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1  | INTRODUC TION

The coordination of attention between young children and their 
parents during social interaction plays an important role in their so-
cial, language, and cognitive development (Brooks & Meltzoff, 2005; 
Carpenter, Nagell, Tomasello, Butterworth, & Moore, 1998; Landry, 
Smith,	 Swank,	 &	 Miller-Loncar,	 2000;	 Niedźwiecka,	 Ramotowska,	
& Tomalski, 2018). Social interactions are multimodal, but little is 
known about how atypical sensory experiences, such as hearing 
loss, affect the coordination of attention between children and their 
social partners. Investigating the effects of hearing loss on how at-
tention is coordinated during parent–child social interaction can pro-
vide important insights into the role of sensory experiences in both 
typical and atypical development.

Most work on attention coordination has been conducted with 
normal-hearing children in the context of assessing joint attention 
skills (Bakeman & Adamson, 1984; Charman et al., 2000; Mundy et 

al., 2007; Mundy & Gomes, 1998; Scaife & Bruner, 1975; Tomasello 
& Farrar, 1986). In the rich literature on this topic, joint attention 
has been conceptualized and operationally defined in different ways 
(Siposova & Carpenter, 2019; Tasker & Schmidt, 2008). Traditionally, 
many researchers view intentionality and/or (mutual) awareness of 
social partner's attentional state as critical components of joint at-
tention (e.g., Bakeman & Adamson, 1984; Depowski, Abaya, Oghalai, 
& Bortfeld, 2015; Moll & Meltzoff, 2011; Tasker, Nowakowski, & 
Schmidt, 2010; Tomasello & Farrar, 1986). To successfully establish 
joint attention, one needs to look at an object of interest first, which 
is followed by a verification look to the partner's face to confirm that 
the other person is also looking at the same object. If the partner is 
attending somewhere else, one would intentionally guide the part-
ner's attention to the object of interest to establish joint attention. 
Thus, according to this perspective, the social components of inten-
tionality and/or awareness are crucial for joint attention. Indeed, the 
literature shows that young children's skills to achieve joint attention 
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Abstract
Coordinated attention between children and their parents plays an important role 
in their social, language, and cognitive development. The current study used head-
mounted eye-trackers to investigate the effects of children's prelingual hearing loss 
on how they achieve coordinated attention with their hearing parents during free-
flowing object play. We found that toddlers with hearing loss (age: 24–37 months) 
had similar overall gaze patterns (e.g., gaze length and proportion of face looking) 
as their normal-hearing peers. In addition, children's hearing status did not affect 
how likely parents and children attended to the same object at the same time during 
play. However, when following parents' attention, children with hearing loss used 
both parents' gaze directions and hand actions as cues, whereas children with normal 
hearing mainly relied on parents' hand actions. The diversity of pathways leading to 
coordinated attention suggests the flexibility and robustness of developing systems 
in using multiple pathways to achieve the same functional end.
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predict not only later social development, such as social understand-
ing, but also their receptive and productive language development, 
self-regulation, and executive functions (Brooks & Meltzoff, 2005; 
Charman et al., 2000; Morales et al., 2000; Mundy et al., 2007; Van 
Hecke et al., 2012).

More recently, a growing body of research uses a ‘leaner’ defi-
nition to study attention coordination—sometimes termed ‘coordi-
nated attention’—and defines it as two social partners looking at the 
same object at the same time, with or without conscious awareness 
of the other person's attentional state (e.g., de Barbaro, Johnson, 
Forster, & Deák, 2016; Deák, Krasno, Jasso, & Triesch, 2018; Deak, 
Krasno,	Treisch,	Lewis,	&	Sepeta,	2014;	Suarez-Rivera,	Smith,	&	Yu,	
2019;	Yu	&	Smith,	2013;	Yu,	Suanda,	&	Smith,	2019).	Research	taking	
this perspective defines ‘leading’ or ‘following’ the other person's at-
tention based solely on the temporal relationship of the social part-
ners'	gaze	or	behaviors	 (Chen,	Castellanos,	Yu,	&	Houston,	2019a;	
Deák et al., 2018; Deak et al., 2014; Piazza, Hasenfratz, Hasson, & 
Lew-Williams,	2018;	Suarez-Rivera	et	 al.,	 2019;	Wass	et	 al.,	 2018;	
Yu	&	Smith,	2013;	Yu	et	al.,	2019).	The	two	partners	may	or	may	not	
intentionally lead or follow the other. In addition to definitional dif-
ferences, studies taking this perspective usually analyze data at the 
micro-level, using high-resolution video recording or eye-tracking 
devices to study sensorimotor behaviors, with a temporal resolution 
within fractions of a second. In contrast, studies focusing on the so-
cial aspects of joint attention tend to analyze data at the macro-level 
with more coarse resolution, usually at the second to over a dozen 
of seconds level (e.g., Tasker et al., 2010). Using a leaner definition 
and focusing on high-resolution sensorimotor data is largely in line 
with contemporary approaches focusing on interpersonal coordina-
tion that may or may not be intentional or conscious (De Jaegher, 
Di Paolo, & Gallagher, 2010; Hasson, Ghazanfar, Galantucci, Garrod, 
&	 Keysers,	 2012;	 Noy,	 Dekel,	 &	 Alon,	 2011;	 Repp	 &	 Su,	 2013;	
Richardson,	Marsh,	 Isenhower,	 Goodman,	 &	 Schmidt,	 2007).	 Past	
research on adult-to-adult interaction and conversation reveals that 
bodily adjustments—head, hand, and posture—occur at timescales of 
fractions of a second and that these rapid adjustments are essential 
to the negotiation of speaking turns and the maintenance of common 
ground	 (Shockley,	Richardson,	&	Dale,	2009;	Shockley,	Santana,	&	
Fowler, 2003). In the course of development, it is likely that parent–
child interactions teach or entrain the sensorimotor dynamics that 
are characteristic in mature adult-to-adult interactions. If so, parent–
child interactions may also depend on tight dynamic coupling. Subtle 
distortions or lags in partners' sensorimotor responses could signifi-
cantly reduce the quality of these interactions and opportunities for 
learning.	Recent	studies	using	high-density	behavioral	data	and	mi-
cro-level analyses have shown that micro-level sensorimotor behav-
iors observed in parent–child joint play are predictive of children's 
later	development	(Yu	et	al.,	2019).	Following	this	 line	of	research,	
the current study will take the micro-level sensorimotor analyses 
approach. However, to avoid confusion with studies focusing on the 
social components of joint attention, we use the term coordinated 
attention, which is operationally defined as two social partners look-
ing at the same object at the same time, and investigate what leads 

to coordinated attention in free-flowing parent–child interactions in 
children with and without hearing loss.

