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Enriched sensorimotor environments enable rodents to compensate for a wide range of neurological
challenges, including those induced in animal models of autism. Given the sensorimotor deficits in most
children with autism, we attempted to translate that approach to their treatment. In a randomized
controlled trial, 3–12 year-old children with autism were assigned to either a sensorimotor enrichment
group, which received daily olfactory/tactile stimulation along with exercises that stimulated other paired
sensory modalities, or to a control group. We administered tests of cognitive performance and autism
severity to both groups at the initiation of the study and after 6 months. Severity of autism, as assessed
with the Childhood Autism Rating Scale, improved significantly in the enriched group compared to
controls. Indeed, 42% of the enriched group and only 7% of the control group had what we considered
to be a clinically significant improvement of 5 points on that scale. Sensorimotor enrichment also
produced a clear improvement in cognition, as determined by their Leiter-R Visualization and Reasoning
scores. At 6 months, the change in average scores for the enriched group was 11.3 points higher than that
for the control group. Finally, 69% of parents in the enriched group and 31% of parents in the control
group reported improvement in their child over the 6-month study. Environmental enrichment therefore
appears to be effective in ameliorating some of the symptoms of autism in children.
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Autism is expressed as a social-behavioral disorder, often accom-
panied by communication difficulties, maladaptive behaviors, cogni-
tive dysfunction, motor problems, seizures, gastrointestinal distress,
and anxiety. While significant improvement in autism symptoms has
been reported following intensive early behavioral interventions,
these expensive approaches are typically effective to some degree for
some children, and only if initiated early in life (Warren et al., 2011).
Here, we have used a low-cost therapeutic approach that ameliorates
many symptoms of autism in a significant proportion of the affected
children in our study. This treatment also benefits autistic children
who are past the age at which other treatments are effective.

Sensorimotor Enrichment Ameliorates the
Consequences of Neurological Challenges, Including in

Animal Models of Autism

In the wild, rodents live in complex social systems and navigate
through complex burrow systems from which they venture to
forage for a wide variety of foods (Calhoun, 1950; Hurst &
Barnard, 1992). However, when they are studied in the lab, they
are typically kept isolated in a plain box cage. This lack of
stimulation in the lab does not seem to lead to any obvious
neurobehavioral problems, as they engage in normal social behav-
ior under test conditions, rear their young, solve cognitive prob-
lems, and have no obvious motor deficits. The lack of such deficits
could suggest that the effects of environmental stimulation on
neurobehavioral function may be minimal. To the contrary, neu-
robehavioral development is greatly impacted when sensory input
is further decremented (Bengoetxea et al., 2012; Ghoshal, Pouget,
Popescu, & Ebner, 2009; Guthrie, Wilson, & Leon, 1990; Maya-
Vetencourt & Origlia, 2012; Noppeney, 2007), indicating that the
brain does depend on sensory stimulation for normal development.

If decreased sensorimotor experiences impair neurobehavioral
function, then one might expect that increasing sensorimotor stim-
ulation would enhance neurobehavioral function. In fact, enriched
sensorimotor experiences reliably enhance dendritic branching,
synaptic density, and neurogenesis (van Praag, Kempermann, &
Gage, 2000; Nithianantharajah & Hannan, 2006). Additionally,
enhanced environmental stimulation ameliorates the effects of a
wide range of neurological challenges that are experimentally
produced in animals. These challenges include: brain lesions, toxin
exposure, exposure to addictive drugs, brain trauma, stroke, sei-
zures, aging, and hypoxia (Laviola, Hannan, Macri, Solinas, &
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Jaber, 2008; Nithianantharajah & Hannan, 2006; Pang & Hannan,
2013). In animal models, enriched sensorimotor experience also
ameliorates genetically based neurological disorders such as
Down’s syndrome, Alzheimer’s disease, Huntington’s disease,
Parkinson’s disease, schizophrenia, and autism (Laviola et al.,
2008; Nithianantharajah & Hannan, 2006; Pang & Hannan, 2013).

In humans, autism has a clear but complex genetic basis (Abra-
hams & Geschwind, 2008; Freitag, 2007; Freitag, Staal, Klauck,
Duketis, & Waltes, 2010) and some children have autistic symp-
toms that are associated with a known gene mutation or chromo-
somal aberration (Freitag, 2007). Mouse models have been gener-
ated to mimic some of these genetic variants (Ey, Leblond, &
Bourgeron, 2011) and a subset of these mouse models of autism
have had their symptoms reversed or ameliorated following expo-
sure to an enriched environment.

