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Amygdala-Stimulation-Induced
Apnea Is Attention and
Nasal-Breathing Dependent

William P. Nobis, MD, PhD,’ Stephan Schuele, MD," Jessica W. Templer, MD,’
Guangyu Zhou, PhD,’ Gregory Lane, BS," Joshua M. Rosenow, MD,? and
Christina Zelano, PhD'

Objective: Evidence suggests that disordered breathing is critically involved in Sudden Unexpected Death in Epilepsy
(SUDEP). To that end, evaluating structures that are activated by seizures and can activate brain regions that produce
cardiorespiratory changes can further our understanding of the pathophysiology of SUDEP. Past preclinical studies have
shown that electrical stimulation of the human amygdala induces apnea, suggesting a role for the amygdala in control-
ling respiration. In this study, we aimed to both confirm these findings in a larger group of patients with intractable
temporal lobe epilepsy (TLE) and also further explore the anatomical and cognitive properties of this effect.
Methods: Seven surgical TLE patients had depth electrodes implanted in the amygdala that were used to deliver
electrical stimulation during functional mapping preceding resection. Real-time respiratory monitoring was performed
in each patient to confirm apnea.
Results: Our data confirm that amygdala stimulation reliably induces apnea (occurring in all 7 patients) and further
suggest that apnea can be overcome by instructing the patient to inhale, and can be prevented entirely by breathing
through the mouth before electrical stimulation. Finally, stimulation-induced apnea occurred only when stimulating
the medial-most amygdalar contacts located in the central nucleus.
Interpretation: These findings confirm a functional connection between the amygdala and respiratory control in
humans. Moreover, they suggest specific amygdalar nuclei may be critical in mediating this effect and that atten-
tional state is critical to apnea mediated by amygdala activation—perhaps alluding to future development of strate-
gies for the prevention of SUDEP.
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he autonomic nervous system (ANS) acts largely

unconsciously to regulate essential bodily functions
such as heart rate, digestion, respiratory rate, and pupillary
response. Dysfunction of this system is observed in many
disparate neuropsychiatric disorders, including Parkinson’s
disease, anxiety, depression, and epilepsy."™ Although the
peripheral components of the ANS are well understood,
networks involved in central control of the ANS are less
clear.” In particular, very little is known about the con-
scious control of breathing in humans. Unlike most auto-
nomic functions, respiration is highly susceptible to
conscious intentional manipulation: we can easily hold our

breath, alter our breathing rate, and intentionally sniff to

sample smells in the environment. We have such good
conscious control of respiration that we can even use
intentional breathing modulations to perform complex
tasks, such as control of a computerized wheelchair.®

A deeper understanding of human respiratory regu-
lation has particular importance to patients with epilepsy,
given its potential relevance to Sudden Unexpected
Death in Epilepsy (SUDEP). SUDEP is the most fre-
quent cause of death in epilepsy patients, with accumu-
lating  evidence  strongly = suggesting  respiratory
involvement.” Much of this research in the past decade

extends from the seminal retrospective study of mortality
in epilepsy monitoring units (MORTEMUS).” A
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TABLE 1. Patient Characteristics
Patient Age,y Sex Handedness Duration  Epileptogenic Etiology Brian Comorbidities
of Zone MRI
Epilepsy, y
1. P1 34 M Right 6 Right mestial ~ Unknown Normal None
temporal
2. P2 36 M Right 31 Right mesial Perinatal Right MTS, ADHD
temporal ischemia right
encephalomalacia
3. P3 48 M Right 12 Right mesial Unknown Normal OSA, depression
temporal (sertraline)
4. P4 35 F Right 3 Right mesial FCD Right MTS None
temporal/right
amygdala
5. P5 27 F Right 5 Left mesial FCD Left MTS Anxiety
temporal (sertraline)
6. P6 57 F Right 3 Left anterior Left tentorial ~ Left tentorial Depression and
temporal meningioma  meningioma anxiety (fluoxetine)
7. P7 36 F Right 36 Left mesial Unknown Left MTS Depression and
temporal anxiety
MRI = magnetic resonance imaging; MTS = mesial temporal sclerosis; ADHD = attention deficit hyperactivity disorder; OSA = obstructive sleep
apnea; FCD = focal cortical dysplasia.

