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ABSTRACT  This article describes a parallel and distributed process-
ing model (PDPM) of joint attention, self-referenced processing and
autism. According to this model, autism involves early impairments in
the capacity for rapid, integrated processing of self-referenced (proprio-
ceptive and interoceptive) and other-referenced (exteroceptive) infor-
mation. Measures of joint attention have proven useful in research on
autism because they are sensitive to the early development of the
‘parallel’ and integrated processing of self- and other-referenced stimuli.
Moreover, joint attention behaviors are a consequence, but also an
organizer of the functional development of a distal distributed cortical
system involving anterior networks including the prefrontal and insula
cortices, as well as posterior neural networks including the temporal and
parietal cortices. Measures of joint attention provide early behavioral
indicators of atypical development in this parallel and distributed pro-
cessing system in autism. In addition it is proposed that an early,
chronic disturbance in the capacity for integrating self- and other-
referenced information may have cascading effects on the development
of self awareness in autism. The assumptions, empirical support and
future research implications of this model are discussed.
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One of the cardinal social communication symptoms of autism involves a
marked reduction in the tendency to spontaneously share enjoyment, inter-
ests, or achievements with other people, as indicated by a lack of showing,
bringing, or pointing out objects of interest to others (American Psychiatric
Association, 2000). In the first years of life this symptom is often evident
on measures of joint attention (Charman, 2004; Mundy and Crowson,
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SELF-REFERENCED PROCESSING

1997; Zwaigenbaum et al., 2005). Joint attention (JA) development begins
as early as the 3rd to 9th month of postnatal life (Mundy et al., 2007;
Mundy and Newell, 2007). JA reflects the degree to which a child or adult
coordinates their attention with the attention of a social partner, such as
engaging in a common line of visual regard, in order to share a common
perceptual experience of objects or events (Bruner, 1975; Mundy and
Newell, 2007; see Figure 1). Three decades of research have led to the
following observations about JA and autism: a) children with autism tend
to display fewer JA behaviors relative to peers with and without develop-
mental disabilities; b) as early as 15—18 months infants at risk for autism

cl) c2) c3)

Figure I lllustrations of different types of infant social attention coordination
behaviors

Note. a) Responding to Joint Attention-RJA involving following another person’s gaze and pointing
gesture; b) Initiating Joint Attention-IJA involving a conventional gesture ‘pointing’ to share attention
regarding a poster on the wall, ¢| 5 3) lJA involving alternating eye contact to share attention with
respect to a toy, d) Initiating Behavior Request involving pointing to elicit aid in obtaining an out of
reach object, and e) Responding to Behavior Requests involving following an adult’s open-palm ‘give it
to me’ gesture.
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often display fewer acts of both responding to and initiating JA; ¢) over the
course of development deficits in the tendency to initiate JA (spontaneously
sharing attention) remain more robust than deficits in responding to the
JA bids of others; and d) early interventions that increase JA have cascading
effects on subsequent social-learning, supporting the hypothesis that JA
impairment plays a pivotal role in the developmental course of autism (e.g,,
Charman, 2004; Cassel et al., 2006; Jones et al., 2006; Kasari et al., 2007,
2008; Mundy and Crowson, 1997; Mundy et al., 1994; Nation and Penny,
2008; Sigman and McGovern, 2005; Sigman and Ruskin, 1999; Whalen
et al., 2006).

To shed new light on this symptom domain of autism we have proposed
a model wherein joint attention is presumed to involve the interactive
processing of self-referenced information, and information about another
person’s attention, and information about a commonly referenced object
or event (e.g., Mundy and Hogan, 1994; Mundy et al., 1992; Mundy et al.,
2009). In this model, self-referenced processing does not connote self
awareness; rather it is a mode of processing information that is necessary,
but not sufficient for the emergence of self awareness. Instead, self-
referenced processing refers to processing of information about the phys-
iological status of the body (interoception), and processing information
about the actions, postures and specific positions of the body (proprio-
ception). Practice with interactive, parallel self-, other-, and object/event-
referenced information processing during joint attention in infancy is
affected by, and has an effect on the development of a distributed neural
processing network that involves distal frontal, temporal and parietal cortical
systems. With development and experience, this distributed neural network
serves a social-executive function that enables relatively effortless coordina-
tion of attention to external objects/events during social interactions. This,
in turn, provides the basis for the development of coordinated attention to
internal, cognitive representations of self and other which contributes to
the foundation for symbolic thought and social cognition. Hence, we refer
to this as a parallel and distributed processing model (PDPM) of joint attention
(Mundy et al., 2009).

