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ABSTRACT: Respiratory muscles play an important role in the origin of respiratory
sensations. Data dissecting the role of the diaphragm and other inspiratory muscles are
scarce. This study aimed to determine the impact of diaphragm dysfunction following
inspiratory resistive loading on respiratory-related evoked potentials considered as a
neurophysiological substrate of certain types of respiratory sensations.

Altogether, nine subjects aged 25–50 yrs (six females) participated in the study.
Transdiaphragmatic pressure output of cervical magnetic stimulation (with subdivision
in oesophageal and gastric component), and respiratory-related evoked potentials (C3
and C4 derivations in the international 10–20 system) following mid-inspiratory
occlusions were studied before and after an inspiratory-resistive loading challenge.

Predominant diaphragm dysfunction was observed in seven subjects (average 28%
reduction in transdiaphragmatic pressure, from 27.25–19.91 cmH20, with increased
oesophageal-to-gastric pressure ratio). The latencies and amplitudes of all the
components of the respiratory-related evoked potentials were unchanged.

The study concluded that predominant diaphragm fatigue does not affect respiratory-
related evoked potentials.
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Respiratory sensations are commonly considered to result
from the balance between the central ventilatory drive, the
corresponding production of force by ventilatory muscles,
and a complex afferent feedback [1]. The neural processing of
changes associated with inspiratory loads allows normal
humans to detect them, identify their nature (e.g. resistive
versus elastic), estimate their magnitude, and in turn to adapt
to their presence. The corresponding sensations provide an
alarm system of which the deficiency can be a relevant
pathophysiological determinant of respiratory diseases (e.g.
certain severe forms of asthma are associated with a blunted
perception of inspiratory loads [2]).

There is considerable evidence documenting the role of
inspiratory muscles and the rib cage in the detection of added
inspiratory loads [3]. Respiratory muscle function also
modulates respiratory sensations. Inspiratory strength train-
ing does not alter load detection but reduces the perceived
magnitude of both resistive and elastic loads [4]. Conversely,
globally weakening inspiratory muscle exacerbates the sense
of inspiratory efforts [5, 6]. This is similar to that occurring
in upper limb muscles where the development of fatigue
increases the perceived heaviness of a lifted object [7], and

illustrates the role of respiratory muscle afferents in the
genesis of respiratory sensations. Another illustration of this
contribution is provided by the neurophysiological evidence
of a cortical processing of respiratory muscle afferents. The
stimulation of intercostal [8] and phrenic [9, 10] afferents
indeed evoke cerebral potentials in humans. Coherently,
diaphragm fatigue has been shown to alter phrenic cortical
potentials in the cat [11]. However, in man such changes do
not seem to have been reported.

A simple means to study the cortical processing of
respiratory afferents is to record the brain activity following
repeated inspiratory occlusions at the airway opening
(respiratory-related evoked potentials (RREP)), even though
the exact source of this activity is not precisely known. The
amplitude of the first positive component of the RREP varies
with the intensity of the inspiratory effort required to
overcome a resistive inspiratory load [12]. It is related to
both the corresponding transdiaphragmatic pressure and
subjective magnitude estimation [12, 13]. It is thus possible
that respiratory muscle afferents participate in the genesis of
the RREP. In this case, observing changes in the amplitude of
the somatosensory component of the RREP in response to
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acute inspiratory muscle dysfunction would substantiate the
corresponding changes in the sensory processing of inspira-
tory muscle information.

The contribution of the diaphragm and of extradiaphrag-
matic inspiratory muscles to respiratory sensations appears to
be different [14, 15]. The present study aimed at examining the
effects of experimentally reducing the pressure generation
ability of the diaphragm, while sparing rib cage muscle as
much as possible [16], on the characteristics of RREP.

Materials and methods

Subjects

After completion of the French legal procedure for
biomedical research in human volunteers, nine White subjects
participated in the study (six females, three males; aged
25–50 yrs; height 159–192 cm; weight 48–100 kg). They were
informed in detail of the purpose of the study and methods
used, and gave written consent. The subjects were instructed
to avoid sleep deprivation during the 48 h preceding the
experiments, to refrain from any consumption of alcohol
and psychotropic substances, and to eat lightly on the day of
the study.