consistent sequence of events occurred after each seizure
resulting in SUDEP: rapid breathing followed the sei-
zure, followed by apnea, followed by bradycardia and pos-
tictal generalized electroencephalogram (EEG) suppression
with terminal apnea preceding the terminal asystole.”'”
Thus, in all recorded cases of SUDER, the initial pathologi-
cal symptom was respiratory dysfunction (this information
was inferred from scalp EEG and surface electrocardiogram
recordings). One possibility is that seizures spreading to
brain structures involved in higher-order control of brain-
stem function, including breathing, can lead to respiratory
dysfunction, and therefore SUDEP. This emphasizes the
importance of elucidating the neural substrates underlying
central respiratory control in humans.

Animal studies suggest that subnuclei of the amyg-
dala may be particularly important for respiratory con-

trol' 714

; however, until recently this has been largely
unstudied in humans. In the human amygdala, local field
potential oscillations align with inspiration during natural
nasal breathing, indicating that the region tracks respira-
tory phase.” Furthermore, two recent studies showed that
electrical stimulation of the amygdala induces apnea (stud-
ies included 2 and 3 patients).”'® These findings combine
to suggest a potential role for the amygdala in respiratory
through  the

control—potentially  mediated heavy
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interconnections with the extended amygdala,w‘18 which
has afferent connections to brainstem nuclei critical to
mediating breathing.l9’20 Combined, these data suggest a
potential role for the amygdala in SUDEP—activation of
the amygdala by seizures may produce prolonged, poten-
tially fatal apnea. How this respiratory control is affected
by route of inhalation and consciousness is yet unknown
and may provide new avenues of therapeutic intervention.
In this study, we aimed to confirm previous find-
ings of amygdala-stimulation-induced apnea in a larger
group of 7 patients with temporal lobe epilepsy (TLE).
Additionally, we sought to test the hypotheses that
stimulation-induced apnea can be prevented with behav-
ioral interventions, is dependent on route of airflow and

is specific to mesial subregions.

Materials and Methods

Participants and Electrodes

Participants included 7 patients with intractable TLE who
underwent surgical stereotactic EEG evaluations in the epilepsy
monitoring unit at Northwestern Memorial Hospital (NMH).
All methods were approved by the Northwestern Feinberg
School of Medicine’s Institutional Review Board, and all partici-
pants gave written informed consent before participation in the

study. This study included data from both retrospectively
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identified patients and actively recruited patients. For the retro-
spective analysis, we conducted a review of all patients ever
admitted for surgical EEG evaluations. In our review of all
patients since our first surgical case in 2010, we identified 4
patients whose electrode coverage included the amygdala, and
whose breathing was monitored during clinical protocols
involving electrical ~stimulation. Retrospectively  identified
patients included P1, P3, P4, and P6. The only inclusion crite-
ria for patients were those who, as part of the clinically deter-
mined surgical plan, had depth electrodes implanted inside the
amygdala, and in whom respiration was also monitored during
electrical stimulation protocols. In addition to our retrospective
analysis, we recruited 3 patients who were prospectively identi-
fied and consented to participate, including P2, P5, and P7
(Table 1).

Surgically implanted electrodes were used both to record
local field potental (LFP) data with the intent of recording
seizures and interictal abnormalities as well as to deliver electri-
cal stimulation with the intent of functional mapping and sei-
zure induction before resection. Electrodes for this study
included eight-contact depth electrodes (Integra Epilepsy) utiliz-
ing the Leksell frame (Elekta, Sweden) and Brainlab planning
system (iPlan Stereotaxy 3.0; Brainlab, Feldkirchen, Germany).
Electrodes had 5-mm center-to-center spacing between adjacent
electrode contacts. Preoperative structural magnetic resonance
(MR) images were acquired on all patients with either a 1.5
Tesla (T) or 3T magnetic resonance imaging (MRI) scanner.
Computed tomography (CT) scans were acquired postopera-
tively with depth electrodes in place, clearly showing electrode
positions with respect to skull geometry. Electrodes were local-
ized using preoperative structural MRI scans and postoperative
CT scans with FSLs registration tool FLIRT.** The individual
CT image was registered to the MRI image using a degree of
freedom of 6 with a cost function of mutual information,
which was followed by an affine registration with a degree of
freedom of 12. The individual MRI image was registered to the
standard MNI152 1mm brain (degree of freedom of 12).
Finally, the transformation matrix generated above was com-
bined to create a transformation from the individual CT image
to standard Montreal Neurological Institute (MNI) coordinates.
Notably, normalization of P2’s brain onto the standard MNI
coordinates was not possible because of abnormal anatomy in
this patient (suspected perinatal ischemic injury and extensive
encephalomalacia of the entire right hemisphere). In this case,
anatomical landmarks were used (notably the internal capsule
and anterior commissure) to determine that the electrode loca-
tion in the anterior amygdala. Finally, the electrodes were local-
ized by thresholding the raw CT image, and the unweighted
mass center of each electrode was calculated and converted into
standard MNI space using Matlab (The MathWorks, Inc.,
Natick, MA) and FSL (Fig 1).