For example, mice have been given a Mecp2 (tm1Tam)-null
allele to model the genetic abnormality of Rett syndrome. This
genetic anomaly results in the deterioration of cognitive and motor
skills in early childhood in humans, similar to some behavioral
symptoms seen in children with autism. Enriched sensorimotor
experience was found to improve motor coordination and anxiety-
associated traits in heterozygous Mecp2�/� mice (Kerr, Silva,
Walz, & Young, 2010; Kondo et al., 2008; Nag et al., 2009).
Sensorimotor enrichment for these mice produced changes in both
excitatory and inhibitory synaptic densities in cerebellum and
cortex (Lonetti et al., 2010). Additionally, it restored normal
long-term potentiation in cortex, increased cortical BDNF levels,
improved memory, and altered several synaptic markers in these
mice (Kerr et al., 2010; Lonetti et al., 2010). Fragile X syndrome,
which arises with a mutation of the FMR1 gene, also shares
symptoms with autism. Sensorimotor enrichment similarly rescues
Fmr1-knockout mice from cognitive deficiencies (Restivo et al.,
2005).

Potocki-Lupski syndrome involves the microduplication of band
11.2 on the short arm of chromosome 17 and 70–90% of humans
with this syndrome are diagnosed with autism (Potocki et al.,
2007). The mouse model of this syndrome has social abnormali-
ties, abnormal ultrasonic vocalizations, perseverative and stereo-
typic behaviors, anxiety, deficits in learning and memory, as well
as motor deficits (Lacaria, Spencer, Gu, Paylor, & Lupski, 2012).
Rearing these mice in an enriched environment ameliorated the
motor deficits, improved learning and memory deficits, reduced
aggressive behavior, and relieved anxiety, although it did not
affect their social abnormalities or their abnormal vocalizations
(Lacaria et al., 2012).

Finally, Schneider, Turczak, and Przewlocki (2006) exposed
fetal rats to valproic acid to produce another animal model of
autism. Sensorimotor enrichment decreased repetitive/stereotypic
activity and anxiety, while increasing exploratory activity and
social behaviors. Similar enhancements in social behavior were
observed between control rats given enriched sensorimotor expe-
rience and control rats reared in a standard box cage. They con-
cluded that environmental enrichment could be a potential treat-
ment for autism.

Sensory Abnormalities in Autism

The presence of sensory processing dysfunction contributes to
the daily challenges of children with autism (Hilton et al., 2010;

Kern et al., 2007; Leekam, Nieto, Libby, Wing, & Gould, 2007;
Tomchek & Dunn, 2007; Watling, Deitz, & White, 2001). Indeed,
more than 90% of those with autism have sensory abnormalities,
expressed as oversensitivity, unresponsiveness, or sensory-seeking
behaviors, which persist across all ages and IQ levels (Ben-Sasson
et al., 2009; Hilton et al., 2010; Kern et al., 2007; Leekam et al.,
2007; Tomchek & Dunn, 2007; Watling et al., 2001).

The most commonly observed sensory issues in autism involve
olfaction and touch sensitivity (Hilton et al., 2010; Lane, Young,
Baker, & Angley, 2010; Leekam et al., 2007; Schoen, Miller,
Brett-Green, & Nielsen, 2009). Not only is sensory processing
dysfunction correlated with both maladaptive behaviors and au-
tism severity (Kern et al., 2007; Lane et al., 2010), but touch and
olfactory issues are strong predictors of both atypical social be-
haviors and poor social communication skills in children with
autism (Bennetto, Kuschner, & Hyman, 2007; Hilton et al., 2010).

Sensorimotor Deprivation Increases Autism Symptoms

If sensorimotor experiences can alter the probability of express-
ing autistic symptoms, as was observed in animal models of
autism, then reducing the amount of environmental stimulation
should increase their expression. Conversely, increasing such stim-
ulation should decrease the expression of these symptoms. A
natural experiment of this kind occurred when impoverished Ro-
manians sent large numbers of children to orphanages, where they
had little environmental stimulation. Consequently, one third of
them developed what has been called postinstitutional autistic
syndrome (Hoksbergen, ter Laak, Rijk, van Dijkum, & Stoutjes-
dijk, 2005). This syndrome includes stereotypic behaviors, an
inability to identify human emotions, as well as disordered com-
munication, language, cognition, and attachment (Ellis, Fisher, &
Zaharie, 2004; Hoksbergen et al., 2005; Johnson, Browne, &
Hamilton-Giachritsis, 2006; Miller, Chan, Comfort, & Tirella,
2005; Wismer Fries, Ziegler, Kurian, Jacoris, & Pollak, 2005).
Importantly, when these orphans were moved to an enriched
environment provided by foster parents, their intelligence test
scores, language development, social engagement and mental
health improved (Nelson et al., 2007). Therefore, environmental
deprivation can increase the probability of expressing a syndrome
that is quite similar to autism, and environmental stimulation can
ameliorate those symptoms.

