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Abstract

This study examined the relationships between volumetric measurements of frontal lobe structures
and performance on executive function tasks in individuals with autism. MRI scans were obtained
from 38 individuals with autism and 40 matched controls between the ages of 8 and 45 years.
Executive function was assessed using neuropsychological measures including the Wisconsin
Card Sorting Test and Tower of Hanoi. Differences in performance on the neuropsychological
tests were found between the two groups. However, no differences in dorsolateral prefrontal
cortex volumes were observed between groups. No correlations between volumetric measurements
and performance on the neuropsychological tests were found. Findings from this study suggest
that executive function deficits observed in autism are related to functional but not anatomical
abnormalities of the frontal lobe. The absence of correlations suggests that executive dysfunction
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is not the result of focal brain alterations but, rather, is the result of a distributed neural network
dysfunction.
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Introduction

Awutistic disorder is a pervasive developmental disorder characterized by social impairments,
communication deficits, and idiosyncratic or stereotypic behaviors with evidence of wide-
spread cognitive deficits.> Neuropsychological studies have provided evidence of disruption
in executive functioning in individuals with autism.2-> Executive functioning includes
cognitive processes such as working memory, planning, inhibition of responses, and
cognitive flexibility.87 Previous studies have shown that individuals with autism have
deficits in some or all of these domains leading to characteristic behavioral impairments,8-13
but it remains unclear whether or not all aspects of these cognitive functions are affected.

The most common neuropsychological tests used to assess executive functioning have been
the Tower of Hanoi 14 and the Wisconsin Card Sorting Test.12:16 The Tower of Hanoi task
challenges problem solving and concept formation and has been shown to activate prefrontal
and parietal areas in healthy individuals.1” Several investigations have reported that
individuals with autism show impaired performance on this task over time.18-21 Using a
simplified version of the Tower of Hanoi, the Tower of London, Hughes et al.?2 and Barnard
et al.23 found that participants with autism performed significantly worse on this test
compared to controls, indicating deficits in forward planning. These observations are
consistent with several other studies that have used the Tower of London and Tower of
Hanoi to examine executive functioning deficits in autism.242 Similarly, other
investigations have found individuals with autism to have less efficient or impaired abilities
to plan and organize tasks or activities.320:26-30 The Wisconsin Card Sorting Test is another
executive function test, but unlike the Tower tasks, it assesses cognitive flexibility, or shifts
in planning, and measures difficulties with conceptualization, perseveration, and inefficient
learning.16 Studies have shown that individuals with autism demonstrate some rigidity and
difficulties developing problem-solving strategies.20-24:29.31-34 |nyestigations have also
found that individuals with autism without intellectual disabilities have a higher percentage
of perseverative responses on the Wisconsin Card Sorting Test compared to matched
controls with learning disabilities® and typically developing controls,3>:36 indicating a deficit
in cognitive flexibility regardless of 1Q.5:24 Although the relationship between performance
on the Wisconsin Card Sorting Test and IQ is unclear in the typical population,16:37-44
performance on this test has been found to be related to both age and education

level 16:37.45.46 High-functioning individuals with autism, however, perform poorly on the
Wisconsin Card Sorting Test with increased perseverative errors despite controlling for age,
education level, and 1Q.4 Furthermore, performance on the Wisconsin Card Sorting Test, as
reflected by the number of perseverative errors, appears to be related to the severity of
clinical features,3® which indicates difficulties in flexibly applying categorical concepts.
Overall, the executive functioning deficits that have consistently been reported in autism
provide evidence of frontal lobe in this disorder.48

Furthermore, there is substantial evidence regarding the role of the prefrontal cortex and its
connections to executive functioning.4® After two decades of volumetric MRI studies, the
consensus appears to be that there is a general increase in cortical gray matter volume with a
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rostral caudal gradient that is manifest by about 9 months of postnatal age and persists until
about 4-6 years of age.?? Neuroimaging studies of the frontal lobe in autism have reported
several abnormalities implicating this structure in the pathophysiology of this disorder. A
review of various anatomical studies by Brambilla et al.?! indicates conflicting results
among multiple studies of the frontal lobe with some investigations,52-59 but not all,80-63
reporting increase in volume. Varying results across these studies are most likely due to
methodological differences, particularly related to the differing age of subjects studied,
suggesting the presence of developmental effect. In contrast, functional imaging studies
have been more consistent in their findings, perhaps because they are confined to older,
more cooperative subjects. These investigations have frequently implicated
underconnectivity of cerebral cortical structures, particularly the frontal cortex, and
underlying cognitive impairments observed in autism.64-72 In fact, a recent study reported
abnormal activation in the frontal lobe in individuals with autism while performing Tower of
Hanoi executive functioning tasks.56 These studies have suggested that there is a lower level
of functional coordination among brain areas in autism*8.73 and warrant further
investigations of the size of the frontal lobe and its subdivisions, including the dorsolateral
prefrontal cortex and orbitofrontal cortex, using large sample sizes.

The purpose of this study was to examine performance on executive function tasks, the size
of the dorsolateral prefrontal cortex, and the relationship between these measures in a group
with autism and age-, gender-, and 1Q-matched healthy controls. We hypothesized that
structural abnormalities would be observed in the patient group and differences in executive
function abilities would be found between the two groups. We also predicted the existence
of a relationship between structural alterations and performance on the neuropsychological
tests.

