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The symptomswitnessed in unexplained death in epilepsy (SUDEP) suggest a breakdownof central autonomic con-
trol. Since the brainstemplays a crucial role in autonomic control, the objectives of this studywere 1. To investigate if
temporal lobe epilepsy (TLE) is associated with brainstem atrophy and to characterize it using graph Analysis 2. To
compare the findings with those in two probable TLESUDEP. T1 images were obtained from 17 controls, 30 TLE (16
with mesial-temporal-sclerosis (TLE-MTS) and 14 without (TLE-no)) and from 2 patients who died of SUDEP. The
brainstem was extracted, warped onto a brainstem atlas and Jacobian determinants maps (JDM) calculated. SPM8
was used to compare the JDMs at the group level, z-scoremapswere calculated for single subject analysis. Brainstem
regions encompassing autonomic structures were identified based on macroscopic landmarks and mean z-scores
from5×5×5voxel cubes extracted to calculate a newmeasure called atrophy-similarity index (ASI) for graph anal-
ysis. TLE-MTS had volume loss in the dorsal mesencephalon. The SUDEP cases had severe and more extensive vol-
ume loss in the same region. Nodal degrees and participation coefficients were decreased and local efficiency
increased in SUDEP compared to controls. TLE is associatedwith volume loss in brainstem regions involved in auto-
nomic control. Structural damage in these regions might increase the risk for a fatal dysregulation during situations
with increased demand such as following severe seizures.

© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-SA license
(http://creativecommons.org/licenses/by-nc-sa/3.0/).
1. Introduction

Descriptions of epilepsy patients dying unexpectedly after seizures
have existed since the 19th century, but only recently has it been recog-
nized that sudden unexplained death in epilepsy (SUDEP) is the leading
cause of premature death (10-50%) in epilepsy patients (Shorvon and
Tomson, 2011, Tomson et al., 2008, Ryvlin et a., 2013). The observations
in patients dying of SUDEP in epilepsy monitoring units suggest that a
postictal breakdown of central autonomic control characterized by a
severe alteration of the respiratory and cardiac function that leads to a
generalized EEG suppression and finally to a terminal cardio-respiratory
arrest might play a major role (Bateman et al. 2010, Seyal et al., 2012).
This raises the question to what degree epilepsy associated structural al-
terations in brain structures involved in central autonomic control could
contribute to such a breakdown.

The central autonomic system can be divided into two subsystems.
One is the brainstem/medulla system that responds typically to non-
conscious stimuli from internal sensors, i.e., baro- and chemoreceptors,
Neurodegenerative Diseases,
er, Clement Street 4150, San
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etc, and encompasses the nuclei (ncl.) of the solitary tract, ambiguous
ncl, dorsal vagal ncl, pre-Bötzinger/Bötzinger complex, parabrachial
and Kölliker-Fuse ncl, the rostral and caudal ventral respiratory group,
the serotoninergic raphe and the mesencephalic periaqueductal gray/
reticular formation. The other is the cortical and subcortical autonomic
system which responds conscious stimuli, e.g., fear or anxiety caused
by external stimuli, by initiating the appropriate response via the
brainstem/medulla system. Its main components are the hypothalamus
and thalamus, particularly the ventral posterior medial and lateral nu-
clei and the mesial prefrontal cortex and the insular cortex. Animal
studies but also human clinical studies suggest that the posterior insula
might play a prominent role in cortical and cortical/brainstem auto-
nomic integration (Nagai et al., 2010).

The progress in quantitative image analyses in recent years has led
to the insight that even well defined epilepsy types, e.g., temporal lobe
epilepsy (TLE) with mesial temporal sclerosis (MTS), are associated
with brain structural abnormalities beyond the epileptogenic focus
that encompass remote but anatomically connected cortical and subcor-
tical regions and most importantly regions belonging to the central
autonomic system, e.g. prefrontal mesial cortex, insula (Scanlon et al.,
2013; Mueller et al., 2009; Bernhardt et al., 2008). To our knowledge
there is no study that investigated if there are also structural abnormal-
ities in brainstem structures in TLE. The first objective of this study was
the CC BY-NC-SA license (http://creativecommons.org/licenses/by-nc-sa/3.0/).
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therefore to investigate if TLE with (TLE-MTS) and without MTS (TLE-
no) is associated with volume losses in the brainstem and to compare
the findings in these two groups with those in two TLE patients who
had been studied with the same MR protocol but had later died under
circumstances consistent with SUDEP. It was hypothesized that a subset
of TLE-MTS and TLE-no patientswould have regional brainstem atrophy
as would the two SUDEP patients but that the atrophic changes in the
latter would be more severe.

The fact that abnormalities in the cortical autonomic control system
are apparent at the level of group analyses indicates that they are prob-
ably fairly common at the single subject level. This suggests that struc-
tural abnormalities within the autonomic control system per se are
eventually not enough to cause serious disturbances of the autonomic
control but that they need to fulfill very specific characteristics, e.g., to
be particularly severe or to encompass very specific regions, to become
critical. The second objective was therefore to use graph analysis and a
new measure, the atrophy similarity index (cf. Methods for details)
that was designed to capture differences in the severity and the spatial
extent of atrophic changes to further characterize brainstem volume
losses in TLE and SUDEP TLE. It was hypothesized that SUDEP TLE pa-
tients would have a different pattern of graph analytical abnormalities
than TLE-MTS or TLE-no that would be consistent with a reduced inter-
action between atrophic brain regions.

