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ARTICLE INFO ABSTRACT

The brain is adapted to learn from interactions with the environment that predict or enable the procurement of
rewards (Schultz, 2010). For infants, the main caregiver (often the mother) is most associated with primary
biological rewards such as food and warmth, as well as the most likely provider of emotional and social rewards
such as comfort and responsiveness. In this study we capitalize on the reward value of mother to examine reward
learning mechanisms in infancy using multiple eye-tracking measures. Converging lines of research have de-
monstrated links between reward-related striatal dopamine activity and measurable changes in spontaneous eye-
blink rate (EBR) and pupil dilation (Eckstein et al., 2017). We presented 7-month-old infants with video stimuli
that parametrically increased in social-emotional value (male stranger, female stranger, mother) or in visual
attention value (static image, slowed silent cartoon, dynamic cartoon). After establishing infants’ baseline re-
sponses to these stimuli, we paired the videos with arbitrary shape cues in an associative learning task. Infants
showed superior learning from their own mother’s video and a heightened anticipatory arousal response to the
mother-associated cue following learning. Both learning measures were predicted by infants’ baseline EBR to
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their mother’s video, providing the first evidence of reward learning and transfer in human infants.

1. Introduction

Learning from reward and in order to maximize the procurement of
reward (e.g., nutrients) is adaptive for an organism’s survival. For
human infants, the primary caregiver (often the mother) is the main
source of primary biological rewards such as food and warmth, as well
as the most likely provider of emotional and social rewards such as
comfort and responsiveness. There is mounting evidence that infants
treat their mother as a special stimulus, as measured by attentional
preference, social and emotional responses, and distinctive neural ac-
tivity (Bushneil et al., 1989; DeCasper and Fifer, 1980; De Haan and
Nelson, 1997; Nakato et al., 2011). The mother’s presence and re-
sponsive caregiving have also been found to be formative in the de-
velopment, connectivity, and reactivity of key neural circuits for emo-
tion and attention regulation (Gee et al., 2014; Hostinar et al., 2014;
Moriceau and Sullivan, 2006; Tottenham, 2012; Tottenham et al.,
2012). Furthermore, the quality of mother-infant interaction is posi-
tively associated with children’s cognitive, emotional, and social de-
velopment (Bornstein and Tamis-LeMonda, 1989, 1997; Landry et al.,
1997, 2006; Lewis and Coates, 1980; Maccoby, 1992; Olson et al.,
1984; Pettit et al., 1997; Tamis-LeMonda et al., 2001) with the best
outcomes linked to the long-term stability of highly supportive mo-
thering practices, such as engaging in frequent joint attention (Fuligni
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et al., 2013). The mother or primary caregiver may be especially salient
in scaffolding infant learning by 1) providing routine and structured
experiences with predictable, learnable sequences of events, 2) re-
sponding to the infant’s behavior, enabling the infant to discover the
affordances of her own actions [e.g., Lewis and Goldberg, 1969], and 3)
instilling feelings of safety and security that encourage the infant to
explore and engage with her surroundings [e.g., Bowlby, 1988;
Ainsworth, 1978; Bell and Ainsworth, 1972]. It follows that reward
learning mechanisms in infancy may be triggered in the context of re-
warding caregivers and may be observable in the transfer of value from
the mother to mother-associated cues. Here we leverage the reward
value of mother to examine mechanisms of reward learning in human
infants, using behavioral and physiological eye tracking measures.

1.1. Mechanisms of reward learning

Rewards power learning, or change in behavior, by positively re-
inforcing actions that lead to rewarding outcomes and increasing en-
gagement with reward-related stimuli, while discouraging actions that
result in no reward or in aversive outcomes (Pavlov, 1927; Skinner,
1938). Reward learning engages firing of dopamine neurons in the
striatum of the basal ganglia. Dopamine is a neurotransmitter related to
pleasure that is also involved in many aspects of learning, memory and
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goal-directed behavior (Westbrook and Braver, 2016). In the first stu-
dies linking dopamine and reward in rats, Olds & Milner (Olds and
Milner, 1954) administered low-voltage electrical stimulation in re-
gions of the midbrain containing a high density of dopamine neurons;
the rats learned to press levers, run mazes, and were even willing to
forgo food and sex to receive this stimulation. In the monkey, Schultz
and colleagues found that midbrain dopamine neurons fired in response
to primary rewards such as food and liquid, but also to conditioned
rewards, such as a light, picture, or sound that was predictive of a
primary reward (Schultz, 1986; Schultz et al., 1993, 1997). Following
learning, if an expected reward was withheld, then the dopaminergic
response was suppressed compared to when the expected reward was
delivered. In contrast, if an unexpected reward was delivered, then the
dopamine cells fired more strongly. In this way, dopaminergic activity
is a learning signal in that it codes for prediction error and signals to the
organism that new actions must be learned to continue to maximize
reward outcomes (Schultz, 2010).

Critically, when a reward is repeatedly paired with a predictive cue,
the dopamine response gradually decreases following the reward itself,
and increases in response to the reward-predicting cue (Schultz et al.,
1997). Thus, the predictive cue acquires value in eliciting a dopami-
nergic response and the associated power to engage learning mechan-
isms. For example, when macaque monkeys were trained to select be-
tween cues correlated or uncorrelated with the size of an upcoming
juice reward, the activity of striatal dopamine neurons was modulated
by the predictive, not by the random, cues (Bromberg-Martin and
Hikosaka, 2009). By responding to abstract cue stimuli that contain
predictive information, the dopaminergic reward system enables the
brain to form expectations in situations of varying uncertainty, to an-
ticipate the outcomes of behavioral decisions, and to update those ex-
pectations in light of new or surprising evidence.

