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A B S T R A C T   

The involvement of neural substrates in respiratory sensory gating remained unclear. This study aimed to 
investigate cortical and subcortical activations associated with respiratory sensory gating by using functional 
magnetic resonance imaging. First, we hypothesized that paired occlusions would induce neural activation in 
cortical and subcortical areas, including the thalamus and sensorimotor cortices. Secondly, we hypothesized that, 
in terms of parameter estimates in the general linear model, the activation effect size β ratios (βpaired/βsingle) 
would be less than 2 due to central neural gating mechanism. Forty-six healthy participants were included in the 
study. Our analyses showed that the βpaired/βsingle ratios for the supramarginal gyrus, basal ganglia, thalamus, 
and middle frontal gyrus were less than 2. In conclusion, our results demonstrated a non-linear relationship 
regarding brain neural activations in response to paired versus single occlusions, suggesting that respiratory 
sensory information is gated at the subcortical and cortical levels.   

1. Introduction 

Respiratory somatosensation, or awareness of breathing sensations, 
is thought to be an integrative and gated system (Chan & Davenport, 
2008; Davenport & Vovk, 2009). Self-reported descriptions of breathing 
sensations range from simply being aware of the breaths to a cata-
strophic or distressful feeling; however, normal breathing is not usually 
sensed unless there is an attentional state change or a ventilatory status 
change. This gated system implies that the central nervous system may 
“filter out” unwanted information and retain essential information ele-
ments (Chan & Davenport, 2008, 2010a). If this gating function is intact, 
the individual can attend to more important sensory input for energy 
conservation purposes (Arnfred, Eder, Hemmingsen, Glenthoj, & Chen, 
2001). This concept is similar to the existing distal and proximal 
exteroceptive sensory gating theories proposed in the auditory and so-
matosensory literature, where deficits in sensory gating function have 
been suggested to lead to sensory flooding of the cortex and altered 

symptom perception; for example, in patients with schizophrenia (Adler 
et al., 1982; Arnfred et al., 2001; Braff & Geyer, 1990). 

Sensory gating in proximal and distal exteroception can be tested by 
somatosensory and auditory evoked potentials where paired stimuli are 
presented with a 500-ms inter-stimulus interval (ISI) (Adler et al., 1982; 
Thoma et al., 2007). With cortical dipole modeling, auditory and so-
matosensory evoked potentials give inferences to information process-
ing of auditory and somatosensory stimulus events, respectively. 
Similarly, respiratory-related evoked potential (RREP) peak components 
reflect perceptual and cognitive processing of respiratory sensory stim-
uli. The auditory gating and somatosensory gating are respectively 
represented by the P50 and N100 peak amplitudes in response to the 
second stimulus (S2) in proportion to the first stimulus (S1) in temporal 
proximity. Studies to-date have reported that in healthy individuals, the 
auditory P50 and somatosensory N100 peak amplitude S2/S1 ratio is 
much lower than 1.0, indicating a suppressed S2 processing (Adler & 
Waldo, 1991; Jelincic, Torta, Van Diest, & von Leupoldt, 2021; 
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Rentzsch, Jockers-Scherubl, Boutros, & Gallinat, 2008; Shen et al., 
2020). Although there was not a clear-cut ratio for the indications of 
health and disease, those with mental illnesses, such as schizophrenia or 
panic disorder, usually exhibit higher sensory gating ratios compared 
with healthy controls (Boutros, Korzyukov, Jansen, Feingold, & Bell, 
2004; Thoma et al., 2020, 2007). Respiratory sensory gating can also be 
measured by the paired inspiratory occlusions where two short occlu-
sions are given with a 500-ms ISI within a single inspiration (Chan & 
Davenport, 2008). Electrophysiological studies have further revealed 
that in healthy individuals, the RREP N1 peak amplitude S2/S1 ratio is 
approximately 0.5 (Chan & Davenport, 2009, 2010a). 

The source dipole analysis performed by Logie, Colrain, and Webster 
(1998) suggested that early RREP peak brain substrates for single res-
piratory occlusions originate from the pre-central and post-central 
cortices (Logie et al., 1998; von Leupoldt et al., 2010). Using 
high-density EEG recordings, von Leupoldt et al. (2010) further sug-
gested that longer-latency peaks (N1, P2, and P3) originate from the 
lateral and midline frontal cortex, sensorimotor cortex, and parietal 
cortex (Davenport, Colrain, & Hill, 1996; von Leupoldt et al., 2010; 
Webster & Colrain, 1998, 2000). However, non-invasive human elec-
trophysiological recordings were unable to give inferences to deep 
structures such as the hippocampus or thalamus due to limitation in 
spatial resolution. 

