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Abstract

In the present study we tested the hypothesis that, in subjects with Asperger’s syndrome (ASP),
the dynamics of language-related regions might be abnormal, so that repetitive transcranial
magnetic stimulation (rTMS) over Broca’s area leads to differential behavioral effects as seen in
neurotypical controls. We conducted a five-stimulation-site, double-blind, multiple crossover,
pseudo-randomized, sham-controlled study in 10 individuals with ASP and 10 age- and gender-
matched healthy subjects. Object naming was assessed before and after low-frequency rTMS of
the left pars opercularis, left pars triangularis, right pars opercularis and right pars triangularis, and
sham stimulation, as guided stereotaxically by each individual’s brain magnetic resonance
imaging. In ASP participants, naming improved after rTMS of the left pars triangularis as
compared with sham stimulation, whereas rTMS of the adjacent left opercularis lengthened
naming latency. In healthy subjects, stimulation of parts of Broca’s area did not lead to significant
changes in naming skills, consistent with published data. Overall, these findings support our
hypothesis of abnormal language neural network dynamics in individuals with ASP. From a
methodological point of view, this work illustrates the use of rTMS to study the dynamics of
brain—-behavior relations by revealing the differential behavioral impact of non-invasive brain
stimulation in a neuropsychiatric disorder.
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Introduction

Functional imaging studies have shown that naming prominently enhances activity in
Broca’s area of healthy subjects, consistent with its nodal role in the distributed,
bihemispheric language network (see meta-analysis from Price et a/.,, 2005). Non-invasive
brain stimulation techniques enable the further study of dynamic brain networks and their
relation to a given behavior (Robertson et al., 2003). They can disrupt or paradoxically
facilitate a normal or abnormal cognitive function identifying causal links between a brain
network and a cognitive function. Here, we aimed at investigating the integrity of the neural
network associated with naming in individuals with Asperger’s syndrome (ASP) as
compared with neurotypical controls using neuronavigated non-invasive brain stimulation.

Naming is an ability that has been extensively studied with repetitive transcranial magnetic
stimulation (rTMS) in both clinical and healthy populations. Low-frequency rTMS (known
to mainly suppress brain activity) over the right Broca’s area homologue or high-frequency
rTMS (known to mainly enhance brain activity) over the perilesional areas in the left
Broca’s area can improve naming skills in patients with non-fluent aphasia due to stroke
(Naeser et al., 2005a,b; Monti et al., 2008).

Here, we aimed at investigating the integrity of the neural network associated with naming
in ASP as compared with neurotypical controls using rTMS to right or left hemispheric
frontal opercular regions. Although individuals with ASP are known to show normal or
abnormally enhanced naming skills (Muller et al., 1999; Walenski ef al., 2008), they also
display differences in Broca’s area when compared with neurotypical subjects (Nishitani et
al., 2004; McAlonan et al., 2009; but see Nordhal ef a/., 2007) and deficits in high-order
language and communication abilities (Howlin, 2003; Macintosh & Dissanayake, 2004;
Woodbury-Smith & Volkmar, 2009). Our hypothesis was that, even if the behavioral
manifestation is normal, the underlying neural activity might be different. As a general
conceptualization, the same performance in a given task (behavior) can be the result of
different patterns of brain activity. This is not a novel idea; consider for example the
growing literature on interindividual differences in brain activity for a given task, or the
long-standing concept of cognitive strategies. Here we argue that related phenomena may
apply to group differences in specific domains between healthy and certain pathological
populations (in this case for naming between ASP and neurotypical individuals). Naming
ability is a crucial milestone in language acquisition (Swan & Goswami, 1997) and, if its
underlying neural network is different, this might contribute to the development of language
differences at a higher order. Previous work on ASP has focused on impaired language skills
and the related neural network. We believe that the study of neural networks supporting
lower order language skills, even behaviorally normal, could shed light on the higher-order
language deficits observed in ASP, which include pragmatics and language comprehension
(Howlin, 2003; Macintosh & Dissanayake, 2004; Woodbury-Smith & Volkmar, 2009).

