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Abstract

Introduction The contribution of radial migration lines
(RMLs) to the neuroanatomical and neurocognitive pheno-
type of tuberous sclerosis complex (TSC) is unclear. The aim
of this study was to perform a comprehensive evaluation of
the neuroradiological phenotype of TSC, distinguishing
RMLs from normal-appearing white matter (NAWM) using
diffusion tensor imaging (DTI) and volumetric fluid-attenuat-
ed inversion recovery imaging.

Methods Magnetic resonance images of 30 patients with
TSC were evaluated. The frequencies of RMLs, tubers,
and subependymal nodules (SENs) were determined for every
hemispheric lobe. Cerebellar lesions and subependymal giant
cell tumors were counted. DTI metrics were obtained from the
NAWM of every hemispheric lobe and from the largest RML
and tuber. Analyses of variance and correlations were performed
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to investigate the associations between neuroanatomical charac-
teristics and relationships between RML frequency and
neurocognitive outcomes. NAWM DTI metrics were compared
with measurements of 16 control patients.

Results A mean of 47 RMLs, 27 tubers, and 10 SENs were
found per patient, and the frequencies of these lesions were
strongly correlated (p<0.001). RML fractional anisotropy
and mean diffusivity were strongly inversely correlated
(»=0.003). NAWM DTI metrics were similar to the controls
(p=0.26). RML frequency was strongly associated with age of
seizure onset (p=0.003), intelligence outcomes (p=0.01), and
level of autistic features (p=0.007).

Conclusion A detailed neuroradiological phenotype is
presented, showing that RMLs are the most frequent neuro-
anatomical lesion, are responsible for white matter DTI
abnormalities, and are strongly associated with age of seizure
onset, intelligence outcomes, and level of autistic features.

Keywords Tuberous sclerosis complex - DTI - Radial
migration lines - Cognition - Epilepsy

Introduction

Tuberous sclerosis complex (TSC) is an autosomal domi-
nant disorder caused by mutations in the tumor suppressor
genes TSC1I or TSC2. Loss of function of the TSC1-TSC2
protein complex causes upregulation of the mammalian
target of rapamycin (mTOR) pathway, resulting in a tumor
growth phenotype. Brain manifestations of TSC are variable
in severity are characterized by cortical tubers, white matter
(WM) abnormalities, and periventricular subependymal
nodules (SENs) which may evolve into subependymal giant
cell tumors (SGCTs) [1-3]. Neurocognitive morbidity is
often severe, including early onset seizures (90 %), cogni-
tive impairment (50 %), and psychiatric disorders (70 %) [4,
5]. Early diagnosis and interventions may improve
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neurocognitive prognosis, inspiring an active search for neu-
roradiological prognostic biomarkers.

Historically, neuroimaging studies in TSC have focused
on morphological tuber characteristics and their relation-
ships with neurocognitive morbidity, reporting variable
and conflicting results [6, 7]. With emerging evidence for
WM dysconnectivity in TSC [8], imaging investigations
shifted to WM microstructure using diffusion tensor imag-
ing (DTI), which is sensitive to the molecular movement of
water and provides information on WM integrity or
pathology.

It was established that radial migration lines (RMLs)
were associated with abnormal DTI values [9-14] (Fig. 1),
consistent with the histopathological findings of disrupted
myelination in these areas [15, 16]. Although these obser-
vations suggest that RMLs may contribute to neurocognitive
morbidity in TSC, these lesions have only rarely been ac-
knowledged as prognostic biomarkers [17, 18] and no quan-
titative evaluations have been performed.

Instead, recent studies have focused on DTI investiga-
tions in normal-appearing white matter (NAWM) with
conflicting observations, reporting both normal [10, 13,
14] and abnormal NAWM microstructure [9, 19-22].
However, most investigations were limited by small sample
sizes, low-resolution fluid-attenuated inversion recovery
(FLAIR) imaging, or did not exclude regions with RMLs
from their measurements. Findings that presumed that
NAWM abnormalities were often regional [9, 11, 20-24]
and correlated with the volume of “subcortical tubers” [23]
suggest that the presence of RMLs interfered with these DTI
measurements.