Within the FSL software, several human brain atlases
that provide MNI-coordinate—translated regional masks are
available. We used this feature to locate the amygdala in each
patient. To this end, we used the Harvard-Oxford Atlas, which
is included in FSL to map the amygdala (Fig 1).
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Electrical Stimulation

Electrical stimulation is routinely conducted in surgical epilepsy
patients in order to map functional cortical brain areas and also
to induce seizures as part of standard clinical protocols. Electri-
cal stimulation of the amygdala was administered using either a
Grass S-88X Stimulator (Astro-Med, Inc., West Warwick, RI)
or the Nihon Kohden cortical stimulator (Nihon Kohden Corp,
Tokyo, Japan). Amygdala stimulation was conducted with stan-
dard clinical mapping parameters used for bedside cortical stim-
ulation (bipolar stimulation except when noted, 50Hz, pulse
duration 0.3 seconds) with train durations from 5 to 30 sec-
onds. In case a seizure was induced, intravenous lorazepam and
resuscitation equipment was always kept in close proximity to
the patient. In each patient, amygdala stimulation was initiated
at the lowest strength (ImA) and slowly increased in 1-mA
increments until apnea (or any other clinical symptom) was
observed. All patients exhibited apnea beginning at 4-mA
strength of electrical stimulation. The duration of stimulation
was initially set at 5 or 10 seconds and increased to a maximum
of 30 seconds if tolerated by the patient. To begin the experi-
mental session, the patient was instructed to sit quietly and
relax. After the patient was breathing regularly for at least 30
seconds, a bipolar electrical stimulation train was administered
to the two mesial-most amygdala depth contacts. Stimulation
was administered with no visual or auditory warnings or cues
so the patient was unaware when it was delivered. Apnea and
hypopnea were confirmed by real-time monitoring of respira-
tory signals on the acquisition computer, and a reduction in
respiratory rate, as discussed below. A patient who stopped
breathing for the duration of electrical stimulation is reported
to have apnea, whereas a patient whose rate slowed but did not
stop was reported to have hypopnea (described in the results
below, and can be seen in Fig 2). The prospectively identified
patients who participated in the mouth breathing experiment
were asked to breathe through their mouth but otherwise relax
and sit quietly. Electrical stimulation was also administered to
electrodes implanted in other clinically important brain struc-
tures, including the hippocampus, which did not induce apnea
in any patients, in contrast to a recent study that did find
hippocampal-stimulation—induced apnea.'® Hippocampal stim-
ulation functioned as a negative control region in our

experiment.

Physiological Recordings

As standard clinical protocol at NMH, respiratory monitoring
is routinely conducted for all surgical epilepsy patients. To
monitor breathing during the hospital stay, chest and abdomi-
nal excursions were recorded using respiratory inductance pleth-
ysmography belts (Ambu, Ballerup, Denmark). One belt is
placed around the chest and the other around the abdomen.
Respiratory belts provide a measure of tidal volume during
breathing. To measure air flow through the nose, patients are
also fitted with a nasal cannula attached to a piezoelectric sen-
sor (Salter Labs, Carlsbad, California). Whereas chest and
abdominal belts provide a measure of chest and abdominal

