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Abstract

Background: Voluntary breath-holding (BH) triggers re-
sponses from central neural control and respiratory centers
in order to restore breathing. Such responses can be ob-
served using functional MRI (fMRI). Objectives: We used this
paradigm in healthy volunteers with the view to develop a
biomarker that could be used to investigate disorders of the
central control of breathing at the individual patient level.
Method: In 21 healthy human subjects (mean age+SD, 32.8
+ 9.9 years old), fMRI was used to determine, at both the in-
dividual and group levels, the physiological neural response
to expiratory and inspiratory voluntary apneas, within respi-
ratory control centers in the brain and brainstem. Results:
Group analysis showed that expiratory BH, but not inspira-
tory BH, triggered activation of the pontine respiratory
group and raphe nuclei at the group level, with a significant

relationship between the levels of activation and drop in
Sp0.,. Using predefined ROIs, expiratory BH, and to a lesser
extent, inspiratory BH were associated with activation of
most respiratory centers. The right ventrolateral nucleus of
the thalamus, right pre-Botzinger complex, right VRG, right
nucleus ambiguus, and left Kélliker-Fuse-parabrachial com-
plex were only activated during inspiratory BH. Individual
analysis identified activations of cortical/subcortical and
brainstem structures related to respiratory control in 19 out
of 21 subjects. Conclusion: Our study shows that BH para-
digm allows to reliably trigger fMRI response from brainstem
and cortical areas involved in respiratory control at the indi-
vidual level, suggesting that it might serve as a clinically rel-
evant biomarker to investigate conditions associated with
an altered central control of respiration.
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Introduction

Physiological rhythmic breathing in humans depends
on the activity of several brainstem nuclei, including the
ventral respiratory group or column (VRG or VRC), dor-
sal respiratory group (DRG), and nucleus ambiguus (NA)
in the medulla oblongata, and pontine respiratory group
(PRG) composed of the pneumotaxic center (Kolliker-
Fuse/parabrachial complex) with tight connection to the
locus coeruleus (LC) and apneustic center [1]. Cortical
and subcortical structures are also involved in respiratory
control, with the amygdala and frontal cortex, including
the cingulate, mediating the affective component of
breathing, while the somatosensory cortex and dorsal
striatum are involved in the motor control of respiration
(2].

Dysfunctions of respiratory centers are likely to occur
in several conditions, including obstructive sleep apnea
(OSA) [3], sudden unexpected death in epilepsy patients
(SUDEP) [4], sudden infant death syndrome [5], Prader-
Willi syndrome [6], and congenital central hypoventila-
tion syndrome (Ondine’s syndrome) [7]. Yet, while a
number of studies have explored the physiological mech-
anisms of breathing, such as distribution of respiratory
centers in the brainstem or central regulation during hy-
percapnic challenges in rats [8-10], little is known about
the changes in the human brain and brainstem control of
respiration in these conditions. A better understanding of
the central respiratory function and dysfunctions in hu-
mans could help develop clinically relevant biomarkers
and interventions, with the view to predict and prevent
tragic outcomes, such as SUDEP.

Functional magnetic resonance imaging (fMRI) offers
opportunities to investigate this issue using a simple vol-
untary breath-holding (BH) paradigm which can be im-
plemented in any MRI setting and readily translated into
clinical practice if proved useful. Central respiratory ac-
tivity continues throughout BH which triggers responses
from respiratory centers, including suppression of pace-
maker cell activity in the VRG [11]. Previous fMRI BH
studies in small cohort of healthy subjects showed prom-
ising findings in a small sample, with significant brain-
stem and cortical/subcortical responses [12, 13]. BH does
not require any specialized equipment and is rather sim-
ple to employ in clinical settings. Previous research sug-
gested that this strategy produced a reliable fMRI BOLD
response similar to that triggered by hypercapnia pro-
duced by controlled CO, inhalation [14-18]. These stud-
ies identified a variety of anatomical and physiological
mechanisms behind the generation and modulation of
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respiratory rhythm as well as the selective engagement of
brainstem respiratory centers in BH control [13, 19]. We
further detailed these findings in a very recent review [20]
and observed that little information was available as to
which type of BH produces the stronger central response
or whether the response is identical with inspiratory or
expiratory BH. In this study, we aimed at further explor-
ing BH-triggered fMRI activation of brain and brainstem
respiratory centers with the view to test the possibility to
delineate reliable BOLD responses at the individual level
in healthy subjects. Such individual responses would be a
prerequisite for the development of fMRI biomarkers for
patients with respiratory dysfunction of central origin.

Materials and Methods

Subjects

Healthy volunteers aged 18-55 years old were recruited through
advertisement. Exclusion criteria included (1) ongoing or chronic
medical conditions, (2) history of respiratory or neurological dis-
ease, (3) intake of medication except oral contraceptives, (4) preg-
nant women, (5) subjects living at high altitude (>2,000 m), (6)
subjects practicing free-diving, (7) any contraindication to an MRI
investigation. All subjects gave their written informed consent to
participate in the study which was approved by the Ethics Com-
mittee of Canton de Vaud.

Physiological Signals

Before starting the MRI session, subjects were equipped with
MRI-compatible materials that provided permanent measure-
ments of respiratory movements using a respiration transducer
(Biopac Systems Inc., Goleta, CA, USA), pulse oximetry using a
finger transducer (Nonin Medical, Plymouth, MN), and a mouth-
piece with a cannula to measure end-tidal O, and CO, (Biopac
Systems Inc.).

