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Abstract

Patients with epilepsy, who later succumb to sudden unexpected death, show altered brain

tissue volumes in selected regions. It is unclear whether the alterations in brain tissue vol-

ume represent changes in neurons or glial properties, since volumetric procedures have lim-

ited sensitivity to assess the source of volume changes (e.g., neuronal loss or glial cell

swelling). We assessed a measure, entropy, which can determine tissue homogeneity by

evaluating tissue randomness, and thus, shows tissue integrity; the measure is easily calcu-

lated from T1-weighted images. T1-weighted images were collected with a 3.0-Tesla MRI

from 53 patients with tonic-clonic (TC) seizures and 53 healthy controls; images were bias-

corrected, entropy maps calculated, normalized to a common space, smoothed, and com-

pared between groups (TC patients and controls using ANCOVA; covariates, age and sex;

SPM12, family-wise error correction for multiple comparisons, p<0.01). Decreased entropy,

indicative of increased tissue homogeneity, appeared in major autonomic (ventromedial pre-

frontal cortex, hippocampus, dorsal and ventral medulla, deep cerebellar nuclei), motor (sen-

sory and motor cortex), or both motor and autonomic regulatory sites (basal-ganglia, ventral-

basal cerebellum), and external surfaces of the pons. The anterior and posterior thalamus

and midbrain also showed entropy declines. Only a few isolated regions showed increased

entropy. Among the spared autonomic regions was the anterior cingulate and anterior insula;

the posterior insula and cingulate were, however, affected. The entropy alterations over-

lapped areas of tissue changes found earlier with volumetric measures, but were more

extensive, and indicate widespread injury to tissue within critical autonomic and breathing

regulatory areas, as well as prominent damage to more-rostral sites that exert influences on

both breathing and cardiovascular regulation. The entropy measures provide easily-col-

lected supplementary information using only T1-weighted images, showing aspects of tissue

integrity other than volume change that are important for assessing function.
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1. Introduction

A concern in patients with epilepsy is the potential for progressive brain injury in critical struc-

tures from repeated seizures, which may partially result from impaired blood perfusion arising

out of extreme activation of autonomic nervous system influences on the vasculature during

seizures. Excitotoxic damage from hyperactivity of neuronal processes, which is another

potential mechanism for tissue injury, may be compounded by inadequate perfusion to sustain

underlying metabolic needs of overactive neurons and supporting cells. Such processes impose

more a concern if the affected brain structures mediate functions essential for survival, which

include both maintenance of blood pressure and ventilation. The consequences of repeated

injury are apparent; Sudden Unexpected Death in Epilepsy (SUDEP) accounts for ~7.5–17%

of deaths in individuals with epilepsy, and over 50% of deaths in patients with intractable epi-

lepsy [1]. Patients with Generalized or Bilateral Tonic-Clonic seizures (TCs) are at elevated

risk for SUDEP, with seizure frequency related to that risk [2, 3], a most-probable outcome of

enhanced brain injury with successive ictal events. Although the precise mechanisms contrib-

uting to SUDEP remain unclear, the processes likely involve a combination of respiratory

and/or cardiovascular dysfunction, with sustained apnea leading to reduced oxygenation, car-

diac arrhythmia, or profound hypotension [4]. The potential for such events would be exacer-

bated if breathing and cardiovascular regulatory brain structures, or normal recovery

mechanisms from oxygen desaturation or hypotension were impaired.

Evaluation of the functional relevance of injured brain areas would be simplified if the

affected areas uniformly lost volume, with declining volumes in those regions translating to

impaired function. However, overall-brain evaluation by T1-weighted imaging-based volu-

metric procedures, although typically showing decreased volumes, sometimes substantially,

also show enhanced volumes. Cortical areas in patients with TCs show localized brain tissue

thinning, but also thickening, with regional thickness frequently varying in sites affecting car-

diovascular or breathing action [5]. Patients with epilepsy at variable risk for SUDEP show

brain areas mediating breathing and cardiovascular action undergo volume loss in several

regions, but volume gain in other regions. The volume losses, as determined by T1-weighted

volumetric procedures in subsequent victims of SUDEP, are often extreme in areas essential

for recovery from prolonged apnea and resulting hypoxia or hypotension [6, 7], but increased

volumes in other sites important for instigating apnea or collapsing blood pressure are also

present. Thus, procedures for assessing competence of regional tissue function based on volu-

metric determination alone appear insufficient.

Volumetric tissue changes and measures of cortical thickness, determined by T1-weighted

procedures, have limited capability to assess the nature of those increased or decreased tissue

volume changes. Such measures are unable to differentiate between neuronal loss from glial or

other tissue changes with inflammation, due to the restricted range of values on gray matter

volume assessment and inherent spatial resolution issues. These limitations make insights into

the nature and extent of brain tissue alterations difficult.

Tissue integrity can, however, be examined with texture assessments using procedures

derived from high-resolution T1-weighted images, and these texture measures are sensitive to

the nature and extent of tissue changes. Tissue texture measures quantify patterns of image sig-

nal intensities that differ with the variable nature and extent of brain tissue changes. Although

there are several tissue-texture measures, entropy is one such evaluation that assesses the

extent of homogeneity or randomness of tissue water signals based on signal intensity charac-

teristics. Entropy is based on information theory, which is translated to a biological system,

and shows data complexity, with complex data requiring more data points to characterize and

indicate higher entropy. Highly isotropic tissues, such as free water in cerebrospinal fluid,
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show a greater number of equal states, and fewer data are required to describe simple tissue,

leading to lower entropy [8, 9]. However, in the case of highly organized brain tissues, such as

white matter sites, due to the complex nature more information is required to accurately

describe the tissue, and thus, entropy values will be higher. Entropy values are inversely pro-

portional to the amount of free water content within tissue, with reduced extracellular water

corresponding to cellular and axonal swelling. The entropy values can thus help clarify the pro-

cesses underlying volumetric tissue changes, with increased and decreased regional volumes,

found earlier in high-risk SUDEP patients [6, 10, 11].

