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Abstract

We demonstrated that changes in CO, values cause oscillations in the cortical activity in 6-and a-bands. The analysis of the
regional field power (RFP) showed evidence that different cortical areas respond with different time delays to CO, challenges.
An opposite behavior was found for the end-tidal O,. We suppose that the different cortical time delays likely expresse spe-
cific ascending pathways to the cortex, generated by chemoreceptor nuclei in the brain stem. Although the brain stem is in
charge of the automatic control of ventilation, the cortex is involved in the voluntary control of breathing but also receives
inputs from the brain stem, which influences the perception of breathing, the arousal state and sleep architecture in conditions
of hypoxia/hypercapnia. We evaluated in 11 healthy subjects the effects of breath hold (BH; 30s of apneas and 30s of normal
breathing) and BH-related CO,/O, changes on electroencephalogram (EEG) global field power (GFP) and RFP in nine different
areas (3 rostrocaudal sections: anterior, central, and posterior; and 3 sagittal sections: left, middle, and right) in the &- and
o-bands by cross correlation analysis. No significant differences were observed in GFP or RFP when comparing free breathing
(FB) with the BH task. Within the BH task, the shift from apnea to normal ventilation was accompanied by an increase in the
d-power and a decrease in the a-power. The end-tidal pressure of CO, (PETco,) was positively correlated with the §-band and
negatively with the a- band with a positive time shift, whereas an opposite behavior was found for the end-tidal pressure of
O, (PETo,). Notably, the time shift between PETco, / PETo, signals and cortical activity at RFP was heterogenous and seemed
to follow a hierarchical activation, with the §-band responding earlier than the a-band. Overall, these findings suggest that the
effect of BH on the cortex may follow specific ascending pathways from the brain stem and be related to chemoreflex
stimulation.

NEW & NOTEWORTHY We demonstrated that the end tidal CO, oscillation causes oscillations of delta and alpha bands. The
analysis of the regional field power showed that different cortical areas respond with different time delays to CO, challenges.
An opposite behavior was found for the end-tidal O,. We can suppose that the different cortical time delay response likely
expresses specific ascending pathways to the cortex generated by chemoreceptor nuclei in the brainstem.

chemoreflex; EEG; hypercapnia; hypoxia; neural pathways; respiration

INTRODUCTION

Spontaneous breathing in mammals is a complex function
under automatic control of the brain stem neural network (1).
This network originates in the medulla, receives inputs both
from the periphery and the cortex, and is responsible for the
background respiratory rhythm and the coupling of oxygen
(0,) consumption and carbon dioxide (CO,) production to
metabolic needs, a function known as chemosensitivity (2).

CO, is the primary chemical stimulus for alveolar ventila-
tion and is mainly sensed by the central chemoreceptors
(70-80% of CO, response in condition of normoxia). These
receptors are mainly located in the medulla and respond to
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pH and CO, variations so that in the condition of hypercap-
nia they cause an increase in ventilation resetting CO, and
pH to steady-state levels. On the other hand, peripheral che-
moreceptors, located in the carotid bodies in humans, are
mainly responsible for O, levels and the sensing of hypoxia
but also respond to CO, (20-30% of CO, response in the con-
dition of normoxia) and pH variations (3, 4).

Beyond their effects on ventilation and the autonomic
outflow, the chemoreflex is known to have influences also on
the cortex through specific ascending pathways (5, 6).
Tracking this pathway is not only physiologically but also
clinically relevant, since it is involved in the perception of
breathing (i.e., dyspnea), and alertness during wakefulness
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or arousability during sleep, and it is implicated in condi-
tions associated with oscillatory ventilation such as ob-
structive sleep apnea (OSA) and central apneas (CA).
Moreover, the possibility to pharmacologically or surgi-
cally modulate the chemoreflex has recently emerged in
sleep disorder breathing, hypertension, and heart failure
(7-12), and thus there might be the need to explore the
effects of these novel interventions on cortical activity.

