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Autism spectrum disorder (ASD) is associated with substantial
behavioral heterogeneity. Differences in the behavioral
expression of ASD can manifest both qualitatively and quan-
titatively. Qualitative differences reflect the presence or
absence of certain behavioral characteristics, such as a lan-
guage impairment (American Psychiatric Association, 2013),
and allow for the division of ASD into subgroups defined by
distinct phenotypic constellations. Quantitative differences
reflect the degree of symptom severity, such as the develop-
mental trajectory and endpoint of verbal ability in individuals
with a language impairment (Anderson et al., 2007).

1. Divisive normalization (DN) theory of
autism

Although physiological and behavioral aspects of ASD are
widely studied, less attention has been given to how changes
in physiology affect computations performed by neural cir-
cuits, resulting in heterogeneous ASD phenotypes. We
recently proposed that circuit-specific reductions in the
strength of a canonical (i.e., occurring throughout the brain)
computation called DN underlies certain behaviors observed
in ASD (Rosenberg, Patterson, & Angelaki, 2015a). DN con-
tributes to the balance of neural excitation and inhibition,
andis implicated in many aspects of neural processing (Beck,
Latham, & Pouget, 2011; Carandini & Heeger, 2012; Louie,
Khaw, & Glimcher, 2013; Ni, Ray, & Maunsell, 2012,
Ohshiro, Angelaki, & DeAngelis, 2011; Qamar et al., 2013;
Reynolds & Heeger, 2009; Seilheimer, Rosenberg, &
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Angelaki, 2014). Reduced DN increases the excitatory to
inhibitory ratio, consistent with observations in humans
with ASD and murine models of the disorder (Han, Tai, Jones,
Scheuer, & Catterall, 2014; Rubenstein & Merzenich, 2003;
Yizhar et al., 2011). Alterations in DN can explain ASD het-
erogeneity since different neural systems rely on different
mechanisms and physiological pathways to implement DN
(Carandini & Heeger, 2012; Katzner, Busse, & Carandini, 2011,
Magnusson, Park, Pecka, Grothe, & Koch, 2008; Olsen,
Bhandawat, & Wilson, 2010). The DN theory of ASD pro-
poses that qualitative differences reflect which pathways are
affected, and thus the brain region(s) impacted. Likewise,
quantitative differences reflect the extent to which DN is
attenuated, and thus how much specific pathways are
affected. Indeed, reduced DN in specific neural systems is
consistent with diverse ASD findings ranging from changes
in low-level visual functions (Foss-Feig, Tadin, Schauder, &
Cascio, 2013) to high-level cognitive processes (De Martino,
Harrison, Knafo, Bird, & Dolan, 2008).

Elucidating the neuro-computational underpinnings of
ASD can benefit from the interplay of empirical and compu-
tational approaches (Pellicano & Burr, 2012; Qian & Lipkin,
2011; Rosenberg, Patterson, & Angelaki, 2015b; Sinha et al.,,
2014). Given a behavior that differs between typically devel-
oping (TD) and ASD participants, a neuromimetic model of the
computations underlying the behavior provides a valuable
tool for gaining insights into the disorder. For example, a
model can be used to determine how computations must be
altered to account for the behavioral difference. Such ap-
proaches may be especially valuable for understanding
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behaviors of key relevance to diagnosing ASD, such as gaze
processing (Palmer et al., 2018).

2. Gaze processing in autism

Impairments in the social use of eye contact are a criterion
used for diagnosing ASD (American Psychiatric Association,
2013), and research has identified several aspects of gaze
processing that are affected in the disorder. For example, in
TD participants, viewing another person's eccentric gaze (e.g.,
25° to the right of straight-ahead) biases subsequent judg-
ments of gaze directions on the adapted (e.g., right) side to-
wards straight-ahead. This aftereffect is weaker in ASD
(Lawson, Aylward, Roiser, & Rees, 2018; Pellicano, Rhodes, &
Calder, 2013), consistent with a broad set of findings on sen-
sory habituation (Sinha et al., 2014). Using a gaze adaptation
model (Palmer & Clifford, 2017), Palmer and colleagues
investigated if reduced DN can account for weaker gaze af-
tereffects in ASD (Palmer et al., 2018). As in earlier work, the
authors found a ‘repulsive’ effect in which perception of gaze
directions on the adapted side were biased away from the
adapter. However, they did not find the previously observed
TD/ASD group difference in the size of gaze aftereffects
(Lawson et al., 2018; Pellicano et al., 2013). Two possible ex-
planations for this discrepancy are differences in task struc-
ture and differences in stimulus parameters.