Entropy measures are useful to determine regional tissue changes in homogeneity; more-

homogenous texture is associated with acute injury severity [12]. The potential for entropy val-

ues to reveal acute vs chronic tissue alterations, and to provide insights into tissue swelling vs

tissue loss may help resolve mechanisms underlying the volume changes found in earlier volu-

metric studies of patients with epilepsy who are at risk for SUDEP. Assessment of tissue texture

over the entire brain could elucidate the temporal sequencing of mechanisms contributing to

brain tissue changes that lead to altered breathing or cardiovascular patterns over time in these

patients at risk.

A practical aspect of tissue integrity evaluation by entropy measures bears consideration.

Tissue entropy can be assessed using simple calculations on conventional T1-weighted scans.

Although tissue integrity can be estimated with diffusion tensor imaging scans [13–15], such

data may not always be collected in patients with epilepsy, while T1-weighted image acquisi-

tions are common in all clinical sites. The potential exists for reduced costs for current evalua-

tion of tissue changes in patients with epilepsy, as well as for post-hoc evaluation of existing

T1-weighted data.

We examined tissue texture patterns indicative of brain changes in TCs vs healthy subjects.

We hypothesized that, compared to healthy controls, brain entropy values would be altered in

TCs patients, especially in cardiovascular and respiratory regions, and provide insights into

the nature of tissue injury in patients at risk for SUDEP.

2. Materials and methods

2.1 Subjects

Data from 53 patients with TCS (mean age ± SD: 36.6±12.6 years, 23 male, 43 right-handed)

were collected from sites at Case Western Reserve, University College, London, and University

of California at Los Angeles (UCLA). Epilepsy patients admitted at Epilepsy Monitoring Units

at Case Western Reserve, University College, London, and UCLA sites were approached to dis-

cuss the study and whether they wished to participate. All epilepsy patients showed a high inci-

dence of generalized TCS and were at significant risk for SUDEP. Data from 53 healthy

control subjects (mean age ± SD: 37.3±14.6 years, 23 male, 34 right-handed) were acquired at

the University of California Los Angeles. Subject demographics are outlined in Table 1. The

study was approved by the Institutional Review Board at the University of California at Los

Angeles, and informed written consent was obtained from each participant before data

collection.

2.2 Magnetic resonance imaging

Brain studies at UCLA and Case Western Reserve were performed using a 3.0-Tesla MRI scan-

ner (Siemens, Magnetom, Erlangen, Germany). Side foam pads were used bilaterally to avoid

head motion, and subjects laid supine during the scanning. High-resolution T1-weighted

images were collected using a magnetization prepared rapid acquisition gradient-echo
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sequence (TR = 2200 ms; TE = 3.05 ms; inversion time = 1100 ms; FA = 10˚; matrix

size = 256×256; FOV = 220×220 mm2; slice thickness = 1.0 mm; slices = 176).

2.3 Data processing and analysis

Multiple software packages were used for image visualization, data pre-processing, and analy-

ses, and included the Statistical Parametric Mapping package SPM12 (Wellcome Department

of Cognitive Neurology, UK; http://www.fil.ion.ucl.ac.uk/spm), MRIcroN (https://www.nitrc.

org), and MATLAB-based custom routines (The MathWorks Inc, Natick, MA). High-resolu-

tion T1-weighted images of all subjects were visually-examined to ensure that no serious brain

pathologies (e.g., cyst, tumor, or infarct) were present before data processing, and none of the

controls included here showed any serious brain tissue changes.

2.4 Entropy calculation

High-resolution T1-weighted images were bias-corrected to remove any signal intensity

variations due to field inhomogeneities with SPM12 software. Using the bias-corrected

T1-weighted images, the entropy values at a given voxel ‘v’ were calculated with the following

equation by defining a 3×3×3 volume of interest (VOI) with ‘v’ as center:

E ¼ �
XN

i¼1

pilogðpiÞ

Where, N is number of distinct pixel values (gray/white matter) in the VOI, and pi is the prob-

ability of occurrence of ith pixel value in the VOI. Mathematically, the VOI can be represented

as below:

VOI ¼ Iðx � 1:5 : xþ 1:5; y � 1:5 : y þ 1:5; z � 1:5 : zþ 1:5Þ

where, ‘I’ is the bias corrected T1-weighted image, and x, y, z are spatial coordinates.

2.5 Normalization and smoothing of entropy maps

Before normalization of entropy maps to a common space, the entropy values were scaled

between 0–1 by dividing the whole-brain entropy by its maximum value, to attain a common

distribution of values across the different scanners. Whole-brain entropy maps were then nor-

malized to Montreal Neurological Institute (MNI) space using the SPM12 package. The

Table 1. Demographics and clinical characteristics of GTCS patients and control subjects.

Variables GTCS Controls P values

n = 53 n = 53

(Mean ± SD) (Mean ± SD)

Age (years) 36.6±12.6 37.3±14.6 0.80

Sex [male] (%) 23 (43%) 23 (43%) 1.00

BMI (n = 44) 27.2 ± 5.6 24.2 ± 4.4 0.003

Handedness [L/R/ambidex] [4/47/2] [12/34/7] 0.01

Disease duration (years) 15.8 ± 12.2 - -

GTCS/months (n = 43) 6.2 ± 27.2 - -

Versive (Y/N) (n = 52) 15/ 37 - -

Nocturnal (Y/N) 32/ 21 - -

GTCS, generalized tonic-clonic seizure; SD = standard deviation; BMI = body mass index; Y = yes; N = no.

https://doi.org/10.1371/journal.pone.0274514.t001
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warping parameters for x, y, z directions were obtained from the bias-corrected T1-weighted

images via modified unified segmentation approach, and resulting parameters were applied to

the corresponding entropy maps. The normalized entropy maps were smoothed using an iso-

tropic Gaussian filter (8 mm kernel).

