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Summary

Where one looks within their environment constrains one’s visual experiences, directly affects
cognitive, emotional, and social processing [1-4], influences learning opportunities [5], and
ultimately shapes one’s developmental path. While there is a high degree of similarity across
individuals with regard to which features of a scene are fixated [6-8], large individual differences
are also present, especially in disorders of development [9-13], and clarifying the origins of these
differences are essential to understand the processes by which individuals develop within the
complex environments in which they exist and interact. Toward this end, a recent paper [14] found
that ‘social visual engagement’ — namely, gaze to eyes and mouths of faces — is strongly
influenced by genetic factors. However, whether genetic factors influence gaze to complex visual
scenes more broadly, impacting how both social and non-social scene content are fixated, as well
as general visual exploration strategies, has yet to be determined. Using a behavioral genetic
approach and eye tracking data from a large sample of 11-year-old human twins (233 same-sex
twin pairs; 51% monozygotic/49% dizygotic), we demonstrate that genetic factors do indeed
contribute strongly to eye movement patterns, influencing both one’s general tendency for visual
exploration of scene content, as well as the precise moment-to-moment spatiotemporal pattern of
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fixations during viewing of complex social and non-social scenes alike. This study adds to a now
growing set of results that together illustrate how genetics may broadly influence the process by
which individuals actively shape and create their own visual experiences.
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eye tracking; development; behavioral genetics; eye gaze; gene environment correlation; dynamic
systems; selective attention; evocative effects; autism; neurodevelopmental disorders

Results

Eighty complex and naturalistic images were shown once to each participant [n = 466; 119
monozygotic (MZ) pairs and 114 same-sex dizygotic (DZ) pairs] and with a duration of 3
seconds, while their eye movements were recorded. Gaze heatmaps were first created by
combining data from all individuals together for each image (Figure 1), as well as for each
individual and each image separately (Figure 2) and used to quantify gaze similarities and
differences between pairs of individuals (see STAR Methods and Figure S1). As an initial
test of the heritability of gaze, we examined whether twins exhibited similar visual
exploration tendencies when looking at the images, operationalized as the degree of gaze
dispersion quantified using Shannon entropy; see STAR Methods). Indeed, MZ twins
exhibited more similar exploration tendencies (ryz = 0.42) compared to DZ twins (ryz =
0.19), implying a moderate heritability (h? = 0.38 +0.25-0.51; for details, see STAR
Methods and Table S1).

Next, we sought to directly assess the extent to which individuals look at the same locations
in the scenes by comparing each twin’s gaze directly with their co-twin. As hypothesized,
MZ twins exhibited the highest degree of similarity (mean r (£SD) = 0.60+0.07), followed
by DZ twins (mean r = 0.56+0.08), and then by unrelated individuals (mean r = 0.54+0.07;
2000 random non-twin (NT) pairings derived from a bootstrapping procedure; see STAR
Methods). Both MZ and DZ twins exhibited greater similarity in gaze patterns than
unrelated individuals [#1g = 10.53, p=1.11 x 10718, Cohen’s d=0.99; f13 = 3.61, p=4.54
x 1074, d'= 0.38, respectively; calculated using one-sample t-tests, but essentially identical
results were obtained with two-sample t-tests], and MZ twins exhibited greater similarity
compared to DZ twins [63; = 4.29, p=2.59 x 1075, = 0.56, independent samples t-test]
(see Figure S2). Note that these correlations values reported above (means of correlations)
are not equivalent to the intraclass correlation measure typically used in quantitative
behavioral genetic analyses (see also STAR Methods), so we caution the reader from
simply applying Falconer’s formula to estimate heritability.

