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Abstract: Postictal apnea is thought to be a major cause of sudden unexpected death in epilepsy 42 

(SUDEP). However, the mechanisms underlying postictal apnea are unknown. To understand causes of 43 

postictal apnea, we used a multimodal approach to study brain mechanisms of breathing control in 20 44 

patients (ranging from pediatric to adult) undergoing intracranial electroencephalography (iEEG) for 45 

intractable epilepsy. Our results indicate that amygdala seizures can cause postictal apnea. Moreover, we 46 

identified a distinct region within the amygdala where electrical stimulation was sufficient to reproduce 47 

prolonged breathing loss persisting well beyond the end of stimulation. The persistent apnea was resistant 48 

to rising CO2 levels, and air hunger failed to occur, suggesting impaired CO2 chemosensitivity. Using es-49 

fMRI, a novel approach combining electrical stimulation with functional MRI, we found amygdala 50 

stimulation altered BOLD activity in the pons/medulla and ventral insula. Together, these findings 51 

suggest that seizure activity in a focal subregion of the amygdala is sufficient to suppress breathing and 52 

air hunger for prolonged periods of time in the postictal period, likely via brainstem and insula sites 53 

involved in chemosensation and interoception. They further provide new insights into SUDEP, may help 54 

identify those at greatest risk, and may lead to treatments to prevent SUDEP. 55 

  56 



INTRODUCTION 57 

Sudden unexpected death in epilepsy (SUDEP) accounts for 10–50% of all deaths in individuals 58 

with medically refractory epilepsy [1]. Accumulating evidence indicates the majority of SUDEP cases 59 

occur after seizures from loss of breathing [2, 3]. Patients at greatest risk of SUDEP are those with 60 

pharmacoresistant epilepsy, especially those referred for epilepsy surgery and/or continue to have seizures 61 

after surgery [1, 4]. Critical insights into SUDEP come from rare cases witnessed in epilepsy monitoring 62 

units (EMUs) where electroencephalographic, cardiac, and respiratory function could be assessed [3]. In 63 

those cases, apnea (absence of breathing) was identified from video recordings of chest wall movement, 64 

which was visible after seizure activity ceased (i.e., in the postictal period) [3]. In each case, transient 65 

episodes of postictal apnea persisted for minutes until the apnea became sustained and there was no recovery 66 

of respiratory movement prior to terminal asystole and death. Other studies of cardiorespiratory function 67 

following generalized convulsive seizures identified near-SUDEP cases [5-7] and patients that 68 

subsequently died of SUDEP [8]. In these cases, periods of persistent postictal apnea and breaths with 69 

markedly smaller tidal volume occurred. In some cases, this led to temporary asystole which resolved 70 

spontaneously or required cardiopulmonary resuscitation. Together, these studies indicate that postictal 71 

apnea is a major cause of SUDEP. However, the mechanistic causes of postictal apnea are unknown. 72 

 73 

In contrast to postictal apnea, apnea that only occurs during a seizure (i.e., ictal apnea) is more 74 

common but less severe than persistent postictal apnea and is estimated to occur in 33-40.5% of all seizures 75 

[7, 9-11]. In studies of adult and pediatric epilepsy patients undergoing intracranial electroencephalography 76 

(iEEG) and continuous respiratory monitoring, seizure propagation to the amygdala was associated with 77 

ictal apnea [12]. Delivering electrical stimuli directly to a focal site in the amygdala with implanted 78 

electrodes reproduced the apnea observed during seizures [12-15], thus confirming a role for the amygdala 79 

in inhibiting respiration and causing apnea. However, these events were self-limited and breathing promptly 80 

resumed when the electrical stimulation or seizure activity within the amygdala ended. Together these 81 

studies suggest that the amygdala is functionally connected to the brainstem respiratory network, can inhibit 82 



breathing, and plays a key role in ictal apnea. However, they also raise questions about amygdala seizure-83 

induced ictal apnea and its potential relationship with postictal apnea associated with SUDEP. If seizure 84 

activity in the amygdala stops, what causes postictal apnea? Thus, are these two forms of apnea (ictal vs. 85 

postictal) related? Is postictal apnea a more severe form of ictal apnea or is it a distinct entity? Does postictal 86 

apnea occur only after generalized convulsive seizures (postconvulsive central apnea) or can postictal apnea 87 

also be a sequelae of focal seizures? And what mechanisms, brain sites, and pathways might be involved 88 

in postictal apnea? Answering these questions is critical for improving our understanding of the neural 89 

mechanisms that lead to SUDEP. This knowledge is needed to inform the rational design of new SUDEP 90 

prevention management strategies.   91 

 92 

To answer such questions and determine whether the amygdala or other forebrain sites might be 93 

involved in postictal apnea and possibly SUDEP, we studied 20 patients with intractable epilepsy 94 

undergoing iEEG monitoring for seizure focus localization. We recorded iEEG and breathing during 95 

stimulation-evoked seizures to identify brain sites associated with postictal apnea. We also functionally 96 

mapped the brain using electrical stimulation below seizure threshold to identify focal sites that elicited 97 

changes in breathing and characterize the nature and persistence of site-specific stimulation effects, 98 

including the persistent apnea observed in SUDEP. Machine learning was subsequently used to identify a 99 

common region across patients critical for postictal apnea. To understand mechanisms underlying these 100 

respiratory effects, we examined whether CO2 respiratory sensitivity was altered. We then used a novel 101 

experimental approach that combined direct electrical brain stimulation concurrent with functional 102 

magnetic resonance imaging (fMRI) to identify brain connections that underlie postictal apnea. 103 

 104 

RESULTS  105 

Stimulation-induced seizures in the amygdala elicited ictal and persistent postictal apnea 106 

Looking for possible occurrences of postictal apnea (at least 20 seconds of apnea after seizure 107 

terminated), we systematically analyzed breathing before, during and after stimulation-induced seizures in 108 



20 patients while they were awake and resting in bed in the epilepsy monitoring unit. Importantly, none of 109 

these seizures required intervention and thus respiratory recordings continued unimpeded while the 110 

patient was monitored alone in bed. Strikingly, in three patients, amygdala seizures (n = 4 seizures) not 111 

only elicited ictal apnea but led to persistent postictal apnea (Figure 1). In P413, 5 second stimulation of 112 

the right amygdala induced a 30 second focal seizure with ictal apnea which was followed by disordered 113 

breathing and apneas in the immediate postictal period (Figure 1A). Notably, postictal apneas became 114 

longer and more profound approximately 2.5 minutes after the seizure terminated, a pattern that 115 

resembled previously reported cases of postictal apnea in SUDEP [3]. Remarkably, postictal apneas lasted 116 

for more than 13 minutes beyond seizure termination before returning to a normal breathing pattern. 117 

Similarly, in a second patient (P457), stimulation of the right amygdala induced a focal seizure with apnea 118 

and intermittent sporadic breaths (Figure 1B). After the seizure activity ceased, the apneas persisted into 119 

the postictal period for 2.5 minutes, a finding reproducible in a second seizure induced from the right 120 

amygdala. Stimulating the contralateral amygdala induced unilateral seizures (n = 3 seizures) with only 121 

ictal apnea, as regular breathing resumed quickly following seizure termination (Figure 1B, bottom three 122 

panels). In a third patient (P466) amygdala stimulation evoked a seizure with ictal apnea and postictal 123 

apneas persisting for over 60 seconds (Figure 1C). After these events, all three patients denied any 124 

awareness that their breathing had changed and did not report any shortness of breath, air hunger, or 125 

display any visible signs of respiratory distress during or after the postictal apneas. In four other patients, 126 

amygdala stimulation resulted in focal seizures (n = 12 seizures) that were associated with ictal apnea but 127 

not postictal apnea (Figure 1D, Table 1). Together, these findings indicate that seizure activity within the 128 

amygdala is associated with both ictal apnea and postictal apnea. Moreover, these findings suggest 129 

potentially important differences between patients and their vulnerability to the suppressive respiratory 130 

effects from seizure activity in the amygdala. 131 

 132 

Amygdala stimulation below seizure threshold evoked persistent post-stimulation apneas 133 



