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Objectives: Sudden unexpected death in epilepsy (SUDEP) is a catastrophic epilepsy
outcome for which there are no reliable premortem imaging biomarkers of risk.
Percival respiratory depression is seen in monitored SUDEP and near SUDEP cases,
and abnormal chemosensing of raised blood carbon dioxide (COy) is thought to
contribute. Damage to brainstem respiratory control and chemosensing structures has
been demonstrated in structural imaging and neuropathological studies of SUDEP.
We hypothesized that functional MRI (fMRI) correlates of abnormal chemosensing are
detectable in brainstems of persons with epilepsy (PWE) and are different from healthy
controls (HC).

Methods: We analyzed fMRI BOLD activation and brain connectivity in 10 PWE and 10
age- and sex-matched HCs during precisely metered iso-oxic, hypercapnic breathing
challenges. Segmented brainstem responses were of particular interest, along with
characterization of functional connectivity metrics between these structures. Regional
BOLD activations during hypercapnic challenges were convolved with hemodynamic
responses, and the resulting activation maps were passed on to group-level analyses.
For the functional connectivity analysis, significant clusters from BOLD results were used
as seeds. Each individual seed time-series activation map was extracted for bivariate
correlation coefficient analyses to study changes in brain connectivity between PWE
and HCs.

Results: (1) Greater brainstem BOLD activations in PWE were observed compared to
HC during hypercapnic challenges in several structures with respiratory/chemosensing
properties. Group comparison between PWE vs. HC showed significantly greater
activation in the dorsal raphe among PWE (p < 0.05) compared to HCs. (2) PWE
had significantly greater seed-seed connectivity and recruited more structures during
hypercapnia compared to HC.
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Significance: The results of this study show that BOLD responses to hypercapnia
in human brainstem are detectable and different in PWE compared to HC. Increased
dorsal raphe BOLD activation in PWE and increased seed-seed connectivity between
brainstem and adjacent subcortical areas may indicate abnormal chemosensing in these
individuals. Imaging investigation of brainstem respiratory centers involved in respiratory
regulation in PWE is an important step toward identifying suspected dysfunction of
brainstem breathing control that culminates in SUDEP and deserve further study as
potential imaging SUDEP biomarkers.

Keywords: sudden unexplained death in epilepsy (SUDEP), epilepsy, functional MRI (fMRI), functional connectivity,

hypercapnia

KEY POINTS

- Functional MRI can detect abnormal chemosensing in
brainstem structures.

- Dorsal raphe a region rich in serotonergic neurons
plays a major role in responding to changes in carbon
dioxide chemosensing.

- Functional MRI can serve as a biomarker for SUDEP risk
among patients with epilepsy.

INTRODUCTION

Sudden unexpected death in epilepsy (SUDEP) affects up to
1% of persons with medically refractory epilepsy (1, 2). It is
a catastrophic outcome of epilepsy, most common in young
patients who are otherwise healthy. Despite its major impact
on life expectancy in refractory epilepsy, no reliable SUDEP
biomarkers currently exist and thus represent a critical unmet
need for targeted SUDEP intervention.

Observational studies point to the failure of recovery from
peri-ictal respiratory depression as a main concern (3, 4).
Structural and/or functional compromise of brainstem breathing
control networks appears likely. Structural brain MRI of
subjects who subsequently succumbed to SUDEP typically
indicates volume loss in key autonomic and breathing control
sites (periaqueductal gray, raphe nuclei, and medial posterior
thalamus) (5, 6). In support of these observations, a series of
SUDEP postmortem cases have shown significant reductions
in pacemaker-like somatostatin and neurokinin-1 receptor-
positive neurons in the ventrolateral medulla, suggesting that
both structural and functional brainstem abnormalities exist
in patients with SUDEP (7). These findings indicate epilepsy-
mediated pathology in brainstem respiratory neuronal groups
that promote vulnerability to SUDEP.

Severe and prolonged increases in end-tidal CO, (ETCO;)
occur with seizures(8). In a recent study of PWE, decreased
interictal hypercapnic ventilatory responses (HCVR) to CO,
were correlated with higher and more prolonged peri-ictal
hypercapnia (9). HCVRs seem to vary greatly in PWE, and
thus, alternative measures of capturing brainstem dysfunction
are attractive (9). One imaging study done in healthy human
volunteers showed activation of the thalamus, the inferior ventral

and dorsal rostral pons, and dorsal and lateral medulla in
response to CO;, (10), indicating feasibility in PWE.

Premortem identification of compromised structural and
functional respiratory control would allow targeted intervention
and prevention of SUDEP risk. The primary objective of this
work was to identify the activation of brainstem respiratory
centers. We hypothesized that blood oxygenation level-
dependent (BOLD) responses to increase CO, (hypercapnic
challenges) are observable in humans and are different in PWE
compared to HC. This could potentially lead to the development
of premortem risk markers for SUDEP.

METHODS

We investigated brain connectivity alterations in response to
hypercapnic challenges in PWE and HC. We were particularly
interested in segmenting brainstem responses to hypercapnic
challenges and characterizing functional connectivity metrics of
these structures.

