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Conversation is the platform where minds meet: the venue where
information is shared, ideas cocreated, cultural norms shaped, and
social bonds forged. Its frequency and ease belie its complexity. Every
conversation weaves a unique shared narrative from the contribu-
tions of independent minds, requiring partners to flexibly move into
and out of alignment as needed for conversation to both cohere and
evolve. How two minds achieve this coordination is poorly under-
stood. Here we test whether eye contact, a common feature of
conversation, predicts this coordination by measuring dyadic pupil-
lary synchrony (a corollary of shared attention) during natural
conversation. We find that eye contact is positively correlated with
synchrony as well as ratings of engagement by conversation
partners. However, rather than elicit synchrony, eye contact com-
mences as synchrony peaks and predicts its immediate and subse-
quent decline until eye contact breaks. This relationship suggests
that eye contact signals when shared attention is high. Further-
more, we speculate that eye contact may play a corrective role in
disrupting shared attention (reducing synchrony) as needed to
facilitate independent contributions to conversation.
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Good conversations proceed effortlessly, as if conversation
partners share a single mind. This effortlessness obscures

the complexities involved. Conversation partners must weave
shared understanding from alternating independent contributions
(1–4) in an act of spontaneous, dynamic cocreation. Given too few
independent insights, conversation stagnates. When there is in-
sufficient common ground, people talk past each other. Even
deciding when conversation should end is a feat of social coordi-
nation (5). Engaging conversation must continuously negotiate the
delicate balance between creating shared understanding while
allowing the conversation to move forward and evolve. How do
two minds negotiate this balance?
There are several reasons to believe that eye contact may play

an instrumental role. Eye contact—when two people look at
each other’s eyes—occurs ubiquitously in conversation, often at
the ends of turns when partners pass the conversational baton
(6–9). It is possible that the known effects of eye contact on
arousal (10–12) and attention (13–15) may nudge partners at
critical moments in the conversation that facilitate this exchange.
The ubiquity yet brevity of eye contact in natural conversation,
averaging 1.9 s (9), also suggests that these attentional nudges
are not scattered randomly but occur at precise times to optimize
the attention of both parties. Here we tested whether eye contact
has a particular relationship with shared attention during natural
conversation.
To quantify the dynamic wax and wane of shared attention

during natural conversation, we employed dyadic high temporal
resolution pupillometry. Under light constancy, pupil diameter
fluctuates coincident with neuronal activity in the locus coeru-
leus (16, 17), which is associated with attention (18–20). Fur-
thermore, an attention-inducing stimulus evokes an associated
pupillary response (i.e., a dilation and return to baseline) (21).
Monitoring these pupil responses over time provides a continu-
ous index of attention (22–26). When people attend to the same
dynamic stimulus, their pupillary time series can be compared as

a measure of shared attention, with similar pupillary time series
indexing similar time series of attention. Unlike joint attention,
shared attention does not require eye contact or gestures fol-
lowed by attention to a third object. Rather, shared attention can
refer to any situation in which individuals are attending to the same
stimulus and can occur with or without eye contact (27). While pupil
mimicry has been a documented outcome of looking at another’s
eyes (28, 29), shared attention can also exist in the absence of any
visual stimulus (e.g., two people listening to the same music) (30).
We use the term “pupillary synchrony” to refer to how closely

two conversation partners’ pupillary time series covary over time
(31). Previous studies have also used this definition of synchrony to
measure covariation of other physiological and behavioral responses
[e.g., brain blood oxygenation levels (32); neuroelectrical activity
(33–35); heart-rate variability (36)]. Here we used pupillary syn-
chrony between conversation partners to capture temporal variation
in shared attention over the course of a natural conversation.
We are not the first to examine intersubject synchrony and eye

contact. Leong et al. (33) showed that infant–adult dyads exhibit
more brain-to-brain synchrony in EEG while making direct gaze
than when interacting with their gaze averted. Similarly, students
in real classrooms showed more neural synchrony in EEG while
learning with classmates with whom they had previously made
eye contact (34). Kinreich et al. (35) used EEG to measure
synchrony while dyads planned a fun day to spend together and
found that moments of eye contact were correlated with neural
synchrony. Additionally, research with both functional near in-
frared spectroscopy and hyperscanning fMRI paradigms have
also found neural synchrony during eye contact in a wide variety
of scenarios and across multiple brain regions (37–41), leading to
the prevailing inference that eye contact enhances synchrony
(37). Yet exactly how eye contact and synchrony are linked is not
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understood. Does eye contact precede synchrony, as enhance-
ment would suggest, or follow it? Here we probe how eye contact
is linked to pupillary synchrony by investigating the temporal
relationship between the two.
It is also unclear when synchrony in conversation is desirable.