Reward learning mechanisms (and reward-related dopaminergic
activity) have been implicated in shaping attention and cognitive con-
trol processes (Westbrook and Braver, 2016; Puig et al., 2014). In
adults, reward has been shown to enhance attention to task-relevant
stimuli and influence attentional performance (Anderson et al., 2011;
Della Libera and Chelazzi, 2006, 2009). For example, Anderson and
colleagues demonstrated that an arbitrary stimulus could capture at-
tention automatically if it acquired value through reward learning
(Anderson et al., 2011). Indeed, attending to stimuli that offer pre-
dictive information about potential reward is an effective strategy for
preparing actions that maximize the chance of obtaining reward.

Reward learning mechanisms have been illustrated in monkeys,
mice, human adults, and in children [e.g., Delgado et al., 2000; Elliott
et al., 2000; Galvan et al., 2005; May et al., 2004; O’Doherty et al.,
2003; Schultz, 2006]; it would follow that these mechanisms are also
available to human infants. However, a primary challenge that re-
searchers confront in studying reward learning in early development is
a lack of access to the subcortical regions that comprise the dopami-
nergic reward system. Here we address this challenge using eye-
tracking indices of neurotransmitter response. Converging lines of re-
search with non-human animals, patient populations, and adult neu-
roimaging have established links between reward-related striatal do-
pamine activity and observable changes in spontaneous eye-blink rate
(EBR) and pupil diameter, both measurable in infants (see (Eckstein
et al., 2017) for a comprehensive review).

1.2. Measurements of reward learning

Spontaneous eye blinks, in the absence of provocation by an ex-
ternal stimulus such as an object approaching the eye, are believed to
reflect activity of the central dopamine system (Bacher and
Smotherman, 2004; Karson, 1983). The precise neural pathways con-
trolling eye-blink rate (EBR) are still under investigation, but a number
of studies point to a strong link between dopamine activity and EBR.
Direct evidence for this relationship comes from the administration of
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dopamine agonists and antagonists, which increase and decrease EBR in
monkeys and human adults (Karson, 1983; Blin et al., 1990; Elsworth
et al., 1991; Kleven and Koek, 1996; Taylor et al., 1999). Further evi-
dence comes from clinical populations in which dopamine levels and
EBR are affected (e.g., reduced in Parkinson’s disease (Dauer and
Przedborski, 2003; Deuschel and Goddemeier, 1998), and elevated in
schizophrenia (Karson et al., 1990; Kegeles et al., 2010; Mohr et al.,
2005)). Studies have also demonstrated superior performance on
frontostriatal cognitive flexibility and attention-shifting tasks that im-
plicate dopaminergic pathways in individuals with higher baseline EBR
(Aartes et al., 2012; Dreisbach et al., 2005; Lackner et al., 2010).
Barkley-Levinson and Galvan (Barkley-Levenson and Galvan, 2016)
established that EBR is a predictor of dopaminergic activity and reward
maximization during risky decision-making in adolescence.

EBR increases from infancy to childhood (from < 3 to > 6 blinks
per minute) and reaches a plateau at adult levels by late adolescence
(10-20 blinks per minute) (Bacher and Allen, 2009; Zametkin et al.,
1979). In infants, rate of blinking increases during feeding and fol-
lowing the introduction of new stimuli (Bacher and Smotherman,
2004); both novelty and feeding are pleasurable to human infants and
are modulated by a dopamine antagonist in rats (Pitts and Horvitz,
2000). Recently, EBR was found to increase in infants during a fron-
tostriatal reinforcement learning task when learned pairings switched
(Werchan et al., 2015, 2016), indicating that EBR may index a dopa-
minergic response to prediction error in infants and not only to the
hedonic value of stimuli.

While EBR may be reflective of dopaminergic firing, some stimuli
may also elicit sustained wide-eyed visual attention. Data have shown
that spontaneous blinks are reduced in many visual tasks, particularly
when sustained visual attention or object tracking is required
(Bentivoglio et al., 1997; De Jong and Merckelbach, 1990; Shultz et al.,
2011). Bacher (Bacher (2014)) found that 4-month-olds suppressed
blinking compared to baseline when visually inspecting moving toy
stimuli but not when viewing a social interaction. The eye-blink (EB)
startle response, a related dopaminergic biomarker, has been success-
fully used to index the reward value of stimuli (Skolnick and Davidson,
2002). However, Guera and colleagues (Guerra et al., 2012) showed a
reduction in this EB startle in response to loved ones’ faces (accom-
panied by changes in heart rate and skin conductance indicative of a
positive emotional response), presumably as a function of sustained
visual attention when presented with this stimulus. Studies have also
found significant relationships between individual differences in EBR
and reward-related cognitive performance [e.g., 58], and some have
suggested that variation across subjects in dopaminergic activity and/or
receptor expression may affect tonic EBR more strongly than the slight
phasic changes elicited by task conditions (Eckstein et al., 2017).

