group, leaving unclear whether more pervasive 
visual attention profiles might exist across different contexts. 
It is possible that findings may be  task dependent, as seen in 
other populations (Chawarska et al., 2012), and that important, 
broader attentional patterns might be  revealed by examining 
performance over multiple tasks and contexts. Therefore, this 
study aimed to explore patterns of gaze across a series of 
different eye tracking tasks tapping social attention in 
complementary ways, including passive viewing of affective 
facial expressions, tasks requiring narration from a picture 
book, and a set of emotionally evocative scenes. This study 
makes use of existing fixation data previously analyzed 
independently only for group comparisons (Lee et  al., 2019; 
Winston et  al., 2020), as well as newly processed data from 
ASD parents and PM carriers, to build on prior work by 
applying a more powerful, statistically-driven, cross-contextual 
approach that combines such existing data within the same 
participants to characterize more comprehensive fixation profiles 
that may be  characteristic of the PM phenotype, or potentially 

show overlap with ASD-related profiles. The primary goal of 
the study was to characterize fixation patterns across tasks 
that might best predict group membership, and in the case 
of carriers of the FMR1 PM, potentially constitute specific 
gaze profiles associated with FMR1 as well as identify areas 
of overlap among groups. We predicted that PM carriers would 
demonstrate a distinct fixation pattern that could be  used to 
differentiate them from controls with high sensitivity and 
specificity, but not necessarily from parents of individuals with 
ASD, due to prior literature suggesting overlapping phenotypic 
features. Knowledge of such profiles could help to inform the 
phenotypic expression of the FMR1 PM, and whether phenotypic 
overlap exists within related conditions. This information would 
be informative for stratifying groups based on shared phenotypes, 
for clinical and research purposes.

MATERIALS AND METHODS

Participants
Participants included 65 adult females with the FMR1 PM 
(PM group), 188 parents of individuals with ASD (ASD parent 
group), and 84 parent controls (control group). As noted 
previously, a subset of participants was included in two previous 
reports examining the eye tracking tasks in isolation (Lee et al., 
2019; Winston et  al., 2020). New data are included as well, 
consisting of fixations to the facial stimuli task for ASD parents 
(whose fixation data to the narrative tasks were included in 
Lee et  al., 2019) and fixation data from the two narrative 
tasks for PM carriers (whose face fixation data were reported 
previously in Winston et  al., 2020). The aims, analyses, and 
results addressed in the present study are unique and have 
not been previously examined. The previously published research 
and rich existing dataset available for this study permitted a 
statistically-driven approach to investigate fixations across 
different social-emotional stimuli that might reveal visual fixation 
profiles that serve as endophenotypic markers. Control families 
were screened for personal or family history of ASD, FXS, or 
related neurodevelopmental disorders, including language-related 
delays. Carrier status was confirmed through analysis of CGG 
repeats either within the experimental protocol or confirmation 
from medical records. All participants were under the age of 
66. Participants with the FMR1 PM were additionally screened 
for FXTAS symptoms. Participants were also excluded if their 
Full Scale IQ was below 80 [obtained using the Wechsler 
Abbreviated Scale of Intelligence (WASI; Wechsler, 1999)]. The 
WASI was administered to all participants by a trained examiner 
and conducted in the laboratory, a quiet space in the participant’s 
home, or another controlled environment that was convenient 
for participants if travel to the lab was not possible. The 
procedures for task administration were consistent across all 
tasks and groups, as described in Winston et  al. (2020) and 
Lee et al. (2019). Significant differences between groups emerged 
for age (p  =  0.006) and Full Scale IQ (p  =  0.02); however, 
age was not associated with outcome variables (ps  >  0.26), 
and IQ was only associated with one outcome variable (looking 
time toward faces; p  =  0.02), and so were not included in 
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subsequent analyses (see Table  1). Additionally, because this 
study investigated the utility of eye tracking to classify groups, 
it was important to allow for full phenotypic variability, which 
may include differences in cognition. Sex differences within 
the control group and ASD parent group were assessed for 
the primary outcome variables using independent samples 
t-tests. No significant differences were observed (ps  >  0.18), 
so the male and female groups were combined for data analyses. 
The study protocol was approved by Northwestern University’s 
Institutional Review Board.