Olfactory/Tactile Pairings Alter Neurobehavioral
Development

The combination of olfactory and tactile stimulation may be
particularly compelling for the developing brain. When we gave
olfactory/tactile stimulation to human infants on the first day of
life, they developed an attraction to that odor, while odor exposure
alone was ineffective in that regard (Sullivan et al., 1991). We also
found striking behavioral, neuroanatomical, neurophysiological
and neuropharmacological changes in the brains of young rats
when they were exposed to simultaneous olfactory/tactile stimu-
lation (Coopersmith & Leon, 1984; Rangel & Leon, 1995; Sulli-
van, Wilson, & Leon, 1989; Wilson, Sullivan, & Leon, 1987; Woo
& Leon, 1991; Woo, Coopersmith, & Leon, 1987). Again, olfac-
tory stimulation alone did not evoke neurobehavioral plasticity in
developing rats.
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Since the combination of olfactory and tactile stimuli was par-
ticularly effective in producing neurobehavioral changes in young
rats, we used a sensorimotor regimen that involved olfactory and
tactile stimulation, as well as various combinations of visual,
thermal, motor, balance, auditory stimuli, and cognitive tasks, in
an attempt to maximize sensorimotor stimulation in humans. We
also wanted to add novelty into their sensorimotor experience both
by cycling through a set of seven odorants and by introducing new
enrichment activities at regular intervals. Indeed, novelty appears
to be a critical aspect of the environmental enrichment. Veyrac et
al. (2009) found that exposing mice to different odorants on a daily
basis increased memory and neurogenesis, whereas exposing them
to a complex combination of odorants that did not vary over the
exposure period was not effective. We therefore had parents give
novel sensorimotor enrichment with simultaneous stimulation of
different sensory systems to children with autism each day for 6
months, in addition to their ongoing standard care, and we then
determined whether their symptoms improved compared to stan-
dard care controls.

Method

We conducted a randomized controlled trial involving 28 male
children diagnosed with autism, 3–12 years old (mean �/� SD,
6.6 �/� 2.5 years). The Institutional Review Board at the Uni-
versity of California, Irvine approved all procedures used in this
study. Children were excluded from the study if they had syn-
dromic forms of autism, such as Rett’s Disorder, Fragile X syn-
drome, or Childhood Disintegrative Disorder. No psychotropic
medications were allowed throughout the study and anticonvulsant
medication was only allowed if the child had been on a stable dose
longer than 3 months prior to the initiation of the study. Children
could not have initiated a new in-school behavioral therapy within
one month before the start of the study or two months before the
study for a private program. No sensory integration therapy was
permitted at any time during the study. We also did not allow
concurrent therapies that involved physical restraint. Behavioral
therapies were so widely utilized by the children that we referred
to their usage as “standard care,” and the frequency of use for the
different behavioral therapies did not differ statistically across
groups (see Table 1). Diagnoses of autism were confirmed using
the Autism Diagnostic Observation Schedule (ADOS). The com-
munication and social interactions ADOS scores were combined,
and to qualify for our study, the total score had to be within the
ADOS autism classification and not simply within the autism
spectrum classification. The children were then randomly assigned

to either a sensorimotor enrichment group � standard care (13
children), or a group receiving standard care alone (15 children),
matching for age and autism severity, as assessed by their Child-
hood Autism Rating Scale (CARS) score.

The children in both the sensorimotor enrichment group and the
control group all were receiving various combinations of standard
treatments, which were continued throughout the clinical trial (see
Table 1). Most children were receiving applied behavior analysis,
which involved differential reinforcement for adaptive behavior.
Some children in both groups also received concurrent speech
therapy to improve their language skills, occupational therapy to
help develop the skills needed for independent living, or social
skills therapy in an effort to develop the ability to experience
typical social interactions. Adapted physical education provided
motor activities that were modified for children with autism.
Physical therapy was used to improve both fine motor skills and
gross motor skills.

