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Abstract

Impaired language is a prominent behavioral marker of autism spectrum disorders (ASD), but its
neurobiological underpinnings are incompletely understood. We studied letter and category fluency
in 14 high functioning ASD individuals and 14 age-matched controls. Each fluency condition was
compared to self-paced repetition of the word “nothing.” Responses were recorded to monitor
performance. In letter fluency, the ASD group had significantly greater activation than controls in
the right frontal and right superior temporal lobe. Between-group differences were not observed in
left prefrontal cortex. By examining functional asymmetry in frontal cortex, we found that the ASD
group had significantly reduced lateralization of activation patterns in letter fluency compared to the
controls. In category fluency, no between-group differences in lateralization were found, in light of
greater bilateral activation in controls. These findings indicate reduced hemispheric differentiation
for certain verbal fluency tasks in ASD, consistent with some previous evidence of atypical functional
and structural asymmetries in autism. Abnormal functional organization may contribute to the
language impairment seen in ASD.
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Introduction

Atypical language development is a prominent behavioral marker of autism spectrum disorders
(ASD). In young autistic children, language deficits are among the most salient overt
symptoms. Lack of spoken language by two years of age is often the first indicator to impel
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parents to seek professional advice (De Giacomo and Fombonne, 1998) or to be recognized as
a significant risk factor by pediatricians. The timing of language acquisition is a key predictor
of functional outcome; acquisition of useful speech by 5-6 years of age has been associated
with better educational and functional attainment in adulthood (Howlin et al., 2000).

The severity of language deficits in individuals with ASD varies markedly. Approximately
half of all individuals with autistic disorder remain nonverbal throughout life, while other
individuals may develop fluent language and extensive vocabularies (Volkmar et al., 2000).
However, even in high functioning individuals with ASD, difficulty with acquisition of
complex syntax and morphology (Tager-Flusberg and Joseph, 2003) and aspects of pragmatic
knowledge such as prosody and discourse. Given the role of language abilities in functional
outcome and in mediating and facilitating social communication, an improved understanding
of the brain organization underlying disordered language may shed light more generally on the
neural basis of ASD and factors related to clinical severity.

Structural and functional neuroimaging studies of language areas have provided evidence that
differences in lateralization may underlie language and communication difficulties in
individuals with ASD (Bigler et al., 2007; Boddaert et al., 2003; Chandana et al., 2005; Chiron
etal., 1995; Flagg et al., 2005; Herbert et al., 2002; Herbert et al., 2005). For example, a series
of volumetric studies by Herbert and colleagues (Herbert et al., 2002; Herbert et al., 2005),
demonstrated that brain asymmetry patterns differed in children with high functioning autism
compared to controls. Notably, children with autism showed rightward asymmetry (relatively
greater volume in the right-versus-left hemisphere) in frontal language areas (i.e., pars
opercularis) whereas controls showed leftward asymmetry (Herbert, 2005). Neuroanatomical
studies of the temporal lobes in autism have reported reduced volume in left planum temporale
(Rojas et al., 2002), increased leftward asymmetry of planum temporale (Herbert et al.,
2005), and increased rightward asymmetry in middle and inferior temporo-occipital gyrus
(Herbert et al., 2005). Previously conducted functional neuroimaging studies of language
processing in ASD have not consistently found a similar pattern of reversed hemispheric
dominance. Several studies have reported reduced activation in the left inferior frontal gyrus
during language tasks (Gaffrey et al., 2007; Just et al., 2004; Kana et al., 2006; Muller et al.,
1999a; Muller et al., 1998a); one study reported atypical activation in the right frontal lobe
(Muller et al., 1999a). However, it is important to note that the language tasks utilized in these
studies do not yield strongly lateralized frontal and temporal lobe activation in typically
developing individuals.

The goal of the current study was to determine whether abnormal functional asymmetries in
the frontal lobes are present in autism during single word production. Two widely used
behavioral measures of language functioning, letter fluency and category fluency, were
selected for the fMRI experiment. The letter fluency task relies on basic word knowledge and
initiation of efficient lexical retrieval strategies to name appropriate items whereas the category
fluency task depends to a greater extent on overlearned semantic knowledge. Both tasks are
mediated by left prefrontal cortex in most typically developing individuals (Abrahams et al.,
2003; Fu et al., 2002; Gaillard et al., 2000; Gourovitch et al., 2000; Paulesu et al., 1997; Phelps
et al., 1997; Szaflarski et al., 2002). Individuals with ASD show impairments on behavioral
measure of the letter fluency task relative to typically developing controls (Rumsey and
Hamburger, 1988; Rumsey and Hamburger, 1990; Turner, 1999, but see Minshew et al.,
1997) adults with severe dyslexia (Rumsey and Hamburger, 1990) and clinical norms
(Kleinhans et al., 2005). In contrast, category fluency appears to be less affected in ASD.
Children with autistic disorder and Asperger's disorder are not impaired on category fluency
relative to typically developing children (Boucher, 1988; Dunn et al., 1996; Manjiviona and
Prior, 1999) or clinical norms (Kleinhans et al., 2005), although they may produce a higher
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number of uncommon category members (e.g., “yak” for animal) than expected (Dunn et al.,
1996).