1.1 | Pathways to coordinated attention

There is more than one way for a young child and a parent to follow 
each other's attention and establish coordinated attention between 
the two. For example, they may use the social partner's gesture, 
such as pointing, to join the partner to attend to the same object (de 
Villiers	Rader	&	Zukow-Goldring,	 2012).	Another	way	 to	establish	
coordinated attention is via gaze following—looking at the partner's 
eyes to infer gaze direction (Brooks & Meltzoff, 2005; Butterworth & 
Cochran, 1980; Doherty, Anderson, & Howieson, 2009; Gredeback, 
Fikke, & Melinder, 2010; Slaughter & McConnell, 2003). Gaze fol-
lowing has been posited to be the single most effective pathway 
leading to coordinated attention (Butterworth & Cochran, 1980; 
Slaughter & McConnell, 2003), which is evidenced by a large litera-
ture showing that even young infants are capable of following oth-
ers' gaze direction in well-controlled experimental settings (Brooks 
& Meltzoff, 2005; Butterworth & Cochran, 1980; Flom & Pick, 2005; 
Gredeback et al., 2010; Gredeback, Theuring, Hauf, & Kenward, 
2008; Slaughter & McConnell, 2003). However, several recent stud-
ies conducted in more naturalistic contexts have found that infants 
and young children rarely look at their parent's face during several 
common daily activities, such as crawling, walking, and object play 
(Chang, de Barbaro, & Deák, 2016; de Barbaro et al., 2016; Deák et 
al., 2018; Deak et al., 2014; Franchak, Kretch, Soska, & Adolph, 2011; 
Yu	&	Smith,	2013,	2017a,	2017b).	Instead,	a	more	available	and	reli-
able cue infants use to establish coordinated attention is through 
following their partner's manual actions on objects (Chang et al., 
2016;	de	Barbaro	et	al.,	2016;	Deák	et	al.,	2018;	Deak	et	al.,	2014;	Yu	
& Smith, 2013, 2017a, 2017b). Because gaze direction usually aligns 
with manual actions on objects during toy play, hand following has 

Research Highlights

• The current study used head-mounted eye-trackers to 
investigate how hearing parents and their children with 
and without hearing loss achieve coordinated attention 
in toy play.

• We found that children's hearing status did not affect 
how likely parents and children attended to the same 
object at the same time in play.

• When following parents' attention, children with hear-
ing loss used both parents' gaze directions and hand 
actions as cues to establish coordinated attention with 
their parents.

• In contrast, children with normal hearing mainly re-
lied on parents' hand actions to guide their own visual 
attention.
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been shown to be a viable pathway for young children to achieve co-
ordinated attention in parent–infant interactions (Deák et al., 2018; 
Deak	et	al.,	2014;	Yu	&	Smith,	2013,	2017a,	2017b).

Typically developing children are capable of using both gaze 
following and hand following to establish coordinated attention 
with their parents, but little is known about whether children grow-
ing up with different sensory experiences also use more than one 
pathway to achieve coordinated attention with their parents. The 
current study investigates this larger issue by focusing on a spe-
cific group of children—children with prelingual hearing loss who 
either receive acoustical information via hearing aids or cochlear 
implants. Compared with hearing children, children with prelingual 
hearing loss spend their first several months to over a year of life 
with limited-to-no access to acoustical information. The goal of the 
present study was to examine for this group of children, whether, 
and if so how often, and in what ways they achieve coordinated at-
tention with their hearing parents. Given that coordinated attention 
is fundamental for early development of typically developing chil-
dren, better understanding of how children with hearing loss and 
their parents achieve coordinated attention could lead to important 
insights into their development of social interaction and language.

Some previous studies with children with hearing loss suggest 
that they may have different coordinated attention patterns with 
their parents compared to children with normal hearing. For exam-
ple, Bortfeld and Oghalai (2018) compared the abilities to initiate and 
respond to attentional bids (e.g., pointing, speech, gaze switching, or 
waving) between four toddlers with hearing loss (age range: 18.2–
36.7 months) and their age-matched hearing peers. They found that 
toddlers with hearing loss were less successful in initiating or re-
sponding to their hearing parents' attentional bids than their hearing 
peers. Moreover, hearing parents of toddlers with hearing loss have 
been found to be more likely to touch the child when trying to elicit 
or maintain their attention (Depowski et al., 2015). Prezbindowski, 
Adamson, and Lederberg (1998) found that, compared to age-
matched hearing peers, 22-month-old children with hearing loss 
spent more time alternating attention between their mother's face 
and the objects they played with, suggesting that those children 
may be more likely to look at their mother's face than hearing chil-
dren did. The face looking behavior potentially gives children with 
hearing loss more chances to obtain and use parents' gaze direction 
as a cue to detect and follow parents' focus of attention. In a recent 
study, Lieberman, Hatrak, and Mayberry (2014) compared the nat-
uralistic interactions between four deaf children between the ages 
of 1;9 and 3;7 and their deaf mothers and the interactions between 
hearing children and their hearing mothers. They found that deaf 
children spent more time looking at their mother's face than hear-
ing children did and they tended to shift their gaze between their 
mother's face and the object of interest. More frequent looks to 
their mother's face reported in these studies suggest that gaze cues 
may be more available to children with hearing loss and this looking 
pattern may affect how likely and the ways in which they establish 
coordinated attention with their parents, which is the focus of the 
present study.