2. Methods

2.1. Study population

The committees of human research at the University of California
San Francisco (UCSF), California Pacific Medical Center, San Francisco
(CPMC) and VA Medical Center, San Francisco approved the study,
and written informed consent was obtained from each subject accord-
ing to the Declaration of Helsinki. The study population consisted of
49 subjects. Seventeen were controls (mean age: 39.0 ± 13.9 years, fe-
male/male: 11/6, no current neurological or other condition affecting
brain function or structure, no history of epilepsy or other neurological
or psychiatric diseases, normal MRI reads by a board certified neurora-
diologist). Sixteen were patients suffering from TLE withmesial tempo-
ral seizure origin and ipsilateral mesial-temporal sclerosis (TLE-MTS)
(mean age: 41.1 ± 11.0 years, female/male: 8/8, left/right/bilateral
onset: 10/5/1, mean age at onset: 7.9 ± 6.6 years, mean epilepsy dura-
tion: 33.1 ± 12.3 years) and 14 were patients suffering from TLE with
unilateral mesial-temporal seizure origin and normal MRI (TLE-no)
(mean age: 34.6 ± 11.4 years, female/male: 10/4, left/right onset: 9/5,
mean age at onset: 23.3 ± 11.6 years, mean epilepsy duration:
12.1 ± 9.7 years). Finally, there were two TLE patients who later died
under circumstances consistent with probable SUDEP. One of them
was a 48 years old male TLE-no patient (bilateral onset, age at onset
40 years, duration 8 years), and the other one a 39 years old male TLE-
MTS patient (left onset, age at onset 25 years, duration 14 years). The
identification of the epileptogenic focuswas based on seizure semiology
and prolonged ictal and interictal Video/EEG/Telemetry (VET) in all
patients. The presence/absence of MTS in TLE was based on a visual in-
spection of a T2weighted high resolution image of the hippocampal for-
mation and confirmed by subfield volumetry (Mueller et al., 2009).
None of patient’s MRI showed other lesions besides the MTS. The two
epilepsy groups and the controls did not differ in age. TLE-MTSwere sig-
nificantly younger at onset and had longer duration of their epilepsy
than TLE-no (p b 0.05). All patients reported having been seizure free
for at least 24 h before the 4T study.

2.2. MRI acquisition

All studies were performed on a Bruker MedSpec 4T system
controlled by a Siemens TrioTM console and equipped with a U.S.A.
instruments eight channel array coil. The following sequences, which
were part of a larger research imaging and spectroscopy protocol,
were acquired: 1) T1-weighted whole brain gradient echo MRI TR/TE/
TI = 2300/3/950 ms, 1.0 × 1.0 × 1.0 mm3 resolution, acquisition time:
5.1 min. 2) 3D T2-weighted turbo spin-echo sequence, TR/TE = 3500/
356 ms, 1.0 × 1.0 × 1.0 mm3 resolution (for calculation of intracranial
volume), acquisition time: 3.4 min. 3) high resolution T2 weighted
fast spin echo sequence for hippocampal subfield volumetry (TR/TE:
3500/19 ms, 0.4 × 0.4 mm in plane resolution, 2 mm slice thickness,
24 interleaved slices, angulated perpendicular to the long axis of the
hippocampal formation, acquisition time: 7.30 min. Total acquisition
time for structural MRIs: ~20 min.

2.3. Image Processing and Voxel-Based Group comparisons

The processing/analysis procedures are depicted as a flow chart in
Supplementary Fig. 1. The T1 images were processed in Freesurfer 5.1
(http://surfer.nmr.mgh.harvard.edu). The labels cerebellum gray and
white, brainstem, left and right diencephalon, left and right thalamus
that are produced in the Freesurfer subcortical segmentation stream
(Fischl et al., 2002) were used to generate a brainstem mask for each
subject that encompassed the brainstem, the cerebellum and the dien-
cephalon including the thalami. This mask was used to generate a T1
brainstem image by extracting the corresponding regions from each
subject’s gray scale image. The template building routine from DARTEL
toolbox (Ashburner et al., 2007) as implemented in SPM8 (http://
www.fil.ion.ucl.ac.uk/spm/) and running Matlab (version 8.1.0.604)
was used to generate a brainstem template from the T1 brainstem im-
ages of the control group. Each subjects T1 brainstem image was
warped onto this template using the high dimensional warping algo-
rithm of the DARTEL toolbox and the Jacobian determinants calculated
from the resulting transformation matrices. The resulting Jacobian de-
terminant maps (JDM) were masked to suppress the background and
corrected for differences of head size using the intracranial volume
that had been calculated from the skull-stripped T2 images.

2.4. Single subject analyses

The JDM were converted into z-score maps using the following
formula: z-score = (JDMsubject – mean JDMcontrols/standard devia-
tion of JDMcontrols). The resulting z-score maps were processed in
two ways:

A Voxel-wise atrophy whole brainstem analysis: Atrophy maps were
generated for each subject by thresholding them at z-score ≤ −2.
Subjectswithmore than 504 subthreshold voxels (504=mean sub-
threshold voxelscontrols + 2 standard deviation controls) were
considered to have pathological z-score maps (Crawford and
Howell, 1998).

