Insights in Tuberous Sclerosis
Complex from Novel Diffusion-Weighted
Imaging Models

*These authors contributed equally
"Division of Epilepsy and Clinical Neurophysiology, Department of Neurology,
Boston Children’s Hospital & Harvard Medical School, Boston, MA, USA
2Computational Radiology Laboratory, Department of Radiology,
Boston Children’s Hospital & Harvard Medical School, Boston, MA, USA

Tuberous Sclerosis Complex (TSC) is lesions called hamartomas can develop  behavioral problems, autism spectrum
a genetic neurocutaneous syndrome in multiple organ systems including disorder, and often-intractable epilepsy
with an incidence of about 1:6000, the kidneys, lungs, heart, brain and [1]. These symptoms are particularly
and more than one million people eyes. Neurologically, the presentation  burdensome as they frequently occur
affected worldwide. It is associated of TSC is highly variable, and mani- early in life, and impact development
with significant comorbidity as benign  fests with intellectual disability, and long-term neurological outcome.

Conventional MR imaging
findings in Tuberous
Sclerosis Complex. All
images are in the axial
plane. (1A) Fluid-Attenu-
ation Inversion Recovery
(FLAIR) image reveals
multiple hyperintense
subcortical tubers (arrows).
Some follow the gyral
pattern (arrowhead). (1B)
FLAIR image with posterior
tubers (arrows) and a
subependymal nodule
(SEN; arrowhead). (1C)
T1-weighted MPRAGE image
with gadolinium contrast
reveals a partially enhancing
subependymal giant cell
astrocytoma (SEGA) close
to the foramen of Monro,
posing a hydrocephalus risk.
(1D) FLAIR image with
linear T2-hyperintensities
traveling from cortex
towards the ventricle,
reflecting radial migration
lines (RML; arrow).
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The correlation between genotype and
phenotype is limited, and on an indi-
vidual level does not allow for predict-
ing neurological prognosis. Clinical
determinants of neurological and cog-
nitive outcome are the presence of sei-
zures in early life (specifically, infantile
spasms), age at onset and severity of
epilepsy [2, 3]. While there is emerg-
ing evidence that seizure control in
early life may lead to better neurological
outcome [4, 5], there are no clinical

or genetic early predictors of neurologi-
cal outcome.

Neuroimaging reveals several
abnormalities, and brain imaging** is
routinely used for both diagnosis and
monitoring of the disorder (Fig. 1).
Tubers are juxtacortical cerebral and
cerebellar hamartomas, which consist
of abnormally differentiated and
migrated cells. Subependymal nodules
(SEN) line the ventricular ependyma,
and when larger than 1 cm are
referred to as subependymal giant cell
astrocytoma (SEGA). Finally, radial
migration lines (RML) represent gliosis
and aberrant centrifugal migration of
glia and neurons en route to the
cortex. Quantification (and perhaps
localization) of each of these lesions
reflects to some extent the cerebral
burden of the disease [6], but the
correlation with overall outcome is
not sufficient on an individual level to
prognosticate. In short, there is no
robust imaging biomarker for reliably
predicting neurological outcome in
TSC patients. And, conventional MRI
cannot be used for early institution or
monitoring of therapeutic interventions
regarding autism spectrum disorder,
epilepsy and cognitive impairment
related to TSC.

Diffusion Tensor Imaging (DTI) offers
the possibility of a putative biomarker
for neurological outcome in TSC, essen-
tially through modeling the underlying
microstructural neuropathology of
TSC. In this article, we will review DTI
and the TSC phenotype, the limitations
of the single tensor model, and the
promise of novel diffusion acquisition
and modeling techniques. The basics
of diffusion-weighted imaging and
detailed conventional imaging and clin-
ical aspects of tuberous sclerosis com-
plex can be found in a prior review by
this group [7].

The TSC1 and TSC2 genes encode the
proteins TSC1 (hamartin) and TSC2
(tuberin), respectively. TSC1 and TSC2
form a heterodimer, and regulate the
mammalian target of rapamycin
(mTOR), to form a protein complex
responsible for protein synthesis, cell
proliferation, and cell size regulation.
In patients with TSC, the inhibition
of the mTOR signaling pathway fails
and uncontrolled growth occurs on
multiple cellular levels [1].