1.2 | Current study

The current study used head-mounted eye-trackers worn by both 
parents and toddlers to investigate how hearing parents and their 
toddlers with and without hearing loss achieve coordinated attention 
during naturalistic object play. We were particularly interested in the 
two pathways that have been previously shown to be used by typi-
cally developing children in joint object play: gaze following and hand 
following. We collected real-time gaze and manual data from both so-
cial partners during object play and examined the temporal unfolding 
of parents' and toddlers' gaze and other behavioral patterns. With the 
fine-grained real-time gaze and manual data, we were able to exam-
ine how parents and children used different pathways to achieve co-
ordinated attention. Two groups of children with normal hearing were 
also recruited, one matched to the hearing loss group in chronologi-
cal age and the other matched in hearing experience. Including these 
two groups of children with normal hearing allowed us to investigate 
whether children's chronological age, hearing experience, or hearing 
status per se, affect how they achieve coordinated attention with 
their parents. We asked two specific questions by comparing children 
with and without hearing loss. The first question is whether children's 
chronological age, hearing experience, or hearing status affect how 
well parents and children both attend to the same object during in-
teractions. Children with hearing loss have been shown to be more 
easily distracted compared to children with normal hearing (Dye & 
Hauser, 2014). One possibility is that children's hearing status may in-
fluence their visual attention and consequently they may not be able 
to establish coordinated attention with their parents as effectively as 
children with normal hearing do. Alternatively, they may be able to 
create their own solution to successfully establish coordinated atten-
tion with their parents. To answer this question, we will first report 
data on parents' and toddlers' overall looking behaviors in object play. 
We will then examine the coordinated attention episodes created by 
both partners and report how often parents follow children to estab-
lish coordinated attention and how often children follow parents. The 
second question is whether children with hearing loss use both gaze 
and hand following pathways to follow the parent's attention in simi-
lar ways as children with normal hearing do. The finding of more face 
looks from children with hearing loss suggests that there are more 
opportunities for them to use gaze following compared with hearing 
children who rarely look at the parent's face. To test this hypothesis, 
we will examine whether parents and children in different groups rely 
on different pathways to achieve coordinated attention.

2  | METHODS

2.1 | Participants

Participants were 21 parent–child dyads. One of the parents was a 
father (in the HA group, definition see below); the rest were mothers. 
Children in seven dyads had hearing loss (subsequently termed HL 
group) and were between the ages of 24 and 37 months (for detailed 
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information, see Table 1). Children in another 14 dyads had normal 
hearing: seven of them were matched to the HL group in chronologi-
cal age (subsequently termed CA group) and the other seven children 
were matched to the HL group in hearing age (subsequently termed 
HA group). The hearing age of the HL group was calculated based on 
how long they had their hearing device (cochlear implants or hearing 
aids) while the hearing age of the children with normal hearing was 
calculated	 based	 on	 their	 chronological	 age.	 Recruitment	 and	 ex-
perimental procedures were approved in advance by the University 
Institutional	 Review	Board	 and	 all	 parents	 gave	 informed	 consent	
prior to participation. The entire sample of participants was broadly 
representative of the State of Indiana (86% European American, 10% 
African American, 4% Asian, Hispanic, and other), and consisted of 
predominantly working- and middle-class families.

2.2 | Design

Parents and their toddlers sat across from each other at a small table 
(61 cm × 91 cm × 64 cm) and played with novel objects (see Figure 1). 
During the play session, both participants wore a head-mounted 
eye-tracker (Positive Science, http://www.posit ivesc ience.com/; 
also see Franchak et al., 2011). Each eye-tracker was composed of 
an eye camera that recorded eye movements and a scene camera 
that recorded the first-person view. Two additional cameras were 
used to record from third-person views. The experiment was divided 
into four ‘trials’; each lasted 1.5 min. Two sets of three objects (aver-
age size: 288 cm3)—one red, one blue, and one green—were used. 
Participants played with each set twice in an alternating order. The 
whole experiment lasted 6 min.

TA B L E  1   Participant information

HL CA HA

Participant 
no.

Chronological 
age

Hearing 
age Sex

Degree of hearing loss Hearing device

Age AgeLeft Right Left Right

1 24 15 F Profound Cochlear implant Cochlear implant 24 15

2 27 22 M Severe Hearing aid Hearing aid 25 23

3 28 12 F Profound Cochlear implant Cochlear implant 26 12

4 30 10 F Severe to profound Cochlear implant Cochlear implant 28 12

5 34 14 F Severe  Cochlear implant 35 14

6 36 25 F Profound Mild–moderate  Hearing aid 36 24

7 37 12 M Profound Severe Cochlear implant Hearing aid 36 13

Mean age 30.9 15.7      30.0 16.1

Note: All ages are reported in months.
Abbreviations: HL: children with hearing loss; CA: chronological-age-matched children with normal hearing; HA: hearing-age-matched children with 
normal hearing.

F I G U R E  1   The two first-person views from the toddler's and parent's perspectives. The parent and child sat across from each other at 
a small table and played with three novel objects in each trial. Both participants wore a head-mounted eye-tracker, which was composed of 
an eye camera that recorded eye movements and a scene camera that recorded the first-person view. The cross-hair in each image indicates 
where the participant looked in the first-person view
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2.3 | Data coding

2.3.1 | Coding eye gaze

The eye-trackers recorded at a sampling rate of 30 Hz. Therefore, we 
obtained approximately 10,800 frames from each camera during the 
six-minute interaction. Gaze data were coded frame by frame. Four 
regions	of	interest	(ROIs)	were	identified,	the	three	objects	in	each	
trial and the partner's face. Trained coders went through each frame 
and coded whether the participant's gaze direction fell on any of the 
ROIs,	and	if	so,	which	ROI.	In	total,	children	across	all	three	groups	
generated	 3,989	 looks	 to	 the	 ROIs	 and	 parents	 generated	 7,830	
looks	to	the	ROIs.	Looks	to	these	four	ROIs	served	as	our	dependent	
variables	in	the	following	analyses	(detailed	information	about	ROI	
coding	can	be	seen	in	appendix	B	in	Yu	&	Smith,	2017b).

Reliability	was	computed	between	 the	coding	of	 two	 indepen-
dent coders on 10 randomly selected participants. We calculated 
Cohen's kappa based on frame-by-frame coding. Because each 
frame lasted approximately 33 ms in real time (sampling rate of 
eye-trackers: 30 Hz), the coding inherently took the onset and offset 
of each gaze and gaze duration into account. Inter-rater reliability 
was good with an average Cohen's kappa of 0.77 (range: 0.71–0.86; 
Landis & Koch, 1977).