Verbal fluency tasks have been found to correlate with frontal and temporal lobe functioning.
Impaired letter fluency and intact category fluency is typically ascribed to frontal-subcortical
dysfunction and intact temporal lobe functioning (Henry and Crawford, 2004). As such,
impaired performance on fluency tasks in ASD may be related to known impairments in frontal-
subcortical systems (for review see Courchesne et al., 2004; Courchesne et al., 1999). However,
the understanding of the link between cognitive deficits and developmental neuropathology
remains limited. It is possible that the neural underpinnings of cognitive deficits present in a
neurodevelopmental disorder such as ASD may not mirror those of acquired disorders (Thomas
and Karmiloff-Smith, 2002). Thus, in addition to comparing group differences in clusters of
activation using standard FMRI methodology, we conducted a lateralization study to
investigate individual patterns of activation in the frontal lobes in order to better characterize
the functional organization of language in ASD. Unlike the standard methodology, activation
need not overlap spatially across individuals as long as it is localized within the frontal lobe
region of interest. Based on previous findings in the neuropsychological and neuroimaging
literature, we predicted that the ASD group would show reduced activation in the left prefrontal
cortex and increased activation in the right prefrontal cortex.

D-KEFS Verbal Fluency Test—In order to facilitate comparisons to behavioral
performance during FMRI, the statistical analyses were limited to the mean number of words
generated in the first 45 s of each task (i.e., specific letter or specific category). Consistent with
previous studies, the ASD group generated significantly fewer words per letter than the control
group in the Letter Fluency Test [ASD M (SD) = 7.4 (2.3); Control M (SD) = 13.0 (2.7);p <.
00001] and fewer words per category in the Category Fluency Test [ASD M (SD) = 9.8 (2.8);
Control M (SD) =12.6 (2.4); p <.01]. However, the ASD group performed in the average range
according to the clinical norms on the D-KEFS category fluency task. Group averages of
standardized scores on these measures are presented in Table 2.

fMRI verbal fluency performance—Between-group comparisons of mean number of
correct words generated per Fluency block were conducted. The ASD group produced
significantly fewer correct words per Fluency block than the control group during the letter
fluency [ASD M (SD) =10.4 (3.5); control M (SD) = 13.0 (2.4); p <.001] and category fluency
paradigms [ASD M (SD) = 10.8 (2.3); control M (SD) = 16.2 (4.0); p < .001]. However, no
significant between-group differences were found in the number of errors during the letter
fluency [ASD M (SD) = 0.37 (0.36); control M (SD) = 0.61 (.63); p > .05] or category fluency
[ASD M (SD) = 0.77 (0.83); control M (SD) = .71 (1.17); p > .05] blocks. Responses were
coded as errors if they were a repetition of a previously stated word, a non-target item, or a
neologism. Words that could not be understood were not included in the error score.

Corrected head motion—Between-group differences in the amount of detected head
motion were investigated by statistically comparing the motion parameters provided by the
3dvolreg output files. We statistically compared the absolute value of degrees in the roll, pitch,
and yaw direction, and mean mm displacement in the x, y, and z direction. A conservative
approach was utilized, in that all time points were included, even those that were censored in
the FMRI analyses due to visually detected motion. No significant between-group differences
in overall head movement were found for Letter Fluency [ASD M(SD) = 0.25 (0.213), control
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M(SD) = 0.18 (0.009); t (17.79) = 1.081, p = .294] or Category Fluency [ASD M(SD) = 0.40
(0.112), control M(SD) = 0.14 (0.005); t (1g.70) = 1.081, p = .086] scans.

Within group analyses

Letter fluency—Clusters of significant task-related activity for both groups are shown in
Figure 1. The specific brain regions underlying the significant clusters of activation are detailed
in Table 1. Both the ASD and the Control group showed significant (p<.05, two-tailed,
corrected) activation in the left middle frontal gyrus.

Category fluency—The ASD had significant (p< .05, two-tailed, corrected) activation in
the left insula, left inferior frontal gyrus and left medial frontal gyrus. The control group had
significant clusters of activation in the left middle, inferior, and medial frontal gyri.