A postulate of this model is that problems with the parallel and inter-
active processing of self-referenced and other-referenced domains of infor-
mation, rather than problems with processing information from either
domain alone, may be at the root of joint attention impairments in autism.
Moreover, practice with parallel self- and other-referenced information is
thought to be integral to a dynamic cognitive synthesis of information that
is necessary for the emergence of self awareness and social cognition
(Mundy et al., 1992, 2009). A corollary of this assumption is that, while
theory and research often emphasize other-referenced processing problems
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in the study of autism, joint attention impairments may be associated with
atypical self-referenced processing and ultimately problems of self aware-
ness in autism (Mundy, 2003). In the following sections, we review theory
and empirical evidence relevant to this model and offer recommendations
about future research designs to directly test these assumptions.

An alternative paradigm for joint attention research

Contemporary research on joint attention frequently highlights what Bruner
(1995) described as the ‘epistemological question’ or studies about the
types of knowledge of others’ intentions that may be involved in joint
attention development and its impairments in autism (e.g., Baron-Cohen,
1995; Tomasello et al., 2005). Still other approaches have emphasized the
possibility that joint attention deficits in children may be secondary to
impairments in primary psychological processes, including identification,
attention regulation, or social motivation (e.g., Hobson and Hobson, 2007;
Landry and Bryson, 2004; Reddy, 2003). These perspectives have employed
to descriptions of typical and atypical development in terms of the emer-
gence of discrete stages of social knowledge (Tomasello et al., 2005),
cognitive modules (Baron-Cohen, 1995), or stages of self awareness that
are requisite to joint attention development (Reddy, 2003). Alternatively,
we have adopted five guiding assumptions that led to a different paradigm
for the study of joint attention and autism. These are described as follows.

First we argue that joint attention is not simply a precursor to social
cognition, nor merely an outcome of the development of one or another
more primary psychological process (Mundy, 1995; Mundy et al., 2009).
Rather, joint attention is an early emerging psychological process unto itself
that retains a critical functional presence throughout the life span. The devel-
opment of this psychological process is conceptualized, in part, in terms
of increasing facility with the processing of multiple streams of informa-
tion in real time during social interactions. A maxim of this perspective is
that typical and atypical human development can be studied in terms of
continuous changes in the speed, efficiency, and coordination of informa-
tion processing that gives rise to knowledge or psychological phenomenon
(Hunt, 1999). Specifically, we propose that joint attention is a unique form
of information processing that makes a significant contribution to the devel-
opment of human levels of social cognition defined in terms of knowledge,
or ‘mentalizing’ the intentions of self and others.

Second, the PDPM also adopts a constructivist view of cognitive and
psychological development. That is to say that cognitive development orig-
inates as much or more from infants’ continual practice of actions and the
processing of information that results from those actions as it does from
the passive perception of information available in the environment (Piaget,
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1952). Infants generate knowledge through their own self-initiated actions.
Concomitantly, impairments of autism are viewed as potentially arising
from developmental disturbances in systems involved in the self-initiation
of actions and the resulting impoverishment of information processing that
arises from the attenuation of self-initiated actions (Mundy, 2003).

Third, the parallel and distributed processing assumption of this model
is related to connectionist perspectives in neuroscience which caution us
that, because of the massively parallel nature of human brain networks, it
is likely that the development of cognitive functions ‘emerge[s] from the
flow of information between brain areas’ rather than from brain regions
or modules that are singularly dedicated to a specific cognitive domain
(Ramnani et al., 2004, p. 613). This notion fits with empirical evidence of
the distributed brain systems involved in joint attention; hence we describe
its typical development, as well as its impairments in autism, in terms of
a constructivist parallel and distributed neurocognitive information pro-
cessing model (Mundy et al., 2009; Mundy and Vaughan Van Hecke, 2008).
A major premise of the model is that psychological development is most
appropriately described in terms of continuous, incremental changes in the
speed, efficiency and coordination of information processing networks that
give rise to changes in knowledge and cognitive structures (e.g., Case, 1985;
Mareschal et al., 2007; Posner and Rothbart, 2007a).