Pupil dilation, under constant illumination, may be a useful in-
dicator of arousal and the intensity of cognitive processing. Pupil di-
lations are modulated by the activity of the noradrenergic system’s
locus coeruleus, which supplies noradrenaline (NA) to the cortex, cer-
ebellum, and hippocampus (Wilhelm et al., 1999). Converging evidence
from electrophysiology (Rajkowski et al.,, 1994), pharmacology
(Phillips et al., 2000), anatomy (Samuels and Szabadi, 2008), and
human imaging (Sterpenich et al., 2006); but see (Astafiev et al., 2010))
points to a tight link between pupil dilation and NA activity. The nor-
adrenergic system is hypothesized to play a role in the functional in-
tegration of the brain’s attentional system (Coull et al., 1999; Sara,
2009) and particularly the alerting network (Posner and Fan, 2008),
maintaining appropriate levels of arousal for cognitive performance.
Thus changes in pupil diameter are thought to reflect changes in
alertness, focus, and mental effort (Just and Carpenter, 1993;
Kahneman, 1973). In adults, pupillary responses have been docu-
mented to emotional, painful, sexually attractive, and preferred stimuli
(e.g., (Hess and Polt, 1960); see (Sirois and Brisson, 2014) for a review),
as well as to increasing cognitive load such as greater numbers of items
to be remembered (Beatty and Kahneman, 1966) or increased difficulty



K. Tummeltshammer, et al.

of mental calculations (Hess and Polt, 1964).

During reward learning, a predictive stimulus may also come to
evoke an anticipatory arousal response that can be measured in dilation
of the pupils (Anderson and Yantis, 2012; O’Doherty et al., 2006).
Further, data have shown that pupil dilation during decision-making
signals surprise or uncertainty (Preuschoff et al., 2011). A few recent
studies have found that infants’ pupils dilate in response to violations of
expectations or to physically impossible events (Jackson and Sirois,
2009; Gredeback and Melinder, 2010). In essence, pupil dilation (NA
activity) seems to code for increased attention or arousal during passive
viewing, and increased uncertainty during conditions of reinforcement
learning, where heightened alertness may be adaptive for responding to
unexpected outcomes.

In addition to EBR and pupil dilation, the present study incorporates
looking time and smiling, perhaps the most accessible and widely used
indices of infant attention and interest. The duration of infants’ looking,
whether measured as individual fixations or the accumulation of many
looks, reflects the time needed for the infant to fully process and encode
a visual stimulus, and beyond that, a measure of their interest or sub-
jective preference for it (Fantz, 1964; Oakes, 2010). Smiling is an overt
behavioral response to positive, pleasurable stimuli and a demonstra-
tion of positive affect (see (Messinger et al., 2008) for a review). These
measures offer a more holistic picture of infants’ response to rewards
and help disambiguate them from responses reflecting general attention
or interest.

1.3. The present study

The aim of the present study is to identify mechanisms of reward
learning in infants’ visual behavior. Using eye-tracking, we measured
individual differences in 7-month-old infants’ responses to passively
viewed video stimuli that parametrically increased in social-emotional
value (an unfamiliar male foreign-speaker, an unfamiliar female native-
speaker, and the infant’s own mother). The video of the infant’s own
mother we hypothesized to have the greatest social-emotional value to
the infant and strongest association with primary biological rewards. To
disentangle this from general attentional interest, we also measured
infants’ responses to videos that parametrically varied in visual atten-
tion value but were not associated with primary rewards (a static grey-
scale cartoon image, a slowed silent cartoon, and a colorful dynamic
cartoon with soundtrack). We expected infants’ smiling, pupil dilation,
and EBR to be modulated by the face stimuli, indicating differences in
their reward value, whereas infants’ looking times would be modulated
by the cartoon stimuli, indicating differences in visual attention but not
reward.

Having measured baseline responses to the videos, we then ex-
amined the impact of varying rewards on learning in a cue-target as-
sociative learning task. Specifically, we tested whether four simple ar-
bitrary shapes would acquire distinct values through consistent pairing
with four of the videos as rewards. By presenting cue-target pairs in
fixed spatial locations, we were able to measure changes in infants’
saccadic latencies as an index of spatio-temporal associative learning
[e.g., Amso and Johnson, 2006; Kirkham et al, 2007;
Tummeltshammer and Kirkham, 2013]. Further, we tested whether
infants’ responses to the shape cues changed following their learning of
the associated rewards. While infants as young as 6 months can detect
the relationship between an arbitrary visual cue and subsequent re-
ward, showing a preference for a reward-predictive stimulus compared
to a distracter stimulus (Tummeltshammer et al., 2014; Wang et al.,
2012), no studies have examined how infants learn from differently
valued rewards and whether this value transfers to a predictive cue
through reward learning. Recognizing that the rewardingness of mother
and the dopaminergic response to rewards is likely to vary across mo-
ther-infant dyads, we also explored how individual differences in in-
fants’ responses affected our learning measures.
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2. Method
2.1. Participants

Fifty-one healthy full-term infants (23 females, 28 males; Mage = 7
months, 7.6 days, SD = 13.1 days) participated in a single testing ses-
sion. Four additional infants were excluded due to fussiness, inatten-
tion, or poor calibration. Participants were recruited from the com-
munity via advertisements and birth records. Informed consent was
received from all caregivers, and families were compensated for their
time and travel. Based on parental report, 36 participants were Non-
Hispanic White, 8 were Hispanic White, 5 were Black, 5 were Asian,
and 1 did not report a race/ethnicity. Parents completed a ques-
tionnaire indicating maternal education, occupation, income and family
size, as well as a survey about caregiving arrangements and screen-
viewing habits (see Appendix for survey data).

2.2. Eye tracking apparatus

Eye movements were recorded using a remote eye tracker
(SensoMotoric Instruments RED system) with a 22” monitor. Stimuli
were presented using the SMI Experiment Center software at a resolu-
tion of 1920 x 1080 pixels, and sounds were played through external
stereo speakers. A digital video camera with infrared night vision
(Canon ZR960) was placed above the monitor to observe and record
infants’ head movements. At the beginning of the testing session, each
infant’s point-of-gaze was calibrated using a 5-point calibration se-
quence (the four corners and center of the screen) provided by the SMI
software. The looming calibration stimulus was then presented again in
the four corners to validate the accuracy of calibration. If fewer than
four points were accurately calibrated, the sequence was repeated.
Average deviation was 1.9° (SD = 1.3°), suitable for assessing eye
movements within the specified areas of interest.