B Definition of autonomic system for graph analysis: A 5 × 5 × 5 voxel
grid was overlaid on each z-score map to divide it into equally sized
cubes. Brainstem nuclei/regions involved in the autonomic control
are not distinguishable on in vivo 4T T1. Thereforemacroscopic land-
marks based on the atlas of histological and 9.4 T high resolution sec-
tions of the brainstem/medulla by Naidich et al. (2009) were used to
identify altogether 16 cubes of interest (COI) with a high probability
to encompass the following structures: COIs 1–4: Caudal Autonomic
region with a ventral (CAV) and a dorsal (CAD) aspect that contain
the caudal parts of ambiguous, solitary tract and dorsal vagal nuclei.
COIs 5,6: Caudal Respiratory (CR) region that contains the pre-
Bötzinger and Bötzinger Complex. COIs 7,8: Rostral Autonomic (RA)
region that encompasses the rostral parts of the ambiguous nucleus.
COIs 9–12: Rostral Respiratory (RR) region which encompass the
parabrachial andKölliker-Fuse nuclei and a section of the reticular for-
mation (lateral tegmental field) and COIs 13–16: Periaqueductal gray
(Periaqc) that encompasses the periaqueductal gray and parts of the
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raphe nuclei. Individual mean z-scores were calculated for each of
these 16 COIs (cf. Fig. 1).

2.5. Graph analysis

Previous studies have shown evidence for a structural morphologi-
cal connectivity (He and Evans, 2010) in the human brain, i.e., evidence
for an anatomically plausible robust correlation between volumetric
features derived from T1 images, for example, cortical thickness or
gray matter volumes, of different brain areas. The nature of the correla-
tion of these measures across regions is not clear and several potential
factors, e.g. common afferent/efferent pathways, genetic, maturation-
al/developmental influences, and experience related plasticity alone or
in combination have been discussed in this context (Alexander-Bloch
et al., 2013; Carlo et al., 2013; Chen et al., 2011; Evans, 2013). In this
study we used a variant of the just described structural morphological
connectivity, the atrophy similarity index (ASI), that connects regions
with similar degree of atrophy. The ASI is based on the assumption
that a pathological process causing neuronal loss/atrophy in one region
leads to deafferentation and consequently atrophic changes of similar
severity in neighboring and remote regions connected to this region.
The ASI between regions A and B is defined as follows: raw ASI =
((z-score of the regionwith the lower score of the two)/(absolute differ-
ence between z-score in region A and region B)). This definition of the
denominator would result in an infinite number in the unlikely event
that two different COIs have exactly the same z-scores or in a very
small value and consequently a very large ASI if the z-scores of two
different COIs are very close. To control for this, the minimal possible
difference between two COI was set to be 0.00001 even for COI pairs
with smaller differences. However, in this data set the differences
between COIs were always larger. The raw ASI is converted into the
final ASI by multiplying it with a normalization term n defined as n =
(–1/ (range of all raw ASI in subject)). Based on that formula, severe at-
rophy due to the same process and thus of similar severity in A and B
(homogeneous atrophy) results in a positive ASI close to 1. If B is not
in the immediate neighborhood of A but in a remote region that receives
input from A, the loss of this input produces a mild atrophy in B and a
lower but positive ASI with A. If B is not atrophied because it is neither
directly nor indirectly affected by the pathological process in A, the
ASI will be negative. If there is a second pathological process (heteroge-
neous atrophy) that affects mostly a region C but indirectly also B that
receives input from C, the relationship between A and B is weakened
and the ASI between them lowered. In contrast to the traditional mea-
sures of structural connectivity using volumetric measures, e.g. regional
cortical thickness, that are based on correlations of this measure be-
tween two regions across multiple subjects, the ASI has the advantage
that it can be calculated for individual subjects.

Graph theory provides a theoretical framework to characterize the
connectivity of a network and is increasingly being used to describe
Fig. 1. Brainstem parcellation: caudal autonomic region ventral (CAV) and dorsal (CAD) aspect
ratory (CR) region contains the pre-Bötzinger and Bötzinger complex. Rostral autonomic (RA)
region contains the parabrachial and Kölliker-Fuse nuclei and a section of the reticular formatio
gray and parts of the raphe nuclei.
the functional and structural connectivity of healthy anddiseased brains
(Sporns et al., 2000). It describes a network as a system of nodes and
edges that connect nodeswith similar properties. In terms of in vivo im-
aging nodes typically represent brain regions for which the property of
interest, e.g. cortical thickness, time course of the BOLD signal or in the
case of this study the z-score, is known and the edges represent the
strength of the relationship of this measure between any two regions.
In this study, the strength of the relationship corresponds to themagni-
tude of the ASI. The result is a matrix that describes this relationship for
every possible combination of regions. In this study this relationship is
described by the 16 × 16 ASI matrix that has been calculated from the
mean z-scores of the 16 COIs or nodes encompassing brainstem struc-
tures involved in autonomic control. The routines provided by the
Brain Connectivity Toolbox (https://sites.google.com/site/bctnet/)
were used to extract network measures from these matrices. Graph
analysis usually requires a thresholding step to remove weak and thus
probably physiologically meaning less connections. This can be done
by either standardizing the number of edges (cost threshold) or by stan-
dardizing the number of nodes (density threshold) across individual
networks. The former approach often leads to networks with a different
number of nodes across subjects while the latter generates networks
with different numbers of edges. For the purpose of this study, the ASI
matrices were thresholded at minimal density (density is defined as
the fraction of present edges to all possible edges and minimal density
is the threshold below which some of the COIs or nodes are no longer
included in the network, i.e., the network is no longer fully connected)
because this allows for a better description of the whole range of atro-
phy than thresholding by cost that would have only captured the
most atrophied regions. Graph analysis based on the ASI matrices was
used to further characterize the type of brainstem atrophy, i.e., to distin-
guish between homogeneous and heterogeneous atrophy. The follow-
ing measures were used for that purpose: 1. Nodal degree which is
defined as the number of edges that an individual node shares with
other nodes. Given the definition of the ASI, it was expected that
nodes in regions with severe homogeneous atrophy have a high nodal
degree and nodes in regions with heterogeneous atrophy a lower
nodal degree. 2. Nodal efficiency which is a measure of the path length
or number of edges that are necessary to connect this nodewith each of
the other nodes. A high nodal efficiency indicates that most of these
connections are direct, i.e. one edge. In the context of the ASI, it was as-
sumed that the nodal efficiency will be high in subjects with homoge-
neous but also heterogeneous atrophy but low in subjects with mild
or no atrophy. 3. Nodal betweenness centrality corresponds to the frac-
tion of all shortest paths in the network that include this node. Given the
definition of the ASI, it can be expected that a node in a regionwith het-
erogeneous atrophy tends to have a higher nodal betweenness central-
ity than regions with homogeneous atrophy. 4. Network modularity
(Louvain algorithm) and participation coefficient. Modules are groups
of nodes that are highly interconnected while having comparatively
contains the caudal parts of ambiguous, solitary tract and dorsal vagal nuclei. Caudal respi-
region encompasses the rostral parts of the ambiguous nucleus. Rostral respiratory (RR)
n (lateral tegmental field). Periaqueductal gray (Periaqc) encompasses the periaqueductal
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Fig. 2.Volume loss in TLE-MTS compared to the control group (pN 0.05 FDRat voxel level).
Cf. text for description.
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few connections with nodes in other modules. The participation coeffi-
cient is a measure of the diversity of the intermodular connections of
node, i.e. is low in nodes that mostly interact with nodes within the
samemodule. In the context of the ASI, nodes from COIs with homoge-
neous atrophy are likely to belong to the same module while nodes
from COIs of heterogeneous atrophy are more likely to be in different
modules. The number ofmodules is increased in homogeneous and het-
erogeneous atrophy but more so in the latter. The participation coeffi-
cient was expected to be higher in regions with homogeneous atrophy
indicating an interaction between the nodes of different modules and
low in regions with heterogeneous atrophy indicating a breakdown of
these interactions.
2.6. Statistical analysis