Eye-Tracking Stimuli
Wordless Picture Book
Participants viewed a 24-page wordless picture book, Frog 
Where Are You? (Mayer, 1969), about a boy and his dog 
searching for their lost pet frog. This picture book has been 
used frequently in studies of narrative across populations, 
and recently, to study visual attention during narration (Thurber 
and Tager-Flusberg, 1993; Tager-Flusberg, 1995; Losh and 
Capps, 2003; Norbury and Bishop, 2003; Reilly et  al., 2004; 
Diehl et  al., 2006; Colle et  al., 2008; Sah and Torng, 2015). 
Participants narrated the story as they simultaneously viewed 
each page of the picture book on an eye-tracker. There was 
no time limit for completing the task. Administration methods 
were consistent with previous studies using this picture 
book task.

Thematic Apperception Test
Participants were shown a subset of six images varying in 
complexity from the TAT (Murray, 1943), a projective 
psychological test that uses ambiguous images. The TAT has 
been used in previous studies to elicit narratives, and the six 
images were selected to align with previous work (Lee et  al., 
2019). Participants viewed each image for 8 s and then were 
asked to tell a story about the image with a beginning, middle, 
and end and with details about the character’s thoughts, feelings, 
and actions.

Affective Facial Expressions
Images from the NimStim Facial Stimulus Set (Farzin et  al., 
2009; Tottenham et  al., 2009) were presented to participants 
and depicted happy, calm, and fearful faces. There were a total 

of 60 faces, comprised of 20 happy, 20 calm, and 20 fearful. 
In accordance with procedures outlined in Winston et al. (2020), 
participants first viewed a gray screen, then a scrambled face 
controlling for luminance for 1 s, and then a face depicting 
an emotion for 3 s.

Data Processing
All tasks were presented to participants on a Tobii T60 eye 
tracker and gaze data were recorded from both eyes. For the 
picture book task, areas of interest (AOIs) were established 
including animate (i.e., all characters), protagonist (i.e., boy, 
dog, and frog), inanimate (i.e., setting), and the protagonist’s 
focus of attention (i.e., where the protagonist is looking) regions. 
For the TAT task, AOIs included animate, face, body, and 
inanimate regions. AOIs from the TAT were generated for 
each image separately which corresponded to a category based 
on the predominant AOIs (setting, bodies, and faces). AOIs 
were expanded by 10% to account for loss of tracked fixations. 
For the TAT task, data for an image were excluded if there 
was less than 4 s of tracked fixations (out of a possible 8 s 
maximum). See (Lee et  al., 2019) for a detailed explanation 
of eye tracking and quality control procedures for the picture 
book and TAT stimuli.

For the NimStim Facial Stimulus Set (AFE task), AOIs were 
established for the eyes, nose, and mouth regions of each face, 
and fixations to AOIs were analyzed by the proportion fixation 
duration to AOIs. Images were excluded if there were less 
than 50% of fixations for each image and if 50% of all trials 
were poor quality. See Winston et  al. (2020) for an in-depth 
explanation of eye tracking and quality control procedures for 
pupil diameter and gaze fixation data.

Clinical-Behavioral Characteristics
Social Cognition
Participants completed the Reading the Mind from the Eyes 
Task (Baron-Cohen et  al., 2001) where they were required to 
infer complex psychological expressions from a pair of eyes. 
There were 36 images of eyes. Scores were determined by the 
proportion of correct responses out of 36 (i.e., the maximum 
number of potential correct responses).

Social Language
The Pragmatic Rating Scale (PRS; Landa et  al., 1992) was 
used to assess social language. Participants engaged in a semi-
structured conversation about their life experiences, and the 
interactions were coded by raters blind to diagnosis status for 
pragmatic language violations (e.g., excessive detail and 
informal language).

Personality Features
Personality features related to the BAP (e.g., aloofness and 
rigidity) was assessed using the self-report version of the Broad 
Autism Phenotype Questionnaire (BAPQ; Hurley et  al., 2007). 
The BAPQ consists of 36 items which were rated on a 6-point 
Likert scale ranging from “very rarely” to “very often.”

TABLE 1 | Ratio of sex distribution, mean (M), and standard deviation (SD) for 
chronological age and IQ across groups.