Behavioral Experiment

The experimental procedure was explained in detail to all sub-
jects prior to their participation. Participants were trained to re-
strict any head and neck movements during the whole experiment.
All participants were visually observed and guided during the ini-
tial training period to ensure they fully comply with the instruc-
tions to minimize movements after BHs, in particular forced gasp-
ing.
Participants were pseudo-randomly assigned to start the fMRI
experiment with either the inspiratory or expiratory BH task. The
experiment was divided into a resting part and a functional part
and lasted on average 60 min during which physiological respira-
tory data were continuously recorded. In the first 20 min, subjects
breathed normally while structural MR images were acquired. This
also enabled subjects to adapt to breathing in the MRI gantry in
order to ensure stable and regular breathing during the baseline
parts of the fMRI experiment.

During the fMRI part, each subject performed four BH runs,
including two inspiratory and two expiratory, with six blocks of
BH within each run (Fig. 1). Each run lasted between 7 and 11 min

Respiration 2023;102:274-286 275
DOI: 10.1159/000529388

€202 JoqIBAON G| uo Jasn auuesne NOg Aq Jpd 88€625000/6€ L 996€/1L2/7/20 1 Hpd-8joile/sal/wod 1ab1e//:dRy woly papeojumoq



60 s 30s 2s

BH

unconstrained 60s

\I Il

Six times per run

Fig. 1. Example of one of the six blocks in a run (expiratory or inspiratory). Subjects performed four runs (two
inspiratory unconstrained BH runs and two expiratory unconstrained BH runs).

depending on the individual’s capacity to fulfill the task. Given the
previous observation that BOLD signal variability during BH can
be significantly reduced with the use of visually cued tasks [21], we
used colored circle instructions on the screen as illustrated in Fig-
ure 1. A dedicated workstation running Presentation software
(Neurobehavioral Systems, San Francisco, CA, USA) was used to
control the presentation of cues and record subjects’ responses. A
green dot was first presented on the screen for 30 s during which
the subject was instructed to breathe normally through the mouth-
piece; then, a 2-s duration yellow dot was shown, indicating that
the subject needed to prepare himself for an expiratory or inspira-
tory BH that shall start at the end of an expiration or inspiration,
respectively, and at the end of the 2 s. Finally, a red dot was dis-
played to indicate the onset and continuation of BH as long as the
subject could handle it while keeping comfortable. Subjects pushed
a button at the time they resumed breathing, which turned the dot
green again.

MRI Imaging and Protocol

Participants were examined on a 3T whole-body MRI system
(Magnetom Prisma, Siemens Medical Systems, Germany), using a
64-channel RF receiver head coil and body coil for transmission.
The structural MRI protocol included 10 min of anatomical imag-
ing (sagittal MPRAGE, slice tilt = 8°, echo time, 2.67 ms; repetition
time, 3.50 s; TI = 1,000 ms, matrix size = 256, field of view = 224
mm, slice thickness = 0.9 mm, voxel size 0.9 x 0.9 x 0.9 mm) fol-
lowed by 6-min time of flight imaging (slice tilt = 18°, echo time,
3.43 ms; repetition time, 0.21 s; slice thickness = 0.6 mm, GRAPPA
factor 2) to acquire vascular structures, in particular that of verte-
brobasilar arteries. These were used to ensure that BOLD signal
changes acquired during the fMRI experiment were deemed lo-
cated in the brainstem parenchyma and not reflecting spill-over
effect from changes occurring in nearby vessels.

The fMRI protocol used a gradient-echo T2*-weighted echo-
planar imaging sequence as described in the study by Beissner et
al. 2014 [22] (slice tilt = 40°, echo time, 30 ms; repetition time, 2.52
s; slice thickness = 2.5 mm, GRAPPA factor 2) covering the whole
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brain, including the lower brainstem. The proposed protocol is
based on experiments previously published in the field and which
proved effective at investigating brain and brainstem BOLD re-
sponse [12, 21].

Data Preprocessing

Times of onset, termination, and duration of each BH were de-
termined by using several sources of information: (1) those that
were automatically recorded through the Presentation software
which provided the theoretical times of BH onset (red cue) and
termination (button pressed by the subject), and (2) the recorded
respiratory movements whose peaks were automatically identified
by an in-house MATLAB-based software. As a rule, these sources
of information were highly concordant, while in a few subjects, BH
was slightly delayed following the red cue or terminated slightly
prior to pressing the button. We also inspected the evolution of
end-tidal CO, and O, during BH to ensure lack of inconsistency.
BH blocks associated with variations in gas concentration and tho-
racic movements were discarded from the analysis. Apnea events
were defined in this study as cessation of airflow for more than 10
s. Whenever BH was associated with a drop in SpO, 24% from
baseline, which is considered clinically significant [23], we marked
the decline between the onset and offset of the SpO, drop.