The majority of the synchrony literature relies on tasks in which
shared attention equates to better performance. For example,
when individuals hear the same story or watch the same movie,
the degree to which they have similar responses positively pre-
dicts their comprehension of (42, 43) and shared memory for
(44) the shared stimulus. But conversation involves more than
perceiving a shared stimulus: it requires fluidly shifting between
shared and independent modes of thought, from comprehension
of what is being said to formulating one’s next contribution (45).
These independent contributions allow a conversation to move
and evolve. We therefore not only test the relationship between
eye contact and pupillary synchrony, but also how both relate to
success in conversation as measured by ratings of engagement
(46, 47) made by the partners themselves.
In the present study, dyads engaged in unstructured conver-

sation while their eyes were tracked. Afterward, they separately
rewatched their conversations while continuously rating how en-
gaged they remembered feeling. We show that eye contact is cor-
related with dyadic pupillary synchrony during these unstructured
conversations, consistent with the research summarized above.
Furthermore, we find that eye contact has a distinct temporal re-
lationship with pupillary synchrony consistent with (though not
proof of) a coordinative role. Conversation partners make eye-
contact as pupillary synchrony peaks, which may provide a com-
municative signal that shared attention is high. Pupillary synchrony
then immediately and sharply decreases until eye contact stops. This
temporal relationship suggests that eye contact (or its correlates)
may actually reduce shared attention, perhaps to allow for indi-
vidual contributions that enable a conversation to evolve. Consistent
with this inference, we find that the amount of eye contact—not
synchrony—predicts self-reported engagement by conversation
partners. Rather than maximizing shared attention, a good con-
versation may require shifts into and out of a shared attentional
state, with these shifts accompanied by eye contact.

Results
Dyads Are More Synchronous during Eye Contact. A generalized
linear mixed-effects analysis was performed in R using the lme4
package (48) to investigate the relationship between dyads’ pu-
pillary synchrony and eye contact during their conversations.
Pupillary synchrony was computed in 1-s windows using dynamic
time warping (DTW), a well-established algorithm that allows
and accounts for small offsets in time between otherwise similar
signals (see Materials and Methods for a full description of this
algorithm). For this analysis, DTW scores were log-transformed
to correct for homoscedasticity, and dyads’ time series of eye
contact were down-sampled to 1 Hz. The model included a fixed
effect for pupillary synchrony, random intercepts for dyads, and
assumed a binomial distribution in order to determine whether
dyads were more synchronous during moments of eye contact vs.
no eye contact.
There was a significant effect of pupillary synchrony on eye

contact (log odds = 0.066, odds ratio = 1.07, CI = 1.03 to 1.11,
P < 0.001), demonstrating that dyads were more synchronous
during eye contact than in the absence of eye contact. To more
robustly test the probability that our effect of pupillary synchrony
on eye contact was not due to chance, we compared our true effect
estimate to: 1) a null distribution created by shuffling where mo-
ments of eye contact occurred within a dyad’s time series, in order
to determine whether our true estimate was the result of random
variation in eye contact; and 2) a null distribution created by
shuffling intact eye contact time series between subjects, in order
to see whether our true estimate was the result of common

variation in eye contact across all conversations. Our true effect
was significantly positively skewed from both of these distributions
(Fig. 1), suggesting that not only are pupillary synchrony and eye
contact significantly related to one another, but they are also re-
lated to one another in ways that are unique to the structure of
individual dyadic conversations.

Eye Contact Follows (Rather than Elicits) Synchrony.
Multilevel vector autoregression. We investigated the directionality
of the relationship between eye contact, pupil size, and pupillary
synchrony using a multilevel vector autoregression analysis
(mlVAR; see Materials and Methods for full description). mlVAR
outputs temporal, contemporaneous, and between-subjects net-
works to represent the directed and undirected relationships be-
tween variables of interest. Because mlVAR was designed for
continuous time series, we parsed each binary time series of eye
contact, comprised of samples where eye contact either was or was
not being made, into 1-s epochs and took the average of the eye
contact in these epochs, resulting in a proportion of eye contact
made per 1-s window.
We found a significant between-subjects relationship for eye

