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Neurophysiological evidence of preserved connectivity in tuber tissue
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We present a case of preserved corticospinal connectivity in a cortical tuber, in a 10 year-old boy with intractable
epilepsy and tuberous sclerosis complex (TSC). The patient had multiple subcortical tubers, one of which was lo-
cated in the right central sulcus. In preparation for epilepsy surgery, motor mapping, by neuronavigated transcra-
nial magnetic stimulation (nTMS) coupled with surface electromyography (EMG) was performed to locate the
primary motor cortical areas. The resulting functional motor map revealed expected corticospinal connectivity
in the left precentral gyrus. Surprisingly, robust contralateral deltoid and tibialis anterior motor evoked potentials
(MEPs) were also elicited with direct stimulation of the cortical tuber in the right central sulcus. MRI with diffu-
sion tensor imaging (DTI) tractography confirmed corticospinal fibers originating in the tuber. As there are no
current reports of preserved connectivity between a cortical tuber and the corticospinal tract, this case serves
to highlight the functional interdigitation of tuber and eloquent cortex. Our case also illustrates the widening
spectrum of neuropathological abnormality in TSC that is becoming apparent with modern MRI methodology. Fi-
nally, our finding underscores the need for further study of preserved function in tuber tissue during presurgical
workup in patients with TSC.

© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Tuberous sclerosis complex (TSC) is a genetic neurocutaneous syn-
drome with an estimated incidence of one in 6000-10,000 [1]. TSC is
characterized by the development of hamartomas in multiple organs,
including the skin, retina, heart, kidney, lung, and in the brain, where
they are referred to as tubers. Cortical tubers account for a part of the
neuropathological burden in TSC, and contribute to the neurological
phenotype of the disease, which includes epilepsy, intellectual disabili-
ty, and adverse neurodevelopmental and behavioral outcome [2]. At the
molecular level, deletion or genetic mutations of the tumor suppressor
genes Tsc1 and Tsc2 lead to overactivation of the mechanistic target of
rapamycin (mTOR), and to disinhibition of protein synthesis and cell
growth. Histopathologically, tubers are collections of abnormally mi-
grated, differentiated and proliferated cells that express a mix of neuro-
nal and glial markers. Abnormalities of cortical lamination, enlarged
dysplastic and maloriented neurons, balloon cells positive for both
glial and neuronal markers, and extensive astrogliosis are common find-
ings upon analysis of resected tubers [1].
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Resective surgery is the only curative option for medically refractory
epilepsy in TSC, and >60% of TSC patients with a well localized seizure
focus become seizure-free after tuberectomy [3]. Such clinical success
motivates exploration into whether and to what extent tubers may
have functional connectivity within the brain and spinal cord.

Cortical tubers evident on conventional MRI have long been deemed
inert, static lesions that can be safely resected [3]. However, recent neu-
rophysiology, neuropathology, and diffusion imaging demonstrate ab-
sence of clear tuber-cortex boundaries, with cortical elements retained
within the tuber and extensive tuber-like pathology beyond the tuber
[4]. Relevant to the present report, tubers contain maloriented pyrami-
dal cells and dysplastic neurons that suggest a tuber-to-cortex connec-
tivity [5]. Further, tubers, like focal cortical dysplasias, can be in the
proximity of eloquent cortex, leading to investigations into whether tu-
bers can contain function [3].

Notably, it is unknown if structural connectivity or neurophysiologic
function can be preserved in such imaging-evident lesions, where neu-
ropathology is intermixed with normal cortex.

The lack of clear MRI-defined resection margins, either on tuber in-
terface with cortex or with normal-appearing white matter (NAWM),
poses a challenge as long-term success of epilepsy surgery in TSC is di-
rectly determined by the total extent of the resection [6]. Further, as
more lesions are detected by increasingly high resolution MRI, the
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targeted resection volume may increase, placing eloquent, functional
tissue at risk.

To explore potential tuber connectivity with functional brain ele-
ments, we employed two modern techniques: Neuronavigated trans-
cranial magnetic stimulation (nTMS), and diffusion tensor imaging.

nTMS is a method for focal noninvasive cortical electrical stimulation
where small intracranial electrical currents are generated by a powerful
extracranial fluctuating magnetic field. When applied over the motor
cortex, nTMS elicits short-latency motor-evoked potentials (MEPs) in
a target muscle that reflect connectivity via corticospinal fibers from
to the stimulated cortical volume to the anterior horn cell [7]. An FDA-
approved nTMS device is used for presurgical mapping of both motor
and language cortex. While the current standard of care for preopera-
tive functional localization remains direct current stimulation (DCS)
via subdural electrodes, nTMS has been shown to have comparable res-
olution to that of motor cortex DCS [8]. Moreover, nTMS has a very fa-
vorable safety profile and, relevant to our case, is well-tolerated by
children with epilepsy. Accordingly, we describe a 10-year old boy
with TSC, who underwent nTMS presurgical motor cortex mapping,
during which we found evidence of functional connectivity within
tuber tissue.