2.6 Statistical analyses

The SPM12 and the IBM statistical package for social sciences (IBM SPSS v26, Armonk, New

York) were employed for statistical analyses. Chi-square and independent-samples t-tests were

used to examine group differences in demographic and other clinical data. We considered a p-

value less than 0.05 as statistically significant.

The smoothed entropy maps were compared voxel-by-voxel between groups using analysis

of covariance (ANCOVA), with age and sex included as covariates (SPM12, family-wise error

correction for multiple comparisons, p<0.01). The global brain mask was used to restrict the

analysis within brain regions only, and sites with significant differences between groups were

overlaid onto background images for structural identification.

3. Results

3.1 Regions with increased homogeneity in GTC patients

Decreased entropy values, indicative of increased homogeneity, appeared prominently in areas

associated with blood pressure and breathing control, extending from the ventral medial fron-

tal cortex (Fig 1h) through the basal forebrain and sub anterior cingulate areas, and hypothala-

mus (Fig 1d), anterior and posterior thalamus (Fig 1g), midbrain (Fig 1f), external surface of

the pons (Fig 1a), dorsal and ventral medulla (Fig 1e), deep cerebellar nuclei (Fig 1b) and ven-

tral basal cerebellum Fig 1c).

In addition to ventral medial prefrontal cortex, (Fig 1h), sensorimotor cortices (Fig 1l), pos-

terior insula (Fig 2), ventral temporal cortices (Fig 1m), and posterior cingulate (Fig 1i)

showed entropy declines. A large portion of the anterior pole of the temporal lobe showed

lower entropy values, and included the hippocampus and amygdala (Figs 1n and 2a and 2b).

The basal ganglia (Fig 2d) sites were severely affected bilaterally. Portions of the thalamus (Fig

1g), except for deep areas (Fig 1j), and the midbrain (Fig 1f) were affected, as well as the pons,

dorsal and ventral medulla, and ventral-basal cerebellum (Fig 1a, 1c and 1e). The pons and

thalamus showed unique entropy distributions in that the external surfaces showed reduced

entropy values, but not deeper tissue (Figs 1j and 1k and 2c). Among the spared autonomic

control regions was the anterior cingulate and anterior insula; both the posterior insula and

cingulate were, however, affected.

3.2 Sites with reduced homogeneity in GTC patients

Only a few isolated brain regions showed increased entropy, reflecting decreased tissue homo-

geneity, resulting from long-term injury. These sites included areas within the occipital cortex.

4. Discussion

Alterations in regional brain cortical thicknesses, earlier described in patients with TC sei-

zures, are accompanied by changes in entropy, indicating disrupted underlying structural

organization of the affected tissue. Decreased entropy (increased tissue homogeneity)

appeared in multiple areas classically defined as sensory or motor (sensory and motor cortex,

basal ganglia, cerebellum), regions that serve motor, cognitive, memory or affective functions,

in addition to autonomic regulation (basal ganglia [16–18], deep autonomic cerebellar nuclei

PLOS ONE Brain tissue texture in patients with GTCS

PLOS ONE | https://doi.org/10.1371/journal.pone.0274514 September 22, 2022 5 / 12

https://doi.org/10.1371/journal.pone.0274514


and cerebellar cortex [19–21], ventral medial prefrontal [22–25], anterior pole and ventral

temporal cortices, hypothalamus, posterior cingulate, insula, amygdala, hippocampus, and

dorsal and ventral medulla, suggesting that acute TC seizures establish tissue alterations which

could induce long-term dysfunction in sites serving multiple traditional functions, as well as

autonomic and respiratory regulation.

Of particular concern for reports of sustained central apnea in the post-ictal period is the

decreased entropy in the rostral and ventral temporal lobe encompassing the amygdala and

portions of the hippocampus. The amygdala, with its direct projections to the periaqueductal

gray, a structure that provides excitation to breathing, and to respiratory phase-switching para-

brachial pontine areas [26], can play a significant role in eliciting prolonged apnea. Single-

pulse stimulation to the central amygdala in awake feline preparations can trigger inspiratory

efforts [27], but train stimulation elicits apnea in pediatric patients [28], and amygdala lesions

reduce seizure-induced respiratory arrest in DBA/1 mice [29].

Fig 1. Brain areas demonstrating decreased entropy (colored) in dorsal and ventral pons (a), deep cerebellar nuclei (b), anterior cerebellum (c),

ventral medial frontal cortex (h), extending through the hypothalamus and basal forebrain (d) to the thalamus (g), midbrain (f), dorsal and ventral

medulla (e) in TC patients vs controls (p<0.01), corrected for multiple comparisons. Near-midline slice illustrating extensive entropy declines

bilaterally in the ventral temporal cortex (m), and includes the hippocampus (n) and the basal ganglia (o); sparing of deeper tissue in the thalamus (j) and

pons (k) is apparent. Extensive entropy declines bilaterally in the sensorimotor cortex (l), as well as posterior cingulate (i) in TC patients appeared.

https://doi.org/10.1371/journal.pone.0274514.g001
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The hippocampus is traditionally associated with memory and related cognitive functions.