Control group ASD parent group PM group

M (SD) M (SD) M (SD)

Males:Females 31:53 69:119 0:64
Chronological age 41.84 (10.11) 46.09 (7.86) 45.28 (10.17)
Full-scale IQ 116.85 (10.26) 111.67 (11.65) 111.84 (9.94)
CGG repeats -- 30.41 (4.23) 88.76 (16.64)
Quantitative FMRP -- 0.02 (0.008) 0.02 (0.008)
Activation ratio -- -- 0.47 (0.24)

M = mean; SD = standard deviation.
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FMR1 Molecular Characterization
Blood samples were collected from 49 PM carriers and processed 
to determine CGG repeat length, quantitative FMRP (pg/ug), 
and activation ratio (i.e., the percentage of cells which contain 
an X chromosome with an unaffected FMR1 gene). FMRP 
was derived using the Luminex Technology immunoassay 
whereas FMR1 genotyping was done with a highly sensitive 
PCR method (Asuragen; Filipovic-Sadic et  al., 2010; LaFauci 
et al., 2013), and activation ratio was determined by a Southern 
blot protocol (Berry-Kravis et  al., 2005; LaFauci et  al., 2013). 
CGG repeat length and FMRP were also ascertained on 108 
ASD parents using the aforementioned protocols.

Data Analysis Plan
Variable Selection
To determine the set variables across tasks which could be used 
as predictors of PM status, potentially constituting a PM-specific 
visual attention profile, group differences between individuals 
with the PM and controls were explored across the primary 
variables in each eye-tracking task using independent samples 
t-tests. One variable per task or per image if indicated for the 
TAT was then selected for subsequent profile analyses based 
on significance and effect size. Variability was also examined 
using normality statistics to assess for possible reasons for 
subsequent findings of measurement variance. Investigating across 
AOIs derived from the PB, PM carriers differed most from 
controls in their looking time toward the protagonist’s focus of 
attention (PB-FOA; t  =  3.20, p  =  0.002, d  =  0.53). Within the 
TAT, in the setting based slides, the PM carriers spent less time 
than controls looking at faces in one of two setting-dominated 
scenes depicting a surgical procedure (TAT Setting-Faces; t = 2.15, 
p  =  0.03, d  =  0.35) as well as in one of two body-dominant 
scenes (TAT Bodies-Faces; t  =  2.07, p  =  0.04, d  =  0.33). 
Furthermore, within the TAT, PM carriers spent more time 
fixating on bodies in one of two face-dominant scenes (TAT 
Faces-Bodies; t = −1.89, p = 0.03, d = 0.31). As noted previously, 
findings related to differences between the ASD parent and 
control group in the context of the PB and TAT have been 
previously published (Lee et  al., 2019). Finally, across all faces 
employed in the passive viewing task of affective facial expressions, 
PM carriers spent significantly more time fixating on the mouth 
compared to controls (AFE-Mouth; t  =  −39.95, p  <  0.001, 
d = −6.57). Results related to this difference have been reported 
in greater detail in Winston et  al. (2020).

Logistic Regression
Logistic regressions were conducted to assess the utility of a 
set of variables in which the PM carriers differed from controls 
as predictors of group membership. For logistic regressions, 
variables in which the PM group differed from controls were 
entered into the model (i.e., PB-FOA, TAT Setting-Faces, TAT 
Bodies-Faces, TAT Faces-Bodies, and AFE-Mouth), and predictive 
power was assessed. The mice package in R Studio was used 
for multiple imputation using chained equations with predictive 
mean matching to address missingness across tasks (van Buuren 
and Groothuis-Oudshoorn, 2011) using 70 imputed datasets 

using calculations based on missingness detailed in von Hippel 
(2020). Overall, 30% of the observations was imputed, 10% from 
the PB, 32% from TAT, and 70% from AFE. This imputation 
method takes into account all relevant fixation variables as well 
as group status to make predictions for missing values allowing 
for robust predictions despite great degrees of missingness (Vink 
et  al., 2014). Pooled parameter results were obtained including 
pooled r2, area under the curve (AUC; broadly denoting accuracy), 
and coefficients with the psfmi package. Variable selection was 
conducted using the backward stepwise selection and the pooling 
sampling variance method using a p-criterion of 0.10 to allow 
for a more exploratory approach.

