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Background: Measures based on pupillometry, such as the pupillary light reflex (PLR) and baseline pupil size, reflect
physiological responses linked to specific neural circuits that have been implicated as atypical in some psychiatric
and neurodevelopmental conditions. Methods: We investigated the contribution of genetic and environmental
factors to the baseline pupil size and the PLR in 510 infant twins assessed at 5 months of age (281 monozygotic and
229 dizygotic pairs), and its associations with common genetic variants associated with neurodevelopmental (autism
spectrum disorder and attention deficit hyperactivity disorder) and mental health (bipolar disorder, major depressive
disorder and schizophrenia) conditions using genome-wide polygenic scores (GPSs). Results: Univariate twin
modelling showed high heritability at 5 months for both pupil size (h? = .64) and constriction in response to light
(h? = .62), and bivariate twin modeling indicated substantial independence between the genetic factors influencing
each (rg = .38). A statistically significant positive association between infant tonic pupil size and the GPS for
schizophrenia was found (f = .15, p = .024), while there was no significant association with the GPS for autism or
any other GPSs. Conclusions: This study shows that some pupil measures are highly heritable in early infancy,
although substantially independent in their genetic etiologies, and associated with common genetic variants linked to
schizophrenia. It illustrates how genetically informed studies of infants may help us understand early physiological
responses associated with psychiatric disorders which emerge much later in life. Keywords: Pupillometry; pupillary
light reflex; infancy; twin design; polygenic risk scores; schizophrenia.

(Aston-Jones & Cohen, 2005; Gilzenrat, Nieuwen-
huis, Jepma, & Cohen, 2010; Murphy, Robertson,
Balsters, & O’connell, 2011), which index ongoing
psychological processes related to arousal and atten-
tion (Laeng, Sirois, & Gredeback, 2012). Tonic levels
(baseline levels) of pupil dilation thus both reflect the
amount of light reaching the eye, and the level of
attention and arousal of the individual in that
context.

In recent years, there has been an increasing
interest in the link between the PLR early in life and
autism spectrum disorder (ASD). In children, ado-
lescents, and adults, a hypo-sensitive response
(slower latency and reduced relative amplitude) has
been shown at a group level (Daluwatte et al., 2013;
Fan, Miles, Takahashi, & Yao, 2009) and associated
with ASD traits (DiCriscio & Troiani, 2017). In
contrast, early in life, a hypersensitive PLR has been
seen in infants with a later ASD diagnosis and
associated with symptom severity (Nystrom et al.,
2018; Nystrom, Gredeback, Bolte, & Falck-Ytter,
2015). Atypical PLR responses have also been
described in psychiatric conditions such as
schizophrenia, where a hypo-sensitive response has
been found at a group level (Hakarem, Lidsky, &

Introduction

The pupillary light reflex (PLR) is a physiological
response to retinal or attended stimulus luminance
serving to regulate the amount of light reaching the
retina. Individual variation in the PLR (the relative
amplitude the pupil constricts or the latency to
initiate the constriction response) is thought to
reflect altered sensory reactivity, and the measure
has a wide range of clinical applications, including
detection of parasympathetic dysfunction (Wang
et al., 2016) and cholinergic deficits (Hall & Chilcott,
2018). Although an involuntary reaction, it has been
shown to be modulated by top-down cognitive pro-
cesses (Ebitz & Moore, 2017; Mathot, Linden,
Grainger, & Vitu, 2015). While the sudden constric-
tion to light seen in the PLR is linked primarily to the
parasympathetic nervous system and draws heavily
on cholinergic synaptic transmission (Hall & Chil-
cott, 2018), fluctuations in the pupil more generally
reflect also other brain systems, including the sym-
pathetic activity and the locus coeruleus—nore-
pinephrine (LC-NE) system more specifically
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Sutton, 1966) and in association with more negative
symptoms (i.e. symptoms related to withdrawal, lack
of motivation and interest were associated with a
slower latency to constrict; Fattal et al., 2020).