Several rodent models of TSC exist,
and are reviewed elsewhere [8]. Of
importance, while none of the rodent
models is able to replicate SEN, SEGA,
RML or tubers, phenotypically they
can have cognitive impairment and
deficiencies in learning, behavioral
and social deficits, seizures and early
mortality. This suggests a role for
non-tuber pathology in the patho-
genesis of neurological symptoms in
TSC, and the structural correlate of
neurological deficits in animal models
of TSC may lie in the microstructural
neuroanatomy. Indeed, microstruc-
turally, TSC knockout mice have been
shown to have deficits in myelination,
and in neuronal connectivity — specif-
ically neuronal polarity, axon forma-
tion and guidance [9-11].

Indirectly, several lines of evidence
suggest a similar abnormal neural
connectivity in human patients with
TSC. Cytoarchitectural abnormalities
have been reported throughout the
cerebral cortex, outside of the classic
lesions, suggesting widespread micro-
structural pathology [12]. Through
the use of depth electrodes in patients
with TSC undergoing epilepsy sur-
gery, epileptic activity adjacent to the
conventionally described tubers has
been found [13, 14]. Anecdotally,
TSC patients without tubers can have
epilepsy and conversely, patients
with tuber pathology can have (near-)
normal intelligence. Finally, in non-
syndromic (idiopathic) autism,
decreased cortico-cortical connectiv-
ity has been described using various
conventional, diffusion and functional
imaging modalities [15]. The high
prevalence of (syndromic) autism in
TSC may also reflect abnormal neuro-

nal connectivity, which would be
consistent with the current view of
autism as a disconnection syndrome
[15, 16].

The first reports of abnormal diffu-
sion in TSC, starting in 2001, focused
on tubers, which appear as areas of
decreased FA and increased MD, con-
sistent with pathological findings of
poorly organized collections of dys-
plastic and abnormally enlarged cells
[17]. While tubers appear discrete
and well-delineated on fluid attenua-
tion inversion recovery (FLAIR), diffu-
sion imaging revealed an abnormal
perituber white matter and a more
gradual transition to the white mat-
ter, suggesting that pathology is more
widespread than the tubers alone.
Moreover, even the white matter
only appears normal, as a growing
body of work describes increased MD
and decreased FA, compared to con-
trols, in the conventionally normal
appearing white matter (NAWM) —
summarized in [18]. Thus, diffusion
tensor imaging supports diffusely
present deficits in migration, myelin-
ation and differentiation beyond
tuber and perituber regions.

Both in imaging and in pathological
studies patches of truly normal white
matter have been described, resulting
in a scientific debate about whether
abnormalities in connectivity are
omnipresent (TSC as a connectopathy)
or multifocal (TSC as a cortical dys-
plasia syndrome) [6]. Different imag-
ing parameters and analysis tech-
niques have hampered comparison
across different institutions, but now
a large, NIH-funded multicenter
Autism Center of Excellence (ACE)
study is acquiring prospective imag-
ing and neuropsychological data in a
goal sample of 150 patients with
TSCin 5 US centers (clinicaltrials.gov:
NCT01780441).

**Siemens disclaimer: MR scanning has
not been established as safe for imaging
fetuses and infants less than two years
of age. The responsible physician must
evaluate the benefits of the MR examina-
tion compared to those of other imaging
procedures.
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Example of the relationship between diffusion measures and neurological phenotype in Tuberous Sclerosis Complex.
Three-dimensional projections of the corpus callosum are superimposed on sagittal T1-weighted MPRAGE images in three
5-year-old subjects: control (2A) FA 0.53; tuberous sclerosis without autism (2B) FA 0.54; tuberous sclerosis with autism

(2C) FA 0.34. Images adapted from [18].