Subjects were 38 individuals with high-functioning autism and 40 age-, gender-, and 1Q-
matched controls between the ages of 8 and 45 years. The sample was restricted to
individuals with autism without mental retardation (e.g., Full-Scale, Performance, and
Verbal 1Q scores = 80) (hereafter referred to as having High Functioning Autism) to ensure
cooperation for scanning and cognitive testing, matching to normal controls, and low
likelihood of associated disorders. All participants in both groups were prescreened for
history of metal, claustrophobia, or weight > 114 kg. All participants in both groups were
administered the age-appropriate version of the Wechsler Adult Intelligence Scale-Revised
or Wechsler Intelligence Scale for Children-Revised to measure Full-Scale, Performance,
and Verbal 1Q. All autism participants and most controls were recruited through the Subject
Core of the University of Pittsburgh Collaborative Program of Excellence in Autism
(University of Pittsburgh- Carnegie Mellon University CPEA) funded by the National
Institutes of Health. The methodology of the study, including MRI for minors, was approved
by the institutional review boards at the University of Pittsburgh and Carnegie Mellon
University. Procedures were fully explained to all subjects and, when appropriate, to their
parent or legal guardian. Written informed consent was obtained from subjects and/or their
guardians.

Subjects with autism represented all consecutive community referrals to a research clinic
who met the criteria for participation in the study. The diagnosis of autism was established
through expert clinical evaluation in accordance with published clinical descriptions of high-
functioning individuals with autism’# and two structured research diagnostic instruments,
the Autism Diagnostic Interview-Revised 7> and the Autism Diagnostic Observation
Schedule.’® The individuals with High Functioning Autism, recruited from autism
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conferences and parent support groups, were medically healthy and had no identifiable
genetic, metabolic, or infectious etiology for their disorder. Their personal and family health
histories were evaluated in the initial screening interview and in the medical review portion
of the Autism Diagnostic Interview 7°. All participants with autism met all criteria on the
Autism Diagnostic Observation Schedule’® for autism, e.g., for Communication (cutoff, 3;
range, 3-7), Reciprocal Social Interaction (cutoff, 6; range, 7-13) and Total (cutoff, 10;
range, 10-18) algorithm scores. Additionally, these participants met autism criteria on the
Autism Diagnostic Interview-Revised’® including age of onset. The diagnosis of autism was
confirmed by expert opinion (N.J.M.). Additionally, subjects meeting the Autism Diagnostic
Interview-Revised and the Autism Diagnostic Observation Schedule criteria for autism but
without delayed or abnormal language development were considered to have Asperger’s
disorder and were excluded from this study.

Controls were recruited from the community through advertisements in areas socio-
economically comparable to those of the families of origin of the subjects with autistic
disorder and were chosen to individually match the autism participants. All subjects were
medically healthy and had a Wechsler Full-Scale and Verbal 1Q of 80 or higher. Candidates
were prescreened with questionnaires regarding current/past personal and family history of
medical/neurological/psychiatric disorders. Inclusion criteria were good physical health, no
regular CNS medications, good school/job record, and good peer relationships based on
parent- or self-report and staff observations during eligibility testing.

Potential control and autistic subjects were excluded if found to have evidence of an
associated infectious, genetic, or metabolic disorder (e.g., fragile-X syndrome or tuberous
sclerosis), birth asphyxia, head injury, or a seizure disorder. Exclusions were based on
neurologic history and examination, physical examination, and chromosomal analysis or,
metabolic testing if indicated. Potential control subjects were also screened to exclude those
with a family history of autism in first-, second-, or third-degree relatives; developmental
cognitive disorder; learning disability; schizophrenia or obsessive-compulsive disorder, or
other neurologic or psychiatric disorders thought to have a genetic component, including
first-degree family history of developmental cognitive disorders or mood/anxiety disorders
(other than a single episode of situational depression in one first-degree relative). The
socioeconomic status of the family of origin was assessed using the Hollingshead method.”’

Procedures

Neuropsychological Battery

All participants were given a battery of neuropsychological tests, including the Tower of
Hanoi 14 and Wisconsin Card Sorting Test.1> Performances on these tests were correlated
with frontal structural measurement.

Tower of Hanoi

The Tower of Hanoi assesses the ability to plan and decide which steps are necessary to
complete a desired goal. The participant is presented with five rings of different sizes on one
of three pegs that appear on a computer screen. The participant’s goal is to move all five
rings from the first peg to the third empty peg by moving one ring at a time and by not
placing a larger ring on top of a smaller ring in the fewest moves possible.14

Wisconsin Card Sorting Test

The Wisconsin Card Sorting Test assesses the capacity for identifying inherent rules and
flexibly changing from one rule to another in response to environmental cues. The
participant is presented with a deck of cards and four stimulus cards. The participant then
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has to decide how to sort and match each card in the deck to one of the four stimulus cards
either by color, number, or shape while the criterion continually changes.1%16

Magnetic Resonance Imaging

Neuroimaging scans were obtained using a General Electric (Milwaukee) 1.5-T Tesla Signa
scanner. The imaging protocol consisted of two T1-weighted (TR=500, TE=20) series: a
sagittal series of 3mm slice thickness parallel to the midline structure, and an axial series of
5 mm slice thickness. An additional 1.5 mm SPGR (spoiled gradient recalled echo in steady
state) coronal series (TR = 35; TE =5, NEX =1, flip angle = 45°) was collected, which was
used for all the measurements reported in this study.’® All images were transferred from the
acquisition facility to the image analysis laboratory via File Transfer Protocol and archived
on CD-ROM disks. Magnetic resonance imaging (MRI) data were identified by scan number
in order to retain blindness.