expansions and contractions, nasal cannula provide a measure
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FIGURE 1: Individual patients’ electrode placement. Electrode localization in each patient was achieved using preoperative
structural MRI scans and postoperative CT scans. Each panel (P1-7) shows an individual patient's amygdala-destined depth
wire (red circles) overlaid onto a standard MNI-152 1mm brain. The amygdala is filled in blue, and each red circle is one elec-
trode contact on the depth wire. In each panel, the brain on the left shows a coronal slice that best illustrates the amygdala
depth wire placement for that particular patient, whereas the brain image on the right shows an axial slice that best illustrates
the amygdala depth wire for each patient. Notably, normalization of P2’s brain onto the standard MNI coordinates was not
possible because of abnormal anatomy in this patient (suspected perinatal ischemic injury and extensive encephalomalacia of
the entire right hemisphere). For this reason, we show P2’s individual preoperative MRI with amygdala wire contacts overlaid
as in the other patients. Lower Inset: Whole brain image showing the mesial-most amygdala electrode location for each
patient. Because P2’s brain could not be normalized to MNI space, this patient is not represented in the whole brain image.
Upper Inset A: Image showing the amygdala mask used with FSL's available Harvard-Oxford human brain atlas, which we used
to define the amygdala. CT =computed tomography; MNI = Montreal Neurological Institute; MRI=magnetic resonance
imaging.

of nasal airflow. These two different measures result in mark-
edly different respiratory waveform patterns. Whereas airflow is
zero during breath-holding (with air held either inside or out-
side the lungs), the same is not true for chest expansions and
contractions. Thus, breathing belt signals are stationary during
breath-holding, whereas cannula signals return to zero. Not all
patients were compliant with the nasal cannula. In analyzing
respiratory data for the purposes of our study, we chose nasal
cannula data when available because it has been shown to be
more sensitive and accurate than belt data.®’ Across patients,
the respiratory signal used was as follows: P1, belt; P2, cannula;
P3, belt; P4, cannula; P5, cannula; P6, belt; and P7, cannula.
All respiratory signals are directly connected into the Nihon
Kohden EEG acquisition system and filtered between 0.08Hz
and 30Hz, with the same sampling rate as the ongoing EEG
data acquisition. This setup provides perfect synchronization
between respiratory and EEG signals. To look for respiratory
modulations resulting from electrical stimulation of the
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amygdala, respiratory rate values for each patient were entered
into a two-way analysis of variance (ANOVA) with stimulation
presence (before versus after stimulation onset) and stimulation

location (amygdala versus hippocampus) as factors.

Results

Electrical Stimulation of the Amygdala Reduces
Respiratory Rate

Electrical stimulation of the amygdala reliably induced
hypopnea or apnea in 7 of 7 patients tested (Fig 2;
ANOVA main effect of stimulation on respiratory rate,
F1 24 =9.82; p=0.0045). This effect was only present
during electrical stimulation of the amygdala and did not
occur during electrical stimulation of a control region, as
evidenced by a significant interaction between stimula-
tion presence and stimulation location (F{;,4) = 13.64;
»=0.0011). # tests confirmed a significant reduction in
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FIGURE 2: Electrical stimulation of the amygdala induces apnea. (A-G) Each panel shows one individual patient’s electrode
location on the left. The middle panel shows an example of amygdala stimulation for each patient. The iEEG signal from the
amygdala wire is shown in red, on top, with the respiratory signal in blue below. In each patient, there is a clear disruption in
the respiratory signal at the moment electrical stimulation begins. Electrical stimulation beginning and ending is represented
by the light gray area. The plot below shows the time between breaths over the time course of the epoch. Each black circle
represents one breath, and the y-axis is the time since the previous breath in seconds. A large increase can be seen following
electrical stimulation onset in each patient (a larger value indicates a slower breathing rate). The right panel shows an example
of electrical stimulation of a control region (the control region was a mesial electrode in the hippocampus). In each patient,
hippocampal stimulation did not induce apnea. iEEG = intracranial electroencephalogram.
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breathing rate following stimulation of the amygdala
(t) = 4.7; p = 0.003), but not following stimulation of a
(t6)=-1.38; p=0.21). Individual
patients’ responses to amygdala stimulation differed in

control  region
terms of whether they exhibited apnea or hypopnea,
whether the apnea persisted following termination of
electrical pulses, and whether or not the patient was
aware of the presence of apnea.

Details of respiratory modulations in response to
electrical stimulation of the amygdala in each individual
patient follow.

