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A B S T R A C T

BACKGROUND AND PURPOSE: Tuberous sclerosis complex (TSC) is a rare, genetic disease that is associated with multiple
manifestations including epilepsy and autism. Self-injurious behaviors (SIBs) also occur in a subset of patients. This study used
diffusion tensor imaging (DTI) in children with TSC for quantitative and volumetric analysis of brain regions that have been
associated with SIB in other genetic conditions.
METHODS: We used DTI to compare 6 children with TSC-associated SIB and 10 children with TSC without SIB. Atlas-based
analysis of DTI data and calculation of number of voxels; fractional anisotropy (FA); and mean, axial, and radial diffusivity were
performed for multiple regions; DTI measures were summarized using medians and interquartile ranges and were compared using
Wilcoxon rank sum tests and false discovery rates (FDRs).
RESULTS: Analysis showed that children with TSC and SIB had reduced numbers of voxels (median) in the bilateral globus
pallidus (right: 218 vs. 260, P = .008, FDR = .18; left: 222 vs. 274, P = .002, FDR = .12) and caudate nucleus (right: 712 vs.
896, P = .01, FDR = .26; left: 702 vs. 921, P = .03, FDR = .44) and reduced FA in the bilateral globus pallidus (right: .233 vs.
.272, P = .003, FDR = .12; left: .223 vs. .247, P = .004, FDR = .12) and left caudate nucleus (.162 vs. .186, P = .03, FDR =
.39) versus children without SIB. No other statistically significant differences were found.
CONCLUSIONS: These data support a correlation between lower volumes of the globus pallidus and caudate with SIB in
children with TSC.
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Introduction
Tuberous sclerosis complex (TSC) is a rare disease that may
be inherited (autosomal dominant) or develop spontaneously
with an overall incidence of 1 per 6,000 live births.1–3 Epilepsy
is present in as many as 90%,4,5 autism in up to 60%,6,7 and
self-injurious behavior (SIB) in 10-41% of children.8 SIBs are
chronic and repetitious self-directed behavioral actions that re-
sult in physical harm and may lead to tissue damage or tissue
loss.9 When SIB is detected in individuals with TSC, it may rep-
resent a particularly severe phenotype of autism and/or intel-
lectual disability.10 The prevalence of SIB in TSC was reported
similar to SIB in other genetic conditions in a questionnaire-
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based study.8 The pathophysiology of SIB in TSC remains un-
known; however, Pryor et al discovered that striatal deletion of
the TSC1 gene was associated with premature death and rapid
development of motor impairments, and that overexpression
of the huntingtin protein in the striatum was associated with
increased mammalian target of rapamycin (mTOR) activity,11

which is also implicated in TSC.12,13

SIB has been localized or linked to abnormalities of the
basal ganglia in patients with Lesch-Nyhan syndrome,14,15 and
in preclinical models.16 The basal ganglia have been character-
ized across several study types in TSC. Isik et al described the
growth of subependymal giant cell astrocytomas in the basal
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ganglia of two infants with TSC.17 Whole-brain mapping in
individuals with TSC revealed a predominance of subependy-
mal nodules in association with the caudate nucleus.18 Func-
tionally, working memory impairments in TSC were associated
with basal ganglia lesions, along with other cortical regions.19

Hemichorea was associated with unilateral basal ganglia at-
rophy in an individual with TSC.20 Generalized chorea in
TSC was reported with and without bilateral basal ganglia
involvement.21–23 Interestingly, abnormalities in glutamate and
gamma-aminobutyric acid, both of which are major neurotrans-
mitters in the functionality of the basal ganglia, are well de-
scribed in TSC.24,25

The goal of our study was to investigate the role of the
basal ganglia in SIB associated with TSC by employing diffu-
sion tensor imaging (DTI). DTI allows for noninvasive study
of the anatomic and functional neuroarchitecture and renders
both qualitative and quantitative scalars as well as volumetric
analysis. DTI has been applied in the exploration of multiple
neurologic diseases in children; for example, DTI has been used
to characterize language in the TSC population.26

Clinically, we observed that SIB rarely resolves with tra-
ditional intervention. In one study, SIB persisted in 84.6% of
patients.27 In our center, we gathered behavioral and medical
data for over a year on a patient with TSC-associated SIB and
aggression noting a decrease in SIB primarily with the mTOR
inhibitor everolimus.28 Therefore, we surmised that SIB in TSC
may be related to localized dysregulation of the protein kinase
mTOR. We hypothesize that SIB in TSC may represent a local-
izable subphenotype of autism in TSC. To test this hypothesis
and generate preliminary data for a larger study, we investigated
children with TSC and SIB for volumetric and microstructural
changes of the basal ganglia as compared with children who
have TSC without SIB.