Neuroimaging research in dyspnea to-date has mostly studied brain 
substrates using chemoreceptor or mechanoreceptor stimuli (Banzett 
et al., 2000; Manning et al., 1992; Moosavi et al., 2003; Peiffer, Costes, 
Herve, & Garcia-Larrea, 2008; Peiffer, Poline, Thivard, Aubier, & 
Samson, 2001; von Leupoldt et al., 2008, 2009). These studies found 
that aversive stimuli, including resistive loads, hypercapnia, and hyp-
oxia, induce significant neural activation in the thalamus, sensorimotor 
cortex and limbic structures in healthy participants. A recent fMRI study 
by Chan et al. (2019) found that single inspiratory obstruction activates 
a thalamocortical network, including the thalamus, supramarginal 
gyrus, and frontal cortex, in healthy non-smoking participants (Chan 
et al., 2018). Similarly, Jack, Kemp, Bimson, Calverley, and Corfield 
(2010) reported that transient single respiratory obstruction activates 
the anterior insular cortex, premotor and sensorimotor cortices in pa-
tients with idiopathic hyperventilation syndrome, although there was a 
lack of data from healthy control groups (Jack et al., 2010). 

Substantial work has been carried out in the past decade to test 
neural substrates of auditory sensory gating, mostly focused on elec-
trophysiological methodology (Bak, Glenthoj, Rostrup, Larsson, & 
Oranje, 2011; Bak, Rostrup, Larsson, Glenthoj, & Oranje, 2014; Grun-
wald et al., 2003; Mayer et al., 2009). The areas identified as potential 
neural substrates for auditory paired stimuli, compared to a single 
stimulus in healthy volunteers, are the medial frontal gyrus, insular 
cortices, hippocampus, and thalamus (Bak et al., 2011; Mayer et al., 
2009). Neuroimaging studies, animal studies and human intracranial 
studies in patients with epilepsy added to the available neural substrate 
analyses by increasing spatial resolution or providing invasive prepa-
rations (Boutros et al., 2004; Freedman, Adler, Myles-Worsley, Naga-
moto, &, Miller, 1996; Korzyukov et al., 2007). Earlier fMRI studies were 
able to elucidate non-linear relationship between single- and 
paired-stimulus elicited brain substrates in terms of hemodynamic 
response function (HRF), but mostly tested with an inter-stimulus in-
terval of slightly shorter than 4 s (Friston, Josephs, Rees, & Turner, 
1998; Glover, 1999; Huettel & McCarthy, 2000; Inan, Mitchell, Song, 
Bizzell, & Belger, 2004). Subsequently, Mayer et al. (2009) tested neural 
substrates of auditory sensory gating with similar paradigms used in 
event-related potential studies. By modeling the estimated HRF for 
paired stimuli, they demonstrated that the auditory cortex, prefrontal 
cortex, and thalamus are key neural substrates for auditory gating 
(Mayer et al., 2009). 

In contrast, there are few studies on brain substrates associated with 
respiratory sensory gating. The importance of examining brain sub-
strates regarding respiratory sensory gating lies in the fact that the brain 

inhibitory mechanism for gating-in or gating-out repetitive respiratory 
stimuli is essential for perceiving and processing respiratory stimuli 
(Chan & Davenport, 2010a). Therefore, the purpose of this study was to 
identify cortical and subcortical substrates related to respiratory sensory 
gating elicited by paired inspiratory occlusions. We examined the neural 
activation effect size β values for the brain substrates related to respi-
ratory sensory gating. In the general linear model (GLM) of fMRI anal-
ysis, β value is the parameter indicating the level of brain activity 
temporally changing associated with the independent variables, which 
is viewed as an approximate index for examination of HRF linearity 
(Dale & Buckner, 1997). In the present study, beta values indicate the 
level of activation the specific inspiratory occlusion elicits to the specific 
brain substrate. Targeting on the spatial location, we first hypothesized 
that paired occlusions would elicit strong neural activations in cortical 
and subcortical structures such as the thalamus and sensorimotor 
cortices. With the previous electrophysiological evidence in sensory 
gating, we further hypothesized that the ratio of effect size in the paired- 
versus single-occlusion condition (βpaired/βsingle) would be less than 2, 
indicating a nonlinearity system as expected in the RREP studies. In 
terms of self-reports, we hypothesized that the participant would give 
higher dyspnea rating on the Visual Analogue Scale (VAS) in the paired 
compared with single occlusion condition. 