We hypothesized that, in TSC, the contribution of RMLs to
the neuroradiological phenotype is underrecognized, that
RMLs are responsible for microstructural WM abnormalities,

and that RMLs contribute to the neurocognitive phenotype of
TSC. To explore the first hypothesis, a detailed morpho-
logical evaluation was performed, quantifying the distri-
bution and frequencies of RMLs, tubers, SENs, and
SGCTs. Secondly, RMLs and NAWM were interrogated
with DTT under guidance of volumetric FLAIR imaging in
TSC patients and control patients. Lastly, RML characteristics
were compared with quantitative data on seizures, intelligence
and autistic features.

Methods
Subjects

All subjects were followed at the multidisciplinary TSC
clinic of the study institution and had a definite diagnosis
of TSC [1]. The inclusion criteria were (1) the availability of
a recent magnetic resonance imaging (MRI) study that met
the study protocol criteria (see succeeding sections), free of
motion or technical artifacts, obtained since 2009 and (2) at
least 4 years of age, as after this myelin remodeling is
limited. Exclusion criteria were neurosurgery within the last
year. This study was approved by the institutional review
board of the hospital.

Clinical information

Medical records were reviewed and the following informa-
tion was recorded: date of birth, gender, history of seizures,
history of infantile spasms (IS), age of onset of seizures, and
history of neurosurgery. When available, full-scale intelli-
gence quotients or developmental quotients (IQ/DQs) were
retrieved.

Fig. 1 Appearance of RMLs in a patient with TSC. a Axial volumetric
FLAIR showing RML extending from the temporal horn of the right
lateral ventricle to the right superior temporal gyrus (arrow). b ADC
map showing increased MD in the area of the RML, suggesting
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disruption of the WM microstructure (arrow). ¢ FA color map showing
aberrant orientation of WM fibers in the area corresponding with the
RML (arrow)
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Behavioral measures

In the context of a larger study on TSC and neurobehavioral
morbidity, psychometric questionnaires were prospectively
distributed between 1 October 2010 and 1 April 2012. For this
study, we retrieved scores of the Social Communication
Questionnaire (SCQ), when available. The SCQ [25] is a
reliable, validated screening instrument for ages 4 years and
older. It yields a level of autistic features, based on
current diagnostic criteria for the Autism Diagnostic
Interview—Revised [26]. The scale is completed by a care-
giver, and since it can also be used for nonverbal probands, it
is suitable for all TSC patients [27]. For this study, the T'scores
of the SCQ-Lifetime were used.

Image acquisition

All MRIs were performed without gadolinium on a 3.0-T
system (TimTrio; Siemens, Erlangen, Germany) as part of
the diagnosis or annual routine follow-up. The imaging
protocol included 3D volumetric T1-weighted sequence
(flip angle, 7°; TR, 2,530 ms; TE, 1.64 ms; inversion time,
1,100 ms; voxel size, 1.0x1.0x1.0 mm; section thickness
(ST), 1.0 mm; acquisition matrix, 256 x256; field of view
(FOV), 26 cm; sagittal); T2-weighted turbo spin echo (TR,
6,380 ms; TE, 97 ms; voxel size, 0.4x0.4x4.0 mm; ST,
4.0 mm; matrix, 442x512; FOV, 17-22 cm; 0 gap; axial),
3D turbo spin echo FLAIR (TR, 5,000 ms; TE, 355 ms; time
to inversion, 1,800 ms; voxel size, 0.5x0.5x1.0 mm; ST,
1 mm; matrix, 388%384; FOV, 19x19 cm; sagittal), and
susceptibility-weighted imaging (SWI) (TR, 26 ms; TE,
19 ms; voxel size, 0.9%1.0x1.5 mm; ST, 1.5 mm; matrix,
182%256; FOV, 17x23 cm). Diffusion tensor images were
acquired in an axial plane and contained the following
parameters: TR, 8,440 ms; TE, 90 ms; voxel size, 2.0x
2.0x2.0 mm; ST, 2 mm; imaging matrix, 128x128; FOV,
26x26 cm; 0 gap; diffusion directions, 25; b value,
1,000 s/mm?”. Images were eddy current corrected and
processed to create fractional anisotropy (FA) and mean
diffusivity (MD) maps.

Morphologic MRI evaluation

MRIs were evaluated by one of two radiologists: a pediatric
neuroradiologist with 11 years post-fellowship experience
(PC) and a radiologist specifically trained for the evaluation
of TSC patients (LOT). Evaluations were performed after a
review of five test cases where methods and lesion classifi-
cation were established by consensus (AvE, LOT, and PC).