Tracing Guidelines

Dorsal lateral prefrontal cortex. The tracing of the dorsolateral prefrontal cortex was done
using Brain Research Analysis of Images, Networks, and Systems 2 (BRAINS2, University
of lowa, lowa City, IA, USA) software package.”® Measurements were done on coronal
slices while observing the outline of the tracings on axial and sagittal sections. The
boundaries were determined initially on the coronal slice and confirmed by its
correspondence to the anatomical landmark on axial and sagittal sections. The tracing started
posteriorly at the posterior end of the genu of the corpus callosum one slice anterior to the
point where septum pellucidum disappears. The inferior limit was the Sylvian fissure
posteriorly and horizontal ramus of the lateral fissure anteriorly, in order to exclude
Broadman areas 47, 45 and 44. The superior delimitation was superior frontal sulcus from
the posterior most extent of the tracing to the anterior tip of the genu of the corpus callosum;
from the anterior end of the genu, the superior boundary was the interhemispheric fissure
that included the superior frontal gyrus until the anterior end of the tracing. This was done in
order to exclude Brodmann area 8 as much as possible. Anteriorly, the tracing ended at the
tip of the horizontal ramus of the lateral fissure so that most of area 10 could be excluded.
Medially, the tracings were divided into the part of the dorsolateral prefrontal cortex that lies
along the extent of the genu of the corpus callosum where the inferior tracings were
extended to the tip of the lateral fissure/ horizontal ramus, while the superior tracing
extended to the very depths of the superior frontal sulcus and the medial most points were
connected. Anterior to the tip of the genu, while the guideline for the inferior tracing
remained the same, the superior tracing extended up to the cingulate sulcus along the
interhemispheric sulcus and the medial-most points were connected. Wherever paracingulate
sulcus was detected, the supero-medial tracing extended up to the paracingulate sulcus only.

Total Brain Volume. Measurements were made on a Gateway 2000 graphics workstation (N.
Sioux City, SD) using locally developed custom graphics software.”® A semi-automated
thresholding procedure was used for segmenting brain from cerebrospinal fluid and extra-
cerebral tissue, as described elsewhere.80 Measurements were performed blind to diagnosis.
Intra-rater reliability for obtaining brain volumes with this procedure yielded an intraclass
correlation coefficient of 0.99 on 10 brains. Since two different programs were used to
conduct the morphometric studies, total brain volume measurements were obtained from 10
scans using both software and revealed high reliability between the two programs (0.95) and
acceptable intraclass correlation coefficient (R=0.85).
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Data Analysis

Results

A two-tailed statistical significance level was set at p<0.05 for all analyses. All volumetric
measurements and frontal lobe test performances from participants with autism were
compared with controls using Student’s t-test. An analysis of covariance was used to
compare the two groups on structure volumes while controlling for total brain volume.
Regression analyses were conducted to examine the relationships between the two groups
and performance on the Tower of Hanoi and Wisconsin Card Sorting Test.

The demographic characteristics of the total sample were previously published.8!
Neuropsychological tests and good quality MRI scans were available on subgroups of the
original sample. The subgroups demographic variables remained unchanged with no
differences between the autism group and controls on any of the characteristics (age, gender,
socioeconomic status, and Full Scale 1Q). Summary of the demographic of the different
subgroups are included in Table 1 and 2. On the Wisconsin Card Sorting Test, individuals
with autism committed significantly more total errors and preservative errors when
compared to controls (Table 1). Participants with autism had difficulties on this test and
several were not able to complete the Wisconsin Card Sorting Test because of perseveration.
On the Tower of Hanoi, individuals with autism performed significantly more slowly than
the healthy control group and required significantly more moves to achieve a solution (Table
1). However, no volumetric differences were found in dorsolateral prefrontal cortex
structures between the two groups before and after controlling for total brain volume (Table
2). No relationships between performance on the neuropsychological tests and dorsolateral
prefrontal cortex volume were observed.

Discussion

In the present investigation, the autism group was found to have evidence of executive
functioning deficits based on their performance on neuropsychological tests commonly used
to characterize executive functioning by assessing rule learning, flexibility, and concept
formation. Participants with autism were generally able to identify rules inherent in a task,
but had difficulties with cognitive flexibility and with forming concepts. Interestingly, no
volumetric alterations in the dorsolateral prefrontal cortex were observed between the autism
and control groups, and no associations were found between the frontal lobe volume and
performance on the neuropsychological measures in either group.

Findings from the cognitive testing in the present study are consistent with previous
investigations reporting deficits in executive functioning in children and adults with autism
and implicating these abnormalities in characteristic behaviors in autism.3-28-10 These
results are concordant with findings from an article reviewing the literature by Pennington
and Ozonoff,” which found that in 13 out of 14 studies deficits in at least one measure of
executive functioning were observed in subjects with autism, and in 25 out of 32 executive
functioning tasks, individuals with autism displayed deficits when compared to controls.
However, it is important to note that these deficits have also been reported in several other
neuropsychiatric disorders including schizophrenia and attention deficit hyperactivity
disorder (ADHD),30:82.83 gyggesting that executive functioning deficits are not specific to
autism. Interestingly, emerging evidence examining attention abnormalities in several
neuropsychiatric disorders suggest that executive functioning abnormalities differ among
these disorders with lack of deficits in sustained attention in autism.84 Therefore, further
investigations examining the nature of these deficits and the underlying neural networks are
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warranted to determine whether or not executive functioning deficits, as observed in
different disorders, share the same neurobiological underpinnings.