However, the hippocampus serves significant blood pressure and breathing roles; the structure

is a vital link in rostral brain regulation of blood pressure [25] that responds prominently to

multiple blood pressure challenges in humans during functional MRI [25]. Moreover, regional

hippocampal single neuron discharge follows the breathing cycle in humans [30], and train

electrical stimulation of the ventral hippocampus in the rat induces apnea, slows subsequent

respiratory rate, and increases tidal volume [31]. The blood pressure effects can be abolished

by ventral medial frontal cortex lesions; that area shows significant entropy declines here.

Nearly the entire anterior and ventral temporal lobe showed decreased entropy, indicating tis-

sue structural changes potentially affecting a range of temporal cortex-related functions.

Similarly, brain sites normally associated with motor coordination, such as the cerebellum,

(showing significant entropy changes in this study), are critical in recovery from prolonged

apnea [20] and profound blood pressure collapse [19], roles that are important for SUDEP.

We found significant entropy changes in the basal ganglia, normally considered an extrapyra-

midal motor control area. However, recent evidence, largely derived from studies of Parkin-

son’s disease, indicates pronounced basal ganglia roles in autonomic regulation, especially for

Fig 2. Amygdala (a), temporal lobe (b), and basal ganglia (d) showed decreased entropy values in TC patients vs

controls (p<0.01). Few changes in deep regions of the pons (c) appear, but reduced entropy is found on the surface.

https://doi.org/10.1371/journal.pone.0274514.g002
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parasympathetic action [18], and thus, critical in mediating bradycardia sometimes found pre-

ceding SUDEP.

Actions of the sensorimotor and ventral cerebellar regions control a range of respiratory

musculature ranging from the diaphragm, abdominal, and thoracic muscles, as well as upper

airway flow-restricting muscles, could be compromised given the injury found here. Although

selected autonomic sites were spared (anterior insula, anterior cingulate), the ventral medial

prefrontal cortex, cerebellar deep nuclei, and medulla showed significant entropy changes,

which, if transformed into chronic injury has the potential to impede resting and dynamic

changes to blood pressure.

Few areas of increased entropy (decreased homogeneity), presumably reflecting the

enhanced structural organization accompanying the increased connectivity found in particular

pathways in those who succumb to SUDEP [32] were found. These areas included portions of

the occipital cortex, and the processes underlying those entropy changes are unclear. Such pat-

terns of little common injury are unlike those of temporal lobe epilepsy onset patients, where

increased entropy appears in multiple, defined sites.

We speculate that those outcomes reflect enhanced vascularization of tissue on the struc-

tural surfaces relative to deeper tissues, with well-perfused areas more affected by perfusion

changes accompanying ictal events in these two sites. Such a possibility has implications for

protection of brain areas during ictal events. If the speculation is indeed the case, efforts at

reducing constriction of the central vasculature, perhaps by restricting extremes of central

hypertension during ictal events might lessen central injury. Such an objective might be

achieved by prophylactic pharmacologic agents, or by recently described neuromodulatory

procedures, such as been found useful for apnea in premature infants [33].

Declines in entropy typically reflect a loss in tissue organization, a process found with

inflammation, which often accompanies acute tissue changes. Earlier T1-weigthed imaging-

based cortical thickness studies [5] showed regions of both decreased and increased cortical

thickness over controls; these areas of cortical thinning included the frontal cortex, temporal

pole, posterior cingulate and lateral parietal cortices, and those sites appeared here as regions

of reduced entropy, i.e., decline in tissue organization. Increased cortical thickness has been

reported in post-central gyri, insula, and subgenual, anterior, posterior, and isthmus cingulate

cortices [5]. The latter finding, increased cortical thickness which, in the current study, showed

decreased entropy, suggests the possibility of inflammatory processes (i.e., reduced organiza-

tion, not enhanced neural tissue development in those cortical areas). Analogous tissue

changes can be found in some disease conditions, e.g., acute hepatic encephalopathy, which

shows increased regional brain volumes, reflected as increased cortical thickness accompa-

nying inflammatory processes.

Perhaps the findings of most interest for SUDEP investigators are the indications of

decreased entropy in classic areas of cardiovascular and respiratory patterning influence.

These sites include the temporal pole and amygdala, the ventral medial prefrontal cortex, the

hippocampus, and anterior and posterior thalamus, dorsal and ventral midbrain, the entire

medullary area, and projections to the deep cerebellar nuclei. All of these areas influence the

cardiovascular system or respiratory timing in significant ways. The amygdala is the focus of

processes that trigger apnea or respiratory rate through projections to the periaqueductal gray

and parabrachial pons [26], and functional demonstrations by stimulation [28] or lesion evi-

dence [29]. The ventral medial prefrontal cortex and hippocampal role in mediation of blood

pressure has been well described [25], the posterior thalamus serves roles in mediating hypoxia

and expiratory timing [34, 35], and has shown tissue loss earlier [10], both dorsal and ventral

medullary areas are critical in both chemo and lung afferent sensing for breathing and blood
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pressure, and the cerebellar deep nuclei play a significant role in compensating for extremes of

both blood pressure loss or prolonged apnea [19, 20].

Entropy procedures have been useful in assessing neural injury in other clinical conditions.

Pediatric obstructive sleep apnea (OSA) is accompanied by a wide range of tissue injury to the

brain, a consequence of intermittent hypoxia exposure, and those injuries vary in severity,

depending on brain area. Detectability of gray matter volume changes in pediatric OSA is

often difficult, given the short time course of disease development over, for example, adult

OSA, the latter often taking years to emerge. T1-weighted scans and gray matter volume analy-

sis alone are inadequate to detect tissue type changes in pediatric OSA cases, but entropy pro-

cedures were much more useful [36].