A fourth and more methodological assumption of our model is that
while there may well be social, cognitive, and attention precursors of true
joint attention, the limitations of psychological measurement in very young
infants may hinder empirical investigation of this possibility. Research on
infant assessment over the last 40 years indicates that two of the bedrocks
of scientific measurement, test-retest reliability and predictive validity esti-
mates associated with large effect sizes, often prove elusive in the assessment
of young infants (Singer, 2001). Consequently, it should not be surprising
that research with infants at risk for autism has, to date, yielded little beha-
vioral evidence of the manifest onset of the disorder prior to 6 months of
age (Rogers, 2009). This does not mean that psychological phenomenon
associated with autism do not exist in the first 6 months. However, the
empirical verification of their nature is difficult because of unrecognized,
if not intractable measurement limitations. This issue may partially explain
why a review of 11 tests of precursor hypotheses revealed little evidence that
measures of earlier developing psychological processes mediate the relations
between joint attention and diagnostic or developmental outcomes measures
in young children with autism (Mundy et al., 2009).

Compounding the psychometric challenges of identifying developmen-
tal precursors of joint attention is the fact that joint attention itself begins
rapidly developing by 3 to 4 months of age (e.g., D’Entremont et al., 1997).
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Logically then, precursors of joint attention may best be sought in the
identification of strong neonatal predictors of development, which is a
challenging empirical task to say the least. Our focus, then, has been on
the development of psychological processes after 3 to 4 months of age when
maturation of frontal networks begins to allow for the level of voluntary
visual attention control necessary for joint attention (Mundy and Vaughan
Van Hecke, 2008; Mundy et al., 2009). Moreover, to our knowledge, it is
only after this period, and really the 6- to 9- month period, that there is
psychometric data to support the assumption that joint attention or other
infant assessments begin to have the measurement characteristics sufficient
for sound, clinically applicable developmental research (Morales et al., 2000;
Mundy et al., 2007; Singer, 2001).

Finally, we recognize and emphasize that the nature and meaning of
joint attention development described within the PDPM framework need
not claim to be the one and only valid perspective. In our opinion it is un-
likely that any one paradigm can provide a comprehensive explanation of
the complex facilities of the developing human mind. Instead, the genera-
tion, comparison, and ultimate synthesis of information from alternative
viewpoints is the tried and true path for uncovering the processes under-
lying any complex phenomenon. In order compare alternate models, each
must result in testable hypotheses. To this end, we now turn to a more
thorough description of the role of self- referenced processing offered by
the PDPM of joint attention and autism and the testable predictions that
may be derived from this description.

Joint attention and self-referenced processing
As illustrated in Figure 2, joint attention involves a tripartite deployment
of attention between the self, another person, and an object or event. In
addition to attention deployment it also involves triadic information pro-
cessing. When we engage in joint attention we attend to and process a)
information about an object, b) information about another person’s atten-
tion and behavior related to the object, and ¢) self-referenced information
about our own attention to, and experience of, the object and the situation.
In this context, self-referenced processing refers to implicit, subjective, and
pre-reflective processing and integration of interoceptive and propriocep-
tive information from one’s own body (e.g., heart rate, volitional muscle
movement) with information about perceptual and cognitive activity
including representations in working or long term memory (Northoff et
al., 2006; Zahavi, 2003).

Interoception describes sensitivity to physiological information originating
within the body, such as heart rate, respiration, autonomic arousal, respira-
tion, and emotional states. Proprioception involves sensitivity to the position,
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A

Figure 2 A schematic representation of the triadic processing of self-
referenced, other-referenced and object reference information involved in joint
attention.

location, orientation, and movement of the body. Research suggests that
specific, distributed neural systems may be involved in processing intero-
ceptive information (anterior insula) and proprioceptive information about
movement and orientation (anterior cingulate and parietal cortices). These
associative cortical systems also may be primary in integrating these two
dimensions of self-referenced information (Craig, 2009; Balslev and Miall,
2008; Uddin and Menon, 2009). In particular comparative research suggests
that interoception and its integration with proprioception may be more
elaborated in humans via Von Economo neurons of the anterior cingulate
than in other primates and mammals (Allman et al., 2005; Craig, 2003).