Participants
The study was approved by the University of Texas Health
Sciences Center Houston Institutional Review Board, and
participants provided written informed consent. Study patients
were recruited from the Adult Epilepsy Monitoring Unit
and University of Texas Health Epilepsy clinic. We included
patients with a diagnosis of epilepsy, aged 18-60 years, who
had not undergone resective brain surgery. Exclusion criteria
were as follows: use of antidepressant medications, history of
cardiac disease, respiratory disease, claustrophobia, metallic
implants or devices (e.g., implantable cardioverter-defibrillator
[ICD], pacemaker, embolic coils, aneurysm clips), or other
material potentially hazardous in the MRI environment),
bodyweight < 275 pounds (125 kg—scanner restrictions),
stereoelectroencephalography (SEEG) implantation in the
preceding 6 months, pregnancy, history of stroke, diagnosis of
psychiatric disease, airway or chest deformities interfering with
breathing, mechanical ventilatory or circulatory support, and
renal failure.

Subjects were asked to refrain from consuming food or
beverages with vasoactive effects, e.g., coffee, tea, and herbal
remedies, at least 12h prior to the fMRI scan. The participant’s
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systolic, diastolic, and mean blood pressure and peripheral
oxygen saturation (SpO;) were measured before and after the
breathing challenge fMRI session. A multidimensional dyspnea
profile (MDP) survey (11) was also completed by each participant
at the end of the study to gauge overall unpleasantness from the
breathing challenge.

Functional MRI Data Acquisition and

Analysis

Functional MRI scans were performed on a 3T scanner (Ingenia;
Philips Medical Systems) using a 16-channel SENSE head coil. An
anatomical overlay scan was acquired using a 3D T1 weighted
high-resolution structural scan for normalization using the
following parameters (TR/TE: 9.79/4.5ms, FA = 6, FOV =
256mm X 256 mm x 176 mm, matrix size 320 x 320 matrix
with 220 slices and 0.80 mm in-plane resolution). Whole-brain
blood oxygenation level-dependent (BOLD) functional scans
were acquired using a T2*-weighted echo-planar sequence using
the following parameters: TR/TE 2,400/30 ms, flip angle = 85°,
FOV = 224 mm, 48 transverse slices, thickness 3.5mm x 3.5
mm? in-plane resolution. The fMRI protocol consisted of 346
volumes (duration: 13 min 50.4 s) covering the whole brain from
the top of the cortex to the base of the brain stem.

Head motion was restricted using foam pads and a forehead
strap. Comprehensive training and familiarization with the
breathing challenge (dummy runs) were completed prior to
MRI to reduce any anxiety with the challenge and to encourage
completion of the task.

Breathing Challenge

For the fMRI breathing challenge, we used the well-established
physiological research RespirAct™ (RA) device (12, 13). The RA
device can deliver precise vasoactive stimuli (CO,) during MRI
for whole-brain mapping of the cerebral blood flow responses.
It controls alveolar ventilation, enabling targeted reproducible
changes in arterial CO; levels (PaCO;), such that CO, targets
set on RA are identical to measure arterial CO, (12, 13). This
enabled precise and reproducible “step” increases in CO; up
to 10 mmHg above resting levels in 1 to 2 breaths for the
measurement of BOLD responses to CO,. Using this device, each
participant underwent a 14-min block-design scan, consisting of
2-min blocks of breathing challenges interleaved with rest. The
respiratory rate, end tidal CO, (EtCO;), and end tidal O, (EtO,)
were continuously recorded throughout the scan. Gas supply to
mask and breathing circuit was done through a programmable
computer-controlled gas delivery system containing a non-
rebreathing valve that directs blended gas to an inspiratory
gas reservoir and patient. The breathing challenge protocol,
previously established in cerebrovascular studies (12), involved
two iso-oxic patterns of CO, modulation: The first comprised
square wave increases in EtCO; by 10 mmHg from individual
baseline value for 120s, followed by 120s of baseline. The
second sequence was a slow ramp increase of EtCO, by 15
mmHg from individual baseline for 120 s followed by baseline
(120s). Patients were administered precisely metered CO, not
exceeding pCO; of 50 mmHg, with iso-oxygenation maintained
at 110 mmHg at all times. Gas calibrations were performed

using an EPA industry-standard calibration gas mixture before
the start of each scan. Individual breath-by-breath inspired gas
and flow concentrations were pre-calculated before the breathing
challenge to establish individual’s baseline levels and to set end-
tidal gas concentration targets.

Analyses

Data were pre-processed and analyzed using SPM software
package version 12 (Statistical Parametric Mapping; Wellcome
Department of Cognitive Neurology, London, United Kingdom),
as well as the functional connectivity toolbox Conn (Cognitive
and Affective Neuroscience Laboratory, Massachusetts Institute
of Technology, Cambridge, USA) running under MATLAB
2016a (Mathworks, Sherborn, MA, USA). fMRI data were quality
checked for excessive motion. Subject head motion was assessed
by evaluating three translations and three rotations motions for
each scan. Translational thresholds were set to 4= 2 mm, whereas
rotational thresholds were limited to & 1°. Pre-processing steps
included slice time correction, CompCor physiological noise
correction (14), co-registration (realignment to the first image
of the time series), normalization to MNI space (Montreal
Neurological Institute), and smoothing with a Gaussian kernel
of 6 mm full width at half maximum (FWHM) to compensate for
small residual anatomic variations across participants.

BOLD Comparison During Breathing Challenge

A first-level, individual subject analysis was performed using the
general linear model implemented in SPM12. Motion parameters
from motion correction re-alignment were modeled as regressors
of no interest. Breathing challenge blocks (step + ramp response)
were convolved with the canonical hemodynamic response
function, and resulting activation maps were then passed up
to group-level analyses comparing the differences in activation
among the patient and healthy participant cohorts using age
as a covariate of no interest. Using the available probabilistic
brainstem segmentation atlas (15, 16), we created a custom
explicit brainstem plus binary mask to study BOLD activation
changes in the brainstem hypothalamus, and posterior thalamus
structures during both the step and ramp breathing challenge
(shown in Figure 1C). This mask served to spatially remove
confounds from physiological noise found in areas adjacent to
the brainstem. Second-order group analysis was performed to
compare the breathing challenge-related BOLD changes between
PWE and HC groups. The minimum threshold for all analysis
results was set at p-value < 0.05 family-wise-error (FWE) cluster-
corrected significance (17).