DTI tractography is a technique based on relatively recently devel-
oped postprocessing algorithms used to study the 3D configuration of
major white matter tracts within cortex tissue. Thus, DTI provides
novel insights into the pathological microstructural properties of tuber
tissue in patients with TSC [1]. To complement the nTMS findings, DTI
tractography was performed.

2. Methods
2.1. Clinical summary

A 10-year-old, left-handed boy with TSC and intractable epilepsy
was referred to Boston Children's Hospital Comprehensive Epilepsy Pro-
gram for consideration of epilepsy surgery.

At birth, he was found to have a cardiac murmur, and echocardio-
gram showed cardiac rhabdomyomas. A subsequent MRI of the brain re-
vealed classic stigmata of TSC, including subcortical tubers and
subependymal nodules. He tested positive for a Tsc2 gene mutation.

Developmentally, the patient's vocabulary was limited to one word
by 2 years of age. He began walking at 18 months with difficulties in co-
ordination of complex motor movements. Additionally, the patient
struggled with fine motor tasks such as effectively using utensils. At
the time of presentation he was able to speak in short sentences and
was capable of expressing desire. While the patient was able to use a
pencil to scribble on paper, he did not have the capacity to write letters.
Neuropsychological testing revealed a 4 year delay behind expected
cognitive age. Physical examination was remarkable for hypomelanotic

macules on right lower leg, left thigh and left chest, a shagreen patch on
the right medial scapula, and facial angiofibromas. On neurological
exam he appeared left-handed, but was ambidextrous for some tasks.
He had a low central tone but no lateralizing motor findings.

His seizure disorder first presented with infantile spasms, which
were successfully controlled with vigabatrin. He then developed focal
dyscognitive seizures refractory to multiple anti-epileptic medications,
with variable seizure semiology overt time. During evaluation in the ep-
ilepsy monitoring unit, seizures began with quivering of the chin, and
parent-report stated the patient appeared very frightened. Occasionally
bilateral oromotor and hand automatisms were seen during which the
patient continued to speak with his mother. EEG revealed interictal dis-
charges in left central and frontocentral areas, and seizures originating
in the left central area. 3T MRI with 35 direction DTI revealed
subependymal nodules, radial migration lines, and multiple subcortical
tubers, in part mineralized, and the largest of which was in the left
fronto-parietal area. 2-fluro-deoxy glucose positron-emission tomogra-
phy (2FDG PET) showed multiple bilateral foci of decreased cortical iso-
tope uptake corresponding to the cortical tubers seen on MRI. Ictal
SPECT revealed relative increased perfusion focally in the left frontal
lobe when compared to the interictal study. Thus, the active seizure
focus was localized to the left frontoparietal tuber complex, and the pa-
tient underwent functional mapping to assess the cortical representa-
tion of both left and right hemispheric motor control regions.

2.2.nTMS

Verbal and written consent were obtained from the patient's parents
prior to stimulation. Electromyography (EMG) was recorded through
surface electrodes placed in 6 locations on both the right and left sides
of the body over the bilateral abductor pollicis brevis (APB), deltoid,
and tibialis anterior (TA) muscle groups. An additional ground electrode
was placed on the underside of the right forearm. With single pulse
nTMS, stimuli were applied at scalp sites overlying the motor cortex in
the right and left hemispheres, while MEPs were recorded bilaterally
from the APB, deltoid, and TA by surface EMG.

The patient's MRI DICOM file was uploaded into the Nexstim NBS 4.3
software (Nexstim™, Helsinki, Finland) to create a three-dimensional
reconstruction of the patient's cortical surface (Fig. 1). Stimulation was
performed with a Nexstim™ unit and a figure-of-eight coil operated
with frameless stereotaxy. Motor threshold was operationally defined
as the minimum machine output necessary to elicit a response from
the APB, contralateral to the stimulated hemisphere, of 50 pV, on >50%
of trials.

2.2.1. Data acquisition
The precentral gyrus (M1) and surrounding supplementary motor
areas were stimulated to create a map depicting the areas of the cortex

Fig. 1. (A) Axial fluid-attenuated inversion recovery (FLAIR) image, with 20 mm scale-to-size reference. (B and C) 3D MRI reconstruction of the cortical surface with superior (B) and right

(C) view. The crosshairs in all panels indicate the cortical tuber.
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