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among autonomic regulatory 
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10 Epilepsy Centre, Neurological Institute, University Hospitals Case Medical Centre, Cleveland, OH, United States, 
11 Translational Imaging Group, University College London, London, United Kingdom

Background: Sudden unexpected death in epilepsy (SUDEP) is common among young 
people with epilepsy. Individuals who are at high risk of SUDEP exhibit regional brain 
structural and functional connectivity (FC) alterations compared with low-risk patients. 
However, less is known about network-based FC differences among critical cortical 
and subcortical autonomic regulatory brain structures in temporal lobe epilepsy (TLE) 
patients at high risk of SUDEP.

Methods: 32 TLE patients were risk-stratified according to the following clinical criteria: 
age of epilepsy onset, duration of epilepsy, frequency of generalized tonic–clonic seizures, 
and presence of nocturnal seizures, resulting in 14 high-risk and 18 low-risk cases. 
Resting-state functional magnetic resonance imaging (rs-fMRI) signal time courses were 
extracted from 11 bilateral cortical and subcortical brain regions involved in autonomic 
and other regulatory processes. After computing all pairwise correlations, FC matrices 
were analyzed using the network-based statistic. FC strength among the 11 brain regions 
was compared between the high- and low-risk patients. Increases and decreases in FC 
were sought, using high-risk > low-risk and low-risk > high-risk contrasts (with covari-
ates age, gender, lateralization of epilepsy, and presence of hippocampal sclerosis).

results: High-risk TLE patients showed a subnetwork with significantly reduced FC 
(t = 2.5, p = 0.029) involving the thalamus, brain stem, anterior cingulate, putamen and 
amygdala, and a second subnetwork with significantly elevated FC (t = 2.1, p = 0.031), 
which extended to medial/orbital frontal cortex, insula, hippocampus, amygdala, subcal-
losal cortex, brain stem, thalamus, caudate, and putamen.
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conclusion: TLE patients at high risk of SUDEP showed widespread FC differences 
between key autonomic regulatory brain regions compared to those at low risk. The 
altered FC revealed here may help to shed light on the functional correlates of auto-
nomic disturbances in epilepsy and mechanisms involved in SUDEP. Furthermore, these 
findings represent possible objective biomarkers which could help to identify high-risk 
patients and enhance SUDEP risk stratification via the use of non-invasive neuroimaging, 
which would require validation in larger cohorts, with extension to patients with other 
epilepsies and subjects who succumb to SUDEP.

Keywords: graph theory, resting state, functional connectivity, hippocampus, insula

inTrODUcTiOn

Sudden unexpected death in epilepsy (SUDEP) is the most 
common cause of premature death among people with epilepsy 
(1), for whom the risk of sudden death is over 20 times that of 
the general population (2, 3). Patients at higher risk of SUDEP 
are individuals who experience ongoing and frequent general-
ized tonic–clonic seizures [GTCS (4)]. Although the underlying 
mechanisms remain elusive, seizure-induced autonomic (cardiac 
arrhythmia or hypotension) or respiratory (hypoventilation, 
apnea or apneusis) dysfunction, or a fatal combination of these 
have been postulated as likely causes (5–7). Other precipitating 
processes, including metabolic, hormonal, and genetic actions 
may contribute to SUDEP (8). However, clear pathophysiological 
mechanisms linking epilepsy with SUDEP remain lacking.

A recent evaluation of cardiorespiratory arrests in epilepsy 
monitoring units—the MORTEMUS project (9)—showed severe 
respiratory and cardiac alterations (apnea/hypoventilation and 
bradycardia/asystole) to occur terminally in cases of SUDEP. 
However, whether the fatal respiratory or cardiac observations 
in SUDEP cases are secondary to profound inhibition of central 
respiratory or autonomic regulatory sites (10) is unclear. All but 
one of the SUDEP cases reviewed in the MORTEMUS project 
were preceded by a GTCS and experiencing frequent GTCS (>3 
per year) has been identified as a major risk factor for SUDEP  
(11, 12). Other key factors related to increased SUDEP risk 
include the occurrence of nocturnal seizures, a longer disease 
duration, and an earlier age of disease onset (11, 13).

Recent efforts to identify structural neuroimaging biomark-
ers of SUDEP have revealed volume differences within key auto-
nomic regulatory brain structures. Voxel-based morphometry 
(VBM) procedures show significantly reduced bilateral posterior 
thalamic (pulvinar) gray matter (GM) volumes and increased 
right hippocampal and amygdala GM volumes in high- vs. 
low-risk SUDEP subjects (14). A similar volumetric approach 
found severe volume loss in the dorsal mesencephalon among 
SUDEP cases compared to epilepsy and healthy controls (15). 
Resting-state functional magnetic resonance imaging (rs-fMRI), 
a technique used to identify at-rest functional connectivity (FC) 
between brain areas (16), shows reduced connectivity between 
several key regions, including the pons, thalamus, and anterior 
cingulate in high- vs. low-risk SUDEP patients (17). However, 
it is not known how the FC involving other forebrain, limbic, 
and basal ganglia regions, sites that regulate autonomic and 

respiratory functions, is affected in patients at high risk of 
SUDEP. For example, FC investigations involving the hippocam-
pus and medial and orbital frontal cortices are lacking despite 
their known role in blood pressure regulation (18). Since SUDEP 
likely involves processes incorporating failure or dysfunction of 
respiratory or autonomic regulation, an objective of this study 
was to focus on FC between areas related to autonomic and 
respiratory processes.