2. Methods 

2.1. Participants 

Initially, 63 participants were recruited and completed the experi-
ment; however, during offline analysis we discovered there were 
excessive head motion artefacts in 17 participants’ data. Therefore, 
these 17 participants were excluded from further analysis. The inclusion 
criteria for all participants were as follows: (1) the ages of participants 
were at least 20 years old; (2) participants were willing to perform a 
pulmonary function test with a standard spirometry device (Cardinal 
Health Inc., Dublin, OH, USA) and (3) potential participants should pass 
the minimal requirement of the Forced Expiratory Volume in 1 s (FEV1) 
of at least 70% of predicted values. Participants with any of the 
following conditions were excluded: (1) those with head circumference 
over 60 cm, (2) those who had a history of cold or cough within the past 
two weeks before the experiment, (3) those with a history of cardiac or 
respiratory diseases; (4) those with a history of neurological diseases, (5) 
individuals who had undergone an operation with metal implants or a 
pacemaker, or with dental braces or metal dentures, and (6) individuals 
with claustrophobia. All study procedures were approved by the Insti-
tutional Review Board of the Chang Gung Medical foundation. All par-
ticipants provided their written informed consent prior to the 
experiment. 

2.2. Respiratory occlusion conditions 

We used two respiratory occlusion conditions (single and paired 
occlusions) to elicit brain neural activations. For the single-occlusion 
condition, a 150-ms inspiratory occlusion was provided every 2–4 
breaths randomly for approximately 12 min. For the paired-occlusion 
condition, paired inspiratory occlusions of 150-ms each with a 500-ms 
inter-stimulus-interval were provided within a single inspiration every 
2–4 breaths randomly for also approximately 12 min. Occlusions were 
provided at the onset of inspiratory mouth pressure change. Approxi-
mately 40 single or paired occlusions were collected under each 
condition. 

2.3. Experiment protocol 

Upon completion of the pulmonary function test, the participant laid 
supine on the scanner with the facemask and earplugs secured before 
putting the head coil in place. After the standardized structural scan, the 
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participant was instructed to breathe normally while their breath was 
interrupted occasionally. One single-occlusion experiment and one 
paired-occlusion experiment were performed for each participant with 
the sequence of the two conditions randomized across participants. For 
dyspnea ratings after each experiment, the participants were asked to 
rate their feeling of shortness of breath (SOB) using a VAS scale (0 = not 
at all SOB, and 100 = maximal level of SOB). 

2.4. Respiratory apparatus 

The respiratory apparatus was similar to that of Chan et al. (2018, 
2019) studies (Chan et al., 2019, 2018). Briefly, the participant breathed 
through a facemask which was connected to a two-way non-rebreathing 
T-valve (Hans Rudolph Inc., Kansas City, USA). Mouth pressure was 
monitored with a pressure tubing connected to the center of the T-valve. 
The pressure tubing was connected to a differential pressure amplifier 
(1110 series, Hans Rudolph Inc., Kansas City, MO, USA) as well as a 
signal recording unit (PowerLab, ADInstruments Inc., Bella Vista, NSW, 
Australia). The inspiratory port of the T-valve was connected to a 
customized occlusion valve which was located approximately 3 m away 
from the scanner (Hans Rudolph Inc., Kansas City, USA). The occlusion 
valve was connected to a pressure tank via a solenoid and customized 
trigger device outside of the scanner. The experimenter triggered closure 
of the occlusion valve manually based on real-time monitoring of the 
participant’s mouth pressure. 

2.5. Image acquisition 

The fMRI study was performed on a 3-T scanner (MAGNETOM 
Prisma, Siemens Healthineers, Erlangen, Germany) at the Imaging 
Center for Integrated Body, Mind and Culture Research in the National 
Taiwan University, Taipei, Taiwan. During the scan, the participants 
laid supine and their heads were comfortably positioned inside a 20- 
channel head coil, which was padded with sponges to minimize head 
motions. During the fMRI experiments, 32 continuous axial slices (3.4- 
mm thickness) were acquired by a T2. 

* -weighted gradient-echo echo-planar imaging sequence (TR=
2000 ms, TE= 30 ms; flip angle= 90 degrees; parallel imaging factor = 2, 
matrix= 64 ×64; field of view= 220 ×220 mm). The acquisition time 
was 12 min in each session. 

2.6. Data analysis 

The fMRI data were analyzed using SPM8 (http://www.fil.ion.ucl.ac. 
uk/spm/) and AFNI (Cox, 1996). All images were realigned to the first 
image, spatially normalized into standard anatomical space based on the 
Montreal Neurologic Institute template and smoothed with an isotropic 
Gaussian kernel of 6-mm full-width at half-maximum. 

At the first-level, the statistical analysis was performed with GLM, 
which included two experimental conditions: The single-occlusion 
condition and the paired-occlusion condition. A high-pass filter with a 
cut-off of two longest periods was applied. To enhance the timing pre-
cision, we further applied the temporal and dispersion derivatives in the 
GLM. After model estimation, the contrasts of interest were generated on 
the basis of the ensuing parameter estimates for each participant. The 
contrasts compared the averaged Blood-Oxygen-Level-Dependent 
(BOLD) response across the baseline conditions (without occlusions) 
for each of the two respiratory conditions. At the group level, these 
contrast images were used to examine the differences in brain activa-
tions between single- and the paired-occlusion conditions. The threshold 
for statistical significance set at p < .05, family-wise error rate-corrected 
(FWE) and cluster size > 20 voxels. 