For the identification and counting of RMLs and tubers,
the volumetric FLAIR images served as the primary data
set, were reformatted on an AGFA PACs workstation, and
viewed simultaneously in the axial, coronal, and sagittal

planes. The axial T2, magnetization-prepared rapid gradient
echo, and SWI sequences were consulted for clarification and
to distinguish calcifications, cysts, and SENSs.

Tubers were defined as cortically located lesions
hyperintense to the normal cortex on the T2/FLAIR images
that produced thickening or blurring of the normal cortex.
RMLs were defined as curvilinear or band-shaped lesions
traversing the deep WM and hyperintense to the NAWM on
FLAIR or T2-weighted images (Fig. 1a). Tubers and RMLs
were further evaluated for associated disruption of the gyral
folding pattern and cystic and calcified components, and a
nomenclature for morphological configurations was adopted
(Online Resource 1).

SENs were defined as lesions originating from the ven-
tricle wall and protruding into the ventricular lumen. SGCTs
were defined as SENs that measured >1 cm; although this
definition is clinically insufficient, it served our quantitative
purpose. For patients with a history of SGCT resection, this
SGCT was also counted. Cerebellar TSC lesions were de-
fined as high-signal findings on the T2-weighted images.
The hemispheric and lobar distributions of RMLs, tubers,
and SENs were calculated.

Quantitative MRI analysis

Elliptical regions of interest (ROIs) were manually placed
by an experienced radiologist (JJ) in consensus with a TSC
research fellow with 2 years of experience with TSC neuro-
anatomy (AVE) after establishing a substantial interrater
correlation with a pediatric neuroradiologist (PC) (see the
“Statistical analysis” section). Using volumetric FLAIR im-
ages as anatomical reference, maximally sized ROIs (range,
20-100 mm?) were placed on apparent diffusion coefficient
(ADC) maps on (1) the largest RML and its contralateral
WM region, (2) the largest tuber, and (3) the NAWM of
every cerebral lobe in both hemispheres (OsiriX Dicom
Viewer, Geneva). Because the frontal lobe is disproportionally
large, two ROIs were placed per frontal hemispheric lobe: in
the prefrontal WM and the more posterior WM (Online
Resource 2). All ROIs were transposed on identical sections
on the FA maps.

After excluding lobes where no NAWM could be visual-
ly detected, the mean MD and FA values of each lobe were
averaged for each patient to approach a whole-brain index of
NAWM MD and FA indices of the cerebral lobes. Cases
where the largest RML or tuber were too small to allow a
margin of at least 2 mm around the ROIs were excluded
from the analysis of DTI metrics due to possible partial
volume effects. Cystic or mineralized lesions were avoided
as these have aberrant values. Lobes affected by neurosur-
gery were excluded from all analyses.

The MD and FA measurements of the same ROIs were
obtained for 16 healthy control patients, including 7 children

@ Springer



1010

Neuroradiology (2013) 55:1007-1014

(mean age, 9 years; range, 4—15 years) and 9 adults (mean
age, 36 years; range, 29-41 years). Control images were
retrospectively retrieved, and inclusion criteria included a
normal MRI study using the same imaging protocol and the
absence of neurological deficits or developmental delay.

Statistical analysis

To determine interrater agreement for the assessment of RMLs,
tubers, and MD and FA values of tubers, RMLs, and NAWM,
intraclass correlation coefficients (ICCs) were determined for a
subset of 10 MRIs. An ICC of 0-0.20 indicated poor agreement;
an ICC of 0.21-0.40, fair agreement; an ICC of 0.41-0.60,
moderate agreement; an ICC of 0.61-0.80, substantial agree-
ment; and an ICC of 0.81-1.00, nearly perfect agreement [28].

Analyses of variance (ANOVAs) and correlations were
performed to (1) explore relationships between frequencies of
RMLs, tubers, SENs, SGCTs, and cerebellar lesions, (2) test
the association between the MD and FA of the largest RML
and these macrostructural lesion frequencies, (3) compare RML
frequency with intelligence outcomes, seizure variables, and
age at MRI, and (4) compare NAWM DTI metrics of the
cerebral lobes of TSC and control patients. Statistical analyses
were performed using SPSS version 15.0 (SPSS Inc., Chicago,
IL, USA). Confidence intervals were 95 %, and o was set at
0.05.