Central regulation of both autonomic and respiratory control 
is represented through multiple structures at several levels of the 
neuraxis, and extends far beyond the usually designated areas in 
the medulla and pons. The final pathways for respiratory as well as 
sympathetic and parasympathetic control are mediated through 
medullary areas, but multiple cortical, diencephalic, midbrain, 
and especially cerebellar structures contribute to activation, 
inhibition, and timing of both respiratory and autonomic control. 
Cerebellar structures include the deep fastigial nuclei, important 
for influences on breathing, while the cerebral cortex includes 
the bilateral insulae, the ventral medial prefrontal gyri, and the 
cingulate cortex. Subcortical structures such as the hippocampus, 
hypothalamus, amygdala, thalamus, and basal ganglia (particu-
larly the caudate and putamen) are also heavily involved. These 
structures have repeatedly been shown to respond to autonomic 
or respiratory challenges and structural changes in breathing and 
cardiovascular conditions (19–21), send projections between 
each other, and many project directly to nuclei regulating respira-
tory and autonomic action in the brain stem (22–25).

Of particular concern is that epileptic seizures arising in, or 
rapidly propagating to, central autonomic control sites within 
the limbic system (26) result in damage to or dysregulation of 
critical autonomic and other regulatory structures (27). The 
majority of seizures are accompanied by symptoms of autonomic 
nervous system activation and, in some cases, dysfunction (28). 
Cardiac alterations, particularly increased heart rate, are found 
in almost all seizures (29), with some suggesting more often so 
in temporal lobe epilepsy (TLE) patients (30). Interictal heart 
rate variability (HRV) reflects autonomic imbalances in patients 
with poorly controlled epilepsy (31) and among those who 
experience GTCS (32) and reduced HRV has shown to correlate 
with increased SUDEP risk (33). The most severe autonomic and 
respiratory alterations are observed during and after GTCS (9). 
Ongoing GTCS could exert a profound impact on critical brain 
areas, potentially disrupting vital processes by which respiratory, 
cardiac, and blood pressure functions are regulated (34).
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TaBle 1 | Summary of patients at low and high risk of SUDEP.

characteristics low risk 
(n = 18)

high risk 
(n = 14)

p

Mean age at scan (years) ± SD 30.0 ± 7.1 33.5 ± 9.1 0.332
Gender (M:F) 9:9 7:7 1
Epilepsy lateralization (L:R) 9:9 8:6 0.693
Mean age epilepsy onset (years) ± SD 12.9 ± 9.5 12.4 ± 8.5 0.203
Mean epilepsy duration (years) ± SD 17.6 ± 10.3 21.2 ± 12.3 0.068
>3 GTCS per year 0 14 <0.001
Mean number of GTCS per year 0.3 ± 0.6 62 ± 58 <0.001
Nocturnal seizures 0 6 0.002
Hippocampal sclerosis 7 9 0.161
Polytherapy 13 12 0.367
Monotherapy 5 2 0.367
Mean SUDEP risk (OR) score ± SD 1.6 ± 1.7 19.2 ± 2.2 <0.001

SUDEP, sudden death in epilepsy; L, left; R, right; GTCS, generalized tonic–clonic 
seizures; OR, odds ratio; AED, antiepileptic drug.
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Little is known about how, or to what extent, brain regions 
involved in autonomic and respiratory regulation are affected in 
TLE patients as a consequence of increased SUDEP risk (which 
includes a higher frequency of GTCS). The main objective of 
the current study was to investigate potential differences in FC 
among a subnetwork of key structures related to autonomic and 
respiratory regulation. We investigated this subnetwork using 
rs-fMRI, and applying the network based statistic [NBS (35)] 
to compare FC between high and low risk of SUDEP patients. 
The NBS is a graph theory-based approach to FC analysis which 
exploits the clustering structure of between-group differences in 
network topology. That is, connections within a network which 
significantly differ across groups often form a connected sub-
network or “component.” Similar to conventional neuroimaging 
analysis (36), whereby clusters are identified among voxels in 
physical space, the NBS identifies clusters in topological space 
and possesses greater power to detect strength-based differences 
as opposed to methods which ignore such a topological struc-
ture. We hypothesized that TLE patients at high risk of SUDEP 
would exhibit altered FC among the subnetwork of selected 
autonomic regions of interest (ROIs) compared to patients at 
low risk of SUDEP.

MaTerials anD MeThODs

subjects and risk stratification
Sixty patients with TLE underwent rs-fMRI scanning (34 left 
TLE; 26 right TLE). Of these subjects, 28 were excluded from 
further analyses due to the presence of large lesions (9), interictal 
epileptic discharges (IEDs) recorded during the rs-fMRI scan 
acquisition (8), excessive head movement [9: 4 max head-motion 
(exceeding 2 mm), 5 scrubbing; see fMRI preprocessing], and two 
cases who suffered SUDEP. We excluded patients who suffered 
from SUDEP, so as not to mix potential pathological differences 
which may be present in these cases.