Early studies were limited by small
sample size, poor magnet strength,
or few diffusion directions, and were
able to make comparisons between
TSC patients and controls only in cer-
tain 2D defined areas of interest. Our
group was the first to study a popula-
tion sufficiently large enough to
allow for correlation with neurologi-
cal phenotype [18]. Using a 3T mag-
net, and 35 diffusion directions, with
a stochastic tractography algorithm
developed in-house, we analyzed

40 patients with TSC and 29 age-
matched controls. The corpus callo-
sum was analyzed, as it represents

a major white matter tract and has
been implicated in autism. To include
all tracts of the 3-dimensional white
matter structure, we introduced a
novel analysis methods that adjusts
for partial volume averaging in the
calculation of DTI measures. On a
group level, patients with TSC and
autism had a higher MD and lower FA
in the corpus callosum, as compared
to patients with TSC without autism
and as compared to controls (Fig. 2).
This difference was seen early in the
course of the developmental trajec-
tory of white matter maturation.

An extension of this work revealed
that language pathways also differ

in TSC patients with autism [19].
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The relation between aberrant con-
nectivity and the neurological and
behavioral phenotype of TSC has also
been demonstrated with other modal-
ities. A globally reduced EEG connec-
tivity was found in 42 patients with
TSC, and network analysis showed an
increased resilience to network dis-
ruption in patients with TSC and
autism. The same was found in autism
without TSC, suggesting a common
mechanism, or at least validating the
use of TSC as a model for autism
spectrum disorders [20].

Epilepsy is refractory in over a third
of patients with TSC, and infantile
spasms or early onset refractory sei-
zures may predict poor neurological
outcome in TSC. In TSC, epilepto-
genic tubers have an increased MD
and decreased FA as compared to
silent tubers [21]. Whether this diffu-
sion change is secondary to focal
seizures (excitotoxic edema, axonal
injury, maladaptive developmental
changes, etc.) or represents the pri-
mary deficit in microstructural orga-
nization responsible for increased
epileptogenicity is not yet clear. A rela-
tionship has been described between
poorly controlled epilepsy and the
predominance of poorly organized
tubers. The study based tuber classi-
fication on conventional imaging
findings, but an additional analysis

of ADC values of the dominant tuber type
was also performed. This showed differ-
ences in ADC values of the dominant
tubers between the three epilepsy severity
subgroups [22]. The prospective collection
of serial imaging and EEG recordings com-
bined with epilepsy and neuropsychologi-
cal variables (ACE/P20-study) will provide
an opportunity to further elucidate the
relation between EEG markers, DTl mea-
sures and clinical epilepsy (clinicaltrials.
gov: NCT01780441; NCT01767779).

Finally, everolimus and sirolimus are phar-
macological inhibitors of the mTOR path-
way, and almost directly target the molecu-
lar deficit of TSC. These drugs have
demonstrated efficacy for multiple compli-
cations of TSC related lesions, including
pulmonary lymphangioleiomyomatosis
[23], renal angiomyolipoma [24], and
SEGAs [25]. The imaging data from the
SEGA study revealed a compelling improve-
ment of NAWM in patients treated with
mTOR inhibitors [26]. Preclinical data, case
reports, and secondary outcome measures
regarding seizures, cognition and behavior
suggested beneficial effects of mTOR inhib-
itors, and have led to prospective, random-
ized, double blind and placebo controlled
trials of the use of these drugs to improve
epilepsy (EXIST-Il and Ill) and neurocog-

SWIP, the product is currently under develop-
ment and is not for sale in the US and other
countries. Its future availability cannot be
ensured.




nition (NCT01289912). Given the rela-
tion between NAWM integrity and
autism, and the report of improved
NAWM DTI measures with the use of
mTOR inhibitors, DTl can be considered
a candidate biomarker in TSC. It will be
critical to investigate whether DTI mea-
sures parallel the anticipated clinical
changes in the abovementioned trials.
If DTl indeed becomes a robust and
biologically plausible biomarker, it will
facilitate future trials through early
patient stratification and quantitative
assessment of treatment response.