Despite the deficits in executive functioning, no volumetric alterations were found in the
present investigations of the dorsolateral prefrontal cortex, a brain region within the frontal
lobe well-known to be related to mental planning and cognitive flexibility. Additionally, no
relationships were observed between volumetric measurements and performance on
cognitive tasks. The absence of volumetric alterations observed here is consistent with one
previous study describing an increase in the parietal, occipital and temporal but not the
frontal lobes in autism.86 However, our findings are not concordant with several other
investigations reporting structural abnormalities in the frontal lobe in individuals with
autism.86-89 Increased total frontal lobe volume was found in a study of young children with
autism which was related to the enlargement of grey and white matter in the dorsolateral and
medial frontal cortices.86:88 Consistent with this finding, increased grey matter volume was
observed in a sample of 21 medication-naive children with autism between 7 and 15 years of
age when compared to 21 gender-, age-, and 1Q-matched controls.8” In contrast, a decrease
in frontal lobe parenchyma was observed in a recent study examining this structure in 9
individuals with autism between 29 and 47 years of age compared to matched controls.89
The discrepancies are most likely related to differences in the morphometric methodology
used and to differences in the samples’ characteristics included in each study.

This study is limited by the relatively small number though carefully diagnosed subjects
with autism who span a narrow 1Q range but wide age range. While it is possible that a
much larger number of subjects might reveal differences between the groups on volumetric
measures or correlations between frontal volume and executive function, the existing
structural MRI literature in autism provides substantial evidence that gross changes in brain
size are a function of age, and are most prominent in the first few years of life in autism.>°
There is also substantial accumulated evidence to document rather wide-spread
abnormalities in the functional connectivity of frontal cortex predominantly in subjects over
the age of 10 years. Collectively, these studies strongly suggest that the neural basis of the
cognitive dysfunction in this developmental disorder will not be found in gross structural
changes as it is in acquired brain injury. More detailed investigation of local and distant
functional and structural connectivity of cortex as a function of both age and gene status will
likely provide the greatest insight into the neurobiologic basis of cognitive dysfunction in
autism,90-92

Conclusions

Findings from this study suggest that the executive functioning deficits observed in this
sample of children and adults with autism are probably not associated with gross anatomical
abnormalities of the frontal lobe. However, they are consistent with the numerous fMRI
studies demonstrating reduced functional connectivity of frontal cortex with other cortical
and subcortical regions during a variety of tasks. Conclusions from this investigation are
limited by the small sample size and should be considered with caution in light of its
methodological limitations such as the broad age range of the sample, the exclusion of lower
functioning individuals, the dorsolateral prefrontal cortex measurement methodology, and
the lack of adjustment of the pvalues due to the multiple comparisons. Therefore, additional
research is needed to examine the frontal lobe in autism while using multimodal imaging
techniques (structural MRI, diffusion tensor imaging, functional MRI, and magnetic
resonance spectroscopy) that include the capacity to assess different aspects of connectivity
and molecular pathophysiology in autism. These strategies will lead to a better
understanding of the relationships between executive functioning deficits and brain structure
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d function, including the neural network connections that underlie these cognitive
normalities critical to adaptive function.

Acknowledgments

Th

is work was supported in part by NIMH grants MH 083972 and 64027 to Dr. Hardan and NICHD grant HD

055748 to Dr. Minshew. This study was also supported by an NICHD Collaborative Program of Excellence in
Autism (CPEA).

From the University of Pittsburgh-Carnegie Mellon University Autism Center of Excellence and the Autism and
Developmental Disabilities Research Program at Stanford University. This work was completed at Western
Psychiatric Institute and Clinic, Pittsburgh, PA, USA

References
1.

American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders. 4.
Washington DC: American Psychiatric Association; 2000. text revision

. Minshew NJ, Goldstein G, Seigel DJ. Neuropsychologic functioning in autism: profile of a complex

information processing disorder. J Int Neuropsychol Soc. 1997; 3:303-316. [PubMed: 9260440]

. Ozonoff S, Pennington BF, Rogers SJ. Executive function deficits in high-functioning autistic

individuals: relationship to theory of mind. J Child Psychol Psychiatry. 1991; 32:1081-1105.
[PubMed: 1787138]

. Pennington, BF. Dimensions of executive functions in normal, abnormal development. In:

Krasnegor, N.; Lyon, G.; Goldman-Rakic, P., editors. Development of the prefrontal cortex.
Baltimore: Paul Brooks; 1997. p. 265-281.

5. Russell, J. Autism as an Executive Disorder. New York: Oxford University Press; 1997.

10

11.

12.

13.

14.

15.

16.

17.

18.

. Ozonoff, S. Components of executive function in autism and other disorders. In: Russell, J., editor.

Autism as an Executive Disorder. Oxford: Oxford University Press; 1997. p. 179-211.