Of 32 patients remaining for further analysis, 17 had left TLE 
(9 females) and 15 right TLE (7 females). Subjects were clas-
sified as being at high or low risk of SUDEP based on clinical 
factors (11, 14, 17) as follows: An odds ratio (OR) score was 
generated for each patient using duration of epilepsy > 15 years 
(OR = 1.95), epilepsy onset < 16 years (OR = 1.72), >3 GTCS per 
year (OR = 15.46), and nocturnal seizures present (OR = 3.9). 
Patients with >3 GTCS per year (OR = 15.46) or nocturnal sei-
zures (OR = 3.9) were classified as high risk. The OR cutoff value 
of 3.9 for the high-risk label was selected based on a previous 
SUDEP neuroimaging study (14), in which 90% of SUDEP cases 
were correctly identified as high risk if their summed OR score 
was at least 3.9 (presence of nocturnal seizures). Therefore, any 
patients above 3.9 were classed as “high risk” and any below were 
classed as “low risk.” In our cohort, this classification resulted in 
14 high-risk (8 L TLE, 7 females) and 18 low-risk (9 L TLE, 9 
females) subjects. Patient characteristics are shown in Table 1. 
There were no significant differences in the number of patients 
using multiple antiepileptic drugs (AEDs) (polytherapy) or one 
AED (monotherapy) between the high- and low-risk group. 
The average number of AEDs per high- and low-risk group was 
2.4 and 2.2 respectively. AED dosages per high- and low-risk 

patients can be found in supplementary material (Table S1 in 
Supplementary Material).

Functional Mri
All subjects underwent a 20-min resting-state electroenceph-
alogram-functional magnetic resonance imaging (EEG-fMRI) 
scan (3.0 T scanner, Signa Excite HDX, GE Medical Systems), 
during which they were instructed to lay idly with eyes 
closed. The echo planar imaging-based blood oxygen level-
dependent (BOLD) functional MRI scans were acquired with 
the following parameters: repetition time  =  3,000  ms, echo 
time  =  30  ms; flip angle  =  90°, matrix size  =  64  ×  64, field 
of view = 24 cm × 24 cm, slice thickness = 3 mm, number of 
slices = 44. Simultaneous EEGs with 32 channels recorded with 
MRI compatible electrodes were acquired (Brain Products, 
Munich, Germany). The EEG recordings were used to exclude 
patients with epileptiform activity during the scan. The study 
was approved by the National Research Ethics Committee 
(04/Q0512/77 and 14/SW/0021) and all patients gave written 
informed consent.

Data Preprocessing
The rs-fMRI time-series data were preprocessed in MATLAB 
2016a (MathWorks Inc.) with DPARSFA (data processing assis-
tant for resting state fMRI (37)) software, which calls functions 
from the software packages REST (38) and SPM12 (statistical 
parametric mapping; http://www.fil.ion.ucl.ac.uk/spm). The 
following steps were carried out: slice time correction, realign-
ment, coregistration of structural and functional MRI images, 
segmentation via diffeomorphic anatomical registration through 
exponential lie algebra [DARTEL (39)], and spatial normaliza-
tion to Montreal Neurological Institute space.

To reduce the effects of physiological noise, and to improve the 
specificity of signals pertaining to GM, the white matter (WM), 
and cerebrospinal fluid (CSF) signals were regressed out using the 
components analysis-based noise correction method, CompCor 
(40), in which five principal components derived from noise ROIs 
based on each subject’s segmented WM and CSF mask (mask 
threshold = 0.99) were removed (41).
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FigUre 1 | Selected cortical and subcortical regions of interest (ROIs) masks 
from Harvard-Oxford (HO) atlas. (a) Sagittal (top) and axial (bottom) views of 
the frontal medial cortex (FMC); (B) sagittal (top) and axial (bottom) views of 
the subcallosal cortex (SC); (c) coronal (top) and axial (bottom) views of 
orbitofrontal cortex (OFC); (D) axial view of insulae (Ins); (e) sagittal view of 
anterior cingulate cortex (ACC); (F) sagittal view of thalamus; (g) sagittal view 
of hippocampus; (h) coronal view of amygdalae; (i) axial view of putamen; 
(J) axial view of caudate; and (K) coronal view of brain stem (includes 
midbrain, pons, and medulla).
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The six motion realignment parameters calculated by SPM12 
were also regressed out. Four patients from the original cohort 
were excluded due to maximum head motion exceeding 2 mm 
in any given direction of the rotation or translation parameters 
computed during realignment. For the remaining subjects 
included for further analysis, maximum head motion was 1.9 
and 1.7 (mm) in the high- and low-risk groups, respectively. 
There were no significant differences in any motion parameters 
between the high- and low-risk cohorts (p > 0.05) as evaluated 
with independent samples t-tests. Head motion “scrubbing” was 
implemented, using DPARSFA’s built-in functions, to account 
for small but excessive head movements which are known to 
effect interregional correlations despite routine motion correc-
tion (42–46). For every scan in a given time series, the frame-
wise displacement (FD), an index of head-movement from one 
volume to the next, was calculated as the sum of the absolute 
values of the realignment estimates relative to the preceding scan 
(42). Mean FD in the high- and low-risk cohorts was 0.15 ± 0.09 
and 0.17  ±  0.08, respectively, and did not significantly differ 
(t = 0.586, p = 0.562). Scans to be scrubbed were defined as those 
for which FD exceeded 0.25 mm; for each of those, the preced-
ing 1 and subsequent 2 scans were replaced via linear interpola-
tion. In 5 of the original 60 patients, this procedure resulted 
in 75%, or more, of the scans being scrubbed—these patients 
were excluded from further analysis. In the remaining datasets, 
the proportion of scrubbed scans was below 50%. Finally, the 
linear trend was removed, and a bandpass filter of 0.01–0.08 Hz 
was applied, which is consistent with the frequency range most 
relevant to BOLD signal fluctuations. Spatial smoothing was not 
applied to not extend the BOLD signal between nearby ROIs.