2.3.2 | Coding hand contact with objects

Parents' and children's hand contact with objects were coded sepa-
rately. In addition, each hand of the same participant was also coded 
separately. Participants' manual contact with an object was coded 
frame-by-frame from the two participants' scene cameras and third-
person-view cameras. Trained coders went through each frame and 
determined whether a participant's left or right hand was in contact 
with an object, and if so, which object. If the left and right hands 

were in contact with different objects at the same time, both objects 
were counted as a target of hand contact at that moment. It should 
be	noted	that	hands	were	not	a	region	of	interest	(ROI)	in	the	gaze	
coding. In the gaze coding, only the objects (and partner's face) were 
coded, regardless of whether or not they were touched by the hands.

A second coder independently coded data from eight randomly 
selected participants. The average Cohen's kappa based on frame-
by-frame coding was 0.94 (range: 0.90–0.97),1  indicating that there 
was near-perfect inter-rater agreement on the coding of hand con-
tact (Landis & Koch, 1977).

2.4 | Data Analyses

2.4.1 | Parent-led versus child-led coordinated 
attention episodes

We operationally defined coordinated attention based on the tem-
poral overlap between the parent's and child's looks on the same 
object (see Figure 2, CAtt #1–4). A coordinated attention episode 
was defined as the parent and child looking at the same object at the 
same time, which could include looks briefer than 300 ms elsewhere. 
This 300 ms threshold allowed one brief look away from the target 
before switching back. Because the present study examined both 
how well and in what ways children followed parents' attention and 
also how parents followed children's attention, we further divided 
episodes of coordinated attention as either parent-led or child-led 
based on who is leading and who is following. A parent-led coordi-
nated attention episode was defined as the parent starts looking at 
an object before the child joins the parent to look at the same object 
(see CAtt #2 and CAtt #4 in Figure 2). A child-led coordinated at-
tention episode was defined as the child starts looking at an object 
before the parent joins the child to look at the same object (see CAtt 
#1 and CAtt #3 in Figure 2). Thus, a parent-led coordinated attention 

F I G U R E  2  Representative	time	series	of	parent's	gaze,	child's	gaze,	parent's	hand	contact,	and	child's	hand	contact.	Coordinated	
attention (CAtt) was objectively defined as the temporal overlap between parent's look at an object and the child's look at the same object. 
A leading moment is the time in between the coordinated attention leader's gaze onset and the follower's gaze onset
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episode was identified as the onset of the parent's look to an object 
preceding the onset of the child's look to the same object, whereas 
a child-led coordinated attention episode was identified as the onset 
of a child's look to an object preceding the onset of the parent's look. 
The moment from which the leader's look starts until the follower 
joins in to look at the same object is termed the leading moment (see 
the double-headed arrows in Figure 2). In this way, both parent-led 
and child-led coordinated attention episodes were defined objec-
tively based on the temporal relationship between the parent's and 
child's	gazes	(Deák	et	al.,	2018;	Deak	et	al.,	2014;	Suarez-Rivera	et	
al.,	2019;	Yu	&	Smith,	2013;	Yu	et	al.,	2019).	Parents	or	children	may	
or may not intentionally or consciously lead or follow the other per-
son's attention.

2.4.2 | Gaze following and hand following

To answer the question of what leads to coordinated attention, we 
zoomed into the leading moments—the moments right before coor-
dinated attention—and examined during that period of time whether 
the follower looked at the leader's face and whether the leader was 
touching the target object (i.e., the object the two participants both 
attend within the coordinated attention episode). Following previ-
ous	studies	(Yu	&	Smith,	2013,	2017a),	we	defined	a	coordinated	at-
tention episode as being established through gaze following as long 
as the follower looks at the leader's face during the leading moment 
(e.g., the leading moments before CAtt #1 and CAtt #4 in Figure 2). 
Because of the geometric setup and participants' sitting positions, 
when they look at their social partner's face, the eyes of the social 
partner are usually in the field of view and can be used to infer the 
partner's gaze direction. In contrast, if the follower does not look at 
the leader's face, then gaze following is not possible. For the rest of 
the coordinated attention instances without face looking (and there-
fore not counted as gaze following), if the leader touches the target 
object of attention during the leading moment, we define this coor-
dinated attention event as hand following (e.g., the leading moment 
before	CAtt	#3;	Yu	&	Smith,	2013,	2017a).	It	should	be	noted	that,	
by our definition, the gaze following pathway takes precedence over 

the hand following pathway. As long as there is a face look by the 
follower during the leading moment, we code the episode as gaze 
following, even if the leader's hand cues are available (e.g., leading 
moment before CAtt #4). In addition to the gaze and hand following 
pathways, episodes of coordinated attention may occasionally be es-
tablished when neither gaze nor hand cues are available (e.g., leading 
moment before CAtt #2).

3  | RESULTS

In the following, we will first focus on parents' and children's overall 
ROI	looks	and	examine	whether	there	was	any	group	difference	in	
how often they looked at their social partner's face. After present-
ing	the	overall	results	of	the	parents'	and	children's	ROI	looking	be-
haviors, we will then focus on coordinated attention episodes and 
investigate the pathways parents used to follow children's gazes and 
the pathways children used. Because each participant contributed 
more than one gaze and each dyad created more than one episode 
of coordinated attention, we used generalized estimating equations 
to account for the non-independence of events within each dataset 
(Liang	&	Zeger,	1986).

3.1 | Parents' and children's ROI looks

Parents	across	the	three	groups	generated	7,830	ROI	looks	in	total	
(HL: 2,580, CA: 2,577, HA: 2,673). There was no group difference 
in	the	mean	number	of	ROI	looks	per	minute	(HL:	61.43,	CA:	61.36,	
HA: 63.64; Wald χ2 = 0.54; p =	 .97).	Of	 these	ROI	 looks,	 roughly	
35%–40% were looks toward the child's face (HL: 40.1%, CA: 34.2%, 
HA: 41.1%), and the rest were looks to the objects in play. There was 
no	between-group	difference	 in	 the	mean	ROI	 length	 (HL:	0.83	s,	
CA: 0.87 s, HA: 0.83 s; Wald χ2 = 0.19; p = .91) or proportions of 
face looks (Figure 3a, Wald χ2 = 3.45; p = .18). These results suggest 
that parents tended to look at their children's faces fairly frequently 
in free play. Moreover, parents in all three groups had very similar 
overall gaze patterns.

F I G U R E  3   Proportion of face looks 
among	all	ROI	looks.	(a)	Proportion	of	
parents' face looks in different groups. 
(b) Proportion of children's face looks in 
different groups
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     |  7 of 14CHEN Et al.