Repeating the analysis above using a mean-referenced similarity metric (which unlike the
above analysis allows for quantitative behavioral genetic analysis; see STAR Methods), we
again confirmed that MZ twins were more similar to one another than DZ or NT pairs (ryz=
0.30, rpz = 0.10, rnT = 0.00, respectively), and behavioral genetic modeling indicated a
moderate heritable component to spatial patterns of gaze measured on short (3 second)
timescales (h? = 0.28+0.12-0.43) (for details, see STAR Methods and Table S1).
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We next examined the effects of twin status on gaze occurring at even shorter timescales.
Immediately following image onset (bin 1: 1-300 msec), MZ, DZ, and NT pairs exhibit
largely comparable levels of gaze similarity. This was as expected because participants were
instructed to initially look at the center fixation cross preceding each stimulus onset, and
resulted in very little variance in initial fixation location. Yet, over the course of the trial, we
observed a pattern of gaze location becoming more divergent across participants over time
(r?=0.978, p = —0.675; power function fitted to averaged data from the 2000 NT pairs for
each of the 10 time bins). Increased gaze similarity in MZ pairs relative to both DZ and NT
pairs was maintained for all of these subsequent time bins (see Figure 3). As illustrated by
Movie S1 and Movie S2, in some cases, MZ twins showed a remarkably high spatiotemporal
gaze similarity. Note that these particular videos were selected since they nicely illustrate the
phenomenon being discussed, and not due to their representativeness; the correlations shown
in the videos are among the highest observed.

To test whether the above described effects were driven by particular sub-classes or
particular characteristics of stimuli, we performed two additional analyses. First, we ran the
above temporal heatmap analysis separately for social and non-social images. Overall,
across both of these different content domains, similar patterns were observed with MZ
twins exhibited higher levels of gaze similarity than DZ and NT pairs (Figure 3b,c). Second,
we investigated how generalizable the results were across different levels of gaze complexity
to an image (gaze complexity was operationally defined as mean entropy of gaze across all
participants for each image; see STAR Methods). As shown in Figure S3, we found that the
same pattern of gaze similarity across groups (MZ > DZ > NT) was apparent across all
levels of entropy (slope/p = - 0.1214, -0.1197, —0.1249, respectively; r2 = 0.804, 0.801,
0.798, respectively).

Finally, using a new statistical method that seeks to identify co-twins with one another based
on their patterns of gaze alone, termed cross-subject gaze fingerprinting (see Figure 4 and
STAR Methods for further details), we found higher identification accuracy for MZ pairs
compared to DZ or NT pairs. Across 1000 bootstraps, this procedure resulted in 27.9%
(x2.9) accuracy for MZ twins, and 6.7% (+1.7) accuracy for DZ twins, and 0.84%(+0.9))
accuracy for NT pairs (chance would be expected to be 1%). The distributions of MZ and
DZ accuracies were entirely non-overlapping and both very different than chance (i.e., NT
pairs; all ps < 0.00001; see Figure S4).

Discussion

The current study demonstrates genetic influence on spatiotemporal eye movement patterns
to free viewing of complex and highly unconstrained visual environments. We observed
these effects even when splitting the analysis into very short time bins, showing that genetics
contribute to the precise temporal pattern of eye movements during free viewing in later
childhood. The strength of this genetic effect is particularly evident in the cross-subject gaze
fingerprinting analysis, wherein we found that patterns of gaze to the scenes contained
enough unique information shared among twins to correctly match individuals with their co-
twins selected from among a pool of 100 individuals. This effect was most pronounced in
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MZ twins (~28% accuracy), but was also well above chance in DZ twins (DZ accuracy =
~7%; chance = ~1%).

Our findings serve as a robust initial replication and important extension of recently
published work identifying heritable effects on gaze to social videos in toddlers [14], but,
importantly, we do so using different analytical methods, different populations (24 and 36
month olds vs. later childhood), and qualitatively different stimuli (dynamic social videos
with sound vs. static images of highly varied complex scenes, both social and non-social).
Our results extend these initial findings by demonstrating that genes still influence human
gaze well beyond infancy and toddlerhood, continuing into at least into later childhood and
likely beyond, and influence viewing of highly varied environments, including both social
and non-social environments. Furthermore, we find that even the more stimulus-independent
exploration tendencies one exhibits when viewing complex scenes — i.e., either highly
exploratory or more restricted in scope — has a genetic influence.

Where one looks within complex scenes is influenced by multiple simultaneously interacting
factors that include both bottom-up and top-down processes. These bottom-up image
properties include low-level (contrast, orientation, color), mid-level (object size, object
complexity), and/or higher-level semantic attributes (faces, eye gaze cues, text, etc.) [6-8,
15]. Top-down cognitive processes also have measurable influences on gaze, including
specific task demands [16], as well as numerous other trait- and state-level factors (e.g.,
visual exploration tendencies, as examined here, but also arousal, anxiety, motivation,
drowsiness and so on). It is within this multivariate and multicausal context that makes it all
the more remarkable that a significant portion of variance in eye movements across
individuals can be explained by genetic factors.