To test whether postictal apnea was due to inhibition of respiration as a result of seizure activity 134 

within the amygdala versus other forebrain sites, we functionally mapped sites for breathing effects using 135 

focal electrical stimulation below seizure threshold. In two of 20 patients (P413 and P457), stimulation 136 

induced-seizure thresholds were so low that electrical stimulation effects could not be distinguished from 137 

seizure-induced effects. In the 18 patients that we could map, apnea was observed in 16 patients during 138 

amygdala stimulation (Table 1). Stimulation at all other forebrain sites did not elicit apnea. 139 

 140 

Strikingly, in three of the 16 patients – P352, P384, and P466 (Figure 2, Table 1), electrical 141 

stimulation of the amygdala below seizure threshold not only induced apnea during stimulation but also 142 

elicited apnea post-stimulation (at least 20 seconds of apnea after electrical stimulation had been 143 

terminated, Figure 2). Post-stimulation apnea was consistently observed across multiple trials in each 144 

patient. Importantly, post-stimulation apneas occurred in the absence of seizure activity and had 145 

characteristics that were remarkably similar to the postictal apnea spells observed following seizures 146 

described above. For example, in P352, stimulating the right amygdala below seizure threshold for 30 147 

seconds led to post-stimulation apneas (Figure 2A) lasting 62.9 seconds on average over three trials. P352 148 

was able to override the stimulation-induced apnea when instructed to breathe, confirming that apnea was 149 

not caused by impairment in respiratory musculature or airway obstruction (e.g., due to laryngospasm) 150 

(Figure 2A). In the absence of instruction to take additional breaths, apnea resumed, suggesting that 151 

cortically controlled breathing did not entrain or re-engage the brainstem central pattern generator 152 

responsible for automatic breathing (i.e., breathing not driven by conscious volition or by a ventilator). In 153 

P384, a 12.5 second left amygdala stimulation induced a period of apnea which was followed by repeated 154 

apneic periods for over 100 seconds after stimulation ended (Figure 2B). In P466, persistent apneic 155 

periods lasted up to 45.7 seconds after the end of a 7 second left amygdala stimulation (Figure 2C), an 156 

effect similar to the postictal apnea observed in the same patient (Figure 1C). These findings indicate that 157 

in some patients with medically refractory epilepsy, electrical stimulation of the amygdala can 158 

persistently inhibit breathing and cause apneas that extend beyond the window of stimulation. 159 



 160 

The amygdala was the only stimulated forebrain site that elicited post-stimulation apnea  161 

In total, 51 stimulation trials were conducted at 15 sites in the three patients with post-stimulation 162 

apnea (Figure 2D). As described above in each of the three patients, stimulation of specific amygdala sites 163 

elicited post-stimulation apneas. However, stimulation of eight other amygdala sites across 30 trials in 164 

these patients did not induce post-stimulation apneas but elicited a range of effects on breathing, from no 165 

change to apnea which lasted the duration of stimulation. In contrast, stimulating four non-amygdala sites 166 

in adjacent white matter, hippocampus, and orbitofrontal cortex across 14 trials had no effect on 167 

breathing, either during or after stimulation. These findings suggest that post-stimulation apnea was 168 

limited to amygdala stimulation in this cohort of patients and brain sites studied here and not from 169 

widespread current spread to adjacent sites. Moreover, only specific sites within the amygdala were 170 

sufficient to induce post-stimulation apnea.  171 

 172 

Amygdala stimulation evoked persistent post-stimulation apneas without air hunger or distress 173 

Because our patients denied awareness of breathing changes and did not report any air hunger 174 

during postictal apnea, we asked whether these sensations were also lacking during post-stimulation apnea. 175 

During post-stimulation apnea, all three subjects were unaware that their breathing had changed, did not 176 

struggle to breathe at any time, did not report an urge to breathe, maintained a neutral facial expression, did 177 

not report any emotional change, and denied experiencing any sense of respiratory distress. The lack of 178 

these sensations associated with post-stimulation apnea indicates that the amygdala not only caused 179 

respiratory arrest, but also suppressed dyspnea and the primal sensation of air hunger associated with apnea. 180 

Furthermore, it suggests that in some patients with epilepsy, the normal protective perception of air hunger 181 

may be suppressed for an extended period of time following a seizure. 182 

 183 

Persistent postictal and post-stimulation apnea localized to a specific site in the amygdala 184 



Because persistent post-stimulation apnea did not occur with stimulation at every site in the 185 

amygdala and because the amygdala is composed of multiple nuclei with different efferent and afferent 186 

connections, we asked if persistent apnea localized to an amygdala site and specific amygdala nuclei. We 187 

plotted all stimulated electrode pairs within the amygdala and immediately adjacent to the amygdala, 188 

including the hippocampus, orbitofrontal cortex, Heschl’s gyrus, and adjacent white matter for all subjects 189 

onto a 3D common anatomical space using the Montreal Neurological Institute (MNI) coordinate system. 190 

We projected the respiratory effects elicited from each electrode pair onto the 3D anatomical common 191 

space. Because of the dense number of contacts stimulated, we first plotted the results from the 18 patients 192 

we could functionally map excluding sites causing persistent apnea so that our findings could be more 193 

clearly illustrated (N = 18 patients, n = 82 sites, m = 347 stimulation trials, Figure 3A). Apnea occurred 194 

throughout the duration of stimulation at 25 amygdala sites. Transient apnea, in which breathing resumed 195 

prior to the end of stimulation, occurred at 10 amygdala sites. Stimulation at 47 sites both within the 196 

amygdala or in structures near the amygdala elicited no effect on breathing. Stimulations that induced apnea 197 

localized to a medial region of the amygdala. This location was similar across all ages (pediatric and adult), 198 

appearing consistent with the previously identified amygdala inhibition of respiration (AIR) site [13]. 199 

 200 

Next, we projected the results from the five patients that had persistent post-stimulation and 201 

postictal apnea (N = 5 patients, n = 21 sites, m = 57 stimulation trials, Figure 3B) onto the 3D anatomical 202 

common space. Persistent apnea was elicited at five sites, apnea limited to the duration of stimulation 203 

occurred at two sites, transient apnea occurred at two sites, and 12 sites had no effect. Sites that induced 204 

persistent apnea clustered together and mostly spanned the basolateral (BL) amygdala but included the 205 

medial portion of the lateral nucleus and corticomedian nuclei. This effect was specific to these nuclei and 206 

was not seen with stimulation of other immediately adjacent sites in the lateral amygdala, white matter 207 

immediately lateral to the amygdala, or hippocampus.  208 

 209 



Machine learning predicts amygdala site that can induce persistent postictal or post-stimulation 210 

apnea 211 

Next, we asked if the region in the amygdala that induced persistent apnea was different than the 212 

region in the amygdala that induced apnea. We used machine learning classification to predict stimulation 213 

effects from sites. We applied a multi-class support vector machine classifier to predict the respiratory 214 

outcome (persistent apnea, apnea, transient apnea, or no effect) based on the MNI coordinate of the 215 

midpoint between stimulated electrode contacts (see Rhone, Kovach [13]) across this 20-patient cohort. 216 

This included results from stimulation with or without associated seizures (N = 20 patients, n = 87 sites) to 217 

create probabilistic maps of the respiratory outcome. Probabilistic maps of the respiratory 218 

outcome identified a small region of the amygdala that was most likely to result in apnea (up to a 90% 219 

probability) (Figure 4A,B), a focal site consistent with the previously identified AIR site. Persistent apnea, 220 

although not observed in all subjects or all amygdalae, only occurred with stimulation in a more focal area 221 

of the amygdala. This focal site with the highest likelihood of persistent apnea lies within a circumscribed 222 

area of the AIR site (Figure 4A,B), which we refer to as the persistent AIR (pAIR) site.  223 