Additional analyses of specificity and sensitivity were 
conducted on the stacked dataset, which has been shown to 
yield comparable results to more complex methodology (Thao 
and Geskus, 2019). A series of pairwise logistic regression 
analyses were conducted to assess the variables’ predictive 
power and discriminability between the PM and control groups, 
PM and ASD parent group, and ASD parent and control group.

Correlations With FMR1-Related Variation
Pearson correlations were conducted to investigate relationships 
between key variables of interest and FMR1 molecular-genetic 
variation in the PM group and ASD parent group.

Secondary Analysis of Group Classification 
Results
Using Mann-Whitney U tests to account for unequal sample 
sizes, we examined whether PM carriers who were misclassified 
in the logistic regression model as ASD parents might display 
higher rates of ASD-related features that comprise the BAP 
(e.g., pragmatic language differences), and may also show 
differences in FMR1-related molecular-genetic variability. Imputed 
values were averaged for these exploratory analyses due to 
constraints of the use of pooled imputed datasets. We  also 
explored whether children with FXS of the misclassified PM 
parents may exhibit differences in ASD symptoms from children 
of correctly classified parents, by examining ASD symptom 
severity on the Autism Diagnostic Observation Schedule-2 
(ADOS-2; Lord et  al., 2001; Gotham et  al., 2008).

RESULTS

Logistic Regression
PM Group vs. Control Group
Results indicate that PB-FOA and AFE-Mouth were all significant 
predictors of group status independently (ps  <  0.05), with an 
overall pooled r2  =  0.30 and AUC of 0.78 (maximum 
specificity  =  0.71 and sensitivity  =  0.68). The simplest model 
maintaining predictive power included only the PB-FOA and 
AFE-Mouth, with a pooled ROC of 0.77 (maximum 
specificity = 0.85 and sensitivity = 0.76). This model, conducted 
in the averaged imputed dataset, correctly classified 92% of 
the participants (77/84) from the control group and 68% PM 
carriers (44/65).
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PM Group vs. ASD Parent Group
With each variable comprising the composite entered in the 
logistic regression model AFE-Mouth was the only independent 
significant predictor of group status (p  <  0.001). Overall, the 
model incorporating all variables was able to predict group 
status with a pooled AUC of 0.74 (maximum specificity = 0.71, 
sensitivity  =  0.68). The stepwise logistic regression model only 
maintained AFE-Mouth with a pooled AUC of 0.72 (maximum 
specificity = 0.80 and sensitivity = 0.70). This model, conducted 
in the average imputed dataset, correctly classified 98% of the 
ASD parents (183/188) and 62% of the PM carriers (40/65).

ASD Parent Group vs. Control Group
Of all the variables included in the model, only PB-FOA was 
a significant predictor of group status (p  =  0.05). Together, 
the model with all variables had a pooled AUC of 0.62 (r2 = 0.05; 
maximum specificity = 0.59 and sensitivity = 0.56). The stepwise 
regression model only maintained PB-FOA and comparable 
accuracy (0.60), specificity (0.52), and sensitivity (0.62). The 
final model correctly classified 98% of the ASD parents (185/188) 
and 4% of the control participants (3/84).

See Figure  1 for all pairwise ROC curves. See Table  2 for 
model parameters for each logistic regression model.

Correlations With FMR1-Related Variation
In the PM group, there were no significant correlations between 
CGG repeat length, FMRP, or activation ratio (ps  >  0.13) and 
any of the eye-tracking variables [note: a significant correlation 
between CGG repeats and AFE-mouth was similarly not observed 
in Winston et  al. (2020)]. In the ASD parent group, increased 
CGG repeats were associated with increased time spent looking 
at the mouth in the AFE task (r  =  0.45, p  =  0.005) as well 
as decreased time spent looking at the face in the TAT (r = –0.22, 
p  =  0.037; see Figure  2). No associations were observed with 
FMRP in the ASD parent group (ps  >  0.13).