Results
Interrater agreement

For 10 MRIs, the ICCs between PC and LOT were r=0.71
for RMLs and »=0.80 for tubers, indicating substantial
agreement. The remaining MRIs were reviewed by both
PC (10) and LOT (10).

For DTI indices, the interrater correlation between PC
and JJI/AVE was 0.93 for RML MDs, 0.80 for contralateral
NAWM MD, and 0.74 for mean lobar NAWM MD values,
indicating substantial to nearly perfect agreement. These
agreements were the same for FA values. The MD/FA mea-
surements by JJ/AVE were used for further analyses.

Patient characteristics

The MRIs of 30 patients (13 males and 17 females) were
included, with a mean age at time of MRI of 15.5 years
(range, 5-51 years). Of these patients, 23 (77 %) had a
history of epilepsy, 8 (29 %) had a history of IS, and 11
(37 %) had refractory epilepsy. Eight patients had a history
of neurosurgery: six received epilepsy surgery and two
underwent SGCT resection. Twelve (40 %) of the patients
had an intellectual disability (IQ<70). Of the 28 patients
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who received genetic mutation analysis, 11 (39 %) showed a
TSC1 mutation, 15 (54 %) had a TSC2 mutation, and in two
(7 %) patients, no mutation was identified.

Morphological and microstructural relationships

The neuroradiological characteristics of the study group are
listed in Table 1. All patients showed RMLs and 29 (97 %)
patients showed tubers. Fifty-seven percent of RMLs ex-
tended into a tuber. Isolated tubers were rare (3 %), small,
and not cystic or mineralized. RML frequency, tuber fre-
quency, and SEN frequency were significantly correlated
(»<0.001, »>0.56 for all comparisons; Fig. 2a). RMLs,
tubers, and SENs were equally distributed over the hemi-
spheres. Compared with normal lobar proportional volumes
[29], RMLs and tubers seemed to be slightly overrepresented
in the frontal and occipital lobes (Online Resource 3). A trend
was observed between the age at MRI and the frequency of
RMLs (p=0.06).

After excluding five patients where partial volume effects
may have influenced RML ROI measurements, a significant
negative correlation was found between the MD and FA of the
largest RML (p=0.003, r=—0.56). Interestingly, the MD of the
largest RMLs were associated with higher frequencies of
RMLs (p=0.10, r=0.33), tubers (p=0.05, »=0.39), and SENs
(»=0.006, =0.55), although only the latter comparisons were

Table 1 Neuroanatomical characteristics of the study group

N+SD (range)

Morphological characteristics

RMLs 47419 (4-86)
Tubers 27+16 (0-76)
Tuber-RML units 28+16(0-76)
Without gyral distortion 644 (0-23)
With gyral distortion 18+12 (0-40)
Cystic tubers 3+5(0-19)
Mineralized 14+0.8 (0-6)
Isolated tubers 0.43+0.7 (0-5)
Isolated RMLs 20+£15(2-48)
SENs 10+6 (0-22)
No. of patients with SEN >1 cm 13 (43 %)
No. of patients with cerebellar lesion 7 (23 %)

DTI characteristics
(mean and standard deviation)
MD tuber (x10~° mm?/s)

MD RML (x10~¢ mm?/s)

1,196+225 (909-1,863)
1,120+190 (826-1,576)

FA RML 0.23+0.06 (0.31-0.37)
MD NAWM (x10~¢ mm?/s) 758+60.0 (633-844)
FA NAWM 0.44+0.12 (0.31-0.53)

N number, SD standard deviation, NAWM normal-appearing white
matter
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Fig. 2 Graphs depicting the associations between morphological neu-
roanatomical characteristics of the study group. a Scatter plot showing
the correlation between the frequency of RMLs and tubers, showing
categories of SEN frequencies. b Box plot depicting the association

significant. The largest RML FA showed no significant asso-
ciations with lesion frequencies (p>0.20 for all comparisons).

There was a trend towards co-occurrence of SGCTs and
cerebellar lesions (p=0.06). Patients with SGCTs showed sig-
nificantly more RMLs (p=0.01), tubers (»p=0.005), and SENs
(»p=0.01), but no significant differences in DTI metrics of
RMLs or tubers (p>0.10 for all comparisons) (Fig. 2b).
Patients with cerebellar lesions showed significantly more tu-
bers (p=0.007) and SENs (p=0.01), but no significant differ-
ences in RML frequency (p=0.17) or differences in DTI values
of RMLs and tubers (p>0.4 for all comparisons) (Fig. 2c).