We tested the similarity of the apnea duration values automat-
ically obtained from the recording system to those corrected man-
ually, using a correlation coefficient. The difference in drop of
SpO; between inspiratory and expiratory BH was assessed for ho-
mogeneity (Levene’s test) and compared between conditions using
a Mann-Whitney U test. The duration of apnea reported by sub-
jects highly correlated with that measured through objective respi-
ratory movements (correlation coefficient, R = 0.963 for expira-
tory BH, R = 0.954 for inspiratory BH) (see Table 1).

fMRI studies of the human brainstem have proved challenging
for various methodological reasons [24]. BH maneuver is accom-
panied by changes in breathing rate and depth across the various
phases of the experiment, which cause significant and faster respi-
ration-induced BOLD-like signal fluctuations that need to be fil-
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Table 1. Apnea during BH

Expiration Inspiration

Median apnea duration in s (range)
Subjects with duration of apnea <20 s, n (%)

Subjects with duration of apnea between 20 and 30 s, n (%)
Subjects with duration of apnea between 30 and 40 s, n (%)

Subjects with duration of apnea >40 s, n (%)

28.4(16.9-53.5) 44.7 (26.6-67.4)

2(9.5) 0

10 (47.6) 4(19)
8(38.1) 6 (28.6)
1(4.8) 11(52.4)

Table contains dispersion of mean duration of apnea per BH type for each subject.

tered [25, 26]. BH also alters the levels of O, and CO,, thus induc-
ing mild hypoxia and increased hypercapnia, which directly influ-
ence the BOLD contrast [27]. Finally, cardiac-related artifacts are
arising from brain movement caused by fluctuating blood pressure
and blood volume during each heart beat [28]. Delineating the
temporal dynamics of these susceptibility-induced changes is thus
required to measure the true BOLD signal changes occurring in
the brain and brainstem respiratory centers and reduce the risk of
false-positive and false-negative findings [27, 29, 30]. To this end,
end-tidal CO, was convolved with the response function and re-
gressed out of the BOLD signal at each voxel, producing the cor-
rected data. The subject-specific end-tidal CO, was calculated
from the points of maximum CO, values at the end of each exhale,
linearly interpolating between them, and resampling the result to
the TR timing (2,520 ms). For BH periods in which there were no
end-tidal CO, values, the interpolation range was between the last
exhale before BH and the first after, as described previously [31].
The detection of the “respiration and circulation response func-
tion” was accomplished by incorporating the measurement of tho-
racic breathing movements and cardiac heartbeats into the model
(22, 25, 32].

MRI data were processed using MATLAB 7.6 (Mathworks Inc.,
Sherborn, MA, USA) with statistical parametric mapping software
(SPM12, Wellcome Department of Imaging Neuroscience, Lon-
don, UK). The first four volumes were discarded to allow the MRI
signal to reach equilibrium. All images were then realigned to the
mean functional image, which was co-registered with the anatom-
ical image. The T1 volume was segmented by DARTEL. The de-
formation maps were applied to the realigned functional volumes
for spatial normalization and the volume resliced to 2 x 2 X 2 mm
voxels in MNI space. Normalized volumes were then smoothed at
4 mm full-width half-maximum.

Our primary endpoint was the BOLD activation measured in
brainstem respiratory centers following inspiratory and expiratory
BH as compared to baseline, at both the individual and group lev-
els. According to this specific objective and in order to increase
statistical power, we created and used a mask of the brainstem and
cortical/subcortical areas known to participate in breathing con-
trol. This mask was built using the regions of interest (ROIs) de-
rived from “Hammersmith atlas n30r83” atlas [2, 33-35]. Brain
structures described in the literature as playing a significant role in
the regulation of breathing during apnea and selected for the mask
included the prefrontal cortex [2, 36, 37], pre- and postcentral gy-
rus [33, 36, 37], thalamic nuclei (ventrolateral nucleus [VL], ante-
rior nucleus [ANT]) [33, 36, 37], hypothalamus [33, 36, 37], in-
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sula, hippocampus [2, 33-35], amygdala [2, 33-35], and anterior
cingulate [2, 33-35].

Because the brainstem structures involved in respiratory con-
trol are fairly small, besides looking at the signal change in the
whole structure, we also opted for individual ROIs to observe their
response during our experiment. Spherical ROIs (diameter = 3
mm) were placed in the volumetric center of respiratory centers
in the brainstem and subcortical nuclei involved in breathing con-
trol. The ROI location was adjusted to include only gray matter
voxels and limit any overlapping voxels when possible. The coor-
dinates of the circular ROIs of the brainstem and subcortical
structures are listed in Table 2. Their location was identified either
by validating their location in human brain atlases, if available, or
identifying their position according to described landmarks (refer
to Table 2).

Statistics

SPM analyses of preprocessed MRI data were performed using
a general linear model. We created several contrasts to identify a
significant difference once comparing two variables to one anoth-
er. General linear model included inspiratory BH, expiratory BH,
SpO, falls and rises during inspiratory and expiratory BH, and de-
activations during BH. Contrasts of interest were generated by
comparing the beta weights associated with BOLD activation in
response to BH. Cluster corrected significance level was set at p <
0.05 after family-wise error correction for multiple comparisons
for the number of voxels tested for the group analyses and indi-
vidual subject responses (for visualization purpose, figures also
show clusters at p = 0.001). BOLD activation maps from each in-
dividual subject were also compared to those from the group com-
posed of all other subjects with the view to test whether some nor-
mal subjects would significantly differ from the others. Ideally, one
would hope not to detect significant findings in subjects without
respiratory disorder but only in patients with such disorders.