The enrichment group received daily exposure to multiple sen-
sorimotor stimuli, distributed throughout the day. Parents in this
group were supplied with a kit that contained most of the supplies
needed for the sensorimotor exercises. For olfactory enrichment,
each kit included seven vials containing scented essential oils
(anise, apple, hibiscus, lavender, lemon, sweet orange, and vanilla;
Essential Oils, Portland, OR), seven empty vials with caps, and
cotton balls. For different textures, the kit contained squares of
plastic doormat, smooth foam, a rubber sink mat, aluminum foil,
fine sandpaper, felt, and sponges. For different objects to manip-
ulate, they were given a small piggy bank with plastic coins,
miniature plastic fruits, colored beads, a small fishing pole with a
magnetic “hook,” colorful paper clips, a large button, and 20 �
small toys of varying shapes/colors/textures. In addition, the kit
contained straws, colored construction paper, four bowls for water,
pictures of well-known paintings, pictures of fruits, and a can of
Play-Doh. For music enrichment, they were provided with a clas-
sical music CD (Classical Music For People Who Hate Classical
Music, Vol. 1; Direct Source) and a portable CD player with
headphones. The parents provided a wooden plank (2== � 8== �
5=) for a walking exercise, scented bath soap and body oils for the
spa treatment exercise, and miscellaneous other household items
for the exercises, including a large salad bowl for water at different
temperatures, metal spoons, ice, blindfold, noise maker (e.g., a bell
or buzzer), picture book, cookie sheet, oven dish, mirror, ball or
pillow, pillowcase, felt-tip markers, and music that matched pic-
tures (e.g., Hawaiian music and a beach picture). They also pro-

Table 1
Standard Treatments Received by Children in Both Sensorimotor Enrichment Group and
Control Group

Standard care Sensory enrichment
Concurrent Interventions (n � 15) (n � 13) P value�

Speech therapy 12/15 10/13 0.84
Occupational therapy 9/15 7/13 0.75
Applied behavioral analysis 10/15 10/13 0.60
Social skills 2/15 2/13 0.86
Adapted physical education, physical therapy, other. 8/15 4/13 0.25

� Two-sample test of proportions
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vided material to create a multitextured walking path, such as
carpet, a hard floor, pillows, cardboard, or bubble wrap.

The children were exposed to four different fragrances, at different
times during the day. The parent placed one drop of odorant on a
cotton ball that they had placed in a glass vial and they then allowed
the child to sniff it repeatedly for a minute. This olfactory stimulation
was paired with gentle tactile stimulation, given by rubbing their
backs with a closed hand. They also were exposed to a fragrance
throughout the night by placing a scented cotton ball in their pillow-
case before bedtime. Parents were asked to cycle through each of the
seven odorants, which were chosen solely based on their pleasant
fragrance. Only occasionally did children dislike an odorant, and in
those cases, we provided them with another pleasant odorant (banana
or apple blossom; Essential Oils, Portland, OR).

The children listened to classical music once a day and the
parents were asked to use the portable CD player and the head-
phones that were included in their kit to pair auditory and tactile
stimulation. However, the children typically would not use the
headphones and parents used speaker systems to expose their child
to the music. In addition, the parents were given written instruc-
tions for 34 sensorimotor enrichment exercises, and after a brief
training session, they engaged their child with 4–7 exercises, twice
a day. These exercises involved somewhat arbitrary combinations
of sensory stimuli such as tactile, thermal, visual, and motor
activities. We instructed the parents to engage in a different set of
exercises every 2 weeks and the exercises became increasingly
challenging over the course of 6 months. The daily exercises took
approximately 15–30 minutes to complete, twice a day: 1. The
child places his or her hands or feet in water of different temper-
atures (thermal, motor), 2. The child squeezes objects of different
shapes and textures (tactile, motor), 3. The parent draws lines on
the child’s hand with objects of different texture while the child
watches (tactile, visual), 4. The blindfolded child walks on a
pathway of different textures (tactile, motor), 5. The parent draws
imaginary lines on the child’s face, arms, and legs with objects
having different textures while music plays (tactile, auditory), 6.
The child selects the twin of objects in a pillowcase after seeing it
on the table (tactile, cognitive), 7. The child is given a scented bath
and a massage with scented oil (thermal, tactile, olfactory), 8. The
parent touches the child on his or her arms and legs with a cooled
spoon or warmed spoon while the parent speaks or sings (thermal,
auditory, tactile), 9. Lines are drawn on the child’s arms and legs
with cooled or warmed spoons (thermal, tactile), 10. The child is
shown a picture of an object and picks out the real object on a table
among other objects (visual, cognitive, motor), 11. The child is
asked to walk on a 2== � 8== � 5= board, then he or she is asked
to do that task blindfolded (motor, balance), 12. The child picks
out a colored bead among a plate full of ice cubes (thermal, motor,
visual), 13. The child is shown a photo and his or her attention is
drawn away from the photo using an auditory cue (visual, audi-
tory), 14. The child lifts an object out of a cool bowl of water and
then a warm bowl of water (motor, thermal, visual), 15. The child
pulls a button from between the parent’s fingers (motor, tactile,
visual), 16. The child walks either on a sheet of foam or on large
pillows, eventually blindfolded (tactile, balance, motor), 17. The
child points to objects in a book and says the name of the object
(language, cognitive, motor), 18. The child’s finger is placed on a
cool object and then a warm object (thermal, tactile), 19. The child
pokes a hole in Play-Doh and then places grains of rice in it