contact and pupillary synchrony (partial r = 0.25, P = 0.01),
suggesting that dyads who made significantly more eye contact
overall also showed higher levels of pupillary synchrony over
their entire conversations. We also found contemporaneous
network relationships between pupil size and eye contact (partial
r = 0.02, P = 0.001) and pupil size and synchrony (partial r =
0.23, P < 0.001), suggesting that in moments when an individual’s
pupils dilate, they both make more eye contact and are more
synchronous with their conversation partner. Finally, we found
temporal network relationships suggesting that both pupil size
(partial r = 0.04, P < 0.001) and synchrony (partial r = 0.03, P <
0.001) in one moment leads to eye contact in the next (all results
shown in Fig. 2). While these r values are small, this analysis rules
out eye contact as a causal mechanism for creating pupillary
synchrony. Instead, this temporal network result suggests that
rather than being a strategy used to increase pupillary synchrony
during conversation, eye contact may be a behavioral marker of
alignment already occurring.
Event-related analysis. To further examine the temporal relation-
ship between eye contact and pupillary synchrony, we investi-
gated how pupillary synchrony fluctuates, on average, around a
single instance of eye contact (see Materials and Methods for full
description of this analysis). For example, a dyad could synchronize

Fig. 1. Results of a permutation test comparing the true log odds (β =
0.066) of the association between eye contact and pupillary synchrony to: 1)
5,000 permutations shuffling dyads eye contact and pupillary synchrony time
series, and 2) 5,000 permutations shuffling eye contact time series within
each dyad. The true relationship between pupillary synchrony and eye
contact fell significantly outside these two distributions.
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prior to the instance of eye contact and remain highly aligned for
the duration, suggesting that dyadic pupillary synchrony is main-
tained during eye contact. Conversely, a dyad could synchronize
prior to the onset of eye contact, but begin to move out of alignment
during the instance, which would suggest that pupillary synchrony is
broken during moments of eye contact.
We found that pupillary synchrony begins to increase prior to

the start of eye contact, peaks at the onset of eye contact, and
decreases immediately thereafter (Fig. 3).
We statistically tested this effect by computing a linear model

predicting the average pupillary synchrony curve per dyad and
specifying planned contrasts for how synchrony might vary over time
(e.g., linear, quadratic, cubic shapes). This model was significant
[F(8, 414) = 3.84, R2 = 0.05, P < 0.001], and results confirmed that a
quadratic contrast was the best fit for dyadic pupillary synchrony
(β = −0.65, CI = −0.93 to −0.37, P < 0.001). These effects also
proved to be robust to naturalistic data issues (e.g., irregular spacing
and duration of eye contact) (SI Appendix).
We also performed the same event-related analysis of pupil-

lary synchrony surrounding the offset of eye contact: that is,
when dyads broke eye contact. Here we found the opposite effect
such that pupillary synchrony decreased leading up to the offset,
reached its lowest point at the offset, then began to increase fol-
lowing the offset. We statistically tested this effect as well by
computing a linear model predicting our average pupillary syn-
chrony curve per dyad and again specifying planned contrasts for
how pupillary synchrony might vary over time. This model was also
significant [F(8, 414) = 3.08, R2 = 0.04, P = 0.002], and a quadratic
contrast was also a significant fit for dyads’ pupillary synchrony
curves surrounding the offset of eye contact (β = 0.53, CI = 0.25 to
0.81, P < 0.001). These results suggest that although eye contact is
positively associated with pupillary synchrony in general, it does
not causally increase pupillary synchrony. Rather, eye contact
occurs as pupillary synchrony peaks and persists over its decline
until pupillary synchrony reaches a nadir. Pupillary synchrony only
begins to increase again once the moment of eye contact ends.
To further test whether this parabolic contour was peculiar to

moments surrounding eye contact, we compared true eye contact
onsets and offsets to a randomly sampled, equal number of
moments in the conversation where eye contact was not made,

creating “pseudo-onsets” and “pseudo-offsets.” We calculated
dyadic pupillary synchrony curves for the 4 s prior and 4 s fol-
lowing these randomly chosen conversation points, repeating the
process 1,000 times for each dyad in order to compare the distri-
bution of pupillary synchrony at pseudo-onsets and -offsets to pu-
pillary synchrony at true eye contact onsets and offsets. For both
onsets and offsets, the true pupillary synchrony value fell outside the
null distribution (Fig. 4). Thus, eye contact onsets and offsets are
associated with more pupillary synchrony (z = 0.46, P < 0.001) and
less pupillary synchrony (z = −0.43, P < 0.001), respectively, than
what could be expected from natural fluctuations of pupillary
synchrony during conversation.

