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A B S T R A C T   

Frontal brain asymmetry has been linked to motivational processes in infants and adults, with left lateralization 
reflecting motivation to approach and right lateralization reflecting motivation to withdraw. We examined the 
hypothesis that variability in infants’ social motivation may be linked to genetic variation in the oxytocin system. 
Eleven-month-old infants’ brain responses and looking preferences to smiling and frowning individuals were 
assessed in conjunction with a polymorphism in CD38 (rs3796863) linked to autism spectrum disorder (ASD) and 
reduced oxytocin. Frontal brain asymmetry and looking preferences differed as a function of CD38 genotype. 
While non-risk A-allele carriers displayed left lateralization to smiling faces (approach) and a heightened looking 
preference for the individual who smiled, infants with the CC (ASD risk) genotype displayed withdrawal from 
smiling faces and a preference for the individual who frowned. Findings demonstrate that the oxytocin system is 
linked to brain and behavioral markers of social motivation in infancy.   

1. Introduction 

Infancy is a developmental period that may be of critical importance 
in the etiology of psychiatric disorders characterized by reduced social 
motivation and withdrawal, such as autism spectrum disorder (ASD), 
major depressive disorder (MDD), and social anxiety disorder (SAD). 
Social evaluation and impression formation are foundational socio- 
cognitive skills enabling the effective detection and responding to po
tential interaction partners. Behavioral studies have shown that by 6 
months of age infants evaluate others and form impressions that influ
ence their social motivation, as displayed in a preference for helpful and 
an avoidance of hindering agents (Hamlin et al., 2007). Around 7 
months of age, infants detect eye contact and can discriminate between 
smiles and frowns (Grossmann, 2013, 2017; Krol et al., 2015a), and by at 
least 11 months of age, infants are capable of using these facial cues to 
form social impressions that guide their behavioral preferences (Krol 
and Grossmann, 2020). However, already in infancy variability may 

exist with respect to such foundational social-motivational tendencies. 
For example, recent work has demonstrated that infants vary in their 
preference for prosocial agents when compared to antisocial agents 
(Cowell and Decety, 2015; Krol and Grossmann, 2020). In fact, consid
ering that reduced social approach or increased social withdrawal in 
6-month-old infants has been shown to be associated with diminished 
cognitive, language, and social skills at 30 months (Milne et al., 2009), it 
is possible that early-developing differences in social motivation may 
foreshadow long-term deficits in social development (Chevallier et al., 
2012). Thus, identifying and elucidating factors that might contribute to 
infants’ motivation to approach or withdraw from others is of critical 
importance in informing our understanding of typical and atypical social 
development. The current study is the first to examine potential neural, 
behavioral, and genetic factors involved in the development of disorders 
characterized by social withdrawal during this sensitive period of 
human development. 

Frontal brain asymmetry has been linked to motivational processes 
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in adults and infants, with greater left frontal asymmetry reflecting 
motivation to approach and greater right frontal asymmetry reflecting 
motivation to withdraw (for a review, see Harmon-Jones and Gable, 
2018). In neurotypical adults, shifts in frontal brain lateralization, 
indexed by EEG frontal alpha asymmetry (FAA), have been linked to 
motivational approach and avoidance tendencies when producing facial 
expressions of emotion (Coan et al., 2001), and in infants as young as 10 
months, greater left FAA – indexing approach – is elicited upon 
perception of smiling facial expressions (Davidson and Fox, 1982). 
Greater right FAA, both at rest and during emotional challenge, has been 
associated with increased risk of psychopathology characterized by so
cial withdrawal. For example, greater right FAA has been reported in 
adults diagnosed with MDD (Coan and Allen, 2003; Grunewald et al., 
2018; Stewart et al., 2010; Stewart et al., 2011, 2014; Thibodeau et al., 
2006) and SAD (Davidson et al., 2000). Recent work in children diag
nosed with ASD indicates greater right FAA in response to direct-gaze 
faces and greater left FAA in response to averted gaze faces – the 
opposite pattern of that elicited in neurotypical children (Lauttia et al., 
2019). Findings in adults using fMRI and EEG source localization have 
linked asymmetry of the dorsolateral prefrontal cortex (dlPFC) to both 
approach/avoidance motivation and FAA (Berkman and Lieberman, 
2010; Smith et al., 2018; Spielberg et al., 2011). In the current study, we 
therefore used functional near-infrared spectroscopy (fNIRS) to examine 
frontal asymmetry within infants’ bilateral dlPFC. 