 224 

Amygdala stimulation evoked persistent post-stimulation hypoventilation despite hypercapnia 225 

Because previous studies suggested that postictal hypoventilation in the absence of complete 226 

respiratory arrest may also play a role in SUDEP [8, 16], we explored whether amygdala stimulation might 227 

alter and suppress the normal respiratory response to elevated levels of CO2. We used a unique opportunity 228 

to study P384 in the operating room while the patient was under anesthesia, orally intubated, breathing on 229 

his own, and connected to a ventilator. This clinical setting enabled us to obtain precise measures of tidal 230 

volume, minute ventilation, and etCO2 (Figure 5). Stimulation at amygdala sites across multiple trials 231 

induced apnea similar to what was observed when P384 was awake. For example, a 30 second stimulation 232 

of the right amygdala (R2-3, Figure5A, left panel) induced apnea (Figure 5B). This apnea resulted in an 233 

increase in etCO2 above baseline levels (hypercapnia) (Figure 5C). After stimulation ended, tidal volume, 234 

respiratory rate, and minute ventilation rapidly increased above baseline levels, consistent with increased 235 



CO2 levels as a potent driver of respiration. Importantly, these findings indicated that the drive to breathe 236 

was intact while the patient was under anesthesia. Increased ventilation was followed by a reduction in 237 

etCO2 and a subsequent return to normal ventilation levels within 30 seconds. In stark contrast, a 30 second 238 

stimulation of the same left amygdala contacts (L2-L3, Figure 5A, middle panel) that caused post-239 

stimulation apnea while P384 was awake induced apneas that persisted more than 30 seconds after 240 

stimulation ended and lasted 153 seconds total (Figure 5D). However, unlike the previous stimulations, 241 

after independent breathing resumed, tidal volumes and minute ventilation remained low for more than 15 242 

minutes, despite the patient being hypercapnic (Figure 5E-G). As the tidal volume slowly increased toward 243 

baseline levels, the hypoventilation resolved, and etCO2 slowly returned to baseline levels. Stimulations of 244 

a more lateral amygdala site (Figure 5A, left panel), adjacent white matter (Figure 5A, left panel), and 245 

hippocampus (Figure 5A, right panel) did not cause apnea or hypoventilation (Figure 5H, I), suggesting 246 

that these effects were amygdala specific and localized to a specific subregion of the amygdala (Figure 5J). 247 

These findings suggest that stimulating a specific amygdala site reduced the CO2 respiratory drive, and that 248 

reduced CO2 sensitivity was not due to an inherent genetic trait [8] or anesthesia [17]. Moreover, these 249 

findings suggest that ictal and postictal hypoventilation may be due to seizure activity in the amygdala that 250 

reduces CO2 respiratory drive.  251 

 252 

Persistent postictal apnea and post-stimulation apnea is not due to ongoing seizure activity or other 253 

neural correlates in the amygdala 254 

Next, we asked if postictal or post-stimulation apnea was due to persistent seizure or other 255 

correlated electrophysiologic activity in the amygdala (Figure 6). In all five patients, iEEG analysis did not 256 

reveal any amygdala seizure events associated with postictal or post-stimulation apneas (Figure 6A-C) 257 

Analysis of canonical iEEG frequency bands (delta, theta, alpha, beta, low gamma, high gamma) from 258 

amygdala recordings obtained during the periods of postictal and post-stimulation apnea compared to 259 

normal baseline breathing did not identify any significant power changes (Wilcoxon sign rank test; p > 260 

0.625, FDR corrected; Figure 6D). Next, we examined the correlation between the respiratory trace and the 261 



envelope of the canonical EEG frequency bands to determine if fluctuations in amygdala activity were 262 

related to the patient’s ventilatory patterns. No difference in correlation was observed between states of 263 

normal baseline breathing and states of postictal or post-stimulation apneas (Wilcoxon sign rank test; p > 264 

0.7, FDR corrected; Figure 6E). These findings suggest that postictal and post-stimulation apnea was not 265 

due to persistent seizure activity or correlated electrophysiological activity in the amygdala but due to 266 

persistent suppressive effects at downstream brainstem sites engaged in regulating breathing. 267 

 268 

The pAIR site is functionally connected to pontomedullary brainstem and insula sites 269 

To identify sites downstream from amygdala that may be critical for ictal and postictal apnea 270 

without air hunger, we used a novel experimental approach, electrical stimulation fMRI (es-fMRI) [18]. 271 

With this approach, electrical stimuli are delivered through depth electrode contacts while the patient is in 272 

the MRI machine. The electrical stimulation can activate or inhibit functionally connected sites elsewhere 273 

in the brain, identified by measuring the BOLD responses within functionally connected sites (Figure 7A). 274 

Using the es-fMRI method, it is feasible to study effective connectivity, defined as causal connections 275 

between brain sites, as opposed to simple correlative associations [19]. First used in non-human primates, 276 

major recent technical advances have been made and obstacles overcome for use of this experimental 277 

method in humans. With es-fMRI, we can study causal effects of amygdala stimulation on whole brain 278 

including brainstem, with a degree of brain coverage not possible with iEEG. Because of limitations 279 

associated with performing MRI based studies in younger patients (e.g., requirement for sedation), and 280 

practical considerations related to patient care workflow, not all implanted patients involved in brain 281 

physiology experimental studies participate in this novel experimental approach. Despite these limitations 282 

and constraints, one of our patients with persistent apnea, P352, was able to participate in the es-fMRI 283 

protocol with stimulation of the pAIR site (amygdala contacts R2-R3, Figure 7B). Unlike continuous 284 

electrical stimulation at the bedside which caused persistent apnea (Figure 7C), an effect that would 285 

confound fMRI BOLD analysis, short stimulation pulses of the pAIR site in P352 only briefly disrupted 286 

normal breathing (Figure 7D). The periods of respiratory disruption that occurred during the es-fMRI 287 



experiment were too brief to substantially alter CO2 concentrations, which otherwise might have 288 

confounded the fMRI BOLD analysis. Strikingly, stimulation caused a significant decrease in BOLD 289 

activity within the medulla (p < 0.001; Figure 7E, top panel) and superior pons (p < 0.001; Figure 7E, 290 

middle panel), brain sites known to be engaged in controlling respiration. Interestingly, we also found that 291 

stimulating the pAIR site significantly increased BOLD activation within the ventral insula (p < 0.001; 292 

Figure 7E, bottom panel), a site implicated in the perception of air hunger[20]. To test whether the decreased 293 

BOLD activity in the medulla and pons was specific to the pAIR site stimulation, we also stimulated 294 

amygdala contacts R3-4 which lie outside of this region (Figure 7F). R3-4 stimulation produced no effects 295 

on breathing (Figure 7G-H) and no significant changes in brainstem BOLD activity (Figure 7I, gray bars), 296 

suggesting the es-fMRI BOLD responses in pons and medulla were specific to the R2-3 sites. We further 297 

stimulated a control site outside the amygdala and found no effect on breathing or brainstem BOLD signal 298 

(Figure 7I, white bars). These findings suggest that apnea caused by amygdala stimulation at the pAIR site 299 

may be due to inhibition of the brainstem respiratory network in the medulla or pons, while suppression of 300 

air hunger may be related to stimulation-induced changes observed within the insula.  301 

 302 

DISCUSSION  303 

Here we used a multimodal approach to study 20 epilepsy patients at highest risk for SUDEP 304 

undergoing iEEG for seizure focus localization. Our experiments were designed to address several 305 

questions related to forebrain control of breathing, postictal apnea, and SUDEP. First, we asked if ictal 306 

apnea and postictal apnea are related or are they distinct, separate phenomena. Our data here suggest that 307 

they are related. Postictal apnea was preceded by ictal apnea in all cases, suggesting that ictal apnea may 308 

lead to postictal apnea, or that postictal apnea may be a severe form of ictal apnea that persists after 309 

seizure. Importantly, because we observed postictal apnea to follow ictal apnea in every case, these 310 

findings suggest that ictal and postictal apnea share underlying mechanisms.  311 