The diffusion tensor model relies

on the assumption that the water mole-
cules in one voxel all follow the same
diffusion process, and are equally
constrained by the brain tissues. Each
voxel, however, is subjected to the
presence of heterogeneous fascicle ori-
entations and partial volumes of differ-
ent tissues [27]. In this section, we
discuss these fundamental limitations
of the diffusion tensor model to repre-
sent the brain microstructure.

Heterogeneous Fascicle Orientations
The DTI model assumes that, at each
voxel, the diffusion is Gaussian with
either no preferential direction (isotro-
pic diffusion) or one preferential direc-
tion. This assumption is reasonable
only when all axons in the voxel are
aligned together and contained in one
fascicle with a specific orientation.
However, owing to the presence of
complex fascicle organizations, hetero-
geneous fascicle orientations can be
present in one voxel. In the corona
radiata, for instance, corticospinal tracts
(vertical tracts connecting the cortex
to the spinal cord) cross fascicles of
the corpus callosum (horizontal tracts
connecting the left and right hemi-
spheres) and the superior longitudinal
fasciculus [27]. Recent studies esti-
mate the prevalence of those heteroge-
neities to range between 60% and 90%
of voxels in the white matter at typical
DWI resolution [28]. When fascicles
are crossing, interpretation of the DTI-
based measures (MD and FA) is unre-
liable [29]. For instance, in the pres-
ence of two crossing fascicles, a single
overly wide tensor would be estimated
resulting in decreased FA. This

decreased FA is not related to a prop-
erty of the fascicle and, if interpreted
this way and without knowledge of
the underlying neuroanatomy, may
incorrectly lead to the assumption
that the myelination or microstruc-
ture is altered for that fascicle [30].

Partial Volume Effect

Voxels that are at the interface
between different tissues (gray and
white matter), between adjacent
fiber bundles or between a tissue
and cerebrospinal fluid (CSF) suffer
another problem called partial vol-
uming. The diffusion signal arising
from protons in the different com-
partments (CSF, gray or white mat-
ter) will be averaged into a single
value that is observed in DWI. Because
DTl assumes that the diffusion of
water molecules is either purely unre-
stricted or purely restricted within a
single fascicle in the voxel, influences
of different compartments will con-
flate, resulting in an inflated tensor
with a lower FA [31]. As with hetero-
geneous fascicle orientations, this
decreased FA may be misleadingly
interpreted as altered myelin.

Even in voxels that are not at the
interface between tissues, some frac-
tion of the water molecules will dif-
fuse in the extra-axonal space (either
within other cells or in the extracellu-
lar lattice). Their diffusion process

is different from the diffusion within
axons and results in a different diffu-
sion signal. The partial volume effect
therefore also applies within a fasci-
cle, between molecules inside and
outside axons [32]. The partial volume
effect is essentially a resolution
limitation.

The problems related to heteroge-
neous fascicle orientations and partial
voluming of other tissues may natu-
rally be solved by providing different
representations of the signal arising
from water molecules in different
compartments [31]. Such a represen-
tation is the gist of multi-fascicle

models. Multi-fascicle models focus
on modeling the signal arising from
each important compartment. In par-
ticular, the diffusion signal is mod-
eled as a mixture of sources of isotro-
pic diffusion, and sources of diffusion
in each fascicle, that are identified,
modeled and parameterized. We have
utilized a multi-fascicle model in which
isotropic diffusion of extra-axonal
water is modeled with one or more
isotropic diffusion tensors (that is,
diffusion tensors in which diffusion

is the same in all directions), and one
or more potentially anisotropic ten-
sors (with anisotropy determined by
the imaging data), modeling restricted
and hindered diffusion associated
with each fascicle.

Figure 3 illustrates the resolution of
two crossing tracts with the single ten-
sor model and a multi-fascicle model.

The estimation of a multi-fascicle
model from diffusion-weighted imag-
ing poses additional challenges.
When only DWI at a single non-zero
b-value are available, the problem

of estimating a multi-fascicle model
is mathematically ill-posed [31, 33].
This means that an infinite number
of models are equally compatible
with the DWI measurements and none
of these equivalent models can reli-
ably be selected.