Oxytocin is a neurohormone which has been linked to several func
tions critical for social cognition. In adults, intranasal oxytocin admin
istration has been linked to enhanced emotion recognition (Leknes et al., 
2013; Lischke et al., 2012; Shahrestani et al., 2013) and a concomitant 
increase in the recruitment of attentional resources when viewing faces 
(Prehn et al., 2013). Furthermore, mounting evidence suggests that 
variability in endogenous or exogenous oxytocin levels impacts emotion 
processing in a valence-dependent manner (Kemp and Guastella, 2011). 
This line of research suggests that heightened oxytocin exposure is 
associated with increased brain or behavioral responding to positive 
stimuli and a simultaneous attenuated response to negative stimuli in 
adults (Gamer et al., 2010; Kirsch et al., 2005; Krol et al., 2014b; Marsh 
et al., 2010), non-human primates (Parr et al., 2013), and human infants 
(Krol et al., 2015a; Krol et al., 2019b; Krol et al., 2015b). Variability in 
oxytocin function may therefore play a critical role in infants’ percep
tion and interpretation of social cues, which may in turn impact moti
vation to approach or withdraw from early interaction partners. One 
such variation in the endogenous oxytocin system is in the ectoenzyme 
CD38 (Cluster of Differentiation 38). CD38 is critical to the function of 
endogenous oxytocin due to its regulation of calcium signaling during 
oxytocin release (Bartz and McInnes, 2007; Jin et al., 2007; Tolomeo 
et al., 2020). In mice, knockout models that lack the Cd38 gene have 
been used as a rodent model for ASD (Higashida et al., 2011). These 
knockout mice display extensive socio-behavioral deficits such as 
amnesia for conspecifics and impaired maternal caregiving behavior 
(Jin et al., 2007). In humans, naturally occurring genetic variation of the 
CD38 gene in the form of the single-nucleotide polymorphism (SNP) 
rs3796863 has been associated with ASD diagnosis. Specifically, the C 
allele is considered a “risk” allele, as it is overrepresented in ASD as 
compared to neurotypical populations (Lerer et al., 2010; Munesue 
et al., 2010). Findings for MDD and SAD are more mixed with some 
studies reporting increased risk associated with the CC genotype (Tabak 
et al., 2016), whereas other studies report an increased risk associated 
with the AA genotype (McQuaid et al., 2016). In non-clinical samples, 
CD38 has been associated with baseline oxytocin levels as well as neural 
reactions that indicate less engagement and more avoidance of social 
stimuli. Specifically, neurotypical adults with the CC ASD risk genotype 
(two copies of the “risky” C allele), as compared to non-risk A-allele 
carriers, have reduced plasma oxytocin (Feldman et al., 2012) and 
exhibit less efficient processing of social stimuli as evidenced by slower 
reaction times and increased fusiform activation to affective faces and 
social scenes (Sauer et al., 2012). In 7-month-old infants, this CD38 

variation has been linked to individual differences in attention to 
emotional eye cues (Krol et al., 2015a), suggesting that CD38 plays a role 
in accounting for differences in infant social behavior. Despite links of 
both frontal asymmetry and CD38 genotype to psychopathology, the 
existing literature does not contain any studies linking frontal asym
metry and CD38 genotype, nor any examples linking CD38 to other 
behavioral measures of social motivation. Most importantly for the 
context of the current study, no prior study has examined CD38 geno
type and risk for psychopathology as indexed by social behavior and 
FAA during infancy. 

The current study combines genetics, neuroimaging and eyetracking 
to examine whether and how genetic variability within the oxy
tocinergic system relates to infant social information processing and 
motivation. Specifically, we measured dlPFC frontal asymmetry – 
known as a critical neuroendophenotype for disorders characterized by 
social withdrawal – to investigate variability in the motivation to 
approach or withdraw from smiling and frowning individuals. Following 
the frontal asymmetry measurements, we assessed infants’ looking 
preferences for those individuals now displaying a neutral expression 
using eyetracking. We hypothesized that infants with the non-risk CA/ 
AA genotypes would show heightened approach to smiling individuals, 
indexed by greater left dlPFC asymmetry and person preference for the 
smiling individual, and heightened withdrawal from frowning in
dividuals, indexed by greater right dlPFC asymmetry and reduced or 
absent person preference for the frowning individual. We hypothesized 
that infants with the CC ASD risk genotype may show atypical social 
information processing and motivational tendencies in the form of 
increased right dlPFC asymmetry and decreased person preference when 
viewing smiling identities, compared to infants in the CA/AA genotype 
group. 

