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A high incidence of sensory processing difficulties exists in children with Autism Spectrum
Disorder (ASD) and children with Sensory Modulation Disorder (SMD). This is the first study to
directly compare and contrast these clinical disorders. Sympathetic nervous system markers
of arousal and reactivity were utilized in a laboratory paradigm that administered a series of
sensory challenges across five sensory domains. The Short Sensory Profile, a standardized
parent-report measure, provided a measure of sensory-related behaviors. Physiological arousal
and sensory reactivity were lower in children with ASD whereas reactivity after each sensory
stimulus was higher in SMD, particularly to the first stimulus in each sensory domain. Both
clinical groups had significantly more sensory-related behaviors than typically developing
children, with contrasting profiles. The ASD group had more taste/smell sensitivity and sensory
underresponsivity while the SMD group had more atypical sensory seeking behavior. This
study provides preliminary evidence distinguishing sympathetic nervous system functions
and sensory-related behaviors in Autism Spectrum Disorder and Sensory Modulation Disorder.
Differentiating the physiology and sensory symptoms in clinical groups is essential to the

provision of appropriate interventions.
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INTRODUCTION
Sensory processing involves the ability to take in, organize and make
sense of different kinds of sensations received by the brain. Rates of
sensory processing dysfunction may be as high as 90% in individuals
with Autism Spectrum Disorder (ASD) (Baraneket al., 2006; Leekam
et al., 2007; Tomchek and Dunn, 2007; Baker et al., 2008) and are
estimated to be between 5% and 16% in the general population
(Ahn et al., 2004; Ben-Sasson et al., 2009). When children present
with sensory processing impairments in the absence of any other
childhood disorder it is known as idiopathic Sensory Processing
Disorder (SPD) (Miller et al., 2007a). There are three primary sub-
types of SPD: Sensory Modulation Disorder, Sensory-based Motor
Disorder and Sensory Discrimination Disorder (Miller et al.,2007a).
The focus of this paper is on Sensory Modulation Disorder, which is
characterized by difficulty regulating one’s responses (i.e. duration,
intensity, and/or type of response) in a flexible and adaptive manner
to sensory experiences that occur in daily life. Because SMD is related
to grading one’s responses to sensations from the environment, pat-
terns of responsivity may vary throughout the day and from day to
day depending on the context (World Health Organization, 2001;
Zero To Three, 2005; Miller et al.,2007a). Therefore, to be considered
a disorder, the responses to sensory input must significantly impair
the successful performance of one’s daily activities and routines.
The literature on sensory processing disorders primarily uti-
lizes two forms of data: (1) parent/caregiver report measures that
describe sensory-related behaviors and (2) physiological measures

that provide information about arousal and sensory reactivity.
Atypical behavioral and physiologic responses to sensory stimuli
are reported in various groups with clinical diagnoses (Ermer and
Dunn, 1998; Miller et al., 1999; Rogers et al., 2003; Leekam et al.,
2007), but few studies compare sensory symptoms across clinical
conditions. Both individuals with ASD as well as children with
idiopathic SMD present with behavioral and physiological features
attributed to sensory processing difficulties that are qualitatively and
quantitatively different from typically developing children (Kientz
and Dunn, 1997; Baranek, 1999; McIntosh et al., 1999a; Watling
et al., 2001; Leekam et al., 2007; Tomchek and Dunn, 2007; Kern
et al., 2008; Reynolds and Lane, 2008). Clinical evidence suggests
that the sensory-related behaviors in ASD and SMD may overlap,
but no studies directly compare the sensory processing dysfunction
of these groups (Baranek, 1999; Watling et al., 2001; Rogers et al.,
2003; Leekam et al., 2007). A better understanding of the simi-
larities and differences in sensory functioning between these two
clinical disorders is crucial to differential diagnosis and can have a
profound impact on treatment planning (Baranek et al., 2007).
In both ASD and SMD, the atypical sensory processing is associ-
ated with significant problems in adaptive behavior and participa-
tion in daily life activities (Cohn et al., 2000; Rogers et al., 2003; Kern
et al., 2006; Hilton et al., 2007; Bar-Shalita et al., 2008). Children
with sensory processing difficulties often suffer from impaired self-
esteem, anxiety, depression, or aggression (Pfeiffer et al., 2005),
that result in problems in social participation (Baker et al., 2008),
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self-regulation, and impaired sensorimotor skills needed for daily
life tasks (Cohn et al., 2000; Talay-Ongan and Wood, 2000; Smith
etal., 2005; Ashburner et al., 2008). Lack of participation in daily
sensory experiences (e.g. avoidance of playground activities, play
with textured materials, or social interactions) can also signifi-
cantly impact a child’s learning opportunities due to decreased
active exploration of the environment (Baranek, 2002).