Children	 generated	 3,989	 ROI	 looks	 in	 total	 (HL:	 1561,	 CA:	
1,343,	HA:	 1,085).	 Children	 in	 the	HL	 group	 generated	more	ROI	
looks per minute than the younger HA group, but neither of these 
two groups was different from the CA group (HL: 37.17, CA: 31.98, 
HA: 25.83, group difference: Wald χ2 = 7.08; p = .029; HL > HA at 
p = .01; HL = CA at p = .31; CA = HA at p	=	.16).	Of	children's	ROI	
looks, fewer than 30% were looks toward the parent's face (HL: 
27.6%, CA: 22.1%, HA: 22.8%) and the rest were looks toward the 
objects.	There	was	no	between-group	difference	 in	 the	mean	ROI	
length (HL: 1.43 s, CA: 1.66 s, HA: 1.75 s; Wald χ2 = 1.96; p = .38) 
or proportions of face looks (Figure 3b; Wald χ2 = 2.69; p = .26). All 
three groups of children had a lower proportion of face looks than 
their parents did (at Wald χ2 > 8; p < .01). These results show that 
HL children's overall gaze patterns were not different from their 
age-matched CA children, even though HL children generated more 
ROI	looks	than	the	younger	HA	children.	Moreover,	the	children	in	
all three groups spent less time on attending to the parent's face 
compared with the proportion of time that their parents spent on 
attending to the child's face.

3.2 | Coordinated attention episodes

As can be seen in Figure 4, the three groups generated a total of 
1,045 coordinated attention episodes (HL: 346, CA: 372, HA: 327). 
There was no group difference in the mean number of coordinated 
attention episodes across groups (HL: 49.43, CA: 53.14, HA: 46.71; 
Wald χ2 = 1.49; p = .47). The mean duration of coordinated attention 
episodes was approximately 2.5 s (HL: 2.28 s, CA: 2.64 s, HA: 2.62 s). 
There was no group difference in the mean duration of coordinated 
attention episodes (Wald χ2 = 2.82; p = .25).

With regard to parent-led and child-led coordinated atten-
tion episodes, all three groups had over half of all the episodes of 
coordinated attention led by children (HL: child-led = 61.2%, par-
ent-led = 38.8%; CA: child-led = 55.0%, parent-led = 45.0%; HA: 

child-led = 61.9%, parent-led: 38.1%). There was no significant group 
difference (Wald χ2 = 3.81; p = .15). These results suggest that the 
three groups had similar overall coordinated attention patterns. 
Children with hearing loss were able to establish coordinated atten-
tion as well as their hearing peers. Thus, children's hearing status 
did not affect how likely parents and children attended to the same 
object at the same time in play.

3.3 | Different pathways to coordinated attention

The next few sets of analyses aim at clearly identifying the path-
ways through which the follower used to join the leader to establish 
a coordinated attention episode. To do so, we excluded ambiguous 
cases in which the follower's hand was already in contact with the 
target object during the leading moments.2  Those cases were am-
biguous in our analyses because the followers might look at the 
object of coordinated attention by following their own hand action, 
but not through following gaze or hand cues provided by the leader 
of coordinated attention. After removing those episodes (423 in 
total), there were 622 episodes (397 child-led and 225 parent-led) 
included in the following analyses. We examined whether there 
were between- and within-group differences in the proportions of 
using gaze following and hand following pathways. It is notewor-
thy that coordinated attention episodes can sometimes be estab-
lished when neither gaze nor hand cues are available (see CAtt#2 
in Figure 2). This type of episodes accounts for less than 15% of 
the data. Since this type of episodes is not the main focus of our 
study and the proportions do not differ across groups, we will only 
report group differences in gaze and hand following pathways in 
the following analyses. In the next two sections, we will first report 
parents' use of gaze and hand following pathways to join children to 
create child-led coordinated attention and then examine the path-
ways children used to join parents to create parent-led coordinated 
attention.

F I G U R E  4   Histogram of coordinated attention episodes across groups. HL: children with hearing loss; CA: chronological-age-matched 
children with normal hearing; HA: hearing-age-matched children with normal hearing
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8 of 14  |     CHEN Et al.

3.3.1 | Gaze and hand following pathways parents 
used to establish child-led coordinated attention

Of all the child-led coordinated attention episodes, parents in all 
three groups used the gaze following pathway over 60% of the time 
(i.e., numerator: total number of children's leading moments with 
parent's look to child's face; denominator: total number of child-led 
episodes). As can be seen in Figure 5a, there was no group differ-
ence in how often they used the gaze following pathway (HL: 0.66, 
CA: 0.63, HA: 0.70; Wald χ2 = 0.60; p = .74). Figure 5b shows that 
parents followed their children's hand actions much less frequently 
as they used the gaze following pathway and there was no group dif-
ference in their hand following (HL: 0.26, CA: 0.23, HA: 0.20; Wald 
χ2 = 0.81; p = .67). We next asked whether parents preferred the 
gaze cue given the presence of the hand cue at the same time. To an-
swer this question, we calculated the proportion of parents' gaze fol-
lowing given children's hand cues available. When children's hands 
were touching the target object during the leading moments, par-
ents still checked children's face over 60% of the time. Again, there 
was no significant group difference (HL: 0.67, CA: 0.63, HA: 0.71; 
Wald χ2 = 0.596; p = .742). Within-group analyses suggest that all 
three groups of parents preferred the gaze following pathway over 
the hand following pathway (HL: Wald χ2 = 11.37, p = .001; CA: Wald 
χ2 = 4.1, p = .043; HA: Wald χ2 = 22.79, p < .001).

To determine whether parents' face looking during the leading 
moments were different from their overall face looking patterns, we 
used the proportion of face looks outside of all coordinated atten-
tion moments and leading moments as the baseline (HL: 0.39; CA: 
0.35; HA: 0.42) and compared the proportion of face looks within 
the leading moments (i.e., proportions of child-led episodes estab-
lished through gaze following) against the baseline.3  All three groups 
of parents had a significant higher proportion of face looks right be-
fore they followed children's attention than their own baseline (HL: 
0.66, Wald χ2 = 22.58, p < .001; CA: 0.63; Wald χ2 = 17.94, p < .001; 
HA: 0.70, Wald χ2 = 38.76, p < .001).