Secondary Analyses of Misclassified PM 
Carriers
Exploratory analyses investigated whether those PM carriers 
who were misclassified as ASD parents (n  =  25) might differ 
from correctly classified PM carriers along any clinical-behavioral 
characteristics. Results indicated that PM carriers who were 
incorrectly identified as ASD parents demonstrated greater 
pragmatic language violations as reflected by the dominating 
conversation factor (e.g., overly talkative and tangential; 
U  =  244.50, p  =  0.006) and marginally greater FMRP than 
the correctly classified carriers (U  =  155.00, p  =  0.08). They 
did not differ on any other features, including personality 
features of the BAP, social cognition, IQ or age (ps  >  0.17). 
See Figure  3 for all group comparisons.

There were 13 children included in analyses for the 25 PM 
carriers who were misclassified as ASD parents and 17 children 
included in analyses for the 40 correctly classified PM carriers. 
Results demonstrated that children of the misclassified PM 
carriers had marginally higher ASD symptom severity 
(U  =  67.00, p  =  0.07) and displayed more restrictive and 
repetitive behaviors (U  =  63.50, p  =  0.05; See Figure  4).

DISCUSSION

The present study examined patterns of looking across three 
separate eye tracking tasks in female carriers of the FMR1 PM, 
parents of individuals with ASD, and controls, using a series 
t-tests and logistic regression analyses to investigate whether there 
may exist patterns of visual fixations across eye-tracking tasks, 
representing a PM-specific profile, that could effectively predict 
group membership. Results demonstrated that female carriers of 
the FMR1 PM showed a distinct looking pattern in the affective 
facial expressions task, but across the other two tasks (i.e., a 
wordless picture book and images from the thematic apperception 
task), exhibited fixation patterns that were similar to ASD parents. 
Analysis of group classification revealed that this looking pattern 
may also be used to further differentiate a subgroup of PM carriers 
who display some degree of subclinical ASD-related features.

The PM Profile was comprised of variables across each of 
the three eye-tracking tasks in which PM carriers differed 
from controls with the highest effect size, including (1) time 
spent fixating on the protagonists’ focus of attention in the 
wordless picture book (PB), (2) time spent fixating on faces 
and bodies in complex social scenes (TAT), and (3) time spent 
fixating on the mouth in the NimStim passive viewing task 
of affective facial expressions (AFE). Logistic regression analyses 
revealed differences in predictive power across these variables, 
highlighting the importance of fixations towards the mouth 
in particular in differentiating PM carriers from both ASD 
parents and controls. This finding is consistent with previous 
research suggesting that individuals with the FMR1 PM attend 
to different features of the face (i.e., the mouth), whereas 
controls typically fixate on the eye region of the face (Bentin 
et  al., 1996; Farroni et  al., 2002; Henderson et  al., 2005). 
Interestingly, in prior work, parents of individuals with ASD 
showed greater reliance on the mouth than other areas of the 

FIGURE 1 | ROC curves assessing discriminability across groups for the 
final logistic regression models on the averaged datasets.
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face when making affective judgments (Adolphs et  al., 2008), 
and differences in facial processing have also been noted (Losh 
et  al., 2009), and linked to underlying neural correlates such 
as amygdala activation (Yucel et  al., 2015), similar to findings 
from studies of PM males (Hessl et al., 2007). However, results 
from the present study highlight looking towards the mouth 

as a more specific predictor of PM status, despite some differences 
present in ASD parents as well. A prior study including a 
subset of the present sample demonstrated that increased time 
spent fixating on the mouth was associated with better social 
cognitive abilities and fewer pragmatic (i.e., social) language 
violations (Winston et  al., 2020). Likewise, Klusek et  al. (2017) 
showed that PM carriers did not demonstrate a preference 
towards direct gaze compared to averted gaze, and there was 
no relationship between time spent fixating on the eyes and 
better pragmatic language abilities, in contrast to results observed 
in the control group. Taken together with prior work, these 
findings might suggest that PM carriers use different visual 
processing strategies which may affect social engagement.