Critically, gaze not only reflects one’s bottom-up and top-down attentional tendencies, but
also affords subsequent information processing and influences social interaction [1, 4, 17—
19]. For example, children who spend more time looking at other people — in the family, in
school — will create a very different learning environment for themselves compared to
children who tend to look elsewhere. Indeed, even subtle initial differences in looking
behavior, which may be influenced by one’s genetic makeup, may over time contribute to
divergent developmental trajectories [3, 10]. Importantly, this is not a deterministic
perspective, in that we do not believe that genes define an outcome (in this case,
spatiotemporal patterns of gaze to complex scenes), but rather that genes contribute (in a
probabilistic sense) to a developmental process that gives rise to particular gaze behavior as
a consequence of a continually and reciprocally reinforcing biology-environment interaction.
Infants gain control over their eye movements earlier than most other exploratory actions
(e.g., effective reaching for or crawling towards objects) [20, 21], suggesting that a genetic
influence on eye movements may play a particularly important role early in life [14].
Furthermore, not only do these results have implications for our understanding of the
emergence of individual differences within the range of typical development, but also for
understanding atypical development. Autism Spectrum Disorder, for instance, is both
heritable [22-24] and associated with altered looking patterns beginning in infancy and
persisting well into adulthood [2, 9, 10, 14, 25].
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The present results may also have implications for understanding the emergence of
particular gene-environment correlations - a phenomenon whereby aspects of one’s
environment are influenced by one’s genes [26—31]. For example, people who have a genetic
predisposition to shyness [32] are likely to select environments that fit their socially diffident
personality (i.e., an active gene-environment correlation process) and their behavior tends to
elicit particular reactions in other people (i.e., an evocative gene-environment correlation
process) [33]. However, unlike this example, gene-environment correlations related to eye
movements would be occurring at a completely different temporal and spatial scale —
instead of directly affecting one’s macro-level environment (e.g., the job they choose, the
social events they attend, the people they associate with), it would operate at a micro-level
— the immediate, momentary sub-selection of visual information within one’s current
environment. In other words, because eye movements are a behavior that allows one to select
their visual experiences (and also influence other people within social contexts), then
establishing that genetic factors influence eye movements by definition means that eye
movements serve as mechanisms of active (and evocative) gene-environment correlations —
that is, genes influence the micro-level environments individuals create for themselves.
Because exposure to different visual environments — even micro-level environments, such
as fixating a specific part of a face [1] — entail differential access to information, learning
opportunities, and subsequent cognitive processing, such gene-environment correlations may
influence one’s behavior in significant ways [29], especially when considered over
development. Demonstrating a causal link between eye movements and subsequent behavior
and cognition would be an important next step.

An important limitation of the present study should also be addressed. As with any twin
study, the heritability estimates rely on the equal environments assumption (i.e., that the
shared environments of MZ and DZ twins are similar). It is possible that the environments of
MZ twins are more similar to one another than that of DZ twins and that those environments
influence eye gaze patterns, thus resulting in misattributed variance and an overestimation of
the heritability of the phenotype [29]. It should also be noted that similarity in gaze to
unconstrained complex scenes, where one is free to fixate anywhere within a 2-dimensional
scene and each gaze location is treated as a unique and singular event (i.e., not averaged
across any other instances), is a particularly unforgiving measurement, with a near infinite
number of ways for gaze to be different between two people (including measurement error)
but only one way for it to be similar. Thus, one could also make the case that the precise
heritability estimate may be an underestimate.

A second limitation is that because of the multivariate and multicausal nature of eye
movements, together with the design of the experiment, we cannot disentangle the specific
genetic and environmental contributions of each of the many bottom-up and top-down
factors. In free viewing of naturalistic scenes, some of these factors may be inextricably
linked together and only separable through specifically designed experimental
manipulations. At the same time, it is possible (and perhaps likely) that there will not be a
perfectly even level of heritability across each of these various bottom-up and top-down
processes, making such questions ripe for future investigation. Indeed, there is much interest
in the use of eye movements as relatively inexpensive and easily measurable quantitative
endophenotypes (e.g., [9-11, 34]), so parsing the heritability of gaze behavior further into its
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component processes is a worthwhile pursuit. Yet, even without such parsing, our results
highlight the possibility of using eye movements even to complex scenes in highly
unconstrained task contexts as quantitative endophenotypes in future investigations of
behavioral and cognitive traits and psychopathology (see also [14]).