Methods
This retrospective study was approved by the Johns Hopkins
Medicine Institutional Review Board. Because of the retrospec-
tive nature of this study and its absence of risk, a consent waiver
was granted.

Participants

The inclusion criteria for this study were confirmed diagnosis
of TSC based on the 2012 revised diagnostic criteria,1 avail-
ability of DTI data without artifacts enabling a high-quality
DTI postprocessing, and age at the time of magnetic resonance
imaging (MRI) 2–18 years. Demographic data, detailed infor-
mation about the TSC phenotype and genotype, and diagnoses
of SIB were collected by review of the clinical charts and/or
comprehensive history and physical examination by one of the
investigators (SK or TG). Cognitive development was assessed
based on the child’s ability to complete activities of daily living
for their chronologic age. Patients were diagnosed with SIB if
they engaged in persistent, damaging skin picking or pulling,
self-biting, or self-hitting beyond head banging only. Children
with head banging only were not included in the study because
this could be considered typical pediatric behavior, although
no patients had to be excluded for this reason in our cohort.
Data are from eligible patients who were seen at the Tuberous
Sclerosis Clinic at the Kennedy Krieger Institute, Baltimore,
MD, or at the Division of Pediatric Neurology at Johns Hop-

kins Children’s Center, Baltimore, MD, between October 1,
2010, and May 31, 2014.

MRI Acquisition

All MRI studies were performed on a 1.5T Avanto scanner
(Siemens Medical Solutions, Erlangen, Germany) using stan-
dard departmental protocol for patients with TSC, including 3-
dimensional (3D) T1-weighted and axial T2-weighted images;
an axial fluid-attenuated inversion recovery sequence; axial,
coronal, and sagittal T1-weighted images after intravenous in-
jection of gadolinium-based contrast agent; and a single-shot,
spin-echo, echo-planar axial DTI sequence with diffusion gradi-
ents along 20 noncollinear directions. For the 3D T1-weighted
images, we used the following acquisition parameters: repe-
tition time of 1,130 milliseconds, echo time of 3.99 millisec-
onds, slice thickness of 1.0 mm, with an in-plane pixel size of
.99 mm × .99 mm. For the acquisition of DTI data, we used
an effective, high b value of 1,000 second/mm2 for each of the
20 diffusion-encoding directions. We performed an additional
measurement without diffusion weighting (b = 0 second/mm2).
For the acquisition of the DTI data, the following parameters
were used: repetition time of 7,100 milliseconds, echo time
of 84 milliseconds, slice thickness of 2.5 mm, field of view of
240 × 240 mm, and matrix size of 192 × 192. Parallel imaging
was performed using integrated parallel acquisition technique
(iPAT) = 2 with generalized, autocalibrating, partially parallel
acquisition reconstruction. The acquisition was repeated twice
to enhance the signal-to-noise ratio.