In this respect, the effects of CO,/0, variations on brain ac-
tivity have been explored mainly by using electroencepha-
lography (EEG) (13-19). In humans, hypercapnia is known to
cause an increase in the EEG global field power (GFP) in the
d-band (1-4 Hz) as well as a reduction in the a-band (8-13 Hz)
(14, 15, 18, 19). This suggests that, during hypercapnia, brain
activity resembles a low-arousal state (18, 19). Similar results
were observed in conditions of asphyxia, such as those
induced by chocking, in which hypercapnia is accompanied
by a various degree of hypoxia (20).

Variations in CO, and O, arterial levels may be experimen-
tally induced either by administering different gas mixtures
or by voluntary breath hold (BH). Despite also having some
effects on cortical motor/sensory activity, BH has the
advantage to be easy to perform, without requiring a specific
device with respect to gas administration (21). BH initially
requires conscious inhibition by the cortex of the brain stem
network but then allows a progressive increase in CO, and
decrease in O,, mimicking the respiratory dynamics of OSA
and CA (22). In those conditions, a sinusoidal increase in CO,
and decrease in O, is usually observed differently from the
square wave increase to nonphysiological O,/CO, values gen-
erally obtained by gas administration. However, to stress the
chemoreflex system in the right range of perturbation, the
respiratory cycle time is fundamental, since the average
apnea length of OSA/CA is ~30s (23-25). Previous studies
have used longer (80-225s) or shorter (10s) voluntary BH
intervals (26, 27). The cross-correlation between EEG GFP in
d-band and end-tidal CO, (PETco,) during 30s of BH has
been recently explored by our group, with the finding that
the variation of PETco, usually precedes the variations
observed in the GFP (14). However, by looking at GFP, it is
not possible to comprehend whether different cortical areas
respond to gas challenges in a different fashion.

This is of physiological interest, since if the cortex is
responding to stimulation of the different group of chemo-
receptors during gas challenges, some heterogeneous tem-
poro-spatial distribution of neural response is likely to occur.
Indeed, different chemoreceptors usually operate around
different response thresholds and with different time delays
and have specific neuroanatomic connections with the cor-
tex (28-31). On the other hand, CO,/O, changes may cause
effects on cortical activity by either vasodilation or direct
neural activation independently from chemoreflex recruit-
ment. If this alternative hypothesis is correct, a rather uni-
form and homogeneous variation in cortical activity is to be
expected. While it is impossible to unravel this question by
looking at EEG GFP, the use of regional field power (RFP)
analysis may instead shed light on this topic.

Therefore, in the current study, we aimed at studying by
cross-correlation analysis the cortical regional variations of
EEG RFP in the §- and a-bands related to hypercapnia and
hypoxia induced by voluntary BH in healthy subjects.
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MATERIALS AND METHODS

Eleven healthy subjects (all males, age 30+6yr) were
recruited for the study. Six subjects were derived from a pre-
vious study by our group in which only EEG GFP changes in
the 8-band induced by BH were investigated and related to
PETco, (14), and thus this study is partly a reanalysis of previ-
ous data. However, a larger population was enrolled in the
current study, focusing this time on the effects of BH on EEG
RFP. Furthermore, the effects of PETo, and the changes
observed in the a-band were incorporated in the analysis dif-
ferently from our previous work.

A 64-electrode EEG device was used (Compumedics
Neuroscan, SynAmps RT) to record brain signals.
Simultaneously with EEG acquisition, exhaled CO,, O,,
and blood oxygen saturation (Spp,) were recorded with a
gas analyzer (Cosmoplus; Novametrics) and a pulse oxim-
eter (Pulsox-7; Minolta), respectively.

Two different tasks were performed. In the free-breathing
(FB) task, subjects had to breathe normally for 6 min while
lying down with their eyes closed. In the BH task, the subjects
had to breathe normally for 1 min and then alternate 30 s of BH
performed after normal inspiration to 30 s of normal breathing
for five cycles for a total of 6 min of acquisition, still with their
eyes closed. Subjects were advised to start or stop the BH by
touching their left leg. The same touching procedure was used
during the FB task to control for somatosensory potential con-
founders due to the instructions given to the subject.

The experimental protocol was approved by the Insti-
tutional Ethics Committee (Comitato Etico Area Vasta Nord-
Ovest, Pisa, Italy). The recordings were carried out in agree-
ment with the Declaration of Helsinki. Written, informed
consent was obtained from all subjects.