Materials and methods

We performed a five-stimulation-site, pseudo-randomized, double-blind, multiple crossover,
sham-controlled trial in 10 adults with ASP and 10 healthy subjects. Language abilities were
assessed using a standardized test of object picture naming before and after each stimulation
session. Participants received sham stimulation or active stimulation to the right or left pars
opercularis or pars triangularis. Stimulation was guided stereotaxically by each individual’s
anatomical brain magnetic resonance imaging.
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We studied 10 native English-speaking adults diagnosed with ASP from an independent
clinician using the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition
(DSM-1V) criteria (American Psychiatric Association (APA), 2000) by a board-certified
neurologist or psychiatrist and the Adult Asperger Assessment (Baron-Cohen et al., 2005).
Half of the patients also completed the Autism Diagnostic Observation Schedule and the
Autism Diagnostic Interview-Revised, which confirmed the diagnosis in all cases. In
addition, we studied 10 age- and gender-matched healthy participants (mean £ SD age of
subjects with ASP and healthy subjects, respectively: 36.6 + 16.0 and 36.6 *+ 16.4 years;
three women with ASP and three healthy women). Patients were recruited through flyers
posted in the Massachusetts area (e.g. at the Asperger’s Association of New England). 1Q
scores were obtained using the Wechsler Abbreviated Scale of Intelligence [mean £ SD 1Q
scores of subjects with ASP and healthy subjects, respectively: full 1Q of 122.4 + 7.2 and
111.2 + 4.3, {17) = -4.18, P=0.001; verbal 1Q of 123.8 + 6.8 and 109.4 £ 5.6, {17) =
-5.06, P=0.0001; non-verbal I1Q of 115.7 £ 11.5 and 111.7 + 9.0, {17) = -0.84, P> 0.05].
Participants were right-handed as assessed with the Edinburgh Handedness Inventory,
except one ASP who was ambidextrous. Participants were screened for rTMS (Keel ef al.,
2001) and magnetic resonance imaging contraindications. Inclusion and exclusion criteria
strictly followed the recommendations and safety guidelines for transcranial magnetic
stimulation (TMS) endorsed by the International Federation for Clinical Neurophysiology
(Wasserman, 1998; Rossi et al., 2009). A medical and psychiatric history was obtained prior
to each subject’s participation. All subjects underwent an evaluation by a neurologist and a
psychiatrist. All underwent a neuropsychological assessment. No subjects were on
psychotropic medications. Subjects had a negative personal and family history of epilepsy.
In female subjects, a negative pregnancy test was confirmed prior to stimulation. Written
informed consent was obtained from all participants prior to inclusion in the study, which
was approved by the Institutional Review Board of Beth Israel Deaconess Medical Center.
A signed Patient Consent-to-Disclose Form was obtained for the photograph displayed in
Fig. 1.

Language assessment

Object naming abilities were assessed using the Boston Naming Test (Kaplan et al., 1976)
by an experimenter blinded to stimulation conditions. We generated five subsets of 15
pictures counterbalanced by frequency and difficulty. At baseline, participants were tested
on the full set of pictures. Then, after each stimulation session, participants were tested with
one of the subsets of pictures. The order of the subsets was counterbalanced across
participants and stimulation sessions. The pictures were presented on a computer using
Presentation software (Neurobehavioral Systems Inc., CA, USA) and the order of pictures in
each subset was randomized across presentations. Participants were instructed to name each
picture as soon as possible after presentation. Verbal responses were recorded with a
microphone attached to a headset (Logitech Inc., CA, USA). Participants with ASP
accurately named objects at each condition: baseline (mean 98%, range 92-100%), sham
rTMS (mean 100%, range 100-100%) and rTMS over the left pars opercularis (mean 99%,
range 93-100%), left pars triangularis (mean 99%, range 93—-100%), right pars opercularis
(mean 98%, range 87-100%) and right pars triangularis (mean 99%, range 93-100%). The
control group showed a similar accuracy of performance: baseline (mean 96%, range 88—
100%), sham rTMS (mean 98%, range 93-100%) and rTMS over the left pars opercularis
(mean 98%, range 93-100%), left pars triangularis (mean 98%, range 93-100%), right pars
opercularis (mean 97%, range 93-100%) and right pars triangularis (mean 96%, range 87—
100%).
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Repetitive transcranial magnetic stimulation