P1 exhibited apnea upon electrical stimulation of
the amygdala (Fig 2A, left panel). P1’s respiratory rate
before electrical stimulation was 0.4Hz and reduced to
OHz during stimulation. Amygdala stimulation in this
patient produced after-discharges. Interestingly, after elec-
trical stimulation was stopped, the apnea persisted for
the duration of the after-discharges. Electrical stimulation
of the amygdala was repeated two times, with apnea
observed on both occasions. Electrical stimulation of the
anterior hippocampus did not produce any apnea (Fig
2A, right panel).

P2 exhibited apnea upon electrical stimulation of
the amygdala (Fig 2B). P2’s respiratory rate before stimu-
lation was 0.25Hz and reduced to OHz during stimula-
tion. Apnea in this patient tended to persist for several
seconds after stimulation was stopped, a behavior that
was observed in at least 1 other patient. This behavior
could potentially indicate reduced ability to recover from
disruption of normal amygdala activity, and is therefore
of interest to explore as a potential sign or marker of pre-
disposition to SUDEP in future studies. Amygdala stim-
ulation was performed four times and apnea occurred
every time.

P3 also exhibited apnea upon electrical stimulation
of the amygdala (Fig 2C). P3’s respiratory rate before
electrical stimulation was 0.32Hz and reduced to OHz
during stimulation. Electrical stimulation of the amyg-
dala was repeated eight times, and apnea was induced on
all eight occasions.

P4 exhibited hypopnea upon electrical stimulation
of the amygdala (Fig 2D). P4’s respiratory rate before
electrical stimulation was 0.31Hz and reduced to 0.11Hz
during stimulation. Tidal volume also decreased during
stimulation. Amygdala stimulation was performed one
time only.

P5 exhibited hypopnea upon electrical stimulation
of the amygdala (Fig 2E). Amygdala stimulation was per-
formed twice and hypopnea was observed both times.
P5’s respiratory rate before stimulation was 0.28Hz and
reduced to 0.17Hz during stimulation. Tidal volume was
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also decreased during stimulation. Hypopnea persisted
for 10 seconds following termination of stimulation.

P6 exhibited hypopnea upon electrical stimulation
of the amygdala (Fig 2F). Amygdala stimulation was per-
formed once. This patient reported feeling unable to
breathe during stimulation. P6’s respiratory rate before
electrical stimulation was 0.38Hz and reduced to 0.08Hz
during stimulation.

P7 exhibited apnea upon electrical stimulation of
the amygdala (Fig 2G). P7’s respiratory rate before stim-
ulation was 0.22Hz and reduced to OHz during stimula-
tion. Amygdala stimulation was performed three times
and apnea was observed every time.

Stimulation-Induced Apnea Does Not Occur
During Mouth Breathing

Data from humans and rodents suggest that respiratory
entrainment of LFP oscillations in limbic brain regions is
dependent on air flow through the nasal cavities, sugges-
ting specificity to the nasal breathing route.'”** This
suggests the potential for different cortical mechanisms of
respiratory control during nose and mouth breathing. To
test whether differences in stimulation-induced apnea
could be observed during mouth breathing, we asked 2
patients (P2 and P7, both of whom exhibited amygdala-
induced apnea) to breathe through their mouth while
relaxing quietly. After 30 seconds of consistent mouth
breathing, electrical stimulation was delivered exactly as
in the nasal breathing condition. In both patients, amyg-
dala stimulation did not induce apnea or hypopnea when
administered while the patient was breathing through the
mouth (Fig 3). In P2, this finding replicated 4 of 4
times, and in P7, this finding replicated 2 of 2 times.
Neither patient had any reduction in respiratory rate or
tidal volume during electrical stimulation of the amyg-
dala while breathing through the mouth.

Stimulation-Induced Apnea Can Be Interrupted
by Prompting to Breathe

Given the potential importance of our findings to life-
threatening apnea and SUDEP, we wanted to know
whether we could prompt patients to overcome the
induced apnea by instructing them to breathe during
electrical stimulation of the amygdala. To test this
hypothesis, we instructed 3 patients (P4, P5, and P7) to
take a breath during electrical stimulation of the amyg-
dala, after apnea had begun. All 3 patients were able to
overcome the apnea during electrical stimulation of the
amygdala (Fig 4). Patient P5 performed this task a single
time, whereas P7 and P2 were both asked to breathe dur-
ing stimulation on four separate occasions. Both patients
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FIGURE 3: Amygdala-stimulation-induced apnea is specific
to the nasal breathing route. Examples of amygdala stimula-
tion delivered during nasal and oral breathing conditions in
two patients (P2 and P7). Each row shows the respiratory
response during a repetition for nose and mouth breathing.
Thus, P2 performed four repetitions and P7 performed two
repetitions.

were able to overcome apnea and inhale each time they
were asked.