Twin studies help us understand the nature of
individual differences in terms of genetic and envi-
ronmental contributions to variability in traits. So
far, no study that we are aware of investigated pupil
measures such as the PLR in infants in a genetically
informed design. This is striking given the link
between the PLR and strongly heritable neurodevel-
opmental conditions like ASD and schizophrenia
(Daluwatte et al., 2013; Fan et al., 2009; Fattal et al.,
2020). The current infant twin study aimed to clarify
the etiological background and genetic links of the
PLR (the relative constriction amplitude and the
latency) and the pupil size (baseline pupil diameter)
at 5 months of age. The primary aim was to quantify
the contribution of genetic and environmental fac-
tors to the PLR and baseline pupil size, and to the
covariance between the different pupil measures. In
light of previous research indicating significant
genetic effects on early brain development (e.g.
morphology measures; Maggioni, Squarcina, Dusi,
Diwadkar, & Brambilla, 2020), we expected all pupil
measures to be heritable. Our second aim was to
utilize genome-wide polygenic scores (GPSs, a
genotype-based individual score that summarizes
the estimated effect of many trait-associated alleles)
to assess whether the common genetic architecture
known to be associated with psychiatric and neu-
rodevelopmental conditions, particularly ASD and
schizophrenia, associates with infant pupil parame-
ters.

Methods and materials

Participants were part of the BabyTwins Study Sweden
(BATSS), a longitudinal infant twin study (Falck-Ytter et al.,
2021). BATSS has a classic twin design, in which similarity is
compared between monozygotic twin pairs (MZ; who share
100% of their segregating alleles) and dizygotic same-sex pairs
(DZ; who on average share 50% of their segregating alleles).
Twins were identified via the Swedish population registry and
contacted by letter. Only the greater Stockholm area was
targeted due to the need to come in person to the lab. Inclusion
and exclusion criteria, checked via telephone interview, were
opposite-sex twin pairs, diagnosis of epilepsy, known presence
of a genetic syndrome, vision or hearing impairments, very
premature birth (prior to week 34), presence of developmental
or medical conditions likely to affect brain development (e.g.
Cerebral Palsy), and infants where none of the biological
parents were involved in the infant’s care. Parents also needed
to be willing to disclose information about family medical and
psychiatric history, demographics, and birth delivery. From
2016 to 2020, 311 families (29% of the entire population of
same-sex twins born in the area; 57% MZ pairs, as estimated
based on DNA sampled from all infants) took part in an in-
person multi-methods assessment at 5 months (testing site at
Karolinska Institutet). The study sample has a high socioeco-
nomic status, and it comprises of mostly Swedish-born fam-
ilies (90% of twin pairs had at least one parent born in
Sweden). Recruitment summary and sample demographics are
fully reported in the BATSS description paper (Falck-Ytter

Infant PLR: heritability and link to schizophrenia 1069

et al., 2021). Parents gave informed consent to take part.
BATSS was approved by the regional ethics board in Stock-
holm and was conducted in accordance with the Declaration of
Helsinki.

For the current analyses, 28 twins were excluded due to
parent-reported twin-to-twin transfusion syndrome (12 pairs),
report of seizures at the time of birth (2 individuals from
different pairs), very low birth weight (<1.5 kg, 1 individual),
and report of spina bifida (1 individual). In addition, 23 infants
did not take part in the eye-tracking assessment due to
technical reasons (3 pairs), lack of time (1 pair plus 1
individual), bad calibration (1 individual), and tiredness (4
pairs plus 5 individuals). From the infants that took part in the
assessment, 61 infants (9 pairs plus 43 individuals) did not
have enough valid trials to yield pupil measures (see below
criteria for measurements), so these were excluded from the
analysis. The final sample was of 510 individuals (280 incom-
plete pairs, i.e. pairs with at least one twin with data). We
found no statistically significant differences between the
excluded and included infants in terms of either parental
education level, family income, sex, age or any of the GPSs
used in this study.

Measures

The PLR was measured during a lab visit at
5 months of age which included other paradigms
not related to the current study (Falck-Ytter et al.,
2021). During this visit, both twins performed the
PLR task; one twin was assessed at a time.

Eye tracking protocol

To record gaze and pupil data a Tobii TX300 eye-
tracker was used (sampling rate of 120 Hz) with
scripts written for the Eurosibs study (Jones et al.,
2019) in MATLAB (version R2013b, MathWorks,
Natick, MA, USA) and Psychtoolbox (version
3.0.12). An initial 5-point calibration was called
before the start of the task battery, which lasted for
about 10 min and involved rotations of free-viewing
of dynamic and static scenes (mixture of social and
nonsocial content), gaze-contingent gap-overlap tri-
als, PLR measurements, and postcalibration
sequences. Here, we analyzed only pupil data col-
lected during the presentation of 12 trials that
elicited a PLR. These 12 PLR measurements were
not collected in sequence, rather they were always
interspersed with other stimuli with varying lumi-
nosity.