As this was an exploratory study, no formal a priori sample size 
calculation was performed nor a predetermined regions of interest (ROI) 
size. The ROI were chosen based on two criteria: (1) the regions of dif-
ference from the contrast map in the “Paired minus Single” activation 

results, and (2) the overlapping areas of brain activations in both single 
and paired-occlusion conditions. The effect size β values were extracted 
for every chosen ROI in each condition, and the β ratios (β values in 
paired occlusion condition versus single occlusion condition, βpaired/ 
βsingle) were also calculated. Originally, the beta ratios were planned to 
being compared with the values of 2 with one sample T-test under the 
superposition assumption in a linear system. Due to violation of the 
normality assumption, Wilcoxon Signed-Rank test was used in the 
analysis. In the β-ratio calculations, we excluded extreme ratio higher 
than 20 due to low activations (close to zero) in the single occlusion. 
Furthermore, the average HRF within the activated ROI were plotted 
from 0 to 18 s after the respiratory occlusion. 

Demographic data such as gender, age and education level were 
recorded and analyzed. Self-reported respiratory sensation rating scores 
were reported as means ± standard deviations. The paired T-test (with 
one-tailed threshold) was used to examine the difference in respiratory 
sensation for the participants between the single- and the paired- 
occlusion conditions, as it was our a-priori hypothesis that the partici-
pants would have experienced higher level of dyspneic sensation in the 
paired-occlusion condition. One-way analysis of variance (ANOVA) was 
used to compare the change in mouth pressure elicited by the single- 
occlusion condition, the first and the second occlusions in the paired- 
occlusion condition. In the imaging results, we adopted the family- 
wise error (FWE)-corrected p < .05 for significance in the one-sample 
group results and the 3dClustSim-corrected p < .05 (with autocorrela-
tion function) for significance in the between-condition contrast (un-
corrected p < .001 with cluster threshold = 96 voxels). Wilcoxon Signed- 
Rank test were performed to compare the effect of occlusions on the 
estimated beta values for the ROI with the SPSS 19.0 software (SPSS, 
Inc., Chicago, IL). The significance level was set at p < .05. 

3. Results 

A total of 46 participants’ (28 females, mean age = 23.7 ± 3.63 
years) data was included in the analysis. Demographic characteristics 
and self-reported data of the participants are shown in Table 1. All 
participants had normal lung functions (FEV1 were at least 70% of 
predicted values) and none of the participants reported known neuro-
logical and cardiorespiratory diseases. 

The averaged trial number for the single-occlusion condition was 51 
± 9 (range = 35–71) during the 12-min acquisition time, and that for the 
paired-occlusion condition was 46 ± 6 (range = 36–60). Change in Pm 
in the single-occlusion condition was 5.25 ± 1.96 cmH2O. In the paired- 
occlusion condition, change in Pm for the S1 and S2 stimuli were 5.48 ±
2.19 and 4.88 ± 2.44 cmH2O, respectively. One-way ANOVA revealed 
that there was no significant difference among single occlusion-elicited 
Pm change, 1st and 2nd occlusion-elicited Pm change in paired occlu-
sion condition (F (2, 135) = 0.86, p = .425, two-tailed). The averaged 
activation maps for the two respiratory conditions were presented for 
the main effect of respiratory sensation induced by single and paired 

Table 1 
Demographic characteristics and pulmonary function test of the participants (N 
= 46).  

Characteristics M ± SD 

Age (years) 23.70 ± 3.63 
Gender (Male / Female) 18 / 28 
Education level (high school/ bachelor/master) 5/34/7 
FEV1 (L) 3.19 ± 0.55 
FEV1

% predicted 81.8 ± 8.94 
FVC (L) 3.41 ± 0.69 
FEV1 / FVC (%) 106 ± 7.95 
Self-reported breathlessness (VAS) in single- vs. paired- 

occlusion condition 
28.63 ± 24.41 vs. 32.54 
± 26.32* 

FEV1 = Forced expiratory volume in 1 s; FVC = Forced vital capacity: VAS =
Visual Analog Scale；*p = .041, one-tailed. 
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inspiratory occlusions, showing an overall strong bilateral activation 
(Fig. 1). The activations of brain regions in response to the single- 
occlusion condition were found in the caudate nucleus, thalamus, 
supramarginal gyrus, inferior parietal lobule, left middle frontal gyrus, 
and left triangular part of inferior frontal gyrus (FWE-corrected, p < .05 
and cluster size > 20 voxels). For the paired-occlusion condition, sig-
nificant activations of brain regions were found in the thalamus, 
amygdala, hippocampus, middle temporal gyrus, inferior frontal gyrus, 
supramarginal gyrus, cingulate gyrus, postcentral gyrus, supplementary 
motor area, inferior temporal gyrus and middle frontal gyrus (FWE- 
corrected, p < .05 and cluster size > 20 voxels). 

