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Abstract

Objective

Since the strongest risk factor for sudden unexpected death in epilepsy (SUDEP) is frequent
bilateral tonic-clonic seizures (BTCS), our aim was to determine whether postictal hypo-
perfusion in brainstem respiratory centers (BRCs) is more common following tonic-clonic
seizures.

Methods

We studied 21 patients with focal epilepsies who underwent perfusion imaging with arterial spin
labeling MRI. Subtraction maps of cerebral blood flow were obtained from the postictal and
baseline scans. We identified 6 regions of interest in the brainstem that contain key BRCs.
Patients were considered to have postictal BRC hypoperfusion if any of the 6 regions of interest
were significantly hypoperfused.

Results

All 6 patients who experienced BTCS during the study had significant clusters of postictal
hypoperfusion in BRCs compared to 7 who had focal impaired awareness seizures (7/15). The
association between seizure type studied and the presence of BRC hypoperfusion was signif-
icant. Duration of epilepsy and frequency of BTCS were not associated with postictal brainstem
hypoperfusion despite also being associated with risk for SUDEP.

Conclusion

Postictal hypoperfusion in brainstem respiratory centers occurs more often following BTCS
than other seizure types, providing a possible explanation for the increased risk of SUDEP in
patients who regularly experience BTCS.

From Hotchkiss Brain Institute (.L., J.S.P., 1.G.-V.,, E.L,, V.M., WW,, T.P,, S.S., G.C.T,, P.F.), Seaman Family MR Research Centre (L, J.S.P., I.G.-V,, E.L, V.M., WW,, T.P,, S.S,, P.F.),
Department of Clinical Neurosciences (J.S.P., S.S., P.F.), and Department of Radiology (P.F.), Cumming School of Medicine, University of Calgary, Canada.

Go to Neurology.org/N for full disclosures. Funding information and disclosures deemed relevant by the authors, if any, are provided at the end of the article.

Calgary Comprehensive Epilepsy Program Collaborators coinvestogators are listed in appendix 2 at the end of the article.

Copyright © 2020 American Academy of Neurology

Copyright © 2020 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.


http://dx.doi.org/10.1212/WNL.0000000000010360
mailto:pfederic@ucalgary.ca
https://n.neurology.org/lookup/doi/10.1212/WNL.0000000000010360

Glossary

ASL = arterial spin labeling; BET = brain extraction tool; BRC = brainstem respiratory center; BTCS = bilateral tonic-clonic
seizure; CBF = cerebral blood flow; CI = confidence interval; COX-2 = cyclooxygenase-2; DRG = dorsal respiratory group;
DS = Dravet syndrome; FIAS = focal impaired awareness seizure; MORTEMUS = the Mortality in Epilepsy Monitoring Unit
Study; MR = magnetic resonance; MTS = mesial temporal sclerosis; OR = odds ratio; pCASL = pseudo-continuous arterial spin
labeling; PRG = pontine respiratory group; ROI = region of interest; SUDEP = sudden unexpected death in epilepsy; TLE =

temporal lobe epilepsy; VRG = ventral respiratory group.

Sudden unexpected death in epilepsy (SUDEP) is a consider-
able cause of epilepsy-related direct deaths and premature death
in people with refractory epilepsy who attend specialized epi-
lepsy centres." The strongest risk factor for SUDEP is frequent
bilateral tonic-clonic seizures (BTCSs), where SUDEP has been
observed within minutes of seizure termination.”* In MOR-
TEMUS (the Mortality in Epilepsy Monitoring Unit Study), all
11 SUDEP deaths occurred 2.5-16 minutes after a BTCS.
Terminal apnea, occurring 2.8—-8 minutes before terminal car-
diac arrest, was identified as the possible cause of death.* This
led to the hypothesis that SUDEP, a postictal phenomenon,
may result from disruption of brainstem function, in particular,
brainstem respiratory centers (BRCs).

A number of mechanisms have been proposed for SUDEP,
including neurogenic pulmonary edema, central apnea, car-
diac arrhythmias, and postictal asphyxiation.” Increasing evi-
dence suggests respiratory dysfunction as the major cause.®””
Respiratory control in the human brainstem is mediated by a
pontomedullary network of neurons. Physiologically, they are
divided into 3 respiratory groups: the dorsal respiratory group
(DRG), located in the dorsal medulla, is composed of cells in
the nucleus solitarius; the ventral respiratory group (VRG),
located in the ventral medulla, includes the nucleus ambiguus,
the nucleus retroambiguus, and the pre-Botzinger complex;
and the pontine respiratory group (PRG), located in the
dorsal pons, includes the pneumotaxic and apneustic centers,
which are related to the parabrachial nuclei.