Eye Contact is Associated with Pupillary Synchrony within and between
Conversation Turns. Past research has shown that eye contact often
occurs as the conversation shifts from one partner to the other (9,
49). We therefore examined whether the effect of eye contact on
pupillary synchrony was similarly constrained to moments when
partners passed the conversational baton. We separated instances
of eye contact by whether they occurred within or between con-
versational turns. An instance of eye contact was determined to
have occurred between turns if its onset began a maximum of 1 s
prior to the start of the turn or ended a maximum of 1 s following
the end of the turn (see Materials and Methods for full turn-taking
quantification).
Consistent with the prior literature, we found that within each

conversation, dyads made more eye contact between conversa-
tional turns (mean = 63.74, SD = 27.76) than during conversa-
tional turns [mean = 33.36, SD = 14.91; t(46) = 7.82, P < 0.001].
Across all dyads, eye contact occurred between turns 64.8% of
the time, and within a turn 35.2% of the time.
To test whether pupillary synchrony associated with eye con-

tact differed by when that eye contact occurred, we computed two
separate pupillary synchrony time series: one for eye contact be-
tween conversation turns and one for eye contact within conver-
sation turns (see Fig. 5 for a visualization of these two time series).
We then computed paired two-sided t tests at each of the nine
points along the associated pupillary synchrony time series. None
of these t tests were significant [t(46) ranged from −1.8 to 1.52, Ps
0.07 to 0.94]. Together, these findings suggest that while people do

Fig. 2. Gaussian graphical networks depicting the relationships between pupillary synchrony, pupil size, and eye contact. All edges depict significant re-
lationships at α = 0.05. Edge thickness represents the size of each relationship, and specific edge weights are overlaid on top of each edge. Green edges
represent positive relationships, and red edges represent negative relationships. (A) Temporal network illustrating the relationship between pupillary syn-
chrony, pupil size, and eye contact at one lag. Pupillary synchrony and pupil size temporally precede eye contact. (B) Contemporaneous network illustrating
the simultaneous relationships between pupillary synchrony, pupil size, and eye contact. Pupil size is positively related to both eye contact and to pupillary
synchrony. (C) Between-subjects network illustrating the per subject average relationship between pupillary synchrony, eye contact, and pupil size. Subjects
who shared more eye contact during their conversations were more synchronous.
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tend to make eye contact as they trade turns in conversation, the
relationship between eye contact and pupillary synchrony is not
confined to these moments.

Greater Eye Contact, Greater Engagement. Given the nature of the
relationship we found between pupillary synchrony and eye
contact, we examined how eye contact and pupillary synchrony
related to how engaged partners were by the conversation itself.
Mean engagement was quantified as an average of the two
continuous self-reported engagement ratings that each con-
versation partner made while rewatching a video of their con-
versation (Materials and Methods). A linear mixed-effects
analysis of the relationship between eye contact, dyads’ pupil-
lary synchrony, and their continuous mean engagement was
performed in R using the lme4 package (48). For this analysis,

pupillary synchrony was again computed in 1-s windows using
DTW and log-transformed to correct for homoscedasticity, and
dyads’ time series of eye contact and mean engagement were
down-sampled to 1 Hz. The model included fixed effects and an
interaction term for pupillary synchrony and eye contact, and
random intercepts for dyads in order to see how the interplay of
eye contact and pupillary synchrony related to dyads’ self-reported
engagement.
There was a significant main effect of eye contact on mean

engagement [t(28,160) = 2.83, β = 0.028, CI = 0.01 to 0.05, P =
0.006], such that dyads were more engaged during eye contact than
in the absence of eye contact. This result was also robust to within-
subjects (P = 0.002) and between-subjects (P = 0.02) permutation
tests, suggesting that not only are eye contact and engagement
significantly related to one another, but they are also related to one

Fig. 3. Time series of pupillary synchrony in the 4 s leading up to and following the (A) onset of eye contact with SE and (B) offset of eye contact with SE
(mean duration of eye contact = 1.07 s, SD = 1.14). Peak and trough pupillary synchrony occur at the onset and offset of eye contact, respectively. (C) Il-
lustrative cartoon of how a single instance of eye contact coincides with pupillary synchrony. Prior to eye contact, pupillary synchrony increases until it peaks
at eye contact onset (real data from A). As eye contact is maintained, synchrony declines until its trough when eye contact is broken (real data from B).
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another in ways that are unique to the individual structure of a
dyad’s conversation.
There was also a significant relationship between pupillary