The pupillary light reflex task

For each trial, lasting approximately 6 s, the stimu-
lus consisted of a small central fixation point on a
black background (0.9 lux) that flashed white
(190 lux) for 75 ms with a random onset between
1,600 and 2,400 ms. In line with previous research,
the PLR was evaluated both in terms of its relative
constriction and its latency. The relative pupil con-
striction was calculated as in Fan et al. (2009) by the
formula (Ag>-Am?)/ Ao, where Ay is the average pupil
diameter before the onset of the PLR (during an

© 2021 The Authors. Journal of Child Psychology and Psychiatry published by John Wiley & Sons Ltd on behalf of Association for
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interval starting 100 ms before and ending at the
PLR onset, as determined by the PLR latency), that
is, the mean baseline, and A, is the minimum pupil
diameter in the interval 500-1,500 ms relative to the
stimulus onset (Fan et al., 2009). Following previous
work (Nystrom et al., 2015, 2018), the PLR latency
was defined at the acceleration minimum between
flash onset and minimum pupil diameter. Compu-
tational processing was done in MATLAB using the
TimeStudio framework (Nystrom, Falck-Ytter, &
Gredeback, 2016) and is described elsewhere
(Nystrom et al., 2015, 2018). All trials were inspected
by a researcher (blind to zygosity). Invalid trials (with
apparent artifacts and implausible responses) for
each eye were first automatically marked, and then
visually rejected. Only one eye per trial was kept and
infants with less than three valid trials were
excluded. Mean values from valid trials were com-
puted to get the outcome variables (relative constric-
tion; latency of the response; and baseline pupil
diameter). Short-term internal stability of the pupil
measures was estimated by intra-class correlations
(two-way random effects) using mean values of the
first six trials (test block) and of the last six trials
(retest block) — relative constriction had moderate
reliability (ICCiwin 1 = -60/ICCtyin 2 = .58), baseline
pupil diameter had good reliability (ICC = .83/.87),
whereas latency of the response had poor reliability
(Icc =.12/.18).

Genome-wide polygenic scores

The DNA samples were genotyped using Infinium
Global Screening Array ([llumina, San Diego, CA,
USA). Genotype quality control and processing was
done using standard procedures and described
elsewhere (Falck-Ytter et al., 2021). GPSs were
calculated based on the most recent and largest
genome-wide association studies for a range of
neurodevelopmental and psychiatric conditions
[ADHD (Demontis et al., 2019), ASD (Grove et al.,
2019), bipolar disorder (Stahl et al., 2019), major
depressive disorder (Howard et al., 2019), and
schizophrenia (Consortium, Ripke, Walters, &
O’Donovan, 2020)]. The GPSs were calculated using
the PRS-CS (polygenic prediction via Bayesian
regression and continuous shrinkage priors) method
(Ge, Chen, Ni, Feng, & Smoller, 2019). For the GPS
analyses, the first 10 principal components of ances-
try were included as covariates in the models. In the
sample, only one pair was of completely non-
European genetic ancestry. This pair was retained
in the analysis since their GPSs for all five conditions
abovementioned were below 3 standard deviations of
the sample.

Data analysis
The analysis plan for this study was preregistered in
OSF (https://osf.io/5kzh?2), after data collection,

J Child Psychol Psychiatr 2022; 63(9): 1068-77

cleaning, and extraction, but prior to any analysis
of the data. PLR latency, PLR relative constriction,
and pupil baseline had skewness values between —1
and 1 (.04 for Latency, .23 for Relative Constriction
and .59 for Baseline) so they were not transformed.
All measures were standardized. R software (version
4.0.0) was used for all analyses.

For twin models, the OpenMx package (version
2.18.1; Neale et al., 2016) with full-information
maximum likelihood estimation was used. Even
though these methods allow for partially complete
pairs (one twin missing data) to be included, they
were not included in the current analysis because
the twins with missing data were also missing
certain covariates (which have to be complete for all
cases).

The effects of covariates on the PLR parameters
were estimated within the twin model. These
included the number of valid trials (a proxy of data
quality), the year of data collection (a proxy of
possible changes in luminance levels of the testing
room, even though no systematic differences were
detected), age (in days, same for all twins, except for
six pairs where the average age was calculated), and
sex. In a deviation from the preregistered plan
(covariates would be added if found to be associated
with the relevant outcome PLR measures), these
variables were added as covariates in all twin anal-
yses; the findings do not change between
approaches.

