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The purpose of this study was to examine the relationship between
language pathways and autism spectrum disorders (ASDs) in
patients with tuberous sclerosis complex (TSC). An advanced diffu-
sion-weighted magnetic resonance imaging (MRI) was performed
on 42 patients with TSC and 42 age-matched controls. Using a vali-
dated automatic method, white matter language pathways were
identified and microstructural characteristics were extracted, in-
cluding fractional anisotropy (FA) and mean diffusivity (MD).
Among 42 patients with TSC, 12 had ASD (29%). After controlling
for age, TSC patients without ASD had a lower FA than controls in
the arcuate fasciculus (AF); TSC patients with ASD had even a
smaller FA, lower than the FA for those without ASD. Similarly, TSC
patients without ASD had a greater MD than controls in the AF;
TSC patients with ASD had even a higher MD, greater than the MD
in those without ASD. It remains unclear why some patients with
TSC develop ASD, while others have better language and socio-be-
havioral outcomes. Our results suggest that language pathway
microstructure may serve as a marker of the risk of ASD in TSC
patients. Impaired microstructure in language pathways of TSC
patients may indicate the development of ASD, although prospec-
tive studies of language pathway development and ASD diagnosis
in TSC remain essential.

Keywords: arcuate fasciculus, diffusion tensor imaging, neuroanatomy,
tractography, white matter

Introduction

Tuberous sclerosis complex (TSC) is an autosomal-dominant
neurocutaneous disease caused by the loss of either the TSC1
(encoding hamartin) or TSC2 (encoding tuberin) genes. TSC
is characterized by lesions throughout the body, most com-
monly affecting the brain, kidneys, skin, and lungs (Crino
et al. 2006).

Neurological symptoms are common in TSC and include
epilepsy and behavioral conditions such as autism spectrum
disorders (ASDs) (Crino et al. 2006). Between 17% and 61%
of children with TSC exhibit ASD symptoms (Asano et al.
2001). Although cortical tubers seem to be related to epilepsy
and may serve as foci for seizures, these tubers have a poorly
defined relationship to neurocognitive deficits and to ASD in
particular (Bolton et al. 2002; Walz et al. 2002; Curatolo et al.
2004; Jansen et al. 2008).

These neurological symptoms are likely interrelated. Jeste
et al. (2008) found that TSC patients with ASD also exhibited
significantly more general cognitive impairment than those
without ASD. Nevertheless, many TSC patients without ASD

had some cognitive impairment, and had deficits on the
autism diagnostic observation schedule (ADOS). ASDs are
common developmental disorders, with an estimated preva-
lence of 1 in 110 among children (Investigators 2007). Early
indicators of ASD are extremely useful, because early inter-
vention can significantly improve the expected outcome for
most affected children (Filipek et al. 2000).

Neuroimaging allows for the early detection and character-
ization of brain abnormalities that may be useful for ASD di-
agnosis. It has already been used to characterize a variety of
brain abnormalities in TSC patients, with a particular focus on
the diffusion properties of cortical tubers (Asano et al. 2001).
Nevertheless, despite considerable focus on tubers, the
location, volume, and number of tubers do not correlate well
with clinical variables of interest (Bolton et al. 2002; Curatolo
et al. 2004; Wong and Khong 2006).

Instead, differences in the normal-appearing white matter
(NAWM) may actually provide a better marker of neurological
symptoms in TSC (Wakana et al. 2004; Makki et al. 2007;
Peters et al. 2012). The differences in the NAWM of TSC
patients have primarily been found in the white matter overall
and in the corpus callosum specifically, raising the possibility
of aberrant NAWM as a correlate of neurological deficits.
Further supporting the relationship between NAWM and TSC,
a recent report by Tillema et al. (2012) suggests that everoli-
mus therapy can improve the white matter diffusion character-
istics in TSC patients.