ROI-based analyses of the mean % change in BOLD signal in
brainstem and diencephalon respiratory centers were performed
using a multivariate statistic (MANOVA) and post hoc non-para-
metric tests (LSD) for every individual ROI (p < 0.05). We com-
pared the mean B value of each ROI, during the expiratory BH,
inspiratory BH, and baseline. We assessed the percentage of sub-
jects presenting a BOLD signal change in the brainstem and inves-
tigated the relation between such changes and the duration of ap-
nea and drop in SpO,.
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Table 2. Coordinates of circular ROIs selected based on the literature

Structures Location Left Right

ANT of the thalamus [2] Gray matter, dorsal part of the diencephalon —6;-6;4 8, —6;4

VL of the thalamus [2] -10;-14;4 14;-14;4

LC[5, 2] Posterior area of the rostral pons in the lateral floor of the fourth ventricle -3;-32;-24 7,-32;-24

Kolliker Ffuse-PB complex [5, 2] Bilateral, rostral dorsolateral pons 5;-30;-24 —4;-30;-24

DRG of the nucleus tractus solitarus [31,32]  Ventral-lateral portion of the tractus solitarus —4; -38;-52 6;-38;-52

NA [32] Ventrolateral medullary reticular formation —4;-32;-52 6;-32;-52

PBC [9, 28] Ventrolateral medullary reticular formation at the rostrocaudal level +9 mm  —4;-32; -52 4;-32;-52
from obex

VRG [31] Bilateral column, lateral tegmentum. From caudal part of facial nucleus to C1  —4; -36; =52 —6; —36; —52
spinal level

Lateral reticular nucleus [2] Medulla Oblongata, caudal ventrolateral —5;-36;-52 6;-36;—-52

Dorsal raphe nucleus [32] Medial portion of the reticular formation 2;-25;-12

Median raphe nucleus [32] 1,-28;-18

The coordinates on the right represent the center of mass, and each ROl is made up of a sphere formed around this center of mass.

Table 3. Descriptive data

Controls Sex Age, years Weight, kg Height, cm Height, m BMI, kg/m?

1 Male 37 920 179 1.79 28.1

2 Female 23 63 173 1.73 21.0

3@ Female 43 69 155 1.55 28.7

4 Male 32 66 182 1.82 19.9

5 Male 48 20 181 181 27.5

62 Male 27 67 171 1.71 229

72 Female 22 51 172 1.72 17.2

8 Female 46 64 153 1.53 27.3

9 Male 32 78 177 1.77 249

10° Male 31 70 187 1.87 20.0

11 Female 20 60 168 1.68 21.3

12 Female 29 55 161 1.61 21.2

13 Female 26 44 155 1.55 18.3

14 Female 22 64 163 1.63 24.1

15 Male 53 54 173 1.73 18.0

16° Male 24 73 184 1.84 21.6

17 Female 27 54 159 1.59 214

18 Male 38 78 180 1.8 24.1

19 Female 32 57 170 1.7 19.7

20 Male 27 80 178 1.78 25.2

21 Female 49 60 174 1.74 19.8

Two of the participants were underweight (BMI <18.5 kg/m?), 14 had a normal weight (BMI between 18.5 and 24.9 kg/m?), five were
overweight (BMI between 25 and 29.9 kg/m?), and none were obese (BMI >30 kg/m?). 2 Subjects practiced high-intensity physical trainings

on a regular basis.

Results

Subjects Characteristics

We included 21 healthy subjects in the study (52.4%
females, 47.6% males), with a mean age + SD 0f 32.8 £ 9.9
years, Table 3. No subject was excluded from the study.
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Behavioral Response

We observed a great inter-individual heterogeneity in
the duration of apneas, which lasted longer for inspira-
tory BH (median 44.7 s, range 26.6-67.4 s) than for expi-
ratory BH (median 28.4 s, range 16.9-53.5 s). During ex-
piratory BH, two of the 21 subjects (9.5%) achieved a
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Table 4. General linear model group analyses