Univariate twin models estimate the relative con-
tribution of genetic and environmental factors to the
variation in a phenotype. This variation can be
partitioned into additive genetic influence (A, heri-
tability, which increases twin similarity), nonshared
environment (E, environmental influences that differ
between twins and decrease twin similarity, includ-
ing measurement error), and either shared environ-
ment (C, environmental influences that increase twin
similarity regardless of zygosity, e.g. family socioe-
conomic status) or nonadditive genetic (D) effects (D
and C variance cannot be estimated simultaneously
with twin data alone, because they confound one
another). These components can be estimated by
comparing the resemblance in MZ and DZ pairs.
When MZ pairs are more similar than DZ pairs we
can infer that variance in a phenotype is influenced
by genetic factors; when DZ pairs are more than half
as similar as MZ pairs, we can infer that shared
environment influences the variance in that pheno-
type.

Univariate twin models were fit separately for each
pupil measure. First, to test for the assumptions of
equality of mean and variances and to derive twin
correlations, a constrained saturated model, in
which the means and variances were constrained
to be equal across twin order and zygosity, was fit.
Next, using either a model with A, C, and E (ACE
model, where A stands for additive genetic effects, C
for shared environmental effects, and E for

© 2021 The Authors. Journal of Child Psychology and Psychiatry published by John Wiley & Sons Ltd on behalf of Association for
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nonshared environmental effects) or a model with A,
D, and E (ADE model, where A stands for additive
genetic effects, D for nonadditive or dominance
genetic effects, and E for nonshared environmental
effects), we estimated and tested the genetic and
environmental contributions to the variance in the
measures. The best-fitting model was the most
parsimonious (fewer number of parameters esti-
mated) and nonsignificant model (meaning that
there was no decrement in fit compared to the
genetic model, indexed by the x? distribution).

Bivariate twin modeling allows the relative contri-
butions of genetic and environmental factors to the
covariation between two measures to be estimated. It
assumes that the observed correlation between
measures can be decomposed into genetic, shared
environmental, and unique environmental effects. In
the bivariate case, cross-trait cross-twin correlations
(CTCTs) are compared, that is, the correlation
between one measure for one twin and another
measure for their co-twin, between MZ and DZ pairs.

Bivariate twin models were fitted between pheno-
types that were phenotypically correlated and shown
to be heritable in univariate analyses. To test for the
assumption of the equality of phenotypic and CTCTs
in the data and to derive these correlations, a
constrained saturated model, in which the pheno-
typic and CTCTs were constrained to be equal across
twin order and zygosity (for the phenotypic correla-
tion), was fitted. Next, using a bivariate ACE or ADE
model and a correlated factors solution, we exam-
ined genetic and environmental correlations and
bivariate heritability (i.e. the proportion of the phe-
notypic correlation that is explained by genetic
factors).

To investigate the associations between the pupil
measures and GPSs, a generalized estimating equa-
tion (GEE) framework (using the drgee package;
Zetterqvist & Sjolander, 2015), with cluster-robust
SE to account for family relatedness, was used to
derive linear regression Beta estimates and p-values.
Pupil outcomes were regressed on age and sex before
analysis. P-thresholds were adjusted for the number
of outcomes. To estimate effect sizes (AR?) for model
comparison, the R* of corresponding models were
derived and compared to the R? of the null model (i.e.
the model with only covariates included).

Associations with the Infant and Toddler Sensory
Profile, which were planned in the preregistration,
are reported in Appendix S1 (no statistically signif-
icant associations were found, Tables S1 and S2).

Results
Twin modeling analyses

Sample descriptive statistics are presented in
Table 1. In terms of the effects of the covariates,
there were no significant covariate effects for latency
to constrict (see Table S3 in Appendix S2). Age was
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positively related to relative constriction (= .02,
p <.001, see Table S4) and to baseline (= .01,
p=.025, see Table S5), that is, older infants had
increased constriction amplitudes and bigger base-
line pupils. Sex was related to baseline diameter
(B=.37, p=.001, infant boys had, on average,
.16 mm larger pupils, see Table S5). These patterns
of age and sex effects are in line with previous
literature with infants and toddlers (Kercher et al.,
2020). Number of valid trials and year of testing were
statistically associated with baseline diameter (more
valid trials yielded a smaller pupil size, § = —.04, and
pupil size was smaller in the last year of data
collection, B = —.14; both p < .01, see Table S5).