. Pennington BF, Ozonoff S. Executive functions and developmental psychopathology. J Child

Psychol Psychiatry. 1996; 37:51-87. [PubMed: 8655658]

. Christ SE, Holt DD, White DA, Green L. Inhibitory control in children with autism spectrum

disorder. J Autism Dev Disord. 2007; 37:1155-1165. [PubMed: 17066307]

. McGonigle-Chalmers M, Bodner K, Fox-Pitt A, Nicholson L. Size sequencing as a window on

executive functioning in children with autism. J Autism Dev Disord. 2008; 38:1382-1390.
[PubMed: 17594137]

. Joseph R. Neuropsychological frameworks for understanding autism. Int Rev Psychiatry. 1999;
11:309-325. [PubMed: 16467917]

Liss M, Fein D, Feinstein C, et al. Executive functioning in high-functioning children with autism.
J Child Psychol Psychiatry. 2001; 42:261-270. [PubMed: 11280422]

Rinehart NJ, Bellgrove MA, Tonge BJ, et al. An examination of movement kinematics in young
people with high-functioning autism and asperger’s disorder: Further evidence for a motor
planning deficit. J Autism Dev Disord. 2006; 36:757-767. [PubMed: 16865551]

Solomon M, Ozonoff SJ, Cummings N, Carter CS. Cognitive control in autism spectrum disorders.
Int J Devl Neuroscience. 2008; 26:239-247.

Borys SV, Spitz HH, Dorans BA. Tower of Hanoi performance of retarded young adults and
nonretarded children as a function solution length and goal state. J Exp Child Psychol. 1982;
33:87-110. [PubMed: 7057138]

Grant, DA.; Berg, EA. Wisconsin Card Sorting Test. San Antonio, TX: Harcourt Assessment;
1993.

Heaton, RK. Wisconsin Card Sorting Test Manual. Odessa, FL: Psychological Assessment
Resources; 1981.

Newman SD, Carpenter PA, Varma S, Just MA. Frontal and parietal participation in problem
solving in the Tower of London: fMRI and computational modeling of planning and high-level
perception. Neuropsychologia. 2003; 41:1668-1682. [PubMed: 12887991]

Hill F. Executive dysfunction in autism. Trends Cog Sci. 2004a; 8:26-32.

J Child Neurol. Author manuscript; available in PMC 2012 August 27.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Griebling et al.

19.
20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 9

Hill F. Evaluating the theory of executive dysfunction in autism. Dev Rev. 2004b; 24:189-233.
Ozonoff S, McEvoy RE. A longitudinal study of executive function and theory of mind
development in autism. Dev Psychopathol. 1994; 6:415-3.

Prior MR, Hoffmann W. Neuropsychological testing of autistic children through an exploration
with frontal lobe tests. J Autism Dev Disord. 1990; 20:581-590. [PubMed: 2279976]

Hughes C, Russell J, Robbins TW. Evidence for executive dysfunction in autism.
Neuropsychologia. 1994; 32:477-92. [PubMed: 8047253]

Barnard L, Muldoon K, Hasan R, et al. Profiling executive dysfunction in adults with autism and
comorbid learning disability. Autism. 2008; 12:125-141. [PubMed: 18308763]

Geurts HM, Verte S, Oosterlaan J, et al. How specific are executive functioning deficits in
attention deficit hyperactivity disorder and autism? J Child Psychol Psychiatry. 2004; 45:836-845.
[PubMed: 15056314]

Ozonoff S, Rogers S, Pennington BF. Asperger’s syndrome: Evidence of an empirical distinction
from high-functioning autism. J Child Psychol Psychiatry. 1991; 32:1107-1122. [PubMed:
1787139]

Minshew NJ, Goldstein G. The pattern of intact and impaired memory functions in autism. J Child
Psychol Psychiatry. 2001; 42:1095-1101. [PubMed: 11806691]

Renner P, Klinger LG, Klinger MR. Implicit and explicit memory in autism: is autism an amnesic
disorder? J Autism Dev Disord. 2000; 30:3-14. [PubMed: 10819116]

Williams DL, Goldstein G, Minshew NJ. Neuropsychologic functioning in children autism: further
evidence for disordered complex information processing. Child Neuropsychol. 2006; 12:279-298.
[PubMed: 16911973]

Bennetto L, Pennington BF, Rogers SJ. Intact and impaired memory functions in autism. Child
Dev. 1996; 67:1816-1835. [PubMed: 8890510]

Ozonoff S, Jensen J. Brief report: Specific executive functioning profiles in three
Neurodevelopmental disorders. J Autism Dev Disord. 1999; 29:171-177. [PubMed: 10382139]

Rumsey JM. Conceptual problem-solving in highly verbal, nonretarded autistic men. J Autism Dev
Disord. 1985; 15:23-36. [PubMed: 3980427]

Rumsey JM, Hamburger SD. Neuropsychological findings in high functioning men with infantile
autism, residual state. J Clin Exp Neuropsychol. 1988; 10:201-221. [PubMed: 3350920]

Rumsey JM, Hamburger SD. Neuropsychological divergence of high-level autism and severe
dyslexia. J Autism Dev Disord. 1990; 20:155-68. [PubMed: 2347817]

Szatmari P, Tuff L, Finlayson MAJ, Bartolucci G. Asperger’s syndrome and autism:
Neurocognitive aspects. J Am Acad Child Adolesc Psychiatry. 1990; 29:130-6. [PubMed:
2295566]

Ozonoff, S. Executive functions in autism. In: Schopler, E.; Mesibov, GB., editors. Learning and
cognition in autism (Current issues in autism). New York: Plenum Press; 1995. p. 199-219.
Ozonoff S, Cook I, Coon H, et al. Performance on Cambridge Neuropsychological Test Automated
Battery subtests sensitive to frontal lobe function in people with autistic disorder: Evidence from
the Collaborative Programs of Excellence in Autism network. J Autism Dev Disord. 2004;
34:139-50. [PubMed: 15162933]

Boone KB, Ghafferian S, Lessner IM, et al. Wisconsin Card Sorting Test performance in healthy,
older adults: Relationship to age, sex, education, and 1Q. J Clin Psychol. 1993; 49:54-60.
[PubMed: 8425935]

Welsh MC, Pennington BF, Grossier DB. A normative-developmental study of executive function:
A window on prefrontal function in children. Dev Neuropsychol. 1991; 7:131-149.