 312 



Next, we asked whether postictal apnea can occur with focal seizures or if it is a phenomenon that 313 

only occurs with generalized convulsive seizures. Our data here suggest generalized convulsive seizures 314 

are not required for postictal apnea. Others have hypothesized that ictal apnea results from seizure-315 

induced cortical dysfunction, whereas postictal apnea only results from a generalized convulsive seizure 316 

that spreads to the brainstem and disrupts the brainstem respiratory network [7]. Here we found that focal 317 

seizures were sufficient to induce both ictal and postictal apnea, indicating that focal seizures can disrupt 318 

the brainstem respiratory network even after the seizure ends. Although our data indicate focal seizures 319 

can cause postictal apnea, accumulating evidence indicates that the majority of SUDEP cases occur from 320 

postictal apnea after a generalized convulsive seizure [3]. Postictal apnea may be more likely to lead to 321 

death when an epilepsy patient is obtunded, confused, and their breathing becomes mechanically 322 

obstructed, a setting which is more likely to occur after a generalized convulsive seizure than a focal 323 

seizure.   324 

 325 

Third, we asked what brain sites, pathways, and mechanisms might be involved in postictal 326 

apnea. Using invasive intracranial seizure recordings, we found that seizure activity in the amygdala 327 

evoked postictal apnea which persisted, lasting up to 13 minutes in one patient. These findings are 328 

consistent with the postictal apneas that occurred in monitored SUDEP cases in MORTEMUS [3]. In 329 

MORTEMUS, postictal apneas varied, lasting up to 10 minutes after a generalized convulsive seizure 330 

while the patients were prone face down in bed and obtunded, leading to terminal apnea and death. 331 

Despite the importance of postictal apnea, no previous reports studied or reported postictal apnea during 332 

forebrain mapping studies of breathing control [12, 13, 15, 21-23]. It is possible that other sites outside 333 

the amygdala may also be involved in postictal apnea which would require study beyond the current 334 

work. Nevertheless, and notably, the present study is the first to identify a brain site that plays a critical 335 

role in postictal apnea in pediatric and adult epilepsy patients.  336 

 337 



Electrical stimulation mapping combined with machine learning indicated that apnea persisting 338 

beyond the window of stimulation was evoked within a focal subregion of the amygdala (pAIR site) in 339 

our patient cohort. This pAIR site lies within the previously identified AIR site wherein apnea occurred 340 

during stimulation. This amygdala subregion specificity is consistent with the results of previous studies 341 

in which both seizures and electrical stimulation that did not involve the amygdala failed to cause ictal 342 

apnea or stimulation-induced apnea [12-14, 21]. Through its role in inhibiting breathing and causing 343 

apnea, the amygdala might serve an important function in defense against threats, for airway protection, 344 

during speech, and/or for general volitional control of breathing [24, 25].  345 

 346 

 Using es-fMRI, the innovative approach that maps fMRI BOLD responses to electrical 347 

stimulation, pAIR site stimulation altered BOLD activity in the pons and medulla and in the ventral 348 

insula. These findings support important functional connections between the amygdala and sites 349 

previously implicated in respiratory control and interoceptive processing. Although still debated [26], 350 

converging evidence from a number of studies [27-30] suggests that reduction of BOLD activity is a 351 

marker for reduced neural activity. Thus, the decreased BOLD in the pons/medulla may suggest 352 

decreased activity in pontomedullary neurons, some of which may be critical for automatic respiratory 353 

rhythm generation such as those in parabrachial nucleus or the pre-Bötzinger complex (preBötC) [25, 29-354 

34]. Previous studies in rodents identified monosynaptic projections from the amygdala to preBötC 355 

neurons [35]. Notably, inhibitory input to preBötC neurons has been reported to produce an extended 356 

refractory period [36]. Thus, preBötC neuron inhibition may be particularly vulnerable to an extended 357 

period of suppression that might delay resumption of breathing. Alternatively, the reduced respiratory 358 

sensitivity to CO2 that followed amygdala stimulation may implicate CO2 sensitive neurons in the 359 

retrotrapezoid nucleus and serotonergic neurons in the medulla [37-40]. Extended suppression of these 360 

neurons might interfere with the potent ability of CO2 to promote breathing. Thus, it has been suspected 361 

that impaired CO2 sensitivity might contribute to SUDEP [8, 16]. These CO2-sensitive neurons stimulate 362 

preBötC neurons [39, 41, 42], an action thought to be especially important when CO2 levels rise and in 363 



non-wakeful periods such as sleep and unconscious postictal states [8, 43]. Thus, seizure activity in the 364 

amygdala might lead to postictal apnea and SUDEP by inhibiting diverse cell types involved in breathing 365 

control.  366 

 367 

When breathing is impaired, rising CO2 also serves as a powerful interoceptive stimulus 368 

triggering the primal sensation of air hunger, which gives rise to fear, arousal, and alarm [44]. We have 369 

consistently found that patients with apnea during and after amygdala stimulation lack air hunger, the 370 

emotional response to air hunger, and even the conscious awareness that they have stopped breathing, 371 

despite increased CO2 levels [12, 13]. The insula, which is known to be engaged in processing a range of 372 

interoceptive signals, is thought to play an important role in CO2-evoked air hunger [20, 45]. Thus, it is 373 

noteworthy that pAIR site stimulation increased BOLD activity in the ventral insula, suggesting a 374 

possible mechanism for how amygdala stimulation suppresses air hunger. Although it is not immediately 375 

clear how increased activity in the insula would suppress the perception of air hunger, insula activation 376 

detected by BOLD might correlate with a disruption of normal patterns of local neural circuitry signaling. 377 

Conceivably, the increased BOLD might be dominated by activation of inhibitory interneurons [46]. 378 

Supporting this finding, connections between the amygdala and insula have been well established, 379 

providing a clear anatomical rationale for these results [47]. Thus, we speculate loss of air hunger 380 

accompanying postictal apnea might be explained, at least in part, by prolonged disruption of insular 381 

function.  382 

 383 

In this report, we found that only five out of 20 patients studied developed postictal or post-384 

stimulation apnea. Thus, our data suggest that some patients with medically intractable epilepsy may be 385 

more prone to developing postictal apnea. The findings also suggest that within a given patient, seizure 386 

activity in one amygdala may be more likely to induce postictal apnea than the contralateral amygdala, 387 

although there was not a consistent right or left laterality detected. It also remains possible that these 388 

differences between patients and within patients may be artificial. For clinical purposes, only a single 389 



depth electrode is placed in the amygdala in each patient, and thus not all subregions of the amygdala can 390 

be selectively mapped. Thus, if we had been able to thoroughly map every amygdala site, we might have 391 

evoked post-stimulation or postictal apnea in every patient. However, an alternative, and we believe 392 

highly plausible, explanation is that there are functional differences in the amygdala across subjects, due 393 

to developmental differences or acquired changes due to seizures. Changes in brain connectivity in 394 

patients with temporal lobe epilepsy have been reported, including between the amygdala and other brain 395 

areas [48-51]. Moreover, developmental functional differences between the right and left amygdala have 396 

also been observed [52]. Conceivably, these developmental and acquired mechanisms may explain 397 

observed differences between patients and between the right and left amygdala in individual patients.   398 

 399 

This study has limitations that deserve consideration. First, the sample size is restricted because 400 

only a small subset of epilepsy patients are indicated for or elect to undergo intracranial electrode 401 

implantation [53]. Moreover, only a subset of those implanted are indicated for or elect to participate in 402 

respiratory related research protocols including esfMRI. Second, SUDEP typically occurs when epilepsy 403 

patients experience a spontaneous seizure while alone, but all the patients examined in this study were 404 

under close observation within an EMU during seizures evoked by stimulation. Third, we cannot target 405 

specific neurons and activate or inhibit certain circuits with electrical stimulation. Thus, it is possible that 406 

apnea was evoked by spread of electrical current to immediately adjacent sites or white matter tracts. 407 