SENSORY PROCESSING IN CHILDREN WITH ASD

A wide range of sensory disturbances are reported in children
with ASD (Baranek, 1999; Iarocci and McDonald, 2006; Liss et al.,
2006; Ben-Sasson et al., 2007; Kern et al., 2007; Baker et al., 2008;
Minshew and Hobson, 2008). Evidence suggests the profile of
atypical sensory-related behaviors in children with ASD is dif-
ferent than children with other developmental disorders (Ermer
and Dunn, 1998; Rogers et al., 2003; Baranek et al., 2006), but
studies differ on the sensory domains highlighted. For example,
a study of sensory symptoms in ASD compared to children with
mental retardation noted greater tactile seeking (rubbing objects,
flicking fingers), movement seeking (rocking, jumping), visual
avoidance (poor eye contact) and auditory under-responsivity
(lack of response to verbal input) in children with ASD (Adrien
et al., 1987). Rogers et al. (2003) found more sensory symptoms in
children with ASD compared to children with developmental dis-
abilities of mixed etiology, but no difference compared to children
with Fragile X syndrome. In their study, children with ASD scored
most impaired in taste/smell sensitivity on the Short Sensory
Profile (McIntosh et al., 1999b) compared to all other groups
(Rogers et al.,2003). Similarly, Leekam et al. (2007) found a greater
number of sensory symptoms in children with ASD compared to
children with developmental disability or language impairment,
especially in the taste/smell domain. Ermer and Dunn (1998) con-
ducted a discriminant analysis identifying factors on the Sensory
Profile (Dunn, 1997b) that differentiated children with ASD from
children with Attention Deficit/Hyperactivity Disorder (ADHD).
They found that children with ASD had a lower incidence of
sensory seeking behaviors and a higher incidence of oral sensitiv-
ity. Using the Sensory Experiences Questionnaire, Baranek et al.
(2006) suggests the feature that most discriminates preschool
children with autism from typically developing peers, as well as
from developmentally delayed children is under-responsiveness
to both nonsocial (i.e. objects and materials) and social stimuli.
However, none of these studies compared children with ASD to
children with idiopathic SMD.

SENSORY MODULATION DISORDER

One subtype of Sensory Processing Disorder is called Sensory
Modulation Disorder (SMD). It is characterized by difficulty
responding to sensory input in a flexible and adaptive manner in
order to participate successfully in daily life. Children with SMD
can display a range of sensory symptoms. One nosology of SMD
includes three subtypes, Sensory Over-responsivity, Sensory Under-
responsivity and Sensory Seeking/Craving (Miller et al., 2007b).
Individuals with Sensory Over-responsivity often display negative
responses to touch, sound or bright lights. Behaviorally they avoid
certain sensory experiences or have extreme emotional reactions
to typically non-aversive sensory stimuli (Kinnealey et al., 1995;

Dunn, 1997a; Bar-Shalita et al., 2005; Miller et al., 2007b). On the
other hand, individuals with Sensory Under-responsivity ignore
or do not notice typical sensory stimuli (Dunn, 2001; Miller et al.,
2007b). They appear passive, uninterested in the environment
and often lazy or lethargic, which is hypothesized to be caused by
the inability of the sensory information to reach their threshold
for awareness. Lastly, individuals with Sensory Seeking/Craving
excessively crave sensory experiences (Miller et al., 2007b) and are
described behaviorally as “always on the go”, often appearing reck-
less and dangerous in their attempts to fulfill their sensory needs.
There is also a wide range of normal responses to sensory input.
Therefore, individuals are only considered to have a “disorder” when
their responses to sensory input are so extreme that it interferes
with daily functioning at home (i.e. self-care, eating, sleeping), in
school and in interactions with peers or adults.

PHYSIOLOGICAL MEASURES

Preliminary physiological evidence implicates both sympathetic
(MclIntosh et al., 1999b; Schoen et al., 2008a) and parasympathetic
impairments (Schaaf et al., 2003) in individuals with atypical sen-
sory processing (McIntosh et al., 1999b; Schaaf et al., 2003; Schoen
et al., 2008a). McIntosh et al. (1999b) reported increased sympa-
thetic reactivity and slower habituation as measured by electroder-
mal activity (EDA) in children with idiopathic SMD and Schaaf
etal. (2003) found decreased parasympathetic activity measured
by Vagal tone. Common to these studies was the use of a labora-
tory paradigm called the Sensory Challenge Protocol Space Lab.
This paradigm measures physiological arousal and reactivity of
participants to a series of challenges across five sensory domains:
auditory, visual, tactile, olfactory and movement (Miller et al., 1999,
2001). However, these pilot studies have not yet been replicated.
Additionally, these earlier studies include only reactivity to sensory
stimuli and did not examine physiological arousal prior to or fol-
lowing the sensory challenges.

While EDA is useful for indexing psychological processes (e.g.
anxiety), it may be more difficult to identify specific brain centers
and pathways given its multiple levels of control. EDA is influenced
by the reticular formation (Sequeira et al., 2009), the hypothala-
mus, limbic system (i.e. amygdala, hippocampus, and cingulate
gyrus) and frontal cortex (Lee et al., 1988; Mangina and Beuzeron-
Mangina, 1996; Sequeira et al.,2009). EDA is often used as a general
arousal/attention indicator. For example, change in skin conduct-
ance level in the absence of a stimulus is an important indicator of
an individual’s state of arousal and alertness. During the Sensory
Challenge Protocol, skin conductance responses are hypothesized
to be the result of “perceived” significance of the sensory stimulus
as well as reflecting affective processes in response to the “perceived”
impact of the stimulus. EDA changes associated with orienting
and attention are likely modulated by prefrontal cortical activity;
and EDA changes associated with affect are likely modulated by
the amygdala and limbic system (Edelberg, 1973; Boucsein, 1992;
Hugdahl, 1995; Dawson et al., 2000).

Findings from research examining arousal and reactivity of chil-
dren with ASD using physiological markers of sympathetic nervous
system functioning have produced differing results. In general, two
patterns have been reported: (1) a high degree of non-responding
(van Engeland et al.,, 1991) and (2) high resting (baseline) levels
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of arousal (van Engeland et al., 1991; Hirstein et al., 2001). Less
consistent findings are reported for reactivity measures, with both
higher reactivity (James and Barry, 1984; Barry and James, 1988;
Hirstein et al., 2001) as well as no differences compared to typical
controls (Palkovitz and Wiesenfeld, 1980; Stevens and Gruzelier,
1984). It is suggested that individuals with ASD may have two dif-
ferent patterns of responding, (1) a pattern of high arousal and
high reactivity or (2) a pattern of low arousal and low reactivity
(Hirstein et al., 2001). However, the lack of a typical comparison
group precluded determining if these patterns were different from
typically developing children. The sensory abnormalities in ASD
were hypothesized to be related to over-arousal (Hutt and Hutt,
1964; Dawson and Lewy, 1989) and under-arousal (Rimland, 1964;
DesLauriers and Carlson, 1969), but empirical evidence is scarce
related to the underlying physiology (Rogers and Ozonoff, 2005).