SPM8 was used to identify regions with significant volume loss in
the brainstem/diencephalon/thalamus region in TLE-MTS and TLE-no
compared to controls (t-test, p b 0.05 FDR to correct for multiple
comparisons).Multiple t-tests (pb 0.05 FDR to correct formultiple com-
parisons) were used to compare themean z-scores of the 16 COIs of the
two patient groups with those of the control group. Accounting for the
fact that the graph analytical measures were not normally distributed,
two-sided Mann–Whitney tests were used to compare the nodal
degree, nodal efficiency, modularity and participation coefficients
between the patient groups and the controls. Given the a priori hypoth-
eses outlined in the introduction and the methods section (graph
Fig. 3. Subthreshold voxels in SUDEP cases. A. SUDEP TLE-MTS: widespread volume loss in the v
medulla oblongata. B. SUDEP TLE-no: significant volume losses were found in the region of th
tegmentum.
analysis), no correction for multiple comparisons was applied. The
non-parametric bootstrap algorithm provided by Matlab and the bias
corrected and accelerated percentile method for the calculation of con-
fidence intervals were used to calculate the 95% confidence interval of
the medians in the control group for the measures nodal degree, local
efficiency and nodal betweenness centrality. COIs or nodes with mea-
sures outside these confidence intervals and in accordance with the a
priori hypotheses consistent with the pattern of heterogenous atrophy
were considered to be “abnormal” in the two SUDEP cases. A modifica-
tion of this procedure (all subjects (controls, TLE-MTS or TLE-nowith at
least 3modules) was used to determine nodeswith an abnormal partic-
ipation coefficient in the two SUDEP cases. This modificationwas neces-
sary to account for the fact that the participation coefficient is
influenced by the number of modules.

3. Results

3.1. Voxel-based group and single subject comparisons

Fig. 2 shows a significant volume loss in the mesencephalon of TLE-
MTS compared to controls that is maximal in the regions of the inferior
and superior colliculi and periaqueductal gray/mesencephalic reticular
formation and extends into the region of the raphe and reticular nuclei
and medial and inferior thalamus/diencephalon bilaterally. The volume
loss in TLE-nodid not exceed the threshold for significance. Based on the
number of sub-threshold voxels in their z-score map, 1 control, 8 TLE-
MTS and 3 TLE-no were considered to have pathological z-score maps.
The finding of the single subject analysis suggests that brainstem abnor-
malities occur in TLE-MTS and TLE-no but that they are less common in
the latter group and thusnot necessarily detectable in group comparisons.
TLE-MTS with pathological maps did not differ from TLE-MTS with nor-
malmaps regarding age at onset (9.3±8.6 vs 6.8±4.9 years) or epilepsy
duration (34.7± 15.8 vs 31.9± 9.6 years) nor did TLE-nowith patholog-
ical maps differ from TLE-no with normal maps (age at onset: 18.2 ± 4.5
vs 24.9 ± 12.8 years, duration of epilepsy: 9.5 ± 4.1 vs 12.9 ± 10.9) (all
p N 0.05 with Wilcoxon test). 54.5 percent of the TLE with pathological
maps had secondarily generalized seizures compared to 36.8% of
the TLE with normal maps. Both SUDEP TLE patients had pathologi-
cal z-score maps with 25,591 and 7624 sub-threshold voxels respec-
tively, which corresponded to the highest and third highest number
entral diencephalon, thalamus, mesencephalon including pontine tegmentum and rostral
e inferior colliculi/periacqueductal gray extending into the region of the rostral pontine
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Table 1
Graph analysis node by node summary.