EEG Analysis

EEG signal analysis was already described (14). Briefly, all
channels were re-referenced to average signals, and chan-
nels with low signal-to-noise ratio were excluded from the
analysis. The impedance of all electrodes was checked and
kept below 30 kQ during all recordings to ensure a good sig-
nal quality. EEG signals underwent baseline correction,
Hann pass band filter (1-30 Hz), blink and cardiac artefacts
detection, and removal using a principal component analy-
sis (PCA) method (32). The global measure of EEG power was
expressed as GFP and the regional distribution of the EEG
power in different brain areas was obtained as RFP for the §
(1-3Hz)- and o (8-13 Hz)-bands. Specifically, for RFP, nine
areas were extracted, dividing the scalp into three different
sections [left (L), middle (M), and right (R)] and further divid-
ing into three rostrocaudal sections [anterior (A), central (C),
and posterior (P)] (15).

Physiological Signal Processing

The physiological signals were processed as described (14).
Briefly, Spo, was used to detect possible effects induced by
the tasks on oxygen levels. The normal range of Sp,, was con-
sidered to lie between 95% and 100%. The exhaled CO, and O,
waveforms were used to estimate the PET¢o, and PETo, time
series, respectively, as an estimate of arterial CO, and O, (33).
Because no exhalation of CO,/O, occurs during the voluntary
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apnea phase, the PET¢o, and PETo, signals were estimated by
using a cubic spline model interpolating PET¢o, and PETo,
found before and after the cessation of breathing.

Cross-Correlation Analysis

The cross-correlation function (CCF) was used to evaluate
the similarity between PETco, / PETo, and EEG power (both
GFP and RFP) as a function of different time lags. The CCFs
were estimated using a previously described method (34).
Briefly, the peak of CCF and the corresponding time lag were
evaluated. In our analysis, if the maximum correlation
occurred for negative time shift, the EEG power signal was con-
sidered to lead the PET¢o, / PETo, signal. On the other hand, if
the maximum correlation occurred for positive time shift, the
PETco, / PETo, signal was considered to lead to the EEG signal.
The CCF was estimated for time lags between —30s and 30 s as
proposed (35). Furthermore, the weighted average CCFs were
also estimated in the group of subjects under study.

Statistical Analysis

Variations in PET¢o, / PETo, and RFP between the two tasks
(FB and BH) were estimated by comparing their medians with
a nonparametric Wilcoxon signed-rank test (36), with the null
hypothesis (HO) being that the differences between FB and
BH tasks came from a distribution with zero median. A com-
parison between the phase of voluntary apnea and that of nor-
mal breathing within the BH task was also performed with a
nonparametric Wilcoxon signed-rank test (36). In order to
assess at the group level how cross-correlation between
PETco, / PETo, and GFP or RFP varied between the two tasks
(i.e., FB and BH), we compared their weighted average cross-
correlation values with a nonparametric Wilcoxon signed-
rank test under the null hypothesis (HO) of no differences
between the tasks. We controlled false discovery rate through
the Benjamini-Yekuteli correction for multiple testing under
dependency (37, 38). We assessed the statistical significance
of cross-correlation analysis by means of a phase randomiza-
tion approach (39). Specifically, for each subject, we generated
n = 1,000 surrogates of PET¢o, / PETo, and EEG é-power and
a-power (both global and regional) under the null hypothesis
of no correlation between the time series. Specifically, such
surrogates preserved original time series magnitude, but with
a randomly distributed phase in range (0,2r). Then, we eval-
uated the cross-correlation between surrogate time series.
Accordingly, at regional analysis, we obtained for each scalp
region (s), for each frequency (f), and for each time lag (¢) a
surrogate distribution of cross-correlation under the null hy-
pothesis of absence of correlation. Then, we associated with
each observed cross-correlation (s, f, and ¢) a P value based on
its position in the surrogate distribution. The same procedure
was repeated for GFP analysis for each frequency and for each
time lag. Finally, we controlled multiple testing (o = 0.05)
with the false discovery rate procedure described (37, 38).
Accordingly, we obtained the critical P value at which tests
were considered significant.