Stimulation-Induced Apnea Occurs During Sleep
Given that SUDEP occurs more frequently during sleep,
we wanted to test whether electrical stimulation still
induced apnea during sleep. To test this hypothesis, we
electrically stimulated the amygdala of 1 patient (P2)
during sleep. Sleep was confirmed using standard sleep-
scoring techniques from surface electrodes placed on the
patient’s scalp. When the patient was confirmed to be in
stage 2 sleep for 5 continuous minutes, electrical stimula-
tion was administered and apnea was induced (Fig 5).
Apnea occurred on four separate occasions of electrical
stimulation administered during sleep in P2.

Stimulation-Induced Apnea Is Specific to the
Mesial Portion of the Amygdala

The mechanism underlying amygdala involvement in
respiratory control is unknown. Anatomically, the amyg-
dala is functionally heterogenecous and can be divided
into lateral and medial subdivisions.”> The extended
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amygdala is a basal forebrain continuum that runs from
the medial dorsal amygdala that contains the central
nucleus of the amygdala (CeA) and medial nucleus of
the amygdala and extends rostrally to the bed nuclei of
the stria terminalis (BNST) and the shell of the nucleus
accumbens.”® The extended amygdala has a powerful
influence over the autonomic network, with direct con-
nections to the brainstem. One mechanism by which
amygdalar involvement in seizures could induce apnea is
through the central subdivision and its direct connections
to these control regions. In support of this hypothesis,
data from rodents suggest that the central nucleus of the
amygdala is involved in respiratory control.'* To test
whether human amygdala-stimulation—induced apnea is
specific to medial (including the CeA) as opposed to lat-
eral amygdala subregions, we stimulated more laterally
along the depth wire inserted into the amygdala, and
observed elimination of apnea effects in lateral amygdala
locations in 2 patients (Fig 6). In patient P6, bipolar
electrical stimulation of the two medial-most contacts of
the amygdala reliably induced apnea, whereas bipolar
stimulation of the neighboring pair just lateral did not
(Fig 6A). In patient P7, the same was true (Fig 6B).
These results suggest that apnea can only be induced
during stimulation of the medial subdivision of the
human amygdala, which we surmise are likely within the

bounds of the CeA.?

P4 Trial 1

Patient instructed: Take a breath

0 10 20 30 40 50

Time (s)
P6 Trial 1 Trial 2
Patient instructed: Take a breath Patient instructed: Take a breath
0 10 20 30 40 50 60 0 10 20 30 40 50
Time (s) Time (s)
P7 Trial 1 Trial 2

Patient instructed: Take a breath Patient instructed: Take a breath

1 1 1 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 O 10 20 30 40 50 60
Time (s) Time (s)

FIGURE 4: Amygdala-stimulation-induced apnea can be
interrupted by instructing the patient to take a breath.
Examples of apnea during amygdala stimulation that is
interrupted by instructing the patient to inhale. Each repeti-
tion for each patient is shown as labeled. During stimula-
tion, the patient was instructed to take a breath (thick black
vertical line), and interruption of apnea can be seen.
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FIGURE 5: Electrical stimulation of the amygdala induces apnea during stage 2 sleep. Electrical stimulation was delivered to
the amygdala of one patient (P2) during stage 2 sleep. The red trace is iEEG data from the amygdala showing the stimulation,
with the blue trace showing the respiratory signal. Below is simultaneously recorded surface EEG data from the frontocentral
electrodes, with an inset below of a magnified 10-second period preceding stimulation, showing the presence of sleep spindles

and confirming stage 2 sleep. Clear apnea can be observed in the blue trace following electrical stimulation of the amygdala
during sleep. iEEG = intracranial electroencephalogram.