Measure Group CAD CAD CAV CAV CR CR RA RA RR RR RR

Z-scores Control –0.046 –0.111 –0.130 –0.173 –0.048 –0.191 –0.179 –0.201 –0.185 –0.178 –0.145
Means SD ± 0.922 0.909 0.894 0.895 0.882 0.802 0.918 0.884 0.918 0.875 0.902

TLE-MTS –0.170 –0.299 –0.300 –0.414 –0.222 –0.425 –0.508 –0.528 –0.548 –0.578 –0.622
SD ± 0.647 0.594 0.575 0.519 0.880 0.741 0.705 0.626 0.763 0.781 0.864
TLE-no –0.303 –0.331 –0.216 –0.257 0.048 –0.253 –0.446 –0.203 –0.443 –0.324 –0.448
SD ± 0.983 0.767 0.923 0.727 0.837 0.678 0.803 0.639 0.812 0.801 0.824
SUDEP TLE-no –0.533 –0.388 –0.757 –0.582 –1.512 –1.470 –1.219 –1.135 –1.237 –1.285 –1.758
SUDEP TLE-MTS –1.276 –1.393 –2.175 –1.723 –2.022 –1.823 –1.587 –1.815 –1.698 –1.917 –2.029

Degree Control 8.00 8.00 10.00 10.00 3.00 3.00 10.00 5.00 10.00 9.00 4.00
Medians 95% CL 1–11 2–12 2–13 3–12 1–11 1–13 2–14 2–13 2–14 2–13 2–12

TLE-MTS 2.00 3.50 4.00 4.50 2.50 7.50 11.50 8.50 9.00 11.00 9.00
95% CL 1–3.5 2–11 2–13 2.5–13.5 1–11 3–13 4–13 4–14 4–13 3.5-14 2–13
TLE-no 8.00 8.00 5.50 8.00 1.50 9.50 10.00 7.00 11.50 8.00 9.50
95% CL 1–14 2–11 2–13 2.5–13.5 1–11 3–13 4–13 4–14 4–13 3.5-14 2–13
SUDEP TLE-no 2.00 1.00 1.00 2.00 7.00 7.00 5.00 5.00 5.00 6.00 4.00
SUDEP TLE-MTS 1.00 1.00 5.00 4.00 4.00 4.00 2.00 4.00 4.00 4.00 4.00

Local efficiency Control 0.005 0.009 0.005 0.008 0.009 0.003 0.009 0.011 0.008 0.007 0.007
Medians 95% CL 0–0.026 0–0.021 0–0.014 0–0.016 0–0.034 0–0.019 0.005–0.022 0.003–0.045 0–0.024 0–0.043 0–0.026

TLE-MTS 0.004 0.010 0.017 0.028 0.019 0.021 0.029 0.026 0.027 0.031 0.026
95% CL 0–0.016 0.003–0.025 0.005–0.026 0.008–0.052 0–0.031 0.003–0.033 0.017–0.043 0.010–0.039 0.008–0.042 0.012–0.040 0.009–0.045
TLE-no 0.009 0.019 0.008 0.016 0.002 0.015 0.027 0.025 0.026 0.017 0.020
95% CL 0–0.044 0.005–0.041 0–0.021 0.005–0.044 0–0.013 0.005–0.039 0.010–0.067 0.008–0.045 0.010–0.042 0.005–0.047 0.008–0.047
SUDEP TLE-no 0.000 0.000 0.000 0.000 0.029 0.029 0.053 0.038 0.054 0.039 0.028
SUDEP TLE-MTS 0.000 0.000 0.081 0.088 0.116 0.110 0.086 0.111 0.084 0.055 0.117

Nodal Betw. Control 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Centrality 95% CL 0.00–2.00 0.00–10.00 0.00-0.00 0.00-0.00 0.00-0.00 0.00-0.00 0.00–2.00 0.00–6.00 0.00–2.00 0.00-0.00 0.00–2.00
Medians TLE-MTS 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

95% CL 0.00–4.00 0.00–5.00 0.00–1.00 0.00-0.00 0.00-0.00 0.00–4.00 0.00-0.00 0.00–4.00 0.00-0.00 0.00–2.00 0.00-0.00
TLE-no 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
95% CL 0.00-0.00 0.00-0.00 0.00–2.00 0.00–12.00 0.00–2.00 0.00–2.00 0.00–2.00 0.00-0.00 0.00–4.00 0.00-0.00 0.00–28.00
SUDEP TLE-no 4.00 0.00 0.00 4.00 16.00 10.00 0.00 2.00 0.00 0.00 0.00
SUDEP TLE-MTS 0.00 0.00 36.00 0.00 36.00 0.00 2.00 54.00 24.00 80.00 36.00

Participation Control 0.259 0.319 0.276 0.281 0.237 0.238 0.320 0.277 0.312 0.315 0.262
Coefficient 95% CL 0–0.506 0–0.590 0–0.575 0–0.561 0–0.416 0–0.473 0–0.606 0–0.467 0–0.511 0–0.516 0–0.459
Medians TLE-MTS 0.000 0.327 0.138 0.247 0.112 0.498 0.478 0.464 0.375 0.406 0.467

95% CL 0–0.302 0–0.451 0–0.511 0–0.486 0–0.451 0.212–0.577 0.35–0.548 0.346–0.545 0.302–0.499 0–0.509 0–0.498
TLE-no 0.262 0.278 0.068 0.260 0.000 0.404 0.353 0.210 0.316 0.279 0.408
95% CL 0–0.46 0–0.377 0–0.419 0–0.478 0–0.247 0–0.541 0.152–0.492 0–0.436 0.230–0.468 0.049–0.452 0.249–0.491
SUDEP TLE-no 0.000 0.000* 0.000 0.000 0.000 0.000* 0.000* 0.000* 0.000* 0.000* 0.000*
SUDEP TLE-MTS 0.000 0.000* 0.376 0.435 0.297 0.198* 0.000* 0.210* 0.390 0.500 0.302*