Diffusion tensor imaging (DTI) with tractography is a
promising technique for delineating and analyzing white
matter fiber pathways in living humans. DTI with tractogra-
phy gives accurate and reproducible 3D representations of
known connections (Mori et al. 1999; Ciccarelli et al. 2008).
Water diffusion in the brain white matter can be described by
microstructural variables, indicating the speed of the diffusion
(mean diffusivity or MD) and the amount of directionality of
the movement (fractional anisotropy or FA). Microstructural
characteristics of the brain extracted from the DTI data de-
scribe changes in the brain due to development, traumatic
injury, and disease processes (Song, Sun, Ramsbottom, et al.
2002; Song, Sun, Ju, et al. 2003).

The arcuate fasciculus (AF) is a crucial language pathway
in the human brain connecting Broca’s area in the frontal lobe
to Wernicke’s area in the temporal lobe. The AF has been vali-
dated by lesion studies and perioperative electrostimulation
as essential for receptive and expressive language (Catani
et al. 2005; Leclercq et al. 2010). Using tractography to
analyze the AF, investigators have identified anomalies in a
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variety of diseases, including idiopathic ASD (Fletcher et al.
2010), schizophrenia (de Weijer et al. 2011), Angelman syn-
drome (Wilson et al. 2011), and congenital bilateral perisyl-
vian syndrome (Bernal et al. 2010), along with verifying its
importance in normal language function (Lebel and Beaulieu
2009).

Work on schizophrenia by Catani et al. (2011) showed that
examining the 3 segments of the AF can specify the portions
associated with a particular clinical outcome (specifically
auditory hallucinations). Previous work on idiopathic ASD
(Fletcher et al. 2010; Knaus et al. 2010) suggested that the AF
as a whole was modified in patients with ASD. We chose to
investigate whether the changes in the AF were also found in
TSC patients with ASD, as well as determining whether they
were specific to a particular segment.

Thus, while white matter abnormalities have been ident-
ified in patients with TSC, and AF microstructure differences
are associated with the variable neurological outcomes in
several diseases, no studies have focused on the AF in TSC.
Building from the studies connecting AF white matter integ-
rity to a variety of pathologies, we examined a large group of
TSC patients and age-matched controls. Since the TSC patients
have variable ASD status, we asked whether microstructure
changes in the AF were associated with ASD in this group of
children.

Materials and Methods

Subjects
This study involved 42 patients (ages 0.5–25 years) diagnosed with
TSC and 42 age-matched control subjects. All were imaged with 3 T
MRI (Siemens Trio). Data from 6 of the age-matched controls were
obtained with an identical acquisition protocol from collaborators at
the University of North Carolina. The controls were either recruited
specifically as healthy controls or were patients seen at the Children’s
Hospital Boston who received a clinical MRI for a reason other than
TSC or developmental disability. A pediatric neuroradiologist re-
viewed each MRI; the clinical MRI for each control was found to be
normal.

All 42 patients were diagnosed with definite TSC, as described by
the Tuberous Sclerosis Consensus Conference (Roach et al. 1999). The
TSC patients were followed in the Multidisciplinary Tuberous Scler-
osis Program at Children’s Hospital Boston. The ASD diagnosis were
based on the clinical assessment by a board-certified pediatric neurol-
ogist (M.S. and S.S.J.) using the Diagnostic and Statistical Manual
DSM-IV-TR, supplemented in all but the 3 oldest subjects with the
ADOS (Lord et al. 2000) by experienced specialists (V.V.F. and S.S.J.).
Recruitment of subjects, data acquisition, and data analysis were con-
ducted with informed consent, using a protocol approved by the Insti-
tutional Review Board from the Children’s Hospital Boston.

Data Acquisition and Analysis

Preprocessing
The MRI protocol included a routine clinical imaging and a diffusion
imaging addition. Sedation was used for the clinical imaging if
necessary to prevent excessive motion. The imaging protocol in-
cluded a T1-weighted magnetization prepared rapid acquisition with
gradient echo (MPRAGE) and a T2-weighted turbo spin echo, with
diffusion imaging (Reese et al. 2003) acquired in the axial plane. The
diffusion imaging comprised 30 slices with b = 1000 s/mm2 and 5 b =
0 images. The intracranial cavity was segmented following the struc-
tural MRI (Grau et al. 2004; Weisenfeld and Warfield 2009). Diffusion
images were aligned to the T1-weighted MPRAGE to compensate for

distortion and patient motion (Ruiz-Alzola et al. 2002). We estimated
the tensor fit with robust least-squares (Douek et al. 1991).