However, with the bipolar stimulation parameters used here, finite element modeling indicates that 408 

current spread is localized to a discrete region around the bipolar electrode contacts [54]. Fourth, despite 409 

stimulating 87 sites, we were unable to test whether stimulation of sites within the small nucleus, AAA, 410 

[55, 56] could elicit apnea because no electrode contacts were located here. Focal stimulation of this small 411 

amygdala nucleus will require further study. Moreover, it is beyond the scope of this study to functionally 412 

map the whole brain and its causal connections, and thus, it is possible that other sites may also play a 413 

role in postictal apnea. Fifth, the human amygdala atlas [57] used to define the amygdala nuclei was 414 

based on a study involving healthy individuals and thus normal anatomy. Consequently, there is a 415 



possibility of anatomical variations in our epilepsy cohort compared to the atlas. However, no structural 416 

abnormalities were detected on MRI in the patients included in this report, justifying the use of this atlas. 417 

Sixth, our patient-subject cohort includes a wide range of ages, and the amygdala undergoes functional 418 

changes during development [58, 59] which could affect our results here. However, we previously 419 

reported that amygdala stimulation-induced apnea was similarly observed in adults and children as young 420 

as 3 years old. Notably, we found postictal apnea due to amygdala seizures in both pediatric and adult 421 

patients in this study.  422 

 423 

 More data will be needed to better determine the extent of potential differences in postictal apnea 424 

vulnerability between patients. Characterizing such differences may have particular value for quantifying 425 

risk for SUDEP due to persistent respiratory suppression. Potential for SUDEP may be especially high in 426 

patients with an exaggerated propensity for prolonged postictal apnea. Confirming this risk may require 427 

longitudinal studies tracking SUDEP in patients with postictal apnea, which is beyond the scope of the 428 

present work. Nevertheless, we are saddened to report that one of the patients in this study, P384, 429 

subsequently died of probable SUDEP seven weeks after resection surgery. P384 exhibited the most 430 

dramatic post-stimulation apnea phenotype in our study. P384 was seen in our clinic one month after 431 

surgery and was seizure-free to that point. Three weeks later he was found unresponsive, face down next 432 

to his bed with hands clenched. Although surgery entailed resection of the right amygdala, persistent 433 

apnea and hypoventilation was elicited by stimulation of the left amygdala, which was not resected. It is 434 

plausible that the persistent and prolonged inhibition of breathing from a seizure that spread to the left 435 

amygdala may have played a role in his death from probable SUDEP. This possibility is further 436 

strengthened by multiple preclinical studies, suggesting that the amygdala is critical for postictal apnea 437 

and SUDEP [60-62]. Further study will be required to assess whether individuals exhibiting persistent 438 

apneas or hypoventilation after amygdala stimulation or seizure may represent a population at greater risk 439 

of SUDEP.  440 

 441 



MATERIALS AND METHODS 442 

Patients   443 

Twenty patients with medically intractable epilepsy (12 adult and 8 pediatric) were studied while 444 

undergoing iEEG during a two-week monitoring period for seizure focus localization (Table 2). The eight 445 

pediatric patients and two of the adults were described in a previous report. Types of epilepsy in this 446 

cohort ranged from focal to multifocal epilepsy with unilateral or bilateral seizure foci in the temporal, 447 

frontal, and parietal lobes. Patients were implanted with intracranial electrodes (Ad-Tech Medical 448 

Instrument Corporation, Oak Creek, WI or PMT Corporation, Chanhassen, MN) at sites determined by 449 

the multidisciplinary epilepsy team at the University of Iowa. All patients had at least one amygdala depth 450 

electrode. Antiepileptic drugs were discontinued during the monitoring period to promote seizure 451 

occurrence and were restarted prior to electrical stimulation mapping. Although spontaneous seizures 452 

occurred during the monitoring period, clinical protocols important for patient protection and seizure 453 

semiology interfered with respiratory data collection and potential apneic episodes during the postictal 454 

period. Therefore, spontaneous seizures were not analyzed for postictal respiratory effects in this report. 455 

All experimental protocols were approved by the University of Iowa Institutional Review Board and 456 

implemented under the guidance of the senior author (BJD). Informed consent was obtained from all 457 

patients over 18 years of age and from the parents or legal guardians of all patients under 18 years of age. 458 

Verbal assent was obtained from children 5 to 9 years of age, and written assent was obtained from all 459 

older children. No assent was obtained from the 3-year-old who was tested in the company of her parents 460 

who had the option of terminating the experimental protocol. Consent could be rescinded at any time 461 

without interfering with the patient’s clinical evaluation. Similarly, children could rescind assent at any 462 

point. 463 

 464 

Imaging and electrode localization   465 

Electrode localization was performed via MR and CT imaging using techniques previously 466 

reported [12, 63]. See Supplement S1 (Supplemental Methods) for detail.  467 



 468 

Amygdala nuclei parcellation 469 

Eight amygdala nuclei were delineated and parcellated using the CIT168 human brain template 470 

[57]. This was conducted using a high-precision non-linear volumetric coregistration of preoperative 471 

structural T1 and T2 imaging onto the template brain within the MNI coordinate space. See Supplement 472 

S1 for details.   473 

 474 

Electrical stimulation   475 

Direct electrical stimulation with intracranial electrodes is a well-established method to map brain 476 

function [12, 64] and induce seizures to  identify epileptogenic foci [65, 66]. Adjacent electrode contacts 477 

(“sites”) were stimulated with a bipolar biphasic waveform with a 200 μsec pulse-width and frequency of 478 

50 Hz at constant voltage (Grass SD9 stimulator) as described previously [12, 13]. Stimulation at bedside 479 

was conducted when the patients were awake and in a relaxed state, breathing normally. Patients were 480 

monitored continuously by cardiorespiratory telemetry, iEEG, and visually by the senior author (BJD) via 481 

live video feed in an adjacent room. Patients were resting in bed and were not engaged by clinicians or 482 

EMU technicians during or after stimulation-evoked seizures and electrical stimulation functional 483 

mapping until breathing returned to normal. A stimulus-response curve for each subject was obtained by 484 

increasing stimulation voltage beginning at 2.5 V until breathing was affected up to a maximum of 15 V 485 

(the typical threshold for motor movement with stimulation of the motor cortex in these patients). iEEG 486 

was monitored during voltage escalation for evidence of seizure activity. At sites where seizure activity 487 

did not occur, functional mapping of apnea-induction was carried out. With increasing voltage during 488 

establishment of the stimulus response, apnea (absence of breath – see definition and measurement below 489 

in section “Respiratory measurements”) was an all or none effect. Apnea occurred when stimulation 490 

voltage reached 10-15 V in all patients except 403 and 416, consistent with previous findings [12, 13]. 491 

Stimulation duration varied based on the proximity of the stimulation site to the patient’s presumed 492 

seizure focus (range 5–60 seconds); sites near the seizure focus were stimulated for shorter durations. A 493 



minimum rest interval of 1.5–2.5 minutes was inserted between trials to allow for a return to respiratory 494 

baseline. In cases of persistent apnea or seizure, trials were halted until the patient returned to baseline 495 

iEEG and breathing. No subjects showed signs of or reported any pain or discomfort during stimulation. 496 

Patients and their parents/guardians were blinded to the timing of electrical stimulation delivery.  497 

 498 

Intraoperative electrical stimulation 499 

Intraoperative electrical brain stimulation was conducted just prior to electrode removal in the 500 

operating room. Intubation was performed under propofol anesthesia in the presence of succinylcholine 501 

which was subsequently reversed, and anesthesia was maintained with sevoflurane and isoflurane 502 

allowing patients to breathe on their own (spontaneously). No other drugs that might alter breathing were 503 

administered (e.g., narcotics or benzodiazepines). This allowed for precise measures of breathing via a 504 

connected ventilator. Electrical stimulation experiments were then conducted as described above.  505 