Clinical evidence suggests that the sensory symptoms in ASD
and SMD overlap and differential diagnosis of these two groups
may be confounded by similarities in sensory-related abnormali-
ties. To date, no studies have compared the behavioral and physi-
ological profiles of children with ASD to those who have idiopathic
SMD. Studies comparing sympathetic markers of arousal and reac-
tivity to sensory stimuli and behavioral symptoms are needed.
Describing different behavioral features of atypical sensory
processing along with an examination of physiological measures
may be crucial in differentiating clinical groups. Understanding
the sensory problems of both ASD and SMD is essential to the
provision of appropriate treatments.

The purpose of this study was to evaluate physiological and
behavioral measures of children with ASD and SMD and to address
the following questions:

1. Do children with ASD have different markers of sympathetic
nervous system functioning, as measured by electrodermal
activity (EDA), during sensory challenges compared to chil-
dren with SMD?

2. Do children with ASD have different sensory-related beha-
viors, as measured by the Short Sensory Profile, compared to
children with SMD?

It is hypothesized that children with SMD have atypical physi-
ological reactivity, while children with ASD have atypical arousal
(Schoen et al., 2008b). In addition, differences in sensory —related
behaviors are hypothesized in sensory under-responsivity and taste/
smell sensitivity (Miller et al., 2001; Rogers et al., 2003; Ben-Sasson
et al., 2009).

MATERIALS AND METHODS

PARTICIPANTS

Forty children with Autism Spectrum Disorder (i.e. Asperger
Syndrome or High Functioning Autism) ages 5-15 (mean = 9.3,
SD = 2.74) participated in this study. Participants were recruited
from the Autism and Developmental Disabilities Research Group
of the University of Colorado, Denver, where they were evalu-
ated by licensed clinical psychologists with specialized training
in assessment of ASD. Children met stringent diagnostic criteria
for ASD based on clinical judgment and scores above the cutoff
on the Autism Diagnostic Observation Scale (ADOS, Lord et al.,

1999) and the Social Communication Questionnaire (Berument
et al., 1999). Full-scale IQ scores were above 70 on the Leiter-
Revised International Performance Scale, a nonverbal IQ scale
(M =100; SD =15). A diagnosis of either Asperger Syndrome
or High Functioning Autism was determined by the experienced
psychologists, relying upon the Autism Diagnostic Observation
Scale, the Social Communication Questionnaire, and develop-
mental history data.

Of the 40 children referred for the study, two were unable to
complete testing due to anticipation anxiety related to the labora-
tory protocol. Thus, the sample size for the study was 38, with 11
Asperger Syndrome and 27 High Functioning Autism participants.
Ninety-three percent of the ASD participants were male and 80%
were Caucasian.

Thirty-one children with Sensory Modulation Disorder
(SMD), ages 5-13 years (M = 8.0, SD = 1.93) participated in this
study. Participants were recruited from the Sensory Therapies
And Research (STAR) Center, a multi-disciplinary private clinic
near Denver, CO. All children were referred for atypical sensory
responsivity by a clinician, pediatrician, psychologist or parent.
Inclusion was based on a comprehensive Occupational Therapy
Assessment by certified occupational therapists with specialized
training and mentorship in identifying SMD. A combination of
clinical observation and in-depth parent interview of sensory
functioning related to SMD were used to assess children. Clinical
observations included responses to sensory experiences during a
standardized developmental motor scale, clinical observations in
an occupational therapy gym of responses to sensory activities and
materials. Specific guidelines for identifying SMD are available in
two recently published diagnostic manuals: DC-0-3 (Zero To Three,
2005) and the Diagnostic Manual for Infancy and Early Childhood
(2005). Appendix III of the Diagnostic Manual for Infancy and
Early Childhood (2005) served as a guide for the clinical assess-
ment of SMD in this study and provided the structure for both the
observations of the child and the caregiver/parent questions and
interview concerning aspects of sensory functioning. For exam-
ple: a child who avoids exploring the environment and appears to
display overt signs of “fight or flight” behaviors when presented
with particular sensory stimuli reflects sensory over-responsivity;
a child who does not attend or orient to salient stimuli in the envi-
ronment would indicate sensory under-responsivity; a child who
craves high intensity sensory input, tends to get over-aroused and
behaviorally disorganized is suggestive of sensory seeking/craving.
A more complete description and sample questions are available in
Appendix III, on pages 289-305 (Diagnostic Manual for Infancy
and Early Childhood 2005).

Currently there is no reliability and validity data on this method
of SMD assessment. Therefore, all observations using this guide
are considered clinical. The final determination that a child had
SMD was a global/overall impression of the occupational therapist
based on the available evidence (i.e. child observation and parent
interview). Children with medical conditions such as cerebral palsy,
Down syndrome, fragile X syndrome and those who had global
developmental delays were excluded. Four of the participants had
clinical diagnosis of Attention deficit/hyperactivity disorder, one
of whom also had a diagnosis of generalized anxiety disorder. The
SMD study participants were 77% male and 87% Caucasian.
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Thirty-three typically developing children (TYP) ranging
in age from 4-12 (mean = 8.1, SD = 2.44) were recruited from
the University of Colorado at Denver. All participants passed a
Telephone Screen for Recruitment ensuring that they did not
have any of the following: birth risk factors, history of neuro-
logical abnormalities, behavioral or learning disabilities and/or
unusual sensory sensitivities. Parents of typically developing chil-
dren reported age appropriate behavior and learning abilities.
Forty-seven percent of the typical participants were male and
75% were Caucasian.