Arffa S, Lovell M, Podell K, Goldberg E. Wisconsin Card Sorting Test performance in above
average and superior school children: Relationship to intelligence and age. Arch Clin
Neuropsychol. 1998; 13:713-720. [PubMed: 14590630]

Klonoff, H.; Low, M. Disordered brain function in young children and early adolescents:
Neuropsychological and electroencephalographic correlates. In: Reitan, RM.; Davison, LA,
editors. Clinical Neuropsychology: Current Status and Applications. Washington, DC: Winston;
1974.

J Child Neurol. Author manuscript; available in PMC 2012 August 27.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Griebling et al.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Page 10

Parsons EJC. An investigation of appropriate neuropsychological assessment procedures with
adults in the higher intelligence ranges. Dissertation Abstracts International. 1984; 45:1592B.

Riccio CA, Hall J, Morgan A, et al. Executive function and the Wisconsin Card Sorting Test:
Relationship with behavioral ratings and cognitive ability. Dev Neuropsychol. 1994; 10:215-229.

Romine CB, Lee D, Wolfe ME, et al. Wisconsin Card Sorting Test with children: A meta-analytic
study of sensitivity and specificity. Arch Clin Neuropsychol. 2004; 19:1027-1041. [PubMed:
15533695]

Seidenberg M, Giordani B, Berent S, Boll T. IQ level and performance of the Halstead-Reitan
neuropsychological test battery for older children. J Consult Clin Psychol. 1983; 51:406-413.
[PubMed: 6863702]

Chelune GJ, Baer RA. Developmental norms for the Wisconsin Card Sorting Test. J Clin Exp
Neuropsychol. 1986; 8:219-228. [PubMed: 3722348]

Levin HS, Culhane KA, Hartmann J, et al. Developmental changes in performance on tests of
purported frontal lobe functioning. Dev Neuropsychol. 1991; 7:377-395.

Minshew NJ, Meyer J, Goldstein G. Abstract reasoning in autism: a dissociation between concept
formation and concept identification. Neuropsychology. 2002; 16:327-334. [PubMed: 12146680]
Just MA, Cherkassky V, Keller TA, Minshew NJ. Cortical activation and synchronization during
sentence comprehension in high-functioning autism: evidence of underconnectivity. Brain. 2004;
127:1811-1821. [PubMed: 15215213]

Goldman-Rakic PS. Topography of cognition: parallel distributed networks in primate association
cortex. Annu Rev Neurosci. 1988; 11:137-156. [PubMed: 3284439]

Lainhart JE. Advances in autism neuroimaging research for the clinician and geneticist. Am J Med
Genet C Semin Med Genet. 2006; 142:33-39. [PubMed: 16419098]

Brambilla P, Hardan A, Ucelli di Nemi S, et al. Brain anatomy and development in autism: review
of structural MRI studies. Brain Res Bull. 2003; 61:557-569. [PubMed: 14519452]

Aylward EH, Minshew NJ, Field K, et al. Links effects of age on brain volume and head
circumference in autism. Neurology. 2002; 59:175-183. [PubMed: 12136053]

Bailey A, Luthert P, Bolton P, et al. Autism and megalencephaly. Lancet. 1993; 341:1225-1226.
[PubMed: 8098126]

Davidovitch M, Patterson B, Gartside P. Head circumference measurements in children with
autism. J Child Neurol. 1996; 11:389-393. [PubMed: 8877607]

Fidler DJ, Bailey JN, Smalley SL. Macrocephaly in autism and other pervasive developmental
disorders. Dev Med Child Neurol. 2000; 42:737-740. [PubMed: 11104344]

Fombonne E, Roge B, Claverie J, et al. Microcephaly and macrocephaly in autism. J Autism Dev
Disord. 1999; 29:113-119. [PubMed: 10382131]

Gillberg C, deSouza L. Head circumference in autism, Asperger syndrome, and ADHD: A
comparative study. Dev Med Child Neurol. 2002; 44:296-300. [PubMed: 12033714]

Lainhart JE, Piven J, Wzorek M, et al. Macrocephaly in children and adults with autism. J Am
Acad Child Adolescence Psychiatry. 1997; 36:282-290.