Finally, our findings of genetic factors influencing the temporal order of gaze location (on
the order of hundreds of milliseconds) to static scenes is consistent with recent finding by
Constantino and colleagues [14] that genetic factors also influence viewing of dynamic
scene content. The demonstration of these spatiotemporal effects is particularly important
when considering gaze in the real world: when viewing static scenes, it is possible to look
back to a previously ignored location at a later time and still acquire that visual input.
However, in everyday life, some significant events (like a quick glance, a subtle facial
expression, a car unexpectedly merging into your lane) can be quite fleeting and there may
never be a second chance to acquire this information again [35]. Thus, where we direct our
eyes on a moment-to-moment basis describes a continuous and interactive process in which
we actively create, constrain, and shape our worlds. By demonstrating a genetic contribution
to precise spatiotemporal gaze patterns to complex visual scenes in human children, this
study adds to a now growing set of results that together provide a new developmental
perspective on the emergence of individual differences in cognition and behavior.

STAR Methods

Contact for Reagent and Resource Sharing

Further information and requests for resources should be directed to and will be fulfilled by
the Lead Contact, Dr. Dan Kennedy (dpk@indiana.edu).

Experimental Model and Subject Details

130 monozygotic (MZ) twin pairs and 130 same-sex dizygotic (DZ) twin pairs participated
in the study (n=520 individuals total). After excluding 33 individuals based on insufficient
data (see below for details), and then removing their corresponding co-twins, the final
sample consisted of 119 MZ twin pairs and 114 same-sex DZ twin pairs (n=466
individuals). The participants (mean age = 11.4 (+1.3) years); range = [9.2, 14.1]) were
recruited from a population-based twin study in Sweden [36], and were living in the larger
Stockholm area. The study was approved by the Regional Ethics Review Board in
Stockholm, and written informed consent was obtained from parents. Gift vouchers were
given to the children as incentive for participation ($35 for each child).

The results described here comprise one specific experiment that was conducted in the
context of a larger approximately 50-minute-long eye tracking testing session, which was
preceded or followed by an additional 30 min of behavioral and cognitive testing. Zygosity
was confirmed by molecular genetic analyses or, in cases where DNA samples were not
available, by a highly accurate classifier based on five questions of twin similarity (see [36]
for full details). The proportion of boys was similar in MZ and DZ groups (43.7% and
45.6%, respectively; X2(1,N=466) = .17, p= .68, chi-square test), and age did not differ
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between the two groups of twins (tp31=1.10, p=.27). According to parent report, no child
had uncorrected impairments in vision or hearing.

Method Details

Stimuli—The stimuli consisted of 80 different complex scenes spanning a wide range of
naturalistic non-social and social snapshots of visual environments that people may
encounter in everyday life (from ref [8]; retrieved from http://www-users.cs.umn.edu/
~gzhao/predicting.html; Figure 1). Forty of these images included two or more people
(“social images™) and 40 others did not include any people (“non-social images™). Each
image was displayed for 3 sec with a 1 sec inter-trial interval where a central fixation point
was displayed. Stimuli subtended 29.3° x 22.7° (width x height) degrees of visual angle on a
screen subtending 29.3° x 24.2°. Participants were instructed to simply look at the images
for the total duration of the experiment (5 min, 20 sec). The presentation order of the 80
images was randomized for each individual (including within twin pairs).

Eye tracking data collection—Eye tracking data was recorded using a Tobii T120 eye
tracker, which samples gaze location at 120Hz. Immediately prior to stimulus presentation,
participants completed a 9-point calibration followed by a validation procedure. Data quality
was then evaluated and calibration/validation was repeated if necessary. Excluding the initial
calibration/validation time, the entire task lasted 5 min 20 sec. All analyses were carried out
using in-house code written in MATLAB (version 2014b; Mathworks, Natick, MA), and all
statistical tests were performed using a two-tailed alpha level.