The other variables which comprise the PM Profile were not 
statistically selected in analyses using backward selection for 
the PM and ASD parent groups and are particularly noteworthy 
given prior evidence of phenotypic similarities between these 
groups, including pragmatic language, social cognition, and 
personality features consistent with the BAP (Losh et  al., 2012; 
Klusek et  al., 2017). When examining social scenes, parents of 
individuals with ASD included in the present study, particularly 
those exhibiting features of the BAP, spent more time fixating 
on the background of complex social scenes in the TAT (Lee 
et  al., 2019), which is consistent with patterns observed in the 
PM in which they spent less time fixating on emotionally salient 
aspects of scenes (e.g., faces). This similarity in looking patterns 
may account for the results here indicating that individual 
fixations within scenes in the TAT and PB were unable to 
differentiate group the PM group from the ASD parent group 
with sufficient sensitivity and specificity. Therefore, while these 
particular AOIs may not be  informative in differentiating the 
PM group from the ASD parent group, they may be  useful in 
tapping similarities in neurobiology or genetics underlying attention 

TABLE 2 | Model parameters for each logistic regression model.

Predictor Original model Final model

Estimate Confidence interval p Estimate Confidence interval p

  PM vs. TD

TAT Setting: Faces3 −0.01 −0.05, 0.03 0.56 -- -- --
Bodies: Faces1 −0.002 −0.03, 0.03 0.89 -- -- --
Faces: Bodies2 0.004 −0.04, 0.04 0.85 -- -- --

Picture book Focus of attention −0.13 −0.26, −0.003 0.05 −0.15 −0.27, −0.04 0.008
Affective facial expressions Mouth 0.03 0.01, 0.05 0.001 0.03 0.01, 0.05 <0.001

  PM vs. ASD parents

TAT Setting: Faces4 −0.02 −0.04, 0.01 0.20 -- -- --
Bodies: Faces2 0.01 −0.01, 0.03 0.49 -- -- --
Faces: Bodies1 0.005 −0.02, 0.03 0.67 -- -- --

Picture book Focus of attention3 −0.06 −0.17, 0.05 0.29 -- -- --
Affective facial expressions Mouth 0.03 0.01, 0.05 <0.001 0.03 0.01, 0.04 <0.001

  ASD parents vs. TD

TAT Setting: Faces3 0.002 −0.02, 0.02 0.83 -- -- --
Bodies: Faces1 −0.01 −0.03, 0.01 0.36 -- -- --
Faces: Bodies4 0.0002 −0.02, 0.02 0.99 -- -- --

Picture book Focus of attention −0.09 −0.18, −0.01 0.04 −0.11 −0.19, −0.02 0.02
Affective facial expressions Mouth2 0.0006 −0.01, 0.01 0.91 -- -- --

Superscript denotes when the variable was excluded in the stepwise logistic regression procedure.

FIGURE 2 | Correlation matrix for genetics associations observed in the 
autism spectrum disorder (ASD) parent group across key areas of interest 
(AOI; *p < 0.05, **p < 0.01).
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FIGURE 3 | Comparisons of clinical-behavioral and FMR1-related variables between the premutation (PM) carriers who were misclassified as ASD parents and 
those who were correctly classified (*p < 0.05, ^p < 0.10). Of note, controls are not included in comparisons related to broad autism phenotype (BAP) features, and 
ASD parents and controls were not included in comparisons related to FMR1 molecular-genetic variation.

FIGURE 4 | Comparison of ASD symptom severity as measured by the ADOS-2 in the children of PM carriers who were misclassified as ASD parents and those 
who were correctly classified (^p < 0.10). The cut-off for meeting criteria for ASD is seven (range: 1–10).
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allocation in complex social scenes. In contrast, exhibiting 
increased fixations toward the mouth during face processing 
tasks might reflect a more specific characteristic of the PM group.

Interestingly, secondary analyses examining phenotypic 
differences in PM carriers who were incorrectly classified as 
ASD parents showed that this group demonstrated increased 
pragmatic language violations (at rates similar to the ASD parent 
group), and higher levels of FMRP, but did not differ in IQ, 
age, social cognition, or other BAP features. Furthermore, children 
of the group of PM carriers who were misclassified as ASD 
parent’s demonstrated overall greater ASD symptom severity, 
and more severe repetitive behaviors than children from the 
group of correctly classified as PM carriers. Evidence that higher 
rates of ASD-related characteristics were present in the misclassified 
PM carriers and in their children with FXS could suggest the 
presence of additional etiologic factors in this subgroup of 
families, such as differences in genetic background, including 
variation in ASD risk genes known to interact with FMR1 
(Belmonte and Bourgeron, 2006; Darnell et  al., 2011; Hagerman 
et al., 2011; Steinberg and Webber, 2013). As such, these findings 
may warrant further investigation into the specific phenotypes 
(and aspects of pragmatic language in particular) that might 
distinguish a cluster of PM carriers who share features with 
ASD relatives. Such overlapping phenotypes could help to guide 
investigations into etiologic factors related to ASD features in 
FMR1 mutation conditions (e.g., potential involvement of ASD 
risk genes that are known interactors with FMR1).

