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Neural processing of respiratory sensations when breathing
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The accurate perception of respiratory sensations is important for the successful management
and treatment of respiratory diseases. Previous studies demonstrated that external stimuli such
as affective pictures and distracting films can impact the perception and neural processing of
respiratory sensations. This study examined the neural processing of respiratory sensations when
breathing as an internal stimulus is manipulated and becomes more difficult and unpleasant.
Sustained breathing through an inspiratory resistive load was used to increase perceived
breathing difficulty in 12 female individuals without respiratory disease. Using high-density EEG,
respiratory-related evoked potentials (RREP) to short inspiratory occlusions were recorded at
early versus late time points of sustained loaded breathing. Ratings of perceived intensity and
unpleasantness of breathing difficulty showed an increase from early to late time points of loaded
breathing (p<0.01 and p< 0.05, respectively). This was paralleled by significant increases in the
magnitudes of RREP components N1, P2, and P3 (p<0.01, p<0.05, and p< 0.05, respectively).
The present results demonstrate increases in the neural processing of respiratory sensations
when breathing becomes more difficult and unpleasant. This might reflect a protective neural
mechanism allowing effective response behavior when air supply is at risk.
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INTRODUCTION

The accurate perception of respiratory sensations such as dysp-
nea is of considerable importance for successful self-management
and treatment of various respiratory diseases including asthma
or chronic obstructive pulmonary disease (COPD). Respiratory
sensations provide the basis for the patients’ motivation to timely
initiate adequate health behavior such as medication use or physi-
cian visits (Banzett et al., 2000; Lansing et al., 2009). Reduced as
well as over-perception of respiratory sensations has been shown
to be associated with negative treatment outcome in patients with
asthma or COPD (Barnes, 1994; Kikuchi et al., 1994; Kifle et al.,
1997; Magadle et al., 2002; Main et al., 2003; Feldman et al., 2007;
GOLD, 2008).

Psychological factors such as affective state or attentional focus
have been demonstrated to considerably impact the perception
of respiratory symptoms (Rietveld, 1998; Chetta et al., 2005; von
Leupoldt and Dahme, 2007; Janssens et al., 2009). Moreover, pre-
vious studies showed that the parallel processing of affective pic-
tures or attention distracting films or texts also impacts the neural
processing of respiratory sensations (Harver et al., 1995; Webster
and Colrain, 2000; Davenport etal., 2007; von Leupoldt et al., 2008,
2010c). Common to these previous studies is their exclusive focus
on the impact of external stimuli on the neural processing of inter-
nal respiratory sensations, which compete for neural processing
resources of the respiratory sensations. However, recent findings
demonstrated thatalso internal stimuli, i.e., internal stimulation of

the respiratory system itself, can influence respiratory perception.
Alexander-Miller and Davenport (2010) reported that sustained
breathing through resistive loads (>15 cmH,0/L/s) for 10 inspira-
tions prompted increased reports of breathing difficulty in female
individuals when compared to respiratory stimulation by a single
loaded inspiration. However, the underlying neural processes have
not been addressed in that study.

Therefore, the present study examined the neural processing of
respiratory sensations when loaded breathing serves as an internal
stimulus and becomes more difficult and unpleasant. As in the study
by Alexander-Miller and Davenport (2010), sustained breathing
through an inspiratory resistive load was used to increase the level
of perceived breathing difficulty. The respiratory-related evoked
potential (RREP) extracted from the electroencephalogram (EEG)
was used as a measure of cerebral cortical activity, which was elicited
by short inspiratory occlusions at early versus late time points of
loaded breathing (Davenport et al., 1986; Logie et al., 1998; Redolfi
et al., 2005; Huang et al., 2008; Chan and Davenport, 2010). The
early RREP components Nf, P1 and N1 (<130 ms post stimulus)
presumably reflect the initial arrival and first-order sensory process-
ing of afferent respiratory signals in sensorimotor regions with N1
influenced by endogenous factors unrelated to the stimulus, e.g.,
attentional processes. The later components P2 and P3 (>150 ms
post stimulus) are related to subsequent higher-order cognitive
processing in other cortical areas (Chan and Davenport, 2010; von
Leupoldt et al., 2010b).
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Theories of motivated attention (Lang et al., 1997; Bradley and
Lang, 2007) postulate that affectively arousing and motivation-
ally relevant stimuli naturally demand neural resources, and we
therefore hypothesized that the neural processing of inspiratory
occlusions would be heightened when breathing is more difficult
and unpleasant. Specifically, greater magnitudes were expected for
RREP components N1, P2, and P3 during late compared to early
time points of sustained resistive load breathing, which would con-
verge with previous studies demonstrating a specific impact of
emotion processing or attentional distraction on these components
(Harver et al., 1995; Webster and Colrain, 2000; Davenport et al.,
2007; von Leupoldt et al., 2010c).