In contrast to self-referenced information processing, exteroception describes
the processing of information about the environment, including social
partners, that is separate from the body. In addition to the primary sensory
cortex, associative cortical networks in the parietal, temporal and frontal
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lobes are thought to support a specific sub-domain of exteroception that
involves processing of spatial/postural, behavioral, vocal and affect infor-
mation arising from other people (Decety and Sommerville, 2003; Emery,
2000; Northoff et al., 2006). Although partially overlapping, the self- and
other-referenced information processing networks are distinct. One hypoth-
esis is that developmental articulation of these systems aids the psycho-
logical differentiation of self from other in early development (cf. Decety
and Sommerville, 2003; Northoff et al., 2006).

In past discussions we primarily focused our descriptions of self-
referenced information processing in joint attention on the proprioceptive
functions of medial frontal structures including the anterior cingulate, with
only implicit reference to elements of interoception (Mundy, 2003). There-
fore, one goal of this paper is to more explicitly elaborate and describe the
dual nature of self-referenced information processing in joint attention in
terms of a) proprioception, such as feedback from ocular muscle control
and the vestibular system related to the spatial direction of one’s own visual
attention and head posture (see Butterworth and Jarrett, 1991, for related
discussion), and b) interoception including information about arousal and
the positive (rewarding), neutral or negative valence of each participant’s
perceptions of the object or event, as well as the valence attributed to
sharing attention with a social partner during joint attention. We propose
that joint attention episodes involve at least as much self-referenced pro-
cessing of internal sensory and affective experiences as they do processing
of information about other people’s behavior or intentions. With this in
mind it is possible that joint attention impairments in autism may origin-
ate from problems with self-referenced processing (interoception and/or
proprioception) or the coordinated, parallel processing of self- and other-
referenced information during episodes of shared attention.

Joint attention, symbols and self awareness

Although effortless for many adults and older children, the capacity to meet
the demands of multi-source attention deployment and information pro-
cessing in joint attention is only gradually acquired. Social attention co-
ordination improves rapidly over infancy as a function of both frequent
practice with joint attention as well as neurocognitive maturation begin-
ning by 3 months of age (Carpenter et al., 1998; D’Entremont et al., 1997;
Morales et al., 2000). With practice, the process of coordinating attention
to external objects or events with a social partner becomes internalized and
provides cognitive operations that enable us to socially coordinate mental
attention to representations. This ability to socially coordinate mental atten-
tion in order to share the experience of mental representations is essential
for social cognition, social learning, and symbolic development (Mundy
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et al.,, 2009; Werner and Kaplan, 1963). Indeed, Tomasello et al. (2005)
proposed that the capacity of an abstract stimulus to elicit attention to shared
representations across people is the defining feature of symbolic cognition.

The process whereby active overt joint visual attention becomes inter-
nalized into covert, representational operations follows the same general
mechanisms described in constructivist cognitive and neurocognitive devel-
opmental theory (e.g., Mareschal et al., 2007; Piaget, 1952). However, neuro-
developmental impairments may limit the extent to which children with
autism engage in a sufficiently active social constructivist role during their
own development. Theoretically, limited practice with overt joint visual
attention in infancy leads to poorly developed cognitive operations that
support the coordination of attention to mental representations with social
partners. In turn, this contributes to the varying levels of impairment in
social cognition, abstract symbolic thinking, and self awareness character-
istic of children with autism (Mundy and Burnette, 2005; Mundy, 2003;
Mundy et al., 1993, 2009).

The latter hypothesis stems from the school of thought that human self
awareness does not simply involve advances in proprioception and intero-
ception. Rather, self awareness is an incrementally achieved property of
social relational processing (Chen et al., 2006; Piaget, 1952; Vygotsky,
1962) that involves the parallel processing of self- and other-referenced
information. That is, the development of self awareness is a socially-
embedded process that requires a deep and prolonged synthesis of self-
(proprioceptive/interoceptive) and other-referenced information processing
(e.g., Piaget, 1952). Neurocognitive research suggests that this synthesis of
perspectives occurs by way of repeated social experiences in combination
with the maturation of a distributed frontal, temporal and parietal cortical
system (Decety and Sommerville, 2003; Keysers and Perrett, 2006). Keysers
and Perrett (2006), for example, suggest that the relational processing of
self- and other-referenced information in infancy facilitates social-cognitive
development through Hebbian learning principles. Neural networks that are
repeatedly co-actived become associated, such that activity in one network
triggers activity in the other (Hebb, 1949). Keysers and Perrett (2006)
suggest that co-activation of neural networks for processing self-generated
information and information about people is fundamental to the develop-
ment of representations and knowledge about self and others.