(motor, tactile, visual), 20. The child selects a texture square that
matches the texture of an object in a photo (tactile, cognitive,
visual), 21. Different objects are used to draw imaginary circles on
the child’s face (tactile, cognitive), 22. The child places cold
straws filled with ice in Play-Doh using each hand (motor, thermal,
visual), 23. The child walks on a 2== � 8== � 5= board while
holding a cooled tray (thermal, balance, motor), 24. The parent rubs
each of the child’s fingers and toes in turn, while the child watches
(tactile, visual), 25. The child places coins in a piggy bank using only
his or her reflection in a mirror (motor, cognitive, visual), 26. The
child uses a magnet on the end of a small fishing line to pick up paper
clips (motor, visual), 27. The child tracks a red object that is moved
around a photo of a painting (visual, cognitive), 28. The child walks
up and down stairs while holding a big ball or pillow (motor, tactile,
balance), 29. The child draws shapes using pen and paper while the
parent draws imaginary shapes on the child’s back using a toy (motor,
tactile, visual), 30. The child draws lines using both hands simulta-
neously (motor, cognitive, visual), 31. The child matches the color of
objects in a photo with colored beads (visual, cognitive, motor), 32.
The child blows a small piece of aluminum foil on the floor as far as
possible (motor, visual), 33. The child views a picture moving first
behind and then in front of another picture (visual, cognitive), 34. The
child views a photo with music associated with that scene (auditory,
visual).

Trained psychometricians conducted all assessments blind with
respect to group assignment, both at the beginning of the study and
after 6 months. All individuals were tested with the Leiter Inter-
national Performance Scale�Revised (Leiter-R), a nonverbal test
of cognitive abilities, which is recommended for testing children
with autism (Tsatsanis et al., 2003). This test can evaluate changes
in nonverbal cognitive ability. The Leiter-R does not require a
spoken or written word from the examiner or the child, allowing
the study of cognitive performance in children with and without
language issues. Since the Leiter-R scores do not change signifi-
cantly with increasing age, the test can be used effectively with
children from 2–21 years. The test can measure cognitive ability
over a wide range and it also allows experimenters to observe
improvement in cognitive capacities over time.

We used the Expressive One-Word Picture Vocabulary Test to
assess verbal intelligence and auditory-visual-verbal association
skills. The children were shown a picture of an item and were then
requested to name the item using one word.

The CARS provides qualitative measures of a large range of
issues for children with autism (Schopler, Reichler, DeVellis, &
Daly, 1980). The test assesses: relating to people, imitation, emo-
tional response, emotional expression, body use, object use, adap-
tation to change, visual response, listening response, taste, smell,
and touch responses, fear or nervousness, verbal communication,
nonverbal communication, activity level, level and consistency of
intellectual response, and general impressions. The CARS test
combines total scores to place individuals in nonautistic, mildly/
moderately autistic, or severely autistic classifications. This test
has very high internal consistency, indicating that the individual
scores together constitute an effective tool for the identification of
different levels of autism severity (Schopler et al., 1980). The
CARS has 100% accuracy in discriminating children with autism
from children with intellectual disabilities (Teal & Wiebe, 1986).

Changes in test scores over 6 months were compared between the
sensorimotor enrichment and standard care groups using an analysis
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of covariance (ANCOVA, one-tailed), controlling for baseline. A p
value of less than or equal to 0.05 was considered statistically signif-
icant. We used parametric statistics, as residual analysis showed the
data for all measures was balanced. In addition, with regard to clinical
improvement, Perry et al., (2008) demonstrated a clinically significant
improvement using a 5-point or greater decrease on the CARS score.
We used the same criterion to determine whether a clinically signif-
icant improvement occurred in our study.

Results

Statistically, baseline values for the two groups did not differ
significantly on age, ADOS scores, CARS scores, Leiter-R scores,
or Expressive One-Word Picture Vocabulary Test scores. After 6
months, however, the mean change in Leiter-R (Visualization and
Reasoning) raw scores in the sensorimotor enrichment group was
11.3 points higher than that in the standard care group (Figure 1;
ANCOVA, t(20) � �2.62, p � .008; mean Leiter-R test score
�/� S.E.M, sensorimotor enrichment: 48.46 �/� 5.52 (baseline),
57.23 �/� 5.50 (6 months); standard care: 46.20 �/� 6.36
(baseline), 43.70 �/� 6.89 (6 months).