Functional Connectivity During Breathing Challenge

We investigated the breathing challenge-related changes in brain
connectivity in the patient groups and healthy controls. Seed
regions were identified from the significant group comparison
BOLD results from both PWE and HCs. To this effect, regions
of interest corresponding to each significant cluster consisted
of a sphere (3 mm radius) around the cluster’s most significant
voxel (shown in Table 1); larger activation clusters were further
subdivided into sub-regions based on the location of peak voxels,
resulting in a set of seed regions. Individual structural CSF and

Frontiers in Neurology | www.frontiersin.org

July 2022 | Volume 13 | Article 896204


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Hampson et al.

fMRI Correlates of CO, Chemosensing in Epilepsy
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Dorsal raphe nucleus

P<0.05 cluster FWE corrected
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Brainstem mask

FIGURE 1 | (A) Group-level brainstem BOLD activation differences among 10 patients (PWE) and 10 healthy controls (HC) during CO, challenge showed greater
activations among PWE at the dorsal raphe nucleus (prwe < 0.05) compared to HCs. Color bars represent Z-score activation values. (B) Line plot represents mean
BOLD activation time series extraction from all PWE (orange) and HCs (blue) at the dorsal raphe nucleus in response to the step and ramp challenge. Shaded hue
areas represent corresponding individual confidence intervals. (C) 3D reconstruction of the explicit brainstem plus binary mask (yellow) used in the analysis overlaid
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motion parameters were entered into the analysis as covariates
of no interest. A band-pass filter (frequency window: 0.008-
0.09 Hz) was applied to remove linear drifts and high-frequency
noise from the data. For each subject, regional mean BOLD time
series was estimated for each seed by averaging the time series
of all voxels. The bivariate correlation coefficient was used to
measure the level of linear association between the BOLD time
series of every seed region pair (18). The resulting one-sample
connectivity maps were compared among PWE and HC groups,
using a multivariate statistic parametric (MVPA) omnibus test
for cluster-level interference (19), adding age as a covariate of no

interest (20). The resulting cluster maps were threshold at p <
0.05 FDR/FWE cluster correction for multiple comparisons.

RESULTS

A total of 12 persons with epilepsy (PWE) and 10 healthy controls
were enrolled in the study and qualified for the fMRI scan. Out
of 12 PWE, one patient could not complete the breathing task
in the scanner, and one was excluded due to excessive head
motion. Therefore, 10 PWE and 10 HCs completed the study and
met inclusion/exclusion criteria standards. The mean age among
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PWE was 35.9 + 14.2 years, HC was 33.4 £ 7.3, and there was no
significant difference in age across groups (p = 0.63).

Demographic and Clinical Characteristics
There was no significant difference in participants’ age, sex, BMI,
and baseline BP distributions between the groups. In addition,
the multidimensional dyspnea questionnaire completed post-
scan did not show any significant difference in unpleasant or
discomfort experienced by the patients compared to healthy
controls (Table2). A total of 9/10 (90%) PWE were known
to have at least one generalized tonic-clonic seizure per year.
None were known to have peri-ictal central apnea (refer to the
Supplementary Table 1 for PWE characteristics).

BOLD Activation Patterns

We found significantly greater brainstem BOLD activations in
PWE compared to HC during breathing challenges. As shown in
Table 1, in the PWE group, we observed a pattern of activation in
the raphe nucleus, locus coeruleus, hypothalamus, rostral pons,
posterior thalamus, and periaqueductal gray regions (p < 0.001
cluster FWE-corrected). For the HC group, consistent activation
of the ventral respiratory group and midbrain was observed.
Group comparison showed significantly greater activation in
the dorsal raphe nucleus among PWE (p < 0.05 cluster FWE-
corrected) as shown in Figures 1A,B.

Seed-Based Connectivity Analysis

Grouped second-level seed-based functional connectivity
analyses showed an increase in brain connectivity between
regions of the brainstem plus structures during CO, challenge
among PWE compared to HCs (Figure 2). PWE had significantly
greater seed-seed connectivity and recruited more hypothalamus,
pulvinar thalamus to brainstem structures during the breathing
challenge compared to HC. This implies that an overall greater
effort is required among PWE to complete the same breathing
challenge done by HC with little effort. Statistical significance
is reported at cluster threshold: p < 0.05 cluster level p-FDR-
corrected, multivariate statistic parametric (MVPA) omnibus
test, and connection threshold. Seed regions in the cluster-
level interference ring (Figure 2) are sorted using hierarchical
clustering in Conn toolbar.

DISCUSSION

In this functional magnetic resonance imaging (fMRI)
case-control study of breathing responses to hypercapnic
challenges, we found BOLD activation of respiratory
centers, most significantly in the dorsal raphe nucleus, in
PWE compared to HC. In addition, we found pathological
functional connectivity alterations in brainstem and adjacent
subcortical regions known to specifically modulate breathing
as previously implicated in SUDEP(5, 7). Carbon dioxide
(CO,) is potently vasoactive (12) and clearly produces
distinct BOLD alterations, and our case-controlled approach
suggests significant activations in regions with chemosensing
properties in PWE. Serotonergic [5-hydroxytryptamine (5-
HT)] dorsal raphe neurons are central chemoreceptors

TABLE 1 | Demographic, cardiorespiratory, and multidimensional dyspnea profile
data; group comparisons and changes.