Letter versus category fluency—In the control group, a direct comparison of letter
fluency and category fluency yielded significantly greater activity in left inferior, middle, and
medial frontal cortex, and bilateral occipital cortex (BA 18) (see Figure 1). No brain region
was significantly more active during the letter fluency condition. Significant clusters reflecting
task differences in amount of reverse activation were not reported. No significant differences
in activation were found between the letter fluency tasks and category fluency tasks in the ASD
group.

Between-group analyses

Letter fluency—The ASD group had significantly (p < .05, two-tailed, corrected) greater
activation than the control group centered in the right inferior frontal lobe. The control group
did not activate any brain region significantly more than the ASD group.

Category fluency—The control group had significantly (p < .05, two-tailed, corrected)
greater activation than the ASD group centered in the left middle frontal lobe (BA 8). The ASD
group did not activate any brain region significantly more than the control group.

Between-group analyses matched on age and handedness

Post-hoc analyses were conducted on a subset of the ASD and control groups matched on
handedness (n=12). One left-handed and one ambidextrous individual were excluded from the
ASD group and two right-handed, age-matched controls were excluded. Statistical significance
was set at p <.05, uncorrected. Only brain regions which yielded statistically significant results
in analyses with the entire group were investigated (left frontal, right frontal, medial frontal
and occipital).

Letter fluency—The specific brain regions underlying the significant clusters of activation
are detailed in Table 1. The ASD group had significantly (p < .05, two-tailed) greater activation
than the control group centered in the right inferior frontal lobe. The control group did not
activate any brain region significantly more than the ASD group.

Category fluency—The specific brain regions underlying the significant clusters of
activation are detailed in Table 1. The control group had significantly (p < .05, two-tailed)
greater activation than the ASD group centered in the left middle frontal lobe (BA 8). The ASD
group had significantly greater activation than the control group in the right inferior frontal
(BA 47), left inferior frontal (BA44), and medial frontal gyri.
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Laterality study

The laterality index used here resulted in a scale from -2 to 2 on which positive values indicate
leftward lateralization (the higher the stronger) and negative values indicate rightward
lateralization (the lower the stronger).

Letter fluency—T-tests were performed to examine between-group differences in mean
volumes of significant activation for left and right frontal lobe ROIs (analyzed separately), and
in degree of functional asymmetry as measured by the laterality index (L1). Individuals without
significant activation in either ROl were excluded from the LI computation, but not the mean
cluster volume comparison. The ASD group showed significantly weaker left-lateralized
activation than the control group (ASD M = .38, Control M = 1.68, p <.001). No significant
between-group differences were found in mean total cluster volume for either the left (ASD =
18106 plL, 16303 pL, p>.05) or right (ASD = 22078 uL, control = 21480 L, p>.05) frontal
ROls.

Category fluency—T-tests were performed to determine if significant between-group
differences were present in mean left hemisphere volume of significant activation, mean right
hemisphere volume of significant activation, and in degree of functional asymmetry as
measured by the LI. All study participants had significant activation in at least one of the ROIs.
No significant group differences in lateralization of activation was found (ASD M = .36, control
M = .66, p > .05). The control group showed weaker left-lateralization in the category fluency
condition compared to the letter fluency condition. The ASD group did not show task-related
differences in lateralization. No significant between-group differences were found in mean
total cluster volume for either the left (ASD = 103986 pL, 92360 pL, p>.05) or right (ASD =
66979 uL, control = 53114 pl, p>.05) frontal ROIs.

Letter vs. category fluency—Task-related and group related differences in the laterality
index were further investigated. We conducted statistical analyses using a one-factorial split-
plot within subjects design. The within-subjects factor was task (letter, category) and the
between-subjects factor was group membership (ASD, control). Main effects and interactions
between factors were tested. When LIs were combined across fluency tasks, the ASD group
showed significantly weaker left lateralization than the control group (M ASD =.353, M control
= 1.141; Fy 53= 13.4, p=.001).

Significantly greater leftward lateralization was observed in the letter fluency task compared
to the category fluency task (F1 23=8.11, p = .007). However, a significant task by group
interaction was found, such that the relationship between lateralization and verbal fluency task
was dependent on group (Fy 23=6.872, p =.015). A follow up analysis looking at the simple
effect of task in the ASD group was not significant (M letter = .383, M category = .323;
F110=.036, p > .05), indicating that lateralization did not differ in ASD when performing the
letter and category fluency task. In contrast, the control group showed significantly greater
leftward lateralization in the letter fluency task than in the category fluency task (M letter =
1.623, M category = .659; F1 13=78.998, p <.0001). These results indicate that typically
developing controls, but not individuals with autism spectrum disorders, display significantly
stronger leftward asymmetry during letter fluency compared to category fluency (see Figure
2).