Table 2 shows the twin correlations for the pupil
parameters. Higher MZ than DZ correlations sug-
gests heritable influences on baseline and relative
constriction. Low shared environmental influences
were suggested because the DZ correlations were
only marginally greater than half the MZ correla-
tions. For latency, there was very low similarity
within both MZ and DZ pairs, suggesting no familial
effects on the phenotype. For this reason, further
results for latency were not reported (but see
Appendix S2).

Univariate twin modeling (see model assumptions
tests in Tables S4-S6) confirmed the different pat-
terns of genetic and environmental contributions to
the pupil measures. Table 3 shows the twin models
fit statistics and the standardized estimates.

For relative constriction, there were significant
high genetic effects (best-fitting AE model A = .62,
CI: .51-.70); while the contribution of the shared
environment was nonsignificant (ACE model C = .12,
CI: 0-.42). For baseline diameter, high genetic effects
were significant (best-fitting AE model A = .64, CI:
.54-.72), and the shared environment had a minimal
and nonsignificant contribution (ACE model C = .03,
CI: 0-.37).

The phenotypic correlation between baseline and
relative constriction was moderate (rpy, = .38, CI:
.28-.46), suggesting that infants with a larger pupil
at baseline had higher constriction amplitudes. A
saturated model (see the bivariate model assump-
tions tests in Table S7) was used to derive the CTCT
correlations, which suggested genetic influences on
the phenotypic correlation because the MZ CTCT
(rcrer mz = .24, CL: .13-.34) was higher than the DZ
CTCT (rcter pz = .06, CI: —.09-.21). Because the
correlation in DZ was less than half of the correlation
in MZ twins, some nonadditive genetic effects could
explain the phenotypic correlation between the mea-
sures. However, given the sample size and the small
(although nonsignificant) contribution of shared
environment seen in the univariate models, we did
not fit an ADE model. Table 4 shows the model fit
statistics for the bivariate model. An AE model fitted
the data best, so this model was used to derive
separately the genetic correlations between pupil
baseline and relative constriction (Figure 1).

© 2021 The Authors. Journal of Child Psychology and Psychiatry published by John Wiley & Sons Ltd on behalf of Association for
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Table 1 Descriptive statistics

J Child Psychol Psychiatr 2022; 63(9): 1068-77

Overall MZ females MZ males DZ females DZ males
N (twins) 510 129 152 116 113
Age (days) 167.70/8.59 168.01/9.16 167.41/8.09 168.03/8.24 167.41/8.96
[145-203] [153-194] [150-187] [153-189] [145-203]
Pupillary light reflex
Number of valid trials 8.48/2.85 8.33/2.67 8.47/2.92 8.68/2.79 8.44/3.04
[3-12] [3-12] [3-12] [3-12] [3-12]
Mean latency (s) 0.35/0.04 0.35/0.05 0.36/0.04 0.35/0.05 0.35/0.04
[0.18-0.52] [0.24-0.49] [0.24-0.52] [0.22-0.49] [0.18-0.45]
Mean relative constriction (%) 28.78/7.75 28.40/7.63 29.03/7.67 28.54/7.98 29.11/7.85
[2.42-51.90] [11.61-51.90] [9.90-48.57] [11.90-50.46] [2.42-47.53]
Mean baseline (mm) 3.23/0.46 3.17/0.48 3.33/0.48 3.13/0.38 3.28/0.45
[2.27-4.96] [2.31-4.96] [2.27-4.85] [2.27-4.19] [2.39-4.69]

Statistics presented as mean/SD [min max|. DZ, dizygotic; MZ, monozygotic.

Table 2 Twin correlations for the PLR measures, separate for
MZ and DZ pairs. 95% confidence intervals are shown in
parentheses

N (Twin Relative

pairs) Latency constriction Baseline
MZ 127 .15 [-.03-.32] .61 [.49-.70] .64 [.54-.72]
Dz 103 .28 [.10-.44] .36[.19-.51] .34 [.12-.51]

The proportion of the phenotypic correlation that
was explained by genetic influences was .63 (CIL:
41-.79; i.e. the bivariate heritability) and the
remainder was explained by unique environment
(.37, CI: .21-.59). Genetic correlations between the
two measures indicated moderate overlap in the
genetic factors underlying the measures (ry = .38,
CI: .23-.52). A similar result was seen for the unique
environmental correlation (rg=.38, CI: .23-.51)
indicating that the unique environmental influences
partially overlapped.

Associations with common genetic variants
underlying neurodevelopmental and psychiatric
conditions

Preregistered exploratory GEE analyses were con-
ducted to test the associations between pupil size
and PLR constriction with a set of neurodevelop-
mental and psychiatric GPSs (ASD, ADHD, bipolar
disorder, major depressive disorder, and schizophre-
nia) in two single models.