Intelligence IQ was not assessed for the typical or SMD groups.
Based on previous experience, lower IQs are not expected in chil-
dren with SMD or typical controls (McIntosh et al., 1999b).1Q was
assessed for the ASD group because of the wide variability in this
population and the report of a relationship between IQ and physi-
ology (Stevens and Gruzelier, 1984; Martinez-Selva et al., 1995).
Participants over 7 years and all parents provided written consent,
using procedures approved by the Institutional Review Board of
the University of Colorado, Denver.

INSTRUMENTATION

Physiologic laboratory protocol

The Sensory Challenge Protocol Space Lab is a physiologic laboratory
paradigm (McIntosh et al., 1999b; Miller et al., 1999,2001; Mangeot
etal.,, 2001; Hagerman et al., 2002) during which arousal (tonic)
and reactivity (phasic) measures of electrodermal activity (EDA)
are collected with palmar electrodes using the PSYLAB System
(Contact Precision Instruments, Cambridge MA).

The laboratory is decorated to look like a pretend spaceship
with walls painted to look like three dimensional space ship panels
and with low light levels in the room. A small console, the “control
panel for our space ship”, is centered in front of the child with
video monitor and strobe light. The child is seated in a sturdy arm-
chair mounted on a motorized tilting frame. As the experimenter
attaches electrodes to the child, the child watches an appropriate
part of Apollo 13, depicting astronauts donning spacesuits and
being strapped into the spaceship. Subsequently, EDA is recorded
continuously during a 3-min baseline period, followed by the pres-
entation of 48 sensory stimuli (Miller etal., 1999, 2001). Eight
trials are administered to the participant in the following order
during the sensory phases of the paradigm: auditory (tone), visual
(flash), auditory (siren), olfactory (wintergreen), tactile (feather)
and vestibular (chair tip). Each 3-s stimulus is presented in a
pseudo-random schedule 10-15 s apart. Participants are not spe-
cifically directed to attend to the stimuli nor are they required to
complete a task. Presentations of auditory, visual, and vestibular
stimuli are automatically controlled by the Psylab computer pro-
gram. Olfactory and tactile stimuli are administered by a trained
experimenter, who receives instructions through headphones so
that administration of the stimuli is consistent and synchronized
with the computer program. The computer program automati-
cally tags the onset of each of stimuli in the EDA data record so
that skin conductance responses to the discrete stimulus can be
analyzed. Discrete stimulus elicited skin conductance responses are
only recorded if the onset is between 0.8 and 5 s after the stimulus
and the response is at least 0.02 microSeimans (uS). The signals
are sampled at 1000 Hz, digitized, stored on a computer, and later

reduced using PSYLAB (Contact Precision Instruments, Cambridge
MA). The experiment ends with a 3-min recovery period during
which no stimuli are delivered.

Arousal measure. Tonic EDA is the arousal measure collected dur-
ing the baseline period prior to administering any stimuli during
the Sensory Challenge Protocol. This variable is called baseline skin
conductance level and is defined as the average amplitude of 18
sequential 10-s blocks of skin conductance responses recorded over
a3-min period during baseline. During the baseline period the child
is asked to sit quietly and no stimuli are presented.

Reactivity measures. Sensory reactivity in each of the six sensory
phases is evaluated by four phasic, stimulus-related, EDA variables.
The phasic variables include: (1) Orienting response, amplitude of
the initial stimulus response (excluding trials in which there was
a zero response); (2) Magnitude of response (MAG), amplitude of
baseline to peak amplitude averaged across all eight skin conduct-
ance responses (including zero for trials in which there was no
response) within each sensory domain; (3) Amplitude of response
(AMP), the amplitude of baseline to peak amplitude averaged across
all skin conductance responses (excluding trials in which there was
no response) within each sensory domain; and, (4) non-responding,
the percentage of each group that had no response on the first two
trials in at least one sensory domain as recommended by Ohman
etal.(1989) and Iacono et al. (1999). During the stimulation phase
of the experiment, valid responses are defined as peak amplitudes
that are greater than 0.02 pS and occur between 0.8 and 4.0 s after
stimulus onset.

Parent report measure of sensory-related behaviors

Short Sensory Profile. Sensory-related behaviors are the parent
reported sensory problems reflected by items on the Short Sensory
Profile (developed by McIntosh et al. 1999b), a 38-item version
of the Sensory Profile (Dunn, 1999). The Short Sensory Profile is
comprised of seven subtests, four evaluating parent perceptions
of sensory over-responsivity in touch, vision/sound, taste/smell,
and movement, one evaluating auditory filtering, one evaluating
under-responsivity, called “low energy/weak’, and one evaluating
sensory seeking. Reliability of the Short Sensory Profile = 0.90 and
discriminant validity is >95% (McIntosh et al., 1999a).