The results are presented for each Cube of interest (COI). Some of the autonomic regions encompassmore than one COI. To account for the fact that the atrophy can be very localized, the results are reported for each individual COI/node belonging to an
autonomic region.
CAD, caudal autonomic region dorsal aspect; CAV, caudal autonomic region ventral aspect; RA, rostral autonomic; RR, rostral respiratory; Periaqc, periaqueductal region, please see legend to Fig. 1 for more information.
TLE, temporal lobe epilepsy; MTS, mesial temporal sclerosis, no, normal MRI, measures are reported as mean (z-score) or median (graph) for group comparisons.
Bold, p b 0.05 for group comparisons (please see statistical analyses for details), Bold Italic, measure outside the 95% confidence interval of the control group.

* only subjects with 3 or modules (9 controls, 12 TLE-MTS, 6 TLE-no) were used to calculate the 95% CI to account for the fact that the participation coefficient is influenced by the number of modules.
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Table 1 (continued)

Measure Group CAD CAV RA RR Periaqc Periaqc Periaqc Periaqc

Z-scores Control –0.111 –0.173 –0.201 –0.117 –0.005 –0.028 0.044 0.019
Means SD ± 0.909 0.895 0.884 0.861 0.910 0.913 0.932 0.924

TLE-MTS –0.299 –0.414 –0.528 –0.547 –1.074 –1.061 –1.268 –1.252
SD ± 0.594 0.519 0.626 0.890 0.806 0.798 0.792 0.812
TLE-no –0.331 –0.257 –0.203 –0.285 –0.287 –0.303 –0.332 –0.332
SD ± 0.767 0.727 0.639 0.785 0.699 0.676 0.798 0.775
SUDEP TLE-no –0.388 –0.582 –1.135 –1.892 –2.722 –2.759 –2.733 –2.950
SUDEP TLE-MTS –1.393 –1.723 –1.815 –2.112 –2.399 –2.243 –2.471 –2.295

Degree Control 8.00 10.00 5.00 3.00 4.00 3.00 1.00 3.00
Medians 95% CL 2–12 3–12 2–13 1–10 2–11 2–12 1–6 1–13

TLE-MTS 3.50 4.50 8.50 7.50 11.50 11.00 13.50 12.00
95% CL 2–11 2.5–13.5 4–14 3–11 7–14 7–14 9–14.5 9–14
TLE-no 8.00 8.00 7.00 11.00 9.00 8.50 5.50 8.50
95% CL 2–11 2.5–13.5 4–14 3–11 7–14 7–14 9 14.5 9–14
SUDEP TLE-no 1.00 2.00 5.00 3.00 3.00 3.00 3.00 3.00
SUDEP TLE-MTS 1.00 4.00 4.00 5.00 3.00 4.00 2.00 5.00

Local efficiency Control 0.009 0.008 0.011 0.006 0.005 0.006 0.000 0.003
Medians 95% CL 0–0.021 0–0.016 0.003–0.045 0–0.025 0–0.024 0–0.024 0–0.000 0–0.022

TLE-MTS 0.010 0.028 0.026 0.017 0.033 0.034 0.030 0.031
95% CL 0.003–0.025 0.008–0.052 0.010–0.039 0.004–0.053 0.016–0.056 0.017–0.047 0.010–0.050 0.014–0.048
TLE-no 0.019 0.016 0.025 0.021 0.021 0.016 0.013 0.016
95% CL 0.005–0.041 0.005–0.044 0.008–0.045 0.006–0.047 0.006–0.049 0.006–0.047 0–0.042 0.004–0.046
SUDEP TLE-no 0.000 0.000 0.038 0.031 0.239 0.229 0.244 0.112
SUDEP TLE-MTS 0.000 0.088 0.111 0.083 0.079 0.081 0.081 0.069

Nodal Betw. Control 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Centrality 95% CL 0.00–10.00 0.00-0.00 0.00–6.00 0.00-0.00 0.00–12.00 0.00-0.00 0.00-0.00 0.00–8.00
Medians TLE-MTS 0.00 0.00 0.00 3.00 0.00 0.00 3.00 6.00

95% CL 0.00–5.00 0.00-0.00 0.00–4.00 0.00–13.00 0.00-0.00 0.00–2.00 0.00–28.00 0.00–28.00
TLE-no 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
95% CL 0.00-0.00 0.00–12.00 0.00-0.00 0.00–8.00 0.00–7.00 0.00–7.00 0.00–2.00 0.00–22.00
SUDEP TLE-no 0.00 4.00 2.00 0.00 0.00 0.00 0.00 6.00
SUDEP TLE-MTS 0.00 0.00 54.00 34.00 0.00 16.00 0.00 28.00

Participation Control 0.319 0.281 0.277 0.233 0.234 0.256 0.155 0.170
Coefficient 95% CL 0–0.590 0–0.561 0–0.467 0–0.447 0–0.425 0–0.474 0–0.363 0–0.342
Medians TLE-MTS 0.327 0.247 0.464 0.379 0.402 0.403 0.343 0.306