Tractography
We used a stochastic algorithm for tractography (Peters et al. 2012),
combining the speed and accuracy of deterministic decision-making
at each voxel with probabilistic sampling to better explore the space
of all possible streamlines. Potential streamlines were stochastically
initialized and evaluated starting from all white matter with a high FA
(>0.4). Streamlines were constructed with sequential steps through
the tensor field at sub-voxel resolution. While evaluating each stream-
line, we checked conventional stopping criteria, including streamline
curvature and FA, but incorporated the prior path of the streamline to
compensate for local inhomogeneities. Streamlines were estimated
with log-Euclidean tensor interpolation (Arsigny et al. 2006) at each
voxel, with a stepping direction determined by a linear combination
of tensor deflection (Lazar et al. 2003) and primary eigenvector orien-
tation. The range of potential streamlines examined is broad com-
pared with conventional deterministic tractography. Stochastic
sampling was continued until a predetermined number of streamlines
had been created for each seed voxel.

Tract Selection
As proposed by Wakana et al. (2004), we specified
regions-of-interests (ROIs) to ensure streamlines followed the known
anatomy. We selected streamlines that ended near certain ROIs (selec-
tion ROIs), and excluded those that did pass through other ROIs (ex-
clusion ROIs) to identify the 3 portions of the AF, following a
previously validated procedure (Catani et al. 2005). Catani et al. use
gray matter regions in Broca’s area, Geschwind’s territory, and Wer-
nicke’s area to define endpoints for the streamlines. Similarly, we
defined 3 regions in the white matter adjacent to Broca’s area, Gesch-
wind’s territory, and Wernicke’s area to perform streamline selection.
Figure 1 shows the selection method for the 3 segments of the AF,
and Figure 2 shows the ROIs and 3 segments of the AF in selected
subjects.

Figure 1. Schematic of the selection method for AF segments. Tracts shown are
those for 1 control subject. Regions were automatically mapped onto all subjects,
with region 1 in the white matter near Broca’s territory, region 2 in the white matter
near Geschwind’s territory, and region 3 in the white matter near Wernicke’s territory.
The anterior segment was selected by choosing streamlines that passed through
regions 1 and 2, but not region 3. The long segment was selected by choosing
streamlines that passed through regions 1 and 3 (and which may pass through region
2 as well, but are not required to do so). The posterior segment was selected by
choosing streamlines that passed through regions 2 and 3, but not region 1.
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Extraction of Microstructural Data
The streamlines identified by stochastic tractography were then used
to delineate an ROI for the assessment of white matter microstructural
integrity. Voxels touched by <3% of the streamlines in the tract of in-
terest were excluded from the analysis. Average parameters, including
FA and MD, were assessed by computing the mean of each parameter
for all voxels in the ROIs (Powell et al. 2006; Kubicki et al. 2011).
Similarly, the volume of each tract was determined by summing the
volume of all voxels touched by >3% of the streamlines within a tract
of interest.

Generation of Selection ROIs
To automatically generate ROIs for a large number of subjects, we de-
lineated each ROI in a set of 20 template brains. Using the STAPLE
algorithm (Warfield et al. 2004), we mapped each ROI from the tem-
plate brains onto each TSC patient and control subject, and selected
the consensus voxels (Fig. 2 shows the ROIs mapped on the brains of
selected subjects). This automatic mapping of ROIs eliminates poten-
tial human error or bias in selecting ROIs, as it can be done

objectively across the various populations in our study (Suarez et al.
2012). For the template brains, the AF ROIs were delineated by in-
spection of the color-coded tensor image. Tracts in the subjects were
selected using a multiple ROI approach (Catani et al. 2005). For stat-
istical analysis, the FA and MD were derived from each tensor.