Between-group lateralization analyses matched on handedness

Post-hoc analyses were conducted on a subset of the ASD and control groups matched on
handedness (n=12). One left-handed and one ambidextrous individual were excluded from the
ASD group and two right-handed, age-matched controls were excluded.
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Letter fluency—Individuals without significant activation in either ROI were excluded from
the LI computation but the not mean cluster volume comparison. As in the previous analysis,
ASD group (n=9) showed significantly weaker left-lateralized activation than the control group
(n=12) (ASD M =0.54., Control M =1.56, p =.011). No significant between-group differences
were found in mean total cluster volume for either the left (ASD = 23,830 pL, control=22,220
ulL, p>.05) or right (ASD = 18,497 uL, control = 9,140 uL, p>.05) frontal ROIs.

Category fluency—No significant group differences in the L1 (ASD M = 0.42., Control M
= 0.60 p < .05) or mean total cluster volume (left: ASD = 110,057 uL, control=92,047 pL,
p>.05; right: ASD = 68,083 uL, control = 56,433 puL, p>.05) of the frontal ROIs was found.

Discussion

This study used two frontally mediated language tasks to measure the functional organization
of language in ASD with fMRI. The present study showed reduced hemispheric differentiation
for verbal fluency tasks in individuals with autism spectrum disorders. At the group level,
robust activation in left prefrontal cortex was observed in the ASD group during both verbal
fluency conditions. However, a direct group comparison of the letter fluency task showed that
the ASD group had greater right hemisphere activation than controls in frontal (BA 44, 45),
insular, and temporal (BA 20, 21, 22, 37) regions. Between-group differences were not
observed in left prefrontal cortex. A follow-up analysis conducted to further characterize the
abnormal functional lateralization in prefrontal cortex for letter fluency found significantly
greater leftward asymmetry in controls than in the ASD group, a difference which persisted
when groups were matched on handedness. In fact, all controls showed leftward asymmetry
with 10 of 14 exclusively activating the left frontal lobe, whereas 12 of the 14 ASD individuals
evidenced right, bilateral, absent, or weak left lateralized activation patterns. These findings
indicate that impairments in verbally mediated executive functioning tasks may be due to
abnormal functional organization of language in prefrontal cortex.

Unlike the current study, decreased activation in the left inferior frontal gyrus and increased
left temporal lobe activation during sentence comprehension (Just et al., 2004; Kana et al.,
2006), semantic processing (Gaffrey et al., 2007; Harris et al., 2006) has been previously
reported in FMRI studies of language in ASD. Increased temporal lobe activation during
language processing was interpreted to reflect an unusual strength in single word processing
(Just et al., 2004). It is possible that reduced left frontal activation was not found in the current
study because we used a task that required generating single words, a skill that in this paradigm
is mediated by the frontal (instead of temporal) lobes. The differences between the current
results and previous studies may also be due to differences in language ability. The participants
with ASD in the current study were considerably more language impaired than those in Just et
al, Kana et al. or Harris et al. Thus, it is possible that atypical language dominance is related
to language impairment in autism, rather than specific to individuals with autism across all
language abilities (Herbert et al., 2005). Furthermore, in the Just et al study, individuals who
did not have strongly left lateralized activation were excluded, which may also account for the
lack of increased right hemisphere activation reported in their study. Interestingly, increased
right frontal activation was reported in two studies that investigated language comprehension
tasks with a social attribution component in children (mean age 11) with ASD (Takeuchi et
al., 2004; Wang et al., 2006). The children with ASD in these studies were high functioning.
Although speculative, one possible interpretation of the current findings in adults and children
with ASD is that high functioning children may eventually acquire typical language dominance
while individuals with greater language impairments do not. Therefore, the atypical
lateralization findings by Wang et al and Takeuchi et al may reflect a transient state in ASD,
reflecting perhaps delayed maturation of the frontal lobes (Zilbovicius et al., 1995) and
language lateralization processes (see below).
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Task-Related Differences in Activation: Letter Fluency vs. Category Fluency

The between-group differences in lateralization of activation present in the letter fluency
condition were not observed in the category fluency condition. In contrast to the strong left-
lateralized activation present in controls during letter fluency (M LI = 1.62), the control group
recruited right prefrontal cortex to a significantly greater extent during category fluency,
resulting in weaker lateralization (M LI = .66). The direct comparison of letter fluency to
category fluency in the control group did not yield a significant cluster of activation in right
prefrontal cortex related to the category fluency condition, indicating the loci of right
hemisphere activation(s) were variable in the control participants.