Other evaluations of tissue integrity in epilepsy typically use variations of diffusion tensor

imaging (DTI) to evaluate the motion of water molecules within tissue as a function of direc-

tion to reveal the underlying tissue microstructure. Extensions of DTI techniques can reveal

the packing density of neurites and the spatial organization of the neuronal projections [37].

However, a significant consideration in a clinical environment is the potential to derive a mea-

sure of tissue integrity rapidly and at low cost. The entropy measures can be calculated easily

from T1-weighted scans that are typically acquired from patients with epilepsy in all clinical

sites, while other assessments of damage, e.g., DTI, may not be available. The need for only

T1-weighted images also makes available retrospective examination of tissue integrity for data

collected before DTI procedures were commonly used.

5. Limitations

One limitation of this study includes unavailability of data and analyses from different types of

seizures instead of a defined cohort. However, other types of seizures should also show entropy

changes, but the sites and direction of entropy changes (increased or decreased) may vary,

based on acute or chronic tissue changes in different types of epilepsy patients. Another major

limitation of this study is that the entropy values were determined solely from adults; pediatric

cases with epilepsy would require a very large sample with snapshots of structure at different

developmental stages of changes in neural tissue and glia accompanying the normal rapid tran-

sitions of such tissue in young children. Pediatric cases offer the possibility of following the

interaction of injurious intermittent hypoxia and impaired perfusion on tissue homogeneity

accompanying ictal events on differing cortical and other tissue sites with development; corti-

cal changes alone during early teen age years are substantial [for Review, see [38]]. However,

such an evaluation was outside of the scope of this study, and we studied only adult subjects.

Similarly, the sample size was insufficient to adequately assess duration of epilepsy in subjects

or proximity to the last seizure.

The patients evaluated were subjected to a wide array of antiepileptic medications. The

action of these agents on both glial and neuronal cellular processes have not been well-

described, but could have affected the properties of tissue here, just as pharmacologic agents

affect cortical tissue thickness [39].

We cannot assume that the increased or decreased entropy values resulted from unitary

processes; it is possible that a combination of pathologic changes could have led to assessed

values that were less deviant from normal levels.

6. Conclusions

Brain areas critical for mediating a range of cognitive, affective, and motor control show

increased homogeneity, i.e., a decline in differentiation of tissue in epilepsy patients with TCS.

Several of these areas serve primary respiratory and cardiovascular functions; however,
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multiple regions shared both respiratory and cardiovascular roles with motor, memory, and

affective functions, and these areas were widespread. The affected regions typically overlapped

sites of previously described volume loss and increases, determined by T1-weighted imaging

procedures, and likely resulted from inflammatory processes. Well-defined structures, such as

the thalamus and pons show surface entropy declines with spared deeper tissue, possibly from

ictal influences on the surface vasculature of these structures. The anterior cingulate and ante-

rior insula were also spared. Entropy evaluation can provide insights into the nature of injury

in brain structures of patients with epilepsy and do so using only T1-weighted imaging.

Acknowledgments

We thank Ms. Rebecca K. Harper for assistance with data collection.

Author Contributions

Conceptualization: Ronald M. Harper, Rajesh Kumar.

Funding acquisition: Beate Diehl, Samden D. Lhatoo, Ronald M. Harper, Rajesh Kumar.

Investigation: Jennifer A. Ogren, Luke A. Allen.

Methodology: Luke A. Allen, Bhaswati Roy.

Resources: Luke A. Allen, Beate Diehl, Samden D. Lhatoo.

Supervision: Rajesh Kumar.

Validation: Rajesh Kumar.

Writing – original draft: Jennifer A. Ogren, Rajesh Kumar.

Writing – review & editing: Luke A. Allen, Bhaswati Roy, John M. Stern, Dawn S. Eliashiv,

Samden D. Lhatoo, Ronald M. Harper, Rajesh Kumar.

References
1. Ryvlin P, Rheims S, Lhatoo SD. Risks and predictive biomarkers of sudden unexpected death in epi-

lepsy patient. Curr Opin Neurol. 2019; 32(2):205–12. https://doi.org/10.1097/WCO.0000000000000668

PMID: 30694923.

2. DeGiorgio CM, Markovic D, Mazumder R, Moseley BD. Ranking the Leading Risk Factors for Sudden

Unexpected Death in Epilepsy. Frontiers in neurology. 2017; 8:473. https://doi.org/10.3389/fneur.2017.

00473 PMID: 28983274.

3. DeGiorgio CM, Curtis A, Hertling D, Moseley BD. Sudden unexpected death in epilepsy: Risk factors,

biomarkers, and prevention. Acta Neurol Scand. 2019; 139(3):220–30. https://doi.org/10.1111/ane.

13049 PMID: 30443951.

4. Ryvlin P, Nashef L, Lhatoo SD, Bateman LM, Bird J, Bleasel A, et al. Incidence and mechanisms of

cardiorespiratory arrests in epilepsy monitoring units (MORTEMUS): a retrospective study. Lancet Neu-

rol. 2013; 12(10):966–77. https://doi.org/10.1016/S1474-4422(13)70214-X PMID: 24012372.

5. Ogren JA, Tripathi R, Macey PM, Kumar R, Stern JM, Eliashiv DS, et al. Regional cortical thickness

changes accompanying generalized tonic-clonic seizures. Neuroimage Clin. 2018; 20:205–15. https://

doi.org/10.1016/j.nicl.2018.07.015 PMID: 30094170.

6. Allen LA, Vos SB, Kumar R, Ogren JA, Harper RK, Winston GP, et al. Cerebellar, limbic, and midbrain

volume alterations in sudden unexpected death in epilepsy. Epilepsia. 2019; 60(4):718–29. https://doi.

org/10.1111/epi.14689 PMID: 30868560.