Statistical Analysis
The DTI microstructural measures were considered response variables
in a regression model with age, sex, and group status. Three groups
were examined: controls, TSC patients without ASD, and TSC patients
without ASD. All 2-way interaction terms were considered, and terms
were dropped from the model based on likelihood ratio tests and
Akaike’s information criteria (AIC). Only essential terms were retained
to accurately characterize the data without extra predictors. A logarith-
mic transformation of age, log(age) was chosen rather than age based
on a visual examination of the data and AIC. In the model, log(age)
and group were significant predictors in each analysis for microstruc-
tural variables. Sex was a significant predictor in one of the analyses.
The level of significance (α) was set at 0.05. Different models were fit

Figure 2. The segments of the AF and selection regions in patients and controls. Left side: segments of the AF in patients and controls. Green = anterior segment, red = long
segment, yellow= posterior segment. Right side: ROIs used to select segments of AF. (A) A 13-year-old patient with ASD. (B) A 12-year-old patient without ASD.
(C) A 12-year-old control subject. The ROIs and AF segments are superimposed on a color-map of the principal diffusion directions: green represents the anterior-to-posterior
diffusion direction, blue superior to inferior, and red medial to lateral.
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for each microstructural variable (FA and MD) and each segment of
the AF (anterior, long, and posterior).

Results

Patients
Forty-two subjects (28 boys, 14 girls; mean age 9.9 years; age
range 1–27 years, median age 8.6 years) underwent diffusion-
weighted MRI. Forty-two age-matched controls (20 boys, 22
girls; mean age 9.9 years; age range 1–25 years, median age
8.7 years) with clinically normal MRIs were also included.

Microstructural Characteristics of the Arcuate
Fasciculus
Table 1 presents the multiple regression models describing
the changes in microstructural variables (FA and MD) with
age for each segment (anterior, long, and posterior) and each
group (controls, patients without ASD, and patients with
ASD). There were no differences in the volume of the AF
between controls and TSC patients without ASD or between
controls and TSC patients with ASD.

Anterior Segment

Fractional anisotropy
For the mean FA in the anterior segment of the AF, we com-
pared groups while controlling for age. The controls and TSC
patients without ASD are not significantly different (P =
0.062), while there is a large difference in FA between con-
trols and TSC patients with ASD (P = 0.00084). The FA of TSC
patients without ASD is also larger than the FA of TSC
patients with ASD (P = 0.047; Fig. 4).

Mean diffusivity
For the mean MD, the response in each group is modified by
age. In particular, the MD decreases with age more quickly in
controls than in TSC patients with ASD (P = 0.011), but does
not decrease more quickly in controls than in TSC patients
without ASD. The MD also decreases with age more quickly
in TSC patients without ASD than those with ASD (P = 0.033).

Long Segment

Fractional anisotropy
For the mean FA in the long segment of the AF, we again
compared groups while controlling for age. The controls and
TSC patients without ASD are different, although the differ-
ence is small (P = 0.045). There is a large difference, however,
between the controls and TSC patients with ASD (P =
0.00017); controls have a much higher FA at each age. TSC
patients without ASD also have a significantly higher FA than
those with ASD (P = 0.021). Figure 4 shows a comparison of
the predicted FA at age one for each group.

Mean diffusivity
Similarly, for the MD and after controlling for age, we found a
small significant difference between controls and TSC patients
without ASD (p = 0.026), but a very large difference between
controls and TSC patients with ASD (P < 0.0001). Controls
have a much lower MD at each age. TSC patients without
ASD also have a significantly lower MD than those with ASD
(P = 0.00047). Figure 3 shows the progression of MD by age
in the long segment for each group.

Table 1
The logistic regression models for each segment (anterior, long, and posterior) and microstructural variable (FA and MD)

Controls
(age 1)

Log(age) Sex Patients without
ASD

Patients with
ASD

Patients without
ASD× log(age)

Patients with
ASD× log(age)