2. Material and methods 

2.1. Participants 

Ninety-seven 11-month-old infants of Western European descent (48 
females) participated in this study. All infants resided in Leipzig, a 
metropolitan German city of about 600,000 people. Based on an 
exclusion criterion established prior to data collection, 20 infants were 
excluded because they did not provide at least two artifact-free trials per 
condition in the fNIRS paradigm. Thus, the final sample comprises 77 
infants (36 females) (Mage = 339.84 days, SD = 6.77) born at standard 
birth weight (>2500 g) and gestational age (>38 weeks). Note that 
minimum sample size was determined based on a literature review of 
comparable neuroimaging by CD38 genotype designs (Sauer et al., 2012; 
Tabak et al., 2020), but chosen to be larger to account for standard 
attrition rates in infant neuroimaging studies. Eighteen infants were 
delivered by caesarean section, while 59 underwent standard vaginal 
births. No medical issues regarding development were reported at the 
time of testing, and there was no reported history of autism spectrum 
disorder (ASD) in any of the parents or older siblings of the infants. All 
but 11 infants had mothers on parental leave at the time of testing. 
Parity ranged from 0 to 2 older siblings (M = 0.58, SD = 0.70), and 
mothers reported an average education of 17 years (SD = 3.71). Parents 
provided written informed consent and were compensated with travel 
money, a toy for the infant, and a printed photograph of their infant in 
the fNIRS cap. All procedures were approved by the Leipzig University 
Medical School Ethics Committee and were conducted in accordance 
with the Declaration of Helsinki. 

2.2. Procedure 

2.2.1. Stimuli 
The experimental design consisted of an fNIRS paradigm (impression 

formation phase) immediately followed by an eyetracking paradigm 
(person preference test), introduced and described in detail in Krol and 
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Grossmann (2020). During the impression formation phase, infants 
viewed four female identities while fNIRS was recorded; each identity 
consistently displayed the same expression-gaze combination: a) smile 
with direct gaze, b) smile with averted gaze, c) frown with direct gaze, or 
d) frown with averted gaze. This was immediately followed by a person 
preference test using eyetracking. Here, infants were shown side-by-side 
presentations of the four identities, now displaying neutral expressions. 

2.2.2. Impression formation phase: fNIRS 
Infants were seated on a parent’s lap in a quiet, dimly lit room, facing 

a 52 × 32 cm monitor at a distance of approximately 60 cm. A camera 
attached to the bottom of the presentation screen recorded infant 
behavior for online and offline tracking of attention to each trial. The 
fNIRS paradigm was designed and presented in Presentation software 
(Neurobehavioral Systems, MA). Infants viewed 14 blocks of four ran
domized trials, each trial comprising a baseline (vegetable) stimulus 
followed by one of the four identities presenting an expression-gaze 
combination. Each block was comprised of four trials, containing one 
example each of an identity smiling with direct gaze, an identity smiling 
with averted gaze, an identity frowning with direct gaze, and an identity 
frowning with averted gaze (Fig. 1A). Every block began with an 
attention-getter to keep infants alert and to orient them to the center of 
the screen (a shaking rattle, as described in Krol et al., 2015a). Facial 
stimuli were presented pseudo-dynamically through presentation of 
three photographs of the same identity: 1) a neutral expression with the 
non-target gaze (250 ms), 2) a neutral expression with the target gaze 
(250 ms), and finally, 3) the target expression combined with the target 
gaze (700 ms). This sequence repeated five times to create the illusion of 
an individual shifting and maintaining their gaze (direct or averted) 
while subsequently shifting from a neutral expression to either a smile or 
frown. Note that identity-expression-gaze combinations were counter
balanced across infants to control for potential identity effects. Infants 
were shown an average of 25.65 total trials (range = 10–46; SD = 7.57). 