DTI Analysis

All DTI data sets were processed offline by using DtiStudio, Dif-
feoMap, and RoiEditor software (H. Jiang and S. Mori, Johns
Hopkins University (JHU), Baltimore, MD; freely available at
www.MriStudio.org). After correcting for eddy currents and
motion artifacts, all images were coregistered to each other by
using a 12-mode affine-automated image registration transfor-
mation. Subsequently, the following DTI maps and images were
generated: fractional anisotropy (FA), color-coded FA, trace of
diffusion, axial diffusivity (AD), and radial diffusivity (RD). Af-
ter skull-stripping, the images were subsequently normalized to
the Montreal Neurological Institute (MNI) coordinates by us-
ing a nine-parameter affine linear automated image registration
transformation. For this transformation, b0 images were used
for both the subject data and the JHU-MNI “Eve” template.
Subsequently, a nonlinear transformation was applied by using
dual-contrast (FA and trace of diffusion) large deformation dif-
feomorphic metric mapping. Finally, atlas-based analysis was
performed by using a white matter parcellation map of the
JHU-MNI Eve template,29,30 and the brain was parcellated into
189 anatomic regions, including both gray and white matter.
Because of the reciprocal nature of both linear and nonlinear
transformation, the transformation results were used to warp
the white matter parcellation map to the original DTI data,
thus automatically segmenting each brain into the 189 subre-
gions. FA, mean diffusivity (MD; calculated as trace of diffusion
divided by 3), AD, and RD were calculated for the following
bilateral brain regions: amygdala, caudate nucleus, putamen,
globus pallidus, nucleus accumbens, hippocampus, hypotha-
lamus, postcentral gyrus, and superior parietal gyrus. These
regions were selected because they have been associated with
SIB in the literature.16,31–34
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Table 1. Demographic and Clinical Characteristics of Patients with
TSC with and without Self-Injurious Behavior

TSC with SIB TSC without SIB
Characteristic n = 6 n = 10 P Value

Sex, n (%) .31
Male 5 (83) 5 (50)
Female 1 (17) 5 (50)

Mean (SD) age at MRI, years 9.0 (4.0) 8.8 (5.0) .94
Range (min, max), years 4.1, 14.5 2.1, 17.5

Cognitive development, n (%) .03
Delayed 6 (100) 4 (40)
Typical 0 (0) 6 (60)

Genetic mutation, n (%) .18
TSC1/truncating 0 (0) 1 (10)
TSC1/frameshift 1 (17) 0 (0)
TSC2/truncating 1 (17) 0 (0)
TSC2/frameshift 0 (0) 1 (10)
TSC2/missense 1 (17) 0 (0)
TSC2/unknown 1 (17) 1 (100)
NT 2 (33) 7 (70)

MRI = magnetic resonance imaging; NT = not tested; SD = standard deviation;
SIB = self-injurious behavior; TSC = tuberous sclerosis complex.

Volumetric Analysis

Volumetric analysis was performed by using the 3D T1-
weighted data set, and postprocessing was executed similarly
to the DTI analysis. For nonlinear transformation, a single-
contrast large deformation diffeomorphic metric mapping was
applied. The brain was parcellated into 189 anatomic regions,
and the number of voxels was calculated for each brain sub-
region. For further analysis, we used the number of voxels of

the same brain regions that were used for DTI (amygdala, cau-
date nucleus, putamen, globus pallidus, nucleus accumbens,
hippocampus, hypothalamus, postcentral gyrus, and superior
parietal gyrus). The voxel-based approach was based on a pro-
tocol as described by Dr. Mori et al.35

Statistical Methods

Demographic and clinical characteristics of patients with TSC
with and without SIB were summarized using counts and per-
centages or mean and standard deviation and compared using
Fisher exact test or a 2-sample t test, as appropriate. Nonpara-
metric statistics were used to summarize and compare the DTI
measures across groups. Specifically, DTI measures were sum-
marized using medians and interquartile ranges (IQRs) and the
two groups were compared using Wilcoxon rank sum tests. The
analysis was exploratory; therefore, no correction was made
for multiple comparisons. False discovery rates (FDRs) are re-
ported for comparisons of DTI measures. Analysis was per-
formed using SAS version 9.4 (SAS Institute Inc., Cary, NC,
USA). All reported P values are 2-sided, and significance was
set at P < .05.

Results
We included six children with TSC and SIB (five boys, mean
age 9.0 ± 4.0 years) and 10 children with TSC without SIB (five
boys, mean age 8.8 ± 5.0 years) who met our eligibility criteria.
Demographic and clinical characteristics for the two groups are
presented in Table 1. Of the patients who had TSC genotyping,
1 in each group had a TSC1 mutation, whereas 3 patients in the
SIB group and 2 in the without SIB group had a TSC2 mutation.
Age at MRI was similar between the groups. The children with

Table 2. Diffusion Tensor Imaging and MRI Measures for Patients with Tuberous Sclerosis Complex by Self-Injurious Behavior Status