The presence of stronger left lateralization in letter fluency compared to category fluency in
typically developing controls was reported by one group (Billingsley et al., 2004) but not others
(Gourovitch et al., 2000; Mummery et al., 1996) (Paulesu et al., 1997). It is possible that
previous studies did not find this effect because group results, rather than individual-based
analyses of lateralization, were provided. Right hemisphere activation was present in all
controls during the category fluency task, compared to only 4 controls in the letter fluency task.
This is consistent with previous studies that have reported right hemisphere involvement in
tasks which require semantic processing (Bookheimer, 2002; Gold and Kertesz, 2000; Kang
etal., 1999; Seger et al., 2000; Seghier et al., 2004).

Greater activation in BA 8 was also found in category fluency compared to letter fluency in
the control group in the direct comparison of the fluency tasks. Activation in left superior frontal
gyrus has been reported in other studies involving lexical-semantic processes (Binder et al.,
1997; Braver et al., 1997; Demonet et al., 1992; Muller et al., 2003) and has been suggested
to reflect working memory demands (Muller et al., 2003). Greater working memory demands
were likely present in the category fluency task compared to the letter fluency task given the
significantly greater number of words produced by participants during category fluency. When
more words are generated, the process of monitoring responses in order to avoid repeating a
previously stated word increases working memory demands. Thus, the significantly greater
activation in BA 8 in category fluency in this study likely reflects task-related differences in
working memory.

Lateralization and Behavioral Impairment in ASD

In individuals with ASD, absence of strongly, left-lateralizing activation during the letter
fluency task may underlie performance difficulties. Task-related differences in lateralization
of activation were not present in the ASD group (M letter =.383, M category =.323), indicating
reduced hemispheric specialization for linguistically driven tasks compared to typically
developing individuals. It is also notable that between-group differences in activation in the
letter fluency task were more striking than in the category fluency task, which corresponds to
behavioral performance on these tasks (i.e., letter fluency behavioral performance was
clinically impaired while category fluency was not). Thus, it is possible that individuals with
ASD may have more difficulty performing tasks in which unilateral hemispheric specialization
confers an advantage. Lateralization of functions is potentially advantageous, because greater
efficiency may result from transferring information within, as opposed to across, cerebral
hemispheres (Toga and Thompson, 2003). Another possible hypothesis is that lack of
hemispheric specialization may contribute to reduced abilities in right hemisphere-specialized
tasks as well, which include processing the prosodic, emational, and melodic aspects of
language, and interpreting figurative meanings in language, humor, and metaphor (Toga and
Thompson, 2003). Behavioral studies report deficits in these skills in autism (e.g., McCann
and Peppe, 2003), which suggests that further study may be warranted in this area.
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Early Brain Growth Abnormalities and Lateralization of Language

Atypical organization of language functions may result from early neural insults as
demonstrated by experiments with perinatal focal lesions and early onset epilepsy (Adcock et
al., 2003; Muller et al., 1999b; Muller et al., 1998b) and has been reported in a preliminary
study of five individuals with autism (Muller et al., 1999a). As such, the atypical functional
organization of language found in the current study may be due to the aberrant
neurodevelopmental processes which have been recently identified in ASD. Recent studies
demonstrated that rapid, excessive brain growth occurs in the first years of life in autism
(Courchesne et al., 2003; Dementieva et al., 2005; Webb et al., 2007). In the Courchesne et al.
study, head circumference measures showed that autistic newborns were in the 25th percentile
for head size at birth, which was significantly smaller than the normative sample. However,
head circumference measurements increased dramatically beginning at 2 to 3 months of age,
and by 6 to 14 months of age, had reached the 86th percentile relative to normative databases.
From age 2 to 4 years, brain growth appears to slow down in autism, but absolute brain size is
still enlarged compared to typically developing controls (Courchesne et al., 2001). In this 2 to
4-year-old age period, increased grey matter volume in the cerebrum and increased white matter
volume in the cerebrum and cerebellum is present (Courchesne et al., 2001; Hazlett et al.,
2005). Early brain overgrowth is followed by premature arrested development, with maximum
brain size being attained at approximately 4-5 years of age (Courchesne et al., 2001). Thus,
brain growth in autism appears to stop approximately 9 years earlier than brain growth in
typically developing children, who do not reach maximum brain size until 12-16 years of age
(Courchesne et al., 2000; Giedd et al., 1999).