RESULTS

An oscillatory behavior with larger variations in both
PETco, and PETo, was documented during BH as compared
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with FB [coefficient of variation (CV) for PET¢o,: BH 7.1% vs.
FB 2.2%, P = 0.001; CV for PETo,: BH 8.8% vs. FB 2.6%, P =
0.008]. No significant changes were observed in the Sp, sig-
nal between the two tasks (CV for Spy,: FB 1.1% vs. CV BH;
0.7%, P = 0.11), and thus PETo, rather than Sp,, was used for
subsequent analyses.

The signal behavior during FB and BH tasks in a sample
subject for GFP in & and o bands, PET¢o, and PETo, is pro-
vided in Supplemental Fig. S1 (all Supplemental Material for
this article can be found online at https://doi.org/10.6084/
m9.figshare.12040578.v3), whereas the GFP average values
in the whole group of subjects between FB and BH and,
within the BH task, between the phases of apnea and normal
breathing are provided in Supplemental Table S1. The time
courses of the CCFs estimated at group level for GFP during
the FB and BH tasks for PETco, and PETo, are provided in
Supplemental Fig. S2 and Supplemental Table S2 as well as
Supplemental Fig. S3 and Supplemental Table S3, respec-
tively. As for PETco,, a positive correlation with the §-band
and a negative correlation with the a-band were observed for
a positive time shift, whereas the opposite behavior was
instead observed for PETo,.

Spectral Maps and Regional Field Power Analysis

When comparing FB with the BH task considered as a
whole, no significant differences were observed in the EEG
spectral maps (Table 1 and Fig. 1). Conversely, within the BH
task, an increase in the d-power and a decrease in the
a-power were observed after the apnea phase (Table 1 and
Fig. 1). More precisely, at the spectral maps, the same behav-
ior was observed in all regions but RA and RC in the 3-band
and LA, RA, RC, and RP in the in the a-band (Table 1 and Fig.
1). Each one of the nine regions included in the EEG analysis
had at least two channels, since the average number of elec-
trodes removed from the analysis was 3+ SD, and the spatial
distribution of excluded electrodes was sparse.

The CCFs for the nine cortical areas during FB and BH
tasks for both the §- and o-bands are shown in Fig. 2 for
PETco, and in Fig. 3 for PETo,. During FB, the CCFs between
PETco, and RFP and PETo, and RFP were not significant. On
the contrary, within the BH task, the CCF between PETco,
and RFP was found to be positive in the 6-band and negative
in the a-band for positive time shifts in all regions but RP for
the 3-band (not significant) and RA, RC, and RP for the
a-band (positive correlations) (Table 2 and Fig. 2B). The CCF
between PETo, and RFP was found instead to be negative in
the 3-band and positive in the a-band for positive time shifts
in all cases but RA and RP for the 3-band (positive correla-
tions) (Table 3 and Fig. 3B).

Notably, a different phase shift in the PET¢o, concentra-
tion waveform and the EEG power waveform was observed
in the different cortical regions [see Supplemental Video S1].
In particular, in the §-band an earlier activation in the MA
and MC (2s of delay) was observed, with the LA, LC, MP
showing the highest EEG delay (ranging from 7 to 9s). In the
a-band, an even more heterogeneous behavior of cortical
time responses to PET¢o, variations among different regions
was observed, with the right regions (RA, RC, and RP) usually
showing negative time delays and positive correlations
differently from the medial and left regions, showing
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Table 1. EEG power spectra in 8- and a-bands in 9 different regions
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instead positive time delays and negative correlations. In
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é (apart from the right regions) for positive time shifts,
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ccoo| & ing the two phases of BH. Most importantly, a different time
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©CooQo| that the effect of BH on the cortex may follow the specific
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) ascending pathway from the brain stem due to chemoreflex
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= stimulation.
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SEgge! g ‘.“*_;; d-band and a reduction in the a-band was found throughout
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3833 | 28 findings were also observed in patients with spontaneous
oTool=E apneas, such as patients with OSA and CA (40, 41)
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co=9|lygs increase in the &-band power and to a decrease in the
9999 E g a-band, without any significant difference between the two
58a& |5 & trials. Most notably, hypoxic/normocapnia had no effect on
°eTeelss the two bands. These findings suggest that CO,, rather than
N = i:; 0,, seems the main driver of EEG changes also during BH.
29235 s Considering that BH is a complex task, which also
Heoald g involves, beyond task-related oscillations in the respiratory
322 2 @ =z gases, a change in the motor and sensory cortical activity, we
% g cannot exclude that the observed changes may be due to the
5.8 task commitment rather than the observed gas variations.
s532|0g However, considering that similar results were obtained by
£E58g|=e as administration (18, 19) and observed in spontaneous
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§ é o9 E g apneas (40, 41), this potential interpretation seems less
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FB BH