7. Allen LA, Harper RM, Vos SB, Scott CA, Lacuey N, Vilella L, et al. Peri-ictal hypoxia is related to extent

of regional brain volume loss accompanying generalized tonic-clonic seizures. Epilepsia. 2020; 61

(8):1570–80. https://doi.org/10.1111/epi.16615 PMID: 32683693.

8. Delic J, Alhilali LM, Hughes MA, Gumus S, Fakhran S. White Matter Injuries in Mild Traumatic Brain

Injury and Posttraumatic Migraines: Diffusion Entropy Analysis. Radiology. 2016; 279(3):859–66.

https://doi.org/10.1148/radiol.2015151388 PMID: 26829524.

PLOS ONE Brain tissue texture in patients with GTCS

PLOS ONE | https://doi.org/10.1371/journal.pone.0274514 September 22, 2022 10 / 12

https://doi.org/10.1097/WCO.0000000000000668
http://www.ncbi.nlm.nih.gov/pubmed/30694923
https://doi.org/10.3389/fneur.2017.00473
https://doi.org/10.3389/fneur.2017.00473
http://www.ncbi.nlm.nih.gov/pubmed/28983274
https://doi.org/10.1111/ane.13049
https://doi.org/10.1111/ane.13049
http://www.ncbi.nlm.nih.gov/pubmed/30443951
https://doi.org/10.1016/S1474-4422%2813%2970214-X
http://www.ncbi.nlm.nih.gov/pubmed/24012372
https://doi.org/10.1016/j.nicl.2018.07.015
https://doi.org/10.1016/j.nicl.2018.07.015
http://www.ncbi.nlm.nih.gov/pubmed/30094170
https://doi.org/10.1111/epi.14689
https://doi.org/10.1111/epi.14689
http://www.ncbi.nlm.nih.gov/pubmed/30868560
https://doi.org/10.1111/epi.16615
http://www.ncbi.nlm.nih.gov/pubmed/32683693
https://doi.org/10.1148/radiol.2015151388
http://www.ncbi.nlm.nih.gov/pubmed/26829524
https://doi.org/10.1371/journal.pone.0274514


9. Metwalli NS, LaConte SM, Hu XP. An information theoretic approach characterizing diffusion anisotropy

in diffusion-weighted magnetic resonance images. Conf Proc IEEE Eng Med Biol Soc. 2006;

2006:2260–3. https://doi.org/10.1109/IEMBS.2006.259870 PMID: 17946948.

10. Wandschneider B, Koepp M, Scott C, Micallef C, Balestrini S, Sisodiya SM, et al. Structural imaging bio-

markers of sudden unexpected death in epilepsy. Brain. 2015; 138(Pt 10):2907–19. https://doi.org/10.

1093/brain/awv233 PMID: 26264515.

11. Mueller SG, Bateman LM, Nei M, Goldman AM, Laxer KD. Brainstem atrophy in focal epilepsy destabi-

lizes brainstem-brain interactions: Preliminary findings. Neuroimage Clin. 2019; 23:101888. https://doi.

org/10.1016/j.nicl.2019.101888 PMID: 31203171.

12. Lu M, Zhang J. [Correlation study between entropy index and Glasgow coma scale score in patients

with acute brain injury]. Zhonghua Wei Zhong Bing Ji Jiu Yi Xue. 2018; 30(1):47–50. https://doi.org/10.

3760/cma.j.issn.2095-4352.2018.01.009 PMID: 29308757.

13. Diehl B, Busch RM, Duncan JS, Piao Z, Tkach J, Luders HO. Abnormalities in diffusion tensor imaging

of the uncinate fasciculus relate to reduced memory in temporal lobe epilepsy. Epilepsia. 2008;

49(8):1409–18. https://doi.org/10.1111/j.1528-1167.2008.01596.x PMID: 18397294.

14. Diehl B, Tkach J, Piao Z, Ruggieri P, LaPresto E, Liu P, et al. Diffusion tensor imaging in patients with

focal epilepsy due to cortical dysplasia in the temporo-occipital region: electro-clinico-pathological cor-

relations. Epilepsy Res. 2010; 90(3):178–87. https://doi.org/10.1016/j.eplepsyres.2010.03.006 PMID:

20542410.

15. Le Bihan D, Mangin JF, Poupon C, Clark CA, Pappata S, Molko N, et al. Diffusion tensor imaging: con-

cepts and applications. J Magn Reson Imaging. 2001; 13(4):534–46. https://doi.org/10.1002/jmri.1076

PMID: 11276097.

16. Cersosimo MG, Benarroch EE. Autonomic involvement in Parkinson’s disease: pathology, pathophysi-

ology, clinical features and possible peripheral biomarkers. J Neurol Sci. 2012; 313(1–2):57–63. https://

doi.org/10.1016/j.jns.2011.09.030 PMID: 22001247.

17. Pazo JH, Belforte JE. Basal ganglia and functions of the autonomic nervous system. Cell Mol Neurobiol.

2002; 22(5–6):645–54. https://doi.org/10.1023/a:1021844605250 PMID: 12585684.

18. Tessa C, Toschi N, Orsolini S, Valenza G, Lucetti C, Barbieri R, et al. Central modulation of parasympa-

thetic outflow is impaired in de novo Parkinson’s disease patients. PLoS One. 2019; 14(1):e0210324.

https://doi.org/10.1371/journal.pone.0210324 PMID: 30653564.

19. Lutherer LO, Lutherer BC, Dormer KJ, Janssen HF, Barnes CD. Bilateral lesions of the fastigial nucleus

prevent the recovery of blood pressure following hypotension induced by hemorrhage or administration

of endotoxin. Brain Res. 1983; 269(2):251–7. https://doi.org/10.1016/0006-8993(83)90134-8 PMID:

6349747.