MATERIALS AND METHODS

PARTICIPANTS

After providing informed written consent, 12 healthy, non-smoking
female volunteers without history of respiratory disease (Table 1)
participated in this study, approved by the Institutional Review
Board of the University of Florida. Male volunteers were not
included because the effects of sustained loaded breathing on res-
piratory perception were mainly observed in female participants
in the study by Alexander-Miller and Davenport (2010). Prior to
testing, participants were informed that the aim of the study was
the assessment of physiological responses (brain activity, breath-
ing responses) and subjective perception during different levels
of breathing difficulty. Baseline lung function was measured by
spirometry (SpiroPro, Cardinal Health, Hoechberg, Germany)
according to international guidelines (Miller et al., 2005). All sub-
jects had normal spirometric pulmonary function (Table 1).

RESISTIVE LOAD BREATHING

Asin the study by Alexander-Miller and Davenport (2010), a sensa-
tion of breathing difficulty was induced by inspiration through a
resistive load which superimposes increased work to the respiratory
muscles (Harver and Mahler, 1998). However, besides the additional
measurement of the RREP, the present study used only one instead
of six resistive loads of varying difficulty level. Participants wore a
nose clip and breathed via a mouthpiece through a breathing cir-
cuit with a non-rebreathing valve (Hans Rudolph Inc., Kansas City,
USA). The inspiratory port of the valve was connected in series to
a pneumotachograph, a loading manifold and a pressure-activated
occluder. The loading manifold consisted of an inspiratory resistive
load (20 cmH,O/L/s) that was introduced/removed from the inspir-
atory airflow by manual closing/opening of a side port. In order
to prevent reflexive changes in the breathing pattern, which could

Table 1 | Mean (SD) baseline characteristics of participants.

Characteristics Data

Age (years) 23.3(56.0)
Weight (kg) 62.4(12.3)
Height (cm) 166.1(7.7)
Forced expiratory volume in 1s (L) 3.52 (.58)
Forced expiratory volume in 1 s (% of predicted value) 110.0 (14
Forced vital capacity (L) 4.11 (.74 )
Forced vital capacity (% of predicted value) 111.2 (16.3)

reduce the effects of resistive load breathing, participants maintained
peak inspiratory airflow during the entire experiment by airflow
targeting (Zhao et al., 2003). They were instructed to have the peak
of their inspiratory airflow (measured with the pneumotachograph)
with each breath “hit” the target line on an oscilloscope.

MEASUREMENT OF PERCEIVED BREATHING DIFFICULTY

Following a visual prompt, participants rated the perceived inten-
sity and unpleasantness of their breathing difficulty on separate
visual analog scales (VAS, Noseda et al., 1992). VAS were presented
as paper-and-pencil versions and ranged from 0 to 10 cm (0 = not
noticeable/unpleasant and 10 = maximally imaginable intensity/
unpleasantness). VAS for intensity and unpleasantness were pre-
sented in randomized order.

RREP MEASUREMENT AND DATA REDUCTION
Details on RREP measurement and data reduction with a compara-
ble technical set up have been previously described (von Leupoldt
et al.,, 2010c). Briefly, inspiration was interrupted at the third and
at the 12th loaded breath for 160 ms by manual occluder activa-
tion. Occlusions were presented after the onset of inspiration as
indicated by the mouth pressure signal with a parallel marker signal
sent to the EEG computer.