2.3. Stimuli

Infants viewed six different parametrically varying visual stimuli:
three faces and three cartoons. The faces included the infant’s own
mother, a female stranger, and a foreign-language speaking male
stranger. The faces were filmed against a blank background under the
same ambient lighting conditions. Models were instructed to maintain
direct eye contact, smile, and speak in infant-directed speech; however,
they did not adhere to a particular script, encouraging mothers to speak
as they naturally would to their infants. The cartoons were actually
identical clips of a popular children’s song (“Five Little Monkeys”) with
audio-visual features manipulated at 3 levels: colorful and dynamic
with an accompanying soundtrack, slowed with no sound, and gray-
scale static with no sound. Comparing samples of 100 frames randomly
selected from the face and cartoon videos confirmed that average lu-
minance did not differ within condition (Faces: F(2,97) = 0.950,
p = 0.391, npz = 0.022; Cartoons: F(2,97) =0.01, p = 0.974,
> = 0.001). However, between conditions, the faces were slightly
more luminous than the cartoons, on average (Faces M = 68.61,
Cartoons M = 59.01; F(1,198) = 57.87, p < 0.001, rlpz = 0.226).
Since pupillary and eye-blink responses are sensitive to such low-level
differences in luminance, we processed them in separate analyses for
the faces and cartoons.

Infants also viewed four different colored shapes (a red square, a
blue triangle, a green circle, and a yellow cross). In the associative
learning task, the four shapes acted as peripheral cues; each was pre-
sented in one of the four quadrants, equidistant from the center of the
screen, and followed by a unique reward video in the same quadrant
(see Fig. 1). The reward videos were the infant’s own mother, the fe-
male stranger, the dynamic cartoon with soundtrack, and the gray-scale
static cartoon with no sound. Cue-target pairings and their quadrant
locations were counter-balanced across infants. The stimuli were
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Fig. 1. Schematic of the associative learning task. On each trial, a peripheral cue appeared in one of the four quadrants, followed by its paired reward video in the

same quadrant.

filmed, edited, and animated using Adobe Flash and Premiere Pro
software packages.

2.4. Procedure

All infants were tested individually in a quiet room, seated at a
distance of 60 cm from the eye-tracking monitor on their caregiver’s
lap’ . To ensure equal luminance during all recordings, the testing room
was windowless and the artificial lighting was controlled at an identical
level for all participants. Following successful calibration, a colorful
attention-grabbing stimulus was presented to draw infants’ fixation to
the center of the screen. After ensuring fixation, the experimenter
manually initiated the first trial.

The experiment consisted of four parts: the video baseline, the cue
pre-test, the associative learning task, and the cue post-test. First, the
six videos were presented centrally for 8s each. Each video was pre-
sented twice (for a total of 12 randomized trials) separated by the
colorful attention-grabbing stimulus to ensure that infants maintained
fixation on the screen. Next the four shape cues were presented one at a
time in counter-balanced order in the center of a blank screen. Each
shape was presented once and remained onscreen for 4 s, separated by a
blank screen for 500 ms and a ringing sound to prompt the infant to
fixate the screen. Next came the associative learning task, in which the
four shapes acted as peripheral cues and predicted the unique spatial
location of four paired reward videos (the infant’s own mother, the
female stranger, the dynamic cartoon, and the static cartoon). On each
trial, a fixation stimulus attracted infants’ gaze to the center; then a
shape cue appeared in one of the four quadrants of the screen, followed
closely by the paired reward video. Cues were presented for 1s and
rewards were presented for 3 s with a 500-millisecond gap in between.
Each cue-target pair occurred 6 times, for a total of 24 randomized
trials, and all cues were 100% predictive. The locations of the four cue-
target pairs were fixed across trials within a single participant and
counter-balanced across participants. Finally, the four shape cues were
presented again in a post-test, identical to the pre-test. A break, in the
form of an unrelated 15-second video clip, was inserted before and after
the associative learning task. The entire experiment lasted approxi-
mately 5.5 min.

1 Most often, infants came to the lab with their mothers, and thus it was the
mother’s lap that they sat on during the experiment. We coded the number of
times that infants turned to look at their mothers during testing and found that
it was negligible and did not differ across stimulus conditions (i.e., infants were
not likely to turn to their mothers when they saw their video onscreen). All
caregivers were instructed not to speak or interact with their infants during
testing.

2.5. Data analysis

Unfiltered eye movement data were analyzed in SMI’s BeGaze
analysis software. Trials were excluded if missing more than 50% of
samples due to tracking error or inattention, or if the infant failed to
orient to the cued quadrant during associative learning (8.7% of base-
line videos, 14.5% of pre/post-test trials, 19.8% of associative learning
trials). The following dependent variables (DVs) were coded from
available eye-tracking and video data: looking time, smiling, pupil di-
lation, and eye-blink rate. See Appendix for a principle components
analysis (PCA) and brief discussion of how these DVs correlate.

Looking time. Looking times for the video baseline and the cue pre-
and post-tests were computed as total dwell time, which is the summed
duration of all samples falling within the stimulus area of interest
(AOI). Total dwell time is arguably a less biased measure of looking
time, as it does not require the application of a fixation filter.

Smiling. Digital video recordings of the infants’ faces were coded
for instances of smiling by a trained research assistant, blind to the
order of stimulus presentation. On each video baseline trial, the pre-
sence or absence of a smile was scored categorically to avoid any am-
biguity with regard to the smile’s onset or offset. These data were
double-coded in 10% of participants by a second trained research as-
sistant, and the intraclass correlation coefficient between coders was
0.910 (p < 0.001).