Patients without
ASD × sex

Patients with
ASD× sex

Anterior segment
FA 0.366 0.0361*** −0.0189 −0.0485*** ‡

MD 8.32E-04 −4.98E-05*** 2.32E-05 −5.73E-05 5.75E-06 5.77E-05* ‡

Long segment
FA 0.375 0.0363*** −0.0227* −0.0602*** ‡

MD 8.90E-04 −5.10E-05*** 3.25E-05* 1.07E-04*** ‡‡‡

Posterior segment
FA 0.366 0.0318*** −0.0226* −0.0512*** ‡

MD 9.32E-04 −6.72E-05*** 5.99E-05 1.38E-04** 6.868E-05 −7.31E-05* 4.76E-05

The first column shows the baseline condition, a male control subject at age 1. Each additional column shows the β-value from the regression model for the indicated variable. The β-value reflects the
modification of the baseline value for each variable in the regression. Significant differences are noted. The best models for FA and MD incorporate only the natural logarithm of the age and group
membership, with the exception of the posterior segment MD, which also includes sex in the best model. There are 2 different markers for significance.
For comparisons to controls: *P< 0.05; **P< 0.01; and ***P< 0.001. Both TSC patients without ASD and with ASD were compared with controls.
For comparisons to patients without ASD: ‡P< 0.05; ‡‡P< 0.01; and ‡‡‡P< 0.001. In a separate statistical test, TSC patients with ASD were compared with those without ASD.

Figure 3. The long segment MD progression by age. Controls (blue) have a lower
MD at all ages than patients without ASD (red), and patients with ASD (green).
Controls have a lower MD than patients without ASD, although the difference is
small (P= 0.026). Controls have a much lower MD than patients with ASD (P<
0.000001). Patients without ASD also have a much lower MD than those with ASD
(P=0.0005).
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Posterior Segment

Fractional anisotropy
Finally, for the mean FA in the posterior segment of the AF,
we examined the 3 groups while controlling for age. As
before, the controls and TSC patients without ASD had
modest, but significantly different values (P = 0.010), while
controls and TSC patients with ASD had very different FA
values (P < 0.0001). TSC patients without ASD also had higher
FA than those with ASD (P = 0.024; see Fig. 4).

Mean diffusivity
For the MD, we again examined the 3 groups while control-
ling for age. Sex modified the effect of ASD diagnosis on the
results. In particular, there was a significant difference
between males and females in the group of patients without
ASD, a difference that was not found in other segments or for
other measures in the AF. TSC patients without ASD had
higher MD than controls overall (P = 0.0041), but female TSC
patients without ASD had lower MD than male TSC patients
without ASD (P = 0.017).

Discussion

This paper is the first examining microstructural character-
istics of language pathways in TSC. Moreover, it is only the
second analysis of TSC brain diffusion microstructure of any
region that also incorporates the clinical neurological
outcome, following a recent study on the corpus callosum
(Peters et al. 2012). An earlier study by Ridler et al. (2007)

provided the first evidence that neuroanatomical changes in
TSC patients correlate with clinical variables, relating abnorm-
alities in the gray and white matter volume with memory
function. Other work on TSC has been unable to examine
neurological correlates of neuroimaging findings due to a
smaller sample size. The decreased FA in patients relative to
controls—and particularly in patients with ASD—in all 3 seg-
ments of the AF suggests that TSC is associated with impaired
tract cohesion in language regions of the brain. A decreased
FA indicates poor tract integrity and likely represents dimin-
ished compactness of the fiber tracts. The developmental tra-
jectories of microstructural variables appear similar across
groups, but the model suggests that the FA is significantly
different at age one (represented by the intercepts of the log
(age) fits, Fig. 4). This difference in early FA appears to be
maintained through development, potentially relating to the
high prevalence of language deficits in the TSC population.

Similarly, increased MD in patients, particularly those with
ASD, suggests impaired maturation of white matter language
pathways. A higher MD in the TSC population may be related
to incomplete or improper myelination compared with
normal controls (Song, Sun, Ramsbottom, et al. 2002; Song,
Sun, Ju, et al. 2003). Improper or inadequate myelination in
TSC is consistent with mouse studies demonstrating reduced
myelination in the brains of mice lacking Tsc1 or Tsc2 (Meikle
et al. 2007; Way et al. 2009). Nevertheless, mutations in TSC1
and TSC2 cause a variety of neural abnormalities in mouse
models, including changes in neurofilaments and cell size, as
well as dendritic spine density and length. Thus, although hy-
pomyelination may be partly responsible for the observed in-
crease in MD in TSC patients, more general neuronal
dysfunction likely contributes as well.