rOi selection
The Harvard-Oxford (HO) cortical and subcortical atlas (http://
www.cma.mgh.harvard.edu/fsl_atlas.html) was used to extract 
ROI-averaged time-series from the processed fMRI time series. 
We selected 11 bilateral brain regions (22 total) from the HO 
atlas based on their known involvement in the central control 
of autonomic regulation (see Figure 1) These regions included 
structures belonging to the limbic system: hippocampus, amyg-
dala, anterior cingulate cortex (ACC), and subcallosal cortex 
(SC); the insulae, thalamus, orbitofrontal cortex (OFC), frontal 
medial cortex (FMC), brain stem, and two regions of the basal 
ganglia: caudate and putamen.

resting-state Fc analysis and network 
Based statistic (nBs)
After extracting the time-series belonging to each ROI (network 
node), the absolute value of the Pearson r correlation coefficient 
was calculated for every possible ROI pair (each ROI pair 
defining a network edge or “path” between two structures) and 
a Fisher Z-transform normalization applied, yielding a 22 × 22 
FC matrix for every subject. We then used the Network Based 
Statistic [NBS (35)] to compare the FC strength of every edge in 
the matrices between high risk and low risk of SUDEP patients. 
We sought to identify increased and decreased FC (contrasts: 
high risk  <  low risk; high risk  >  low risk) using analysis of 

covariance, with the following covariates: age, gender, later-
alization of epilepsy, and presence of hippocampal sclerosis 
(HS). In addition to using presence of HS as a covariate, we 
also performed analyses whereby hippocampal GM volume of 
the epileptogenic hemisphere was regressed out (see Methods 
in Supplementary Material) in order to quantitatively control 
for differences in connectivity which may arise from changes in 
brain structure—namely, those resulting from HS.

In summary, NBS consists of the following steps: indepen-
dently test the null hypothesis at every connection in the network 
using a two-sample t-test, endowing each edge with a t-statistic. 
A t-statistic threshold is required and must be specified prior to 
testing. Any edges for which the t-statistic threshold is exceeded 
are defined as suprathresholded connectivity. Clusters, or any set 

http://www.frontiersin.org/Neurology/
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FigUre 2 | Reduced functional connectivity (FC) subnetwork in high risk over lower risk of sudden unexpected death in epilepsy (SUDEP) patients. Subnetwork of 
reduced FC involving the bilateral brain stem (Bstem), bilateral thalamus (Thal), bilateral putamen (Put), bilateral ACC, and left amygdala (Amyg). L, left; r, right; HS, 
hippocampal sclerosis; t, t-statistic threshold; M, number of permutations; p value was set at <0.05, family-wise error rate (FWER) corrected. Nodes in white are 
those which were involved in the significant subnetwork. Red node outline represents search for reduced connectivity (high < low). Visualization using Gephi (https://
gephi.org/).
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of nodes between which a path can be found, are then identified 
among the suprathresholded connectivity. The main assumption 
of the NBS is that any suprathresholded edges which form a 
cluster are not isolated from each other and therefore comprise 

a connected component, or subnetwork, differentiating the two 
groups (35). Finally, a family-wise error rate (FWER)-corrected  
p value is calculated using permutation testing (47). For each per-
mutation, members of the two samples are randomly permuted, 

https://gephi.org/
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http://www.frontiersin.org/Neurology/
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TaBle 2 | Reduced subnetwork.

connection t

L ACC–L thalamus 2.91
L brain stem–L thalamus 3.76
L brain stem–R thalamus 3.38
R ACC–R thalamus 2.66
R ACC–L putamen 3.04
R ACC–R putamen 2.59
R brain stem–L amygdala 3.23
R brain stem–L thalamus 2.87
R brain stem–R thalamus 2.89

List of decreased connections belonging to the subnetwork of reduced connectivity 
found (high risk < low risk), with a threshold of t = 2.5.
t, t-test statistic.
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and the size of the extended cluster is calculated—in the current 
study, the number of permutations used was 10,000. These 
calculations yield an empirical null distribution of the maximal 
supra-threshold cluster size. Significance level was set at p < 0.05.

resUlTs

The comparison between high- and low-risk SUDEP patients 
revealed a subnetwork of significantly reduced FC (t  =  2.5, 
p  =  0.029) and one subnetwork of significantly enhanced FC 
(t  =  2.1, p  =  0.033). The reduced FC subnetwork consisted of 
nine edges between the following nine nodes: bilateral ACC, 
bilateral thalamus, bilateral brain stem, left amygdala, and bilat-
eral putamen (Figure 2; Table 2). The subnetwork of enhanced 
FC consisted of 16 nodes (bilateral FMC, bilateral SC, bilateral 
OFC, bilateral insula, bilateral hippocampus, bilateral amygdala, 
right caudate, right putamen, right brain stem, and left thalamus) 
and 24 edges (Figure 3; Table 3). Comparable significant subnet-
works emerged following regression of hippocampal GM volume 
(instead of “presence of HS”). The high-risk < low-risk contrast 
revealed a significantly reduced subnetwork of 11 nodes (bilateral 
brain stem, bilateral thalamus, left amygdala, right insula, bilateral 
ACC, bilateral putamen and right SC) and 14 edges (t  =  2.5, 
p = 0.035). The high-risk > low-risk contrast showed a significantly 
enhanced subnetwork comprising 15 nodes (bilateral hippocam-
pus, amygdala, putamen, insula, SC, orbitofrontal cortex, medial 
frontal cortex, and right caudate) and 27 edges (t = 2.5, p = 0.028) 
(Results and Figures S1 and S2 in Supplementary Material).