Hemisphere Lobe Structure p (FWE Clustersize, T Zscore X y Z, mm
Expiratory BH correction)  voxels
Left Limbic Parahippocampal gyrus  0.000 7 10.51 5.97 -12 -31 -4
Hippocampus 6.51 4.67 -18 -25 -7
Left Sublobar Caudate 0.000 4 9.54 571 -12 -4 14
Left Frontal Inferior frontal gyrus 0.012 1 8.12 527 -45 14 -7
Left Limbic Parahippocampal gyrus  0.000 6 7.82 517 =21 -1 -13
Left cerebellum Anterior Culmen 0.012 1 7.24 4.96 -12 -28 -22
Right Sublobar Thalamus 0.001 3 7.00 4.87 15 -16 8
Right Sublobar Caudate 0.012 1 6.74 4.76 12 -4 14
Midline Brainstem Pons 0.000 4 6.72 4.75 0 -16 -19
Right Frontal Precentral gyrus 0.000 4 6.62 4.71 51 -7 29
Left cerebellum Anterior Culmen 0.012 1 6.56 4.69 -18 -28 -28
Right Limbic Parahippocampal gyrus  0.000 4 6.35 4.59 24 2 -13
Right Sublobar Thalamus 0.003 2 6.20 4.53 6 -28 -1
Right Limbic Parahippocampal gyrus  0.003 2 6.18 4.52 15 -31 -4
Right Sublobar Insula 0.003 2 6.09 4.48 39 -19 2
Right Frontal Precentral gyrus 0.012 1 6.01 4.44 51 -10 38
Inspiratory BH
Left Sublobar Caudate 0.001 3 11.17 6.3 -12 -4 14
Right Frontal Precentral gyrus 0.000 8 9.09 5.58 51 -7 26
Left Parietal Postcentral gyrus 0.000 7 8.12 527 -36 -19 44
Right Sublobar Thalamus 0.000 4 7.61 5.10 9 -13 11
Right Frontal Medial frontal gyrus 0.001 3 7.57 5.08 3 29 38
Right Sublobar Caudate 0.010 1 7.30 498 12 -4 14
Left Frontal Precentral gyrus 0.000 6 7.25 4.96 -54 -10 38
Right Frontal Precentral gyrus 0.010 1 7.04 4.88 48 -10 38
Left Frontal Inferior frontal gyrus 0.001 3 6.83 4.80 -39 20 -7
Right Frontal Medial frontal gyrus 0.001 3 6.81 4.79 3 38 38
Left Sublobar Insula 0.002 2 6.70 4.74 -39 -19 -1
Right Limbic Parahippocampal gyrus  0.002 2 6.68 4.74 27 -1 -13
Right Sublobar Claustrum 0.010 1 6.46 4.64 39 -19 -1
Right Limbic Anterior Cingulate 0.010 1 6.42 4.63 3 47 2
Left Frontal Middle frontal gyrus 0.010 1 6.42 4.63 -48 11 32
Left Temporal Superior temporal gyrus  0.010 1 6.30 4,57 -60 -1 5
Left Parietal Postcentral gyrus 0.010 1 6.29 4.57 -24 -28 56
Right Sublobar Insula 0.010 1 6.22 4.54 33 =25 17
Left Parietal Inferior parietal lobule 0.010 1 6.11 4.49 —-45 -34 59
Left Parietal Postcentral gyrus 0.010 1 6.08 4.48 -60 -22 14
Left Sublobar Claustrum 0.010 1 6.01 444 -33 -25 8
Left Sublobar Insula 0.010 1 6.00 4.44 -33 20 8
Left Frontal Precentral gyrus 0.010 1 5.91 4.40 -48 -10 29
Right Parietal Postcentral gyrus 0.010 1 5.90 4.39 57 -22 14
Left Sublobar Thalamus 0.010 1 5.88 439 -15 -16 8
Right Frontal Precentral gyrus 0.010 1 5.86 4.38 48 -10 50

FWE, family-wise error. All values in tables derive from the SPM tables.

maximal apnea duration <20 s, ten (47.6%) in the range
0f 20-30 s, eight (38.1%) in the range of 30-40 s, and one
(4.8%) > 40 s. During inspiratory BH, all subjects achieved
a maximal apnea duration >20 s, including four (19%) in
the range of 20-30 s, six (28.6%) in the range of 30-40 s,
and eleven (52.4%) > 40 s.

Estimation of Individual Respiratory
Control in Healthy Volunteers

The mean drop in SpO, + SD was 2.74% + 2.24 during
expiratory BH (range 0.07-7.75) and significantly greater
than that observed during inspiratory BH, e.g.,0.93 £ 0.77
(range 0.03-2.63) (p = 0.0012). Accordingly, SpO, drops
of 4% or more were detected in only five subject (24%)
who hold their breath for >20 s during expiratory BH (be-
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Fig. 2. Group analyses. Expiratory BH (upper row, a, ¢) and inspiratory BH (lower row, b, d). Images obtained
using the FWE threshold are shown on the left, while clusters visible using the uncorrected p = 0.001 threshold
are shown on the right. FWE, family-wise error.

tween 25.1 and 52 s), while such a drop was never ob-
served during inspiratory BH. The drop in SpO, posi-
tively correlated with the duration of apnea, both during
inspiratory (R = 0.492, p = 0.023) and expiratory BH (R =
0.679, p = 0.001).
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Imaging BOLD Response

Group-Level Analysis

Mask of the brainstem and subcortical/cortical regions
(Table 4): During expiratory BH, significant BOLD acti-
vation was observed over the pons, the hippocampus and
amygdala, the thalamus, the caudate nuclei, and the fron-
tal and temporal cortices (Table 4; Fig. 2a, ¢). During in-
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Table 5. Multivariate analysis of ROl beta

values in the brainstem and the thalamus ROI

Overall effect of
inspiratory BH

Overall effect of
expiratory BH

Dorsal raphe nucleus

Median raphe

Left ANT of the thalamus
Right ANT of the thalamus
Left Kolliker fuse-PB complex
Right Kolliker fuse-PB complex

Left LC
Right LC

Left lateral reticular nucleus
Right lateral reticular nucleus

Left NA
Right NA

Left nucleus tractus solitarus
Right nucleus tractus solitarus

Left PBC
Right PBC

Left ventrolateral thalamus
Right ventrolateral thalamus

Left VRG
Right VRG

0.003 0.008
0.000 0.013
0.045 0.041
0.617 0.050

0.085 0.047
0.723 0.453

0.235 0.181

0.920 0.717

0.000 0.000
0.010 0.005
0.000 0.000
0.182 0.011
0.000 0.000
0.014 0.000
0.000 0.000
0.082 0.011
0.191 0.050

0.110 0.013
0.000 0.000
0.210 0.005

All values in the table represent the p values. Bold highlights the significant p values.