Comparison between groups revealed that after 6 months, the
change in mean autism severity scores, assessed by the CARS,
differed between groups by 2.8 points (ANCOVA, t(23) � 1.98,
p � .03; mean CARS score �/� S.E.M., sensorimotor enrich-
ment: 34.38 �/� 0.72 (baseline), 31.12 �/� 1.46 (6 months);

standard care: 38.07 �/� 1.71 (baseline), 37.61 �/� 1.67 (6
months). Moreover, 42% of the enriched group and 7% of the
standard care group had what we considered to be a clinically
significant improvement of at least 5 points on that scale (Figure 2;
two-sample test for proportions, p � .03).

Parents were asked whether the overall autism symptoms of
their child had improved, worsened, or stayed the same over the
6-month period. Statistical analysis was performed using the two-
sample test for proportions and the number of individuals reporting
their child’s autism symptoms had improved was compared to the
number of individuals reporting their child’s symptoms had wors-
ened or had not change. A statistically significant increase in the
number of parents reporting an improvement in autism symptoms
was observed in the sensory enrichment group compared to the
standard care group (Figure 3, Two sample test for proportions,
p � .03). Specifically, 69% in the sensory enrichment group
reported improvement, while 31% in the standard care group
reported improvement.

We further analyzed the CARS scores to evaluate changes in
specific behavioral responses. Although the change in overall total
CARS score was statistically significant across the two groups, the
average change in CARS scores for individual items did not reach
statistical significance. However, greater improvement in behav-
ioral responses was observed in the enriched group relative to the
control group in 11 out of the 15 items examined on the test:
relating to people; emotional responses; body use; object use;
adaptation to change; visual response; listening response; taste,
smell, and touch response and use; fear or nervousness; level of
consistency of intellectual response; and general impressions. For
example, we calculated the difference for the touch/smell/taste
subtest of the CARS between the initial test and the 6-month
assessment. We found a decrease in atypical responsiveness to
these stimuli for the sensorimotor enrichment group (mean
change � �0.29), relative to standard care alone (mean
change � 0.07), but that difference did not reach statistical
significance (t test, t(24) � �0.36, p � .07). Note that a
decrease in this score denotes a decrease in autism severity.

The Expressive One-Word Picture Vocabulary Test revealed no
difference in outcomes between the groups on this test (ANCOVA,
t(25) � 0.16, p � .44; mean change � 4.77 for sensorimotor
enrichment group; mean change � 4.67 for standard care group),
with both groups improving in this measure over the 6-month
period.

Discussion

We found that an in-home 6-month sensorimotor enrichment
therapy produced improvements in cognition and symptom sever-
ity in children with autism across a range of ages. Specifically, we
have found that environmental enrichment ameliorated autism
symptoms for many children both in terms of overall severity and
their cognitive performance. In the Expressive One-Word Picture
Vocabulary Test, both groups improved, with no statistical differ-
ence observed when the two groups were compared.

There were a number of factors that would be expected to
increase the variability in the outcomes of this study. For example,
we imagine that parents varied in their faithfulness in administer-
ing the stimulation. Some children varied in their mood from test
to retest. The behavioral outcome measures could be inexact. The

Figure 1. Change in mean Leiter-R score. Sensory enrichment results in
improvements in cognitive function in children with full autism as mea-
sured using the Leiter International Performance Scale-Revised. A statis-
tically significant improvement in the mean change in scores was observed
in the sensorimotor enrichment group following 6 months of therapy, while
the mean change in scores for the standard care group decreased over the
same period of time. � ANCOVA, p � .008.
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children had a wide age range, their symptoms varied widely, and
we tested a relatively small number of subjects who had a variety
of concurrent standard therapies. The fact that we were able to
reveal consistent significant differences between the groups de-
spite these sources of variability, suggests that there is a strong
effect of environmental enrichment on these children.

Comparison to Other Autism Treatments

Sensory integration therapy is often used by occupational ther-
apists to treat children with autism (Ayres & Tickle, 1980). The
treatment typically involves vestibular, proprioceptive, auditory,
and tactile inputs using brushes, swings, and balls, although other
senses may be engaged at the discretion of the therapist. While
attempts to use sensory integration therapy for autism have typi-
cally not been successful (Baranek, 2002; Dawson & Watling,
2000), a recent pilot study found some improvements in “autistic
mannerisms” using that approach for children with autism (Pfe-
iffer, Koenig, Kinnealey, Sheppard, & Henderson, 2011).

Applied behavior analysis is a widely used treatment for autism.
This approach uses discrete trial teaching, in which therapists
break down behaviors into their basic components, rewarding
positive performance, and then generalizing skills to other situa-
tions (Lovaas, 1987). Typically, a child will receive this therapy
from a trained professional for 25–40 hours/week for a number of
years. Meta-analyses regarding its efficacy, however, are not in
full agreement (Ospina et al., 2008; Smith, Groen, & Wynn, 2000;
Spreckley & Boyd, 2009; Rogers & Vismara, 2008). The Early
Start Denver Model uses applied behavior analysis techniques, but
also encourages positive affect and shared engagement between

the therapist and child (Dawson et al., 2010). The Agency for
Health Care Research and Quality recently evaluated the data
supporting both applied behavior analysis and the Denver Model,
and concluded that “. . . improvements occur in some aspects of
language, cognitive ability, adaptive behavior, challenging behav-
iors, and potentially, educational attainment, for some children”
(Warren et al., 2011).