Together, these results suggest that the main cue parents used to 
follow children's attention was children's gaze direction, regardless 

of whether or not the children's hand cues were available. Parents' 
higher proportions of face looks right before they followed suggest 
that their face looking served a functional purpose to lead parents to 
join children's attention.

3.3.2 | Gaze and hand following pathways children 
used to establish parent-led coordinated attention

As can be seen in Figure 6a, children in the HL group followed par-
ents' gaze directions almost half of the time while the CA and HA 
children rarely did so (numerator: total number of parents' leading 
moments with child's look to parent's face; denominator: total num-
ber of parent-led episodes; HL: 0.47, CA: 0.19, HA: 0.21; Group dif-
ference: Wald χ2 = 12.76, p = .002). Pairwise comparisons suggest 
that the HL group were more likely to use gaze following than their 
CA and HA peers while the two hearing groups had comparable per-
formance (HL > CA, p = .001; HL > HA, p = .004; CA = HA, p = .77). In 
contrast, the CA and HA groups were more likely to follow parents' 
hand actions than the HL group (HL: 0.37, CA: 0.62, HA: 0.53; Group 
difference: Wald χ2 = 12.35, p = .002; HL < CA, p < .001; HL < HA, 
p = .035; CA = HA, p = .28; shown in Figure 6b). We next calcu-
lated the proportions of children's face look when parents' hand 
cues were available. When parents' hands were touching the target 
object of the following coordinated attention episode, children in 
the HL group were significantly more likely to look at parent's face 
right before joining the parent compared to the CA and HA groups 
(HL: 0.49, CA: 0.15, HA: 0.27; Group difference: Wald χ2 = 19.01, 
p < .001; HL > CA, p < .001; HL > HA, p = .024). Within-group anal-
yses indicate that the HL group used the gaze and hand following 
pathways equally frequently (Wald χ2 = 0.97, p = .33). In contrast, 
the CA and HA children both preferred the hand following pathway 
over the gaze following pathway (CA: Wald χ2 = 15.64, p < .002; HA: 
Wald χ2 = 7.12, p = .008).

We again calculated each groups' proportion of face looks out-
side of all coordinated attention moments and leading moments 
and then used it as the baseline (HL: 0.24; CA: 0.21; HA: 0.20) to 

F I G U R E  5   Pathways parents used. 
(a) Proportion (and SE) of parents' 
gaze following in child-led coordinate 
attention episodes. (b) Proportion and 
(SE) of parents' hand following in child-led 
coordinate attention episodes
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     |  9 of 14CHEN Et al.

compare with each group's proportion of face looks right before fol-
lowing.4  Compared to their baseline, the HL group had a significantly 
higher proportion of face looks right before they followed parents' 
attention (HL: 0.47, Wald χ2 = 13.38, p < .001). In contrast, the pro-
portions of the CA and HA groups' face looking before following par-
ents' attention were not different from their own baseline (CA: 0.19, 
Wald χ2 = 0.11, p = .75; HA: 0.21, Wald χ2 = 0.08, p = .78). The aver-
age duration of parents' leading moments was similar across groups 
(HL: mean = 0.78 s, SD = 0.19; CA: mean = 0.87 s, SD = 0.25; HA: 
mean = 0.77 s, SD = 0.17, Wald χ2 = 0.88, p = .65). Therefore, the HL 
group's higher proportion of face looking before following was not 
due to longer leading moments and thus having more time to look at 
parents' face.

To illustrate the temporal dynamics of children's face looking 
patterns right before coordinated attention, we used a data analysis 
method that has been invented and widely used in psycholinguistic 
research	 (Allopenna,	Magnuson,	 &	 Tanenhaus,	 1998;	 Yu	 &	 Smith,	
2013). Using this approach, we aligned the onsets of all parent-led 
coordinated attention episodes and calculated at each moment (i.e., 
every 33 ms) how likely children looked at the parent's face at that 
particular moment in time right before coordinated attention (i.e., nu-
merator: pre-parent-led coordinated attention moments contained 
child's look to parent's face; denominator: total number of parent-led 

episodes). Figure 7 shows the temporal profiles of children's face 
looking patterns from 3 s prior to the onsets of coordinated attention 
episodes. As mentioned previously, the mean durations of parents' 
leading moments lasted less than 1 s for all three groups (with 95% 
of all leading moments <2.12 s). This 3-s window covered the change 
of face looking from the baseline to the onsets of coordinated at-
tention episodes. As can be seen in Figure 7, for the HL children, the 
proportion of parent-led episodes that contained children's face look 
increased at around 2 s prior to the onset of coordinated attention. 
Then their proportion of face looks dropped right before the onset 
of coordinated attention, as they switched from looking at parent's 
face to the target object of the coordinated attention episode. In 
contrast, the CA and HA children's face looking patterns remained 
relatively stable within the 3-s window (though they also dropped 
right before they joined parents to look at the same object). These 
patterns again confirm that the HL children increased their looks to 
their parent's face prior to coordinated attention while their CA and 
HA peers looked at parents' face less frequently before following 
parents' attention.

In sum, these results suggest that children in the HL group were 
more likely to follow parents' gaze directions in achieving coordi-
nated attention than children in the CA and HA groups. Their in-
crease in face looking right before following was similar to the 

F I G U R E  6   Pathways children used. 
(a) Proportion (and SE) of children's 
gaze following in parent-led coordinate 
attention episodes. (b) Proportion and (SE) 
of children's hand following in parent-led 
coordinate attention episodes

F I G U R E  7   Temporal dynamics of 
children's face looking behaviors prior 
to parent-led coordinated attention 
episodes. Each data point represent data 
from one frame prior to the onset (i.e., 
33 ms, because the sampling rates of the 
cameras was 30 Hz). Error bars represent 
standard errors. 
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10 of 14  |     CHEN Et al.

patterns seen in parents. In contrast, children in the CA and HA 
groups mainly used the hand following pathway as reported previ-
ously	(Yu	&	Smith,	2017a).

4  | DISCUSSION

In the current study, we investigated the effect of toddlers' hearing 
loss on how they coordinated attention with their parents. We found 
that parents in all three groups had very similar looking patterns. 
Toddlers' hearing status did not affect their overall gaze lengths, pro-
portions of face looks (vs. object looks), and how likely parents and 
children both attended to the same object at the same time during 
play. Children with hearing loss used gaze and hand following path-
ways equally frequently. In contrast, children with normal hearing 
used hand following pathway more frequently than the gaze follow-
ing pathway. These results suggest that children's hearing status af-
fects the pathways they use to achieve coordinated attention with 
their parents.