fNIRS data were recorded using a NIRScout system and NIRStar 
acquisition software (NIRx, Berlin, Germany), using the same parame
ters and calibration as in our previous work (Krol and Grossmann, 2020; 
Krol et al., 2019b). Hemoglobin absorption was measured with 32 
optodes (16 sources, 16 detectors) placed at approximately 2 cm dis
tance over frontal and temporal cortices on a custom-built elastic cap 
(EasyCap, Germany). This arrangement comprised 49 channels (sour
ce-detector pairs) from which to measure localized hemodynamic 

activity. Near-infrared light was emitted at two wavelengths (760 nm 
and 850 nm) with a power of 5 nm/wavelength. Data were recorded at a 
sampling rate of 6.25 Hz. 

2.2.3. Person preference test: Eyetracking 
Upon completion of the fNIRS paradigm, caps were removed and 

infants underwent the eyetracking paradigm using Tobii Studio 3.2 
(Danderyd, Sweden). Five-point calibration was conducted prior to 
collection using the same methods as reported in our previous work 
(Krol and Grossmann, 2020; Krol et al., 2015a). Fifteen-second trials 
were constructed as side-by-side pairings of two identities at a time 
(Fig. 1B). In contrast to the fNIRS paradigm, identities were now pre
sented with neutral, direct-gaze expressions and were paired to assess 
person preference for expression (i.e., the two actresses who maintained 
direct gaze (smile vs. frown)) and person preference for gaze direction (i. 
e., the two actresses who smiled (direct vs. averted gaze)). Four total 
comparisons were possible, and each was presented twice for a total of 
eight trials. Each trial was preceded by the same audiovisual 
attention-getter as in the fNIRS paradigm. 

2.3. Genotyping 

Saliva was collected using assisted-collection sponges and kits from 
DNA Genotek (Ottawa, Canada; CS-2 sponges and OG-250 kits). Samples 
were stored at room temperature until DNA isolation. DNA was isolated 
using the manual purification protocol from DNA Genotek. Genotyping 
of CD38 rs3796863 was performed with a 5′-nuclease assay using 
primers and probes from Applied Biosystems (TaqMan® SNP Genotyp
ing Assay). PCR was conducted with HotStarTaq Plus DNA polymerase 
and Q-solution (Qiagen, Venlo, Netherlands) in a Biorad C1000 ther
mocycler with a CFX96 fluorescence reading module, using the 
following thermal protocol: Denaturation at 95 ◦C for five minutes; 
followed by cycling: 95 ◦C for 15 s, 60 ◦C for one minute; for 45 cycles. 

2.4. Questionnaires 

Demographic information from the mother (parity, education, age, 
method of delivery, breastfeeding behavior, subjective stress level) was 
assessed using an in-house questionnaire (Krol et al., 2014a; Krol et al., 
2015a). In order to identify and control for potential confounds with 
infant CD38 genotype, we conducted group comparisons for all 

Fig. 1. Stimulus presentation during fNIRS and eyetracking tasks. (A) Infants viewed four individuals displaying either a smile or frown with direct or averted gaze 
while fNIRS was recorded from bilateral dorsolateral prefrontal cortex (dlPFC). (B) Infants then underwent a person preference task using eyetracking. Specifically, 
infants viewed trials containing side-by-side presentation of the identities from the fNIRS task, now presenting a neutral expression with direct gaze. Note that due to 
copyright restrictions we have recreated the stimuli using photographs from the publicly available Karolinska Directed Emotional Faces (KDEF) database (www.kdef. 
se); S = smile, F = frown, D = direct, A = averted. 
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demographic data, including the above-mentioned maternal factors as 
well as infant age and gender. None of these factors associated with 
CD38 genotype; all p-values > 0.05 (see Table 1 for CD38 genotype 
frequencies separated by gender, and Table S1 to view the descriptive 
statistics and null associations of infant CD38 genotype on reported 
demographic variables). 