Although the dysfunction of respiratory mechanisms is hypoth-
esized to be involved in SUDEP, there is limited evidence for
BRC hypoxia.lm12 In humans, we have shown significant pos-
tictal hypoperfusion in the seizure onset zone (within 90 minutes
of seizure termination) using postictal arterial spin labeling (ASL)
MRI" and CT perfusion.'* These 2 studies validate the usage of
perfusion studies in detecting postictal hypoperfusion in humans.
We therefore hypothesized that postictal hypoperfusion in BRCs
can be detected and would more likely be seen following a BTCS.

Methods

Standard protocol approvals, registrations,
and patient consents

This study was approved by the Conjoint Health Research
Ethics Board, University of Calgary. Written informed con-
sent was obtained from all participants.
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Participants

Twenty-five adult patients with refractory focal epilepsy
provided informed consent and were prospectively recruited
for the study between January 2014 and March 2016. These
were the same patients used for our previous ASL study that
investigated postictal hypoperfusion at the presumed seizure
onset zone."> All patients underwent scalp video-EEG mon-
itoring at the Foothills Medical Centre Seizure Monitoring
Unit as part of their presurgical workup. Patients were weaned
off anticonvulsant medications in order to capture habitual
seizures. All patients underwent our center’s standard epilepsy
protocol structural 3T MRI scan. Most patients also un-
derwent ictal SPECT, PET, neuropsychological testing, and
language functional MRI. Demographic information was
collected including age, sex, age at seizure onset, habitual
seizure types, seizure frequency, and duration of epilepsy.

Image acquisition

Postictal perfusion scans were obtained within 90 minutes of a
habitual seizure captured by video-EEG monitoring. EEG
electrodes were removed, and the patient was transferred to the
magnetic resonance (MR) scanner, accompanied by a physi-
cian. Following a minimum of 24 hours of seizure freedom, a
subsequent MR perfusion scan was performed to obtain a
baseline, interictal cerebral blood flow (CBF) measurement.

ASL MR images were acquired using a 3T GE Discovery MRI
750 system (GE, Waukesha, WI) with a 12-channel phase array
head receive coil. A 3D fast-spin-echo pseudo-continuous ar-
terial spin labeling (pCASL) with background suppression
sequence was used. The pCASL sequence had the following
parameters: scan duration = 5:50 minutes, repetition time =
5,513 ms, echo time = 4.7 ms, in-plane resolution = 1.875 x
1.875 mm, slice thickness = 5 mm, 28 slices, postlabel delay =
2,525 ms, number of excitations = 4, and spiral acquisition with
1,024 points and 8 arms. Quantitative CBF maps were gener-
ated in CBF units (mL/100 g/min) using the formula:

CBF = 6000

l(l -e %) et AM
2T1B(S) (1 - et )ex NEX (SF X PDREF)
where T1B and T1T represent T1 values (1.6 seconds at 3T)
for blood and tissue respectively, € (efficiency) is set to 0.80 x
0.75,\ (partial coefficient) is set to 0.9, AM is the difference
between tag and no tag images, PDygr is the reference proton
density images, NEX is the number of excitations, SF is the
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scaling factor of 45, and PLD is the postlabeling delay."> A
high-resolution T1-weighted anatomical scan was also col-
lected in the same scanning session (postictal or baseline) for
each patient. The parameters used were repetition time 9.4
ms, echo time min full, in-plane resolution 0.5 x 0.5 mm, and
slice thickness 1.3 mm. Perfusion maps were overlaid onto
these images in order to localize blood flow changes within
the brainstem.

Data analysis

Brain extraction was performed on baseline and postictal
quantitative CBF maps and high-resolution T1-weighted
images using the brain extraction tool (BET) from FMRIB
Software Library (FSL-BET v2.1)."> Both CBF maps were
subsequently registered onto each patient’s high-resolution
baseline anatomical scan using an affine transformation (12
degrees of freedom) from the FSL linear image registration
tool (FLIRT v5.5)." The data were spatially smoothed using
a Gaussian Kernel filter (6-mm full-width half-maximum).
Next, a subtraction CBF map (baseline — postictal) was
generated for each patient and overlaid onto their own
baseline anatomical T1-weighted image to identify brainstem
areas where, following a seizure, perfusion was decreased
relative to their own baseline.