synchrony and mean engagement [t(28,170) = 1.965, β = 0.012,
CI = 0 to 0.02, P = 0.05], suggesting that more pupillary syn-
chrony also predicted more dyadic engagement. While this result
was robust to a within-subjects permutation test (P = 0.02), we
found this result was largely driven by the fact that all dyads
tended to become both more synchronous and more engaged
over the course of their conversations. Therefore, this effect did
not survive a between-subjects permutation test (P = 0.56).
Finally, we found a marginal interaction effect between eye

contact and pupillary synchrony on engagement [t(28,150) = −1.83,
β = −0.017, CI = −0.04 to 0, P = 0.08]. This interaction suggests that
eye contact may act as a moderator for the effects of pupillary
synchrony on engagement such that when dyads were not making
eye contact, pupillary synchrony and engagement were positively
related, but when dyads were making eye contact, pupillary syn-
chrony and engagement were negatively related. This result was
robust to a within-subjects permutation test (P = 0.04), but not to a
between-subjects permutation test (P = 0.12) (see SI Appendix for a
more detailed description of permutation tests and visualizations of
all permutation distributions).

Discussion
Here, we demonstrate that eye contact marks moments of shared
attention, as measured by dyadic pupillary synchrony, in natural
conversation. Furthermore, this link is temporally directed: eye
contact does not precede pupillary synchrony, but rather com-
mences as pupillary synchrony peaks and persists through its
decline. This temporal relationship suggests that the onset of eye
contact may not only be coincident with high shared attention
(peak pupillary synchrony) but may also provide a signal of the
same for conversation partners. The immediate decline in pu-
pillary synchrony, which persists until eye contact breaks, sug-
gests that eye contact may play a role in disrupting shared
attention, perhaps to facilitate independent (nonshared) contri-
butions. Finally, we found that dyads reported being more en-
gaged by their conversations when they were making eye contact
compared to when they were not. Together, these findings sup-
port the idea that eye contact, or its neural corollaries, may fa-
cilitate social interaction by signaling moments of high attentional
coupling and then aiding attentional decoupling as needed to
maintain engagement.
The prevailing theory in the literature is that synchrony, re-

ferring to a wide variety of coupled behaviors, is a precursor to
successful communication, shared understanding, and many
other prosocial benefits (32, 50–52). Synchrony is, indeed, a ro-
bust signal of shared understanding and has been shown to
causally increase feelings of rapport (53–55). These effects are
strong and compelling, even showing that brain-to-brain syn-
chrony while watching videos predicts friendship (56) and
underscoring the need to study interacting humans rather than
passive stimuli (57). However, it is not clear that more inter-
personal synchrony is always better, regardless of the task.
Our findings here are in line with a growing body of work

suggesting that moving out of synchrony may also be an impor-
tant feature of social interaction. The need to occasionally break
synchrony may be especially true when individual exploration
and creativity is required, as with acts of cocreation. More se-
curely attached infants and adults tend to show less synchrony
during a mirror game when interacting with their mothers and
study partners, respectively, suggesting that more security in re-
lationships might allow for more independent exploration (58,
59). In a joint construction task, where dyads were instructed to
build a model car, researchers found that synchrony was associated

A B

Fig. 4. Results of two permutation tests comparing the (A) onset and (B) offset of eye contact to 1,000, randomly chosen, 9-s moments in each conversation,
per dyad. The distributions depicted above were created by taking the pupillary synchrony value at the “onset” and “offset” point (position 5) of each
randomly chosen moment in the conversation. The true pupillary synchrony values for the onset and offset of eye contact are represented by the red
horizontal lines in each figure. Pupillary synchrony at the onset of eye contact is significantly higher than would be expected by chance, and pupillary
synchrony at the offset of eye contact is significantly lower than would be expected by chance.

Fig. 5. Visualization of pupillary synchrony at the onset of eye contact oc-
curring within a conversation turn (SE plotted in green) and between con-
versation turns (SE plotted in blue). These two pupillary synchrony curves did
not significantly differ from one another.
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with more constrained construction strategies, and those dyads
who worked more asynchronously (i.e., had less synchronous
hand movements while building) created superior model cars (60).
A study investigating synchrony in a body movement task found
that, while dyads who moved more synchronously experienced more
positive affect overall, they also had more trouble with self-regulation
of that affect (61). Finally, a study investigating interpersonal coor-
dination during conversation found that dyads decoupled their
head movements during conversation in a way that tracked with
their status as a speaker or listener (62). Synchrony and asyn-
chrony appear to provide differential benefits and work together
to create successful interaction.
These findings are consistent with recent papers demonstrat-