It is somewhat surprising that changes in the volume of the
AF were not seen in patients with TSC. The aberrant develop-
ment of language pathways in this patient group might be ex-
pected to contribute to the volume changes as well. Fletcher
et al. (2010) found results similar to us in patients with high-
functioning autism. They observed no volume changes with
age, and no volume differences between patients with ASD
and controls. Some evidence, though, suggests that subjects
with typical language activation actually have a lower volume
of the AF (Knaus et al. 2010).

Nevertheless, these results are consistent with the findings
of aberrant AF structure in the idiopathic ASD. A recent work
suggests that the microstructure of the AF is modified in
patients with high-functioning ASD compared with age-
matched controls, even when controlling for overall white
matter microstructure (Fletcher et al. 2010). Patients with ASD
are also more likely to have atypical laterality than controls,
although there were subjects with atypical laterality in both
groups (Knaus et al. 2010).

It is also challenging to explain why the different segments
show varying results. In this study, the long segment showed
the largest differences among the groups, while the micro-
structure of the anterior and posterior segments was more
similar across the groups. These results suggest that the long
segment may be more selective for language differences in
TSC than the anterior and posterior segments of the AF. The
long segment represents the traditional AF that has been vali-
dated in previous studies of language and in ASD (Lebel and
Beaulieu 2009; Fletcher et al. 2010; Knaus et al. 2010) and
overlaps with both the anterior and the posterior segments.

Figure 4. The predicted FA values at age 1 for controls and patients. The predicted
FA values at age 1 for controls (blue), patients without ASD (red), and patients with
ASD (green). The predicted FA values at age 1 do not reflect a set of patients at age
1, but rather are predictions of the FA at age 1 based on the regression models for
the 3 groups. For the anterior segment, only the patients with ASD have a different
FA from controls (P= 0.00082). The patients with ASD also have a significantly
lower FA than those without ASD (P= 0.047). For the long segment, the controls
are significantly different from both patients without ASD (P=0.045) and with ASD
(P= 0.00017). The patients with ASD again had a significantly lower FA than those
without ASD (P=0.02). Similarly, for the posterior segment, control FA values are
different from patients without ASD (P= 0.010) and with ASD (P= 0.000045).
Patients with ASD had a significantly lower FA than those without ASD (P= 0.02).
Error bars represent standard error of the intercept from the regression analysis.
*P<0.05; ***P< 0.001.
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The microstructural differences among groups in the anterior
and posterior segments may be due to those portions that
overlap with the long segment, while the non-overlapping
regions may be more similar across the 3 groups.

The results must be considered in the setting of several
limitations. First, no continuous language or intelligence
measure was collected on this clinical sample of TSC patients.
A continuous language or intelligence measure would have
allowed us to more closely examine the relationship between
the AF microstructure and developmental outcome in the TSC
population as a whole. Prospective studies using continuous
language measures are in progress. Secondly, we identified
groups based on ASD diagnosis. There may be other develop-
mental differences between these groups that we have not
identified. Future studies with larger numbers of subjects may
be able to find these. Thirdly, while DTI tractography has
been used to study a number of neurological illnesses (Ciccar-
elli et al. 2008; Fletcher et al. 2010; Knaus et al. 2010; de
Weijer et al. 2011), it does not directly examine functional
connections in the brain. Instead, DTI tractography outlines
the likely pathways of axon bundles, but may not precisely
trace the route of language information in the brain.

Thus, our findings demonstrate that controls, TSC patients
without ASD, and TSC patients with ASD at a given age have
significantly different AF microstructure. The differences are
particularly pronounced when comparing controls and TSC
patients with ASD. Recent work has also correlated ASD in
TSC to early seizure activity and more frequent seizures
(Numis et al. 2011). It is unclear, though, whether ASD and
frequent/early seizures have a common cause, or whether the
seizures themselves may cause autistic symptoms directly.

The results from this study, particularly the model
suggesting poor AF microstructural integrity from age one,
indicate a possible relationship among aberrant white matter
microstructural integrity, poor cognitive function, early sei-
zures, and ASD. While the group of ASD patients, in general,
is heterogeneous, studying TSC patients can help shed light
on patients with ASD caused by genetic defects in TSC1/2
and genes in related molecular pathways (Tsai and Sahin
2011).
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