Evaluation of brainstem CBF changes and
SUDEP risk factors

Six brainstem regions were identified as regions of interest
(ROIs) for visual analysis of clusters of hypoperfusion: left
and right dorsal pons, left and right dorsal medulla, and left
and right ventral medulla (figure 1). These ROIs contain the
key brainstem respiratory groups: the PRG, the DRG, and the
VRG. The seizure immediately preceding the postictal per-
fusion study is referred to as the index seizure. Patients were
separated into 2 groups based on the type of their index
seizure: BTCS or focal impaired awareness seizure (FIAS).

Brainstem perfusion changes were visualized on the sub-
traction ASL images using FSLView (3.2.0) and 3D ROIs
were identified by a single individual (J.S.P.) in a blinded
fashion. A minimum decrease of 15 CBF units was used as a
threshold to identify hypoperfused regions. This threshold is
supported by studies in rodents showing that hippocampal
seizures are followed by a minimum of 25%-30% reduction of
CBF'® and that normal gray matter CBF in humans, as
measured using ASL MR, is 45-50 CBF units.'” Additional
cluster filtering (minimum of 400 voxels) was applied, as this
was found to retain physiologic clusters of hypoperfusion
while reducing the number of artefactual clusters caused by
vessel artifacts and small errors in registration.'* Patients were
determined to have BRC hypoperfusion if there was at least
one cluster of hypoperfusion in any of the 6 ROlIs after ap-
plication of the CBF decrease threshold and cluster filtering.

Statistical analysis
Relative risk and the corresponding 95% confidence interval
(CI) was calculated in order to examine whether there was an
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association between the type of index seizure (BTCS or FIAS)
and the distribution of patients who did and did not have
hypoperfusion in brainstem ROIs. Associations between BRC
hypoperfusion and other factors associated with SUDEP were
also tested. Relative risk and the corresponding 95% CI was
calculated to investigate the association of hypoperfusion with
categorical predictor variables, while the odds ratio (OR) and
corresponding 95% CI was calculated for continuous predictor
variables. Seizure duration and MRI scan latency were com-
pared between FIAS and FBTCS groups as well as between the
hypoperfused and nonhypoperfused patients with FIAS in or-
der to preclude these 2 factors as influences on the presence or
absence of hypoperfusion. Ninety-five percent Cls were cal-
culated for each group and differences were considered to be
statistically significant if the CIs did not overlap. Statistical
analyses were performed using IBM SPSS Statistics 26.

Data availability
Raw and processed ASL MRI data are available on request.

Results

Of the 25 participants who underwent ASL MR, 1 patient did
not receive a baseline ASL scan, 1 did not receive a postictal
scan, and the data for 2 patients had significant motion arti-
fact, leaving 21 patients to be included in the study. Clinical
and demographic features are summarized in table 1. There
were 10 men (48%), mean age was 33.95 + 10.64 years (range
20-58), mean age at onset of epilepsy was 16.19 + 11.16 years
(range 1-43), and mean duration of epilepsy was 17.76 +
13.08 years (range 1-57). The mean time to postictal ASL
image acquisition was 65.76 + 17.22 minutes (range 45-116).
The mean index seizure duration was 82.14 + 40.34 seconds
(range 26-166).