95% CL 0–0.451 0–0.486 0.346–0.545 0–0.499 0.331–0.497 0.344–0.489 0.187–0.504 0.22–0.368
TLE-no 0.278 0.260 0.210 0.268 0.298 0.297 0.167 0.175
95% CL 0–0.377 0–0.478 0–0.436 0.107–0.424 0–0.460 0.160–0.500 0–0.483 0–0.451
SUDEP TLE-no 0.000* 0.000 0.000* 0.000* 0.000* 0.000* 0.000 0.000*
SUDEP TLE-MTS 0.000* 0.435 0.210* 0.491 0.000* 0.000* 0.000 0.000*
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Fig. 4. Upper panel: mean ASI matrices of the control, TLE-MTS and TLE-no group. Lower panel: single subject ASI matrices of the two SUDEP TLE subjects. The heat bars below the ASI
matrices represents the z-scores at each Cube of interest (COI) (group means for upper panel, individual z-scores for lower panel. COIs 1–4: caudal autonomic region with a ventral
(CAV) and a dorsal (CAD) COIs 5,6: caudal respiratory (CR) region. COIs 7,8: rostral autonomic (RA) region COIs 9–12: rostral respiratory (RR) region COIs 13–16: periaqueductal gray
(Periaqc).
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of sub-threshold voxels in the patient population (cf. Fig. 3 for the
detailed maps).
3.2. Graph analysis

Table 1 shows the detailed results of the graph analysis, Fig. 4 shows
the ASI matrices. As expected based on the definition of the ASI most of
the group differenceswere found in COIswith significant volume losses.
TLE-MTSwere characterized by increased nodal degree and efficiency in
COIs/nodes from the periaqueductal gray and superior/inferior colliculi.
Nodal betweenness centrality and the participation coefficient were
also increased but the differences did not reach significance. Similar
changes were found in the TLE-no group but did not reach significance.
Controls had on average 2.47 (1.18) brainstemmodules while TLE-MTS
had 3.31 (1.3) and TLE-no 2.57 (1.28) brainstem modules.

Despite the severe, widespread brainstem atrophy the graph analyt-
ical measures in the two SUDEP TLE subjects did not just show a more
exaggerated version of the changes seen in the TLE-MTS group. Even
in COIs or nodes from regions with pronounced atrophy, nodal degree
tended to be lower and local efficiency was clearly higher compared
to the TLE-MTS. Nodal betweenness centrality was increased in both
SUDEP cases compared to controls but also compared to TLE. Compared
to the control group and TLE-MTS the participation coefficients were
low even in COIs or nodes from regions with prominent atrophy. This
is particular striking in the SUDEP TLE-no patient in whom 3 brainstem
modules were identified but all nodes had a participation coefficient of
0. The SUDEP TLE-MTS patient had 5 brainstemmodules and also com-
paratively low participation coefficients even when accounting for the
number of modules (cf. Table 1).
4. Discussion

There were three major findings in this study. 1. TLE-MTS and to a
lesser degree TLE-no is associatedwith volume loss in the dorsalmesen-
cephalon that is most prominent in the region of the periaqueductal
gray, colliculi, raphe and reticular formation and extends into the dien-
cephalon particularly the medial posterior thalamus. 2. Graph analysis
based on a measure that favored the interaction between regions with
a similar degree of atrophy was used to characterize the impact of the
mesencephalic volume loss on brainstem regions containing nuclei
involved in the central autonomic controls. Nodal degree and local effi-
ciency were increased in regions with volume loss in TLE-MTS com-
pared controls. A similar pattern of graph analytical abnormalities was
found in the mesencephalic nodes of TLE-no but these abnormalities
did not reach significance. 3. Mesencephalic volume losses were also
seen in the two SUDEP TLE patients. In contrast to the two TLE groups
though, this volume loss was not only more severe but in the case of
the SUDEP TLE-MTS patient also more widespread, i.e. extended into
the dorsal section of the pons and even upper medulla oblongata. The
graph analytical signature of these abnormalities was different from
that observed in TLE, i.e. was characterized by comparatively decreased
nodal degree and nodal participation coefficients but increased local ef-
ficiency and nodal betweenness centrality. Taken together, we found
evidence for volume loss/atrophy in brainstem regions involved in the
autonomic control in TLE. These changes were not only more pro-
nounced in the two SUDEP cases but also associated with graph analyt-
ical abnormalities that indicated an impaired interaction between those
regions. The following paragraphs will discuss these findings and pro-
pose a scenario how the observed brainstem abnormalities might lead
to SUDEP.

image of Fig.�4
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The refinement of quantitative image analysis methods in the recent
years has led to the insight that even epilepsy types with well-defined
epileptic focus such as TLE-MTS are associated with widespread
structural abnormalities beyond the epileptogenic focus (Mueller
et al., 2009; Bernhardt et al., 2008). The current study adds the dorsal
mesencephalon to the list of regions showing volume loss in TLE. The
brainstem has a very complex anatomy with a great number of tightly
packed structures. Many structures are not well defined though and
in vivo MRI at 4T does not even resolve those that are easily recogniz-
able in histological preparations. This impacts the precision by which
deformation based morphometry can localize volume losses in the
brainstem and constitutes an important limitation that has to be kept
in mind in the following discussions. The regions with the most pro-
nounced atrophy encompass the mesencephalic periaqueductal gray,
themesencephalic raphe and reticular formation and themonoaminer-
gic cell groups in these regions. This region is part of a larger brainstem
region that interacts via the dorsal longitudinal fascicle andmedial fore-
brain bundle with the hypothalamus, thalamus, amygdala, hippocam-
pus and mesial prefrontal cortex (Nieuwenhuys et al., 1988-1989), i.e.
regions that are typically atrophied in TLE. One possible explanation
for this mesencephalic volume loss is therefore loss of afferent input
from forebrain regions that are atrophied in TLE. An alternative explana-
tion is neuronal cell loss due to excitotoxic effects of TLE seizures prop-
agating into the mesencephalon. The graph analytical abnormalities in
both TLE groups were restricted to the regions with the most pro-
nounced atrophy andwere consistentwith the pattern of homogeneous
atrophy or a single mechanism causing the atrophy.