PROCEDURES

ASD and SMD participants attended two sessions. Session one was
a Diagnostic Assessment of either (1) ASD, conducted at The Autism
and Developmental Research Group at the University of Colorado,
Denver, or (2) identification of SMD at The Sensory Therapies And
Research (STAR) Center in Greenwood Village, CO. Parent report
measures were obtained in Session one. Session two was adminis-
tration of The Sensory Challenge Protocol Physiological Assessment,
conducted at the SPD Foundation in Greenwood Village, CO.
Typical controls were screened on a telephone interview to ascer-
tain “normality” based on no prenatal or post-natal complications,
good academic achievement and typical socialization as reported by
parent. Controls were seen only for Session 2, the Sensory Challenge
Protocol Physiological Assessment at the SPD Foundation. Children
were compensated for their participation.
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DATA ANALYSES

Arousal (skin conductance level), reactivity (orienting response,
MAG, AMP) and sensory-related behaviors (Short Sensory Profile)
were analyzed in a series of repeated measures, mixed model analy-
ses of variance (ANOVAs). The dependent variables were skin con-
ductance level, orienting response, AMP, MAG and Short Sensory
Profile subtest raw scores. Group (ASD, SMD, and TYP) and gender
were the between condition factors and sensory domain (e.g. visual,
auditory, tactile etc.) and trials (1-8) were the repeated measure
factors. Bonferroni corrections were applied to adjust for multi-
ple comparisons in post hoc analyses of significant interactions or
significant main effects.

The distribution of the electrodermal variables skin conduct-
ance level, orienting response, AMP and MAG were evaluated for
normality. Neither the arousal nor the reactivity variables were
normally distributed (Shapiro-Wilk, p < 0.001). Log transforma-
tions were conducted, but significant skewness and kurtosis of the
distribution remained. Thus, raw data were used for all analyses
because multivariate ANOVAs are robust to departures from nor-
mality (Bagiella et al., 2000).

Chi square tests compared non-responding (NR), and mean
age across groups.

Correlations and scatterplots were used to examine age trends
and relationships among arousal and reactivity variables.

Short Sensory Profile z scores were used to classify participants
in each group using a cutpoint of —2 standard deviations below
the mean of the standardization sample (McIntosh et al., 1999a) to
reflect clinically significant impairment in sensory-related behav-
iors. Percentages in each group were calculated for Short Sensory
Profile subtest impairment.

RESULTS

PHYSIOLOGY VARIABLES

Chi square analysis of age revealed no significant differences
between groups (y* = 194.73, p = 0.431), thus age was not included
as a covariate in subsequent analyses. Since the gender distribution
was different for the typical group compared to the two clinical
groups, gender was included as a covariate in the analyses.

Arousal

Statistical analyses revealed that arousal at baseline (skin conduct-
ance level) were significantly lower in the ASD group than either
the SMD group or the TYP group (see Figure 1).

There was a significant main effect of group (F, . = 14.03;
p<0.001) and an interaction between group and gender
(F, 155 = 11.41; p < 0.001). Post hoc pairwise comparisons with
Bonferroni adjustments for multiple comparisons showed ASD
differed significantly from SMD (p < 0.001) and TYP (p < 0.001),
but SMD did not differ significantly from TYP. Gender differ-
ences were as follows: TYP and SMD males had lower baseline
arousal than TYP and SMD females; while the reverse was true
for ASD (i.e. males had higher baseline arousal than females).
However, these gender differences are extremely preliminary
since only 7% of the ASD group and 23% of the SMD group were
females. Thus, possible gender differences need to be explored
in another study in which the gender of the participants is more
evenly matched.

11.0
105

cond
I Typical
4 T SMD
95 ASD

9.0

10.0

8.5
8.0
7.5
7.0
6.5
6.0
5.5
50

45
4.0
35
3.0
25+
20
157
1.0
05
0.0 T T T T T T T T T

Mean Baseline Skin Conductance Level (+/-1 SE)

T T T T T T T T T
10 11 12 13 14 15 16 17 18
Time in 10 Second Intervals

FIGURE 1 | Amplitude of baseline arousal by group.

Reactivity

There was no significant gender effect or significant interaction
between gender and any of the other factors so it was removed
from the analyses.

Statistical analyses of three reactivity variables (MAG, AMP and
orienting response) demonstrated higher overall reactivity in SMD
compared to the ASD and TYP. The ASD group was consistently
the lowest across all sensory domains (see Figure 2).

For MAG and AMP there was a significant main effect of
domain (F, ., = 53.45; p<0.001; F, = 43.44, p<0.001) and a
significant interaction between group and domain (F ,., = 4.09,
p<0.001; F =230, p<0.012). For orienting response there
was a significant main effect of group (F, ,, = 7.10; p < 0.001) and
domain (F,,,, = 41.81; p <0.001). Post hoc pairwise comparisons
by domain with Bonferroni adjustments for multiple comparisons
revealed that the SMD group had significantly higher values for
MAG, AMP and orienting response than the TYP group in 4 of
6 sensory domains (i.e. Tone, Visual, Siren, and Movement; see
Figure 2) and compared to the ASD group for MAG and AMP
in 5 of 6 sensory domains (i.e. Tone, Visual, Siren, Olfactory and
Movement; see Figure 2).

For both MAG and AMP there was also a significant main effect
of trial (F, ., = 124.01,p < 0.001; F, .. = 91.97,p < 0.001) and a sig-
nificantinteraction between group and trial (F, .| = 6.34,p <0.001,
FM’2443 =3.64; p<0.001). A decreasing mean MAG and AMP from
trial 1 to trial 8 for all groups across all domains reflects habitua-
tion to the stimuli with repeated exposures by all three groups. The
interaction between group and trial reflects different rates/amount
of change across trials within each group. The SMD group had the
greatest amount of change from trial 1 to trial 8 because of the large
orienting responses in this group, while the ASD group had smaller
orienting responses, thus less range in which they could change and
a smaller amount of change from trial 1 to trial 8.