Participants completed four sessions of 30-min 1 Hz rTMS to the left pars opercularis, left
pars triangularis, right pars opercularis or right pars triangularis, and a fifth session of sham
rTMS over the central lobe midline (Fig. 1). The sessions were completed at the same time
of day on separate days over the course of approximately 4 weeks. The order of stimulation
conditions was randomly assigned for each participant. The interval between sessions was at
least 5 days to further control for any possible carry-over effects. Stimulation was performed
at an intensity of 70% of the stimulator output, with a commercially available figure-of-eight
coil (7 cm in diameter) and a Magstim Rapid Magnetic Stimulator unit (Magstim
Corporation, UK). We localized each stimulation site on each participant’s individual
anatomical brain magnetic resonance imaging. The pars opercularis of both hemispheres
was identified as the area rostral to the precentral sulcus, caudal to the anterior vertical
ramus of the lateral sulcus, dorsal to the anterior / posterior ramus of the lateral sulcus, and
ventral to the inferior frontal sulcus. The pars triangularis of both hemispheres was
identified as the area rostral to the anterior vertical ramus of the lateral sulcus, caudal and
dorsal to the anterior horizontal ramus of the lateral sulcus, and ventral to the inferior frontal
sulcus. In order to precisely target the stimulation site and keep the brain target constant
throughout the stimulation session, we used a frameless stereotactic system (Brainsight;
Rogue Inc.).

All stimulation sessions were conducted with strict adherence to current safety guidelines
and recommendations (Wassermann, 1998; Hallett ef a/., 1999; Rossi et al., 2009) at the
Harvard-Thorndike Clinical Research Center and the Berenson—Allen Center for
Noninvasive Brain Stimulation (Beth Israel Deaconess Medical Center, Harvard Medical
School). A standardized questionnaire on the side-effects of stimulation (modified after Keel
et al., 2001) was administrated following each stimulation session upon completion of the
naming task. All side-effects reported by participants who completed the protocol are listed
in Table 1. One neurotypical subject did not complete the protocol. He withdrew during the
second session due to discomfort (i.e. he did not like the facial twitching). No adverse effect
occurred. This was reported to the Institutional Review Board committee.

Data analyses

Results

The outcome measure was the response latency for correct answers. VVocal responses were
transformed into spectrograms in order to identify the latency from the onset of the picture
presentation to the onset of the subject’s correct answer. The response latency was measured
in milliseconds using Praar (http://www.praat.org). Verbal responses were coded so that the
investigator was blind to the stimulation conditions. The mean of response latency was
calculated for each participant and for each stimulation condition. Single trials with response
times more than 2 SDs above or below the mean response for each condition and participant
were considered outliers and excluded. Excluded outliers represented 4.6% of the overall
data. All statistical analyses were performed using spss software (version 16.0, SPSS Inc.,
IL, USA). Results with a P-value < 0.05 were considered significant for all statistical
analyses.

We first tested for group differences in response latency at baseline and sham conditions.
There was no significant difference (repeated-measurements anova; F1 17 = 3.90, P> 0.05),
confirming similar performance between the ASP and neurotypical matched control group at
baseline or after receiving sham rTMS.
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In order to identify a significant modulation of performance after brain stimulation, response
latencies were submitted to a repeated-measures anova With group (ASP, neurotypical) and
stimulation site (sham, left pars opercularis, left pars triangularis, right pars opercularis,
right pars triangularis) as independent factors. There was a main group effect (/7 7 = 8.42, P
= 0.023) and a significant group x stimulation site interaction (/4 g = 3.73, P=0.045), but
no effect of stimulation site (/4 g = 1.18, £> 0.05). Compared with controls, ASP
participants showed worse performance following stimulation of the left pars opercularis
(F1,7=9.12, P=0.019), but better performance after stimulation of the left pars triangularis
(F1,7 =8.53, P=0.022) than after sham stimulation (Fig. 2A). No other comparisons yielded
to statistical significance. As illustrated in Fig. 2B, a faster response time after stimulation
over the left pars triangularis was observed in each individual participant with ASP.