Quantification and Statistical Analysis

Eye tracking processing and analyses—Minimal preprocessing of eye tracking data
was carried out. Binocular gaze data (acquired at 120 HZ or every 8.3 msec) were analyzed
in raw form. The eye tracker (Tobii T120; Tobii Technologies, Danderyd, Sweden) outputs a
value corresponding to measurement confidence for each gaze sample acquired and for each
eye (ranging from 0 to 4), and only gaze samples where both eyes were confidently
identified by the software were included (i.e., the highest validity code of 0). We excluded
any individual with missing data, defined as less than 50% of usable data on more than 50%
of trials (n = 33 individuals, resulting in 11 MZ pairs and 16 DZ pairs excluded), but the
results remain essentially unchanged with both stricter and more liberal inclusion criteria.

To assess gaze similarity between pairs of individuals, we next created three distinct types of
gaze heatmaps: (1) mean heatmaps that combined gaze data from all 466 participants
together for each image (resulting in 80 heatmaps total; see Figure 1); (2) individual
heatmaps for each participant and image (resulting in 80 heatmaps/participant; see Figure
2a,b); (3) temporally-binned heatmaps that divided gaze data from each 3 second stimulus
presentation into 10 equally spaced 300 msec bins for each participant and image (resulting
10 heatmaps/image/participant). Heatmaps were produced using a 2° full width at half
maximum (FWHM) Gaussian kernel spatial smoothing.

Similarities in gaze patterns were then assessed by either comparing (i.e., correlating)
heatmaps either directly between two individuals (pafrwise analyses) or between two

Curr Biol. Author manuscript; available in PMC 2018 November 20.


http://www-users.cs.umn.edu/~qzhao/predicting.html
http://www-users.cs.umn.edu/~qzhao/predicting.html

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kennedy et al.

Page 8

individuals when both are compared to the average heatmap (mean-referenced analyses). To
calculate correlation coefficients between heatmaps, heatmaps were vectorized (i.e.,
converted to a single column of values), and then Pearson correlation between these vectors
could readily be calculated3®. As shown in Figure S1, Pearson correlations are a
straightforward method to capture similarity and dissimilarity, and match closely with
human intuition. To properly account for the non-normal distribution of correlation
coefficients, statistical tests were performed on the fisher ztransformed correlation
coefficients, rather than the correlation coefficients directly.

Establishing a baseline of gaze similarity—In order to define a baseline level of gaze
similarity between unrelated individuals (Non-Twin pairs; NT), we randomly selected two
unrelated individuals and calculated Pearson correlations between those two individuals’
heatmaps for each of the 80 stimuli. This sampling procedure was repeated 2000 times, with
replacement, to provide a robust baseline measure of pairwise similarity between two
unrelated individuals.

Assessing similarity in visual exploration—For each individual participant, their 80
image heatmaps were averaged together to produce a single mean heatmap upon which
Shannon entropy was then calculated. Entropy provides a measure of statistical randomness,
such that spatially diffuse gaze to many different areas (i.e., fewer peaks) across the images
would result in higher entropy, and tightly focused gaze to only certain parts of the images
(e.g., the center) would result in lower entropy values, as in ref [8]. The correlation in
entropy values across MZ and DZ pairs separately was then calculated. Ten twin pairs (5
MZ, 5 DZ) where either twin exhibited entropy values greater than 3 SD away from the
mean were excluded to produce a more normal distribution, but results were essentially
unchanged with their inclusion. Heritability was calculated as described in the Behavioral
Genetic Analyses, below.

Assessing similarity in gaze location—While analysis of entropy can determine
whether heritable factors contribute to general strategies of how individuals look at these
images, it does not directly assess the extent to which individuals look at the same locations
in the scenes. To address this issue, we calculated the pairwise similarity in heatmaps for
each of the 80 image heatmaps and for each twin pair (using Pearson correlation [37] —e.g.,
the correlation between twin A and A’ for image 1, the correlation between twin A and A’
for image 2, and so on. A single value was then derived for each twin or (NT) pair by
calculating the mean of the correlations across all 80 images. Mean similarity was then
calculated for MZ, DZ, and NT groups.