Earlier work used a categorization task in which gaze direc-
tion was reported as ‘leftward’, ‘straight-ahead’, or ‘rightward’
(Lawson et al., 2018; Pellicano et al., 2013), whereas the Palmer
et al. (2018) study used a continuous indicator. As the authors
discussed, if adaptation differentially affects the higher-level
process of gaze categorization in TD and ASD participants, but
not the lower-level sensory coding of gaze direction, this may
account for the discrepancy between studies. To help distin-
guish disruptions in sensory gaze processing from gaze cate-
gorization, the same participants could complete continuous
indicator and categorization versions of the gaze adaptation
study. This would eliminate concerns about comparing results
from experiments that draw different samples from a hetero-
geneous ASD population. A deficit in gaze categorization would
be indicated if group differences exist only in the categorization
version. Assuming this result, attenuated DN in the gaze cate-
gorization circuit could be tested by conducting a follow-up
categorization study which includes different levels of stim-
ulus noise. Computational work building on previous models
could then assess if attenuated DN accounts for group differ-
encesin the rates at which performance falls off with increasing
noise (Qamar et al., 2013; Rosenberg et al., 2015a).

A previous study using a 25° gaze adapter found a TD/ASD
group difference in aftereffects for a test gaze of 5° but not 10°
(Pellicano et al., 2013). Therefore, the stimulus parameters
(gaze adapter = 25°, smallest test gaze = 10°) used in Palmer
et al. (2018) may not be capable of detecting a group differ-
ence, and the data may be insufficient for evaluating whether
DN is preserved in the sensory processing of gaze direction in
ASD. Combining smaller test gazes with the continuous indi-
cator task would allow for a stronger test of attenuated DN in
sensory gaze processing. If a group difference is found at small
gaze directions, it would suggest a disruption in sensory gaze

processing, and computational work building on previous
models could evaluate if attenuated DN accounts for the dif-
ference (Palmer et al., 2018; Rosenberg et al., 2015a).

In addition to repulsive effects, Palmer and colleagues
identified an ‘attractive’ effect that biases perception of large
gaze directions on the non-adapted side towards the adapter.
The gaze adaptation model used in the study does not account
for this novel finding, and the neural basis of the attractive ef-
fect deserves further study. For example, a more neuromimetic
model of gaze processing that incorporates the relationship
between the adapter and neuronal tuning properties into the
DN term may account for both repulsive and attractive effects
in gaze adaptation (Schwartz, Sejnowski, & Dayan, 2009).

3. Interpretation of the Palmer et al. (2018)
study

An implication of the Palmer et al. (2018) findings is that how
gaze processingis disrupted in ASD remains uncertain. Existing
data are consistent with at least two (not mutually exclusive)
possibilities: (i) a deficit in the sensory coding of gaze direction
and (ii) a deficit in gaze categorization. Gaze-dependent be-
haviors rely on evaluating conditions such as, “Is this person
making eye contact with me?” Thus, it is possible that the
sensory processing of gaze is intact, but its categorization is
disrupted in ASD. The Palmer et al. (2018) findings are consis-
tent with this possibility, and are compatible with neural
network modeling that shows a loss of DN worsens categori-
zation performance (Qamar et al., 2013). Some aspects of
atypical gaze-dependent behaviors in ASD could thus arise
from attenuated DN in the gaze categorization circuit.
Reflecting the similarity of TD and ASD gaze aftereffects
observed in the Palmer et al. (2018) data, their fitted model pa-
rameters for the two groups were indistinguishable. Based on
this result, the authors conclude that their data conflict with
the attenuated DN theory of ASD. This conclusion rests on their
assertion that a “widespread reduction” of DN is a “systemic
feature” of ASD (Palmer et al., 2018), and thus, any evidence for
intact DN would be interpreted as evidence against the theory.
However, thisis an incorrect premise. Reduced DN in ASD is not
likely to be widespread across the brain since DN is imple-
mented using different mechanisms and physiological path-
ways across neural systems. Indeed, the theory attributes ASD
heterogeneity to reduced DN in select systems and to varying
degrees across individuals (Rosenberg et al., 2015a). Therefore,
a reasonable prerequisite for testing the theory is the use of
behavioral protocols that reveal significant TD/ASD group dif-
ferences, unlike the paradigm used in Palmer et al. (2018). If DN
were reduced system wide, the prevalence of ASD and epilepsy
comorbidity (Spence & Schneider, 2009; Volkmar & Nelson,
1990) would likely be higher, and there would be fewer quali-
tative differences in the behavioral expression of the disorder.

4. Synergy between computational and
empirical studies

Neuro-computational theories are likely to have an increasingly
greater role in our understanding of ASD. Thus, itis important to
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establish scientific paradigms for conducting empirical
research that reliably test those theories. Protocols that reveal
significant differences between TD and ASD groups are neces-
sary to combat errors that can arise as a consequence of random
sampling from a heterogeneous ASD population. A neuro-
computational theory should also account for behaviors that
are associated with key diagnostic criteria (Palmer et al., 2018).
This need implies a critical role for the development of neuro-
mimetic models that can accurately reproduce complex be-
haviors. Support for or against a theory can then be gained
through modeling work that evaluates if changes in the hy-
pothesized computation account for observed behavioral dif-
ferences. Through rigorous testing of neuro-computational
theories, the synergistic interplay of empirical and computa-
tional approaches can provide valuable insights into ASD as
well as other neuro-developmental and mental health
disorders.
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