To reliably estimate a multi-fascicle
model, diffusion-weighted imaging
must be acquired at multiple differ-
ent non-zero b-values to disambigu-
ate the overlapping diffusion decay
curves of each compartment. A pop-
ular acquisition to do so has been
the multi-shell HARDI, which provides
uniform angular coverage in g-space.
A multi-shell HARDI, however, requires
setting the nominal b-value to the
largest imaged b-value, leading to

a long duration echo time (TE) and
therefore a low SNR due to T2
relaxation.

By contrast, Cube and Sphere (CUSP)
imaging combines both spherical
and cubic sampling in g-space, lead-
ing to a large number of non-zero
b-values with short TE, high SNR and
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lllustration of crossing fibers in the single tensor DTI model and in a multiple fascicle model. (3A-C) The diffusion tensor
imaging (DTI) model assumes that at most one fascicle is present within each voxel. This assumption does not hold in regions
where fascicles cross, such as (3B) the corona radiata. In those regions, the DTI model results in abnormally inflated tensors that
conflates the signal from each fascicle, resulting in an artificially lower fractional anisotropy that may lead to misinterpretations.

In contrast, (3D-F) multi-fascicle models provide a separate representation for the signal arising from each fascicle and are,
therefore, able to characterize and resolve regions with crossing fascicles. Modified from [7], with permission.
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CUbe and SPhere (CUSP) acquisition scheme. In the 2-shell HARDI acquisition,
DWI are acquired by setting gradients on two different spheres in g-space. In this
acquisition scheme, the TE is determined by the outermost sphere, which leads
to an overall decrease in SNR due to T2 decay. By contrast, in the CUSP acquisition
scheme, the TE is determined by the innermost sphere and multiple b-values

are achieved by setting extra gradients on the cube of constant TE, which achieve
b-values up to three times larger than the b-values obtained on the sphere.
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high angular coverage [31]. CUSP is
based on the modification of a 2-shell
HARDI. In contrast to a multi-shell
HARDI, the pulse duration and separa-
tion, & and A, of the PGSE sequence
are fixed to achieve the b-value of the
inner shell, which requires a shorter
TE and provides a significant SNR boost.
The gradients of the outer shell are
reduced in strength to lie on the cube
enclosing the inner shell. This cube is
a cube of constant TE in g-space. Since
the b-value is proportional to the
squared norm of the encoding gradi-
ent and since gradients in the corner
of the cube have a squared norm three
times that of the gradient lying on

the sphere, images with b-value up to
three times the original (nominal)
b-values can be achieved in CUSP,
without modifying the TE (Fig. 4), and
therefore without any cost in SNR.



Improved detection of group
differences with the multi-
fascicle model.

(5A) The dorsal language
network is thought to connect
Broca’s area in the frontal lobe,
Geschwind’s territory and
Wernicke's area in the posterior
temporo-parietal areas. Stream-
lines were selected based on
passing through certain regions
of interest (inclusion regions-
of-interest (ROIs)), and excluded
when passing through other
regions (exclusion ROIs) using

a method that has been previ-
ously validated for perisylvian
language areas [36]. Rather
than gray matter areas to define
endpoints, we defined 3 regions

Single-tensor DTl models Multi-fascicle models in the white matter adjacent to
= = = = = = Broca’s, Wernicke’s and
/1\\ w/z\w 3\\ 1\\ z\w /s\w Geswchind's territory as
\f \% \% described in our earlier work
o o [19].
- :%’2"0Is - (5B-D) Fascicle-based spatial
o | o | statistics (FBSS) of multi-fascicle
© © models reveal local differences
© | © | in the fascicle properties that
e e single tensor DTI cannot. Curves
< < show the mean FA along the
o o median tract of the dorsal
~ ~ language circuit in each group.
S T T T T 1 ° T T T T 1 Shaded areas along the curves
0.0 0._2 9.4 0.6 0.8 1.0 0.0 0._2 9.4 0.6 0.8 1.0 represent two standard errors.
Normalized distance along the tract Normalized distance along the tract L A
Grey rectangles indicate regions
_ _ _ N N _ where the FA is significantly
\/1\\ \/ \\ (3\\ <1\‘ Cz\‘ / \‘ different between the groups.
\;/ \;/ ;/ ;/ ;/ \;/ The top row investi.gates d.iffer—
o o ences between patients with
- B TSC-ASD - tuberous sclerosis complex (TSC)
o | W TSC+ASD o0 and healthy controls. The bottom
e S | row further investigates differ-
@ © ences between TSC patients with
= o (TSC+ASD) and without autism
< | < (TSC-ASD).
o o
~ N
o r T T T T 1 o r T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Normalized distance along the tract Normalized distance along the tract