We also found brain regions showing higher activations in response 
to paired occlusions compared to single occlusion included the temporal 
gyrus, precentral gyrus, postcentral gyrus, superior temporal gyrus 
(STG) and thalamus. The activation map of paired occlusion condition 
compared with single occlusion condition is shown in Fig. 2. 

Four ROIs (bilateral basal ganglia, bilateral thalamus, bilateral 
supramarginal gyrus, and left middle frontal gyrus) were identified as 
the common brain areas activated during both conditions, and two ROIs 
(superior temporal and precentral cortices) were determined from the 
contrast between those two conditions (Fig. 2). The median value of 
effect size β-values for the bilateral supramarginal gyrus, basal ganglia, 
thalamus, superior temporal gyrus, precentral cortex and left middle 
frontal cortex in the single occlusion (Mdnsingle) were 1.56 [− 2.55 – 
4.10], 1.28 [− 1.75 – 5.50], 0.69 [− 3.64 – 4.87], 0.28 [− 3.74 – 3.23], 
0.93 [0.04 – 4.19], and 1.09 [− 2.25 – 4.59]; the averaged β-values for 
the 6 areas in the paired-occlusion condition (Mdnpaired) were 1.79 
[− 0.59 – 4.68], 1.50 [ − 0.57 – 5.53], 1.70 [− 0.65 – 4.23], 1.61 
[− 1.66 – 4.47], 1.32 [− 0.63 – 4.18], and 1.23 [− 0.87–4.22], 
respectively (see Table 2). The medians of β-ratios calculated for the 
paired- versus single-occlusion conditions (βpaired /βsingle) in the above 6 
ROIs were also plotted in Fig. 3. In summary, the Wilcoxon Signed-Rank 
Test revealed that the β-ratios of the four common areas (basal ganglia, 
thalamus, and left middle frontal gyrus) were all significantly less than 2 
(Mdn = 0.73, 0.93, and 0.69; T = 251, 252, and 291; Z = 3.08, 2.33, and 
2.58; p < .002, p = .020, and p < .010, respectively); the β-ratio of 
supramarginal gyrus was significantly less than 1.5 (Mdn = 0.91, 
T = 211, Z = 3.07, p < .002). The β-ratios for the STG and precentral 
gyrus have a marginal significance when compared with 2.0 (Mdn =
1.05 and 1.07; T = 280 and 386; Z = 1.74 and 1.87; p = .082 and .062, 
respectively). In addition, the HRF and the time courses of activation 
were retrieved from the 4 significant ROIs (bilateral thalamus, supra-
marginal gyrus, basal ganglia and middle frontal gyrus in Fig. 4), 

delineating the temporal feature underneath the non-linearity between 
paired- and single-occlusion. Specifically, HRF following single or 
paired inspiratory occlusions revealed that the supramarginal gyrus and 
basal ganglia had similar responses between paired and single occlusion 
conditions. The thalamus and middle frontal gyrus had a relatively 
higher level of BOLD response in paired- compared to single-occlusion 
condition. In addition, the thalamus had an earlier peak compared to 
the other regions. 

In terms of dyspnea feeling, the participants rated an overall higher 
VAS score in the paired- compared with single-occlusion condition 
(28.63 ± 24.41 vs. 32.54 ± 26.32 for single and paired, respectively; 
p = .041, 1-tailed). The scores for both single- and paired-occlusion 
conditions ranged from 0 to 90. The Pearson correlation coefficient 
was used to examine the relationship between scores of dyspnea ratings 
and β-values. In the single occlusion condition, there was a significant 
relationship between rated scores of SOB and the β-values in thalamus (r 
(48) = 0.36, p = .015 vs. r (48) = 0.39, p = .007 for left and right side, 
respectively). Fig. 5 presents scatter plots for the β-values of left/right 
thalamus with the SOB ratings in the single-occlusion condition. There 
was no significant correlation between dyspnea rating and beta values in 
the paired-occlusion condition. 

4. Discussion 

In the present study, our results demonstrated that significant brain 
activations in response to both paired- and single-occlusion conditions 
were located in the basal ganglia, thalamus, supramarginal gyrus, and 
middle frontal gyrus. The neural activation effect size β value ratios 
βpaired/βsingle) in the above structures were less than 2. Brain areas 
that were activated significantly more in the paired- compared with 
single-occlusion condition were the superior temporal gyrus, temporal 
gyrus, postcentral gyrus, thalamus, and precentral gyrus. In addition, 
time courses of activation map showed three patterns in the related ROI: 
(1) four ROIs including the supramarginal gyrus, basal ganglia, thal-
amus and middle frontal gyrus showed a similar BOLD response pattern 
between the paired- and single-occlusion conditions; (2) relatively 
higher activation levels (but still non-linear) in the precentral gyrus and 
superior temporal regions for paired- compared with single-occlusion 
condition; (3) the thalamus presented an earlier peak in HRF 
compared with the above brain regions. 