Apnea in BH Respiration in BH

0.8 0.9

In some specific areas associated with task engagement
that are usually in the right hemisphere (42, 43) and in the
a-band, which is commonly associated with higher arousal
state (19), the results may be partially influenced by the task.
However, the sinusoidal shape perfectly following the
CO,/0, behavior observed at the cross-correlation analysis
even at RFP analysis seems again to conflict with this possi-
ble interpretation, at least with spatio-temporal resolution of
the study. A way to explore this topic would be to ask the
subject to think about performing a BH without actually
doing it (no gas changes) or to perform the phase of normal
breathing imposing a paced rhythm (both apnea and normal
ventilation under voluntary control). Furthermore, focusing
on specific areas known to be associated with task commit-
ment and using high-resolution EEG may be of additive
value in this respect.

The main novelty of the current study is surely represented
by the analysis of RFP, which has never been performed so far
either in BH studies or in experiments involving gas adminis-
tration. This kind of analysis may help us to understand
another relevant issue. Indeed, it is still not completely clear
whether the cortical activation, which follows a gas challenge,
would be mediated by the chemoreflex or related by a direct
effect of hypercapnia or hypoxia on cortical neurons.
Potentially, a change in the EEG activity may also derive from
the vasodilatory effect due to hypercapnia and hypoxia. If the
latter two hypotheses were correct, a rather uniform and

302
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Figure 1. Electroencephalography (EEG) spectral maps in 8- and a-bands. Four different conditions are shown: 1) free-breathing (FB) task, 2) breath-hold
(BH) task; 3) apnea phase within BH task, and 4) respiratory phase in BH task. LA, left anterior; LC, left central; LP, left posterior; MA, middle anterior; MC,
middle central; MP, middle posterior; RA, right anterior; RC, right central; RP, right posterior.

homogeneous change in cortical activity would have
emerged. On the contrary, looking at both the spectral maps
and the RFP-related cross-correlations, a heterogeneous tem-
poro-spatial distribution was found.

Another novelty of this study stands in the analysis of the
temporal distribution of RFP responses to BH. Specifically,
following an increase in PETco,, the first cortical areas that
showed an increased activity were the middle central and
middle anterior, with the wave of cortical activation then
irradiating to other more lateral and posterior areas (see also
Supplemental Video S1). The temporal trends observed in
the 3-band are biologically plausible considering the neuro-
anatomy of the ascending pathways originating from the
brain stem neural network (28, 29, 44, 45). The time delay
must be interpreted as a phase shift between the CO, wave-
form and the EEG waveform. Whereas for the 3-band the
time shift ranges from 2 to 9 s, the time shift is usually longer
and narrower (14-16s) for the a-band and might thus reflect
a secondary variation from a hierarchical standpoint.