Relationship between RMLs and the neurocognitive
phenotype

Highly significant relationships were observed between fre-
quency of RMLs and quantitative neurocognitive outcomes
such as age of seizure onset, IQ/DQs, and rate of autistic
features (Table 2). Associations with dichotomous variables
such as a history of IS were weaker.

Table 2 Results of statistical analysis showing bivariate associations
between RML frequency and neurodevelopmental outcomes, depicting
p values for ANOVAs and correlations

RML frequency

Age at MRI 0.06 (=—0.34)
History of epilepsy 0.05

History of infantile spasms 0.12

Age of seizure onset 0.003 (r=-0.60)
1Q/DQ 0.01 (=0.48)

Rate of autistic features® 0.007 (r=0.56)

Clinical data were available for all patients, IQ/DQ scores were avail-
able for 26 patients, and SCQ scores were available for 22 patients

ANOVA analysis of variance, r correlation coefficient, /Q/DQ intelli-
gence/developmental quotient

# As measured by the SCQ (see the “Methods” section)

between the (history of) SGCT and frequencies of RMLs, tubers, and
SENs. ¢ Box plot depicting the association between cerebellar lesions
and frequencies of RMLs, tubers, and SENs. Box 25th—75th percentile,
horizontal line 50th percentile. *p<0.01; **p<0.001

NAWM characteristics

Of all supratentorial hemispheric lobes, no NAWM could be
detected in 105 (35 %) lobes of 25 patients. After exclusion of
these lobes, TSC and control patients did not show significant
differences for mean supratentorial lobar NAWM MD and FA
values (p=0.26 for both comparisons) (Fig. 3). The DTI metrics
of cerebellar NAWM were normal and similar for cerebellar
lobes with our without a lesion (p>0.48 for all comparisons).

Discussion

Our findings suggest that RMLs are the most frequent
neuroanatomical lesion in TSC patients and are strongly

[ | mDxi0°mmzs [ FA x10°
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Control Patients TSC Study Group

Fig. 3 Box plot comparing the DTI metrics of NAWM of TSC patients
and control patients. No statistical difference was found between the
two groups. Box 25th—75th percentile, horizontal line 50th percentile
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associated with neurocognitive morbidity. The combination
of DTI and high-resolution FLAIR imaging allowed these
focal migration abnormalities to be distinguished from nor-
mal brain parenchyma, demonstrating that RMLs are re-
sponsible for DTI abnormalities in the cerebral lobes.

Characteristics of RMLs

The observed average frequency of 47 RMLs compellingly
resembles the mean of 46 morphological abnormalities found
in a recent neuropathological study [30]. Only about half of
these RMLs terminated in a tuber, and RMLs without cortical
involvement were generally smaller. In the RMLs, the MD,
reflecting the magnitude of water diffusion regardless of the
direction, and the FA, reflecting the degree of directionality of
the diffusion, were abnormal and inversely correlated. This is
similar to previous observations in TSC [13, 14, 31] and in
WM associated with other malformations of cortical develop-
ment [32]. The observation that the NAWM DTI metrics of
the cerebral lobes of TSC patients were similar to that of
control patients underlines that WM abnormalities in TSC
are not diffuse and reflect focal migration abnormalities rather
than other causes of disconnectivity. In this regard, we prefer
“radial migration line” to previous nomenclature such as
“subcortical tubers,” hamartomas, or radial glial bands.
Although the observed trend towards more RMLs at a youn-
ger age is probably due to referral bias, future research should
investigate features of RMLs in utero and in early childhood.

Contribution of RMLs to the neuroradiological phenotype

The strong correlations between the frequencies of RMLs,
tubers, and SENs confirm that these lesions originate from a
common biological dysfunction in the periventricular zone.
Since these lesions show also histological similarities [15, 16,
33] and evidence of mTOR dysregulation [34], RMLs, SENSs,
and tubers should be regarded as an inextricable triad
representing aberrant proliferation and migration in TSC.
Solely identifying patients by tubers or SENs may lead to a
misleading conclusion of a “negative” MRI at a time where
intervention may greatly improve neurodevelopmental prog-
nosis. Hence, we advocate combining tubers and RMLs into
one major diagnostic criterion.