Overall, strong bilateral activations of the cortical structures and 
subcortical structures confirmed that paired-occlusions were feasible in 
eliciting neural activations as a function of BOLD responses measured by 

Fig. 1. Group-level brain activations in the axial planes for the single- and the paired-occlusion conditions (N = 46, FWE-corrected p < .05 with T-threshold = 5.37).  
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the fMRI technique. In addition, brain areas activated in single-occlusion 
condition included the caudate nucleus, thalamus, supramarginal gyrus, 
inferior parietal lobule, left middle frontal gyrus, and left triangular part 
of inferior frontal gyrus. These results are consistent with past studies in 
electrophysiology and neuroimaging examining cerebral neural activa-
tions in respiratory sensation (Chan et al., 2019, 2018; von Leupoldt, 
Chan, Bradley, Lang, & Davenport, 2011; von Leupoldt, Keil, & 
Davenport, 2011). For example, Chan et al. (2018, 2019) used short 
inspiratory occlusions as stimulus and found that the thalamus, frontal 
cortex, caudate, and supramarginal gyrus were significantly activated 
(Chan et al., 2019, 2018). With high-density EEG technique, von Leu-
poldt et al. (2011) found that cortical dipoles located in the sensorimotor 
areas, frontal cortex, and centro-parietal areas were also elicited by 
inspiratory occlusions (von Leupoldt et al., 2011). 

Both the bilateral basal ganglia and thalamus were found to be 

significantly activated in both single- or paired-occlusion conditions. 
The role of the thalamus was also confirmed by an animal lesion study, 
where the thalamic reticular nucleus was found crucial in mediating 
auditory sensory gating function in rats (Krause, Hoffmann, & Hajos, 
2003). In the present study, time course of activation in the thalamus 
showed a signal change peak earlier than that in the cortical structures 
including the supramarginal gyrus and precentral gyrus. In addition, the 
averaged βpaired/βsingle in the basal ganglia and thalamus were 
approximately 1.2 and 1.1, respectively. Since the β-ratios represent the 
extent to which paired versus single inspiratory occlusions induced 
brain structure neural activation, our results suggest that paired occlu-
sion condition induced only slightly higher neural activation compared 
with single occlusion condition in these subcortical structures. Although 
it is uncertain which brain substrate serves as the neural “gate” for the 
paired respiratory stimuli, our time course of activation data (Fig. 4) 

Fig. 2. Between-condition contrast maps in the axial planes for the paired-occlusion condition compared to the single-occlusion condition (3dClusSim-corrected 
p < .05 with T-threshold = 3.3 and cluster threshold = 96 voxels). The purple shaded indicates overlapping areas of brain activations in both single and paired- 
occlusion conditions. 

Table 2 
Effect size β-values and β-ratios of neural activations of the 6 ROIs in the single and paired occlusion conditions.  

ROI β Single Occlusion β Paired Occlusion β ratio (Paired/Single)  

Mdnsingle Range Mdnpaired Range Mdn Ta p-value 

Supramarginal G.  1.56 -2.55–4.10  1.79 -0.59–4.68  0.91  114 < .001 
Basal Ganglia  1.28 -1.75–5.50  1.50 -0.57–5.53  0.73  251 .002 
L Middle Frontal G.  1.09 -2.25–4.59  1.23 -0.87–4.22  0.69  291 .010 
Thalamus  0.69 -3.64–4.87  1.70 -0.65–4.23  0.93  252 .020 
Superior Temporal G.  0.28 -3.74–3.23  1.61 -1.66–4.47  1.05  280 .082 
Precentral G.  0.93 0.04–4.19  1.32 -0.63–4.18  1.07  386 .062  

a Applying Wilcoxon Signed-Rank test. 

Fig. 3. The beta ratio between the paired and single respiratory occlusions in the six selected regions of interests. The two horizontal lines indicate the reference 
levels for linearity (Red: beta ratio = 2) and the nonlinearity from previous RREP findings (Green: beta ratio = 1.5). 
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supports that respiratory sensory inputs are initially gated at the 
thalamic level, indicating a threshold gating mechanism. 