DiscUssiOn

We examined whether, and to what extent, the FC between a 
group of structures associated with autonomic and respiratory 
regulation differs between TLE patients at high and low risk of 
SUDEP. We found that high-risk TLE patients exhibit highly 
altered FC among important brain regions known to be involved 
in autonomic regulation, when compared with low-risk patients. 
A subnetwork of reduced FC became apparent and involved 
several areas previously linked to increased SUDEP risk (17), 
including the thalamus, brain stem, and ACC. However, here 
we show involvement of additional brain regions which have 
not been previously linked to FC investigations into SUDEP, 
including the bilateral putamen and left amygdala. Additionally, 
we show a subnetwork of enhanced FC in TLE patients at high 
risk of SUDEP, the connections of which extended to many of 
the regions in the subnetwork. A large proportion of enhanced 
connections involved medial/orbital frontal cortices, the insulae 
and limbic areas (amygdalae and hippocampus). The ACC was 
not involved in enhanced FC in high-risk TLE patients. These 
findings prompt the need for further investigations into these 
structures, given their known involvement in cortical/subcorti-
cal autonomic control functions, particularly those pertaining to 
blood pressure regulation.

reduced Fc subnetwork
Our findings further support the importance of altered ACC-
thalamus and thalamus–brain stem connectivity in patients at 

high risk of SUDEP (17). The thalamus relays extensive informa-
tion to and from cortical and subcortical brain sites. The posterior 
thalamus plays significant roles in oxygen sensing (19, 48) and in 
relaying afferent activity essential for breathing. A disruption of 
the thalamic-brain stem link, as shown here in high-risk SUDEP 
patients, is particularly concerning given the apparent involve-
ment of respiratory failure in SUDEP (9). The reduced thalamic 
connectivity bares resemblance to a VBM study showing reduced 
GM volumes in the thalamus among high-risk subjects and 
SUDEP victims (14). The Wandschneider study, and others  
[e.g., Ref. (49)], revealed however, that injury to the posterior 
thalamus is common in epilepsy, and disease duration potentiates 
the extent of that damage. Such injury may predispose to a failure 
to recover from hypoxia accompanying ictal episodes.

Anterior cingulate cortex involvement in autonomic regula-
tion is well documented with early stimulation studies demon-
strating its role in blood pressure regulation (50). Neuroimaging 
studies corroborated these findings (51) and show consistent 
fMRI activation and deactivation patterns of ACC in association 
with heart rate changes (52, 53), and cold pressor and hand-grip 
responses (20). In human epilepsy, thalamic-cingulate circuitry 
alterations were previously described (17, 54). Upon stimulation 
of the cingulate, asystole—a potential SUDEP mechanism—has 
been observed (55). The reduced thalamic–ACC connectivity 
among patients at high risk for SUDEP reflects a disruption of 
key pathways involved in central modulation of cardiorespira-
tory and blood pressure mechanisms, which may be implicated 
in SUDEP (34).

Our data reveal for the first time a role of the putamen in the 
reduced connectivity subnetwork found in high-risk SUDEP 
patients. The putamen serves significant autonomic regulatory 
behaviors, and has major projections to insular and limbic sites 
(56, 57). The putamen also serves to integrate sensory informa-
tion for preparation of movements (58, 59). Reduced connectiv-
ity between the putamen and ACC could alter communication 
between autonomic and motor regulatory pathways in patients 
at high risk of SUDEP. Furthermore, we show reduced FC of 
the bilateral putamen with the right ACC only. The right ACC 
is preferentially involved in baroreflex-mediated autonomic 
cardiovascular function in humans (60). Patients with congenital 
central hypoventilation syndrome (CCHS), who are also at high 
risk of sudden death, show BOLD signal reductions within the 
putamen when compared with controls (61).
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FigUre 3 | Increased functional connectivity (FC) subnetwork in high risk over lower risk of sudden unexpected death in epilepsy (SUDEP) patients. Subnetwork of 
enhanced FC in high-risk temporal lobe epilepsy (TLE) patients when compared with low-risk TLE patients. Regions include: bilateral amygdala (L Amyg, R Amyg), 
right brain stem (R Bstem), right caudate (R Caud), bilateral frontal medial cortex (L FMC, R FMC), bilateral hippocampus (L Hipp, R Hipp), bilateral insula (L Ins, R 
Ins), bilateral orbitofrontal cortex (L OFC, R OFC), right putamen (R Put), bilateral subcallosal cortex (L SC, R SC), and the left thalamus (L Thal). L, left; R, right; HS, 
hippocampal sclerosis; t, t-statistic threshold; M, number of permutations; p value was set at <0.05, family-wise error rate (FWER) corrected. White nodes represent 
ROIs involving significant connections. Blue node outline represents search for increased connectivity (high > low). Visualization using Gephi (https://gephi.org/).
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Reduced FC between the right brain stem and left amygdala 
also occurred in high-risk SUDEP patients. The final common 
path nuclei for cardiac, respiratory, and blood pressure control 

lie within the brain stem. The involvement of the amygdala in 
cardiovascular and respiratory activities has been described  
(62, 63), as are the afferent and efferent pathways through which 
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L amygdala–R amygdala 2.68
L FMC–R OFC 2.21
L OFC–L hipp 2.51
L OFC–R brain stem 2.58
L OFC–R caudate 2.10
L OFC–R hipp 2.42
L hipp–R hipp 2.16
L ins–L FMC 2.99
L ins–R FMC 2.29
L SC–L OFC 2.14
L SC–L thalamus 2.62
R caudate–L hipp 2.46
R FMC–R hipp 2.49
R FMC–R putamen 2.69
R OFC–L amygdala 3.19
R OFC–R amygdala 2.39
R hipp–L amygdala 2.78
R ins–L hipp 2.24
R ins–R FMC 2.66
R ins–R OFC 2.35
R SC–L amygdala 3.17
R SC–L OFC 2.15
R SC–R amygdala 2.18
R SC–R OFC 2.35