Miles JH, Hadden LL, Takahashi TN, Hillman RE. Head circumference is an independent finding
associated with autism. Am J Med Genet. 2000; 95:339-350. [PubMed: 11186888]

Aylward EH, Minshew NJ, Goldstein J, et al. MRI volumes of amygdala and hippocampus in non-
mentally retarded autistic adolescents and adults. Neurology. 1999; 53:2145-2150. [PubMed:
10599796]

Elia M, Ferri R, Musumeci SA, et al. Clinical correlates of brain morphometric features of subjects
with low-functioning autistic disorder. J Child Neurol. 2000; 15:504-508. [PubMed: 10961787]
Gaffney GR, Kuperman S, Tsai LY, et al. Midsagital magnetic resonance imaging of autism. Br J
Psychiatry. 1987; 151:831-833. [PubMed: 3502809]

Garber HJ, Ritvo ER. Magnetic resonance imaging of the posterior fossa in autistic adults. Am J
Psychiatry. 1992; 149:245-247. [PubMed: 1734747]

George MS, Costa DC, Kouris K, et al. Cerebral blood flow abnormalities in adults with infantile
autism. J Nerv Ment Dis. 1992; 180:413-417. [PubMed: 1624921]

J Child Neurol. Author manuscript; available in PMC 2012 August 27.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Griebling et al.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Page 11

Horwitz B, Rumsey JM, Grady CL, Rapoport Sl. The cerebral metabolic landscape in autism:
Intercorrelations of regional glucose utilization. Arch Neurol. 1988; 45:749-755. [PubMed:
3260481]

Just MA, Cherkassky V, Keller TA, et al. Functional and anatomical cortical underconnectivity in
autism: evidence from an fMRI study of an executive function task and corpus callosum
morphometry. Cerebral Cortex. 2007; 17:951-961. [PubMed: 16772313]

Kana RK, Keller TA, Cherkassky VL, et al. Sentence comprehension in autism: thinking in
pictures with decreased functional connectivity. Brain. 2006; 129:2482-2493.

Koshino H, Carpenter PA, Minshew NJ, et al. Functional connectivity in an fmri working memory
task in high-functioning autism. Neuroimage. 2005; 24:810-821. [PubMed: 15652316]

Koshino H, Kana RK, Keller TA, et al. FMRI investigation of working memory for faces in
autism: visual coding and underconnectivity with frontal areas. Cerebral Cortex. 2008; 18:289-
300. [PubMed: 17517680]

Luna B, Minshew NJ, Garver KE, et al. Neocortical system abnormalities in autism: an fMRI study
of spatial working memory. Neurology. 2002; 59:917-922. [PubMed: 12297579]

Villalobos ME, Mizuno A, Dahl BC, et al. Reduced functional connectivity between V1 and
inferior frontal cortex associated with visuomotor performance in autism. Neuroimage. 2005;
25:916-925. [PubMed: 15808991]

Zilbovicius M, Garreau B, Samson Y, et al. Delayed maturation of the frontal cortex in childhood
autism. Am J Psychiatry. 1995; 152:248-252. [PubMed: 7840359]

Minshew NJ, Williams DL. The new neurobiology of autism: Cortex, connectivity, and neuronal
organization. Arch Neurol. 2007; 64:945-950. [PubMed: 17620483]

Minshew, N. Autism. In: Berg, BO., editor. Principles of Child Neurology. New York: McGraw
Hill; 1996. p. 1713-1729.

Lord C, Rutter M, Le Couteur A. Autism Diagnostic Interview-Revised: a revised version of a
diagnostic interview for caregivers of individuals with possible pervasive developmental disorders.
J Autism Dev Disord. 1994; 24:659-685. [PubMed: 7814313]

Lord, C.; Rutter, M.; DiLavore, P.; Risi, S. Autism Diagnostic Observation Schedule. Los Angeles:
Western Psychological Services; 1999.

Hollingshead, AB. Four factor index of social status. Yale University, Department of Sociology;
New Haven, CT: 1975.

Patel, VH.; Friedman, L. MRI of the Brain, Normal Anatomy, and Normal Variants. Philadelphia:
Saunders; 1997.

Magnotta VA, Harris G, Andreasen NC, et al. Structural MR image processing using the
BRAINS2 toolbox. Computerized Medical Imaging and Graphics. 2002; 26:251-264. [PubMed:
12074920]

Aylward EH, Andersen NB, Bylsma FW, et al. Frontal lobe volume in patients with Huntington’s
disease. Neurology. 1998; 50:252-258. [PubMed: 9443488]

Hardan AY, Kilpatrick M, Keshavan MS, Minshew NJ. Motor performance and anatomic
magnetic resonance imaging (MRI) of the basal ganglia in autism. J Child Neurol. 2003; 18:317—
324. [PubMed: 12822815]

Johnson KA, Kelly SP, Bellgrove MA, et al. Response variability in attention deficit hyperactivity
disorder: Evidence for neuropsychological heterogeneity. Neuropsychologia. 2007; 45:630-638.
[PubMed: 17157885]

Pennington, BF.; Welsh, M. Neuropsychology and developmental psychopathology. In: Cicchetti,
D.; Cohen, DJ., editors. Handbook of Developmental Psychopathology. 1995. p. 254-290.
Greene C, Braet W, Johnson KA, Bellgrove MA. Imaging the genetics of executive function. Biol
Psychol. 2008; 79:30-42. [PubMed: 18178303]

Piven J, Arndt S, Bailey J, Andreasen N. Regional brain enlargement in autism: a magnetic
resonance imaging study. Journal of the American Academy of Child Adolescence Psychiatry.
1996; 35:530-536.

Carper RA, Moses P, Tigue ZD, Courchesne E. Cerebral lobes in autism: early hyperplasia and
abnormal age effects. Neuroimage. 2002; 16:1038-1051. [PubMed: 12202091]

J Child Neurol. Author manuscript; available in PMC 2012 August 27.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Griebling et al.

87.

88.

89.

90.

91.

92.