Pupillary data. The SMI eye-tracker, recording at 60 HZ, takes a
sample of the infant’s pupil diameter every 16.67 s. Whenever data was
available for both eyes, the mean pupil diameter was computed;
otherwise, the value for the available eye was used. Gaps in the data
tended to be due to flicker or tracking error (< 100 ms duration), eye
blinks (100-400ms in duration), or looks away from the screen
(> 400 ms duration). Because of these disparate sources of data loss
and their variable durations, the gaps were not interpolated. Rather, the
mean pupil size was computed over 100-ms intervals (approximately 6
samples) to generate time series for each trial for each infant.

For the video baseline, face and cartoon videos differed slightly in
average luminance and each video was presented on two distinct trials;
therefore, pupil size values required adjustment by subtracting the
mean pupil diameter in the first 500 ms of the trial from the mean over
the remaining intervals. This adjustment has been shown in infants to
best accommodate variation in the pupil as a result of differing initial
light-reflex responses (i.e., the initial dilation and contraction that oc-
curs when any new stimulus is presented as the eye adjusts to the light
(Nystrom et al., 2015)). Pupil dilation was computed as the change in
mean pupil diameter from the first 500 ms to the second half of the trial
(between 4 and 8s), and these dilations were compared across video
stimuli. For the cue pre- and post-tests, the cue stimuli were identical in
luminance, had the same preceding blank screen, and were presented
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only once; therefore, the pupil size values did not require adjustment.
Rather, mean pupil diameter across the 4-second presentation of each
cue was computed and pre- to post-test changes, resulting from reward
learning, were compared.

Blink data. Blinks were identified by an automatic algorithm as
events of missing data (i.e., when neither eye position nor pupil dia-
meter could be sampled) that were 100-400 ms in duration. These data
were double-coded in 10% of participants by a trained research assis-
tant, blind to the order of stimulus presentation. The coder viewed di-
gital video recordings of the infant’s face, marked the eye closure and
reopening, and noted looks off-screen. The intraclass correlation coef-
ficient between the automatic and manual coding was 0.889
(p < 0.001); with satisfactory inter-coder reliability, the eye-tracker
values were used in analysis. Eye-blink rate (EBR) was calculated for
each trial as blinks per visible second, the total number of blinks divided
by the infant’s total looking time.

Associative learning task. Three of 51 infants were excluded from
the latency analysis due to missing or unusable data on more than half
of trials (i.e., > 12 trials) or for supplying no data on one or more sti-
mulus conditions. Latency was calculated as the time difference be-
tween the onset of the cue and the arrival of the first eye movement into
the cued quadrant.

3. Results
3.1. Baseline responses to face and cartoon videos

Looking time (LT) and smiling. Mean LTs did not differ between
face and cartoon videos, F(1,50) = 0.000, p = 0.996, npz < 0.001, but
did differ by Parametric Value, F(2,100) =16.03, p < 0.001,
”pz = 0.243, with a significant Stimulus x Value interaction, F
(2,100) = 21.57, p < 0.001, 5,> = 0.301. Infants looked equally long
at the face videos (p = 0.546), but looked less at the static cartoon
relative to the two animated cartoons (both p < 0.001; Fig. 2). Fre-
quency of smiling did vary by Stimulus Type, Friedman X*(5) = 52.27,
p < 0.001, as infants smiled more when presented with faces than
cartoons, and most for their own mother’s face (Fig. 2). These results
confirm the validity of our parametric manipulations: The dynamic
cartoons induced longer LTs, reflecting greater visual interest and at-
tention value, whereas the infant’s mother induced more smiles, re-
flecting greater social-emotional value (i.e., positive affect, recognition
and/or pleasure).

Pupil dilation. Mean pupil dilations (Fig. 3) varied significantly
across face videos (main effect of Parametric Value, F(2,96) = 3.83,
p = 0.025, r/p2 = 0.074), with larger dilations observed for the Mother
and Female Stranger compared to the Male Stranger (t(49) = 2.40,
p = 0.020, and t(49) = 2.44, p = 0.018 respectively). Pupil dilations
did not vary across cartoon videos (no effect of Parametric Value, F
(2,96) = 0.62, p = 0.540, r]pz = 0.013). These data indicate that the
pupillary response, reflecting increased arousal, was sensitive to
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changes in the social-emotional value of the faces, but not the visual
attention value of the cartoons. This result mirrors the pattern of infant
smiling, which also increased with the social-emotional value of the
faces, but not with the visual attention value of the cartoons.

Eye-blink rate (EBR). Mean EBR (Fig. 4) differed significantly
across face videos (main effect of Parametric Value, F(2,98) = 3.02,
p = 0.053, ;71,2 = 0.058), due to less blinking for the Mother relative to
the Female and Male Stranger’s faces (t(49) = 2.23, p = 0.030, and t
(50) = 2.06, p = 0.045 respectively). Mean EBR also differed sig-
nificantly across cartoon videos (main effect of Parametric Value, F
(2,100) = 3.72, p = 0.028, 5,> = 0.069), due to less blinking for Dy-
namic compared to Static cartoons (#(50) = 2.16, p = 0.035), and
marginally less for Slowed compared to Static cartoons (£(50) = 1.85,
p = 0.070). Although one might expect a higher EBR for higher valued
rewards, indicating reward-related dopaminergic firing, here we found
average EBR was significantly reduced when viewing both the mother’s
face and the dynamic cartoon videos, perhaps due to their sustained
attention demands [e.g., 67,69]