Of the 21 patients studied, 13 (61%) exhibited hypoperfusion
in at least one of the brainstem ROIs (table 2). MRI scan
latency was similar between patients who exhibited hypo-
perfusion (66.92 + 18.05 minutes) and those who did not
(63.88 * 16.79 minutes). Hypoperfusion was observed in all 6
brainstem ROIs and was observed in both BTCS and FIAS
patient groups (figures 2 and 3). The number of BRC ROIs
exhibiting hypoperfusion ranged from 1 to S (table 2). Three
of the patients in the BT CS group experienced postictal EEG
suppression (44, 16, and 36 seconds for patients 15, 17, and
21, respectively). The other 3 patients in the BTCS group
experienced postictal EEG slowing but not suppression.
There was no difference in duration of epilepsy (x*[1] =
0.097, OR 0.99, 95% CI 0.92-1.06). Six patients had BTCS
and 1S patients had FIAS as their index seizure. All 6 patients
who had an index BTCS and 7/15 (47%) with an index FIAS
exhibited postictal hypoperfusion in at least 1 BRC and this
difference was statistically significant (RR 2.14, 95% CI
1.25-3.68). Eighteen out of 21 patients (86%) had history of
BTCS, of whom 11 (61%) had postictal hypoperfusion in
BRC. Six of the patients (6/7; 86%) with at least annual BTCS
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Figure 1 T1-weighted image showing brainstem divisions used to define brainstem respiratory center regions of interest
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(A) Sagittal view of the brainstem with divisions
between the midbrain, pons, and medulla
denoted by the yellow lines. (B) Axial view of the
pons with the division between the ventral and
dorsal portions denoted by the yellow line. (C)
Axial view of the medulla with the division be-
tween the ventral and dorsal portions denoted
by the yellow line.

had BRC postictal hypoperfusion, whereas S (5/11; 45%) of
those with less than annual BTCS had BRC postictal hypo-
perfusion. Although the proportion is almost twice as high in
those with at least annual BTCS, this difference was not sta-
tistically significant (RR 1.89, 95% CI 0.92-3.85).

There was no significant difference in MRI scan latency be-
tween the BTCS (66.67 + 12.56 minutes) and FIAS (65.40 +
19.15 minutes) groups. There was no significant difference in
index seizure duration between the BTCS (112.00 * 47.29
seconds) and FIAS (70.20 + 31.48 seconds) groups. MRI scan
latency and index seizure duration also did not significantly
differ between the hypoperfused and nonhypoperfused pa-
tients who had experienced a FIAS. For the group that ex-
perienced BRC hypoperfusion, the mean scan latency was
67.14 + 22.80 minutes and the mean seizure duration was

Neurology.org/N

72.86 + 23.32 seconds. For the group that did not experience
hypoperfusion, the mean scan latency was 63.88 + 16.79
minutes and the mean seizure duration was 67.88 + 38.77
seconds.

Discussion

Our study demonstrated the existence of postictal BRC
hypoperfusion and showed that BTCS is an important risk
factor for this hypoperfusion. One of the earliest theories
linking the postictal state to cerebral hypoperfusion comes
from Todd’s paresis, a phenomenon that mimics ischemic
stroke. Case reports have subsequently shown that regional
hypoperfusion does occur in Todd’s paresis."®'* However, only
recently was a prolonged period (minimum of 60 minutes) of
severe postictal hypoxia (pO, < 10 mm Hg) demonstrated in
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Table 1 Patient demographics, clinical features, and structural abnormalities

Age at Duration of FBTCS
PatientID Sex Age,y onsety epilepsy, y frequency Seizure description Structural MRI Presumed SOZ
1 F 33 1 22 <qly Behavioral arrest, oral automatisms, dysphasia Left mesial temporal cortical Left temporal
dysplasia
2 F 41 13 28 None Hypermotor, from sleep Periventricular WMH Right frontal
3 M 25 5 20 <qly Dysphasia, right side clonic movements Normal Left superior
temporal gyrus
4 M 33 7 26 q 6 mo Fear, tachycardia, behavioral arrest Normal Left insula, temporal
5 M 33 29 4 g3 mo Behavioral arrest, dysphasia Bilateral subependymal Bitemporal, left >
heterotopias, maximum right right
6 M 42 22 20 <qly Arousal, head deviation to left, BTCS Right amygdala enlargement, Bitemporal, right >
occipital cavernoma left
7 M 40 9 31 <qly Posturing of both upper limbs, dysphasia Normal Bilateral mesial
frontal, left > right
8 F 26 1 25 g1 mo Head deviation to right, vocalization, BTCS Left frontal cortical dysplasia, Left frontal
WMH
9 M 22 14 8 Single Behavioral arrest, right arm dystonia, oral automatisms Normal Left mesial temporal,
frontal
10 F 20 1 19 <qly Bimanual automatisms, behavioral arrest Postsurgical (right temporal Right posterior
lobectomy) temporal
1 F 23 22 1 None Behavioral arrest, ictal speech Normal Bilateral mesial
temporal
12 F 58 1 57 q 1wk Arousal, ictal cry, BTCS Normal Unclear
13 M 55 43 12 Single Manual automatisms, preserved speech Right hippocampal sclerosis Right mesial
temporal
14 M 40 11 29 <qly Behavioral arrest, right head version, clonic jerking of right arm Bifrontal, maximum left frontal Left frontal
encephalomalacia
15 F 21 15 6 <qly Head deviation to right, clonic head jerks, figure of 4 with right arm flexed, Postsurgical (right temporal Left anterior
BTCS lobectomy) temporal, frontal
16 M 38 34 4 None Oral and bimanual automatisms, dysphasia Normal Left anterior
temporal
17 F 25 17 8 g1 mo Blank stare, bilateral arm jerking, BTCS Normal Generalized
18 F 43 22 21 <qly Behavioral arrest, oral automatisms Right hippocampus rounded Right temporal
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dysplasia