Electroencephalogram data were recorded from the scalp using
a 129-channel system (Electrical Geodesics Inc., Eugene, USA) with
scalp impedance < 50 k€, sampling rate = 250 Hz, vertex sensor
as reference electrode and on-line bandpass filter (0.1-56 Hz). All
further processing was performed offline, using functions built into
BESA 5.1. After low-pass filtering (30 Hz) and artifact corrections,
occlusion epochs were extracted (200 ms pre- and 1300 ms post-
stimulus) and averaged separately for the third and 12th loaded
breaths for each participant using a maximum of 200 uV as cutoff
amplitude. Based on previous reports (e.g., Davenport et al., 1986;
Logie et al., 1998; Chan and Davenport, 2010; von Leupoldt et al.,
2010c), the RREP components were identified as follows: Nf = nega-
tive peak in the frontal region (latency: 25-50 ms), P1 = positive peak
in the centro-parietal region (latency: 45-65 ms), N1 = negative peak
in the centro-lateral region (latency: 85-125 ms), P2 = positive peak
in the central region (latency: 160-230 ms), and P3 = positive peak
in the centro-parietal region (latency: 250-350 ms).

PROCEDURE

After standardized instructions and positioning of the EEG sensor
net and nose clip, participants were seated in a recliner and breathed
through the respiratory circuit. The experimental protocol was
divided into four blocks of approximately 11 min each, separated
by 5-min resting intervals. Each block began with a 1-min epoch
of adaptation to the mouthpiece breathing without presentation of
the resistive load and without inspiratory occlusions which was fol-
lowed by five trials of sustained resistive load breathing. Each trial
consisted of 12 consecutive loaded inspirations and was followed by
a 1-min epoch of unloaded breathing. Inspiratory occlusions were
presented at the onset of the third and 12th loaded breath during
each trial, resulting in a total of 20 presented occlusions per person
for both early and late time points of loaded breathing. For high-
density EEG systems, this number of occlusions converges with the
minimum signal-to-noise criteria for obtaining acceptable RREP
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components N1, P2,and P3 which were the focus of the present study
(von Leupoldtetal.,2010a). Each block contained an additional trial
of sustained resistive load breathing, but without the presentation of
inspiratory occlusions. During this trial, participants rated the per-
ceived intensity and unpleasantness of their breathing difficulty on
the VAS at an early (second loaded breath) and late time point (12th
loaded breath) of loaded breathing. Ratings for the early time point
were obtained at the second loaded breath because the early inspira-
tory occlusions were presented at the onset of the third breath, i.e.,
when the participants had already experienced two loaded breaths,
but their third breath was yet not loaded at the time of occlusion
presentation. Therefore, a rating at the second loaded breath seemed
to more closely reflect the perceived early breathing difficulty at the
time point of the early occlusion presentations, whereas a rating at
the third loaded breath could have already overestimated the early
breathing difficulty. The position of these rating trials between trials
with the presentation of inspiratory occlusions was counterbalanced
across the four blocks for each individual.

ANALYSES

Outcome measures are reported as means + standard deviations of
the mean (SD) averaged across the early time points and across the
late time points of loaded breathing and were compared with paired
t-tests. All analyses were calculated with SPSS 15.0 software (SPSS
Inc., Chicago, USA) using a significance level of p < 0.05.

RESULTS

PERCEIVED BREATHING DIFFICULTY

Ratings of breathing difficulty confirmed that manipulation of
breathing difficulty by using resistive loads was successful. As illus-
trated in Figure 1,a significant increase in ratings of perceived inten-
sity and unpleasantness were found from the second to the 12th
breath of loaded breathing, p < 0.01 and p < 0.05, respectively.

RESPIRATORY-RELATED EVOKED POTENTIALS

The number of artifact-free inspiratory occlusions averaged for
the RREP were equivalent for probes presented at the third and
12th breath of loaded breathing (16.2 and 16.3, respectively).

Breathing difficulty
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FIGURE 1 | Mean (SE) ratings of perceived intensity and unpleasantness
of breathing difficulty.

As illustrated in Figure 2, the RREP components N1, P2, and
P3 showed similar scalp localizations for occlusions presented
at the third and 12th breath of loaded breathing. N1, P2, and P3
showed significant magnitude increases from the third to the
12th breath of loaded breathing, p < 0.01, p < 0.05,and p < 0.05,
respectively (Figure 2; Table 2).

DISCUSSION

This study examined the modulation of neural processing of respi-
ratory sensations when breathing itself is manipulated and serves
as an internal aversive stimulus. The present results show that sus-
tained breathing through an inspiratory resistive load increased
the level of perceived intensity and unpleasantness of breathing
difficulty which replicates recent observations by Alexander-Miller
and Davenport (2010). Most importantly, increased breathing dif-
ficulty was accompanied by increased magnitudes of the RREP
components N1, P2, and P3 which were elicited by parallel presenta-
tions of short inspiratory occlusions. These results suggest height-
ened neural processing of respiratory sensations when breathing
becomes more difficult and unpleasant.