ing the tendency for dyads to move continuously in and out of
synchrony with one another. For example, even when partici-
pants were instructed to synchronize their behavior in an im-
provisational joint mirroring task, researchers found that
interaction quality was maximized when participants sacrificed
synchrony at times in favor of more novel and challenging mir-
roring interactions (63), and a model that accounted for peri-
odically entering and exiting synchrony provided the best fit for their
joint motion (64). Building on this finding, Mayo and Gordon (65)
proposed a new model of interpersonal synchrony in which the
tendencies to synchronize as well as act independently both exist
during social interaction, and that the ability to move flexibly be-
tween these two states is the marker of a truly adaptive social sys-
tem. Their model incorporates ideas from complex dynamical
systems and treats the tendency to move flexibly in and out of
synchrony as a system that is metastable. They provide evidence for
their model by demonstrating that individuals who have less severe
social symptoms of autism spectrum disorders tend to move in and
out of eye contact with their conversation partner in a more
metastable way. Our findings mirror and extend these findings to
natural social interaction, suggesting that eye contact may index
coordination between synchrony and asynchrony, and thus shared
and independent thought. In this way, while heightened pupillary
synchrony may indicate conversational convergence, eye contact
may help coordinate this convergence with independent contribu-
tions from each conversation partner. Although we found no dif-
ferences in how eye contact related to pupillary synchrony during
conversation turns versus between conversation turns, it is possible
that other coordinative mechanisms of conversation could predict
pupillary synchrony [e.g., topic shifts (66), turn taking (6), and even
blinking (67)]. In particular, Turn Construction Units (68, 69)—
segments of conversation within turns that communicate complete
thoughts—could also predict moments of shared attention.
Our study used unconstrained, naturalistic conversation to

measure how dyads couple and decouple attention while inter-
acting. We found that eye contact, a ubiquitous and universal
feature of conversation, predicts shifts in pupillary synchrony, a
measure of shared attention. Specifically, our results suggest that
eye contact marks breakpoints in pupillary synchrony, perhaps

facilitating movement into and out of attentional alignment and,
in so doing, facilitating engaging conversation. These findings
raise many questions for further research—both for typical and
atypical neurological populations—about how attentional states
are modulated during interaction with downstream conse-
quences on how minds engage with each other.

Materials and Methods
Materials.
Participants. In this study, 186 subjects comprising 93 dyads (mean age: 19.38 y;
120 females) participated. Subjects were recruited from Dartmouth College
and were compensated either monetarily or with extra course credit for
participation. The studywas approved by the Committee for the Protection of
Human Subjects Institutional Review Board at Dartmouth College, and in-
formed consent was obtained prior to the start of the study. After the study
had concluded, subjects indicated consent to the release of the videos
obtained during their conversations for use in scientific presentations or
publications. All subjects had normal or corrected-to-normal vision.
Eye-tracking data collection. Pupil dilation data were collected continuously
while dyads engaged in conversation. Pupil diameter was recorded from both
eyes at 60 Hz using SensoMotoric Instruments (SMI) wearable eye-tracking
glasses or at 200 Hz using Pupil Labs wearable eye-tracking glasses. Dyads
were seated across from one another at a distance of ∼3 feet in a luminance-
controlled testing room. Lux values were recorded at multiple points in the
room to ensure that luminance in the room did not exceed the 150 lx nec-
essary to elicit a luminance-induced pupil dilation (70). We aligned the
dyads’ eye-tracking recordings in time using audio obtained from each pair
of eye-tracking glasses and FaceSync software (71), which computes the
offset in time between two audio signals by correlating one with the other
at each moment within a given window. It then returns the offset as the
time point that produces the highest correlation between the two signals.
Ratings of engagement. After their conversation, participants watched a video
recording of their conversation and continuously reported how engaged they
were at each moment by moving a slider bar (PsychoPy software) (72).
Participants’ continuous engagement ratings were recorded at 10 Hz.
Eye contact annotations. We annotated moments of eye contact during the
conversation using ELAN annotation software (73). Annotations were
obtained by watching videos recorded from a camera on the eye-tracking
glasses located at each participant’s nasion. These videos thus captured the
eyes of the participant’s conversation partner. Moments of individual eye
contact were defined as moments when the partner in the video looked
straight at the participant’s camera (the video’s point of view). Two inde-
pendent annotations from two independent raters were obtained for each
participant, and only moments in which the two annotations agreed were
accepted as individual eye contact annotations for that participant. Each
participant’s individual eye contact annotations were then compared with
the eye contact annotations of their conversation partner to find moments
of mutual eye contact (when both participants were looking at each other’s
eyes at the same time). Henceforth, mutual eye contact will be referred to
simply as “eye contact,” consistent with the lay use of the term. An illus-
tration of this process can be found in Fig. 6.