PWE (n = 10) HC (n =10) p-value

Age, mean + SD 35.94+14.2 33.4+7.3 P =0.63

Sex, N 5M,5F 5M,5F

BMI, mean + SD 227+ 4.2 25.6 + 6.1 P =0.23

Cardiovascular

measurements Baseline,

mean + SD
o Systolic 121.4 £ 16.4 1273+ 125 P =091
o Diastolic 70.2 +£89 75.7+71 P=0.14
o Mean arterial pressure 87.3+10.9 92.9+7.93 P=0.20
o Sp02 97.8+15 98.4+1.0 P =0.30

Post-challenge changes, 58+12.8 —2.7+10.4 P=0.12

mean + SD
o Systolic
o Diastolic 3.0+7.02 —-2.0+82 P =0.36
o Mean arterial pressure 3.9+8.0 —-1.0+78 P=0.18
o Sp02 14+£13 0.50+1.3 P=0.13

Multidimensional Dyspnea

Profile (MDP)

Sensation/Response (0-10

scale)

Unpleasant/discomfort 32+22 3.7 £ 3.1 P =0.68
Requires effort 3.8+ 3.1 3.3+ 31 P=0.72
Not getting enough air 24+£22 3.7+28 P=0.26
Feel constricted 1.6+1.6 16+1.8 P =1.00
Requires mental effort 3.7+ 3.1 43+39 P=0.71
Breathing a lot 47 £ 35 54+25 P =0.62
Depressed 0.1 +£0.3 06+19 P =0.42
Anxious 6.5+8.9 42+ 36 P =0.46
Frustrated 1.0+£22 0.0+£0.0 P=0.17
Angry 0.0+ 0.0 0.0+ 0.0 -
Afraid 15+27 22+37 P =0.63

that project rostrally to modulate arousal (21), are highly
sensitive to pH and CO;, (22), and are consistent with the
observations here.

Brainstem damage is known to occur in PWE (5, 7, 23, 24).
Epilepsy is associated with progressive, structural brain changes
detectable on MR imaging (25-27), including some which affect
cardiorespiratory control sites (24). Volume loss has been seen
in key autonomic and breathing control sites (periaqueductal
gray, raphe nuclei, and medial posterior thalamus) (5). In
support, a series of SUDEP postmortem cases have shown
significant alterations in the ventrolateral medulla and in the
medullary raphe nucleus, essential regions for human central
control of respiration, suggesting compromised respiratory
network hubs. Reductions in somatostatin neurons (SST) and
neurokinin-1 receptor (NK1R) in the ventrolateral medulla and
reduction of 5-HT transporter in the raphe nucleus were seen
in brains of patients who died of SUDEP compared to controls
(sudden death patients without epilepsy) (7). Altered medullary
neuromodulatory systems, including 5-HT and galaninergic
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TABLE 2 | Breathing challenge fMRI results.

MNI coordinates Cluster size p-value Z score
(Kg) (cluster-corrected)
Region X Y z
Analysis 1: Breathing challenge: PWE
Dorsal raphe nucleus -30 —-14 55 Pryve < 0.001 4.43
Locus ceruleus 4 —-34 —26 72 Pryve < 0.001 4.92
Lateral hypothalamus —4 -8 -8 146 Prwe < 0.001 5.07
Rostral pons —26 —-28 80 Prwe < 0.001 4.22
Posterior thalamus -16 —4 56 Prwe < 0.001 4.55
Periaqueductal gray 0 —26 —6 55 Prwe = 0.001 3.44
Analysis 2: Breathing challenge: HC
Ventral respiratory group 12 —44 —44 104 Prve < 0.05 410
Substantia nigra 6 —-12 —-16 26 Prwe < 0.05 3.94
Analysis 3: PWE vs. HC
Dorsal raphe nucleus 0 -32 —-16 37 Prve < 0.05 3.73
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FIGURE 2 | Shows seed-seed functional network connectivity results as cluster-level interference ring. (A) The PWE group was characterized by a higher number of
connections and higher mean connectivity strength compared to (B) healthy controls. Glass brain image represent seed regions used in the analysis. Dark to red
connectivity lines signify stronger positive connectivity, lighter to blue connectivity lines denote decreased or negative connectivity. Functional network connectivity
cluster threshold: p<0.05 cluster-level p-FDR-corrected (MVPA omnibus test); connection threshold.
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systems, indicate that both structural and functional brainstem
abnormalities exist in SUDEP patients. Alterations in pre-
BotC NKIR and SST neurons have also been reported in
other sudden death syndromes (28), an entity with similarities
to SUDEP.

There are few human functional imaging studies
of respiratory control. To our knowledge, all done in
healthy subjects. One fMRI study used CO; inhalation

in healthy volunteers; BOLD signal changes were seen
in dorsal rostral pons, inferior ventral pons, dorsal and
lateral medulla, thalamus, and putamen(10). Another
such study of voluntary respiration (hyperpnea) revealed
increased BOLD responses in the brainstem (dorsal
medulla) (29).