Discussion

Our results show that naming performance at baseline did not differ between ASP and
healthy groups. However, rTMS had a significantly different impact on performance
between the two groups. We found that rTMS to the left pars triangularis significantly
improved the naming performance of ASP volunteers.We also observed in the ASP group
that rTMS to the left pars opercularis significantly worsened performance. These effects
contrast with those of the healthy matched subjects, in whom, consistent with previous
studies (Mottaghy et al., 1999, 2006; Sparing et al., 2001), stimulation of the left or right
pars triangularis or pars opercularis failed to significantly modulate naming skills. These
findings suggest that the language-related neural network is different in individuals with
ASP than in neurotypical individuals. We discuss two potential, not mutually exclusive,
factors that may account for the differential effects of rTMS on naming in ASP vs. healthy
individuals.

Potential difference of the local impact of repetitive transcranial magnetic stimulation
between the Asperger’'s syndrome and healthy groups

The impact of rTMS on the targeted region could be different in participants with ASP than
in healthy subjects. Low-frequency rTMS is thought to suppress activity in the targeted area,
but we cannot affirm that rTMS had the same suppressive effect in ASP and neurotypical
participants, as we did not measure brain activity changes related to stimulation. Modeling
work suggests that the current density distribution is critically influenced by brain
morphology and tissue characteristics (Wagner et a/., 2007, 2008), and morphometric
abnormalities have been reported in adults with ASP, including smaller frontostriatal white-
matter tracts (Toal et al, 2009) and reduced gray matter in frontostriatal regions (McAlonan
et al., 2002). Model work also indicates that the cerebrospinal fluid in sulci can direct
current flow in ways that are difficult to predict a priori (\Wagner et al., 2007). Therefore, the
opposite behavioral differences observed in ASP when applying the TMS coil over these
two neighboring cortical areas (improved performance with the left pars triangularis
condition and worsened performance with the left pars opercularis condition) may not be
interpreted, as the effects of the stimulation were exactly and exclusively where the TMS
coil was placed.

Potential difference of the language neural network between the Asperger’'s syndrome and
healthy groups

Another possible explanation for the differential effect of rTMS on naming in ASP and
healthy subjects is differences in the language neural network. In the light of our findings,
we propose that, in the ASP brain, the left pars triangularis exerts an abnormal inhibitory
effect on the left pars opercularis. We suggest that the behavioral facilitation observed with
stimulation to the left pars triangularis is due to a TMS-induced inhibitory effect on the left
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pars triangularis, which in turn had released its suppressive effect on the left pars opercularis
and enhanced its functional role. This would also explain the observed significant worsening
of naming when targeting the left pars opercularis with 1-Hz rTMS (presumably suppressing
its activity). This will be tested in future work.