We have proposed that over the course of infancy and many practice
trials, the co-activation of self- and other-processing systems becomes
more efficient and effortless and provides the basis for social executive
functions. One definition of executive functions is that they involve the
neural transmission of bias signals to selectively inhibit relatively automatic
behavioral responses in favor of more volitional, planned and goal-directed
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responses (Miller and Cohen, 2001). The aggregate effect of these bias
signals is to guide the flow of neural activity along pathways that establish
the proper mappings between inputs, internal states, and outputs needed
to perform a given task more efficiently (Miller and Cohen, 2001).

In this regard, we conceptualize the repeated practice of joint attention
behaviors in infancy as both a cause and consequence of frontal bias signals
that establish the proper mappings of exteroceptive, or outside-in, informa-
tion about other people’s attention with the interoceptive and/or proprio-
ceptive, or inside-out, processing of internal states and information related
to the intentional control of visual attention. This mapping results in the
development of a distributed anterior and posterior cortical joint attention
system (Figure 3; Mundy, 2003; Mundy et al., 2009). In our view, the early
establishment of this cortical mapping of a joint processing system is
formative with respect to the development of the shared neural network of
representations of self and others that have been described as driving the
progression of self awareness across development (e.g., Decety and Grezes,
2006; Keysers and Perrett, 2006; Vanderwal et al., 2008). That is to say, the

and the Anterior
Attention

Figure 3 lllustration from Mundy and Newell (2007) depicting the lateral (top)
and medial (bottom) illustrations of the distributed system of Brodmann’s
cytoarchitectonic areas of the cerebral cortex associated with Initiating Joint
Attention and the anterior attention system, as well as RJA and the posterior
attention systems.The former include areas 8 (frontal eye fields), 9 (prefrontal
association cortex), 24 (anterior cingulate), 47 and 43 (orbital prefrontal and
insula associative cortices).The latter include areas 7 (precuneous, posterior
parietal association area), 22,41, and 42 (superior temporal cortex), and 39 and
40 (parietal, temporal, occipital association cortex).
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Hebbian mapping process underlying social cognition described by Keysers
and Perrett (2006) begins with the integrated anterior cortical processing
of information about self-produced visual attention and posterior cortical
processing of the visual attention of others (Mundy et al., 2009). With
sufficient practice and experience, the parallel processing of self- and
other-attention becomes more coordinated and requires less mental effort.
As basic joint attention processes are mastered and require less effort, they
serve a social executive function that fosters social cognitive skills and
competence.

The developmental process we envision has much in common with
dynamic systems developmental theory. Thelen and Smith’s (1994) theory
of dynamic systems in development suggests that the cumulative experi-
ence of interactions of multiple sources of information, over time and
practice, coalesce into higher order processes that yield the complex struc-
tures of human thought and consciousness. Thus, psychological develop-
ment may be viewed as arising from the interactions between cognitive
processes, rather than as the output of any one isolated cognitive system
or module (Karmiloff-Smith, 1996; Thelen and Smith, 1994). To us, this
seems highly analogous to the neural connectionist notion that cognitive
functions and their development ‘emerge from the flow of information
between brain areas’ rather than from brain regions or modules that are
singularly dedicated to one or another cognitive domain (Ramnani et al.,
2004, p. 613). In our view, the development of joint attention is a beha-
vioral expression of such a dynamic, connectionist system in human devel-
opment. Practice with the rapid, conjunctive processing of self-referenced
information and other-referenced information in joint attention contributes
to the development of a parallel and distributed frontal, parietal and tem-
poral cortical information processing system that is pivotal with respect to
the emergence of self awareness in humans. This assumption leads to the
expectation that there should be evidence of a connection between self-
related information processing and joint attention in development. If
atypical self-referenced processing contributes to joint attention problems
in children with autism then individual differences in self-referenced infor-
mation processing should predict symptom severity in children and adults
with autism. In the following sections we consider research relevant to these
predictions and offer suggestions for future research directions.

Research on self-referenced processing, joint attention, and
autism

An earlier paper suggested that joint attention and social impairments in
autism may be associated with proprioceptive self-monitoring and regula-
tion via functions of the anterior cingulate and supervisory attention system
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(Mundy, 2003). This conjecture and earlier related theory (Mundy et al.,
1993) motivated several studies.