Discussion our study solidifies the already existing evidence sugges-
In line with recent studies,”'® we found that electrical ting a role for the amygdala in respiratory control. It
stimulation of the human amygdala consistently induces should be noted that our study, like the previous reports,
apnea. By including data from a larger group of patients, also suffers from selection and observational biases
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FIGURE 6: Amygdala-stimulation-induced apnea is specific
to the medial subregions of the amygdala. Two patients
had electrode coverage spanning the mesial and lateral por-
tions of the amygdala, providing the opportunity to test
whether the effect differed across the medial and lateral
amygdala subregions. In two patients (P6 and P7), we deliv-
ered bipolar stimulation to the mesial-most and lateral-most
contacts within the amygdala, and in both patients, we
found that apnea only occurred during stimulation of the
medial amygdala. The red traces show the iEEG data from
the amygdala, with the blue traces showing the respiratory
signal. Below each example is the individual patient's amyg-
dala electrode locations. The yellow circles indicate which
two electrodes were stimulated in each instance.
iEEG = intracranial electroencephalogram.

inherent to case studies. Beyond observation of
amygdala-induced apnea in a larger group of patients,
our data contribute several interesting new aspects to the
recent emerging literature on this topic, which may begin
to uncover new avenues of research into preventative
measures for seizure-related respiratory irregularities. We
found that amygdala-stimulation-induced apnea could be
prevented by asking patients to breathe through their
mouths several minutes before delivering stimulation. We
also found that apnea could be interrupted by directly
instructing patients to take a breath during stimulation
once apnea had begun. We found that apnea is only
induced when the medial subregion (specifically the cen-
tral nucleus) of the amygdala is stimulated, with no
apnea occurring as a result of lateral amygdala stimula-
tion. Previous studies implicate a more lateral apnea-
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inducing stimulation site. However, the location of the
most medial stimulation site when noted in these studies
seems to juxtapose the mesial amygdalar nuclei.” In ani-
mal studies, the lateral and basolateral amygdala lack an
afferent connection to brainstem respiratory centers,
unlike the medial subregions.’** Thus, our finding that
stimulation-induced apnea is selective to medial amyg-
dala stimulation dovetails with anatomical connections
between the amygdala and respiratory control cen-
ters.””*® We cannot exclude the possibility that descend-
ing fibers tracts are stimulated during our trials, rather
than neuronal populations within the amygdala; however,
this is less likely given that no large fiber bundles are
known to be present in the location of our stimulation,
and our stimulation intensity is unlikely to directly affect
tissues a substantial distance away.?>*’

Overall, we suggest a mechanism whereby the
amygdala exhibits control over breathing through exten-
sive connections to the extended amygdala. The extended
amygdala, comprising chiefly the CeA and BNST, is a
part of the central autonomic network that is intercon-
nected between higher-order cortical areas, brainstem
respiratory centers such as the ventral lateral medulla,
nucleus of the solitary tract, periaqueductal gray, the par-
abrachial nucleus, and hypothalamic networks, raising
the possibility that it could be the missing link in the
mediation of SUDEP'*** The extended amygdala is
activated by seizures, and its activation can have powerful
effects on heart rate, blood pressure, and respiratory
function.’®>* There is controversy regarding whether
cardiac failure or respiratory arrest is more important as
the primary cause of death in SUDEP’ Activation of
this region could also be partly responsible for general
ANS dysfunction with seizures in people with longstand-
ing epilepsy.***

In addition to finding that amygdala stimulation
induces apnea, studies have also found that breathing is
inhibited when seizures spread to the amygdala.”'® Inso-
far as these data suggest a potential amygdalar role in
SUDERD, it follows that discovering ways to prevent this
effect could prevent SUDEP. In light of this, we found a
key attentional component to stimulation-induced apnea
and potential techniques that can prevent and interrupt
stimulation-induced apnea. In 2 of 2 patients, with mul-
tiple repetitions, amygdala-stimulation—induced apnea
did not occur during mouth breathing, and in 3 of 3
patients, it could be interrupted with a prompt to take a
breath. Additionally, we found amygdala-stimulation—
induced apnea occurred during stage 2 sleep, suggesting
that this is not a state-dependent phenomenon, and dem-
onstrating the vulnerability of epilepsy patients to apneas
following seizures during sleep, when the patient’s

Volume 83, No. 3



attention is diminished, and when there may be no one
else present to bring the patient’s attention to breathing.