Table 6. Individual analyses

Condition Medulla Pons Mesencephalon  Hypothalamus Thalamus Hippocampus/ Brainstem Brainstem/
amygdala hypothalamus

Expiratory BH, n (%) 5(23.8) 17 (80.9) 15(71.4) 14 (66.6) 15(71.4) 9(42.9) 18 (85.7) 19 (90.5)

Inspiratory BH, n (%) 1(4.8) 10 (47.6) 8(38.1) 12 (57.1) 17 (80.9) 9(42.9) 12(57.1) 17 (80.9)

SpO, expiratory, n (%) 2(9.5) 4(19) 3(14.3) 2(9.5) 0 4(19) 5(23.8) 5(23.8)

SpO; inspiratory, n (%) 1(4.8) 2(9.5) 3(14.3) 3(28.6) 0 6(28.6) 3(14.3) 4(19)

Activations in the brainstem and subcortical structures. Table contains number of subjects per condition and the location of significant clusters.

spiratory BH, similar cortical activations were observed,
with additional clusters in the parietal cortex and anterior
cingulate, but without significant brainstem activation
(Table 4; Fig. 2b, d). However, when directly comparing
expiratory and inspiratory BH, no significant difference
was evidenced between the two conditions. No significant
deactivations were detected.

ROI-Based Analysis

Table 5 details the results from MANOV A analysis us-
ing the percentage BOLD change between the task and
the baseline obtained from the ROIs located in the brain-
stem and thalamus. Significant BOLD signal changes
were detected in the median and dorsal raphe, left ANT,

Estimation of Individual Respiratory
Control in Healthy Volunteers

left NA, left VRG, left lateral reticular nuclei, left pre-
Boétzinger complex (PBC), and nucleus tractus solitarus,
during both types of BH. Conversely, the right VL nucle-
us of the thalamus, right PBC, right VRG, right NA, and
left Kolliker-Fuse-parabrachial complex were only acti-
vated during inspiratory BH. No significant changes were
detected in the right ANT, right Kolliker-Fuse-parabra-
chial complex, LC, and left VL.

Individual Imaging Results

Details about the individual response to the BH within
the cortical and subcortical areas involved in respiratory
control are provided in Table 6. Nineteen out of the 21
subjects (90.5%) demonstrated a significant response to
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Table 7. Individual brainstem BOLD response as a function of apnea duration

Mean duration of apnea Expiratory BH

(Subjects, n)

Inspiratory BH
(Subjects, n)

Brainstem BOLD response during
expiratory BH Subjects, n (%)

Brainstem BOLD response during
inspiratory BH Subjects, n (%)

Apneat<20s 0 2
Apnea20<t<30s 10 4 9
Apnea30<t<40s 6 7
Apneat>40s 1 11 1

100) 0

90) 2(50)
87.5) 5(83.3)
100) 5(45.4)

t (seconds). Indicative values for the relation between apnea duration and significant BOLD activity in the brainstem.

BH at the individual level within the brainstem-hypotha-
lamic area, including 19 during expiratory BH (90.5%),
17 of whom also showed a significant individual response
during inspiratory BH (80.9%). These individual re-
sponses involved the brainstem proper in 18 subjects
(85.7%), including the mesencephalon in 15 (71.4%), the
pons in 17 (80.9%), and the medulla in five (23.8%). As a
rule, the majority of these responses were observed dur-
ing both expiratory and inspiratory BH, with slightly
more responses for the former. Conversely, thalamic re-
sponses, which were present in 17 subjects (80.9%), were
more frequent in inspiratory than expiratory BH (i.e.,
80.9% vs. 71.4%). All 19 subjects with a significant BOLD
response showed activation in some cortical areas (fron-
tal, temporal, parietal, and limbic regions). Online sup-
plementary Figure 1 (for all online suppl. material, see-
www.karger.com/doi/10.1159/000529388) shows exam-
ples of individual BOLD activations in two subjects for
the two BH tasks.

Of note, one of the only two subjects in whom the
BOLD signal did not significantly vary is a professional
athlete (mean variation of SpO2 1.062%), while the sec-
ond subject suffered significant variations in performance
across BH sessions (from 11 to 27 s for expiratory BH and
22-38 s for inspiratory BH). Deactivations within the
brainstem were also observed in eight subjects during in-
spiratory BH, and ten subjects during expiratory BHs.

Adjusting individual analyses to changes in SpO, did
not improve their sensitivity with less subjects showing
significant BOLD activation. Yet, all five subjects with a
drop in SPO, 24% displayed a significant BOLD response
in the medulla and the pons.

The duration of expiratory BH did not seem to influ-
ence the likelihood of significant individual response,
with comparable findings for all ranges of apnea duration
(Table 7). In contrast, the duration of inspiratory BH
might have an impact on the proportion of significant
BOLD activation, with 83% of subjects performing an ap-
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nea of 30 < t <40 s showing such an activation, as com-
pared to only 45-50% for shorter or longer apnea (Ta-
ble 7). Yet, this difference was not statistically tested ac-
cording to the small number of subjects in each category.

Individual versus Group Comparison

No subject showed a significant difference in BOLD
activation maps when compared to the group of all other
subjects, including the two subjects who failed to demon-
strate a significant fMRI activation during BH.