Unclear

Punctuate right frontal WMH

Hypermotor, partially responsive

<qly

25

26

20

Left

Bilateral hippocampal atrophy

Arousal, blank stare, left arm movements, head deviation to right, ictal cry,

figure of 4 with left arm flexed, BTCS

<qly

14

25

39

21

white matter hyperintensity.

= focal to bilateral tonic-clonic seizures; SOZ = seizure onset zone; WMH =

bilateral tonic-clonic seizures; FBTCS

Abbreviations: BTCS

the rodent hippocampus following seizure termination.'® This
was found to be the result of local arteriolar vasoconstriction
mediated by cyclooxygenase-2 (COX-2) and L-type calcium
channels leading to postictal hypoperfusion.'® In rodents, it was
observed that pretreatment with L-type calcium channel
blockers or COX-2 antagonists, but not COX-1 antagonists,
could mitigate postictal forelimb weakness and memory
deficits. These findings suggest that postictal behavioral
deficits are independent of the preceding seizure and are
remediable. This has led some to theorize that hypoperfusion in
the postictal state could have both acute and chronic effects,
causing network dysfunction in brain regions that participate in
seizures.'” Thus multiple potential pathophysiologic and
behavioral consequences of the postictal state have been
postulated including amnesia, Todd’s paresis, and SUDEP.

In rodents, the medullary respiratory center is mediated by 2
rhythm generators: the parafacial respiratory group and the
pre-Botzinger complex, which are modulated by pontine
structures and the Botzinger complex. In rat seizure models,
population firing of serotonergic neurons in medullary raphe
nuclei—responsible for modulation of respiratory and cardiac
functions—was found to be substantially reduced during the
ictal and postictal periods.”® This led to exploration of the use
of selective serotonin reuptake inhibitors for reducing SUDEP
risk.”" In a recent study with mouse models, during and fol-
lowing fatal seizures, pre-Botzinger complex tissue became
severely hypoxic, causing widespread brainstem hypoxia fol-
lowed by breathing cessation and subsequent cardiac arrest."
Studies of mice with fatal audiogenic seizures showed that
mechanical ventilation could prevent sudden death.® Autopsy
of 14 SUDEP cases showed alterations in neuropeptidergic
and monoaminergic neuronal populations in the pre-
Botzinger complex when compared to epilepsy and non-
epilepsy controls."" Studies of rodents have demonstrated the
presence of postictal hypoperfusion-induced hypoxia in re-
gions of seizure onset and propagation, including BRCs,
which may provide a possible explanation for a mechanism
underlying SUDEP.'”'> Mouse SUDEP models have con-
firmed the presence of spreading depression in the brainstem
that causes cardiorespiratory arrest and may be the critical
event in SUDEP.”> Further studies in mice linked dorsal
medullary spreading depression with associated cardiorespi-
ratory collapse to leaky ryanodine receptor-2 mutations,
which have been implicated in cases of sudden cardiac death
and SUDEP in humans.>®

Despite a paucity of human data, the MORTEMUS and some
case reports are supportive. A case report of 2 patients who
died of SUDEP during EEG monitoring showed seizure-
associated hypoxemia as the inciting event.” Another single
case report found postictal central apnea to be the cause of a
near-SUDEP incident.® Furthermore, continuous cardiore-
spiratory monitoring of 17 patients in a seizure monitoring
unit showed ictal central apnea in 59% of patients and in 20 of
47 recorded seizures.” Another study demonstrated ictal
central apnea exclusively in focal epilepsy and questioned the
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Table 2 Index seizure characteristics and subtraction arterial spin labeling results showing the number of hypoperfused brainstem respiratory centers