Self-recognition is often viewed as a valid indicator of self-referenced
processing, if not self awareness (Gallup et al., 2003). In one study, Nichols,
Fox and Mundy (2005) observed that infants who displayed mirror self-
recognition between 14- and 18-months of age displayed higher rates of
initiating joint attention at 18 months compared to same-age infants who
did not display evidence of mirror self-recognition. Importantly, other
measures of cognitive development such as performance on a delay non-
match to sample task or a means-ends task did not mediate the relations
between self-recognition and joint attention. Thus, self-recognition appeared
to have a specific association with initiating joint attention that could not
be explained in terms of other cognitive factors.

Another line of research follows from the work of Posner and Rothbart
(2007a, 2007b), who have long argued that infants’ use of intentional shifts
of attention to manage arousal and conflict between goal-directed actions
is a primary step in the development of self awareness and self-regulation.
In this regard we have observed that infants’ abilities to shift attention in
response to bids for JA at 6 months predicted the tendency of 2-year-olds
to utilize shifts of attention to self-regulate and resist temptation in a delay
of gratification task (Morales et al., 2005). In addition, more optimal JA in
the first 18 months of life is associated with reduced risk for self-regulatory
problems at 30 and 36 months of age in at-risk and typically developing
children (Sheinkopf et al., 2004; Vaughan Van Hecke, 2007).

Related to these findings, the RUPP Autism Network recently reported
a significant positive effect of methylphenidate on rates of initiating and
responding to JA bids in 5- to 13-year-old children with autism (Jahromi et
al., 2009). One possible explanation for this finding is that methylphenidate
impacted JA through dopaminergic adjustment of the anterior cingulate’s
top-down regulation of attention via enhanced self-referenced propriocep-
tive processing of information about reward (Groen et al., 2008; Haes et al.,
2007; Kronenberg et al., 2008). Although often hypothesized (e.g., Mundy,
2003), the role of the anterior cingulate and associated self-monitoring and
self-regulation processes in joint attention and its impairment in autism has
yet to be directly tested. However, just as variability in joint attention has been
observed to be associated with the intensity of symptom presentation in
autism (Kasari et al., 2008; Mundy et al., 1994), several studies indicate that
variability in anterior cingulate functioning is also associated with symp-
tom intensity in autism (e.g., Haznedar et al., 2000; Onishi et al., 2000).
Moreover, functional analyses of differences within samples of children
with autism and between autism and comparisons groups suggests that
the anterior cingulate’s role in self-monitoring and resolution of errors in
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goal-directed behaviors is associated with both social symptom and repetitive
behavior symptom presentation in autism (Henderson et al., 2006; Thakkar
etal., 2008). Furthermore, in a recent intriguing and innovative study using
a complex multiple participant imaging method, Chiu et al. (2008) reported
that a measure of parallel self- and other-processing in an interpersonal
exchange game is associated with cingulate activity in children with autism.
Importantly, diminished cingulate activity during the game was associated
with more intense social symptom presentation among children with autism.

Of course, not all studies of self-related action monitoring yield effects
specific to autism. In a paradigm that did not involve conflict resolution,
or self-other information exchange, Williams and Happé (2009) observed
no evidence of self awareness impairments in a sample of children with
autism. Understanding the differences between paradigms that do and do
not reveal differences in self-referenced processing will likely prove essen-
tial to a more precise definition of the nature of self development in this
syndrome. Indeed, information from many convergent and divergent para-
digms will be necessary to fully explore the complexities of the role of self-
referenced processing in autism.

Our own interest in indentifying convergent methods led to research
on self-referenced memory (SRM). In one SRM paradigm, participants read
lists of adjectives under three conditions: the self-referenced condition where they
decide whether the words describe something about themselves; the other-
referenced condition in which they are asked if the words describe something
about a familiar character (e.g., Harry Potter); or the word/ letter-referenced condi-
tion in which they decide whether the words contain specific letter features
(e.g., a “th” blend, more than five letters, et cetera). Adults and children
tend to display a significant recognition memory advantage for words pro-
cessed under ‘self” versus ‘other’ conditions and ‘other’ versus ‘letter’ condi-
tions. However, observations reported by Toichi et al. (2002) raised the
possibility that higher functioning adults with autism fail to display the
expected advantage for self- versus other-referenced words.