Discussion

The primary goal of the present human fMRI study
was to trigger an activation of the respiratory centers that
would prove assessable at the individual patient level, us-
ing a simple BH paradigm easily implementable in clini-
cal routine. This would open the door to the development
of a clinically relevant biomarker for conditions with a
suspected dysfunction of central respiratory control. We
observed a significant BOLD response in the brainstem
and hypothalamus in 90.5% of our normal subjects, with
one of the only two exceptions observed in a professional
athlete and the other in a subject with unreliable BH. Fur-
thermore, none of our control subjects showed a signifi-
cant difference when tested against the group of all other
controls. These findings are encouraging toward the pos-
sibility of using this simple paradigm in relevant patients
with the hope to delineate significant abnormalities at the
individual level.

The BH paradigm with unconstrained duration is
characterized by very heterogeneous duration of apnea
and associated levels of SpO, [27, 31, 38], as observed in
our study. Yet, despite variation in BH duration, the
BOLD signal can be robustly mapped [27]. As previously
reported, inspiratory BH was significantly longer than ex-
piratory BH while associated with milder reduction in

Ciumas/Bolay/Bouet/Rheims/Ibarrola/
Hampson/Lhatoo/Ryvlin

€202 JoqIBAON G| uo Jasn auuesne NOg Aq Jpd 88€625000/6€ L 996€/1L2/7/20 1 Hpd-8joile/sal/wod 1ab1e//:dRy woly papeojumoq



SpO; [24], with a positive correlation between the dura-
tion of apneas and the drop of SpO,, regardless of the type
of BH [39]. Our subjects were requested to hold their
breath as long as it was bearable, leading the majority to
execute expiratory BH lasting between 20 and 30 s and to
show a BOLD response, regardless of the duration of ex-
piratory BH. For inspiratory BH, the proportion of sig-
nificant BOLD response was observed in 83% of partici-
pants that performed 30-40 s BH but in only half of those
who performed inspiratory BH of shorter or longer dura-
tion. Previous reports suggested that apnea duration of 20
s is required to obtain a reliable BOLD response for expi-
ratory BH [27] and more than 20 s for inspiratory BH
[40]. While our findings are consistent with these obser-
vations for expiratory BH, they suggest that longer inspi-
ratory BH, between 30 and 40 s, is associated with a great-
er likelihood of a BOLD response within the brainstem.
Interestingly, we also found that drops of SpO, of more
than 4% systematically led to a strong individual response
from VRG and PRG.

Mechanisms regulating the individual duration of BH
remain uncertain [41, 42]. The act of holding one’s breath
engages a conscious inhibitory stimulus which is eventu-
ally overwhelmed by an involuntary stimulus, forcing the
subject to finally inspire or expire [43, 44]. The centers
that are responsive for the urge to breathe are located in
the medulla oblongata and include serotoninergic neu-
rons that detect increased pCO, and then fire to stimulate
respiration [45, 46]. Their reactivity to the hypercapnic
condition seems to vary greatly [2], and the difference in
BOLD response to hypercapnia might be due to differ-
ence in neuronal activation of these centers [47]. Animal
studies [9, 48-52] also helped define the role and associa-
tions of structures involved in the semiology of breathing.
These studies highlight the essential connections of the
thalamus with the supplementary motor area, premotor,
frontal, prefrontal, and anterior-cingulate cortex, and the
anterior insula. In particular, the thalamocortical sero-
toninergic projections induce cortical arousal, mediating
the “life-saving” response to hypercapnia [45]. The hypo-
thalamus also plays an essential role in hypoxic and hy-
percapnic conditions [53].

Our group-level analyses showed BH-triggered acti-
vation in the majority of regions known to participate in
the central regulation of breathing, i.e., the PRG, medial
and dorsal raphe nuclei, thalamus, caudate, hippocam-
pus, and cortical areas located in the frontal, parietal, and
temporal lobes. When extracting signal from predefined
ROIs centered around known respiratory centers, fMRI
responses to both expiratory and inspiratory BH were

Estimation of Individual Respiratory
Control in Healthy Volunteers

observed over the median and dorsal raphe, thalamus,
the DRG, the PBC complex, and the VRG. At the indi-
vidual level, BOLD activation in both types of BH was
observed in cortical areas (frontal, parietal, temporal,
and limbic regions), the diencephalon, the mesencepha-
lon, the apneustic and the pneumotaxic centers, the ven-
tral-lateral pons, as well as the DRG, the VRG, and the
raphe nuclei. These results are consistent with previous
studies which described regions susceptible to hypercap-
nic challenges [54, 55] and BH [31]. These regions are
typically well irrigated and associated with high BOLD
sensitivity [56]. Several of these respiratory centers, such
as the DRG and inferior ventral pons, the NA, and PBC
[2], are also composed of chemo-sensitive and rhythm
generator cells [57] which, when activated, reflect the di-
rect impact of hypercapnia and the increase in respira-
tory motor activity [2].