The middle frontal cortex (MFC) and precentral gyrus emerged as 
strongly activated areas during paired inspiratory occlusions. A few 
previous fMRI reports confirmed the role of MFC in dyspnea and loaded 
breathing (Binks, Evans, Reed, Moosavi, & Banzett, 2014; Chan et al., 
2018; Paulus et al., 2012; Stewart, Parnass, May, Davenport, & Paulus, 
2013). Additionally, Ruehland, Rochford, Trinder, Spong, and O’Do-
noghue (2019), who used loads spanning to detect the threshold for 
eliciting RREPs, reported that even undetected sub-threshold loads can 
still elicit a RREP Nf peak. Their study suggets that a threshold gating 
mechanism may exist at the cortical level (Ruehland et al., 2019). Since 
the premotor and supplementary motor cortex in the MFC receive neural 
inputs from the primary motor cortex in the precentral gyrus, we 
reasoned that neural inputs are inhibited at the precentral gyrus, hence 
subsequent information is processed at a lesser extent in the premotor 
and/or supplementary motor cortex. Moreover, our results demon-
strated that the averaged activation effect size βpaired/βsingle for the 

MFC was less than 2, suggesting that sensation of the 2nd stimulus was 
processed at a lesser extent in the MFC. The result seems contrasting to 
the previous RREP gating studies, which reported that the frontal cortex 
was significantly activated by the repetitive 2nd stimulus of the paired 
occlusions (Chan & Davenport, 2008, 2009, 2010a, 2010b; Chan, von 
Leupoldt, Bradley, Lang, & Davenport, 2012). However, past RREP 
studies suggested that the frontal cortex to be the origin for not only the 
Nf peak (Chan & Davenport, 2010a; Logie et al., 1998; Ruehland et al., 
2019) but also for the N1 and P2 peaks (von Leupoldt et al., 2010). With 
our current fMRI setup, we are unable to differentiate whether the 
neural activation measured in the middle frontal cortex was contributed 
by only an RREP early peak, or by any later peaks. It is possible that the 
beta values we retrieved at the frontal area reflected a mixed effect of 
RREP peaks. Nevertheless, the above evidence, along with our results, 
support the concept that elements of respiratory sensory information 
may be gated at the frontal level, and that the frontal lobe may play a 
role in processing information related to respiratory sensory gating. 
Future studies with both temporal and spatial resolutions, such as using 

Fig. 4. Temporal hemodynamic responses following single and paired respiratory occlusion in the four common regions. A, B, C, and D presented the temporal curves 
in the supramarginal gyrus, basal ganglia, left middle frontal gyrus, and thalamus, respectively. The zero second indicates the occlusion onset time. 

Fig. 5. Scatter plots of the shortness-of-breath VAS ratings and the beta values in the single occlusion condition for the left and right thalamus (A and B, respectively).  
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the magnetoencephalography technique, are encouraged to overcome 
this limitation. 

The precentral gyrus was activated at a significantly higher level 
with paired occlusions compared with single occlusion. A possible 
explanation is that the participants may have experienced higher level of 
obstructions and put more effort in breathing (load compensation 
response) during paired occlusions. This was supported by our behav-
ioral data where the participants’ ratings of the level of breathlessness in 
response to paired occlusions were significantly higher than those in 
response to single occlusion. This higher level of dyspneic feeling may be 
due to the urge to breathe. Another explanation is that the precentral 
gyrus could have been activated more in the paired occlusion condition 
due to voluntary breathing control in response to the expectation of the 
2nd respiratory stimulus during breathing. The current event-design in 
our study is limited to rule out the possibility of the top-down neural 
recruitment of motor control due to anticipation of the 2nd occlusion. 
Future studies can perhaps utilize a block design (mixing single with 
paired occlusions) in the fMRI recording in order to overcome the cur-
rent limitation. 

Additionally, our participants were instructed to breathe as normally 
as possible throughout the experiment, and to breathe against the ob-
structions without holding their breaths. This instruction may have 
involved controlling their breathing consciously and activated the pre-
central gyrus for controlling volitional movements of the body. This 
notion is supported by another study where voluntary breathing was 
found to correlates with elevated brain activities in bilateral sensori- 
motor areas (McKay, Evans, Frackowiak, & Corfield, 2003). The corre-
sponding neural activation of the movements was therefore recorded by 
the fMRI scan. Recent work on forebrain descending projections to 
respiratory control areas suggest that the Kölliker-Fuse nucleus (KFn) in 
the pons as the gate for medullary command of volitional orofacial be-
haviors (Dutschmann, Bautista, Trevizan-Bau, Dhingra, & Furuya, 2021; 
Trevizan-Bau et al., 2020). Trevizan-Bau et al. (2020) found descending 
neurons from the somatosensory barrel cortex to the KFn in rats (Tre-
vizan-Bau et al., 2020). Furthermore, Dutchsmann et al. (2021) reported 
that, as a neural gating structure, the KFn sends inhibitory controls to the 
vagal nerves and induces prolonged inspiration in apneusis (Dutsch-
mann et al., 2021). Although our study design is limited to differentiate 
whether the neural activation was induced by sensory processes or by 
voluntary motor movements, the above evidence suggests potential 
midbrain and subcortical substrates mediating upper- and lower-airway 
related neural gating. 