No significant differences were found for MAG, AMP or orient-
ing response in the olfactory domain among the three groups or
in the tactile domain between SMD and TYP. However, the mean
response in both olfactory and tactile domains for MAG, AMP and
orienting response were higher in SMD than ASD.
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FIGURE 2 | Reactivity variables across groups. (A) Average magnitude, (B) Average amplitude, (C) Average orienting response.
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Non-responding

Nineteen percent of the SMD group was defined as non-responding,
whereas 34% of the ASD group and 27% of the TYP group were
non-responding. There were no significant differences among the
three groups (y* = 1.89; p = 0.388).

Association among arousal vs reactivity variables

The average magnitude (MAG) in each sensory domain was sig-
nificantly correlated with baseline skin conductance level for both
the ASD (r = 0.439 t0 0.960) and TYP (r = 0.379 to 0.938) groups.
For the SMD group, there were no significant correlations between
MAG and baseline skin conductance level.

SENSORY-RELATED BEHAVIORS
Short Sensory Profile findings are reported in Table 1.

Total Short Sensory Profile scores indicate that 84% of the ASD
group obtained scores below —2SD as compared to 66% of the SMD
group and none of the TYP group. The ASD and SMD groups both
showed significant impairment in auditory filtering, but differed
in other sensory-related behaviors. The ASD group had greater

Table 1 | Percentage of groups with clinically significant symptoms.

ASD SMD
Total score 84% 66%
Domain
Auditory filtering 76% 77%
Sensory seeking 47% 61%
Visual/auditory sensitivity 29% 42%
Low energy weak 71% 45%
Tactile sensitivity 61% 42%
Taste/smell sensitivity 55% 32%
Movement sensitivity 34% 23%

impairment in “low energy weak” a measure of proprioceptive and
vestibular under-responsivity, tactile sensitivity and taste/smell sen-
sitivity, while the SMD group had greater impairment in sensory
seeking and in visual/auditory sensitivity. Neither group showed a
high percentage of impairment in movement sensitivity; however
the ASD was somewhat higher.
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Statistical analyses of Short Sensory Profile raw scores across
the three groups revealed a significant main effect of group
(Fz,536 =176.67, p <0.001) and domain (F&195 =211.48,p <0.001)
as well as a significant interaction between group and domain
(F, 45 = 7.66,p < 0.001). Both the ASD and the SMD groups were
significantly different than the TYP group across all Short Sensory
Profile subtests and for the total score (p < 0.001). Post hoc pair-
wise comparisons by subtest between the ASD and SMD groups
approached significance in taste/smell sensitivity, with greater
impairment reported in the ASD group (p = 0.056).

Visual analysis of the data (see Figure 3) revealed patterns that
were different for ASD and SMD, generating hypotheses for fur-
ther follow up. The horizontal line represents the cutpoint of —2
standard deviations below the mean of the standardization sample,
which was used to reflect areas of dysfunction.

The ASD group had a greater percentage of individuals with
clinically significant impairment (i.e. <=2SD) on “low energy weak’,
a measure of proprioceptive and vestibular under-responivity
(%*=0.268; p < 0.028). Although not significant, the ASD group
also had a higher percentage of individuals with taste/smell sensitiv-
ity and the SMD group had greater percentage of individuals with
clinically significant impairment in sensory seeking. Both groups
had clinically significant impairment in tactile sensitivity, but not
in movement sensitivity.

RELATIONSHIP AMONG PHYSIOLOGICAL AND SENSORY-RELATED
BEHAVIORAL MEASURES

No significant correlations were found between Short Sensory
Profile domains and each of the reactivity variables (MAG, AMP,
orienting response).

DISCUSSION

This study is the first research to compare and contrast the physi-
ological reactions to sensory stimulation and the sensory-related
behaviors of children with ASD and children with SMD. Few studies
compare physiological and behavioral measures of a clinical popu-
lation to another group other than typically developing children
(Ben-Sasson et al., 2009).

cond

WP
@ smMD

Mean z Scores (+/- 1 SE)

tactile

sensory seeking | visual/auditory movement
taste/smell auditory filtering low energy weak total

Sensory Domain

FIGURE 3 | Classification of sensory-related behaviors in ASD and SMD.

PHYSIOLOGICAL MEASUREMENT OF AROUSAL AND REACTIVITY
Differences in sympathetic nervous system functioning were found
between children with ASD compared to children with SMD. As
hypothesized, children with ASD had atypical physiological arousal
while children with SMD had atypical physiological reactivity.
Specifically, the ASD group had significantly lower arousal at base-
line than both the SMD and typical controls, and the SMD group
had higher reactivity across sensory domains compared to both
the ASD and typical controls. Although not reaching statistical
significance, the ASD group also had a higher percentage of children
who demonstrated non-responding to the first two trials of sensory
stimulation in at least before one sensory domain.

These findings confirm previous pilot data using the Sensory
Challenge Protocol Space Lab as well as differentiating the ASD
and SMD clinical groups. Miller et al. (2001) compared the elec-
trodermal activity (EDA) of children with ASD, fragile X, SMD,
Attention deficit/hyperactivity disorder and typical controls. As
in the present study, children with ASD were less reactive to all
sensory stimuli compared to typically developing children and
especially compared to children with SMD, who were also over-
reactive across all sensory modalities compared to typical controls.
Furthermore, this study cross-validates the finding of McIntosh
et al. (1999b) of greater physiological reactivity in children with
SMD. Stimuli in the Sensory Challenge Protocol are presented
passively and do not require an active response on the part of the
individual. Therefore, the increased reactivity in children with
SMD is assumed to reflect increased perceived significance and
impact of the sensory stimuli and not a function of changes in
attentional processes. Future studies should explore this hypothesis
by including an attention measure.