List of enhanced connections found using high-risk > low-risk contrast, with a 
threshold of t = 2.1.
t, t-test statistic.
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the amygdala projects to the midbrain, pons, and brain stem  
(22, 64–66). Single-pulse stimulation of the amygdala central 
nucleus will trigger state-dependent inspiration (67). Animal 
models reveal a vital role of the amygdala in the propagation of 
seizures from the brain stem to the forebrain (68). Upon stimula-
tion of the amygdala in patients with epilepsy, apnea and oxygen 
desaturation are observed (8, 63, 69), demonstrating the signifi-
cant influences of this structure on brain stem respiratory nuclei 
in humans. The reduced FC we found between the amygdala 
and brain stem in high-risk patients is of considerable concern, 
especially given the occurrence of terminal apnea in the majority 
of SUDEP cases (9). We speculate that the FC reduction may con-
tribute to a failure of amygdala influences to trigger inspiratory 
efforts and recover from possible hypoventilation or apnea during 
seizures, or possibly result in sustained apneusis. Reduced FC 
may provide a marker for the respiratory alterations in epilepsy 
and mechanisms underpinning SUDEP.

enhanced Fc subnetwork
As well as reduced connectivity, an enhanced FC subnetwork 
emerged in high-risk SUDEP patients involving 24 increased 
functional links in 16 of the 22 regions investigated (Figure 1). 
The majority of enhanced connectivity patterns found in high-
risk patients were represented by connections from the frontal 
medial or orbital frontal cortex to the insula and limbic cortices 
(hippocampus and amygdala).

The enhanced FC of orbital frontal and frontal medial corti-
ces found here is of particular interest given their involvement 
in blood pressure modulation (62, 70). Portions of the medial 

prefrontal cortex also influence key areas involved in modulat-
ing cardiac sympathetic and parasympathetic responses and 
baroreflex activity (71–73). Hand grip tasks, which induce 
heart rate changes, are associated with reduced activity within 
the hippocampus, orbitofrontal and medial prefrontal cortex in 
human subjects (52, 60, 74), demonstrating the largely inhibi-
tory role of the medial and orbital frontal cortices in autonomic 
regulation (21, 25, 60). The enhanced connectivity observed 
between medial prefrontal cortices and limbic structures in 
high-risk SUDEP patients could reflect an imbalance in the 
medial prefrontal–hippocampal circuitry involved in blood 
pressure regulation (18, 19). A recent rs-fMRI study showed 
that increased vagal modulation, as measured by postexercise 
HRV, is accompanied by increased FC between the right 
anterior hippocampus and the ventral medial prefrontal cortex 
(75). Of interest, enhanced FC between the right hippocampus 
and the right FMC emerged in our study, and not in the left in 
high-risk patients at rest. One possibility, therefore, is that this 
increased connectivity is linked to resting elevated sympathetic 
tone, which is exhibited among poorly controlled epilepsy 
patients (31).

The increased connectivity between the insulae and the OFC/
FMC revealed in the enhanced subnetwork may be linked with 
blood pressure regulation during ictal periods. A role of the 
insula in autonomic regulation has long been known (76), with 
neuroimaging studies confirming earlier stimulation studies 
(77). The right insula exerts major influences over sympathetic 
control, while the left insula more-prominently influences para-
sympathetic outflow (76, 78, 79). The inhibitory role of the medial 
prefrontal cortex is well known for both autonomic processes and 
somatic reflexes (80). Increased activation of the insula, coupled 
with observed decreases in the medial prefrontal cortex (60, 74) 
during autonomic challenges implies a dynamic relationship 
between these regions which, along with the hippocampus, 
forms part of a major network concerned with blood pressure 
regulation (21). Projections from the insular cortex to the medial 
frontal cortex, if exaggerated by seizure discharge, could lead to 
enhanced suppression of blood pressure levels, with the potential 
for hypotension. Such an imbalance at rest provides evidence of 
dysfunctional networking among these structures which may 
alter their ability to recover following a significant disturbance, 
such as a seizure.

The current data also demonstrate increased FC between the 
left and right hippocampus and left and right amygdalae in high-
risk patients. Human electrophysiological studies demonstrate 
homotopic connectivity of bilateral mesial temporal structures in 
drug-resistant focal epilepsy (81). Stimulation of the fornix results 
in contralateral hippocampal responses without involvement 
from the neocortex, establishing a link between bilateral mesial 
temporal structures (82). These findings also demonstrate that 
temporal lobe seizures likely propagate between the hemispheres 
via the limbic system. The high functional interconnectivity 
among high-risk patients between the bilateral amygdalae and 
bilateral hippocampi poses a risk of exaggerated descending 
influences on both breathing and blood pressure. The role of the 
amygdala in both sustaining inspiration (67) with the potential 
for apneusis or generating apnea has been described earlier  
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(8, 69). If both amygdalae combine to exert influences to the 
phase-switching brain stem areas, the risk for apneusis or apnea is 
raised. The hippocampus plays an essential role in the diencephalic 
blood pressure regulatory circuitry (21, 62, 70). Safe constraints 
may exist with unilateral influences, but bilateral extreme activa-
tion, as may happen by recruitment in ictal discharge, may pose 
overwhelming drives to lower blood pressure final common path 
structures. Resting interictal imbalances as shown here could 
result in erroneous and disturbed autoregulation during extreme 
circumstances, such as during ictal or postictal periods. Given the 
much higher frequency of seizures experienced by the high-risk 
cohort, it is plausible to suggest that these enhanced connections 
may be evidence of long-term seizure-induced hyperconnectivity 
of these structures. However, further work is required to establish 
whether and how seizure frequency influences the homotopic 
connectivity of these, and other, structures in TLE and other 
epilepsies.