The implication from these observations is that
altered breathing prior to stimulation onset has the
potential to stop apnea; forced mouth breathing prior to
a seizure could potentially prevent hypoventilation and
SUDEPD. In individuals who naturally breathe through
their noses, sustained mouth breathing can bring atten-
tional focus to respiration. Although our experimental
design required switching between nasal and oral breath-
ing, effectively bringing attention to both nasal and oral
breathing conditions (and yet apnea still only occurred
during nasal breathing conditions), we cannot eliminate
the possibility that the lack of apnea during mouth
breathing was the result of attentional factors, rather than
a reflection of the anatomical difference between the two
breathing routes. The attentional component of both the
breath prompting and the mouth breathing exercise adds
to the hypothesis that decreased consciousness and a pro-
longed postictal state following a seizure contributes to
SUDEP and strategies that can regain the patient’s atten-
tion have the potential to arrest apnea.®”*°

The fact that amygdala-stimulation—induced apnea
can be overcome with attentional interventions raises an
interesting question regarding the implications of amyg-
dalectomy and whether electrical stimulation of amygdala
regions represents activation or disruption of ongoing
amygdala activity. For example, if stimulation represents
an interruption of normal amygdala activity, then this
would suggest necessity of an intact amygdala for normal
breathing. If this were the case, we would expect to see
respiratory dysfunction, including apnea, following amyg-
dala resection. While some effects of this sort, including
reduced respiratory rates, have been reported,”” they do
not explain the severity of symptoms we observed,
though unilateral amygdalectomy would leave one amyg-
dala intact—raising the possibility that it could take over.
Alternatively, if stimulation represents activation, as
opposed to interruption of the amygdala, then this would
suggest necessity of intact amygdala for respiratory pause.
There are no studies to date that have conducted a
detailed examination of respiratory patterns in patients
with resected amygdalas, and given our findings, this
would be of high interest for future studies. Regardless,
it is clear that patients who undergo amygdala resection
are able to breathe, thus limiting the clinical impact of
our findings to some degree. One potential explanation
for these apparent discrepancies is that the amygdala may
not be directly involved in respiratory control; rather it
may be the extensive connections between the amygdala
and autonomic centers in the brainstem that cause the
observed effects. It may be that only with sustained
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abnormal activation from these amygdala regions, be it
from seizures or stimulation, does propagation lead to
SUDEP. That said, it is possible that amygdala resection
patients could show deficits in established respiratory
modulations in response to unpleasant and fearful stim-
uli, especially odors.”® This remains to be tested in future
studies.

Notably, the amygdala’s role in respiratory control
could relate to its close anatomical and functional relation-
ship with the olfactory system. The amygdala receives
direct input from the olfactory bulb (just one synapse
from olfactory sensory neurons in the nose), and olfactory
sampling is inextricably related to breathing—it is impos-
sible to encounter a smell without first inhaling through
the nose. Beyond delivery of odor stimuli to the nose,
olfactory sampling networks perform rapid adaptive con-
trol over sniffing when potentially threatening chemicals
are detected. In humans, behavioral data suggest that the
olfactory system achieves odor-specific sniff reductions
within 160ms of sniff onset, suggesting a subcortical
mechanism.*®%° The amygdala, with its direct connections

to the olfactory bulb,** and autonomic control centers

by the BNST*"*> combined with its well-established role

in threat detection,>” 08

is a prime candidate for medi-
ating fast protective respiratory modifications in response
to potentially threatening chemical simuli.

In humans, the continuous, involuntary rhythm of
breathing is generated within the brainstem®; however,
very little is known about the conscious control of breath-
ing.%* This study demonstrates a role for the amygdala in
voluntary respiratory control and allows for further study
of this pathway in dysfunctional breathing states—not
only in those with epilepsy, but also infants with develop-
mental abnormalities and in neurodegenerative disorders.
It is our hope that understanding how we can prevent
amygdala-stimulation—induced apnea will pave the way for
research into potential avenues to explore for the preven-
tion of SUDEP whether by more detailed examination
into these neuronal pathways and alterations induced by
seizures or by preventing SUDEP by more acute interven-
tions, such as wearable convulsive seizure detectors, to aide

. . . . . 0
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