Heritability of gaze location—Given the relative pairwise nature of the above measure
of gaze similarity (i.e., only a single value was derived from each twin pair, as opposed to
the analysis of entropy where an absolute measure was obtained for each individual twin), a
heritability estimate could not be readily calculated using standard quantitative behavioral
genetic models. Therefore, in order to derive a heritability estimate, we repeated the analysis
by comparing each individual participant heatmap to the overall mean heatmap for that
image (i.e., mean-referenced analysis). For example, for image 1, we calculated similarity
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(Pearson correlation) between participant A and the mean heatmap for image 1, similarity
between participant A’ and the mean heatmap for image 1, similarity between participant B
and the mean heatmap for image 1, and so on. In this way, a mean-referenced value for each
image and individual could be obtained, indicating the degree of similarity to a common
reference. The r-to-z transformed values for each of the 80 images were then averaged
together for each participant yielding a single value. Correlation coefficients were then
calculated across MZ, DZ, and NT participants. Heritability could then be readily calculated
using standard quantitative behavioral genetic analyses (see Behavior Genetic Analyses,
below). Note that this mean-referenced approach is a slightly less direct method for
approximating gaze similarity between twins, but results obtained from this method are
consistent with the more sensitive pairwise analysis.

Quantifying image complexity—To further assess whether observed effects were
consistently observed across individual images (and their particular image characteristics),
we operationally defined image complexity as the Shannon entropy of the mean heatmap
across all participants for each image separately (see Figure 1 and Figure S3; high entropy
values = more broadly distributed gaze to the scene and fewer peaks), as in ref [8]. Note that,
similar to the earlier analysis assessing exploration strategy, this analysis also utilizes
entropy. However, it is quite distinct and yields a different meaning here in that rather than
characterizing an individuals’ pattern of gaze dispersion across all images (as in the previous
analysis), it uses mean gaze dispersion across individuals simply as a proxy for image
characteristics — e.g., are there a few dominant objects that most individuals gaze at, or is
gaze more broadly distributed across individuals? More “complex” images are those whose
gaze is more dispersed across participants. We then assessed pairwise similarity between
MZ, DZ, and NT twins for each image as a function of image complexity (Figure S3).

Temporal similarity analyses—Although the analyses described above are based on eye
movements occurring over short stimulus durations (i.e., 3 sec), they nonetheless still
average over more nuanced spatiotemporal aspects of eye movements that occur on even
shorter sub-second timescales (see Figure 2¢). To address this, for each image and
participant, we divided gaze data into 10 equally spaced 300 msec bins spanning the entire
3-sec stimulus presentation and derived heatmaps for each bin separately. As above, we then
calculated the pairwise Pearson correlations for each MZ, DZ, or NT pair and image, but this
time separately for each 300 msec bin (Figure 3a). Then, for each bin separately, we
averaged these Fisher transformed r-to-z values across the 80 images and aross twins within
each group (MZ, DZ, NT). This analysis was carried out for all 80 images combined (Figure
3a), as well as separately for the 40 social and 40 non-social images (Figure 3b,c).

Behavior Genetic Analyses—\We calculated twin correlations and fit standard behavior
genetic twin models to estimate the degree to which genetic factors influence eye gaze
patterns using Mplus (Los Angeles, CA: Muthén & Muthén). These results are provided in
Table S1. Given the sample sizes and twin correlations, the best fitting model (highlighted)
included only two variance components: additive genetic and non-shared environmental
factors. Any twin pair that included a value that was three standard deviations above or
below the mean was removed from the analyses (visual exploration analysis: 5 MZ and 5 DZ
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pairs; gaze similarity analysis: 1 MZ and 5 DZ pairs), though we obtained comparable
results when they were included.

Cross-subject gaze fingerprinting—Finally, to further convey the similarity of gaze
between MZ and DZ twin pairs, we adapted a recent analytic approach from the field of
functional neuroimaging, known as “functional connectome fingerprinting” [38]. Here,
using what we call cross-subject gaze fingerprinting, we ask whether, given one person’s
gaze data, can we accurately identify their co-twin from among a pool of 100 individuals
(see Figure 4 for further details; see also Figure S4). Chance performance would be expected
to be 1%, and can be empirically determined.

In the analyses reported in the main text, Figure 4, and Figure S4, the twin-co-twin
identification performance was tested among a pool of individuals with the same zygosity
(i.e., a pool of MZ twins for MZ twin pair identification; a pool of DZ twins for DZ twin
pair identification). To verify that the use of different comparison groups did not confound
the results, we re-ran the analysis using a common pool of both MZ and DZ individuals.
This procedure yielded essentially identical results (MZ accuracy = 27.2%; DZ accuracy =
6.9%; NT accuracy = 0.8%).