Type and number of

Number of respiratory

Number of ipsilateral Number of contralateral

seizures prior to index  Time to Index Ictal onset Seizure SOz regions with respiratory regions with respiratory regions with
Patient ID  seizure scan, min  seizure (index seizure) duration, s  lateralization = hypoperfusion (/6) hypoperfusion hypoperfusion
1 FIAS: 2 54 FIAS Left mid-posterior 70 Left 0 0 0
temporal
2 Focal aware: 16 69 FIAS Unclear; obscured 26 Right 0 0 0
FIAS: 1 by artefact
3 Focal aware: 20 83 FIAS Left frontocentral 87 Left 0 0 0
FIAS: 16
4 Focal aware: 6 53 FIAS Left frontotemporal 114 Left 3 1 2
FIAS: 5
5 FIAS: 3 56 FIAS Left hemisphere 64 Left 0 0 0
maximum posterior
quadrant
6 Electrographic: 2 60 FBTCS Right posterior 155 Right 1 1 0
FIAS: 10 quadrant
FBTCS: 1
7 Focal aware: 6 54 FIAS Central and left 85 Left 1 1 0
FIAS: 18 parasagittal
8 None 61 FBTCS Bifrontal maximum 166 Left 2 1 1
left frontal
9 FIAS: 7 69 FIAS Left frontotemporal 56 Left 0 0 0
FBTCS: 2
10 Electrographic: > 100 45 FIAS Bitemporal, right > 30 Right 0 0 0
FIAS: 24 left
FBTCS: 1
1 FIAS: 10 58 FIAS Bilateral maximum 50 Bilateral 3 3 (2 right, 1 left) 0
left frontotemporal
12 Electrographic: 4 63 FBTCS Left frontotemporal 60 Unclear 1 0 1 (right)
FIAS: 2
FBTCS: 4
13 Focal aware: 5 75 FIAS Right anterior 72 Right 4 1 3
FIAS: 4 temporal
14 None 90 FIAS Bifrontal maximum 60 Left 0 0 0

left frontal

Continued
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Table 2 Index seizure characteristics and subtraction arterial spin labeling results showing the number of hypoperfused brainstem respiratory centers (continued)

Type and number of Number of respiratory Number of ipsilateral Number of contralateral

seizures prior to index  Time to Index Ictal onset Seizure SOz regions with respiratory regions with respiratory regions with
Patient ID  seizure scan, min  seizure (index seizure) duration, s lateralization  hypoperfusion (/6) hypoperfusion hypoperfusion
15 Electrographic: 7 55 FBTCS Left hemisphere 120 Left 5 2 3

Focal aware: 3 maximum

FIAS: 5 frontotemporal

FBTCS: 2
16 None 59 FIAS Left anterior 71 Left 4 2 2

temporal

17 Electrographic: 2 71 FBTCS Generalized 52 Generalized 2 2 (2 right) 0

Focal aware: 3

FIAS: 1
18 FIAS: 2 45 FIAS Right hemispheric 150 Right 0 0 0

maximum temporal

19 FIAS: 1 116 FIAS Left hemisphere 43 Left 1 0 1

FBTCS: 2 maximum temporal
20 Focal aware: 3 55 FIAS Diffuse rhythmic 75 Unclear/right 3 2 1

FIAS: 1 slowing
21 Electrographic: 1 90 FBTCS Left temporal 119 Left 2 1 1

Focal aware: 2

FIAS: 1

Abbreviations: FBTCS = focal to bilateral tonic-clonic seizures; FIAS = focal impaired awareness seizure; SOZ = seizure onset zone.
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Figure 2 Examples of different patterns of postictal hypoperfusion in brainstem respiratory centers

Patient 17
Index seizure: FBTCS
Hypoperfusion - right

ventral medulla

A mL/100g/min

Patient 15
Index seizure: FIAS

No hypoperfusion

e

A mL/100g/min

(A) Image from a 25-year-old woman with monthly focal to bilateral tonic-clonic seizures (FBTCS) who had a FBTCS as the index seizure. Subtraction cerebral
blood flow (CBF) map (baseline - postictal) superimposed onto the patient's T1-weighted anatomical image shows hypoperfusion > A15 CBF units in the right
ventral medulla (yellow arrow) across 3 axial slices. (B) Image from a 21-year-old woman who has infrequent FBTCS (<1 per year) and had a FIAS as the index
seizure. Subtraction CBF map (baseline - postictal) superimposed onto the patient’s T1-weighted anatomical image showed no significant hypoperfusion in
any of the brainstem respiratory center regions of interest. FIAS = focal impaired awareness seizure.

existence of isolated postictal central apnea, considering
postictal apnea to be persistence of ictal central apnea into the
postictal period.