Measurements and procedures

Breathing circuit. The subjects, wearing a noseclip, breathed
room air through a flanged mouthpiece and a heated Hans-
Rudolph pneumotachograph (3700 series; Hans Rudolph,
Kansas City, MO, USA) connected to a ¡2 cmH2O linear
differential pressure transducer (Validyne, Northridge, CA,
USA) in order to measure the ventilatory flow. The pneumo-
tachograph was assembled in series to a nonrebreathing two-
way valve (2600 series; Hans Rudolph) of which the inspiratory
port could be occluded by an inflatable balloon (Hans-Rudolf
9340 series occlusion valve and 9330 series compressor; Hans
Rudolph). Mouth pressure was measured from a side port of
the mouthpiece, using a differential pressure transducer (DP
15–32; Validyne).

Abdominal displacements. Changes in abdominal circum-
ference were monitored with a mechanical strain gauge
(Nihon Kohden, Tokyo, Japan) attached to an elastic belt
placed at the level of the umbilicus.

Pressures. Oesophageal pressure (Pes) and gastric pressure
(Pga) were measured with two balloon-tipped catheters (thin-
walled balloon sealed over a polyethylene catheter with distal
side holes, 60 cm length, 1.7 mm inside diameter) connected
to two Validyne MP45 linear differential pressure transducers
(Validyne, Northridge, CA, USA). Transdiaphragmatic pres-
sure (Pdi) was obtained on-line by connecting the Pes and Pga

catheters to a third transducer of the same type. Pdi was
continuously displayed to the subjects on a computer screen.

Surface diaphragm electromyograms. Surface recordings of
the right and left costal diaphragmatic electromyographical
activity were obtained using disposable silver cup electrodes
taped to the skin [17], in order to assess the validity and
reproducibility of phrenic nerve stimulation [18]. The signals
were fed to amplifiers (Nihon Kohden), with a 10 kHz
sampling rate and a 20 Hz–5 kHz bandwidth.

Cervical magnetic stimulation. Cervical magnetic stimula-
tion (CMS) was carried out according to the previously

described technique [19, 20], using a Magstim 200 stimulator
(Magstim, Whitland, Dyfed, UK) equipped with a 90 mm
circular coil (peak magnetic field 2.5 Teslas). All the stimula-
tions were delivered at relaxed end-expiration as judged from
the abdominal circumference trace, as well as the Pes and
Pdi traces, with the glottis closed. The maximal stimulation
intensity of the stimulator was systematically used, after verify-
ing from a simplifiedrecruitmentcurve (amplitude of diaphragm
quasi-synchronised action potentials versus stimulation intensity)
that it corresponded to a supramaximal response. Diaphragm
twitches were retained for analysis only if the amplitude of the
corresponding electromyographic responses to CMS matched
the previously determined maximum amplitude, before and
after fatigue. The amplitude of the oesophageal, gastric, and
transdiaphragmatic pressures swings produced by the CMS-
induced diaphragm twitches (Pes,tw, Pga,tw, and Pdi,tw,
respectively) were measured from baseline to peak.

Respiratory-related evoked potentials. The electroence-
phalographic activity (EEG) was recorded using standard
surface electrodes placed at the scalp positions CZ, C3, C4 on
the basis of the international 10–20 system [21]. C3 and C4 were
referenced to CZ to record the left and right activity,
respectively. The ground electrode was placed on the left
earlobe. Electrode impedances were monitored and maintained
at v5 kOhms. The EEG electrodes were connected to a
standard amplifier system (Nihon Kohden). The signal was
sampled at a 1 kHz rate over a 0.5–500 Hz bandwidth.
Respiratory-related potentials were evoked by mid-inspiratory
occlusions [22]. To ensure immediate reproducibility of the
signals, two separate averagings of 80 occluded breaths were
systematically performed in each studied condition and the
resulting traces superimposed. Control signals were obtained
by averaging the same number of unoccluded breaths. The
peak latencies of the first positive (P1), first negative (N1),
second positive (P2) and second negative (N2) components of
the RREP were measured from the onset of inspiration
determined on the averaged mouth pressure trace according
to DAVENPORT et al. [23]. The amplitude of the P1 component
of the RREP was measured from baseline to peak. The
amplitudes of the N1, P2 and N2 components were measured
from peak to peak (P1-N1, N1-P2, and P2-N2, respectively).

Maximal static transdiaphragmatic pressure. Maximal static
Pdi (Pdi,max) was determined by asking the subjects to perform
inspiratory efforts from functional residual capacity against
the occluded airway, with visual feedback of the Pdi signal. No
instruction was given as to the type of manoeuvre to perform.
The best of three attempts was retained.