The significant associations between the MD of the larg-
est RML and lesion frequencies support histological obser-
vations that both lesion frequency and severity may covary
with mTOR dysregulation [30]. Furthermore, patients with
SGCTs and cerebellar lesions showed more RMLs, tubers,
and SENSs, suggesting that lesion frequency may help strat-
ify patients at risk for SGCT growth. However, due to
partial volume effects, only the largest RMLs could be
interrogated with DTI metrics, limiting our analyses be-
tween lesion frequency, severity, and growth.
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The exact mechanisms by which enhanced mTOR sig-
naling leads to migration deficits are unclear. mTOR is
expressed during early brain development in progenitor
cells in the ventricular zone and in early neuronal cells in
the nascent cortical plate. Loss of function of regulatory
genes that are expressed simultaneously with mTOR, such
as TSC1 and TSC2, PTEN, and NF1 [35, 36], would result in
dysregulated mTOR activity, causing disturbed proliferation
of neural and astrocytic precursor cells and cytomegaly,
compromising neuronal migration and differentiation.

Relationship between RMLs and the neurocognitive
phenotype

The frequency of RMLs was strongly associated with the
age of seizure onset and a history of seizures, underlining
that WM migration deficits are a robust biomarker for these
important prognostic outcomes. Although this association
could be explained by the strong relationship between RML
and tuber frequency, and a subcortical origin of seizures is
controversial, our observations add to evidence of epileptic
discharges in regions without tubers [37] or outside of tubers
[38]. Together with observations of seizures in a TSC mouse
model with only subcortical lesions [39] and neurosurgical
experience that relatively large resections of cortex and WM
are often necessary to achieve seizure freedom [40], our
findings suggest that WM should be included in investiga-
tions in epilepsy studies.

Compellingly, RML frequency was also strongly associ-
ated with the level of intelligence and rate of autistic fea-
tures, concordant with observations that these variables are
inextricably linked with age at seizure onset [41]. Together
with our findings of normal NAWM microstructure, our
results suggest that, in TSC, neurocognitive deficits are
suggest that, in TSC, neurocognitive deficits are caused by
focal migration and proliferation abnormalities, rather than
primary, global synaptic dysfunction primary, global synap-
tic dysfunction. By interfering with the development of neural
circuitry, RMLs could impair neurotransmission, resulting in
seizures and deficits in intelligence, communication, and so-
cial skills. The regional distribution of RMLs may particularly
affect longer-ranging WM tracts, concordant with a previous
observation that impaired WM integrity of the corpus
callosum was associated with autistic features [24].

Since quantifying RMLs was extremely laborious, the
observed strong associations with neurocognitive outcomes
and DTI and FLAIR abnormalities should encourage re-
search on automated methods for evaluating whole-brain
WM diffusivity or hyperintensity indices as potential bio-
markers. DTT may well detect brain abnormalities before
conventional MRIs in early childhood or even prenatally,
which is particularly critical in the context of administration
of neuroprotective therapies.
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Limitations

Although our study population was relatively large, the num-
ber of our analyses exceeded that allowed for this sample size
and should be regarded as exploratory. Distinguishing
NAWM from multifocal dysplasia is complex in TSC; the
variable distribution of RMLs does not allow standardized
ROI placement or using a template, which may introduce data
variability. However, we established acceptable interrater cor-
relations and further increased the confidence level of our
validity for the NAWM DTI metrics by including one ROI
in every lobe, and even two ROIs in the frontal lobe, and
taking the average of these measurements. This is the first
study to exclude lobes without visible NAWM, making this
the most detailed NAWM analysis in TSC. Since NAWM was
detected in every patient and all indices contributed equally to
the analyses, selection bias was limited.

Since most of the study patients had a positive history of
epilepsy, observed DTI changes could be related to sequelae
of chronic seizures, such as neuronal loss and gliosis.
However, the normal DTI measurements in the NAWM of
our patients suggest that aberrant FA and MD values in
patients with TSC are relatively specific for the presence
of RMLs. We did not address the FA of tubers to limit our
comparisons as FA abnormalities in tubers have been well
established and RMLs were the focus of this paper.

Conclusion

This study suggests that, in TSC, disruptions in cerebral
neural circuitry are not diffuse, but primarily determined
by focal migration abnormalities. RMLs are the most per-
vasive neuroanatomical feature, are the major contributor to
WM microstructural abnormalities, and are strongly associat-
ed with neurocognitive morbidity. These observations pave
the way for studies on whole-brain DTI parameters as a
biomarker for neurocognitive morbidity in TSC.
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