Because of theway thesemoments of eye contact were obtained, there is a
possibility that some moments of face gaze were mistakenly recorded as
moments of eye gaze, by both independent raters. Previous research has
demonstrated that looking at the face area still produces the perception of
eye contact (74), suggesting that if some such moments were included, they

Fig. 6. Annotating instances of eye contact. Individual eye contact for each conversation partner, denoted by the green and blue, was determined by
comparing moments of individual eye contact marked by each independent annotator, and accepting all moments where the annotations agreed eye contact
was being made. Mutual eye contact, denoted by the gray bars, was calculated by comparing eye contact across conversation partners and recording mo-
ments where both partners were looking at each other’s eyes.

6 of 8 | PNAS Wohltjen and Wheatley
https://doi.org/10.1073/pnas.2106645118 Eye contact marks the rise and fall of shared attention in conversation

D
ow

nl
oa

de
d 

at
 D

ar
tm

ou
th

 C
ol

le
ge

 o
n 

S
ep

te
m

be
r 

13
, 2

02
1 

https://doi.org/10.1073/pnas.2106645118


would likely achieve the same dyadic consequence as eye contact given the
equivalent perception by the recipient.

Procedure.
Conversation phase.Dyadswere seated across fromone another and videotaped
and eye-tracked while they engaged in a 10-min, unstructured conversation.
Before their conversations, dyads received the following instructions:

In this portion of the study, you will be having a conversation. Your eyes
will be tracked during this conversation, and the conversation will also be
video and audio recorded. Treat this conversation however you nor-
mally treat conversations in your daily life. You can talk about any-
thing you would like. I know the glasses look a little funny, but try to
ignore them during your conversation. Also, because the glasses don’t
work as well when you move around, try to remain still, though you
can still gesture and nod your head if that feels natural during your
conversation. Continue talking until I come back, around 10 minutes
from now.

Engagement rating phase. After each conversation, a video of the conversation
was saved and used to obtain participants’ continuous ratings of how
engaged they were during the conversation. Participants were seated at
computers in separate rooms and instructed to watch the video of the
conversation they just had, while moving a computer mouse-operated
slider bar to indicate how engaged they were in the conversation from
moment to moment. Participants received the following instructions:

You will be watching the video-taped conversation that you just had. As
you watch, think back to how you were feeling during that conversation.
Your task is to report how engaging you felt the conversation was. You
will make these ratings by moving the computer mouse. These ratings will
not be shared with your study partner. Please do your best to accurately
report how engaged you felt at each point in time.

Questionnaire phase. Participants remained seated at the computer in separate
rooms and filled out a battery of questions pertaining to their feelings about
the conversation and their conversation partner. Participants additionally
completed the autism spectrum quotient and interpersonal reactivity index as
a measure of individual differences in interpersonal skills.

Data Analysis.
Preprocessing and quality control. Raw pupil dilation time series were pre-
processed for further analysis by first performing linear interpolation over
eye-blinks and other dropout in signal, removing any subject who required
more than 25% of their data interpolated (31). To remove spikes, the data
were then median filtered (fifth order) and low-pass–filtered at 10 Hz and
finally detrended to reduce drift. Preprocessed data were then visually
inspected for any remaining spikes, and a final interpolation was per-
formed over these spikes if necessary. Data collected using Pupil Labs eye-
tracking glasses were down-sampled to 60 Hz to match the sampling rate
of data collected using SMI eye-tracking glasses.

Because of the naturalistic nature of the experiment, it proved difficult to
collect dyads where both partners were below the conservative 25% inter-
polation threshold. Movement during the conversations and individual
variation in eye-tracking quality, in addition to the normal dropout due to
eye blinks, caused significant data loss for many participants. For two par-
ticipants, eye-tracking video data were corrupt, which meant that no eye
contact annotations for these participants were able to be obtained. From
the original dataset, 94 subjects comprising 47 dyads (mean age: 19.78 y; 53
females) were included for further analysis.
Computing pupillary synchrony: DTW. DTW is an algorithm used to compare
signals that may be offset in time (75). We used DTW to measure synchrony
between dyads’ pupils during conversation, following the method used by
Kang and Wheatley (30, 31). The DTW algorithm divides two signals into a
user-defined number of segments, each representing some window of time.
Then, DTW calculates the cosine similarity of these segments (though other
distance metrics, such as Euclidean distance, can also be used). DTW then
evaluates the cosine similarity values associated with comparing each
time point within the segments. The time series pair that yields the
smallest cosine similarity value is deemed to be the time at which the
content of the two signals best align, and both signals are adjusted
according to that cosine similarity comparison. Each adjustment incurs a
penalty, or a “cost” of realignment. The sum of these penalties yields an
overall cost value, which represents the overall effort involved in warping