The two SUDEP TLE patients had volume losses in the dorsal mesen-
cephalon that had a similar pattern as that observed in the single subject
analysis of the TLE-MTS and TLE-no cases. However, the volume losses
were more severe and in the case of the SUDEP TLE-MTS expanded
into pontine and even medullary regions. Furthermore, the pattern of
the graph analytical abnormalities in these two patients was consistent
with heterogeneous atrophy, i.e., more than one mechanism contribut-
ing to the volume loss. Given the similarities with the TLE group, it is
reasonable to assume that the same mechanisms that were discussed
for TLE, i.e., deafferentation or excitotoxic effects of propagating seizure
activity also caused the volume losses in that region in the two SUDEP
TLE patients (mechanism 1). Animal studies suggest that volume losses
in dorsal mesencephalon can negatively affect seizure control. For ex-
ample, electrical or chemical stimulation of the colliculi or themesence-
phalic periaqueductal gray in genetically epilepsy prone rats can cause
brainstem seizures that can spread to the forebrain with repeated
stimulation (Redgrave et al., 1992; Merrill et al., 2003, Peterson et al.,
2000). Based on that, it could be hypothesized that a volume loss in
these regions could predispose patients to suffer longer lasting and/or
more severe seizures with increased risk for secondary generalization
(Magdaleno-Madrigal et al., 2002; Faingold, 2012). More important in
the context of SUDEP however is that several structures in the most se-
verely affected region, e.g. the periaqueductal gray and the cuneiform
nucleus, belong to a network of brainstem structures involved the
cardio-vascular control (Pelosi et al., 2012; Dampney et al., 2013;
Nasimi et al., 2012; Korte et al., 1992). Structural abnormalities in
these regions could therefore impair the autonomic control in the
interictal state (Surges et al., 2009) and cause critical autonomic distur-
bances, e.g., cardiac arrhythmias and respiratory impairment severe
enough to result in hypoxemia, during the ictal and immediately
postictal period (Ryvlin et al., 2013). In situations of heightened demand
due to seizures (Blumenfeld et al., 2004), even relatively short phases of
hypoxemia could then lead to additional damage in vulnerable regions,
e.g. the watershed area that encompasses the solitary tract nucleus
(Jaster et al., 2008; De Caro et al., 2000; Lorin de la Grandmaison et al.,
2001; Sarnat et al., 2004), and sonot only aggravate the existingdamage
but also cause additional damage in hitherto unaffected brainstem re-
gions (mechanism 2). Over time the damage caused by such seizure-
related hypoxic episodes could accumulate and ultimately become
severe enough to lead to the type of complete breakdown of the auto-
nomic control in a situation of heightened demand that seems to be
the hallmark of SUDEP (Jaster et al., 2008; Ryvelin et al., 2013). This sce-
nario indicates that this seizure related lesion in the dorsal mesenceph-
alon, if it affects structures involved in autonomic control, could be
sufficient to pose a risk factor for SUDEP. However, as mentioned previ-
ously, the autonomic control system has also a cortical representation
and these regions can be affected in TLE as well. Therefore it cannot be
excluded that cortical lesions in the autonomic control system also
play a role in SUDEP, either alone or in a combination with a brainstem
lesion. A preliminary investigation of this question in the two SUDEP pa-
tients reported here, showed that the SUDEP TLE-no patient had regions
of severe gray matter loss in the posterior insula bilaterally (z-score
← 2) but that the SUDEP TLE-MTS patient had only relatively mild (z-
score ← 1.0 N-2.0) gray matter losses in those regions. Further studies
that investigate the impact of cortical and brainstem lesions on
autonomic control in the interictal and ictal state will be necessary
to understand the potential contribution of these two regions to
SUDEP.

The study has several limitations 1. As pointed out above, the con-
trast properties and resolution of an in vivoMRI are not sufficient to de-
lineate even histologically well defined brainstem structures which
reduces the accuracy by which the region of maximal volume loss can
be localized. However special care was taken to ensure that the same
upper and lower brainstem boundaries were applied to each extracted
brainstem and so the localization of the volume loss along the rostral-
causal axis should be accurate. 2. The network used for graph analysis
consisted of only 16 nodes that had been identified as having high prob-
ability to include crucial autonomic structures based on macroscopic
landmarks. This is a relatively small network and it cannot be excluded
that its size might have influenced the findings. The rationale behind
this strategy was to restrict the analysis to regions belonging to
the autonomic network and to exclude input from regions not in-
volved into the autonomic control that could have obscured the
disturbances within the autonomic control system. 3. The sample
size of this study was small and the findings need to be confirmed
in a larger population of TLE and SUDEP TLE but also in other epilepsy
types.

In conclusion, TLE can be associated with atrophic changes in
brainstem regions involved in central autonomic control that could be
responsible for interictal and ictal autonomic disturbances which can
aggravate the damage to critical parts of the autonomic control system
and thus potentially increase the risk for SUDEP. The preliminary find-
ings in this study suggest that deformation-based morphometry using
a standard MRI exam in combination with advanced graph analysis
does not only detect this volume loss but might also be able to identify
features that indicate that the volume loss is severe enough to critically
impair the autonomic system making a life threatening breakdown of
the autonomic control during a seizure possible. If these findings are
confirmed, brainstem deformation-based morphometry combined
with graph analysis could be used to identify patients at risk in whom
an intensive surveillance and aggressive seizure control are warranted
(Ryvlin et al., 2013b).
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