Correlational analyses revealed an association between higher 
CGG repeats and time spent looking at the mouth on the affective 
facial expressions task specifically in the ASD parent group. This 
association highlights that FMR1 CGG repeats within the normal 
range may be  related to PM-specific traits. Higher CGG repeats 
within the PM range have been associated with a range of PM 
phenotypic characteristics (Wheeler et  al., 2014), and this finding 
adds to some literature suggesting that variation within the gray 
zone or at the upper/lower end of the normal range may confer 
risk for medical problems and cognitive differences (Bretherick 
et  al., 2005; Mailick et  al., 2014). Findings reported here suggest 
that visual processing strategies may be an additional such phenotype, 
influenced by even subtle FMR1 variation.

Taken together, results of this study highlight the utility of 
eye tracking in the context of a face processing task as a tool 
for prediction of PM status and specific endophenotypic marker. 
Findings also provide evidence of overlap in visual fixation 
patterns with parents of individuals with ASD, suggesting 
potentially shared neurobiological mechanisms underlying 
phenotypes observed across these populations. Results may 
therefore help to elucidate etiology for ASD traits that may 
express across different diagnostic boundaries. Likewise, these 
indices reflecting shared clinical-behavioral features may be used 
to further stratify the PM group into more clinically, and 
potentially etiologically homogenous subgroups for use in clinical 
and biological studies. Furthermore, results support the utility 
of eye-tracking data to characterize endophenotypic markers 
in female carriers of the FMR1 PM, and illustrate the unique 
predictive power of specific variables derived using eye-tracking 
data in differentiating group membership.

Several strengths and limitations of the study should 
be  considered in the interpretation of results. A strength of 
this study includes the data-driven investigation of visual 
attention profiles across contexts and multiple groups of relatively 
substantial sample size. Importantly, by moving beyond 
investigation of fixation data within single tasks, analyses aimed 
to characterize broader visual attention profiles that may 
characterize specific groups, potentially show group overlap, 
and help to target studies connecting these phenotypes to 
underlying biology. Studying visual attention across tasks that 
varied in complexity and social demands permitted a relatively 
comprehensive assessment of attentional patterns that might 
contribute to understanding of the FMR1 PM phenotype (Klin 
et al., 2002; Shic et al., 2011; Chawarska et al., 2012). Additionally, 
the inclusion of parents of individuals with ASD as an additional 
comparison group with carriers of the FMR1 PM is important, 
given the strong overlap between ASD and FMR1-related 
conditions (Cornish et  al., 2005; Clifford et  al., 2007; Losh 
et  al., 2008; Klusek et  al., 2017; Nayar et  al., 2018, 2019), and 
presence of a relatively large number of high confidence ASD 
risk genes that are known interactors with FMR1 (Belmonte 
and Bourgeron, 2006; Darnell et  al., 2011; Hagerman et  al., 
2011; Ascano et  al., 2012; Steinberg and Webber, 2013; De 
Rubeis et al., 2014). Phenotypic comparisons across these groups 
may help to identify shared endophenotypes that can elucidate 
common etiologic factors across conditions. A limitation, noted 
previously, is that not all participants contributed data for each 
task. However, mitigating this concern is that analyses applied 
multiple imputation using chained equations (MICE) with 
predictive mean matching, and auxiliary variables to inform 
imputation and avoid biases present in other single imputation 
techniques (Schafer, 1999; Stuart et al., 2009; Azur et al., 2011). 
Future work with larger samples would benefit from split 
datasets, to permit training and testing, and may also fruitfully 
consider machine learning approaches and cross-validation 
measures. Finally, it will be  important to investigate whether 
the PM visual attention profile identified here might extend 
to males with the PM, and constitute a FMR1-related 
endophenotype that could help to characterize the profile of 
the FMR1 PM in males and females, and guide future 
investigations of gene-brain-behavior connections in PM carriers.
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