Indeed, the behavioral, functional impact of rTMS is ultimately not solely the consequence
of the stimulation’s direct impact on the targeted region, but rather a manifestation of the
capacity of the brain to adjust and compensate for the disruption (e.g. Li ef a/., 2004). It is
possible that the capacity to compensate for the disruption of rTMS is less in ASP than in
healthy subjects. Clear abnormal brain connectivity in ASP has not yet been reported.
However, abnormal connectivity in Autism Spectrum Disorders (ASD) was reported in 1988
by Horwitz et al. and has since received compelling support (Brock et al., 2002; Belmonte et
al., 2004; Courchesne & Pierce, 2005; Courchesne et al., 2005; Herbert, 2005; Lainhart et
al., 2006; Hughes, 2007; Minshew & Williams, 2007; Williams & Minshew, 2007; Groen et
al., 2008; Hadders-Algra, 2008; Miiller et al., 2008) [aberrant connectivity in ASD was also
discussed in the review papers by Hill & Frith (2003), Frith (2004) and Paul et a/. (2007)].
Relevant to this work, abnormalities include reduced intra- and interhemispheric functional
connectivity involving Broca’s area and its right hemispheric homolog. For instance,
underconnectivity was reported between the left pars triangularis and left inferior extrastriate
and between the left pars triangularis and left frontal eye field during sentence
comprehension (Just et al., 2004), between the bilateral pars opercularis and visual area 17
during visuomotor coordination (Villalobos et al., 2005), and between the bilateral
prefrontal cortex (extending to the right pars triangularis) and left parietal region during
working memory with letters (Koshino et al., 2005). Finally, the correlation between the
frontal and temporal activations observed in healthy subjects during semantic processing
was not detected in ASD subjects (Knaus et al., 2008). Even in the resting state, atypical
connectivity has been observed between the ASD frontal and temporal region of the left
hemisphere (Murias et a/., 2007).

Just et al. (2004) have argued that the ASD brain is characterized by underfunctioning
integrative circuitry that results in a deficit of integration of information at the neural and
cognitive levels (underconnectivity theory). The neural basis of impaired language in ASD
entails a lower degree of information integration and synchronization across the language
cortical network (Groen et al., 2008). Thus, ASD individuals may possess abnormally weak
functional connectivity, which could increase the likelihood of behavioral deficits following
a focal disruption, for example by rTMS.

State dependency, which can lead to differential effects of rTMS on cognitive tasks
(Silvanto et al., 2008), might also have contributed to a differential effect of stimulation on
naming between ASP and healthy subjects. We are not aware of any studies specifically
characterizing naming-related activity in ASP, but there are some examples of group
differences on Broca’s activity. In ASD, as compared with neurotypicals, weaker activity
was found in the left pars triangularis during semantic processing (Harris et al., 2006;
Gaffrey et al., 2007) and processing high-imagery sentences (Kana et a/., 2006), in the left
pars opercularis during semantic processing (Gaffrey et al., 2007), and in both the left pars
opercularis and pars triangularis during sentence comprehension (Just et a/., 2004). Knaus ef
al. (2008) reported greater overall activity in Broca’s area in ASD during semantic
processing. Studies combining TMS with neuroimaging may provide valuable insights into
such notions of connectivity and state dependency.

The effects of Broca’'s stimulation on naming in healthy subjects

With regard to healthy subjects, the neural basis of naming has been extensively studied.
Semantic and phonological processes during naming have both been associated with
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activations in the bilateral inferior frontal cortex, with left dominance. In their meta-analysis,
Price et al. (2005) reported that activity in the left pars triangularis is especially involved in
the linguistic aspects of naming, i.e. semantic and phonology (as compared with perceptual
and motor components of speech). These imaging findings seem to contrast with
neuromodulation findings. Broca’s activity is enhanced during naming but Broca’s
stimulation does not seem to significantly change naming processes in healthy subjects.
None of the previous neuromodulation studies have distinctively targeted regions within
Broca’s area (pars triangularis vs. pars opercularis) using a stereotactic system, which could
have explained the negative findings. Here, although we have differentiated the pars
opercularis and pars triangularis, there were no significant effects on naming. This certainly
needs further investigation, which is however out of the scope of this work. The present
findings highlight the importance of distinguishing discrete stimulation sites, in line with
Gough et al. (2005) who reported a functional difference between two neighboring regions,
the rostral part of the inferior frontal gyrus interfered with semantic processing, whereas the
caudal part, < 3 cm apart, impacted phonological processing.