Children given the Denver Model treatment have shown gains in
cognitive performance of about 10 IQ points, comparable to what
we have found, along with gains in autism severity, also as we
have found. They also reported improvements in adaptive behav-
ior, communication, and motor skills, although they did not find
differences in repetitive behavior and ADOS scores (Dawson et
al., 2010).

Differences between the Denver Model and the environmental
enrichment therapy described here include the fact that the chil-
dren in the Denver treatment started their intensive therapy be-
tween 18 and 30 months, while the children in our study averaged
6.6 years old. Early detection of autism is still not common
(Pringle, Colpe, Blumberg, Avila, & Kogan, 2012), despite the call
by the American Academy of Pediatrics for physicians to screen
18-month-old children for autism (Johnson & Myers, 2007). In
fact, the median age at which children are diagnosed with autism
in the U.S. is 5 years old (Pringle et al., 2012). This situation may
limit the efficacy of the intensive behavioral approaches, because
such behavioral treatments do not seem to be very effective for
even 4–7-year-old children (Eikeseth, Smith, Jahr, & Eldevik,
2002).

The Denver Model also took 20.4 hours/week of professional
treatment and 16.3 hours/week of parental treatment over the
course of 2 years, while the environmental enrichment used in our

Figure 2. Percent of individuals with clinical improvement on the Child-
hood Autism Rating Scale (CARS). Sensory enrichment results in im-
provements in maladaptive behaviors characteristic of individuals with
autism. Autism severity was assessed using the Childhood Autism Rating
Scale. A clinically significant improvement of at least 5 points on that scale
was observed in 42% of the sensorimotor enrichment group and only 7%
of the standard care group. � Two-sample test for proportions, p � .03.

Figure 3. Parental assessment of autism behaviors. Parents were asked to
characterize autism behaviors over the course of the study as having
improved, worsened, or had no change. In the sensorimotor enrichment
group, 69% of parents expressed an improvement in overall autism symp-
toms, compared to 31% in the standard care group, corroborating the
statistically significant improvement in overall Childhood Autism Rating
Scale scores in the enrichment therapy group relative to the standard care
control group. � Two-sample test for proportions, p � .03.
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study took about 5–9 hours/week of parental treatment for 6
months. The total cost in time and money of the Denver Model is
therefore high relative to the cost of the environmental enrichment
program presented in this report. Applied behavior analysis is also
quite expensive; the original Lovaas study scheduled 40 hours of
professional treatment/week, although less intensive programs also
have reported improvements in children with autism (Smith et al.,
2000; Fernell et al., 2011).

Developmental Trajectories

The developmental trajectories of 6,975 children with autism,
aged 2–14, were determined over repeated assessments using
group-based latent trajectory modeling and multinomial logistic
regression models (Fountain, Winter, & Bearman, 2012). The
researchers found that the children clustered into several groups.
Those with a low initial autism severity tended to have the greatest
improvements over time. Most children who were initially as-
sessed with intellectual disabilities did not see much improvement,
although about 10% of children improved from having a severe
autism assessment to being high functioning. Although the out-
comes of this environmental enrichment trial cannot be compared
directly to the Fountain et al., developmental trajectory report,
enriched sensorimotor experiences appear to have improved the
developmental trajectory for a significant proportion of children
with autism in our study.

Neural Pathways

Olfactory dysfunction is associated with neural atrophy in spe-
cific brain areas (Bitter et al., 2010, 2011). The affected areas
include the nucleus accumbens, medial and dorsolateral prefrontal
cortex, piriform cortex, insular cortex, orbitofrontal cortex, hip-
pocampus, parahippocampal gyrus, supramarginal gyrus, and cer-
ebellum. Olfactory system dysgenesis has been suggested to un-
derlie the development of autism (Brang & Ramachandran, 2010),
and remarkably, every area of the brain that is affected following
olfactory deprivation is also adversely affected in the autistic brain
(Allen & Courchesne, 2003; Anderson et al., 2010; Baron-Cohen
et al., 1999; Courchesne, 1997; Gilbert, Bird, Brindley, Frith, &
Burgess, 2008; Gilbert, Meuwese, Towgood, Frith, & Burgess,
2009; Hadjikhani, Joseph, Snyder, & Tager-Flusberg, 2006;
Hasan, Walimuni, & Frye, 2012; Richey et al., 2012; Schumann et
al., 2004; Yu, Cheung, Chua, & McAlonan, 2011). It therefore
seems possible that limited olfactory experiences during develop-
ment may contribute to the inability of individuals to compensate
for the neural and behavioral anomalies produced by autism, or it
may even contribute directly to their neural anomalies.