Areas showing more activations in response to paired-occlusion 
condition compared to single-occlusion condition including the pre-
central gyrus, and superior temporal gyrus. This is similar to previous 
reports that investigated source localization by paired auditory and so-
matosensory stimuli (Bak et al., 2011, 2014; Grunwald et al., 2003; 
Mayer et al., 2009). These studies suggest auditory sensory gating are 
mediated by the temporo-parietal region and frontal cortex. Using a 
combined EEG and fMRI technique, Bak et al. (2011) reported a few 
clusters, including medial frontal gyrus and insula, with a 1000 ms 
minus 500 ms contrast (Bak et al., 2011). On the contrary, there were no 
clusters identified around the dipole located in the S1 cortex, suggesting 
that this area is neither involved in P50 generation nor suppression. 
Although S1 cortex was not identified in neural gating in the study 
design, we found significant activation in the supramarginal gyrus 
which is located at the somatosensory association cortex (SII) with 
paired occlusions. This finding was supported by past electrophysio-
logical studies which showed that SII cortex may mediate secondary 
information processing after sensory information arrival in the cortex 
(Chan & Davenport, 2010a; Logie et al., 1998). Together with the 
βpaired/βsingle being less than 2, our data suggested that the extent to 
which neural activation in response to the 2nd stimulus is not as robust 
as the 1st stimulus, supporting the central neural gating mechanism of 
respiratory sensation. 

It is interesting that the thalamus was almost equally activated by the 

two obstruction conditions, while the precentral gyrus and STG 
exhibited higher activation in paired occlusion condition. Although our 
results in the basal ganglia, thalamus, middle frontal gyrus, and supra-
marginal gyrus suggest that respiratory sensation was gated as a bottom- 
up process in paired-occlusion condition, the fact that the STG and 
precentral area were both activated at a much higher level may indicate 
that some neural processes of cortical activations related to respiratory 
sensory gating may be top-down controlled. Since the STG is a cortical 
area in charge of multiple sensory integration process, it could have 
been recruited for active organizations of neural impulses related to the 
2nd stimulus. The above notion is supported by a recent study by 
Golubic et al. (2019), where they tested the effect of attention on 
auditory sensory gating with magnetoencephalography and found that 
attending to the 2nd stimulus significantly changed the gating sup-
pression in the STG component (Golubic et al., 2019). Together, our 
results implicate that respiratory sensation, similar to other sensations, 
can be highly affected and integrated by higher cortical interactions 
including attentional or emotional processes (Chan et al., 2015; Cheni-
vesse et al., 2014; Vuillier et al., 2015). 

We also examined the relationships between self-rated breathless-
ness and ROI. In the single-occlusion condition, scores of breathlessness 
were positively associated with the activations in the bilateral thalamus. 
Results in our earlier fMRI studies also supported the results in the 
present study, suggesting the roles of thalamus in mediating cerebral 
sensation of respiratory obstructions (Chan et al., 2019, 2018). To note 
is that although self-reported breathlessness was statistically higher in 
paired- compared to single-occlusion condition, there was high indi-
vidual variability within the group. Therefore, this particular finding in 
the present study is limited for generalization to other studies, and the 
difference in self-rated dyspnea elicited by single- and paired-occlusion 
needs further investigation. 

There are methodological limitations related to data analysis in the 
current study. Firstly, with the current setup of fMRI acquisition time of 
12 min (in order to accommodate the participants’ tolerance to face-
mask and inspiratory occlusions in the scanner), the inter-trial-interval 
(ITI) was not long enough to allow the baseline to be extracted prior 
to every trial. The ideal ITI for the experiment to determine a stable 
baseline prior to an occlusion (or occlusion pair) onset would be at least 
30 s in time. Thus, we used the initial scans of the first 20 s without the 
respiratory occlusions as the baseline period to calculate the signal 
change. Secondly, the inter-trial-interval of 2–4 breaths could be shorter 
than the observation window of 18-sec in HRF, leading to the possibility 
that the adjacent HRFs could overlap with each other. However, because 
the occlusion timing was randomly assigned in each session, the 
randomized-event design may have highlighted the first HRF and 
minimize the influence of the second HRF (Miezin, Maccotta, Ollinger, 
Petersen, & Buckner, 2000). These technical concerns should be care-
fully addressed in future studies. 

In summary, the present study found a non-linear relationship be-
tween single- and paired-occlusion elicited brain activations. We 
demonstrated that the activation effect size in paired-occlusion condi-
tion was less than 2 folds of that in single-occlusion condition, sug-
gesting that respiratory sensation is gated at the subcortical and cortical 
levels. Neural substrates that are closely associated with subcortical and 
cortical gating of respiratory sensation include the thalamus, basal 
ganglia, middle frontal gyrus, and supramarginal gyrus. Future research 
is recommended to examine the effect of physiological and psycholog-
ical factors on brain substrates in respiratory sensory gating. 
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