 506 

Intracranial recording   507 

iEEG data were acquired using the Neurofax EEG-1200 Platform with a JE-120 256-channel 508 

amplifier and analyzed using Neuroworkbench software (Nihon Kohden Corporation, Tokyo, Japan); all 509 

subjects except P352 also had iEEG data recorded to a dedicated research computer using a Neuralynx 510 

ATLAS amplifier (Neuralynx, Bozeman, MT). Patients were monitored at the University of Iowa 511 

Hospitals and Clinics or the University of Iowa Stead Family Children’s Hospital. Experimental protocols 512 

did not interfere with collection of clinically relevant data. Stimulation-induced seizure foci, onset, and 513 

spread were determined by analysis of iEEG by an adult or pediatric epileptologist as well as the epilepsy 514 

neurosurgeon. 515 

 516 

Respiratory measurements  517 

Central apnea (absence of breathing) was defined as at least one missed breath with a flattened 518 

airflow trace and verified by absence of chest wall movement and/or video confirmation of the absence of 519 



chest wall movement. See Supplement S1 for details of respiratory monitoring equipment. Trials were 520 

categorized as “apnea” when breathing was interrupted for the entire stimulation duration and as 521 

“transient apnea” when normal baseline breathing resumed prior to the end of stimulation. “Persistent 522 

apnea(s)” was defined as central apnea(s) lasting in total at least 20 seconds beyond the end of stimulation 523 

or seizure. The breathing pattern was considered normal when there was at least 20 seconds of regular 524 

baseline-like breathing without any apnea. One breath was defined as a complete inspiratory and 525 

expiratory cycle. Oxygen desaturation was defined as < 90%. All patients had normal baseline breathing 526 

without periods of apnea prior to experimental protocols.  527 

 528 

Typically, multiple stimulation trials were conducted at each site. The outcome of each 529 

stimulation trial was categorized as persistent apnea, apnea, transient apnea, or no apnea. Each stimulated 530 

site was categorized based on the respiratory outcome elicited by the majority of stimulation trials. If 531 

stimulation of a site resulted in an equal distribution of respiratory outcomes over all trials at that site, it 532 

was categorized as being the more prolonged type of observed respiratory effect the greater of the 533 

observed respiratory effects (e.g., if stimulation resulted in apnea and transient apnea in an equal number 534 

of trials, the site was categorized as apnea).  535 

 536 

Data analysis and experimental design   537 

Data analyses were conducted utilizing Matlab (Mathworks), Graphpad Prism (Graphpad 538 

Software, Inc.), and Excel (Microsoft).  Digitization of breathing traces from operating room video was 539 

performed using the WebPlotDigitizer tool[67]. See Supplement S1 for details of iEEG analysis.  540 

 541 

Machine Learning - Classifier Analysis 542 

To identify a focal site that induced apnea across patients, we trained a classifier to predict the 543 

respiratory effect of stimulation based on the location of the stimulated site [13] (see Supplement S2). 544 

Spatial clustering of stimulation sites associated with four different outcomes — no effect, transient 545 



apnea, apnea, and persistent apnea — was performed with a multi-class error correcting output code 546 

(ECOC) classifier [68]. See Supplement S1 for details.  547 

 548 

Electrical stimulation concurrent with fMRI (es-fMRI) 549 

es-fMRI and its safety testing have been described previously [18] Pre-processing of the MRI 550 

data was done using the standard fMRIPrep pipeline [69]. After pre-processing, statistical analysis was 551 

performed at the whole brain level using general linear modelling (GLM) as implemented in the SPM12 552 

toolbox (https://www.fil.ion.ucl.ac.uk/spm/software/spm12/) at each voxel. See Supplement S1 for details 553 

of fMRI acquisition, preprocessing, and statistical analyses.  554 

 555 

Statistics 556 

Statistical and data analyses were conducted using Matlab (Mathworks). Classifiers (Figure 4) 557 

were specified and fit using, respectively, the Matlab functions, “templateSVM”, and “fitcecoc,” 558 

contained in the Matlab Statistics and Machine Learning Toolbox. Post-stim/postictal power changes 559 

(power and correlation, Figure 6) were assessed Wilcoxon rank sum test (Matlab function “ranksum”) to 560 

test if the changes were significantly different from zero (at p value of 0.01). All fMRI data analyses were 561 

performed using SPM toolbox. Difference in brain activation between baseline and stimulation period 562 

was assessed using t-contrasts thresholded at p =0.001.  563 

 564 

Study Approval 565 

Experiments reported in this study were reviewed and approved by the University of Iowa 566 

Institutional Review Board (Iowa City, IA). Written informed consent was obtained from all patients over 567 

18 years of age and from the parents or legal guardians of all patients under 18 years of age. Verbal assent 568 

was obtained from children 5 to 9 years of age, and written assent was obtained from children aged 10-17. 569 

https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
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Data availability: Individual data points for Figure 5 and values contributing to averages reported in 571 
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Figures: 743 

 744 
Figure 1. Stimulation-induced seizures in the amygdala evoked both ictal and persistent postictal apnea.  745 
(A) Anatomical localization of right amygdala depth electrode contacts (black circles) in the coronal plane of P413. Numbers 1–8 746 
specify electrode contacts from medial to lateral. Amygdala nuclei represented as follows: La, lateral nucleus (royal blue); BL, 747 
basolateral nucleus (light blue); BM, basomedial nucleus (lavender); CEN, central nucleus (orange); CMN, cortical and medial 748 
nuclei (yellow); ATA, amygdala transition areas (light green); ASTA, amygdalostriatal transition area (forest green); AAA, 749 
anterior amygdala area (aqua); Hipp, hippocampus (brown). Short stimulation (gray shading) of contacts R2-R3 (red circles) in 750 
the right amygdala of P413 induced a focal seizure (blue shading). This resulted in postictal apneas (arrows) that became more 751 
profound 2.5 minutes after seizure termination and persisted for over 13 minutes beyond seizure end. iEEG signal shown on top 752 
and respiratory traces shown below (inspiration plotted up; conventions remain the same for B and C). (B) Anatomical 753 
localization of the right and left amygdala depth electrode contacts in the coronal plane of P457. Stimulating right amygdala 754 
contacts R1-R2 (red circles) induced apnea during stimulation and during an induced unilateral right amygdala seizure. Postictal 755 
apneas persisted for over 90 s. Stimulating contacts L5-L6  in the contralateral left amygdala induced apnea during stimulation 756 
and induced unilateral focal seizures (bottom three stimulation trials). Normal baseline breathing resumed almost immediately 757 
following seizure termination. (C) Anatomical localization of left amygdala depth electrode contacts in the coronal plane of 758 
P466. Stimulating contacts L1-L2  in the left amygdala induced apnea during stimulation  and during an induced unilateral left 759 
amygdala seizure. Postictal apneas persisted for over 60 s. (D) Summary of all 19 seizures elicited by stimulation in 7 patients. 760 
Duration of stimulation plus seizure (hashed grey bars), total apnea time (red bars), and total disrupted breathing time (black dot 761 
and line) are shown for each seizure elicited by stimulation. 762 