20. Xu F, Frazier DT. Role of the cerebellar deep nuclei in respiratory modulation. Cerebellum. 2002;

1(1):35–40. https://doi.org/10.1080/147342202753203078 PMID: 12879972.

21. Welsh JP, Yuen G, Placantonakis DG, Vu TQ, Haiss F, O’Hearn E, et al. Why do Purkinje cells die so

easily after global brain ischemia? Aldolase C, EAAT4, and the cerebellar contribution to posthypoxic

myoclonus. Adv Neurol. 2002; 89:331–59 PMID: 11968459.

22. Cechetto DF, Shoemaker JK. Functional neuroanatomy of autonomic regulation. Neuroimage. 2009;

47(3):795–803. https://doi.org/10.1016/j.neuroimage.2009.05.024 PMID: 19446637.

23. Shoemaker JK, Goswami R. Forebrain neurocircuitry associated with human reflex cardiovascular con-

trol. Front Physiol. 2015; 6:240. https://doi.org/10.3389/fphys.2015.00240 PMID: 26388780.

24. Wong SW, Masse N, Kimmerly DS, Menon RS, Shoemaker JK. Ventral medial prefrontal cortex and

cardiovagal control in conscious humans. Neuroimage. 2007; 35(2):698–708. https://doi.org/10.1016/j.

neuroimage.2006.12.027 PMID: 17291781.

25. Shoemaker JK, Wong SW, Cechetto DF. Cortical circuitry associated with reflex cardiovascular

control in humans: does the cortical autonomic network "speak" or "listen" during cardiovascular

arousal. Anat Rec (Hoboken). 2012; 295(9):1375–84. https://doi.org/10.1002/ar.22528 PMID:

22848047.

26. Hopkins DA, Holstege G. Amygdaloid projections to the mesencephalon, pons and medulla oblongata

in the cat. Exp Brain Res. 1978; 32(4):529–47. https://doi.org/10.1007/BF00239551 PMID: 689127.

27. Harper RM, Frysinger RC, Trelease RB, Marks JD. State-dependent alteration of respiratory cycle tim-

ing by stimulation of the central nucleus of the amygdala. Brain Res. 1984; 306(1–2):1–8. https://doi.

org/10.1016/0006-8993(84)90350-0 PMID: 6466967.

28. Rhone AE, Kovach CK, Harmata GI, Sullivan AW, Tranel D, Ciliberto MA, et al. A human amygdala site

that inhibits respiration and elicits apnea in pediatric epilepsy. JCI Insight. 2020; 5(6). https://doi.org/10.

1172/jci.insight.134852 PMID: 32163374.

PLOS ONE Brain tissue texture in patients with GTCS

PLOS ONE | https://doi.org/10.1371/journal.pone.0274514 September 22, 2022 11 / 12

https://doi.org/10.1109/IEMBS.2006.259870
http://www.ncbi.nlm.nih.gov/pubmed/17946948
https://doi.org/10.1093/brain/awv233
https://doi.org/10.1093/brain/awv233
http://www.ncbi.nlm.nih.gov/pubmed/26264515
https://doi.org/10.1016/j.nicl.2019.101888
https://doi.org/10.1016/j.nicl.2019.101888
http://www.ncbi.nlm.nih.gov/pubmed/31203171
https://doi.org/10.3760/cma.j.issn.2095-4352.2018.01.009
https://doi.org/10.3760/cma.j.issn.2095-4352.2018.01.009
http://www.ncbi.nlm.nih.gov/pubmed/29308757
https://doi.org/10.1111/j.1528-1167.2008.01596.x
http://www.ncbi.nlm.nih.gov/pubmed/18397294
https://doi.org/10.1016/j.eplepsyres.2010.03.006
http://www.ncbi.nlm.nih.gov/pubmed/20542410
https://doi.org/10.1002/jmri.1076
http://www.ncbi.nlm.nih.gov/pubmed/11276097
https://doi.org/10.1016/j.jns.2011.09.030
https://doi.org/10.1016/j.jns.2011.09.030
http://www.ncbi.nlm.nih.gov/pubmed/22001247
https://doi.org/10.1023/a%3A1021844605250
http://www.ncbi.nlm.nih.gov/pubmed/12585684
https://doi.org/10.1371/journal.pone.0210324
http://www.ncbi.nlm.nih.gov/pubmed/30653564
https://doi.org/10.1016/0006-8993%2883%2990134-8
http://www.ncbi.nlm.nih.gov/pubmed/6349747
https://doi.org/10.1080/147342202753203078
http://www.ncbi.nlm.nih.gov/pubmed/12879972
http://www.ncbi.nlm.nih.gov/pubmed/11968459
https://doi.org/10.1016/j.neuroimage.2009.05.024
http://www.ncbi.nlm.nih.gov/pubmed/19446637
https://doi.org/10.3389/fphys.2015.00240
http://www.ncbi.nlm.nih.gov/pubmed/26388780
https://doi.org/10.1016/j.neuroimage.2006.12.027
https://doi.org/10.1016/j.neuroimage.2006.12.027
http://www.ncbi.nlm.nih.gov/pubmed/17291781
https://doi.org/10.1002/ar.22528
http://www.ncbi.nlm.nih.gov/pubmed/22848047
https://doi.org/10.1007/BF00239551
http://www.ncbi.nlm.nih.gov/pubmed/689127
https://doi.org/10.1016/0006-8993%2884%2990350-0
https://doi.org/10.1016/0006-8993%2884%2990350-0
http://www.ncbi.nlm.nih.gov/pubmed/6466967
https://doi.org/10.1172/jci.insight.134852
https://doi.org/10.1172/jci.insight.134852
http://www.ncbi.nlm.nih.gov/pubmed/32163374
https://doi.org/10.1371/journal.pone.0274514


29. Marincovich A, Bravo E, Dlouhy B, Richerson GB. Amygdala lesions reduce seizure-induced respiratory

arrest in DBA/1 mice. Epilepsy Behav. 2021; 121(Pt B):106440. https://doi.org/10.1016/j.yebeh.2019.