TSC with SIB TSC without SIB
Region n = 6 n = 10 P Value FDR

Globus pallidus right:
Number of voxels 218 (203-222) 260 (252-316) .008 .18
FA .233 (.226-.246) .272 (.265-.277) .003 .12
MD (× 10–3 mm/second2) .839 (.830-.842) .828 (.818-.870) .79 1.0
AD (× 10–3 mm/second2) 1.060 (1.051-1.084) 1.077 (1.049-1.085) .55 1.0
RD (× 10–3 mm/second2) .722 (.718-.727) .706 (.698-.765) .70 1.0

Globus pallidus left:
Number of voxels 222 (215-233) 274 (248-288) .002 .12
FA .223 (.203-.231) .247 (.238-.264) .004 .12
MD (× 10–3 mm/second2) .820 (.796-.831) .822 (.813-.832) .99 1.0
AD (× 10–3 mm/second2) 1.007 (.996-1.022) 1.032 (1.004-1.040) .14 1.0
RD (× 10–3 mm/second2) .723 (.701-.741) .719 (.699-.731) .55 1.0

Caudate nucleus right:
Number of voxels 712 (619-814) 896 (831-981) .01 .26
FA .163 (.150-.192) .184 (.161-.198) .21 1.0
MD (× 10–3 mm/second2) .870 (.856-.892) .849 (.810-.885) .25 1.0
AD (× 10–3 mm/second2) 1.026 (1.017-1.030) 1.001 (.951-1.032) .30 1.0
RD (× 10–3 mm/second2) .800 (.772-.825) .773 (.726-.800) .18 1.0

Caudate nucleus left:
Number of voxels 702 (655-841) 921 (836-964) .03 .44
FA .162 (.154-.170) .186 (.174-.198) .03 .39
MD (× 10–3 mm/second2) .840 (.828-.878) .844 (.799-.853) .48 1.0
AD (× 10–3 mm/second2) .993 (.979-1.028) .978 (.954-1.006) .36 1.0
RD (× 10–3 mm/second2) .765 (.750-.803) .769 (.722-.776) .48 1.0

AD = axial diffusivity; FA = fractional anisotropy; FDR = false discovery rate; MD = mean diffusivity; MRI = magnetic resonance imaging; RD = radial diffusivity;
SIB = self-injurious behavior; TSC = tuberous sclerosis complex.
Results presented are median and interquartile range, and the P value is from the Wilcoxon rank sum test.
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Fig 1. Box plots of DTI scalars that were significantly different by self-injurious behavior for the (A) globus pallidus and (B) caudate nucleus.
Note: The middle line in the box represents the median value, the ends of the box represent the 25th and 75th percentiles, and the whiskers
represent the 5th and 95th percentiles.

SIB were significantly more likely to have delayed cognitive
development compared with the children without SIB.

Median and IQR of the number of voxels and FA in the
globus pallidus and caudate nucleus regions are presented in
Table 2. In children with TSC and SIB, we found a statistically
significantly reduced number of voxels for the bilateral globus
pallidus and caudate nucleus compared with children with
TSC without SIB. Similarly, we found reduced FA for the
bilateral globus pallidus and left caudate nucleus in children
with TSC and SIB compared with children with TSC without
SIB (Fig 1). The observed FA difference ranging from 10.8%
to 16.7% is large enough for clinical use when measured

quantitatively. The FA in the right caudate nucleus did not
significantly differ between the groups, nor were there any
statistically significant differences between the groups in the
MD, AD, or RD measures for the globus pallidus or caudate
nucleus regions (Table 2). Importantly, measured or evaluated
anatomic regions had no focal findings noted or visible on
conventional T1, T2, and fluid-attenuated inversion recovery
MR imaging. We performed the same analysis on the putamen,
amygdala, nucleus accumbens, hippocampus, hypothalamus,
postcentral gyrus, and superior parietal gyrus regions and found
no statistically significant differences in number of voxels, FA,
MD, AD, or RD between the groups (data not shown).