The same study postulated ictal central apnea as a potential
biomarker for SUDEP and found higher association with
temporal lobe epilepsy, focal impaired awareness seizures with
motor onset, and focal aware seizures with nonmotor onset.”*
Another study reported 2 cases of near SUDEP with ictal
central apnea and postconvulsive central apnea as cause for
peri-ictal apnea independently. The same study suggested that
postconvulsive central apnea may be associated with brain-
stem dysfunction rather than ictal central apnea and that ictal
central apnea was more common and seen exclusively with
focal epilepsies.”

Brainstem and SUDEP mechanisms

It remains unclear why, in SUDEP, a particular seizure becomes
fatal in a patient who may have previously had multiple similar
seizures. It is possible that repeated seizures may increase
susceptibility to SUDEP. This is supported by the fact that
SUDEP is more common in patients with refractory epilepsy,
higher seizure frequency, younger age at onset, and longer
duration of epilepsy.” It has been suggested that SUDEP could
be a subset of sudden unexpected death due to medullary brain
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lesions, an autopsy entity that affects patients of all ages who
harbor medullary lesions but were otherwise healthy and
neurologically normal. Patients with SUDEP may be acquiring
de novo structural or dysfunctional medullary lesions as a result
of repeated seizures until a terminal event occurs.”® A “two-hit”
pathomechanism has been put forth, whereby the “first hit”
results from the excitotoxic effects of the propagation of seizure
activity to sites beyond the seizure onset zone that are impor-
tant in seizure control, arousal, and cardiopulmonary function.
These include dorsomesencephalic structures like the peri-
aqueductal gray, the colliculi, the cuneiform nucleus, and the
raphe. After repeated seizures, these areas sustain repeated in-
sults leading to the accumulation of structural abnormalities,
which may increase the duration and severity of seizures such
that they destabilize crucial autonomic system functioning.”’
Whether repeated episodes of postictal hypoperfusion and
hypoxia could cause structural abnormalities in the brainstem
severe enough to precipitate SUDEP needs to be determined.

Other postulated mechanisms for SUDEP include channelo-
pathies causing cardioautonomic dysfunction, airway obstruc-
tion, and pulmonary edema. Dravet syndrome (DS), which
confers a high risk for SUDEP, was thought to result from
cardiac dysfunction due to mutations in the SCN1A gene. One
study showed peri-ictal breathing dysfunction in 7 patients with
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Figure 3 Example of postictal hypoperfusion in a pontine
region of interest

Patient 20
Index seizure: FIAS
Hypoperfusion - dorsal pons

right > left

A mL/100g/min 40

Image from a 26-year-old man who has fewer than 1 focal to bilateral tonic-
clonic seizure per year and had a focal impaired awareness seizure (FIAS) as
the index seizure. Subtraction cerebral blood flow (CBF) map (baseline -
postictal) superimposed onto the patient's T1-weighted anatomical image
shows hypoperfusion > A15 CBF units in the dorsal pons (arrow).

DS lasting as long as 4 hours postictally with 1 patient dying of
SUDEP.”® The same authors demonstrated using muscarinic
receptor antagonists in SCN1A loss-of-function mouse models
that apnea, subsequent bradycardia, and death could be pre-
vented by low-dose intracerebroventricular infusion and not by
peripheral parasympathetic blockade, and thus concluded that
central apnea could be the cause of cardiac dysfunction, and
ultimately SUDEP.

Brainstem hypoperfusion and SUDEP

risk factors

Our study demonstrated a variable degree of BRC hypo-
perfusion in a heterogenous patient group with focal epilepsies
with variable duration of epilepsy, age at onset, and seizure
types, suggesting that BRC hypoperfusion is likely insufficient
to cause SUDEP alone. Rather, a combination of different risk
factors is needed, as is described by the proposed two-hit
pathomechanism. An association between BRC hypoperfusion
and BTCS is not surprising as postictal generalized EEG sup-
pression, commonly seen following BTCS, is often associated
with prolonged hypoxemia.*”** However, we do not have
sufficient power to determine whether a relationship exists
between the duration of suppression and the number of
hypoperfused brainstem respiratory nuclei.