2.5. Data analysis 

2.5.1. fNIRS analysis 
Videos from each session were manually coded for infant looking 

duration to each trial. Trials were only included if infants attended to the 
screen at least four of the six seconds for which both baseline and face 
stimuli were presented and were visually inspected for motion artifacts. 
Trials with motion artifacts were removed from further analyses. Using 
the Matlab-based software Nilab2 (NIRx, Germany), data were filtered 
with a 0.2-Hz low-pass filter in order to remove fluctuations due to in
fant heart rate and a high-pass filter of 0.083 Hz (12 s) to remove 
changes too slow to be related to experimental stimuli (i.e., fluctuations 
due to drift). Measurements were converted into oxygenated hemoglo
bin (oxy-Hb) and deoxygenated hemoglobin (deoxy-Hb) absorption 
using the modified Beer-Lambert law. Boxcar functions corresponding to 
the four stimulus conditions were convolved with a standard hemody
namic response function based on the stimulus length parameter (Boy
nton et al., 1996). The average concentration changes of oxy-Hb and 
deoxy-Hb in response to each stimulus condition were extracted for each 
channel, for each individual infant. Infants contributed an average of 
five attended, artifact-free fNIRS trials per condition (see 3. Results). 

As stated above, the dlPFC has been posited as an underlying brain 
region for FAA scores derived from EEG (Smith et al., 2018). Regions of 
interest (ROIs) containing the bilateral dorsolateral prefrontal cortex 
(dlPFC) were created by referencing anatomical sources of the infant 
10–20 system (Kabdebon et al., 2014) and mapping our source-detector 
template onto infant brain space in NIRSite (NIRx) (Fonov et al., 2011) 
(See Fig. S1). Visualizations of cortical projections were created in nir
sLAB software (NIRx), which projects fNIRS channels onto adult MNI 
brain space (locked to 10–20 coordinates) (Fig. 2). Hemispheric asym
metry scores were created by subtracting right dlPFC oxy-Hb response 
from left dlPFC oxy-Hb response. Thus, scores above zero indicate 
increased brain response in the left hemisphere as compared to right 
(left asymmetry: approach), and scores below zero indicate increased 
brain response in the right hemisphere as compared to left (right 
asymmetry: withdrawal). Note that this is different from the standard 
right minus left calculation used for EEG-derived FAA, because alpha 
power has an inverse relationship with brain activation (Allen et al., 
2004). This is not the case with oxy-Hb, for which increases are thought 
to reflect enhanced brain activation through neurovascular coupling 
(Lloyd-Fox et al., 2010). Our subtraction of left minus right is in line 
with fMRI asymmetry studies, which also capture hemodynamic mea
surements (Herrington et al., 2010; Kaur et al., 2020; Morys et al., 2020; 
Zotev et al., 2016). 

2.5.2. Eyetracking analysis 
As in our fNIRS analyses, eyetracking analysis has been thoroughly 

described in (Krol and Grossmann, 2020). Areas of interest comprising 

the eye region of each facial stimulus were created within Tobii Studio. 
The total looking duration to the eye region of each individual was 
extracted per infant, per trial type. Looking bias scores were computed 
by calculating the duration of looking time to one individual divided by 
total looking time to both individuals. This yielded four bias scores for 
each infant: a) gaze bias for individuals who presented frowns: frowning 
direct vs. frowning averted, b) gaze bias for individuals who smiled: 
smiling direct vs. smiling averted, c) expression bias for individuals who 
presented direct-gaze expressions: smiling direct vs. frowning direct, 
and d) expression bias for individuals who presented averted-gaze ex
pressions: smiling averted vs. frowning averted. Performance on the 
eyetracking task crucially depended on infants’ attention during the 
fNIRS task. The average trials viewed per condition during fNIRS was 
included as a covariate in all eyetracking analyses to account for 
differing experience with, and memory of, the emotional presentations. 