As in the typical group, both the ASD and the SMD groups
displayed progressively lower amplitude responses across the eight
trials in each sensory domain, suggestive of habituation. This find-
ing is contrary to a previous pilot study in the Sensory Challenge
Protocol Space Lab that showed poor habituation in children with
SMD (Mclntosh et al., 1999a). Other studies suggest differences in
habituation patterns may not exist amongst children with autism,
cognitive delay and typical controls (Stevens and Gruzelier, 1984;
van Engeland, 1984; van Engeland et al., 1991; Baranek et al., 2007).
The current study provides further support that children with clini-
cal disorders demonstrate habituation to repeated sensory stimuli.
Thus, it is unlikely that a lack of habituation to sensory stimuli is
related to the atypical sensory-related behaviors of these children
with ASD or SMD.

Rather, differences in rates of non-responding (i.e. not orienting
to novel stimuli) in young children may correspond to the atypical
sensory-related behaviors reported in ASD. Deficits in orienting
responses to social and non-social sensory stimuli have been found
in young children with ASD (Dawson et al., 1998; Baranek et al.,
2007). Although not significant, the current study also found the
highest percentage of non-responding in the ASD group. The lack
of significance in the current study may be influenced by the older
age (5-13 years) of the current ASD sample compared to the pre-
vious studies (5 months to 6 years) that found significantly less
orienting (Dawson et al., 1998; Baranek et al., 2007). Other studies
have also reported children with autism not responding to the first
sensory stimulus (van Engeland, 1984; Hirstein et al., 2001; Schoen
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et al., 2008b). Consequently, in young children a lack of orienting
may be an early indicator of ASD and may also differentiate young
children with autism from those with SMD. Additional studies are
needed to determine if lack of orienting is a consistent finding in
children with ASD.

A strong association was found between baseline arousal and
reactivity in ASD and typical controls, but not in SMD children;
children in the ASD and TYP groups who had higher arousal,
tended to have higher reactivity, while those with lower arousal
tended to have lower reactivity. This finding is consistent with
previous research in children with ASD (Schoen et al., 2008a) that
demonstrated a similar relationship between arousal and reactivity
measures. However, unlike Schoen et al. (2008a), two separate pat-
terns of arousal and reactivity, (i.e. high, high and low, low) were not
apparent in the present study. Rather, the children with ASD in this
study seemed to reflect only physiologic hypo-arousal, especially
when compared to children with SMD or typical controls. On the
other hand, children with SMD had consistently high reactivity
regardless of whether their arousal was high or low at baseline.
This corresponds to clinical observations of children with SMD, in
that those who are over-responsive to sensory input often become
over-aroused (Lane, 2002). This suggests that high physiological
reactivity in children with SMD may be related to behavioral obser-
vations of over-arousal even though the underlying physiological
mechanisms of arousal and reactivity are different.

The two atypical patterns of EDA found in this study (i.e. hypo-
arousal in ASD and heightened reactivity in SMD compared to
typical controls) are similar to reports in the schizophrenia litera-
ture. In schizophrenia atypical patterns of EDA predict functional
outcomes (Schell et al., 2005). Schell et al. (2005) suggest that the
relationship between EDA and good outcomes can be understood
by Hebb’s (1949, 1955) classic inverted-U relationship between
arousal and performance. This theoretical perspective depicts
optimal performance as dependent on both arousal level and per-
ceived stimulus intensity and that both ends of the continuum
represent abnormality. It is possible that our sample of children
with SMD resemble individuals with schizophrenia who have atypi-
cally high EDA. Schell et al. (2005) propose that these individuals
have impaired information processing resulting in misinterpre-
tation of stimuli and a reduction in one’s ability to discriminate
between relevant and irrelevant information. Similarly, our sample
of children with ASD resembles individuals with schizophrenia who
have extremely low levels of arousal. These individuals may have
a diminished capacity to allocate attentional resources to process
environmental stimuli (Schell et al., 2005).

Practitioners working with children with ASD or SMD often
note that over-reactivity can lead to over-arousal, anxiety, attention
problems, behavioral disorganization and poor adaptive environ-
mental interactions (Lane, 2002; Miller et al., 2007b). In addition,
under-reactivity can co-occur with under-arousal, decreased aware-
ness of environmental stimuli and seeming lack of inner drive to
initiate socialization and exploration (Miller et al.,2007b). Although
arousal and sensory reactivity are physiologically different, clinically
children often present with both behavioral over-responsivity to
sensory input and concomitant signs of over-arousal, or behavioral
under-responsivity and under-arousal, which impair their ability
to function successfully in daily life activities (Lane, 2002).

Behaviors seen in children with SMD often resemble some
behaviors of children with anxiety disorders or Attention Deficit
Hyperactivity Disorder (ADHD). Of the thirty-one participants
with SMD, one had a clinical diagnosis of Generalized Anxiety
Disorder and four had ADHD. Since all other SMD and ASD par-
ticipants were not screened for an anxiety or ADHD diagnosis, it
is unknown the extent to which co-morbidity may have impacted
these findings. In addition, the psychophysiology literature sug-
gests patterns of arousal and reactivity in children with anxiety
(Rabavilas, 1989; Birket-Smith et al., 1993; Jensen et al., 1996) or
ADHD (Shibagaki et al., 1993; Zahn and Kruesi, 1993; O’Connell
et al., 2004; Lawrence et al., 2005) which should be differentiated
from children with SMD in future studies.