The course of early brain growth and development in autism contrasts sharply with typically
developing children. In typically developing children, brain growth is a slow, experience
modulated process (Huttenlocher, 2002) with regional variation in the timing of the
development of cerebral cortex (Huttenlocher and Dabholkar, 1997). The right hemisphere
develops faster than in the left hemisphere in the first year of life (Toga and Thompson,
2003) and remains dominant until approximately 3 years of age (Chiron et al., 1997). Putative
language areas (BA 44/45) exhibit adult-like cytoarchitectonic asymmetry at an even later point
in development than the emergence of generalized left hemisphere dominance (Amunts et al.,
2003). Left greater than right structural asymmetry is not reached in BA 45 until 5 years of age
and in BA 44 until 11 years of age in typically developing children (Amunts et al., 2003).
Amunts and colleagues suggested that delayed maturation is the microstructural reflection of
the development of language abilities and that language experience may in turn influence brain
anatomy.

Prematurely arrested brain growth in autism may have specific consequences for language
development. Notably, brain growth in autism ceases before the mature pattern of left
hemisphere dominance is reached in typically developing children (Chiron et al., 1997), and
in the majority of children with autism spectrum disorders, prior to the emergence of complex
language (Charman et al., 2003). Thus, unlike typical development where extended periods of
brain growth coincide with language acquisition and mastery, in autism, language acquisition
typically occurs subsequent to brain growth, without the benefits of neuroplasticity to promote
the development of adaptive neural connections. Courchesne and colleagues (2003) suggested
that such aberrantly rapid and disordered growth may lead to an excessive amount of
connections that may be maladaptive. Consistent with that theory, the widespread bilateral
language activation in ASD found in the current study suggests that excessive, maladaptive
connections and failure to develop typical lateralization may underlie disordered language in
ASD. However, because volumetric analysis was not performed, we cannot determine whether
reduced lateralization is also present at the morphological level in this group.
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The inclusion of a diagnostically mixed group covering a wide age range was both a strength
and weakness. The generalizability of the current findings to individuals across the broader,
higher functioning autism spectrum is strengthened. Although the individuals in the current
study differed in early developmental history and level of autistic symptomatology, as a group,
consistent functional abnormalities were observed. However, given the evidence that language
ability may be linked to neural abnormalities, it is possible that differences in degree or type
of neural abnormality may lead to these diagnostic outcomes. Future studies that look
specifically at differences in early language history and current language functioning may help
determine the role these factors play in neurofunctional language organization. In addition,
developmental changes in language organization throughout adolescence and adulthood in
ASD were not addressed in the current study. Given the wide age-range of our sample, it is
important to note that the lateralization differences reported here may not be observed to the
same extent at all ages; such a possibility should also be addressed in future studies. Finally,
because our ASD group was not matched on verbal ability to the control group, the neural
abnormalities identified in this study may reflect language impairment generally rather than
an abnormality that is specific to individuals on the autism spectrum. Further, it should be noted
that reduced cognitive ability may underlie language impairment in ASD. Thus, both language
impairment and general intelligence may be associated with reduced lateralization of cognitive
functions.

In summary, the ASD group had significantly greater activity than controls in right frontal and
temporal lobes in the letter fluency task. Between-group differences were not observed in left
prefrontal cortex. A lateralization analysis of prefrontal activation found significantly greater
leftward asymmetry in controls than in the ASD group in the letter fluency task. In fact, all
controls showed leftward asymmetry whereas 12 of the 14 ASD individuals evidenced right,
bilateral, absent, or weak left lateralized activation patterns. Between-group differences in
lateralization were not found in the category fluency task, due to the significantly greater right
hemisphere activation present in controls on this task. The lack of between-group differences
in lateralization corresponds to the lack of clinical impairment found on the category fluency
test in ASD. Overall, these data indicate reduced hemispheric differentiation for verbal fluency
tasks in ASD. While lack of hemispheric specialization for higher-order tasks may have broad
implications across many language abilities in ASD, greater behavioral impact may be
observed in tasks which are strongly lateralized in typically developing controls (e.g., letter
fluency). Abnormal functional organization may be related to early, rapid overgrowth of frontal
lobes and subsequent arrested brain development recently reported in autism. Such growth
dysregulation may disrupt the protracted developmental progression by which the left
hemisphere becomes dominant for language, and in turn contribute to the language impairment
seen in autism.

Experimental Procedure

Participants

Sixteen adults adult and adolescent males diagnosed with an autism spectrum disorder (ASD)
participated in the experiment. Two individuals were excluded from the study due to excessive
head motion; their data are not reported. Thus, fourteen adult and adolescent males diagnosed
with an autism spectrum disorder (ASD) were included in the final sample. Eight participants
in the ASD group met criteria for autistic disorder, three met criteria for Asperger's disorder,
and three met criteria for pervasive developmental disorder, not otherwise specified (PDD-
NOS) according to DSM -1V criteria (American Psychiatric Association, 1994). In addition,
participants all met autism spectrum disorder criteria on the Autism Diagnostic Interview-

Brain Res. Author manuscript; available in PMC 2009 July 24.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kleinhans et al.