Diaphragm challenge. To acutely modify diaphragm function,
the subjects were asked to breathe against an inspiratory
resistance while targeting an inspiratory Pdi amounting to 60%
of Pdi,max with an inspiratory time ofy50% of the ventilatory
period, until task failure with strong verbal coaching. This
protocol was chosen according to in-house observations
showing that, in subjects without prior experience of inspira-
tory loading, it tends to produce changes in inspiratory muscle
output predominantly due to a diaphragmatic contribution. In
the authors experience, this result is achieved with no need to
standardise the reference Pdi,max manoeuvre and the pattern of
muscle recruitment used during the loading procedure. The
authors considered predominant diaphragm dysfunction
present when a reduction in Pdi,tw of o10 % was observed,
with a Pes,tw:Pga,tw unchanged or increased [16].

Experimental conditions and sequence. The subjects were
studied sitting (respiratory pressure measurements and fatigue
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protocol) or semireclined (respiratory related evoked poten-
tials), abdomen unbound, on a lounge chair with the back, neck
and head comfortably supported. They were instructed to relax
but to keep their eyes open in order to avoid any risk of falling
asleep or producing slow brain waves. During the experimental
sequence, the subjects wore earplugs and headphones through
which they listened to a quiet musical piece of their choice, in
order to mask the auditory ambiance of the laboratory.

After completion of the experimental setup, baseline RREP
were gathered and Pdi,max was determined. Baseline dia-
phragm twitches were then collected, and the acute loading
procedure was performed. Immediately after task failure,
RREP were gathered again, after which diaphragm twitches
were again obtained.

Statistical analysis

Data are described as mean¡SD. Given the small size of the
sample, and to avoid making assumptions on the distribution
of the characteristics of the RREP, the analysis was con-
ducted in a nonparametric way. The effects of inspiratory
loading on twitch pressures were tested using the Wilcoxon
test. Regarding the RREP, two steps were taken. First, when
the number of observations of a given component in a given
derivation differed before and after loading, a Chi-squared
test with correction for small sample size was conducted to
test the difference in a dichotomic manner. Secondly, the
amplitude and latency of the various peaks in the C3 and C4
derivations before and after loading were compared using a
nonparametric Kruskall-Wallis analysis of variance. Differ-
ences were considered significant when the probability of a
type I error was v5%.

Results

Diaphragm function

Before loading, the Pdi,max values in the nine subjects
ranged 50–160 cmH2O (88¡35 cmH2O), and the Pdi,tw values
were 27.25¡5.52 cmH2O, within the normal range [18]. The
time to task failure ranged 12–34 min. In one subject, Pdi,tw

was unaffected by the procedure. This subject was therefore
excluded from the analysis. In one additional subject, Pdi,tw

decreased byw10% but the Pes,tw:Pga,tw also decreased. This
individual was also excluded from the analysis, which was
therefore conducted in seven subjects who met the predefined
criteria for a predominant diaphragmatic change (Pes,tw:
Pga,tw increased in six cases, unchanged in one). The average
Pdi,tw after loading was 19.91¡6.46 cmH2O, namely a 28¡13%
reduction (fig. 1) (p=0.018, power 85% for an alpha value of
0.05). The average reductions in Pes,tw and Pga,tw were
14¡8% (p=0.009) and 51¡25% (p=0.002), respectively. The
amplitudes of the electromyographical responses to phrenic
stimulation were unaffected by the loading protocol (see
Materials and methods).

Respiratory-related evoked potentials

Averaging the EEG signal corresponding to unoccluded
breaths did not yield any potential. At baseline, RREP were
identified in all subjects (table 1, table 2, and fig. 2). The P1,
N1 and P2 components were present in either C3 or C4 in the
seven cases, and bilaterally in four. The N2 component was
present in either C3 or C4 in six cases, and again bilaterally in
four. After acute loading, the P1 and N1 components were

also present in either C3 or C4 in the seven cases (always
homolaterally as compared with baseline condition), and
bilaterally in four. The P2 and the N2 components were
present in either C3 or C4 in five cases, and bilaterally in four.
There was no statistically significant difference regarding the
number of occurrences of the components before and after
fatigue (Chi-squared test, see methods). Among the seven
subjects, the comparison of the amplitudes and latencies of
the components before and after fatigue did not yield any
significant difference (Kruskall-Wallis test, see Materials and
methods).