4.1 | Multiple pathways to achieve 
coordinated attention

According to the dynamic systems theory, there are usually multiple 
pathways to the same functional end (Thelen, 1992). Differences in 
the initial conditions and the component(s) of a developmental sys-
tem can cause different behaviors and re-organization of the sys-
tem (Karmiloff-Smith, 1998; Smith & Thelen, 2003; Thelen, 1992). 
Children in the HL group spent their first few months to over a year 
of life with degraded or no auditory signal. Even after cochlear im-
plantation or fitting with hearing aids, the signals they receive are 
still often suboptimal and can affect not only their sound processing 
but also their language learning (Bergeson, Houston, & Miyamoto, 
2010; Houston, Stewart, Moberly, Hollich, & Miyamoto, 2012). The 
(lack of) auditory experiences they have from early life likely cre-
ates different patterns and trajectories when they interact with their 
hearing parents, who mostly rely on auditory/verbal mode of com-
munication (Bortfeld & Oghalai, 2018 ; Depowski et al., 2015). These 
children did not only have a different start point from their hearing 
peers, they also have a different history in interacting with their par-
ents which may have cascading effects on their social interaction 
with their parents.

In	studying	parent–child	social	interaction,	Yu	and	Smith	(2017a)	
suggest that coordinated attention in free-flowing interaction can 
be achieved through multiple pathways in a coupled dynamic system 
between parents and children. Consistent with their findings, our 
study also showed multiple pathways that parents and toddlers em-
ployed to achieve coordinated attention, which was true both within 
and between groups. Within each group, both parents and toddlers 
used gaze and hand following pathways, even though there were 
differences in how often parents and children used different path-
ways. This ability to use different pathways suggests parents and 

children's flexibility of using different solutions to achieve the same 
goal. Between groups, children's hearing status affected how often 
they relied on parents' gaze information. Children with normal hear-
ing rarely followed parents' gaze direction during joint play, which 
was consistent with the findings from previous studies (Chang et al., 
2016; Deák et al., 2018; Deak et al., 2014; de Barbaro et al., 2016; 
Franchak	et	al.,	2011;	Yu	&	Smith,	2013,	2017a,	2017b).	Compared	
to their hearing peers, children in the HL group were significantly 
more likely to actively look up and check their parents' face before 
they followed. They did so even when parents' hand cues were 
available. Previous studies showed that children with hearing loss 
look at parents' face to seek additional visual information to bet-
ter understand parents' speech (Bergeson, Pisoni, & Davis, 2005; 
Summerfield, 1992). One positive side effect of looking at parents' 
face is that it would give them information about parents' head ori-
entation. Since gaze direction tends to align with head orientation 
(Bambach,	Smith,	Crandall,	&	Yu,	2016;	Yoshida	&	Smith,	2008),	this	
face looking pattern also potentially gives them chances to follow 
parents' head, and therefore, gaze directions. By doing so, looks to 
their parents' face create multimodal effects on facilitating parent–
child social interaction.

Overall, the HL children used gaze and hand following pathways 
equally frequently. This suggests that they used gaze following in 
combination with hand following—a preferred pathway by the hear-
ing children—to coordinate attention with their parents. This also 
indicates their ability to use different cues (i.e., gaze and hand) to 
rapidly adjust their behaviors and follow in to create coordinated at-
tention moments with their parents. These results are in line with 
the proposal that differences in initial conditions or components of 
the developing system can lead to differences in behaviors (Smith 
& Thelen, 2003; Thelen, 1992). Future research is needed to inves-
tigate whether these behavioral differences have any cascading 
effects on children's learning and long-term social, language, and 
cognitive development. For example, does hand following or gaze 
following lead to better learning of words or object concepts? Or 
are these different pathways equally good as long as coordinated 
attention is established? It is also important to investigate whether 
the flexibility demonstrated here can be leveraged to help children 
with hearing loss overcome the challenges they face in early social 
interaction and early language learning.

Our study suggests that even though children with different 
hearing statuses tend to use different pathways, children with hear-
ing loss were still able to coordinate visual attention with their par-
ents. More importantly, they did so as frequently as their peers with 
normal hearing. The between-group similarity in how likely parents 
and children achieved coordinated attention and group differences 
in gaze and hand following indicate that there is not one optimal solu-
tion	to	the	same	end	(Yu	&	Smith,	2017a).	Instead,	depending	on	chil-
dren's sensory system and the dynamics in parent–child interactions, 
different dyads were able to adjust to the specific contexts of the 
learning environment and create their own pathways to achieve the 
same goal. These findings also suggest that, despite the constraints 
of hearing loss, the robust flexibility in the developmental systems 
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     |  11 of 14CHEN Et al.

allowed children with hearing loss and their parents to achieve fairly 
fluid coordination of visual attention in joint object play.

Another interesting finding is the similarities in how children in 
the three groups distributed their visual attention in free-flowing toy 
play. Even though the mean age of the HA children was nearly half of 
the CA and HL children (16.1 vs. 30.0 and 30.9 months) and the HL 
group and the two hearing groups differed in hearing status, there 
was	 no	 group	 difference	 in	 their	 overall	 ROI	 lengths,	 proportions	
of looks to objects in play versus parent's face, or measures related 
to coordinated attention. Along with previous studies using similar 
measures, the results suggest that young children's ability to control 
their visual attention during object play and to coordinate their at-
tention	with	their	parents	develop	at	an	early	age	(Yu	&	Smith,	2013,	
2017a, 2017b). Prior research using screen-based visual selection 
tasks suggests that children with hearing loss have more distributed 
attention than their hearing peers (Dye & Hauser, 2014; Quittner, 
Smith, Osberger, Mitchell, & Katz, 11994; Smith, Quittner, Osberger, 
& Miyamoto, 1998). Our study suggests that HL children's overall 
ROI	 lengths	 and	 proportions	 of	 object	 looks	 versus	 face	 looks	 in	
dynamic parent–child object play were very similar to their hearing 
peers	(see	also	Chen,	Castellanos,	Yu,	&	Houston,	2019b).	One	fu-
ture direction is to examine whether children's hearing status also 
affects their visual selection in naturalistic parent–child interaction 
contexts.