Gipson et al: DTI of the Basal Ganglia in TSC 509



Discussion
TSC is a lifelong chronic disease that requires vigilant monitor-
ing for the development of systemic tumors, often necessitates
interventions or multiple medications to alleviate intractable
seizures, and carries a risk of inheritance. The development of
SIB can be devastating for affected individuals and their fami-
lies, and there is no cure. Localizing anatomic regions linked to
SIB as a starting point for generating further studies and possi-
ble interventions that provide hope for improving the outcome
is the final goal of this line of research.

Results from this DTI study characterize the basal ganglia
(globus pallidus and caudate nucleus) as a potential component
in SIB associated with TSC. The preliminary data generated by
this study expand on our clinical experience by including low-
functioning individuals with TSC and suggest that DTI may
serve as a useful objective biomarker for the many individuals
with TSC in whom it is difficult to obtain traditional outcome
measures.28

While there is a lack of information on this topic in the
TSC literature, the notion of SIB associated with basal gan-
glia anomaly or dysfunction is not novel. Lesch-Nyhan syn-
drome, the prototypical condition associated with SIB, has been
linked to dopamine deficits in the basal ganglia without appar-
ent neuropathologic abnormalities.14,15 Pemoline-induced SIB
has been associated with abnormally low neuronal metabolic
activity of the caudate, putamen, and portions of the hypothala-
mus, and increased intensity of tissue injury followed exposure
to stress.16 In a 10-year-old boy with Lesch-Nyhan syndrome,
pallidal deep-brain stimulation resulted in complete remission
of SIB.36 It is hoped that SIB in TSC may be likewise treatable
despite its historic characterization as a static, irreversible con-
dition. More research is required to establish a mechanism in
TSC.

In the current study, DTI indicated a reduced volume and
reduced FA in the bilateral globus pallidus and left caudate nu-
cleus in children with TSC and SIB compared with children
with TSC without SIB. Changes in FA values in gray matter
are still poorly understood. FA metrics are best characterized
in white matter, where FA values allow quantification of the
directionality of diffusion on a microstructural level.37 Within
the gray matter, the principally cellular microstructure typi-
cally has predominant isotropic diffusion characteristics that are
best evaluated by apparent diffusion coefficient (ADC) maps.38

However, multiple studies have shown that FA values, mark-
ers of anisotropic diffusion, may also alter the microstructural
anatomy if affected by a diffuse process.39–42 For example, in pa-
tients with a cortical stroke, the FA values may increase within
the cortical gray matter, likely secondary to a combination of
cytotoxic and vasogenic edema impacting the diffusion of wa-
ter molecules within the extracellular space.39 Further analysis
in future studies analyzing this component of altered diffusion
appears indicated.

Limitations of our current study include the small sample
size. We did observe differences that were statistically signifi-
cant; however, the FDR for these significant differences ranged
from 12% to 44%. Lack of statistically significant association
with the hippocampi or the other evaluated structures may be
secondary to the small sample size or may reflect anatomic
structures that are not related to SIB. In this initial study, we
did not ascertain whether total gray or white matter volume
differences could also be correlated with SIB. Prior and concur-

rent medication use that may potentially affect brain volume
or the size of nearby TSC lesions (such as mTOR inhibitors)
was not accounted for. However, there were no subependymal
giant cell astrocytomas localized to the basal ganglia that would
have an impact on our analysis. Analyses also did not account
for varying levels of cognitive disability or intracranial content
volume. Although there were more patients with TSC2 muta-
tions in the group with SIB than without, the small number of
patients with known TSC mutations in the study limits the gen-
eralizability of the results. To our knowledge, no specific muta-
tions/deletions in the TSC gene have been associated with SIB
to date. It should be noted that iron deposition within central
gray matter may impact the reliability of the collected DTI met-
rics secondary to the susceptibility artifacts/local magnetic field
distortion. However, all DTI images were visually inspected for
image distortion or focal signal loss and no pattern was seen.
Future studies could include further MRI analysis to explain
our isolated finding of significantly reduced FA as compared
with MD, RD, and AD. Although differences in laterality in
gray matter diffusivity in healthy individuals have been noted
previously, including the caudate nucleus,43 the significance of
the unilaterality of our findings in the caudate nucleus is un-
known. This may be an area for future research. Future studies
should also include genetic analyses and examine correlations
of the neurodevelopmental phenotype and clinical treatment
outcomes in a larger treatment population of individuals fol-
lowed over time.
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