Numerical differences were observed between expira-
tory and inspiratory BH using voxel-based SPM analyses,
with more brainstem activation during expiratory BH, in
particular within the pons, and more cortical activation
during inspiratory BH, in particular within the anterior
cingulate. These differences did not prove significant,
however, possibly due to the limited sample size of our
cohort. Few other fMRI studies have investigated the hu-
man brainstem in the autonomic or voluntary control of
breathing using different methods [2, 13, 26]. Some rest-
ing-state fMRI studies aimed at quantifying the noise
contribution to the resting BOLD signal, particularly in
the brainstem [26, 58]. While quantifying the BOLD re-
sponse in the brainstem is fairly challenging, it can be
reliably quantified if appropriate correction for noise,
motion, cardiac and respiratory activities, and end-tidal
CO2 is applied [26, 58]. An fMRI study using inhalation
of CO, in 12 healthy volunteers showed changes in BOLD
signal in dorsal rostral pons, the inferior ventral pons,
and the dorsal and lateral medulla [2]. Another study
compared the whole-brain activation during BH to acti-
vation after CO, administration challenge in order to de-
lineate the nonspecific whole-brain activation (vasodila-
tory effect of CO,) from the local neural-related BOLD
signal change [13]. Similar to our study, they found a
response to BH in six healthy volunteers over cortical
and subcortical structures including the insula, basal
ganglia, frontal cortex, parietal cortex and thalamus, and
the pons.

In about half of our subjects, we detected simultane-
ous activation of the limbic structures — amygdala and/
or hippocampus during BH. Recent data from direct
electrical cortical stimulation experiments suggest that
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the human amygdalohippocampal complex can exert
effects on breathing [34, 59] and might play a crucial
role in patients with epilepsy who are at risk of SUDEP
[60].

To our knowledge, only one other study provided re-
sults of BH-triggered fMRI response at the individual
level in six healthy subjects [13]. While most subjects in
that study showed significant fMRI activations following
inspiratory BH, in particular over the dorsal somatosen-
sory cortex, the cerebellum, and the cingulate gyrus, bi-
laterally, a large heterogeneity of BOLD activation was
observed across individuals. Another study used CO,
challenge in healthy volunteers to trigger central hyper-
capnic response [47]. Individual maps demonstrated
BOLD responses in the cortex, the thalamus, the pons,
and the medulla, similar to those reported in our study
[47].

BOLD signal failed to be significant in two of our 21
subjects, likely due in one subject to his athletic perfor-
mances and tolerance to long-lasting apnea, while the
second subject was not compliant with the BH challenges.
Experimental procedures ought to be considered careful-
ly and conducted properly for triggering the respiratory
centers. The critical steps within our protocol included
implementing a respiration-triggered paradigm to allow
subjects to be comfortable enough to comply with the
task. Confounding variables such as habituation, anxiety
within the scanner, and respiration patterns in different
people need to be considered when designing a paradigm
and analyzing the data. Poor compliance to even one BH
will affect the recorded time series [31]. The fMRI data
are generally highly variable between subjects and even
within one subject, and for repetitive or demanding tasks
as our BH maneuver, cooperation of the subject is neces-
sary. While BH is fairly easy to implement using a visual
cue, noncompliancy might represent an issue in some
populations (e.g., patients with cognitive disorders, elder-
lies, children).

BH task or CO, inhalation-induced hypercapnia have
both been used to evaluate cerebrovascular reactivity in
various diseases [61, 62]. BH fMRI has also been used to
explore the brain activation patterns in OSA, bipolar dis-
orders, acute stroke, and gliomas [63-66]. In patients
with OSA, overall cortical and brainstem activation pat-
terns were significantly reduced compared to healthy
controls [63]. Additionally, researchers found positive
correlations between resting state and cerebrovascular re-
activity following the BH task in elderly [67] and slower
BOLD responses in Alzheimer disease following CO,
challenge [68]. Based on our findings, we believe that BH-
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triggered fMRI could be further used in other patient
populations to investigate disorders of central respiratory
regulation, in particular in patients with central hypoven-
tilation syndrome, central sleep apnea, sudden infant
death syndrome, or syndrome Prader-Willi and those
with epilepsy at risk of SUDEP. Indeed, SUDEP has been
found to be primarily derived from postictal seizure-trig-
gered central respiratory arrest, suggesting an altered re-
sponse of the brainstem respiratory centers to hypoxia
[69]. We are currently running such a study in persons
with epilepsy.

Various limitations should be addressed. First, be-
cause we chose to sample the BOLD signal from the en-
tire brain, we chose a larger field of view and a high TR
(2,520 ms) that limited the sampling rate of cardiac and
respiratory cycles which could have affected the time se-
ries [56]. Second, the accuracy in measurements of air-
flow and exhaled gas pressures may have been altered by
the use of the mask without use of a nose clip [12]. Due
to logistical capacity, we could not use both instruments.
However, the use of a thoracic belt allowed us to visualize
the thoracic movement, which, associated with the ab-
sence of gas exchanges in the mask (pCO, and p0O,), de-
lineated the apnea period. Finally, the brainstem is a
complex structure that is difficult to precisely differenti-
ate in fMRI imaging due to its low spatial resolution. Ac-
cordingly, we considered BOLD activity in the mesen-
cephalon as reflecting the anatomical location of the ra-
phe nuclei and clusters in PRG as reflecting the activation
of the Kolliker-Fuse/parabrachial complex, LC, and ap-
neustic center. Signal in the VRG was considered to re-
flect the activity in the parafacial nucleus, Botzinger,
PBC, cVRG, and rVRG.

Conclusion

BH maneuver is an effective and easy to implement
trigger of central respiratory centers which provide robust
fMRI response in humans at the individual level and could
prove to be a useful biomarker in various medical condi-
tions associated with central respiratory dysfunction.
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