3. Results 

3.1. Frontal asymmetry patterns to direct-gaze emotional expressions 
differ by CD38 genotype 

Frontal asymmetry scores were entered into a repeated-measures 
ANOVA containing expression (smile or frown) and gaze (direct or 
averted) as within-subject factors, and CD38 genotype (ASD risk [CC], 
no-risk [CA/AA]) as a between-subjects factor. A three-way interaction 
was revealed, F(1, 75) = 4.67, p = 0.034, ηp2 = 0.059. To examine this 
interaction further, we employed repeated-measures ANOVAs for each 
gaze direction separately. Using this method, we found that the inter
action between expression and CD38 was only present for the direct gaze 
condition, F(1, 75) = 6.204, p = 0.015, ηp2 = 0.076. There was no 
expression by CD38 interaction within averted gaze stimuli (F(1, 75) 
= 0.935, p = 0.337, ηp2 = 0.012). Specifically, when viewing direct- 
gaze expressions, CA/AA non-risk infants showed the predicted 
response: greater left asymmetry (approach) to smiling, direct-gaze 
faces, and greater right asymmetry (withdrawal) to frowning, direct- 
gaze faces. In contrast to the CA/AA infants, CC ASD risk infants dis
played increased right asymmetry to the smiling, direct-gaze in
dividuals, indexing the motivation to withdraw from friendly-appearing 
individuals (Fig. 3). We further elucidated this three-way interaction by 
assessing the impact of expression and gaze on frontal asymmetry for 
each genotype group separately. Here, we find an expression by gaze 
interaction only within the non-risk CA/AA carriers, F(1, 42) = 5.162, 
p = 0.028, ηp2 = 0.109. These infants again display the predicted 
response pattern that was absent in CC risk infants, F(1, 33) = 0.515, 
p = 0.478, ηp2 = 0.015: greatest left asymmetry to direct-gaze, as 
compared to averted-gaze, smiling faces, and greatest right asymmetry 
to direct-gaze, as compared to averted-gaze, frowning faces (Fig. 3). 
Taken together, these findings demonstrate that CC risk infants display 
atypical patterns of approach and avoidance tendencies as indexed by 
frontal brain asymmetry. Note that based on the existing literature 
reporting sex differences in symptomatology and diagnosis of ASD 
(Halladay et al., 2015), we repeated this analysis with sex of the infant 
included. This did not substantially impact the significance of our 
three-way interaction (p = 0.038) (see Supplementary Materials for 
exploratory analyses with infant sex). 

To consider the specificity of our dlPFC-derived asymmetry findings, 
we created asymmetry scores from a parietal ROI to serve as a 
comparative control. In line with the methods of Davidson and Fox 
(1982), who compared frontal electrode-derived asymmetry to parietal 
electrode-derived asymmetry in 10-month-old infants, we created 
asymmetry scores for two channels in parietal cortex located at CP3 and 
CP4 of the 10–20 coordinate system (Fig. S1). This analysis revealed no 
interaction between expression, gaze, and CD38 genotype on parietal 
asymmetry (F(1,75) = 0.037, p = 0.847), which indicates that our 
findings are restricted to the frontal cortex. This is thus similar to what 
has been reported in prior work using FAA. 

Table 1 
CD38 rs3796863 genotype frequencies separated by gender. Note there is no 
significant impact of gender on genotype frequency, χ2(2) = 4.54, p = 0.103.   

CC CA AA 

Females 12 20 4 
33.3% 55.6% 11.1% 

Males 22 18 1 
53.7% 43.9% 2.4% 

Total 34 38 5 
44.2% 49.4% 6.5%  
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3.2. Person preference for smiling and frowning individuals differs by 
CD38 genotype 

Univariate ANOVAs were performed on looking bias scores, with 
CD38 genotype as a fixed factor and average trials viewed during the 
fNIRS session as a covariate. We found that when infants were shown 
neutral expressions of the two individuals who previously presented 
direct-gaze expressions (smiling direct vs. frowning direct), looking bias 
differed by CD38 genotype, F(1, 72) = 4.705, p = 0.033. Specifically, 
infants in the non-risk genotype group (CA/AA) displayed a looking 
preference for the individual who had previously smiled at them, while 
infants in the ASD risk genotype group (CC) displayed a looking pref
erence for the individual who previously frowned (Fig. 4). We found no 
impact of CD38 genotype on the looking bias to individuals presenting 
expressions with an averted gaze, nor for either of the direct vs. averted 
gaze comparisons (all p-values > 0.05). 

4. Discussion 

Our findings demonstrate that genetic variability in the oxytocin 
system impacts infants’ motivational tendencies for social approach and 
withdrawal. Indexed by fNIRS-derived frontal asymmetry, infants in the 
ASD non-risk genotype group exhibited the predicted patterns of social 
approach and withdrawal. Specifically, they displayed approach to
wards smiling individuals reflected in increased left frontal asymmetry 
and withdrawal from frowning individuals reflected in increased right 
frontal asymmetry. In contrast, infants in the ASD risk genotype group – 