Brainstem dysfunction in respiratory homeostasis is likely
underpinned by 5-HT (24, 30). 5-HT is a key chemosensing
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neurotransmitter that is central to brainstem hypercapnic
and arousal mechanisms and strongly implicated in SUDEP
(24). Reduced peri-ictal firing of raphe 5-HT neurons during
cardiorespiratory dysfunction has been demonstrated in animals
(31). Reduced 5-HT can cause post-ictal respiratory arrest
and death in SUDEP models, preventable with selective-
serotonin reuptake inhibitor (SRI) pretreatment (32, 33).
In humans, PWE taking SRIs had shortened peri-ictal
apnea (24). Peri-ictal breathing dysfunction includes post-
convulsive central apnea and prolonged ictal central apnea,
both of which elevate pCO;, (8). Altered 5-HT tone has
been reported in high-risk patients who suffer such peri-
ictal breathing difficulties (34). Impaired CO, chemosensing
and failed arousal may underlie SUDEP mechanisms, and
premortem identification of abnormal chemosensing using
hypercapnic ventilatory responses [HCVR (increase in minute
ventilation induced by an increase in end-tidal CO,)] has been
posited as a potential biomarker(24). HCVR slopes have been
shown to be inversely associated with post-ictal hypercapnia
duration and magnitude (24). However, large variability in
HCVR in PWE (24) and HC (35) poses a challenge for risk
stratification that may be overcome by the fMRI approach
shown here.

We found fMRI evidence of abnormal chemosensing in
the form of a striking pattern of hypercapnia-related BOLD
activations in PWE compared to HC, most marked in the
dorsal raphe nuclei, a chemosensing region known to be richly
innervated by 5-HT neurons. Hypercapnic activation enhances
minute ventilation for blood gas stabilization and is critical
for respiratory homeostasis (36, 37). The respiratory drive is
tightly regulated by CO, concentration, and increased pCO;
is a powerful arousal stimulus (38). Both may be relevant to
SUDEP. CO;-enriched CSF rouses wild-type mice but fails
to rouse 5-HT neuron-deficient mice (39). In our study, this
abnormally enhanced activation compared to HC suggests
abnormal, enhanced recruitment of chemosensing neurons
in respiratory hemostasis for restoration of normocarbia,
indicating a system under significant “stress.” In contrast,
grouped analysis of HC showed less activation, suggesting
efficient homeostasis to hypercapnic challenges. Consistent with
the BOLD activations described here, we found evidence for
abnormal circuitry with increased connectivity between multiple
sites with chemosensing properties in PWE compared to HC.
Pathologically increased connectivity within what may be called
the breathing network may indicate a tendency to impaired
recovery from generalized tonic-clonic seizure (GTCS)-induced
breathing compromise. Altered networking among autonomic
and breathing-related brain areas in patients with a high risk of
SUDEP has been described in two previous resting-state fMRI
studies (23, 40).

Further, one-sample t-test group-level BOLD analysis in
PWE showed a number of additional brain regions known to
participate in breathing control, including lateral hypothalamus,
periaqueductal gray (PAG), posterior thalamus, rostral pons, and
locus ceruleus (41-43). Activation of the lateral hypothalamus,
a chemosensing region, supports preclinical, within-subject
neuroplastic reports of enhanced orexinergic influence on

cardiorespiration and autonomic networks prior to SUDEP
(44). Volume loss in the periaqueductal gray and medial
posterior (pulvinar) thalamus has been described in PWE,
and both structures are implicated in respiratory control (5,
45). These network abnormalities may reflect pathomechanisms
that increase the risk for breathing dysfunction, particularly in
circumstances under which autonomic and respiratory processes
are challenged, such as during and after GTCS.

The results of this study suggest distinct differences between
PWE and HC. These findings are encouraging and raise the
possibility that fMRI biomarkers for patients at high risk of
SUDEP may be feasible and are worthy of further study. In
particular, stratification of potential BOLD activation extents
and locations depending on known presence/absence of GTCS,
GTCS frequency, and electroclinical features, such as peri-ictal
apnea, O, desaturations, and seizure durations, are the important
next steps.

There are several notable limitations here, including small
sample size and the lack of correlation between ventilatory
parameters with BOLD findings. Thus, there is no stratification
of BOLD in PWE into those with or without documented
breathing dysfunction since not all patients had epilepsy
monitoring unit assessments for observation of habitual peri-
ictal breathing compromise. Furthermore, better powered studies
designed to examine the correlation of known SUDEP risk
factors (GTCS, age at onset, and duration of epilepsy) and
electroclinical seizure features, such as prolonged ictal central
apnea and post-convulsive central apnea, are necessary for
further characterization of these potential premortem SUDEP
imaging biomarkers. To maximize brainstem resolution, fMRI
was limited to a narrow field of view focus limited to the
brainstem. Most brainstem nuclei are in mm resolution, and
the imaging protocol of our preliminary study was limited
by the resolution of the BOLD MRI sequence; dedicated
high resolution EPI sequence is needed to improve signal
to noise ratio at the brain stem. Further expansion of this
work to include cortical structures with multimodal polygraphy
(cardiorespiratory and blood pressure monitoring) during MRI
is currently underway.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by University of Texas Health Sciences Center Houston
Institutional Review Board. The patients/participants provided
their written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

JoH, NL, and SL contributed to conception and design
of the study. MR and JaH organized the study database.

Frontiers in Neurology | www.frontiersin.org

July 2022 | Volume 13 | Article 896204


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Hampson et al.

fMRI Correlates of CO, Chemosensing in Epilepsy

JoH performed

the imaging, statistical analysis, and

wrote the first draft of the manuscript. NL, KS, TS, LL,
and SL wrote sections of the manuscript. All authors
contributed to manuscript revision, read, and approved the
submitted version.