Norepinephrine

While neither olfactory stimulation nor tactile stimulation
evoked much of a noradrenergic response in young rats, the
combination of those stimuli evoked a �300% increase in norepi-
nephrine that did not return to baseline levels for 2 hours (Rangel
& Leon, 1995). This rise in norepinephrine is critical for both the
neural and the behavioral consequences of early olfactory learning
in rats (Sullivan et al., 1989; Sullivan, Wilson, Lemon, & Ger-
hardt, 1994; Sullivan, Stackenwalt, Nasr, Lemon, & Wilson,

2000). Mice housed in an enriched environment also have elevated
norepinephrine levels in their brains (Naka, Shiga, Yaguchi, &
Okado, 2002) and the effects of environmental enrichment also
depend on this rise in norepinephrine (Mohammed, Jonsson, &
Archer, 1986; Veyrac et al., 2009; Li et al., 2013).

Some children with autism may have systemic deficient norad-
renergic responses that may impair their ability to compensate for
their neurological issues. Time-averaged measures of norepineph-
rine in urine, which are not affected by the stress of a blood draw,
found chronically depressed levels of that neurotransmitter in
children with autism (Barthelemy, et al., 1988; Young, Cohen,
Brown, & Caparulo, 1978). The mothers of autistic children also
have depressed dopamine beta-hydroxylase that results in de-
pressed maternal norepinephrine levels during pregnancy that
could affect the neural development of their child (Robinson,
Schutz, Macciardi, White, & Holden, 2001). Other studies suggest
an increase in norepinephrine in children with autism (Anderson,
Colombo, & Unruh, 2012). Since the effects of norepinephrine on
learning describe an inverted U-shaped function (Baldi & Bucha-
relli, 2005), with either low or high levels preventing neurobehav-
ioral plasticity, it seems possible that enriched sensory stimulation
may have normalized the norepinephrine response in these chil-
dren, thereby allowing neural plasticity to proceed.

How might norepinephrine facilitate functional compensation in
the brains of children with autism? Norepinephrine stimulates
BDNF production (Chen, Nguyen, Pike, & Russo-Neustadt, 2007;
Mannari et al., 2008), which is low in autistic individuals (Sheikh
et al., 2010), increases neurogenesis, (Jhaveri et al., 2010; Masuda
et al., 2012), increases brain glutamate and dopamine (Grinberg,
Rueb, & Heinsen, 2011), and downregulates inflammatory genes
(Feinstein et al., 2002; Heneka et al., 2003). It also prevents
neuronal death (Counts & Mufson, 2010; Patel, Chen, & Russo-
Neustadt, 2010), in part by decreasing oxidative stress (Traver et
al., 2005; Troadec et al., 2001). Robertson (2013) has suggested
that repeated noradrenergic pulses over the course of a lifetime
build up a compensatory mechanism that protects aged individuals
from the dementia associated with Alzheimer’s disease, even when
they express its characteristic neuropathology. This concept is
similar to what we are proposing for autism, except that the
compensatory mechanisms would develop to improve preexisting
autism symptoms.

Future Studies

We hope to determine in future studies whether there is an
amelioration of the sensory processing dysfunction that commonly
affects children with autism and whether there is a correlation
between the cognitive and behavior improvements and changes in
sensory processing dysfunction using a more sophisticated mea-
sure for those responses. We also predict that regular treatment in
school by a trained therapist would improve the outcomes for the
children by assuring that they received the treatment reliably. It
will be important to determine whether the sensorimotor enrich-
ment therapy can be used only in an adjunctive way, or whether it
can be used successfully on its own. If sensory enrichment can be
effective on its own, it would be a less expensive and less time-
consuming therapeutic option that can be used successfully for
older children. Such a monotherapy would be beneficial to chil-
dren, parents, insurers, and society (Ganz, 2007). Indeed, individ-
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ual cases that we have observed suggest that this therapy is just as
effective when used in the absence of any other treatment. It also
will be important to understand who may benefit from this ap-
proach and who may not, and to study the possible role of nor-
epinephrine in mediating improvements in autistic symptoms. Fi-
nally, we would like to determine whether these improvements are
long-lasting, whether initiation of the enrichment at 18 months of
age would further enhance its efficacy, and whether continued
sensorimotor enrichment therapy results in further behavioral and
cognitive improvements.
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