For pupil size at baseline, the GPS for schizophre-
nia was found to be positively associated, B = .15,
p = .024 (alpha threshold adjusted for the number of
pupil outcomes is .025), AR* = .016, when control-
ling for the other neurodevelopmental and psychi-
atric GPSs, see Table 5. The GPS for schizophrenia
was still found to be marginally associated with the
baseline when the schizophrenia GPS was included
in a model without any other GPSs, B =.14,
p=.031, AR>=.012. There were no statistically
significant associations between the GPS for
schizophrenia and the study covariates (age, sex,

Table 3 Univariate twin model fit statistics and parameter estimates. Best-fitting model in bold

Model # Parameters  —2LL daf AIC Comparison model  Ay? Adf pValue A C E
Relative constriction
Fully Sat 14 1198.18 446  306.18 NA - - - - - -
ACE 8 1200.17 452  296.17  Fully Sat. 1.99 6 .920 49 12 .39
AE 7 1200.64 453 294.64 ACE 0.47 1 491 .62 O .39
CE 7 1207.66 453 301.66 ACE 7.49 1 .006 0 49 51
E 6 1271.98 454 363.98 ACE 71.81 2 <.001 0 0] 1
Baseline
Fully Sat 14 1155.17 446  263.17 NA - - - - - -
ACE 8 1163.45 452  259.45  Fully Sat. 8.28 6 .228 .61 .03 .36
AE 7 1163.47 453 257.47 ACE 0.02 1 .884 .64 O .36
CE 7 1174.48 453  268.48 ACE 11.03 1 .001 0 .54 46
E 6 1249.67 454  341.67 ACE 86.22 2 <.001 0 0] 1

Model definitions. The Fully Sat. model is the fully saturated model of the observed data, which models the means and variances

separately for each twin in a pair and across zygosity.

—2LL = fit statistic, which is minus two times the log-likelihood of the data; df = degrees of freedom; AIC, an alternative fit index,
lower values denote better model fits; Ax? = difference in —2LL statistic between two models, distributed y2; Adf = difference in

degrees of freedom between two models.
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Table 4 Bivariate twin model fit statistics. Best-fitting model in bold

Model # Parameters —2LL df AIC Comparison model  Ay? Adf pValue rA rC rE
Fully Sat 36 2270.68 884 502.68 NA NA NA NA - - -
ACE 19 2289.04 901 487.04  Fully Sat. 18.36 17 .367 .64 -1 .36
AE 16 2292.15 904 484.15 ACE 3.11 3 .375 .38 - .38
CE 16 2305.04 904 497.04 ACE 16.00 3 .001 - .34 .42
E 13 2450.21 907 636.21 ACE 161.17 6 <.001 - - .38

Model definitions. The Fully Sat. model is the fully saturated model of the observed data, which models the means and variances for
both variables, and the phenotypic and cross-twin-cross-trait correlations between the two variables, separately for each twin in a
pair and across zygosity. The best-fitting model (in bold) was the nonsignificant and most parsimonious model.

—2LL = fit statistic, which is minus two times the log-likelihood of the data. df = degrees of freedom; AIC, an alternative fit index,
lower values denote better model fits; Ay? = difference in —2LL statistic between two models, distributed y?; Adf = difference.
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Figure 1 The AE bivariate model was the best fit for baseline and relative constriction. This was used to derive the genetic correlations

between phenotypes using a correlated factors solution

year of data collection, and number of valid trials).
No other statistically significant associations
between pupil measures and GPSs were found (see
Table S8).

A preregistered hypothesis-driven GEE model was
also computed to predict PLR relative constriction
using the GPS for ASD alone, but no statistically
significant association was found (f = .01, p > .25,
see Table S9).

Discussion

This study is the first, to our knowledge, to quantify
the influence of genetic and environmental factors on
pupil size and the PLR using a classic twin design,
and to report on the associations of these measures
with common genetic variants for neurodevelopmen-
tal and psychiatric conditions. Due to the recent
interest in these measures as potential antecedent