07.041 PMID: 31399338.

30. Frysinger RC, Harper RM. Cardiac and respiratory correlations with unit discharge in human amygdala

and hippocampus. Electroencephalogr Clin Neurophysiol. 1989; 72(6):463–70. https://doi.org/10.1016/

0013-4694(89)90222-8 PMID: 2471614.

31. Ruit KG, Neafsey EJ. Cardiovascular and respiratory responses to electrical and chemical stimulation

of the hippocampus in anesthetized and awake rats. Brain Res. 1988; 457(2):310–21. https://doi.org/

10.1016/0006-8993(88)90701-9 PMID: 2905918.

32. La A, Rm H, M G, R K, Ja O, Sb V, et al. Altered brain connectivity in sudden unexpected death in epi-

lepsy (SUDEP) revealed using resting-state fMRI. Neuroimage Clin. 2019; 24:102060. https://doi.org/

10.1016/j.nicl.2019.102060 PMID: 31722289.

33. Kesavan K, Frank P, Cordero DM, Benharash P, Harper RM. Neuromodulation of Limb Proprioceptive

Afferents Decreases Apnea of Prematurity and Accompanying Intermittent Hypoxia and Bradycardia.

PLoS One. 2016; 11(6):e0157349. https://doi.org/10.1371/journal.pone.0157349 PMID: 27304988.

34. Koos BJ, Kawasaki Y, Hari A, Bohorquez F, Jan C, Roostaeian J, et al. Electrical stimulation of the pos-

teromedial thalamus modulates breathing in unanesthetized fetal sheep. J Appl Physiol (1985). 2004;

96(1):115–23. https://doi.org/10.1152/japplphysiol.00517.2003 PMID: 14660492.

35. Koos BJ, Rajaee A, Ibe B, Guerra C, Kruger L. Thalamic mediation of hypoxic respiratory depression

in lambs. American journal of physiology Regulatory, integrative and comparative physiology. 2016;

310(7):R586–95. https://doi.org/10.1152/ajpregu.00412.2015 PMID: 26818057.

36. Kheirandish-Gozal L, Sahib AK, Macey PM, Philby MF, Gozal D, Kumar R. Regional brain tissue integ-

rity in pediatric obstructive sleep apnea. Neurosci Lett. 2018; 682:118–23. https://doi.org/10.1016/j.

neulet.2018.06.002 PMID: 29883682.

37. Zhang H, Schneider T, Wheeler-Kingshott CA, Alexander DC. NODDI: practical in vivo neurite orienta-

tion dispersion and density imaging of the human brain. Neuroimage. 2012; 61(4):1000–16. https://doi.

org/10.1016/j.neuroimage.2012.03.072 PMID: 22484410.

38. Blakemore SJ. Imaging brain development: the adolescent brain. Neuroimage. 2012; 61(2):397–406.

https://doi.org/10.1016/j.neuroimage.2011.11.080 PMID: 22178817.

39. Pardoe HR, Berg AT, Jackson GD. Sodium valproate use is associated with reduced parietal lobe

thickness and brain volume. Neurology. 2013; 80(20):1895–900. https://doi.org/10.1212/WNL.

0b013e318292a2e5 PMID: 23616155.

PLOS ONE Brain tissue texture in patients with GTCS

PLOS ONE | https://doi.org/10.1371/journal.pone.0274514 September 22, 2022 12 / 12

https://doi.org/10.1016/j.yebeh.2019.07.041
https://doi.org/10.1016/j.yebeh.2019.07.041
http://www.ncbi.nlm.nih.gov/pubmed/31399338
https://doi.org/10.1016/0013-4694%2889%2990222-8
https://doi.org/10.1016/0013-4694%2889%2990222-8
http://www.ncbi.nlm.nih.gov/pubmed/2471614
https://doi.org/10.1016/0006-8993%2888%2990701-9
https://doi.org/10.1016/0006-8993%2888%2990701-9
http://www.ncbi.nlm.nih.gov/pubmed/2905918
https://doi.org/10.1016/j.nicl.2019.102060
https://doi.org/10.1016/j.nicl.2019.102060
http://www.ncbi.nlm.nih.gov/pubmed/31722289
https://doi.org/10.1371/journal.pone.0157349
http://www.ncbi.nlm.nih.gov/pubmed/27304988
https://doi.org/10.1152/japplphysiol.00517.2003
http://www.ncbi.nlm.nih.gov/pubmed/14660492
https://doi.org/10.1152/ajpregu.00412.2015
http://www.ncbi.nlm.nih.gov/pubmed/26818057
https://doi.org/10.1016/j.neulet.2018.06.002
https://doi.org/10.1016/j.neulet.2018.06.002
http://www.ncbi.nlm.nih.gov/pubmed/29883682
https://doi.org/10.1016/j.neuroimage.2012.03.072
https://doi.org/10.1016/j.neuroimage.2012.03.072
http://www.ncbi.nlm.nih.gov/pubmed/22484410
https://doi.org/10.1016/j.neuroimage.2011.11.080
http://www.ncbi.nlm.nih.gov/pubmed/22178817
https://doi.org/10.1212/WNL.0b013e318292a2e5
https://doi.org/10.1212/WNL.0b013e318292a2e5
http://www.ncbi.nlm.nih.gov/pubmed/23616155
https://doi.org/10.1371/journal.pone.0274514