Despite these group-level reductions in EBR for highly valued sti-
muli, it is nonetheless possible that individual differences in EBR may
index a reward-related dopaminergic response that would be elicited
selectively by social-emotionally valuable stimuli. A few studies have
indicated that variation across subjects in dopaminergic activity and/or
receptor expression may affect EBR and reward-related cognitive per-
formance more strongly than the slight phasic changes elicited by task
conditions (Eckstein et al., 2017; Barkley-Levenson and Galvan, 2016).
We examined infants’ individual differences in EBR with respect to the
parental survey measures (see Appendix) of Time Spent with Mother
and Total Time Exposed to Screen-based Media, considering whether
these experiential factors may correlate with EBR to highly valued sti-
muli. For Dynamic cartoons, no significant correlations with EBR
emerged (Time w/ Mother: r(45) = 0.151, p = .321; Screen Time: r
(42)=-0.137, p = 0.387). For Mother’s face, a marginally positive
correlation was present between EBR and Time w/ Mother, r
(45) = 0.251, p = 0.096, such that the more time infants spent with
their mother, the higher their EBR to their mother’s video.

Summary. Taken together, the video baseline results suggest that the
mother’s video elicited the greatest reward-related response from infants.
Specifically, the mother’s video prompted larger pupil dilations than the
male stranger or cartoon videos, and more smiling than any other sti-
mulus, reflecting a greater emotional arousal response. The mother’s video
also evoked meaningful individual differences in EBR that positively cor-
related with the amount of time mothers reported spending with their
infants. This pattern of response was distinct from the pattern elicited by
the highest value cartoon, which prompted longer looking time and re-
duced blinking, but no increase in smiling or pupil dilation. Next we ex-
amined whether the relative value of the mother reward would induce
measurable changes in infants’ behavior (i.e., learning), and further,
whether the value of mother and the pattern of responses she elicited
would transfer onto the mother-predictive cue.
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Fig. 2. Mean looking time (left) with error bars indicating + 1 SE, and frequency of smiling (right).
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3.2. Evidence of reward learning

Latency. If infants’ learning were modulated by the relative value of
the four rewards (the infants’ own mother, a female stranger, a dynamic
cartoon, and a static grey-scale cartoon), then we would expect to see a
relative decrease in latency across the 6 trials for cues that predicted
higher value rewards. Results of a repeated measures ANOVA, dis-
played in Fig. 5, showed that mean saccadic latencies were faster for
cues paired with the Mother relative to the Stranger or the cartoons
(main effect of Stimulus, F(3,141) = 7.07, p < 0.001, ”pz = 0.131; all
post-hoc comparisons, p < 0.03). Comparing latencies on Trial 1
confirmed that this difference was not present initially or due to arbi-
trary bias (F(3,78) = 1.11,p = 0.352, 11p2 = 0.041), but rather emerged

rapidly during the associative learning task.

Transfer of value to cues. Comparing pre- and post-test responses
to the isolated cues allowed us to examine whether associating arbitrary
cues with differently valued rewards resulted in a transfer of value from
the reward onto the reward-predictive cue. We compared mean changes
in infants’ responses (i.e., mean differences in looking time, pupil dia-
meter, and EBR to the four cues from pre-test to post-test) in separate
repeated measures ANOVAs. The ANOVAs showed no significant dif-
ferences across cues in infants’ mean changes in looking time or EBR
(both p > 0.646); however, the pupil dilation analysis did show a
significant effect of Cue, F(3,90) = 2.54, p = 0.061, ;11,2 = 0.078. Post-
hoc tests showed that pupil diameter for the mother-associated cue
increased relative to the stranger-associated cue (t(34) = 2.58,
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p = 0.015) and relative to the static cartoon-associated cue (t
(33) = 2.54, p = 0.016) (Fig. 6).

Predicting learning and transfer from baseline responses. Next
we considered whether infants’ enhanced learning of the mother-asso-
ciated cue (i.e., latency and increased pupillary response) could be
predicted from their baseline responses to their mother’s video (i.e.,
smiling, pupil dilation, and EBR). For each DV, we collapsed the infants’
responses into a single difference score: for example, the Latency
Difference Score was calculated as the difference between mean latency
to the mother-associated cue and mean latency to the remaining three
cues. Use of a difference score eliminates variability that may be shared
across all stimulus conditions (e.g., some infants may have generally
faster eye movements) and provides a measure of the infant’s response
to mother isolated from the other videos.

The first multiple regression model was constructed to predict in-
fants’ Latency Difference Score from the following predictors: Age,
Time Spent with Mother, Smiling Difference Score, Pupil Difference
Score, and EBR Difference Score. This regression model was significant,
F(535) = 3.09, p = 0.022, with an overall fit of R? = 0.326. Results
indicate that infants’ Age (3=-0.484, p = 0.005) and EBR Difference
Score (f=-0.438, p = 0.008) were significant negative predictors of
their Latency Difference Score; Time Spent with Mother, Smiling and
Pupil were not significant predictors (all p > 0.105). Older infants
were more likely to have a smaller Latency Difference Score, which we
interpret as a byproduct of generally faster processing and eye move-
ment speeds with age. Importantly, larger EBR Difference Scores, re-
flecting higher EBR when viewing the Mother compared to all other
videos, were predictive of faster latencies to the mother-associated cue.
Thus infants who found their mother’s video more rewarding (as
measured by a higher reward-related EBR response) showed better

learning from their mother’s video in the associative learning task.