FUNDING

This study was supported by grants from the Center for
SUDEP Research: NIH/NINDS U01-NS090405, NIH/NINDS
U01-NS090407, and NIH/NINDS U01-NS090414.

REFERENCES

10.

11.

12.

13.

14.

. Devinsky O, Hesdorffer DC, Thurman DJ, Lhatoo S, Richerson G. Sudden

unexpected death in epilepsy: epidemiology, mechanisms, and prevention.
Lancet Neurol. (2016) 15:1075-88. doi: 10.1016/S1474-4422(16)30158-2

. Surges R, Thijs RD, Tan HL, Sander JW. Sudden unexpected death in epilepsy:

risk factors and potential pathomechanisms. Nat Rev Neurol. (2009) 5:492-
504. doi: 10.1038/nrneurol.2009.118

. Ryvlin P, Nashef L, Lhatoo SD, Bateman LM, Bird ], Bleasel A, et al.

Incidence and mechanisms of cardiorespiratory arrests in epilepsy monitoring
units (MORTEMUS): a retrospective study. Lancet Neurol. (2013) 12:966—
77. doi: 10.1016/S1474-4422(13)70214-X

. Vilella L, Lacuey N, Hampson JP, Rani MRS, Sainju RK,
Friedman D, et al. Postconvulsive central apnea as a
biomarker for sudden unexpected death in epilepsy (SUDEP).
Neurology. (2019) 92:e171-82. doi: 10.1212/WNL.00000000000
06785

. Mueller SG, Bateman LM, Laxer KD. Evidence for brainstem network

disruption in temporal lobe epilepsy and sudden unexplained death
in epilepsy. Neuroimage Clin. (2014) 5:208-16. doi: 10.1016/j.nicl.2014.
06.010

. Mueller SG, Nei M, Bateman LM, Knowlton R, Laxer KD, Friedman D, et

al. Brainstem network disruption: a pathway to sudden unexplained death in
epilepsy? Hum Brain Mapp. (2018) 39:4820-30. doi: 10.1002/hbm.24325

. Patodia S, Somani A, O’Hare M, Venkateswaran R, Liu J, Michalak Z, et al.

The ventrolateral medulla and medullary raphe in sudden unexpected death
in epilepsy. Brain. (2018) 141:1719-33. doi: 10.1093/brain/awy078

. Seyal M, Bateman LM, Albertson TE, Lin TC, Li CS. Respiratory

changes with seizures in localization-related
of periictal hypercapnia and airflow patterns.
51:1359-64. doi: 10.1111/j.1528-1167.2009.02518.x

analysis
(2010)

epilepsy:
Epilepsia.

. Sainju RK, Dragon DN, Winnike HB, Nashelsky MB, Granner MA, Gehlbach

BK, et al. Ventilatory response to CO2 in patients with epilepsy. Epilepsia.
(2019) 60:508-17. doi: 10.1111/epi.14660

Pattinson KT, Mitsis GD, Harvey AK, Jbabdi S, Dirckx S, Mayhew SD, et
al. Determination of the human brainstem respiratory control network and
its cortical connections in vivo using functional and structural imaging.
Neuroimage. (2009) 44:295-305. doi: 10.1016/j.neuroimage.2008.09.007
Banzett RB, O’Donnell CR, Guilfoyle TE, Parshall MB, Schwartzstein
RM, Meek PM, et al. Multidimensional Dyspnea Profile: an instrument
for clinical and laboratory research. Eur Respir J. (2015) 45:1681-
91. doi: 10.1183/09031936.00038914

Fisher JA. The CO2 stimulus for cerebrovascular reactivity: fixing inspired
concentrations vs. targeting end-tidal partial pressures. | Cereb Blood Flow
Metab. (2016) 36:1004-11. doi: 10.1177/0271678X16639326

Fisher JA, Iscoe S, Duffin J. Sequential gas delivery provides precise
control of alveolar gas exchange. Respir Physiol Neurobiol. (2016) 225:60—
9. doi: 10.1016/j.resp.2016.01.004

Behzadi Y, Restom K, Liau J, Liu TT. A component based noise correction
method (CompCor) for BOLD and perfusion based fMRI. Neuroimage. (2007)
37:90-101. doi: 10.1016/j.neuroimage.2007.04.042

ACKNOWLEDGMENTS

We would like to thank our epilepsy research team, Manuela
Ochoa-Urrea, Laura Vilella Bertran, for their contribution to
EEG data curation. Vipul Kumar Patel and Corina Donohue are
our fMRI technicians.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found

online at:

https://www.frontiersin.org/articles/10.3389/fneur.

2022.896204/full#supplementary-material

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Iglesias JE, Van Leemput K, Bhatt P, Casillas C, Dutt S, Schuff N, et al.
Bayesian segmentation of brainstem structures in MRI. Neuroimage. (2015)
113:184-95. doi: 10.1016/j.neuroimage.2015.02.065

Billot B, Bocchetta M, Todd E, Dalca AV, Rohrer JD, Iglesias JE. Automated
segmentation of the hypothalamus and associated subunits in brain MRI.
Neuroimage. (2020) 223:117287. doi: 10.1016/j.neuroimage.2020.117287
Worsley KJ, Liao CH, Aston ], Petre V, Duncan GH, Morales E et al.
A general statistical analysis for fMRI data. Neuroimage. (2002) 15:1-
15. doi: 10.1006/nimg.2001.0933