linked to reduced oxytocin levels in previous work – exhibited frontal 
asymmetry responses indexing withdrawal from smiling, direct-gaze 
faces and no aversion of frowning faces. Our results further show that 
CD38 genotype was associated with differences in infants’ behavioral 
preference for frowning or smiling individuals, measured through eye
tracking. Infants in the ASD non-risk genotype group displayed a looking 
preference for the person who had previously smiled at them, whereas 
infants in the ASD risk genotype group displayed a looking preference 
for the person who had frowned at them. This shows that genetic vari
ation is linked to variability in social motivational processes reflected in 
infants’ brain and behavioral responses. This supports the notion that 
variability in the oxytocinergic system contributes to individual differ
ences in brain systems involved in social motivational processes from 
early in human development with implications for atypical social 
development (Chevallier et al., 2012). 

Our primary analyses demonstrate the impact of CD38 genotype on 
neural and behavioral indices of approach and withdrawal when 
viewing individuals with direct gaze. This is in line with a host of studies 
showing that infants from early in ontogeny are sensitive to eye contact 
and that direct gaze serves as an important communicative cue signaling 
that the information conveyed through the face is self-relevant to the 
infant (Csibra and Gergely, 2009; Farroni et al., 2002; Grossmann, 
2015). Notably, when analyzing our frontal asymmetry data separately 
within CD38 genotype groups, we obtained the predicted and presum
ably typical pattern of motivational brain responses reflected in an 
interaction effect of emotional expression and gaze direction only within 
CA/AA non-risk infants. Specifically, our results indicate that infants in 

Fig. 2. fNIRS cap template and ROIs. Shown is our fNIRS cap template mapped onto 10–20 space. International 10–20 coordinates are indicated by small gray dots, 
and relevant coordinates are labeled. Forty-nine channels (source-detector pairs) are presented as circles; those shaded in black are the channels used to create ROIs 
for bilateral dlPFC. Channels have been projected onto MNI brain space using NIRSite and nirsLAB software (NIRx) for readers’ reference. Please see Fig. S1 to view 
our full cap template in infant scalp and brain space. 
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the ASD non-risk genotype group displayed increased approach indexed 
by left frontal asymmetry to smiling, direct-gaze faces and increased 
withdrawal indexed by right frontal asymmetry to frowning, direct-gaze 
faces. Taken together, our fNIRS results demonstrate that infants in the 
ASD risk group show frontal asymmetry responses that do not differ
entiate between emotions and gaze directions, suggesting atypical 
social-motivational information processing. 

The current findings increase our understanding of the role of bio
logical diathesis in the development of ASD. While Gabard-Durnam and 
colleagues (2015) showed a link between general genetic risk for ASD 
and FAA at rest, the current study provides evidence of a clear relation 
between a specific genetic variant and neural response and behavior, 
both of which are context-dependent. This is advantageous in consid
ering the etiology of ASD and for the development of early, non-invasive 
interventions. By identifying CD38 genotype as a specific marker asso
ciated with frontal asymmetry, the current study provides a clear target 
for early intervention – the oxytocinergic system. The study also iden
tifies a specific context in which to intervene, during the presence of 
positive social interaction partners. Such interventions seem viable, 
considering that: 1) a large body of research has linked parent behaviors 
to increased infant oxytocin levels (see Scatliffe et al. (2019) for a sys
tematic review) and 2) recent work indicating epigenetic upregulation 
of endogenous oxytocin receptor with increased maternal engagement 
(Krol et al., 2019a). Early interventions focused on facilitating oxytocin 
function – through its impact on social brain and behavioral motivation 
– could help to remediate social symptom severity among at-risk infants 
who are later diagnosed with ASD. Furthermore, if interventions do 
resolve abnormal frontal asymmetry, they may act on a risk factor for 
overall autism symptom severity (Schiltz et al., 2018), which systematic 
reviews have indicated are more resistant to gold-standard treatments 