It is also important to note that, in all three groups, over half of 
the coordinated attention episodes were led by children. Parents 
play an active role in joint play by detecting and following their chil-
dren's attentional states. Parents in different groups showed very 
similar patterns when they followed in. Some prior studies have 
shown that parents of children with hearing loss produced more 
directives in speech compared to parents of age-matched hearing 
children (e.g., Chen et al., 2019a; Fagan, Bergeson, & Morris, 2014). 
Our study suggests that, like parents of hearing children, parents of 
children with hearing loss were also sensitive to their children's at-
tentional states and were able to successfully use children's gaze di-
rections (as well as hand actions) to follow in and create coordinated 
attention moments with their children (Tamis-LeMonda, Kuchirko, & 
Song, 2014). Parent–child interaction is reciprocal as the two social 
partners work together to create smooth interactions.

4.2 | Take timing into account

Analyzing real-time data from different behavioral streams (gaze and 
hand contact) allowed us to study the temporal unfolding of behav-
ioral patterns. Unlike previous observational studies showing higher 
overall face looking in children with hearing loss (Lieberman et al., 
2014; Prezbindowski et al., 1998), using eye-tracking measures, our 
study showed that children across groups had very similar overall 
gaze	patterns.	Fewer	than	30%	of	their	ROI	looks	were	face	looks.	
This suggests that children in the HL group were not more likely 
to look at parents' face in general. For children in the CA and HA 
groups, their proportion of face looks did not change before they 

followed parents in the coordinated attention episodes. However, 
high-resolution gaze data collected in the present study allowed us 
to zoom into and examine micro-level behaviors with high temporal 
resolution. By doing that, we found that the HL group had a higher 
proportion of face looks right before following. This finding was very 
similar to the patterns seen in parents. Their face looking pattern 
likely serves a functional purpose to lead to coordinated attention. 
These results highlight the dynamics of parent–child interactions 
and underscore the importance of using high-density data to ex-
amine how naturalistic behaviors unfold over time as a useful way 
to understand the mechanisms supporting free-flowing interaction 
(de Barbaro et al., 2016; Deák et al., 2018; Smith & Thelen, 2003; 
Thelen,	1992;	Yu	&	Smith,	2013,	2017a,	2017b).

4.3 | Limitations and future directions

It is noteworthy that the present study focused on one specific 
measure of manual action—which object was in either the child's 
or parent's hand(s)—which did not contain any information about 
hand movements. This is because in free-flowing toy play, the ob-
ject held by one's hand(s) at a moment usually aligns well with their 
focus of attention and therefore provides a reliable and comple-
mentary (in addition to gaze) measure of one's attentional focus 
through	manual	 action	 (Bambach	 et	 al.,	 2016;	 Yoshida	 &	 Smith,	
2008). Previous studies have shown that moving an object while 
talking about it at the same time can increase the saliency of the 
object and facilitate young children's learning of object names 
(Gogate, Bolzani, & Betancourt, 2006; Gogate, Maganti, & Bahrick, 
22015; Lund & Schuele, 2015). It is very likely that moving an ob-
ject attracts children's attention more than simply holding an ob-
ject still and makes it easier for young children to follow in and 
look at the object of parents' focus of attention. Moreover, par-
ents' speech about objects also extends children's attention to 
objects	 (Chen	 et	 al.,	 2019a;	 Suarez-Rivera	 et	 al.,	 2019).	One	 fu-
ture direction would be to study how hand movement and speech 
contribute to the establishment and maintenance of coordinated 
attention in parent–child interactions.

Another future direction is to take individual differences into 
account and examine how real-time coordination of attention 
within-dyads affects and/or is affected by children's long-term lan-
guage, cognitive, and social development. For example, for children 
who are faster in coordinating visual attention with their parents, 
do they have better social skills and language outcomes? Do chil-
dren who show more flexibility in using different pathways have 
better cognitive control? Another question is whether children's 
real-time speech processing abilities influence or are influenced by 
their face looking or gaze following behaviors. These findings will 
not only further our understanding of children's general language, 
cognitive, and social development but also shed light on the devel-
opment of intervention programs for clinical populations.

Some previous studies focusing on intentionality or mutual 
awareness aspects of joint attention have shown that, compared 
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to their hearing peers, children with hearing loss were less suc-
cessful in initiating and responding to their parents' attentional 
bids, and therefore, less likely to achieve joint attentional states 
with their parents (Bortfeld & Oghalai, 2018; Depowski et al., 
2015). Using a leaner definition and focusing on the micro-level 
gaze data, our study showed that children with hearing loss had 
similar coordinated attention patterns as their hearing peers. 
However, children's hearing status affected their looking patterns 
prior to achieving coordinated attention with their parents. The 
differences in these findings are likely due to different definitions 
and different experimental paradigms used to examine differ-
ent aspects of parent–child social interactions. Therefore, they 
are not necessarily contradictory in terms of empirical evidence. 
However, these differences in findings likely result in different 
conclusions and have different implications. For example, one 
possible implication from studies focusing on the intentionality or 
awareness components may be to develop intervention programs 
that train children with hearing loss to better detect parents' com-
munication intention and to respond to their attentional bids. On 
the other hand, based on the results of our study, the next step 
for future research is to investigate whether using different path-
ways to achieve coordinated attention affects later development. 
To address the discrepancies of findings and interpretations, one 
direction for future work is to unify micro- and macro-level under-
standings of parent–child interaction. For example, one way to do 
so is to code parent–child interactions from the same dataset using 
both macro-level analyses that incorporate social components, 
such as intentionality and/or mutual awareness, and micro-level 
analyses that focus on sensorimotor coding, and then investigate 
the similarities and differences of results generated by these two 
types of analyses on the same dataset (see also Gabouer, Oghalai, 
& Bortfeld, 2018). The findings will provide insights for the devel-
opment of theories on coordinated attention and children's social 
development.

5  | CONCLUSION

Children's hearing status does not affect how likely they coordinate 
attention with their parents. However, when following parents' at-
tention, children with hearing loss relied on both parents' gaze direc-
tions and hand actions to guide their attention, while children with 
normal hearing mainly relied on parents' hand actions. Our study 
highlights the dynamics in daily social interactions and the flexibility 
and robustness of the developing systems.
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