The SC exhibited increased FC with the amygdala, OFC, and 
thalamus. Recent investigations involving direct cortical stimula-
tion of the SC in human epilepsy patients demonstrate its role 
in cortical control of blood pressure. Significant hypotensive 
changes were observed upon stimulation of the bilateral SC 
(Lacuey et al., Unpublished).1 These findings confirm subcallosal 
involvement in cortical blood pressure control, and implicate 
this region in the genesis of peri-ictal hypotension in epilepsy 
patients (see footnote text1). The increased connections found in 
high-risk patients indicate further hyperconnective imbalances 
among autonomic regions, particularly those involved in blood 
pressure regulation.

The basal ganglia participate heavily in autonomic regulation, 
which likely follows from its prominent projections to the lateral 
hypothalamus and nuclei in the brain stem (83). Deterioration of 
the basal ganglia has been linked to cardiovascular disturbances, 
particularly relating to blood pressure, observed in Parkinson’s 
disease (57, 84, 85). As well as receiving strong thalamic input, 
portions of the basal ganglia, particularly the caudate, share con-
nectivity with cortical sites, including the medial/orbital frontal 
cortices and hippocampal and amygdala structures (86, 87). The 
basal ganglia sites are involved in the complex circuitry responsi-
ble for modulation of signaling between cortical and subcortical 
structures, and are linked with many other processes, including 
those related to arousal- (88), sensory- (89), and cognitive-
based (90) functions. The enhanced connections involving the 
putamen and caudate among the subnetwork provide further 
evidence of the potential for disturbed communication between 
cortical and subcortical systems to exert profound autonomic 
distortions in patients who are at high risk of SUDEP.

results after regression of hippocampal 
gM Volume, not Presence of hs
As well as using presence/non-presence of HS as a covariate, we 
conducted further analyses using a more quantitative approach 

1 Lacuey N, Hampson JP, Theeranaew W, Zonjy B, Vithala A, Loparo K, et al. 
Brodmann area 25 is a cortical structure for human blood pressure control.

to control for connectivity changes related to morphological 
differences of the mesial temporal structures (hippocampus) 
between high- and low-risk patients. Similar reduced and 
enhanced subnetworks were revealed following this approach 
and, importantly, the core effects observed using presence of 
HS as a covariate were mirrored in this analysis. In summary, 
these were: reduced connectivity of the brain stem, thalamus, 
amygdala and putamen; and enhanced connectivity involving 
medial and orbital frontal cortices, the insulae, hippocampi 
and amygdalae, putamen, and caudate (see Results and Figures 
S1 and S2 in Supplementary Material). Additional edges were 
revealed in the reduced subnetwork and comprised connections 
from the brain stem to the insula, putamen, and SC, and from 
the subcallosal to the ACC. In the high-risk > low-risk contrast, 
a greater number of connections involving the left medial frontal 
cortex emerged, and enhanced bilateral homotopic connectivity 
of the frontal medial and SC is shown. These connections high-
light further altered connectivity in relation to increased SUDEP 
risk which must be explored in future studies. These data also 
demonstrate the importance of taking into account volumetric 
alterations in connectivity analyses, which should be considered 
in future studies.

neuroimaging Findings in Other cohorts 
at risk of sudden Death
Alterations in brain structure, function, and connectivity 
are not unique to subjects with epilepsy at risk for SUDEP. 
Neuroimaging studies of other syndromes in which risk of 
sudden death is high reveal both structural and functional 
brain alterations between autonomic regulatory brain areas 
in patient groups compared with controls. Heart failure (HF) 
patients show damage to cortical autonomic regions, including 
the insulae, anterior cingulate, subgenu, and the ventromedial 
prefrontal cortex (VMPFC) (91), as well as volume loss in the 
putamen (92). Obstructive sleep apnea (OSA) subjects show 
significant amplitude and phase changes in functional MRI 
signals of autonomic and respiratory regulatory structures 
to blood pressure and ventilator challenges [for reviews see 
Ref. (93) or (94)], as well as highly altered FC of the insular 
cortices in patients (95) and volumetric alterations of the 
putamen (96). Patients with congenital central hypoventilation 
syndrome (CCHS), a syndrome accompanied by severe distur-
bances in both autonomic and respiratory function (97), show 
cortical thinning of the insular cortex, cingulate, and VMPFC  
(19, 98–100), as well as injury to hippocampal and other limbic 
structures (19). These syndromes, especially heart failure and 
CCHS, share a risk for sudden, unexpected death with the 
epilepsy group studied here, especially during sleep. Moreover, 
both structural injury and fMRI signal responses to challenges 
were lateralized in these other conditions.