MEASUREMENT OF SENSORY-RELATED BEHAVIORS
Both ASD and SMD groups had significantly more sensory-related
behavioral symptoms than typically developing controls. In addi-
tion, both similarities and differences were observed between
children with ASD compared to children with SMD. Similarities
between the two clinical groups included impairment in auditory
filtering and tactile sensitivity, with few symptoms of movement
sensitivity. However, the SMD group was characterized by higher
sensory seeking behavior, while the ASD group had a higher per-
centage of low energy weak scores, possibly indicative of sensory
under-responsivity. The ASD group also had more impairment in
taste/smell sensitivity, similar to previous reports (Ermer and Dunn,
1998; Miller et al., 2001; Lane, 2002; Rogers et al., 2003).
Previous studies comparing sensory-related behaviors of chil-
dren with autism to typically developing children or to children
with other developmental delays, have found that the ASD group
demonstrate greater Sensory Under-Responsivity (as reviewed in
Ben-Sasson et al., 2009). In fact, Sensory Under-Responsivity (also
known as hypo-responsiveness) in ASD is reported to be the most
common atypical sensory-related behavioral problem in ASD rela-
tive to the other sensory modulation subtypes (Rogers and Ozonoff,
2005; Adamson et al., 2006; Baranek et al., 2006; Ben-Sasson et al.,
2007). One of the limitations of the Short Sensory Profile scale
is that the sensory seeking subtest is labeled under-responsivity/
sensory seeking; however, in more recent conceptual models, the
“low energy/weak” subtest has been shown to be a better indicator
of sensory under-responsivity in the vestibular and proprioceptive
domains (Miller et al., 2007b). Using “low energy/weak” to reflect
sensory under-responsivity, the ASD group in this study had a signif-
icantly higher frequency of sensory under-responsivity and a lower
frequency of sensory seeking behaviors than the SMD group.
Some research suggests that incidence of taste/smell sensitivity is
greater in children with ASD (Ermer and Dunn, 1998; Miller et al.,
2001; Rogers et al., 2003). The current study also showed a greater
percentage of clinically significant symptoms of taste/smell sensitiv-
ity in children with ASD compared to SMD. Furthermore, research
suggests that feeding problems in some children with ASD may
be the result of over-responsivity to food textures, tastes or smells
(Schreck and Williams, 2006; Martin et al., 2008). The present study
found 57% of children with ASD had symptoms of taste/smell
sensitivity. Consistent with this finding, a recent study identified
52% of their sample had symptoms of taste/smell sensitivity (Lane
et al.,2009). That study suggested sensory subtypes in ASD could be
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discriminated from each other by atypical versus typical taste/smell
sensitivity (Lane, 2009, submitted). Further examination of sensory
subtypes and the role of taste/smell sensitivity are warranted based
on the findings of the present study.

RELATIONSHIP BETWEEN PHYSIOLOGICAL MEASURES AND MEASURES

OF SENSORY-RELATED BEHAVIORS

This study found no association between behavioral and physi-
ologic measures of sensory processing for either the ASD or SMD
groups. Similarly, a recent review of the literature on sensory
symptoms in children with ASD highlighted the discrepancy
between parent report measures and physiological findings of
sensory functioning (Rogers and Ozonoff, 2005). Several expla-
nations for this discrepancy are plausible. First, the participants
within the ASD and SMD groups may not be homogeneous. Since
both clinical groups consisted of individuals with Sensory Over-
Responsivity, Sensory Under-Responsivity and Sensory Seeking/
Craving it is possible that these behavioral subtypes exhibit dif-
ferent physiological activity (i.e. baseline arousal and reactivity
to stimuli). While the specific patterns of physiologic activity by
subtype are not known, the lack of a larger sample size in this
study did not allow for exploration of differences by subtype.
However, it is possible that extremes of high or low physiologic
activity may characterize a specific subtype. This heterogeneity,
and potential difference in physiological patterns in each group,
may have contributed to the lack of relationship between the
physiological data and the parent report measures. Future studies
should examine differences in the physiology of individuals based
on behavioral subtypes (i.e. Sensory Over-Responsivity, Sensory
Under-Responsivity and Sensory Seeking/Craving). Second,
parent questionnaires are limited to the constructs identified by
items in the scale. On the Short Sensory Profile in particular,
Sensory-Under-Responsivity and Sensory-Seeking/Craving items
are under-represented. Third, parent questionnaires are reported
to be less than perfectly correlated with clinician observations of
sensory-related behaviors (Ben-Sasson et al., 2009). While parent
questionnaires have the advantage of sampling a large number of
behaviors across place and time from an observer highly familiar
with the child, caution is raised because the responses can be

influenced by the symptoms parents know are associated with
their child’s diagnosis (Dahlgren and Gillberg, 1989; Rogers
etal., 2003). Some of the literature highlights the importance
of developing direct observation measures to identify sensory
modulation disorder (Baranek et al., 2007; Schoen et al., 2008a).
Collectively these studies suggest that a performance measure
of sensory-related behaviors should be used in future studies to
cross validate information acquired through parent report (Ben-
Sasson et al., 2009).

CONCLUSION

In summary, this study confirmed previous literature differentiating
children with ASD and children with SMD from typically devel-
oping children on both behavioral and physiological measures. In
addition, the two clinical groups differed from each other. Children
with ASD had lower baseline arousal and lower reactivity when
exposed to a laboratory paradigm of sensory challenges. Children
with SMD had high reactivity across all sensory domains especially
to the first trial of each sensory stimulus. Both clinical groups had
significantly more atypical sensory-related behaviors than typically
developing children and differed from each other in three ways;
(1) the ASD group had more symptoms of taste smell over-respon-
sivity; (2) the SMD group displayed more sensory seeking behaviors
and (3) the ASD group displayed greater sensory under-responsiv-
ity in the vestibular and proprioceptive domains. Further study is
warranted with lower functioning children with ASD to determine
whether the results of this study can be extended across the spec-
trum of children with autism. Differentiating the physiological and
sensory-related behaviors of clinical groups has important implica-
tions for understanding each clinical disorder, improving diagnostic
accuracy and planning appropriate treatment.
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