The observation that BTCSs are the risk factor most strongly
associated with BRC hypoperfusion is notable as having
BTCSs is the single greatest risk factor for SUDEP. Other risk
factors including higher frequency of BTCS and longer du-
ration of epilepsy were not found to be significant risk factors
for BRC hypoperfusion. These findings suggest that multiple
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pathophysiologic mechanisms may interact to increase the
risk for SUDEP, with BRC hypoperfusion being just one
among them.

SUDEP and brainstem imaging

Numerous efforts have been made to identify neuroimaging
biomarkers for SUDEP. One study used deformation-based
morphometry to compare the brainstems of 2 patients with
temporal lobe epilepsy (TLE) who died of SUDEP to
healthy controls, patients with unilateral TLE-mesial tem-
poral sclerosis (MTS), and patients with nonlesional uni-
lateral TLE. Patients with TLE-MTS had volume loss in the
dorsal mesencephalon, and this was more severe and ex-
tensive in patients who died SUDEP.>" Recent unpublished
research by the same authors using deformation-based
morphometry of the brainstems of 27 patients, 1-10 years
prior to SUDEP, demonstrated extensive brainstem damage
in the mesencephalon and medulla.*” This provides evidence
that brainstem changes can occur well before the terminal event
in SUDEP.

The extent of brainstem atrophy is also associated with im-
paired autonomic control, and SUDEP risk could be increased
if atrophy extends to the lower brainstem.”” One study found
an association between the extent and severity of brainstem
volume loss and survival time before SUDEP, implying that it
may be possible to predict progression to SUDEP using im-
aging.”” This study also showed that volume loss in the
mesencephalon, raphe nuclei, and upper medulla were most
strongly correlated with progression to SUDEP. Functional
MRI studies have demonstrated differences in brainstem
functional connectivity in patients with TLE and in patients at
a high risk for SUDEP.*"*

Our study presents a novel imaging strategy to observe pos-
tictal perfusion changes in the brainstem. Whether this im-
aging procedure can be used to stratify patients with epilepsy
for risk of developing SUDEP depending on the site and
number of brainstem regions exhibiting postictal hypo-
perfusion needs to be verified with further studies.

The main limitation of this study is the relatively small sample
size. For this reason, we could not assess the relationship be-
tween all known risk factors for SUDEP with postictal brain-
stem hypoperfusion, which could have strengthened the
association between SUDEP and postictal brainstem hypo-
perfusion. In addition, our cohort only included patients with
focal epilepsies due to the design of the parent study. However,
it is possible that our findings could be reproduced in general-
ized epilepsies as postictal cerebral hypoperfusion has been
demonstrated using ASL MRI in patients with generalized ab-
sence epilepsy.”” The time elapsed from the termination of the
index seizure to scanning in this study was also longer than the
longest time to SUDEP observed in the MORTEMUS study.”
The longer time to scanning is a considerable limitation; how-
ever, it should be noted that the most severe hypoxia in rodent
models is observed between 20 and 60 minutes postictally and
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arteriole constriction is sustained for up to 90 minutes.'> In
addition, our study could not provide insight into the cause for
postictal brainstem hypoperfusion. It is not known if the ob-
served hypoperfusion is the result of primary reduction in blood
flow or a consequence of reduced neuronal activity and resultant
decreased perfusion due to neurovascular coupling. However,
work in animal models has shown seizure-induced vasocon-
striction to be primarily responsible for hypoperfusion.'®

Postictal hypoperfusion can occur in brainstem regions dis-
tant from the seizure onset zone. Patients who experience
BTCSs are more likely to have postictal hypoperfusion in
BRCs. With BTCSs being an established risk factor for
SUDEP and evidence pointing to central respiratory dys-
function in human and rodent studies of SUDEP, postictal
BRC hypoperfusion could be a risk factor or a mechanism for
SUDEDP. Applying the “two-hit” pathomechanism, it is pos-
sible that repeated seizures with postictal hypoperfusion could
lead to the accumulation of structural abnormalities in BRCs
until the terminal event in SUDEP. Thus BRC hypoperfusion
may be a potential neuroimaging marker for risk for SUDEP
and a target for therapeutic intervention.
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