Known interictal autonomic Disturbances 
in epilepsy and relation to the current 
Findings
Temporal lobe epilepsy patients show highly altered interictal 
HRV (101) which reflect imbalances in sympathetic and 
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parasympathetic control over cardiorespiratory actions, and is 
particularly disturbed in refractory epilepsy patients and those 
who experience GTCS (31, 32). Increased SUDEP risk has been 
associated with such alterations in HRV (33), particularly reduc-
tions in root-mean square differences of successive R-R intervals 
(102)—a measure of HRV which reflects vagus nerve-meditated 
autonomic control of the heart (33). The findings outlined in the 
current study may shed light on the underlying neural correlates 
of such autonomic imbalances in TLE patients at high risk of 
SUDEP.

limitations and Future Work
ROI Issues and Considerations
A potential drawback of the current study is the incomplete 
parcelation of the template used to define ROIs. Many of the 
structures investigated here contain subdivisions which may be 
important for interpreting the relevance of our findings with 
respect to their specific autonomic function. For example, the 
insular cortices are large structures, the subdivisions of which 
have differential roles in autonomic function (79). The lack of 
insular subdivisions in the current study hampers interpreta-
tion of enhanced connections found involving this structure. 
Similarly, subdivisions of the hippocampus also serve different 
functions (103), and future brain stem studies should include, at 
least, separation of the midbrain, pons, and medulla. The thala-
mus also contains multiple subdivisions, each with specialized 
functions and which project to different sites (104). Portions of 
the posterior thalamus, for example, play a critical role in oxygen 
and CO2 regulation (19, 48), and the region shows reduced GM 
volume among high-risk patients and SUDEP victims (14) and is 
also damaged in CCHS patients (19).

The current study did not consider the cerebellum among 
the selected ROIs due to inadequate scan coverage. The cerebel-
lum has been extensively linked to autonomic and respiratory 
functions, and especially with its role in dampening extremes 
of blood pressure changes (19), and is another structure which 
exhibits damage in HF patients, who are at considerable risk of 
sudden death (105). Exploring functional interactions between 
the cerebellum and other brain structures in epilepsy, and with 
particular respect to SUDEP, is of significant interest. Future stud-
ies investigating structural and functional changes in this setting 
should include both cerebellar cortex and deep “autonomic” 
nuclei in the evaluation.

Network-Based Statistic Limitations and Choice of 
Statistical Significance Threshold
The NBS enables detection of cluster-based differences (com-
ponents) among a set of connections (in a network), enabling 
differentiation of two group-based significant subnetworks. Thus, 
the NBS has reduced power to detect stand-alone connections as 
belonging to the significant detected component. Furthermore, 
identification of a cluster relies first, on detection of edges which 
surpass a given threshold (t), which must be specified a priori. 
One drawback of this approach is that it is rarely known which 

t should be used in practice, resulting in an unavoidable level 
of subjectivity. To limit this bias here, we chose the minimum 
threshold at which a significant subnetwork for each contrast was 
revealed. The threshold required to reveal the reduced subnetwork 
(high risk < low risk) was t = 2.5, while t = 2.1 was required to 
reveal the enhanced subnetwork. The relatively higher threshold 
used in the high-risk <  low-risk contrast reflects the discovery 
of a smaller, but more intense subnetwork of reduced FC, while 
the slightly lower threshold used for the high-risk  >  low-risk 
contrast explains the more extended yet less intense subnetwork 
of increased FC found (35).

Cohort
Future neuroimaging studies investigating SUDEP would 
benefit from applying network-based FC approaches to larger 
samples involving more epilepsy subtypes and patients who 
are subsequent victims of SUDEP. Furthermore, comparisons 
involving a group of healthy subjects are also necessary to 
evaluate findings in patients with reference to the healthy brain. 
Further sampling issues relate to inclusion of left and right TLE 
patients in the same group which, although controlled in statis-
tical analysis, does not offer the opportunity to independently 
explore high-risk vs. low-risk differences in each subgroup 
separately. Such an investigation would be of interest, given the 
lateralization of autonomic brain circuitry (20) and the known 
whole-brain network differences between left and right TLE 
patients (106).

Neuroimaging studies have demonstrated altered FC of mesial 
temporal structures, including the hippocampus and amygdala 
(107), and medial prefrontal regions, including the SC (108), 
among patients with depression. Given the overlap involving 
epilepsy and psychiatric complications such as depression and 
anxiety (109), future efforts should include methods to parti-
tion variance due to the incidence and severity of psychiatric 
diagnoses.

Finally, while the current study offers insight into connectivity 
differences among cortical and subcortical autonomic regions at 
rest, it would be of interest to evaluate functional responses in 
relation to task-based fMRI assessments of autonomic and respir-
atory brain function in epilepsy patients. Particularly important 
would be comparisons between patients who with and without 
GTCS. Investigating activation patterns in direct association with 
autonomic and respiratory challenges could shed light on affected 
autonomic brain function as a function of GTCS frequency—the 
most significant SUDEP risk factor (11).

cOnclUsiOn

Alterations in FC observed indicate a dysfunctional network 
of critical cortical and subcortical brain regions involved in 
autonomic and respiratory regulation. Resting-state FC imbal-
ances among these regulatory structures may predispose such a 
network to fail to recover from extremities caused by seizures, 
particularly GTCS. Our results build on existing findings and 
shed further light on interactions between affected structures 
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related to increased SUDEP risk and underline the importance of 
laterality considerations on connectivity, and the need to consider 
integration from multiple brain sites in evaluating autonomic or 
breathing outcomes in SUDEP mechanisms.
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