markers of neurodevelopmental conditions (Hall &
Chilcott, 2018; Kercher et al., 2020), we focused on
the early infancy period. As hypothesized, for relative
constriction amplitude and pupil size at baseline,
our results suggested strong genetic effects. The
bivariate analysis revealed that relative constriction
amplitude and pupil baseline diameter correlated
modestly at the phenotypic level and that although
genetic factors played a substantial role in the
observed overlap between the two measures, most
of the etiological influences on these measures were
unique to each measure (genetic and unique envi-
ronment correlations were moderate). This suggests
that there are some distinct biological and environ-
mental factors underlying the pupil baseline size
versus the relative constriction amplitude. Distinct
genetic influences on these measures are not unex-
pected given that the pupil baseline indexes tonic
activity in the parasympathetic and sympathetic
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Table 5 Summary of the GEE model including genome-wide
polygenic scores (GPSs) for ASD, ADHD, bipolar disorder,
major depressive disorder, and schizophrenia and 10 principal
component of ancestry as predictors of the pupil baseline size
(regressed on age and sex) and twin pair id as cluster-defining
variable. Significant predictors are in bold (p-threshold for
significance is .025)

Beta p-Value

estimate (uncorrected)
GPS ASD 0.00 .960
GPS ADHD -0.01 .880
GPS bipolar disorder -0.09 .250
GPS major depression 0.03 .552

disorder

GPS schizophrenia 0.15 .024
PC 2 1.10 .904
PC 3 -2.41 .659
PC 4 10.93 .362
PC5 28.05 .021
PC 6 12.83 .244
PC7 14.63 .146
PC 8 0.14 .988
PC9 —-6.96 .496
PC 10 20.95 .060
PC 11 6.05 .630

nervous system [correlated with the LC-NE system
activity system (Aston-Jones & Cohen, 2005; Gilzen-
rat et al., 2010; Murphy et al., 2011)], whereas the
constriction response is a phasic measure linked to
the parasympathetic system and cholinergic trans-
mission more specifically (Hall & Chilcott, 2018). The
observed partly overlapping unique environmental
influences may be explained by the fact that these
phenotypes are derived from the same trials; hence
biomechanical factors and top-down modulation
might contribute equally (also, although minimized
by trial rejection, equipment failure, lightning con-
ditions, child movement or crying might add covari-
ance between measures). In addition, there may be
early life unique experiences (such as early illnesses)
playing a role in individual differences in pupil
measures.

Regarding associations with molecular genetic
GPS, our results suggested a small positive associ-
ation between baseline pupil size and genetic risk
for schizophrenia (more genetic predisposition was
associated with a larger baseline pupil diameter),
but do not add support to the previously reported
link between the PLR relative constriction and risk
for ASD at this age. The pupil size at the baseline is
a measure of the average pupil diameter just before
the onset of the PLR (in the 100 ms before the start
of the constriction response), recorded while the
infant was presented with an animated central
fixation stimulus, but likely reflecting general
arousal and engagement with the experiment as
well (different stimuli, including visual arrays and
videoclips, preceded the trials). The association with
schizophrenia GPS is an interesting finding given

J Child Psychol Psychiatr 2022; 63(9): 1068-77

the literature suggesting that this tonic pupil size is
correlated with the locus coeruleus—-norepinephrine
(LC-NE) system activity (Aston-Jones & Cohen,
2005; Gilzenrat et al., 2010; Murphy et al., 2011)
and that LC-NE is implicated in a range of pro-
cesses that are related to psychopathological devel-
opment (e.g. arousal regulation, effort allocation,
uncertainty processing, etc.). Although nore-
pinephrine has been linked to schizophrenia
(Maki-Marttunen, Andreassen, & Espeseth, 2020;
Maletic, Eramo, Gwin, Offord, & Duffy, 2017), it is
not a neurotransmitter that is of current primary
interest in the condition. However, given the general
role the LC-NE plays for cortical function and
development, a link with schizophrenia vulnerabil-
ity is plausible. In any case, this finding was driven
by exploratory analysis and requires replication,
which we expect can be readily done using existing
samples providing they have pupillometry and
genotyped data.

For latency to constrict the pupil, twin similarity
was small, with twin analysis failing to show any
genetic or shared environmental effects. These
results are indicative that only unique environment,
which includes measurement error (a known factor
affecting infant samples employing eye-tracking),
explained the variance in latency to constrict, which
together with the estimated poor internal stability,
suggests this measure has low reliability at this age.
For this reason, the hypothesized link between
schizophrenia and PLR latency was not investigated.
Overall, this finding argues for more stringent qual-
ity control in developmental studies using latency
measures.