Limitations of the present study

We acknowledge that, although we targeted two adjacent anatomical regions as guided by a
stereotaxic system, the reported behavioral changes are functional differences. We are
limited to the functional resolution of the device. Moreover, we did not measure rTMS-
induced brain activity changes Therefore, we do not know whether the induced current
distribution is such that we are indeed targeting brain areas separated by only 1 cm or
instead reaching different brain areas. To address this, future studies should combine brain
stimulation with neuroimaging techniques such as TMS-position emission tomography and
TMS-functional magnetic resonance imaging. It is also important to note that the observed
behavioral changes were reported in a group of individuals with ASP and these findings
might not be replicated in individuals with other autism spectrum disorders, or those with
lower functional or 1Q levels. Further, the sample size was modest and we cannot rule out
that a larger sample size could have led to significant effects within the control group.
Finally, another limitation is that the groups differed in their full and verbal 1Q scores.
Results could be different in perfectly 1Q-matched groups.

Translational relevance

Our findings do not establish a clinical utility of rTMS in ASP; however, the potential
clinical relevance is worth discussing. Improved naming was associated with stimulation to
the pars triangularis of the left hemisphere in adults with ASP. It has been shown that ASD
individuals trained for the identification of pictures and production of spoken words can not
only improve these skills, but learn new language and can transfer it in a natural, untrained
environment (Bosseler & Massaro, 2003). Naming ability, one of the earliest milestones in
linguistic development, is a signature of future reading ability (Swan & Goswami, 1997).
Further studies seem warranted. Improvements in naming associated with brain stimulation
could ultimately lead to sustained improved communication skills, such as propositional
speech, as well as social interactions in individuals with ASD, especially with more severely
affected and younger patients. In aphasic patients, the beneficial effects on language
following stimulation were not only sustained, but seemed to increase with time (Naeser et
al., 2005a,b; Chastan et al., 2009), suggesting the induction of a behaviorally beneficial
plastic process.

The cause of the communication and language problems, as with the etiology and
pathophysiology of ASP and ASD in general, remains uncertain. However, individuals with
ASP and ASD display definite abnormalities in the language-related brain regions [and the
degree of abnormalities in the left pars opercularis of the inferior frontal gyrus in ASD has
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been correlated with the severity of impairments in social interaction and communication
(Dapretto et al., 2005; Hadjikani et a/., 2006) and the age of acquisition of phrase speech
(McAlonan et al., 2008)]. New strategies should particularly address language and
communication deficits, which critically contribute to deficits in social integration and
cognitive abilities (Hale and Tager-Flusberg, 2005; Joseph et al., 2005).
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Fig. 1.

Design of the experiment. Participants first performed object naming (baseline condition) on
Day 1. On the following days, they performed the naming task after receiving brain
stimulation: sham rTMS, active rTMS to the pars opercularis and active rTMS to the pars
triangularis.
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(A) Mean of response latency for each condition for both the ASP and healthy groups. Error
bars represent SEM. (B) Mean of response latency (in milliseconds) for each condition as
compared with sham stimulation for each subject with ASP. It appears that, with stimulation

of the left hemisphere, the effects of rTMS are consistent across ASP patients (10 / 10
showed a reduced latency with rTMS of the left pars triangularis; 9 / 10 showed a
lengthened latency with stimulation of the left pars opercularis). This contrasts with
stimulation of the right hemisphere. In the ASP group, for right stimulation to the pars
triangularis, when response latencies were calculated only for the participants who

improved, they were faster by 239 ms (SD 116.7 ms) as compared with sham stimulation.
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When the same calculation was performed with the four participants who showed
worsening, they were slower by 381.2 ms (SD 226.6 ms; stimulation to the left pars
triangularis: faster by 156.0 ms; SD 85.6). As an exploratory investigation, Pearson
correlations performed with latency changes (sham minus stimulation to right pars
triangularis) and full 1Q, verbal 1Q, non-verbal 1Q, Autism Spectrum Quotient, age,
handedness indices and accuracy variables did not reach statistical significance (all 7>
0.05). With regards to gender, the three women showed improvement with stimulation to the
right pars triangularis. BA 45, Broadman area 45 (presumably pars triangularis); BA 44,
Broadman area 44 (presumably pars opercularis).
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