The present study, using breathing as internal stimulus, extends
previous studies that found an impact of external stimuli on the
neural processing of respiratory sensations (Harver et al., 1995;
Webster and Colrain, 2000; Davenport et al., 2007; von Leupoldt
etal.,2010c). For example, when inspiratory occlusions are imposed
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FIGURE 2 | Group means for the respiratory-related evoked potential and
related scalp topographies (at their peak latencies) at centro-parietal
regions.
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Table 2 | Mean (SD) amplitudes (uV) of the respiratory-related evoked
potential (RREP) for breath third and breath 12th during resistive load
breathing.

RREP Breath 3 Breath 12

N1 (centro-lateral) -1.61 (2.96) -2.43 (3.03)"
P2 (central) 3.71(4.37) 4.61 (4.52)*
P3 (centro-parietal) 5.08 (2.84) 6.58 (3.43)*

*0< 0.05, 'p< 0.01 (paired t-tests).

during conditions of attentional distraction by ongoing movie pres-
entations or text reading, reduced magnitudes of N1,P2,and/or P3
are found, compared to conditions in which attention is directed to
the respiratory stimulus (Harver et al., 1995; Webster and Colrain,
2000; Davenport et al.,2007). Similarly, short inspiratory occlusions
presented when viewing unpleasant pictures elicited reduced mag-
nitudes of P2 or P3 in low anxious individuals, but increased mag-
nitudes in high anxious individuals (von Leupoldt, Chan et al., in
submission; von Leupoldt et al., 2010c) when compared to neutral
pictures. The latter findings were interpreted as reflecting motivated
attention (Lang et al., 1997; Bradley and Lang, 2007), in which
affectively arousing and motivationally relevant stimuli naturally
demand neural processing capacities. Following this interpreta-
tion, the present results suggest that when breathing becomes more
difficult and unpleasant and, thus, more motivationally relevant,
sensations from the respiratory system demand greater attentional
and neural resources. This might reflect a protective mechanism in
which effective neural processing of aversive respiratory sensations
prompts initiation of adequate behavioral responses (e.g., medica-
tion use, physician visits) in states of insufficient air supply with
the ultimate goal of preventing physical harm.

We speculate that this mechanism plays a role in those patients
with asthma or COPD who show problems in the perception of
respiratory sensations and related negative treatment outcomes
(Barnes, 1994; Kikuchi et al., 1994; Kifle et al., 1997; Magadle et al.,
2002; Main et al., 2003; Feldman et al., 2007; GOLD, 2008). For
instance, previous studies have hypothesized that some patients

might habituate to the repeated or chronic experience of breathing
difficulty (Li et al., 2006; von Leupoldt et al., 2009; Wan et al., 2009).
In this case, respiratory sensations might become less relevant and
attention demanding, resulting in reduced neural processing of
acute sensations risking under-perception and under-treatment. In
contrast, other patients might show sensitization to repeated sensa-
tions of breathing difficulty and experience or interpret them in a
catastrophizing manner as recently demonstrated in patients with
asthma (De Peuter et al., 2008). For these patients, respiratory sen-
sations presumably become highly relevant and attention demand-
ing, resulting in increased neural processing of acute sensations,
risking over-perception and over-treatment. Moreover, anxiety or
negative affective states can further interact with these neural proc-
esses of respiratory perception (Janssens et al., 2009; von Leupoldt,
Chan et al., in submission; von Leupoldt et al., 2010c). Because the
generalizability of the present results in healthy, female individuals
to patients with respiratory disorders is limited, future studies in
respiratory patient groups are clearly warranted. In this regard, it
will be interesting to examine whether the neural processing of
respiratory sensations is associated with patients’ anxiety levels,
course of disease and treatment outcomes.

In summary, the present study found increased neural process-
ing of respiratory sensations when breathing became more difficult
and unpleasant. This might represent a protective neural mecha-
nism that prompts effective response behavior in situations where
air supply is at risk. Future studies will be important in determining
whether respiratory patient groups show comparable patterns in
their neural processing of respiratory stimuli and whether these
patterns are related to individual anxiety levels, course of disease
and treatment outcome.
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