Data and Software Availability

Data and software can be obtained from the Lead Contact on request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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- We recorded eye movements in a large sample of identical and fraternal

- We find eye movements to complex social and nonsocial scenes are heritable.

- The influence of genes manifest even in the precise temporal order of

- This suggests genes influence the experiences individuals create for

Highlights

twins.

fixations.

themselves.
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Social Images

Nonsocial Images

Figure 1. Examples of social and non-social stimuli, along with their corresponding gaze
heatmaps

Each heatmap represents the spatial pattern of gaze aggregated across all participants (n =
466). The heatmaps are 2D histograms where the x and y axis corresponds to the horizontal
and vertical dimension of the stimulus (respectively), and the color represents the amount of
gaze data aggregated at each location within the stimulus. See also Figure S3.
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Figure 2. Examples of individual differences in scanpaths
a) & b) Examples of spatial gaze patterns across different participants for two stimuli

(displayed in top left panels), showing substantial individual differences in looking patterns.
¢) Heatmaps from two individuals with the temporal trace superimposed (colored line). Even
though the overall spatial pattern may be similar, the temporal order of gaze across
individuals may differ, revealing important individual differences in prioritization of scene
content. See also Figure S1 and Movies S1 and S2.
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Figure 3. Spatiotemporal similarity across monozygotic twins and dizygotic twins relative to non-
twin pairs

a) MZ twins (blue) and DZ twins (green) exhibited more similar gaze patterns than pairs of
unrelated individuals. Solid blue and green lines represent the mean correlation between
heatmaps of MZ and DZ twins at each time bin (each 300 msec), plotted as a percent relative
to non-twin pairs (shaded area = s.e.m.). Except for the very first time bin, gaze between MZ
twins was significantly more similar than gaze between DZ twins, demonstrating a genetic
contribution to spatiotemporal gaze patterns on strikingly short timescales. Colored squares
(top) indicate significant differences (blue=MZ vs. NT; green = DZ vs. NT; cyan = MZ vs.
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DZ). b) & c) The same overall pattern of MZ>DZ>NT was preserved when analyzing social
and non-social images separately. See also Figure S2 and Movies S1 and S2.
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Figure 4. Cross-Subject Gaze Fingerprinting for monozygotic and dizygotic twins
An individual’s pattern of gaze can be used to accurately identify their co-twin from among

a pool of 100 individuals. In each panel, 100 randomly selected individuals are shown on the
x-axes along with their 100 co-twins on the y-axes. For each individual on the x-axis
(column), the individual with the highest gaze similarity on the y-axis (row) is marked,
where yellow indicates that co-twin identification was achieved and light blue indicates that
co-twin identification was not achieved. Across 1000 bootstrapped iterations of this
procedure, accuracy of gaze fingerprinting for MZ twins is 27.9% and 6.7% for DZ twins.
Both MZ and DZ identification rates are significantly different from chance accuracy (~1%)
and significantly different from each another (all ps<0.00001; MZ>DZ>NT), further
demonstrating a high degree of gaze similarity among MZ twins. Note that this figure
illustrates the results of one run of the bootstrapping procedure; the statistics in the text
reflect the mean result across 1000 runs. See also Figure S4.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental Models: Organisms/Strains
Monozygotic and Dizygotic Twins | Recruited from the N/A

Stockholm, Sweden area

Software and Algorithms

MATLAB Version 2014b; https://www.mathworks.com/products/new_products/release2014b.html
Mathworks, Natick, MA
Tobii Studio Tobii Technologies, Discontinued; see https://www.tobiipro.com/product-listing/tobii-pro-studio/

Danderyd, Sweden

Custom Matlab scripts

Dan Kennedy

dpk@indiana.edu

Other

Image Stimuli

Ref [8]

http://www-users.cs.umn.edu/~qzhao/predicting.html

Tobii T120 Eye Tracker

Tobii Technologies,
Danderyd, Sweden

https://www.tobiipro.com/product-listing/tobii-t60-and-t120/

Eye tracking data

Dan Kennedy

dpk@indiana.edu
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