Whitfield-Gabrieli S, Nieto-Castanon A. Conn: a functional connectivity
toolbox for correlated and anticorrelated brain networks. Brain Connect.
(2012) 2:125-41. doi: 10.1089/brain.2012.0073

Jafri MJ, Pearlson GD, Stevens M, Calhoun VD. A method for
functional — network  connectivity =~ among  spatially  independent
resting-state  components in  schizophrenia.  Neuroimage.  (2008)

39:1666-81. doi: 10.1016/j.neuroimage.2007.11.001

Tomasi D, Volkow ND. Aging and functional brain networks. Mol Psychiatry.
(2012) 17:471, 549-58. doi: 10.1038/mp.2011.81

Buchanan GE Richerson GB. Central serotonin neurons are required
for arousal to CO2. Proc Natl Acad Sci USA. (2010) 107:16354-
9. doi: 10.1073/pnas.1004587107

Richerson GB. Serotonergic neurons as carbon dioxide sensors that maintain
pH homeostasis. Nat Rev Neurosci. (2004) 5:449-61. doi: 10.1038/nrn1409
Allen LA, Vos SB, Kumar R, Ogren JA, Harper RK, Winston GP, et al.
Cerebellar, limbic, and midbrain volume alterations in sudden unexpected
death in epilepsy. Epilepsia. (2019) 60:718-29. doi: 10.1111/epi.14689

Lacuey N, Martins R, Vilella L, Hampson JP, Rani MRS, Strohl
K, et al. The association of serotonin reuptake inhibitors and
benzodiazepines with ictal central apnea. Epilepsy Behav. (2019) 98(Pt
A):73-9. doi: 10.1016/j.yebeh.2019.06.029

Liu RS, Lemieux L, Bell GS, Sisodiya SM, Bartlett PA, Shorvon
SD, et al. Cerebral damage in epilepsy: a population-based
longitudinal ~quantitative MRI study. Epilepsia. (2005) 46:1482-
94. doi: 10.1111/j.1528-1167.2005.51603.x

Liu RS, Lemieux L, Bell GS, Bartlett PA, Sander JW, Sisodiya SM, et al.
A longitudinal quantitative MRI study of community-based patients with
chronic epilepsy and newly diagnosed seizures: methodology and preliminary
findings. Neuroimage. (2001) 14(1 Pt 1):231-43. doi: 10.1006/nimg.2001.0773

Lemieux L, Liu RS, Duncan JS. Hippocampal and cerebellar
volumetry in serially acquired MRI volume scans. Magn Reson
Imaging. (2000) 18:1027-33. doi: 10.1016/S0730-725X(00)0
0210-1

Lavezzi AM, Matturri L. Functional neuroanatomy of the human
pre-Botzinger ~ complex  with  particular  reference to  sudden
unexplained perinatal and infant death. Neuropathology. (2008)
28:10-6. doi: 10.1111/j.1440-1789.2007.00824.x

McKay LC, Evans KC, Frackowiak RS, Corfield DR. Neural correlates of
voluntary breathing in humans. J Appl Physiol. (1985). (2003) 95:1170-
8. doi: 10.1152/japplphysiol.00641.2002
Veasey SC, CA, Metzler
responses of  serotonergic  dorsal

CW,
raphe

Fornal Jacobs BL.  Single-unit

neurons to  specific

Frontiers in Neurology | www.frontiersin.org

July 2022 | Volume 13 | Article 896204


https://www.frontiersin.org/articles/10.3389/fneur.2022.896204/full#supplementary-material
https://doi.org/10.1016/S1474-4422(16)30158-2
https://doi.org/10.1038/nrneurol.2009.118
https://doi.org/10.1016/S1474-4422(13)70214-X
https://doi.org/10.1212/WNL.0000000000006785
https://doi.org/10.1016/j.nicl.2014.06.010
https://doi.org/10.1002/hbm.24325
https://doi.org/10.1093/brain/awy078
https://doi.org/10.1111/j.1528-1167.2009.02518.x
https://doi.org/10.1111/epi.14660
https://doi.org/10.1016/j.neuroimage.2008.09.007
https://doi.org/10.1183/09031936.00038914
https://doi.org/10.1177/0271678X16639326
https://doi.org/10.1016/j.resp.2016.01.004
https://doi.org/10.1016/j.neuroimage.2007.04.042
https://doi.org/10.1016/j.neuroimage.2015.02.065
https://doi.org/10.1016/j.neuroimage.2020.117287
https://doi.org/10.1006/nimg.2001.0933
https://doi.org/10.1089/brain.2012.0073
https://doi.org/10.1016/j.neuroimage.2007.11.001
https://doi.org/10.1038/mp.2011.81
https://doi.org/10.1073/pnas.1004587107
https://doi.org/10.1038/nrn1409
https://doi.org/10.1111/epi.14689
https://doi.org/10.1016/j.yebeh.2019.06.029
https://doi.org/10.1111/j.1528-1167.2005.51603.x
https://doi.org/10.1006/nimg.2001.0773
https://doi.org/10.1016/S0730-725X(00)00210-1
https://doi.org/10.1111/j.1440-1789.2007.00824.x
https://doi.org/10.1152/japplphysiol.00641.2002
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Hampson et al.

fMRI Correlates of CO, Chemosensing in Epilepsy

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

motor challenges in freely moving cats. Neuroscience. (1997)
79:161-9. doi: 10.1016/S0306-4522(96)00673-2