Fig. 3. Frontal asymmetry to direct-gaze emotional expressions differs by CD38 genotype. Shown are the dlPFC-derived frontal asymmetry responses to smiling 
(green) and frowning (red) expressions stratified by CD38 genotype group (CC ASD risk genotype vs. non-risk A-allele carriers) and shown for direct and averted gaze 
separately. We find an interaction between CD38 genotype and expression within the direct-gaze condition, F(1, 75) = 6.204, p = 0.015, ηp2 = 0.076. Specifically, A- 
allele carriers demonstrate increased left asymmetry toward smiling faces, indexing approach, and increased right asymmetry toward frowning faces, indexing 
withdrawal. In contrast, infants with the CC ASD risk genotype display increased right asymmetry to smiling faces, indicating motivation to withdraw; * p < 0.05, 
tp < 0.06. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Person preference for smiling and frowning individuals differs by CD38 
genotype. Infants viewed a side-by-side presentation of the two identities who 
previously smiled and frowned with direct gaze. Shown are the person pref
erence scores for the two identities, as measured by eyetracking. Scores above 
50% indicate a looking bias for the individual who smiled, scores below 50% 
indicate a looking bias for the individual who frowned. Person preference 
significantly differed by CD38 genotype, F(1, 72) = 4.705, p = 0.033. Specif
ically, A-allele carriers showed a preference for the individual who smiled, 
while CC ASD risk infants showed a preference for the individual who 
frowned; * p < 0.05. 
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later in development than specific clusters of social deficits (see Tachi
bana et al., 2017; Yu et al., 2020 for meta-analyses of applied behavior 
analysis based interventions). 

The findings presented also provide insight into the biological bases 
of the development of childhood temperament and emotions. An 
approach/avoidance framework of individual differences in early infant 
emotional responses has been previously described as “the raw material 
on which experience and environmental input operate to shape behav
ioral or later personality styles” (Sullivan, 2014). One domain in which 
individual differences in early approach/avoidance tendencies might 
manifest is social responsiveness. The current findings point to a po
tential pathway by which genetic differences may manifest as differ
ences in social responsiveness. Infants at genetic risk for being less 
responsive to oxytocin may attend and react differently to emotional 
faces than healthy infants, which in turn might manifest as later dif
ferences in social awareness, social cognition, social communication, 
social motivation and ultimately overt behavior (Grossmann et al., 
2018). These social responsiveness factors have been previously linked 
to childhood temperament factors of surgency/extraversion, negative 
affect, and effortful control (see Salley et al., 2013 for a more detailed 
examination of the relationship between these variables at two to four 
years of age). 

A final point warranting discussion is that of the exact neurobio
logical mechanisms underlying the observed effects on social and 
motivational processes in infancy. While CD38 genotype is associated 
with baseline oxytocin level in adults (Feldman et al., 2012), we did not 
assess peripheral oxytocin within our infant cohort. Future work delin
eating the presumed interaction between endogenous oxytocin and 
CD38 genotype is warranted, as it remains an open question as to how 
variability at this particular SNP exerts its reported effects on social 
motivation. Exploring salivary or urine oxytocin level at rest and during 
perception of social cues in conjunction with CD38 genotype in future 
studies might help provide insight into the molecular mechanisms un
derpinning variability in social motivation among infants. In addition, 
while CD38 has been specifically linked to oxytocin release, it is likely 
that the downstream socio-behavioral effects of this SNP are due to an 
intricate interaction of several molecular systems. For example, the 
oxytocinergic system has strong links with other neuromodulatory sys
tems, including dopamine and serotonin, which play critical roles in 
reward processing and mood (Baskerville and Douglas, 2010). In 
particular, there is evidence that oxytocin modulates social reward and 
motivation through excitation of dopaminergic neurons in the ventral 
tegmental area (Hung et al., 2017), as well as through a coordinated 
effort with serotonin within the nucleus accumbens (Dolen et al., 2013). 

The current study’s demonstration of variability of social approach 
and withdrawal tendencies as a function of genetic variation in the 
oxytocin system (CD38) critically advances emerging work indicating 
that the oxytocin system plays an important role in social brain and 
behavioral development during infancy (Krol et al., 2015a; Krol et al., 
2019b). Specifically, these findings are in line with existing accounts 
emphasizing the role of oxytocin in enhancing the salience of affiliative 
social signals while simultaneously reducing responding to threatening 
social signals (Kemp and Guastella, 2011). Here, we add an important 
developmental dimension to the emerging picture regarding links be
tween the oxytocinergic system and variability in social-motivational 
brain processes with potential clinical relevance for the early identifi
cation of neurodevelopmental disorders such as ASD. Overall, this study 
advances our understanding of the role of the oxytocin system in social 
cognition and behavior, pointing to individual differences in a motiva
tional brain mechanism linked to prefrontal cortex function and vari
ability in social motivation. 
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