Finally, the correlation between PETco, / PETo, and corti-
cal activity is almost completely lost during FB across the
different regions of interest. At most, the sign of the correla-
tion (generally weak) is reverted in some cortical regions as
compared with BH. Indeed, during wakefulness and in FB
conditions, the pre-Botzinger complex in brain stem acts as
the pacemaker of respiration controlling respiratory moto-
neurons, respiratory muscles, and finally, pulmonary
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CCFs OF P;,CO, AND RFP DURING FREE BREATHING
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Figure 2. Time courses of the cross-correlation functions (CCFs) as a function of the time shift in free-breathing (FB) task and breath-hold (BH) task
between 9 different brain areas (LA, left anterior; LC, left central; LP, left posterior; MA, middle anterior; MC, middle center; MP; middle posterior; RA, right
anterior; RC, right central; RP, right posterior) and PETco,. 8-Band results are reported in solid red lines, and a-band results are in dashed blue lines. P val-
ues are shown for maximum and minimum values of correlation. In bold are the strongest significant correlation coefficients. The critical values for signifi-
cance after Benjamini-Yekuteli correction are p_crit=0 for FB and p_crit=0.041 for BH (4, 5).
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Figure 3. Time courses of the cross-correlation functions as a function of the time shift in free-breathing (FB) task and breath-hold (BH) task between 9
different brain areas (LA, left anterior; LC, left central; LP, left posterior; MA, middle anterior; MC, middle center; MP, middle posterior; RA, right anterior;
RC, right central; RP, right posterior) and PETo,. 6-Band results are reported in solid red lines, and a-band results are in blue dashed lines. P values are
shown for maximum and minimum values of correlation. In bold are the strongest significant correlation coefficients. The critical values for significance
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after Benjamini-Yekuteli correction are p_crit=0 for FB and p_crit=0.023 for BH (4, 5).
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Table 2. Correlation analysis results between regional
field power and PETco, at the group level for 9 different
brain areas

4-Band o-Band

Ts cc P value T cc P value
Left anterior 7* 0.26* 0.001* 16%* -0.26%* 0.0071*
Middle anterior 2% 0.17%* 0.001* 15% -0.20%* 0.00171*
Right anterior 3* 0.21* 0.001* —7* 0.23* 0.0071*
Left central Ok 0.19% 0.001* 16%* -0.23* 0.00171*
Middle central 2% 0.27* 0.001* 14* -0.25%* 0.001*
Right central 4% 0.22% 0.001* —8* 0.25* 0.00171*
Left posterior 4% 0.24* 0.001* 15% -0.24% 0.001*
Middle posterior 8%  0.25* 0.001* -8*%  -0.21* 0.001*
Right posterior 3 0N 0.05 —7* 0.22% 0.0071*

Ts, time shift with maximum correlation coefficient; CC, correla-
tion coefficient at Ty. “Significant maximum cross-correlation
value. The critical P value at which cross-correlation was consid-
ered significant according to Benjamini-Krieger-Yekutieli false dis-
covery rate correction was pic = 0.041.

ventilation, and it is poorly influenced by the chemoreflex
(46). Therefore, any cortical activity related to, e.g., speak-
ing, eating, or emotions (descending pathways) may cause
variations in ventilation and thus in CO, and O, operating
on the plant (lung) gain (47).

Study Limitations

EEG channel impedance was kept below 30 kKQ on average
across subjects. This value is relatively high compared with
the typical values, usually set below 10 kQ. However, with
modern high-input impedance amplifiers and accurate digi-
tal filters for power line noise, it has been demonstrated that
high-quality EEG can be successfully recorded with imped-
ance values up to 40 kQ (48). Thus, considering the high-
input impedance (>10 GQ) of our EEG system and the homo-
geneity of the EEG signal across the different electrodes of
the EEG cap for each subject, we are confident that the signal
was accurately captured at the scalp surface. Furthermore,
considering the group under study, all subjects had similar
values of impedance, and we observed coherent cross-corre-
lation courses. Finally, the quality of EEG signals was con-
firmed by highly experienced neurologists (M. Maestri and
E. Bonanni).

The circulation delay related to the increase in venous CO,
(metabolism), the transit through the lung, the delivery to the
central nervous system, and the diffusion into the cerebrospi-
nal fluid was not taken into account in this study. Indeed, this
information is difficult to obtain in humans in vivo. Our group
is currently developing novel methods to assess the circula-
tory time delay (A. Giannoni, D. Caratozzolo, F. Gentile, C.
Borrelli, C. Taddei, E. Poggianti, C. Petersen, E. Pasanisi, M.
Emdin, C. Passino, unpublished observations) in humans.
These methods could be used in the future to correct for dif-
ferences in cardiac output, especially when moving to
patients in whom a greater variability in cardiac hemody-
namic and circulatory delay is likely to occur. Moreover, the
analysis of subcortical areas by deep source analysis or func-
tional magnetic resonance imaging may help to understand
some of these relevant questions.