Zhan Q, Buchanan GE Motelow JE, Andrews ], Vitkovskiy P, Chen WC,
et al. Impaired serotonergic brainstem function during and after seizures. J
Neurosci. (2016) 36:2711-22. doi: 10.1523/J]NEUROSCI.4331-15.2016
Faingold CL, Randall M, Tupal S. DBA/1 mice exhibit chronic susceptibility
to audiogenic seizures followed by sudden death associated with respiratory
arrest. Epilepsy Behav. (2010) 17:436-40. doi: 10.1016/j.yebeh.2010.02.007
Faingold CL, Tupal S, Randall M. Prevention of seizure-induced sudden
death in a chronic SUDEP model by semichronic administration of
a selective serotonin reuptake inhibitor. Epilepsy Behav. (2011) 22:186-
90. doi: 10.1016/j.yebeh.2011.06.015

Murugesan A, Rani MRS, Vilella L, Lacuey N, Hampson JP, Faingold
CL, et al. Postictal serotonin levels are associated with peri-ictal
apnea. Neurology. (2019) 93:¢1485-94. doi: 10.1212/WNL.00000000000
08244

Irsigler GB. Carbon dioxide response lines in young adults: the limits of the
normal response. Am Rev Respir Dis. (1976) 114:529-36.

Henke KG, Arias A, Skatrud JB, Dempsey JA. Inhibition of inspiratory muscle
activity during sleep. Chemical and nonchemical influences. Am Rev Respir
Dis. (1988) 138:8-15. doi: 10.1164/ajrccm/138.1.8

Skatrud JB, Dempsey JA. Interaction of sleep state and chemical stimuli in
sustaining rhythmic ventilation. J Appl Physiol Respir Environ Exerc Physiol.
(1983) 55:813-22. doi: 10.1152/jappl.1983.55.3.813

Berthon-Jones M, Sullivan CE. Ventilation and arousal responses to
hypercapnia in normal sleeping humans. J Appl Physiol Respir Environ Exerc
Physiol. (1984) 57:59-67. doi: 10.1152/jappl.1984.57.1.59

Smith HR, Leibold NK, Rappoport DA, Ginapp CM, Purnell BS, Bode NM, et
al. Dorsal raphe serotonin neurons mediate CO2-induced arousal from sleep.
J Neurosci. (2018) 38:1915-25. doi: 10.1523/JNEUROSCI.2182-17.2018

Tang Y, Chen Q, Yu X, Xia W, Luo C, Huang X, et al. A resting-state functional
connectivity study in patients at high risk for sudden unexpected death in
epilepsy. Epilepsy Behav. (2014) 41:33-8. doi: 10.1016/j.yebeh.2014.08.140
Pineda ], Aghajanian GK. Carbon dioxide regulates the
activity of locus coeruleus neurons by modulating a proton- and

tonic

polyamine-sensitive inward rectifier potassium current. Neuroscience.
(1997) 77:723-43. doi: 10.1016/S0306-4522(96)00485-X

42. Williams RH, Jensen LT, Verkhratsky A, Fugger L, Burdakov D. Control of
hypothalamic orexin neurons by acid and CO2. Proc Natl Acad Sci USA.
(2007) 104:10685-90. doi: 10.1073/pnas.0702676104

43. Subramanian HH, Balnave RJ, Holstege G. The
periaqueductal gray control of respiration. ] Neurosci.
28:12274-83. doi: 10.1523/JNEUROSCI.4168-08.2008

44. Iyer SH, Aggarwal A, Warren TJ, Hallgren ], Abel PW, Simeone TA,
et al. Progressive cardiorespiratory dysfunction in Kvl.1 knockout mice
may provide temporal biomarkers of pending sudden unexpected death
in epilepsy (SUDEP): the contribution of orexin. Epilepsia. (2020) 61:572-
88. doi: 10.1111/epi.16434

45. Keller SS, Richardson MP, Schoene-Bake JC, O’Muircheartaigh J, Elkommos S,
Kreilkamp B, et al. Thalamotemporal alteration and postoperative seizures in
temporal lobe epilepsy. Ann Neurol. (2015) 77:760-74. doi: 10.1002/ana.24376

midbrain
(2008)

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Hampson, Lacuey, Rani, Hampson, Simeone, Simeone, Narayana,
Lemieux and Lhatoo. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org

July 2022 | Volume 13 | Article 896204


https://doi.org/10.1016/S0306-4522(96)00673-2
https://doi.org/10.1523/JNEUROSCI.4331-15.2016
https://doi.org/10.1016/j.yebeh.2010.02.007
https://doi.org/10.1016/j.yebeh.2011.06.015
https://doi.org/10.1212/WNL.0000000000008244
https://doi.org/10.1164/ajrccm/138.1.8
https://doi.org/10.1152/jappl.1983.55.3.813
https://doi.org/10.1152/jappl.1984.57.1.59
https://doi.org/10.1523/JNEUROSCI.2182-17.2018
https://doi.org/10.1016/j.yebeh.2014.08.140
https://doi.org/10.1016/S0306-4522(96)00485-X
https://doi.org/10.1073/pnas.0702676104
https://doi.org/10.1523/JNEUROSCI.4168-08.2008
https://doi.org/10.1111/epi.16434
https://doi.org/10.1002/ana.24376
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Functional MRI Correlates of Carbon Dioxide Chemosensing in Persons With Epilepsy
	Key Points
	Introduction
	Methods
	Participants
	Functional MRI Data Acquisition and Analysis
	Breathing Challenge

	Analyses
	BOLD Comparison During Breathing Challenge
	Functional Connectivity During Breathing Challenge


	Results
	Demographic and Clinical Characteristics
	BOLD Activation Patterns
	Seed-Based Connectivity Analysis

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