 763 
Figure 2. Electrical stimulation of the amygdala evoked persistent post-stimulation apnea, an effect not seen with 764 
stimulation outside the amygdala. (A) Anatomical localization of the right amygdala depth electrode contacts (black circles) in 765 
the coronal plane of P352. Amygdala nuclei defined as in Figure 1 (schematic remains the same for B and C). Stimulating 766 
contacts R2-R3 (red circles) in P352 resulted in apnea that was almost immediate in onset and lasted the duration of stimulation. 767 
After stimulation ended, apneas (black arrows) persisted in total for nearly 60 s. Repeated intervals of decreased oxygenation 768 
were observed with apneic periods. P352 was able to override stimulation-induced apnea through instructed voluntary breathing, 769 
but still exhibited post-stimulation apneas. iEEG signal shown on top and respiratory trace from nasal pressure transducer shown 770 
below (inspiration plotted up; duration of stimulation depicted by shaded gray box; conventions remain the same for B and C). 771 
(B) Stimulating contact L2-L3 in the left amygdala of P384 also resulted in post-stimulation apneas that lasted over 100 s in total 772 
and a total breathing disruption time of 5 minutes after stimulation ended. Post-stimulation apneas were also observed with (C) 773 
stimulating contacts L1-L2 of the left amygdala in P466. (D) Summary of all stimulation trials (n = 51) for P352, P384, and 774 
P466, showing duration of stimulation (hashed grey bars), total apnea time (red bars), and total disrupted breathing time (black 775 
dot and line). Stimulation of amygdala sites in A-C led to persistent post-stimulation apneas with every trial at those sites 776 
whereas amygdala stimulation outside these sites led to apnea of various degrees, lasting the duration of stimulation to no effect. 777 
Stimulation with the same amplitude (10-15 V) and frequency (50 Hz) outside the amygdala (white matter, WM; hippocampus, 778 
Hipp; and orbitofrontal sites) failed to induce any apnea. 779 



 780 
Figure 3. Across-subject analysis localized post-stimulation apnea and postictal apnea to a specific site in the amygdala. 781 
(A) Anterior-posterior, superior-inferior, and oblique views of all stimulated electrode pairs (n = 82 sites) in the temporal lobe 782 
and inferior frontal lobe across 18 subjects who had stimulation below seizure threshold (adult: triangles; pediatric: circles) 783 
plotted in a common coordinate system (MNI). Electrode contact pairs that produced apnea (red lines) were located in the medial 784 
amygdala. Electrode contact pairs that produced transient apnea (dark gray lines) were typically located just lateral or adjacent to 785 
this medial region. Electrode contact pairs that failed to induce apnea (light gray lines) were located in the lateral amygdala, 786 
outside the amygdala, in the hippocampus, Heschl’s gyrus, or orbitofrontal cortex. Electrode contacts may appear outside of the 787 
template brain due to anatomical variation across subjects relative to the MNI coordinate system. All electrode contacts were 788 
plotted in the right hemisphere for simplicity because no differences were observed between right and left amygdala stimulation. 789 
Electrode contacts may appear outside of the template brain due to anatomical variation across subjects relative to the MNI 790 
coordinate system. (B) Anterior-posterior, oblique, and superior-inferior views of all stimulated electrode pairs in the amygdala 791 
and hippocampus across the five subjects with persistent apnea, plotted in a common coordinate system (MNI). Electrode pairs 792 
that induced persistent post-stimulation and postictal apneas are denoted by magenta lines and clustered together mostly spanning 793 
the basolateral nucleus and including the corticomedian nuclei and the medial aspect of the lateral nucleus. Electrode pairs that 794 
induced apnea are denoted by red lines, and transient apnea sites are denoted by dark gray lines; sites that did not induce apnea 795 
are depicted in light gray. See Supplement S2 for a list of MNI coordinates and the respiratory effect for each contact pair. Nuclei 796 
are color-coded with the same convention as in Figure 1.  797 



 798 
Figure 4. Machine-learning algorithm identifies a site in the amygdala critical for persistent postictal apnea. (A) 799 
Probability map of apnea (top) and persistent apnea (lower) resulting from support vector machine classification of respiratory 800 
effects predicted from MNI coordinates of 87 stimulated electrode contact pairs across 20 subjects (see Supplement S2). (B) The 801 
persistent amygdala inhibition of respiration (pAIR) site (magenta) predicts persistent post-stimulation and postictal apneas based 802 
on the results of A, overlaid on amygdala (gray, FSL) and hippocampus (brown, FreeSurfer) in anterior-posterior, oblique, and 803 
lateral views. The pAIR site is located in a subregion of the amygdala inhibition of respiration (AIR) site (red). Probability map is 804 
plotted in right hemisphere only for simplicity because no systematic differences were observed between right and left amygdala 805 
stimulation, and all left-sided contacts were projected to the contralateral hemisphere for the purpose of classification. For 806 
simplification, the results for transient apnea are not shown.  807 



 808 

Figure 5. Amygdala stimulation evoked persistent post-stimulation hypoventilation despite hypercapnia. (A) Electrode 809 
contacts superimposed upon P384’s temporal lobes with amygdala nuclei and hippocampus (see Figure 1A). (B) While under 810 
anesthesia, intubated, and breathing independently, 30 s R2-R3 stimulation induced apnea during stimulation (as was observed at 811 
bedside). (C) etCO2 increased after apnea followed by rapid increase in respiratory rate (RR), tidal volume (TV), and minute 812 
ventilation (VE) to normalize CO2 levels. Dotted line indicates average pre-stimulation values. (D) L2-L3 stimulation (which 813 
resulted in post-stimulation apnea at bedside (Figure 2B)) induced long-lasting inhibition of independent breathing causing post-814 
stimulation apneas. Manual breaths and ventilator-dependent breathing were provided without difficulty (green shading) but did 815 
not initiate independent breathing. (E) Once independent breathing resumed, baseline RR resumed, but etCO2 remained elevated 816 
and TV and VE decreased below baseline. Thus, P384 had persistent hypoventilation despite elevated etCO2 for more than 10 817 
minutes post-stimulation. During this time, both etCO2 and TV slowly returned towards baseline.  (F) Comparison of respiratory 818 
measurements pre and post-apnea from R2-3 (dark gray) and L2-3 (magenta) stimulation. Site L2-L3 resulted in prolonged 819 
hypoventilation with elevated etCO2 and lower TV and VE after independent breathing resumed compared to R2-3. (G) Average 820 
ventilatory values before and 50 s after breathing resumed from stimulation of R2-3 (m=7) and L2-3 (m=3). etCO2 was higher, 821 
but TV was lower for L2-L3 50 s after independent breathing resumed, indicating persistent hypoventilation after L2-L3 822 
stimulation.. (H) Lateral amygdala (R4-R5), adjacent white matter (R5-R6), and hippocampus (H2-H3, H3-H4) stimulation failed 823 
to induce apnea or abnormal breathing or (I) changes in RR, TV, or VE. (J) Summary of all trials (m=26) under anesthesia for 824 
P384. Only stimulation of L2-3 led to persistent post-stimulation apneas. Stimulation in nearby white matter and hippocampus 825 
with the same parameters (10-15V; 50Hz) failed to induce apnea. 826 



 827 
Figure 6. Persistent postictal apnea and post-stimulation apnea is not due to ongoing seizure activity or other correlated 828 
neural activity in amygdala. (A) Time-frequency representation of the peri-ictal period for subjects P413, P457, and P466. 829 
Intracranial electroencephalography (iEEG) during seizure trials indicates an increase in power (warmer colors) during the 830 
seizures but no consistent changes in the spectrotemporal response properties in the persistent apnea period. Respiratory trace 831 
shown above time-frequency plots identify the apneas and disrupted breathing from stimulation-evoked seizure. (B) Stimulation 832 
without seizure also shows no consistent spectrotemporal changes associated with the post-stimulation apneas. (C) Extended 833 
view of two subjects who had persistent apneas longer than five minutes, P413 and P384. No changes were observed over the 834 
entire period of persistent postictal and post-stimulation apneas. (D) iEEG power changes before versus during postictal or post-835 
stimulation apneas. Each dot represents value from one patient; gray bar indicates mean across patients. No significant power 836 
changes were seen in any of the canonical iEEG frequency bands (delta 1-4 Hz, theta 4-8 Hz, alpha 8-12 Hz, beta 13-30 Hz, low 837 
gamma 30-80 Hz, high gamma 80-150 Hz). (E) No significant correlation between the respiratory signal and the envelope of 838 
each canonical EEG band was observed. Each dot represents value from one patient; gray bar indicates mean across patients. 839 
  840 