Page 10

Revised (ADI-R) (Lord et al., 1994) and Autism Diagnostic Observation Schedule - General
(ADOS-G) (Lord et al., 2000). The mean age of the ASD group was 24.1 years (range = 14-44
years). Thirteen individuals were Caucasian and one was Hispanic. All had full scale 1Qs above
80 (see Table 2 for diagnostic and demographic information on the ASD group). Two
individuals were left-handed, one individual was ambidextrous, and 11 were right-handed.
Handedness was determined by self-report.

Typical developing participants were screened for a history of developmental, psychiatric, or
neurologic disorders. Participants were recruited from existing subject databases and through
personal contacts. Two individuals were excluded from the study due to excessive head motion
during fMRI scanning and one individual was excluded because of a technical failure related
to recording his responses. Control participants were matched to the ASD participants
according to age. Three individuals with technically acceptable data were excluded following
the matching procedure because other participants yielded a better age match. Fourteen
typically developing individuals were included in the study. The mean age difference between
the matched pairs was 1.29 years (SD = 1.56 years). Eleven individuals were Caucasian, two
were Asian, and one was African-American. One individual was left handed; all others were
right-handed. Handedness was determined by self-report. In addition, none of the study
participants had obvious structural pathology on the anatomical brain scan.

This study was approved by the University of California, San Diego, San Diego State
University, and Children's Hospital of San Diego Institutional Review Boards. Informed
written consent was obtained from the participants and if applicable, their parents. All
participants were paid $20 per hour of participation.

Design and Procedure

Prior to scanning, all participants were administered the Verbal Fluency Test from the Delis-
Kaplan Executive Function System (Delis et al., 2001) following standard administration
procedures. Participants performed two verbal fluency tasks (letter and category) during echo
planar imaging acquisition. During the letter fluency task, participants generated as many
words as possible that began with the letter on the screen (B,H,R,F). For category fluency,
participants generated as many items as possible from the category on the screen (animals,
clothes, buildings, vehicles). The comparison condition for both FMRI experiments was self-
paced repetition of the word “nothing,” which was guided by the visual presentation “Nothing.”
Short rest periods were interspersed between the Nothing and Fluency conditions. Each run
consisted of four 45-second Fluency blocks (F), four 26-second Nothing blocks (N), and four
10-second Rest blocks (R). The experimental design for each run was: FNRFNRFNRFNR
which followed a 5.2 second delay. Responses were recorded during the FMRI experiment to
verify task performance. Responses were transcribed and scored for accuracy.

FMRI Data Acquisition

MR Imaging was performed with a 1.5 T Siemens Symphony MR scanner (Erlangen,
Germany) equipped with the standard clinical head coil. Functional whole-brain T2*-weighted
images were acquired using a single-shot gradient-recalled echo-planer imaging sequence (TR
= 2600 ms; TE = 36 ms; flip angle = 90°; FOV = 256 mm) with a matrix size of 64 x 64 (in-
plane resolution = 4 x 4 mm). Twenty-eight contiguous 5 mm slices in the axial plane were
acquired during each image using interleaved slice acquisition. One hundred and thirty-four
images were collected per verbal fluency run. The letter fluency paradigm always preceded
the category fluency paradigm. This order was maintained in order to match the clinical
administration procedure. The first two volumes were discarded to control for signal
inhomogeneities which occur at the beginning of the scan. A high-resolution 3D MP-RAGE
(magnetization prepared-rapid gradient echo; TR = 11.08 ms; TE = 4.3 ms; flip angle = 45°;
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FOV = 256 mm; matrix 256 x 256; 180 slices; resolution = 1 mm?3) structural scan was acquired
during the scanning session for anatomical localization.