Page 12

Palmen SIMC, van Engeland H, Hof PR, Schmitz C. Neuropsychological findings in autism.
Brain. 2004; 127:2572-2583. [PubMed: 15329353]

Carper RA, Courchesne E. Localized enlargement of the frontal cortex in early autism. Biol
Psychiatry. 2005; 57:126-133. [PubMed: 15652870]

Schmitz N, Daly E, Murphy D. Frontal anatomy and reaction time in autism. Neuroscience Letters.
2007; 412:12-17. [PubMed: 17196745]

Wassink TH, Hazlett HC, Epping EA, et al. Cerebral cortical gray matter overgrowth and
functional variation of the serotonin transporter gene in autism. Arch Gen Psychiatry. 2007;
64:709-717. [PubMed: 17548752]

Conturo TE, Williams DL, Smith CD, et al. Neuronal fiber pathway abnormalities in autism: An
Initial MRI diffusion tensor tracking study of hippocampo-fusiform and amygdalo-fusiform
pathways. Journal of the International Neuropsychological Society. 2008; 14:933-946. [PubMed:
18954474]

Abrahams BS, Geschwind DH. Advances in autism genetics: On the threshold of a new
neurobiology. Nature Reviews. 9:341-355.

J Child Neurol. Author manuscript; available in PMC 2012 August 27.



Page 13

Griebling et al.

"S10443 3AITRIaAssIad Uou :HYISHIAN

'S10.48 aAIIRIBABSIad Y ISHId ‘SI008 JO SIBQUINU [210) :¥YTILOL ‘2T F §'E= S|0AU0D ‘G'T F g'E=WISIINE :SNJLJS JILOU0IJOII0S ‘S3|BWa) Z= S|0JIU0D ‘S3[ewa) g =Wsnne :1apuab 'siesk 6 F 8'gT=
$]011U02 ‘sieak § F T'gT=wWsnNe :abe ‘0T F YOT= S|0AU0D ‘ST F YOT=WsnNe :O|SH ‘sonsualoeseyd ajdwes ‘Z 10ueH J0 1amol \HOL ‘2'T F §'E= S|04JU0D ‘H'T F / S=WSINe :SNJe)s J1ILOU0I30I00S ‘Sajela)
2= 5]0J3U09 ‘safeway g =wsnne :1apuab ‘sieak § F 9'8T= S|0JIU0I ‘SIeAA OT F 6'2T=wsnne :abe ‘0T F #0T= S|0JIU0J ‘GT F FOT=WSHNe :O|SH ‘sonsualoeleyd ajdwes T ‘1581 BUILOS pJed UISUOISIM 1 SOM

Sv0° €L ¢ty SISvy 6°CTT LEE'T9  8EEIT SN0 [e10 L

8000 €L TELT 698 v2'68  €26°'G0T  00'THT TR Al
010 €L 6v9Z €2Z6€T €56 980z  68'GE BNON 71
v00° €L v¥6T  vhee 92°06  ¥2TTST  68°€9T swil €l
1000 €. 9vv'e  SETT 79€C  196T¢  I€lE BNOIN €1
v00' €L 186'C 1SCSy  L6'GOT  ¥BT'98T  €LL6T CTAN
900" €L V8¢ 8T¢¢T | Yx4 9/¢'8¢ 12Ty 3NOIN 2L
820" €L LyzT 20000T  9SLET  [8Y'99Z  €0vT BWILTL
960 €L vI'Z S6¥TC VL9 G9997 9.8y BNON TL
d Jp 1 as ues N as Uea
8 =N IE=N ZHOL

0¢T 09 /ST €60°0T Sy'0T 0¢S'0T L9VT  HY3SH3IdAN
€00° 09 9€TE L1119 v.'8 696'6 8€'qT Hd3Sy3d

LT0° 09 T9¥'Z T69'ST 8T'6T €€L°8T ¥0°0€ dd310L1
d Jp } as uea as ues N

8E=N ¥2=N

S|043U0D wsiny 11SOM

:S]0J1UOD U WSINE Ul XSe) 10UBH JO J3MO) pue 153} BUILIOS 1Jed UISUODSIAA UO 80UBWI0)Iad

T alqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

J Child Neurol. Author manuscript; available in PMC 2012 August 27.



Page 14

Griebling et al.

"3WINJOA UIRIq [€10) (AGL ‘Z'T F 9'€= S|041U0D ‘9T F '€=LWSINE :SN]e]S J1LLOU0I30II0S ‘Saewa)
Z= S|0J1U0D ‘sajeway) g =wsnne :1apuab ‘sieak g F £'8T= S|0U0D ‘siesh g F g 6T =wWsnne :abe ‘0T F $OT= S|01U0D ‘¥T F SOT=wWsnNe :OISH ‘sonsuoeIeyd ajdwes :T ‘Xa1l09 [ejuojald Jeiare|josioq :D4d1d

[44c) Sve vy 828  997¢T TT'6e ceel iy 04d71a [eloL
8L 8L0 666" 889" [424 68°CT SS'v 8G'ET UM O4d1d
095’ €y 88" €/8  G¥'8 (4414 808  S8'./¢ K819 0d1a
44 ver 9¢/" SST'T G9€T  86vET  SG¥Cl  ¥SIET NGl
d E| d 1 as Ues N as U N
JE=U ee=u 10d4d1d
aelenodse Ag L [011U0D wsiny

8007 [eIu0IH pue D-dT1d 81BN SIIUAA PUEB A3I9) 10J SJUSWIAINSESIA J1IBWN[OA
¢ 9lgqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

J Child Neurol. Author manuscript; available in PMC 2012 August 27.