The second multiple regression model was constructed to predict
infants’ Pupil Change Score (i.e., the difference in mean pupil diameter
to the mother-associated cue from pre-test to post-test) from the fol-
lowing predictors: Age, Time Spent with Mother, Pupil Difference
Score, EBR Difference Score, and Latency Difference Score. The re-
gression model was significant, F(5,28) = 3.09, p = 0.024, with an
overall fit of R? = 0.356. Results indicate that infants’ EBR Difference
Score (8 = 0.492, p = 0.006) and Time Spent with Mother (8 = 0.349,
p = 0.049) were significant positive predictors of their Pupil Change
Score; Age, Pupil Difference Score, and Latency Difference Score were
not significant predictors (all p > 0.145). More time with their mo-
thers, as well as larger EBR Difference Scores reflecting higher EBR
when viewing their mother’s video, were predictive of larger increases
in pupil dilation to the mother-associated cue. Thus infants who found
their mother’s video more rewarding (as measured by a higher reward-
related EBR response) showed greater transfer of the pupillary response
from their mother’s video onto the mother-associated cue through re-
ward learning.

4. Discussion

Our results provide evidence that the same reward learning me-
chanisms observed in human adults and non-human animals are also
operational in human infants; specifically, when a highly valued reward
is repeatedly paired with a predictive cue, we found evidence that in-
fants’ visual responses to the reward itself indeed transfer onto the re-
ward predictive cue (Schultz et al., 1997). Prior to learning, a video of
the infant’s mother elicited a pattern of behavioral and physiological
response indicative of greater social-emotional value (i.e., larger pupil
dilations than the male stranger or cartoon videos and more infant
smiling than any other stimulus, as well as meaningful changes in EBR).
The mother’s video motivated the strongest spatiotemporal learning
(i.e., faster latency to the cue paired with mother) and the extent of
learning was predicted by individual differences in infants’ baseline
EBR for the mother’s video. Further, pupil dilations increased to the
mother-predictive cue following learning, indicating that the cue had
acquired value in eliciting a pupillary response. This increase in pupil
dilation was also predicted by individual differences in infants’ baseline
EBR for the mother’s video.

The present study capitalized on the accessibility of pupil and eye-
blink responses in human infants and offers new insights into their use
as indirect measures of reward-related neurotransmitter activity. Pupil
dilations, modulated by the activity of the noradrenergic system, are
thought to reflect changes in arousal and attentional focus (Coull et al.,
1999; Sara, 2009). Infants showed differences in pupil dilation across
face stimuli that varied in social-emotional value, but not across car-
toon stimuli that varied in visual attention/interest value. Larger pupil
dilations were observed for their own mother, who also elicited the
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most smiles from infants, as well as for the female stranger, who was
arguably most similar to the mother and may have evoked a sense of
familiarity. These results are consistent with a large body of research
that has documented pupillary responses to emotionally relevant sti-
muli (Sirois and Brisson, 2014). Further they indicate that pupillary
responses are not simply indexing differences in attentional demand (as
reflected in looking times), but rather the intrinsic value of the stimulus
in eliciting an emotional arousal response. In the context of reward
learning, pupil dilations may reflect an anticipatory arousal response
that follows a predictive cue in expectation of receiving a reward
(Anderson and Yantis, 2012; O’Doherty et al., 2006). After seeing re-
peated cue-target pairings, infants showed increased pupil dilation to
the cue that predicted their mother’s video. This anticipatory arousal
was not apparent for the other three cues. Since the mother video had
elicited the largest dilations prior to learning, this increased pupillary
response to the mother-predictive cue signifies a transfer of value from
the reward onto the cue as a result of reward learning.

Spontaneous eye-blink rate, modulated by the activity of the do-
paminergic system, has been found to predict performance on fron-
tostriatal cognitive control, reward maximization, and reinforcement
learning tasks (Aartes et al., 2012; Dreisbach et al., 2005; Lackner et al.,
2010; Barkley-Levenson and Galvan, 2016; Werchan et al., 2015,
2016). Infants’ EBR differed across both face and cartoon videos, in-
dicating that it may be sensitive to variations in both social-emotional
and visual attention/interest value. In general, one might expect a
higher EBR, indicating greater reward-related dopaminergic firing, for
the mother’s face and/or dynamic cartoon videos, which we manipu-
lated to be of highest value. However, here group-level EBR was sig-
nificantly reduced when viewing the both the mother’s face and dy-
namic cartoon videos. This reduction is consistent with previous work
that observed blink suppression during sustained attention while
tracking moving objects (Bacher, 2014) or looking at videos of loved
ones (Guerra et al., 2012). Our smiling, looking time, and pupillary data
suggest that separate processes may be responsible for the same re-
duction in EBR due to wide-eyed sustained attention to these highest
value stimuli (namely, recognition and a stronger social-emotional re-
sponse to the mother’s face, and effortful audio-visual processing and
particularly motion tracking of the dynamic cartoon).

When saccadic latencies and the transfer of pupillary responses in-
dicated superior reward learning from the mother video, predictive
models revealed EBR to be the key predictor of both learning measures.
Interestingly, as a group infants had the lowest rates of blinking for
their mother’s video, but it was higher EBR that was predictive of better
learning and transfer. We interpret this result as reflecting the com-
peting influences of attention and reward value on EBR, as both are
consistent with previous findings. The lower EBR observed in the group
mean is likely a consequence of increased attentional focus, as it was
similarly observed for the mother’s video and the dynamic cartoons,
and has been documented in other visual tasks where sustained visual
attention is required (Bentivoglio et al.,, 1997; De Jong and
Merckelbach, 1990; Shultz et al., 2011; Bacher, 2014; Guerra et al.,
2012). The higher EBR that was predictive of superior reward learning
is more likely to relate to dopaminergic firing, possibly reflecting in-
dividual differences in dopamine receptor expression, and is consistent
with positive predictive relationships between EBR and performance on
other reward and reinforcement tasks (Aartes et al., 2012; Lackner
et al., 2010; Barkley-Levenson and Galvan, 2016). Thus while infants
may have suppressed blinking to their mother’s video to preserve visual
access and continuity of processing, infants whose mother elicited a
larger reward-related EBR within that tight range showed better sub-
sequent learning from their mother’s video.