one signal onto the other. Higher cost values indicate greater dissimilarity
between two patterns, thus “synchrony” as defined here, refers to the
inverse DTW cost.

Because of the way DTW is calculated, the best fit of signal 1 onto
signal 2 can be found in a time-varying way, allowing for small offsets in
time to be measured and understood as synchrony. We chose a 1-s
sampling window for calculating DTW to allow for such offsets, while
also capturing a larger number of eye contact instances than the window
used by previous literature using DTW to calculate pupillary synchrony
(3 s) (31).
Multilevel vector autoregression. To investigate the directionality of the rela-
tionship between eye contact, pupil size, and pupillary synchrony, we used
the R package mlVAR (76), which is used for the analysis of multivariate time
series using a network framework. This method allows for the estimation of
temporal, contemporaneous, and between-subjects networks of relation-
ships between time series variables, where variables are “nodes” in the
network, and the partial correlations between those variables are “edges.”
The temporal network is estimated by calculating the regression coefficients
obtained by predicting one variable at time t from another variable at time
t − 1. Once the temporal network has been estimated, the contemporane-
ous network is calculated by taking partial correlations of the residuals from
the temporal network. Finally, the between-subjects network is calculated
by taking partial correlations of mean-centered predictors and adding
person-means as level 2 predictors.
Event-related analysis. To examine fluctuations of synchrony around single
instances of eye contact, we performed an event-related analysis, treating
each instance of eye contact as an event and computing averages of pu-
pillary synchrony across subjects before and during these instances. First, we
extracted all instances of eye contact lasting 1 s or longer from each dyad
(mean number of instances per conversation = 71.6, SD = 25.08). We re-
stricted eye contact in this way because our pupillary synchrony time series
were calculated at 1 Hz (see Computing pupillary synchrony: DTW, above,
for detailed description of our calculation). Because of this sampling rate, for
instances of eye contact lasting less than 1 s, the onset and offset of this eye
contact both occur in the same pupillary synchrony window. Therefore, for
these short instances of eye contact, the onset and offset pupillary synchrony
values are the same. Since we were separately interested in pupillary syn-
chrony at the onset and offset of eye contact, an instance of eye contact
where the onset and offset occur in the same sampling window of pupillary
synchrony could confound true pupillary synchrony levels, if pupillary syn-
chrony at the onset of eye contact is different from pupillary synchrony at
the offset of eye contact.

We then extracted pupillary synchrony in 1-s epochs for the 4 s prior to the
onset and offset of these eye contact instances, as well as the 4 s following
the onset and offset of these eye contact instances. We chose to calculate
pupillary synchrony in this window after plotting eye contact at a range of
time-series lengths and finding that no matter the length, this 4-s fluctu-
ation around the onset and offset of eye contact remained (SI Appendix).
We then z-scored each dyad’s averaged pupillary synchrony during these
events to more clearly look at the changes surrounding each instance of
eye contact.

Extracting Conversation Turns. To investigate whether the observed fluctu-
ations of synchrony around eye contact could be explained by turn-taking,
another ubiquitous form of coordination during dyadic conversation, we
extracted time points during dyads’ conversations where speaking
switched from one partner to the other. To do this, we first created
transcripts of dyads’ conversations using Scribie audio transcription ser-
vices. These transcripts contained timestamps denoting when turn
switches occurred. We used these timestamps to determine whether or not
eye contact had occurred at a turn switch. Because eye contact did not
often line up exactly with the onset of a turn switch in our data, and has
historically been found to begin prior to the actual switch from one con-
versation partner to the other (9), we allowed any instance of eye contact
occurring within 1 s of a turn switch to be considered eye contact occurring
between conversation turns.

Data Availability. All pupillometry, eye contact, engagement data, de-identified
conversation transcript timestamps, and custom scripts associated with this
study are available at https://github.com/sophiewohltjen/eyeContact-in-
conversation (77).
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