FMRI Data Analysis

Individual processing and analyses—Motion was systematically evaluated in all
participants. First, a printout of outlier values in the raw data was obtained from AFNI
(http:afni.nimh.nih.gov/afni, Cox, 1996). Timepoints with large spikes in the number of
outliers may indicate the presence of head movement, but visual inspection is necessary for
confirmation. Next, a research technician scrolled through the time series, and noted timepoint
by timepoint, which ones had visibly detectable motion. Image registration and functional
analyses were then conducted using AFNI (http:afni.nimh.nih.gov/afni, Cox, 1996). Motion
correction and registration were done using an automated alignment program (3dvolreg), which
co-registers each volume in the timeseries to a fiducial volume using an iterative process (Cox
and Jesmanowicz, 1999). The fiducial volume was individually selected for each participant
and corresponded to the volume closest to the midpoint without visibly detectable motion.
Then, those time points with noticeable motion in the raw data were inspected again, to
determine whether the registration program had been able to correct the motion such that it
was no longer visibly detectable. If motion was still visibly detectable following the registration
procedure, then the scan was excluded. If the motion was no longer detectable, then the scan
was included, but the timepoints with detectable motion prior to registration were censored
from the statistical analysis. The functional image time series was smoothed with a Gaussian
filter (full-width, half-maximum =8 mm) resampled into Talairach coordinates (Talairach and
Tourn:?ux, 1988) according to the AFNI hand-landmarking procedure (resampled volumes =
4 mm?).

Statistical analysis of the individual functional imaging data was conducted through calculation
of the cross-correlation of the reference waveforms and the measured timeseries data on a
voxel-by-voxel basis. Boxcar timeseries models were created that modeled the verbal fluency
condition and the “nothing” control condition. The modeled timeseries were shifted to account
for the delay in hemodynamic response in fitting the ideal model. Timepoints with apparent
motion, determined through visual inspection, were censored on an individual basis and
excluded from all statistic analyses. Percent MR signal change of the verbal fluency condition
relative to the control condition was calculated and correlated with the modeled timeseries
using the program 3dfim+. The linear trend and global mean were removed from the FMRI
timeseries. Motion parameters, corresponding to mm of adjustment in the X, y, and z axes and
degrees of adjustment in the roll, pitch, and yaw direction per timepoint, obtained from the
motion correction procedure detailed above, were included as orthogonal regression
coefficients.

Group level analyses—The voxelwise group mean signal change and associated t value in
the combined fluency versus “nothing” conditions for the ASD group and the control group
separately were calculated using a one sample t-test. An unpaired t-test comparing the ASD
group to the control group was also conducted. Group differences that stemmed from
differences in the control task (deactivations) were excluded. Statistical significance was
determined for the whole brain using a Monte Carlo based voxel-cluster threshold technique.

Laterality studies—A region of interest (ROI) approach was used to conduct the laterality
studies for the Letter and Category fluency paradigms. Right and left hemisphere ROIs which
included the superior, middle, and inferior frontal gyri and the insula were created with the

Talairach Daemon program. A liberal search area was utilized because the ASD participants'
frontal lobe activations were anticipated to be more heterogeneous than typically developing
individuals (Muller, Kleinhans, Kemmotsu et al., 2003). Significant cluster(s) of activation in
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the ROI for each individual were identified using Monte Carlo simulation at p< .05, one-tailed.
A one-tailed distribution was utilized because the investigation was limited to identifying
positive percent signal change in the fluency task relative to the control task. Significant clusters
were summed, per hemisphere, on an individual basis. The laterality index (LI) was computed
using the total cluster volume(s) per ROI: (L-R)/0.5(L+R).
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Figure 1.

Avreas of significant activation during letter and category fluency, superimposed on a
standardized group-averaged brain. Results are organized by task (rows) and group (columns).
Both groups exhibited significant (voxel height p < .005, voxel extent p < .05) left prefrontal
activation during each verbal fluency task. In the letter fluency task, the ASD group evidenced
significantly (voxel height p < .05, voxel extent p < .05) greater activation than the control
group in right prefrontal cortex and right temporal cortex. There were no brain regions in which
the controls had significantly greater activation than the ASD group. In the category fluency
task, the controls had significantly (voxel height p <.05, voxel extent p < .05) greater activation
in the left middle frontal gyrus. The ASD did not have greater activation than the control group
in any brain region in the category fluency task. Within-group comparisons of letter fluency
vs. category fluency revealed significantly (voxel height p <.05, voxel extent p <.05) increased
medial frontal and occipital lobe activation during category fluency in the control group. No
task related differences were observed in the ASD group. No brain area was significantly more
active in the letter fluency task than the category fluency task in either group. Statistical
significance for all comparisons was determined at the whole brain level using a Monte Carlo
based procedure (AlphaSim) in AFNI. Clusters of activation that reflected differences in
amount of reverse activation were not reported.
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Figure 2.

Task-related differences in mean frontal lobe activation laterality. Error bars indicate standard
error of the mean. A larger laterality index (LI) indicates stronger left-lateralization of
activation. Significantly weaker left-lateralization was observed in category fluency compared
to letter fluency in the control group. In the ASD group, significant task-related differences in
lateralization were not observed.
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