Fascicle-Based Spatial Statistics (FBSS) Furthermore, the isotropic diffusion

[34], enabling the identification of of water molecules in the extra-axonal
. . . . abnormalities or group differences space can be analyzed separately
Mu.ltl—fasaclle models prowdg a vz?rlety that pertain to a particular fascicle. using Isotropic Diffusion Analysis (IDA)
of information about the brain micro- The statistical power is increased, [34]. The latter method enables the
_structure._Each of the tensors represent- allowing the detection of differences detection of an excess in the volume
'ng @ fasmcle can be aﬂalyzed alohg not visible with the single-tensor of water molecules that are freely
a particular fascicle of interest using model (Fig. 5). diffusing, which is thought to indicate
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DTI
Tractography

Multi-Fascicle Model

Tractography

DTI tractography and multiple fascicle model of the geniculocalcarine tracts, using a common region-of-interest (ROI)
schema. This white matter pathway links the lateral geniculate nucleus (LGN) of the thalamus to the occipital lobe via the
stratum sagittal. The white matter adjacent to the LGN was used as a ROI for seeding tracts and the stratum sagittal waypoint
was used as a selection ROI [37]. DTl tractography (6A) produced asymmetric tracts, which failed to reach the occipital lobe in
the left hemisphere (posterior blue circles). Additionally, the fibers in the LGN are in an area of crossing fibers, resulting in tracts
that extend far forward of the expected termination site (anterior blue circles). Multi-fascicle model tractography (6B) exhibits
several key improvements. The tracts appear symmetric and reach the occipital lobe in both hemispheres. Though fibers in the
LGN still extend forward, there is a sizeable reduction in the number of spurious streamlines and a much smaller angle of
deviation between these fibers and those terminating in the LGN.

the presence of edema or neuro-
inflammation [35].

Figure 6 shows how the application
of multiple-fascicle models to trac-
tography can lead to the improved
identification of fascicles, consistent
with known anatomy.

Diffusion-weighted imaging allows
for non-invasive probing of micro-
structural tissue properties, and may
directly represent underlying neuro-
pathology in tuberous sclerosis com-
plex. Moreover, preliminary evidence
suggests diffusion abnormalities in
the normal appearing white matter
(NAWM) correspond to the neuro-
logical phenotype in TSC. Changes in
white matter diffusion have been
reported in patients treated with mTOR
inhibitors [26], but whether such
changes parallel clinical improvements
in cognition, autism and epilepsy
requires further study.
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Single tensor models are limited by
partial volume effects and cannot
resolve crossing fibers. Multi-fascicle
models address these limitations by
modeling isotropic and anisotropic
diffusion sources arising from each
fascicle present at each voxel. How-
ever, single shell HARDI provides
insufficient imaging data to identify
the signal from each fascicle. More
than two b-value diffusion images
must be acquired in order to find all
the parameters of a multi-fascicle
model. CUSP imaging provides multi-
ple non-zero b-values at high SNR.
As the multiple-fascicle model better
explains the diffusion signal, group
differences can be more reliably
detected and complex fiber stream-
lines modeled more accurately.

As white matter integrity in TSC may
parallel neurological symptoms, and
improves with treatment, the current
developments in multiple fascicle
models can further the potential for
diffusion imaging to become a reliable
biomarker in TSC.
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