Henderson et al. (2009) expanded this paradigm to study SRM in higher
functioning children with autism. Similar to the findings of Toichi et al.
(2002), children with HFA did not display the expected advantage for self-
referenced processing that was evident among a comparison sample of
age-, gender-, and IQ-matched typically developing children. HFA partici-
pants did, however, recognize significantly more self- and other-referenced
words relative to words processed in the letter count condition. Import-
antly, the magnitude of the advantage for self- versus other-referenced words
was inversely associated with symptom severity for children with HFA. Other
studies of children (Klein et al., 2009) and adults (Lombardo et al., 2007)
with autism have reported comparable effects.
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The Lombardo study is especially interesting in that it includes obser-
vations that self-referenced memory was associated with, and perhaps
explained by, social cognition. Lombardo et al. (2007) suggested that self-
referenced memory taps into the same general ‘mentalizing about minds’
processes involved in theory of mind deficits in autism. In contrast,
although Henderson et al. (2009) reported a significant relation between
social-cognitive mentalizing and SRM task performance, social-cognitive
mentalizing did not mediate the association between SRM and symptom
presentation in HFA children. Hence, these data raise the possibility that
SRM tasks tap some unique vulnerability in self-referenced processing that
contributes to symptom presentation over and above more general social
cognitive impairments characteristic of autism.

Neurocognitive research has long suggested that self-monitoring func-
tions associated with the anterior cingulate play a role in SRM task per-
formance (Craik et al., 1999). More recent studies have suggested that SRM
task performance is associated with a distributed cortical processing system
that involves functions of the medial frontal cortex and more dorsal and
ventral frontal cortical regions, as well as parietal cortex (Macrae et al.,
2004). Two extremely insightful studies suggest that the anterior cingulate
is equipotent in processing self- and other-referenced information, but
the more rostral medial frontal cortical nodes of this network become
specialized for self-referenced processing of internal arousal, cognition and
temperamental tendencies (Kelley et al., 2002; Kennedy and Courschesne,
2008). The latter study expressly suggests that diminished anterior cingu-
late activity is associated with the processing of many aspects of associated
self-other information, but that diminished activity in more medial networks
is distinctively associated with problems in self-referenced processing of
internal (psychological) rather than external (physical) self-related attributes.

This conclusion is consistent with a review by Northoff et al. (2006)
that describes a distributed neural system of frontal, temporal and partial
networks that support the processing of self- and other-referenced infor-
mation. However, there is also a distributed frontal network that appears to
be singularly active in self-referential processing and ideation. We interpret
our data to suggest that depth of information processing in this frontal
network may be diminished relative to controls in children with autism
(Henderson et al., 2009). Theoretically, depth of processing in memory is
related to the distribution and number of neural clusters (nodes) activated
in a cortical processing network (McClelland and Rogers, 2003; Otten et
al., 2001). If so, the diminished advantage for self-processing in SRM tasks
suggests that the distribution, number or frontal neural nodes, and/or
functional connectivity involved in frontal, internal self-referenced process-
ing may be attenuated in autism. Before higher-order self-related attributes
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and ideations develop, we propose that this impoverishment may begin
with problems in self-referenced proprioception and interoception early
in life.

Future research directions

The hypothesis that difficulty with some aspects of self-referenced process-
ing plays a role in atypical joint attention and social development in autism
is viable and useful, but requires much more research to be validated. There
are at least four plausible directions for future research that could usefully
expand this literature.

First, effective early intervention for autism impairments in children
with autism is possible and yields collateral effects on other domains of
development (Jones et al., 2006; Kasari et al., 2008; Whalen et al., 2006).
These collateral outcomes have been measured in terms of cognitive,
language and symptom effects. However, if joint attention development is
linked to self-referenced processing autism then joint attention intervention
may be expected to yield positive outcomes on measures of self-monitoring,
self-recognition and self-regulation. Thus, targeting self-referenced pro-
cessing in intervention studies could provide experimental tests of some
of the hypotheses raised in this paper.

Advances in joint attention measurement have also begun to make it
possible to provide more direct tests of our hypotheses with older children
with autism. Jahromi et al. (2009) described such a method (called JAMES)
in their study of 5- to 13-year-olds with autism. Mosconi et al. (2009)
described a method called the Social Orienting Continuum and Response
Scale (SOC-RS), which can be applied to video records of Autism Diagnos-
tic Observation Schedule (ADOS) assessments to provide continuous
measurements of IJA and RJA. Hobson and Hobson (2007) developed a
‘sharing looks’ measurement method, which captures behaviors in school-
age children that are associated with the construct of initiating joint atten-
tion. These methods make it increasingly possible to directly examine the
relations between joint attention development in older children with
autism and behavioral or neurocognitive measures of self-regulation and
self-referenced information processing, including SRM.