In addition to providing primary rewards (e.g., food, warmth,
comfort), our findings suggest that the infant’s mother can play a cri-
tical role in driving early learning. A number of studies have found
predictive relationships between the quality of mother-infant interac-
tion and/or maternal responsiveness and infants’ cognitive
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development (Bornstein and Tamis-LeMonda, 1989, 1997; Landry et al.,
1997, 2006; Lewis and Coates, 1980; Maccoby, 1992; Olson et al.,
1984; Pettit et al., 1997; Tamis-LeMonda et al., 2001). These studies
indicate that the mother is likely to play a significant foundational role
in her infant’s learning. Our results are consistent with the idea that this
role may be, in part, to motivate early learning by engaging infants’
reward learning pathways as a cognitive reinforcer. The mother’s video
proved to be a highly valued stimulus that produced a unique pattern of
behavioral and physiological responses: specifically, infants exhibited
the most smiles, largest pupil dilations, and lowest blink rates when
viewing their mother’s video. During the associative learning task, the
mother’s video indeed functioned as a reward (motivating faster sac-
cades) and recruited reward-learning mechanisms (as seen in the
transfer of pupillary responses onto the mother-predictive cue). The use
of difference scores in our regression models provides further evidence
that these effects were specific to the mother reward; larger EBR Dif-
ference Scores indicating higher EBR to mother above and beyond the
other videos was predictive of faster latencies and larger pupillary re-
sponses to the mother-predictive cue above and beyond the other cues. In
other words, the prospect of seeing their own mother’s face motivated
infants to learn, possibly engaging dopaminergic reward-related path-
ways in a way that the stranger’s face and the cartoon stimuli did not.

This result suggests that attention, learning and memory for new
information may be enhanced in the context of mother. If the mother
indeed motivates faster orienting and better learning, then it may be the
case that infants will show better processing and encoding of mother-
associated information. This relationship is likely to vary across infant-
mother dyads: the extent of transfer of infants’ pupillary response to the
mother-predictive cue following learning was also predicted by the
amount of time that mothers reported spending with their infants, in-
dicating a strong effect of infants’ day-to-day experience with their
mother on this relationship. Thus, individual differences in attachment
style, maternal sensitivity, and the quality of mother-child interaction
may have a pervasive effect not only on infants’ early social-emotional
bonding, but also on infants’ early learning. Future models may likely
find that more sensitive measures of mother-child interaction quality
(e.g., maternal responsiveness) are stronger moderators of reward
learning than our gross measure of quantity, as a number of studies
have found interaction quality to be an important predictor of cognitive
outcomes (Bornstein and Tamis-LeMonda, 1989, 1997; Landry et al.,
1997, 2006; Lewis and Coates, 1980; Maccoby, 1992; Olson et al.,
1984; Pettit et al., 1997; Tamis-LeMonda et al., 2001).

In addition, our results indicate that arbitrary stimuli can acquire
value through their association with mother, so it follows that mother
could also serve as a value-assigning cue, guiding her infant toward
positive and pleasurable interactions with the environment and away
from negative ones. Indeed, by 10-12 months of age, infants begin to
reference their mothers for positive or negative feedback prior to en-
gaging with a new object or individual (social referencing (Baldwin and
Moses (1996); Campos and Stenberg, 1981; Feinman et al., 1992; Sorce
et al., 1985)) and rely on mother’s cues when making decisions about
whether to undertake risky or uncertain actions (Tamis-LeMonda et al.,
2008). Moreover, infants tend to show measurable distress when mo-
thers are unresponsive or fail to provide appropriate, contingent social
cues (e.g., the Still-Face paradigm (Mesman et al., 2009; Moore et al.,
2009; Tronick et al., 1978)). Feedback from the mother may be more
potent in influencing infants’ behavior precisely because it engages
powerful reward learning mechanisms. In this capacity, the mother has
the potential to serve as both a reward and reward-maximizing cue.

While infants demonstrated learning and transfer effects that were
specific to their mother’s video and mother-predictive cues, the reward
mechanisms implicated in that learning should not be limited to the
mother per se. Theoretically any stimulus so strongly associated with
social-emotional value and the fulfillment of primary biological needs
should recruit the same mechanisms (e.g., an alternate caregiver or a
personally significant object such as the infant’s milk bottle). A
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limitation of this work is that we have restricted means of accessing
what is rewarding to infants; we cannot ask them, we cannot easily put
them to work for reward, and we are not able to measure dopaminergic
activity directly. However, by using indirect measures such as smiling
and EBR to quantify whether and which stimuli elicit a relative re-
sponse, and then assessing the effect of these responses on subsequent
learning, we can contribute to a fuller picture of the pathways these
mechanisms take to motivate behavior change early in life.

In conclusion, the present study has provided evidence that reward
mechanisms indeed power learning in infancy and can be measured by
changes in neurotransmitter-related visual responses (i.e., pupil dilation
and EBR). Reward learning was observed most strongly in the context
of the infant’s mother, indicating that primary caregivers have a sig-
nificant role to play in early cognitive development by assigning value
to novel stimuli and motivating opportunities for learning.
Furthermore, this study demonstrates how visual responses can provide
a window into learning-linked processes in human infants, making re-
ward and reinforcement circuitry more accessible for future investiga-
tions.
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