Finally, in our study, we limited our observation to the
effects of voluntary BH on GFP and RFP. We have not
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considered the motor component of the task or other pos-
sible effects such as respiratory sensation, which includes
air hunger, chest tightness, effort of breathing, an urge to
cough, urge to sneeze, and sense of suffocation (49).
Indeed, respiratory sensation involves neural pathways in
the pons, midbrain, hypothalamus, amygdala, cingulate,
parahippocampal and fusiform gyrus anterior insula, pre-
supplementary motor area, and middle frontal gyrus (49—
51). In previous EEG studies, dyspnea was evaluated
through variations of respiratory evoked potential elicited
by inspiratory occlusion and inspiratory resistive load (52,
53). However, dyspnea was not a topic of interest in the
current physiological study, and the duration of BH was
short enough not to create discomfort in healthy subjects.
Furthermore, subjects have been preliminarily trained to
correctly perform the task, and the acquisitions did not
begin until they were comfortable enough to perform BH.
None of the subjects actually reported dyspnea or discom-
fort when executing the BH task, and therefore, we believe
that the mental distress was rather low. Future studies
could focus on this topic by either increasing BH duration
or selecting the population in which the symptom is more
likely to occur during a 30-s BH, such as patients with
heart failure or chronic obstructive pulmonary disease.

Conclusions

In healthy subjects, a different behavior of PETco,, PETo,,
and EEG power is observed during the FB and BH tasks.
During FB and in awake conditions, the cortex is sending
signals to the brain stem, changing ventilation and caus-
ing subtle CO,/0, variations. During BH task, the greater
oscillatory changes in CO, and O, seem to cause conse-
quent variation in cortical activity, with antiphase oscilla-
tion in the §-band (positive correlation with CO,, negative
correlation with O,) and in the o-band (negative correla-
tion with CO,, positive correlation with O,). At regional
analysis, a specific temporal pathway of cortical activation
may be identified in the 8-band, with the earliest activa-
tion being observed centrally and a subsequent cortical
propagation toward lateral and posterior regions with
some delay. This seems to also apply to the a-band, which
is suppressed in a heterogenous fashion but with longer
delays as compared with the d-band. This characteristic

Table 3. Correlation analysis results between regional
field power and PETo, at the group level for nine differ-
ent brain areas

o-Band o-Band

Ts cC P Value Ts cC P Value
Left anterior 8k  —0.28+%  0.001* 15%  0.34x  0.001%
Middle anterior 4% —0.19% 0.001% 14+ 0.25%  0.001x
Right anterior 3 —-0.15 0.037 15%  0.26%x  0.003x
Left central 10« —0.20%  0.007x 14x  0.33%  0.001%
Middle central 2% —0.23x  0.003* 13* 0.30*« 0.001*
Right central —18x% 0.18% 0.005+% 13« 0.36%  0.001*

Ts, time shift with maximum correlation coefficient; CC, correla-
tion coefficient at T,. *Significant maximum cross-correlation
value. The critical P value at which cross-correlation was consid-
ered significant according to Benjamini-Krieger-Yekutieli false dis-
covery rate correction was p,c = 0.023.
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behavior of cortical response to CO,/O, variations could
suggest a specific chemoreflex-mediated stimulation of
the cortex through specific ascending pathways (especially
in the 3-band) and also the presence of cortico-cortical
interactions (3-band changes preceding a-band changes).
The latter point should be more deeply investigated in
future studies, by using multivariate measures of brain
connectivity, as partial directed coherence or directed
transfer function, applied to brain sources (54-56).
Furthermore, the investigation of subcortical sources inte-
grating different methodologies, such as functional mag-
netic resonance imaging, could reveal the involvement of
deep structures along with the corresponding pathways
(57). These methodological advancements may be also
exploited when designing future studies in which a spe-
cific group of chemoreceptor may be stimulated (i.e.,
reverse microdialisys or optogenetic stimulation in ani-
mals) or suppressed by specific drugs (also in humans) (8).
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