A third direction for future research is offered by advances in the appli-
cation of EEG coherence measures to investigations of autism (Murias,
Webb, et al., 2007), as well other forms of child and adult psychopathology
(Murias, Swanson, et al., 2007; Schutter et al., 2005). EEG coherence
measures provide a method for directly examining parallel and distributed
processing hypotheses about JA (Mundy et al.,, 2000, 2003, 2009). In
terms of brain-behavior methods, EEG coherence has two critical advan-
tages over comparable fMRI measures in this regard. First, the temporal
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sensitivity of EEG is extremely important for the real time measurement
of parallel and coordinated (e.g., sequential or simultaneous) processing
across distributed neural networks. Second, it is more practical to collect
data on relatively large samples of children using EEG rather than func-
tional imaging measures. This enables increased power for the types of
within-group individual difference analyses, as well as between-group
analyses, that are critical to the accurate interpretation of data from hetero-
geneous populations, such as people affected by autism spectrum disorders.

Finally, the neurodevelopmental emphasis of our model motivates us
to stay abreast of and incorporate new theory and research on neurocogni-
tive functions in autism. One new area of research focuses on the brain
systems involved in interoceptive self-referenced processing. Craig (2009)
has reviewed a variety of evidence to suggest that the anterior insula cortex
(medial to the anterior temporal lobes) is primary in interoceptive self-
referenced processing and contains an anatomical substrate that significantly
contributes to the phylogenetic and ontogenetic emergence of human
levels of self awareness. Furthermore, DiMartino et al. (2009) conducted a
meta-analysis of 24 studies examining social information processing and
15 studies examining non-social information processing in autism. Their
meta-analytic results suggest that a parallel and distributed system involving
the anterior cingulate cortex and anterior insula cortex was specifically
hypoactive in social information processing among individuals with autism.
In non-social studies, there was an effect for hyper-activation of a region
of the rostral anterior cingulate that was typically suppressed during atten-
tion tasks among controls. Uddin and Menon (2009) have subsequently
suggested that the anterior insula, most likely in conjunction with the
anterior cingulate, serves as a hub mediating interactions between large
scale brain networks that are ‘involved in externally oriented attention and
internally oriented cognitive processes’. Uddin and Menon go on to suggest
that in ‘ASD this critical system is impaired leading to social dysfunctions
characteristic of the disorder’ (pp. 4-5).

We heartily agree that this is an intriguing possibility and our model
leads us to suggest that joint attention impairment in autism is associated
with disturbance of the typical development of this system. The reviews by
Graig (2009) and Uddin and Menon (2009) also point to ways and means
to test related hypotheses. For example Graig (2009) notes there is a
specific role of the anterior insula in a prototypical form of interoception
— heartbeat awareness (Critchley et al., 2004) — and that heartbeat aware-
ness correlates with a measure of individual subjective emotional awareness
(Barrett et al., 2004). As of this writing we could find no studies of heart-
beat awareness in people with autism. Nevertheless, the synthesis we have
presented here suggests that examining heartbeat awareness in conjunction
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with measure of joint attention, social cognition, and subjective emotional
awareness may be informative with regard to the role of self-referenced
information processing in the social deficits of autism.

Summary

Much of the current research on the social deficits of autism, from studies
of imitation to face processing to social cognition, emphasizes the ‘respon-
sive’ measurement of the degree to which people with autism can act on
or process information about the behavior of other people. In addition,
though, the facile development of social competence involves learning from
self-generated behaviors, and learning how to integrate self-generated social
behavior in real time with the behavior of other people. Therefore, we can
expect theory and research on autism to advance as we become increas-
ingly capable of the study of the dynamic interplay between self- and other-
referenced action and cognition in social development. Without this we
may fail to consider valid alternatives to current interpretations of data on
the social deficits of autism. Fortunately, the development of theory that
leads to testable hypotheses about the role of self-referenced processing is
increasingly possible based on the abundance of new informative data
arising from basic studies of social development and cognitive neuro-
science. In this paper we hope to have provided one constructive example
of such theory development in our explication of the role of self-referenced
processing in the parallel and distributed processing model of joint atten-
tion impairment in autism.
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