This study has some limitations. For both pupil
size and relative constriction, shared environmental
effects were nonsignificant, however, we acknowl-
edge that the relatively small sample can be under-
powered to detect these influences. This probably
limited the estimation of the bivariate parameters as
well, some of which had wide confidence intervals.
While our sample included 29% of the same-sex twin
population from the target area, it had a higher
average SES (indexed by maternal formal education
and family income) considering Stockholm norma-
tives (which are already high compared to global
standards) (Falck-Ytter et al., 2021). Our results
need to be considered in light of these sample
characteristics, as heritability estimates may vary
in samples where SES has a broader distribution
(e.g. Turkheimer, Haley, Waldron, D’Onofrio, &
Gottesman, 2003).

An important current limitation for studies assess-
ing associations between phenotypes and GPSs is
that the predictive power of a GPS is dependent on
the original GWA study that the GPS calculation is
based on (genome-wide association study used to
identify the genetic variants associated with a trait).
At the time of the present study, the available GWAS
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for ASD was from Grove and colleagues (2019,
discovery n = 46,350 and SNP heritability = .19). In
comparison, the most powerful GPS of a psychiatric
condition is for schizophrenia, from the Schizophre-
nia Working Group of the Psychiatric Genomics
Consortium (2020, discovery n = 105,318 and SNP
heritability = .41). It is the GPS for schizophrenia
that we found preliminary evidence of being associ-
ated with baseline pupil size. The comparatively high
power for the GPS in schizophrenia relative to the
other neurodevelopmental/psychiatric phenotypes
hinders strong conclusions about the specificity of
this genetic association to pupil baseline and urges
better powered GWAS studies for ASD to become
available. Further, GWAS-driven GPSs only capture
common genetic variants associated with a condi-
tion, but it may be that other genetic variants
associated with ASD (e.g. rare variants) are associ-
ated with the pupil phenotypes, but this was out of
the scope of this paper. Alternatively, PLR atypical-
ities associated with ASD may be better captured in
other developmental windows than the one captured
by our current study, as it has been reported that
these vary considerably over the first two years of life
(Fish et al., 2021).

Conclusions

This is the first study reporting on the relative
contribution of genetic and environmental influences
to individual differences in tonic pupil size and the
PLR and their associations with common genetic
variants linked to neurodevelopmental and psychi-
atric conditions. Our results demonstrate that
already in early infancy, the pupil size and the
relative constriction in response to light are under
substantial genetic influence, but that the genetic
factors for these measures are to a large extent
nonoverlapping. This supports previous research
indicating distinctness in terms of biological mech-
anisms and low phenotypic association between the
measures. Our results also provide evidence of an
association between pupil size in infancy and genetic
predisposition to schizophrenia. The study illus-
trates how genetically informed designs combined
with early life psychophysiological measures can
improve our understanding of human brain devel-
opment and its disorders.

Supporting information

Additional supporting information may be found online
in the Supporting Information section at the end of the
article:

Appendix S1. Associations between the pupil measures
and the Infant/Toddler Sensory Profile.

Appendix S2. Twin modeling of latency to constrict.
Table S1. Descriptive statistics.
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Table S2. Beta estimated from the GEE model of
hyposensitivity and hypersensitivity scales of the ITSP
predicting the PLR response.

Table S3. Univariate Twin Model Fit statistics and
parameter estimates for the PLR latency to constrict
measure.

Table S4. Saturated model for PLR relative constriction
including covariates.

Table S5. Saturated model for PLR baseline including
covariates.

Table S6. Saturated model for PLR Latency including
covariates.

Table S7. Assumption testing for the bivariate model
between PLR Relative Constriction and the Baseline.
Table S8. Summary of the GEE model including
genome-wide polygenic scores (GPSs) for ASD, ADHD,
bipolar disorder, major depressive disorder, and
schizophrenia and 10 principal component of ancestry
as predictors of the PLR relative constriction (regressed
on age and sex) and twin pair id as cluster-defining
variable.

Table S9. Summary of the pre-registered GEE model
including genome-wide polygenic score (GPSs) for
ASD, and 10 principal component of ancestry as
predictors of the PLR relative constriction (regressed
on age and sex) and twin pair id as cluster-defining
variable.
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Key points

e Pupil measures are closely linked to specific brain systems and implicated in autism and schizophrenia.

e For the first time, we employed a genetic-informed design to report on the relative contributions of genetic
and environmental factors on pupil measures in infants, and on the associations of these measures with
common genetic variants of autism and schizophrenia.

o We showed that pupil baseline and pupillary light reflex constriction amplitude were highly heritable at
5 months, but there was substantial independence between the genetic factors influencing each.

e Pupil baseline at 5 months was associated with common genetic variants of schizophrenia.
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