 841 
Figure 7. Amygdala is functionally connected to the pons, medulla, and insula. (A) Schematic of electrical stimulation 842 
concurrent with functional MRI paradigm (es-fMRI, adapted from Rocchi, Oya [70]). EPI, echo planar imaging. TR, repetition 843 
time. (B) Axial MRI of P352’s bilateral temporal lobes with zoomed view of the right amygdala. Stimulated contacts R2-R3 are 844 
shown with red circles and located within the pAIR site. (C) Continuous stimulation of R2-R3 at bedside (light gray shading) 845 
induced apnea during stimulation and post-stimulation apnea. (D) During es-fMRI, the same site was stimulated with stimulation 846 
pulses (red lines) with some disruption to the subject’s normal breathing. (E) BOLD response associated with stimulation of site 847 
R2-R3 in P352. Stimulation of the R2-R3 site caused a significant decrease of BOLD activity within the medulla (t-value =3.89; 848 
p < 0.001; top panel) and superior part of the pons (t-value =3.85; p < 0.001; middle panel). Stimulation of the pAIR site 849 
significantly increased BOLD activation in the ventral part of the insula (t-value = 3.74, p < 0.001; bottom panel). (F)  Axial MRI 850 
of P352 with zoomed view of the right amygdala and anterior temporal cortex. Stimulated contacts R3-R4 are shown with red 851 
circles. (G) Stimulation of this site at bedside (light gray) was not associated with changes in breathing. (H) Stimulation during 852 
es-fMRI caused minimal to no changes in breathing. (I) Comparison of BOLD activity in each ROI by stimulation site. R2-R3 853 
stimulation (pAIR site, magenta) significantly decreased BOLD activity in the medulla and pons while increasing BOLD activity 854 
in the ventral insula. In contrast, stimulation in the amygdala but outside the pAIR site and AIR site (dark gray) revealed no 855 
significant BOLD changes in the medulla or pons. Stimulation outside the amygdala in the contralateral left insula was used as a 856 
control site (white) and did not result in any significant BOLD changes in the brainstem.  857 



Table 1. Results of intracranial electrode stimulation and respiratory monitoring 858 
 859 

 

 Seizures Amygdala Stimulation 

Patient Site  Ictal apnea Postictal apnea Apnea during 
stimulation 

Apnea post-
stimulation 

P413 R amygdala 1 of 1 1 of 1 - - 

P457 R amygdala 2 of 2 2 of 2 - - 
L amygdala 3 of 3 0 of 3 

P466 L amygdala 1 of 1 1 of 1 Yes Yes 

P352 None - - Yes Yes 

P384 None - - Yes Yes 

P394 R amygdala 5 of 5 0 of 5 Yes No 

P422 R amygdala 1 of 1 0 of 1 Yes No 
R Hippocampus* 1 of 1*  0 of 1 

P427 R amygdala 2 of 2 0 of 2 Yes No 

P447 L amygdala 2 of 2 0 of 2 Yes No 
L Hippocampus* 1 of 1* 0 of 1 

P206 None  -  - Yes No 

P210 None - - Yes No 

P372 None - - Yes No 

P381 None - - Yes No 

P395 None - - Yes No 

P400 None - - Yes No 

P407 None - - Yes No 

P357 None - - Yes (transient) No 

P412 None - - Yes (transient) No 

P403 None - - No  No 

P416 None - - No No 
Patients are ordered by maximum observed respiratory effect (persistent apnea, apnea, transient apnea, or no effect). 860 
Patients who showed persistent apnea are shaded in gray for emphasis. P413 and P457 were not assessed for amygdala 861 
stimulation-induced apnea due to low seizure threshold (i.e., stimulation of the amygdala always caused seizure in 862 
these patients). *Apnea occurred when seizure spread to the amygdala in patients 422 and 447. 863 
  864 



Table 2. Patient characteristics and epilepsy history 865 
 866 

 867 
M, male; F, Female; L, left; R, right; MTS, mesial temporal sclerosis; FOA, focal onset aware; FOIA, focal onset 868 
impaired awareness; BTC, bilateral tonic-clonic; GTCS, generalized tonic-clonic seizure; iEEG, intracranial 869 
electroencephalography; PTSD, posttraumatic stress disorder.  870 

Patient Number Age/Sex/ 
Handedness 

Imaging 
Findings 

(MRI, PET) 

Epilepsy Onset 
(years of age) 

Epilepsy 
Duration (years) Seizure Type Seizure 

Frequency 

Seizure focus 
(iEEG) 

 

Psychiatric 
comorbidities 

P206 48/M/R L MTS 33 15 FOIA 1/week L temporal lobe Depression; 
Anxiety; PTSD 

P210 33/M/R R inferior frontal 
encephalomalacia 

27 6 FOIA, Focal to 
BTC  

1/week R frontal Depression 

P352 32/M/Mixed L frontal cystic 
legion; L 
hemisphere 
hypometabolism 

12 20 FOIA, FOIA 
(motor), Focal to 
BTC 

Daily L frontal cystic 
mass 

Depression; 
Anxiety 

P357 36/M/R Normal 4 32 FOIA, GTCS 1/month L mesial 
temporal lobe 

None  

P372 34/M/R Normal 31 3 FOIA, GTCS 5-6/week L temporal pole Depression; 
Anxiety 

P381 5/M/L Normal 1 4 FOIA Daily R frontoparietal None 
P384 38/M/R Slight increased 

FLAIR in R 
mesial temporal 
lobe; R temporal 
lobe 
hypometabolism 

8 30 FOA, GTC 2/month R mesial 
temporal lobe, R 
frontal pole 

Depression; 
Anxiety 

P394 23/M/L R temporal lobe 
cavernoma 

4 19 FOA 2/month R amygdala Depression 

P395 13/M/R L frontal 
cavernoma 

9 4 FOA (motor) Daily L frontal lobe Anxiety 

P400 59/F/L L MTS 51 8 FOA, FOIA Daily L mesial 
temporal lobe 

None 

P403 56/F/R Normal 19 37 FOA, FOIA Daily L mesial 
temporal lobe 

Depression; 
Anxiety 

P407 14/M/R R frontotemporal 
hypometabolism 

6 8 FOIA (clonic) 1/week R hemisphere 
multifocal 

Depression; 
Anxiety   

P412 17/M/R Bilateral gray 
matter 
heterotopia 

5 12 FOA (clonic) Daily L frontal lobe Depression; 
Anxiety 

P413 22/M/L Slight FLAIR 
hyperintensity in 
amygdala; 
Hypometabolism 
in R anterior and 
medial temporal 
lobes 

18 4 FOA, FOIA, 
Focal to BTC 

1-2/month R mesial 
temporal lobe 

None 

P416 34/M/Mixed Mildly increased 
L hippocampus 
signal 

20 14 FOIA, Focal to 
BTC 

1-2/week L temporal and L 
occipital 

None 

P422 9/F/R R frontal cortical 
dysplasia 

5 4 FOA (motor) Daily R frontal lobe None 

P427 17/M/Mixed R frontal 
encephalomalacia 

9 8 FOA (myoclonic 
jerks); FOIA; 
GTCS 

Daily R frontal lobe None 

P447 3/F/Not 
established 

Multiple tubers 
(bilateral) 

1 2 FOA (myoclonic 
jerks); FOIA 

Daily L anterior 
parietal, R frontal 
lobes 

None 

P457 18/M/R Slight increased 
FLAIR L mesial 
temporal lobe; L 
mesial temporal 
lobe 
hypometabolism 

2 16 FOIA, Focal to 
BTC 

1/2 weeks L mesial 
temporal lobe 

None 

P466 5/M/L Ventriculomegaly 3 2 FOIA (clonic) 1/2 weeks R hemisphere 
multifocal 

None 


	Graphical abstract