Discussion

In this study, the characteristics of RREP were unaffected
by an inspiratory resistive challenge imposed on healthy
subjects to the point of task failure. This challenge resulted in
an overt reduction of the transdiaphragmatic pressure pro-
duced in response to phrenic stimulation (28¡13%). The
pattern of this reduction suggested a predominant impact on
the diaphragm, rather than on extradiaphragmatic inspiratory
muscles (although some degree of rib cage muscle dysfunction
cannot be completely excluded in the absence of comparison
of CMS with electrical phrenic nerve stimulation) [16].

Of note, the effects of loading on the response to phrenic
stimulation were assessed after the collection of the RREP
data, namelyy15 min after task failure. The observed lack of
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Fig. 1. – The effects of the acute inspiratory resistive loading protocol
on the capacity of the diaphragm to produce a) transdiaphragmatic
pressure and b) oesophageal pressure in the seven subjects retained
for analysis. The "after" values are expressed in percentage of the
"before" ones. The horizontal arrows indicate the mean of the "after"
values.
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change in these variables is thus not likely to be due to the
effects of loading on inspiratory muscle function having
waned between task failure and data collection.

RREP represent the respiratory counterpart of somatosen-
sory evoked potentials. They correspond to the activity of
cortical neurons in response to a mechanical inspiratory
stimulus. Their first positive component, P1, is considered to

reflect the cortical arrival of the afferent stimulus [24]. Their
later components are considered to reflect the cortical
processing of the afferent information. Identifying the
determinants of the RREP is important, because this could
provide a means to objectively quantify some aspects of
respiratory sensations, and to assign objective numerical
values to their changes after an intervention. In this view, the

Table 1. – Latencies of the components of the respiratory-related evoked potentials (RREP) before and after inspiratory loading
in the CZ-C3 and CZ-C4 scalp positions

CZ-C3 CZ-C4

Before fatigue n# After fatigue n# Before fatigue n# After fatigue n#

P1 38.30¡5.96 5 38.80¡3.90 5 38.00¡3.32 5 37.83¡3.13 6
N1 91.42¡19.39 6 96.25¡18.08 6 88.83¡21.55 6 94.30¡16.36 5
P2 144.83¡23.15 6 146.70¡22.04 5 129.67¡18.00 6 131.50¡23.98 4
N2 219.10¡8.65 5 209.10¡9.79 5 198.80¡16.16 5 191.00¡18.50 4

Data are presented as mean¡SD ms. The peak latencies of the first positive (P1) and first negative (N1) components of the RREP were present at
least unilaterally in the seven cases, both before and after fatigue, in a homolateral manner. P2: peak latency of second positive component of the
RREP; N2: peak latency of the second negative component of the RREP. #: indicates the number of occurrences of the different components in the
seven subjects retained for analysis.

Table 2. – Amplitudes of the components of the respiratory-related evoked potentials (RREP) before and after inspiratory loading
in the CZ-C3 and CZ-C4 scalp positions

CZ-C3 CZ-C4

Before fatigue n# After fatigue n# Before fatigue n# After fatigue n#

P1 2.88¡1.55 5 2.80¡0.84 5 2.44¡0.95 5 2.25¡0.94 6
N1 -4.15¡2.00 6 -4.62¡1.08 6 -3.62¡0.94 6 -3.76¡0.74 5
P2 2.77¡1.15 6 2.94¡0.66 5 2.35¡0.72 6 1.90¡0.67 4
N2 -3.36¡0.76 5 -2.94¡0.57 5 -3.32¡0.69 5 -2.80¡0.57 4

Data are presented as mean¡SD mV. The peak latencies of the first positive (P1) and first negative (N1) components of the RREP were present at
least unilaterally in the seven cases, both before and after fatigue, in a homolateral manner. P2: peak latency of second positive component of the
RREP; N2: peak latency of the second negative component of the RREP. #: indicates the number of occurrences of the different components in the
seven subjects retained for analysis.

Fig. 2. – Example, in one subject, of respiratory-related evoked potentials including a) mouth pressure, b) CZ-C3 and c) CZ-C4, before (–) and
after (--) the acute loading protocol. Each trace in b) and c) corresponds to the ensemble averaging of two separate superimposable traces
obtained from 80 mid-inspiratory occlusions. *: first positive; #: first negative; }; second positive; z: second negative; §: 5 cmH20; ƒ: 2 mV.
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P1 component appears particularly important. Its latency
relates to the intensity of the inspiratory motor drive [23]. Its
amplitude increases with the level of inspiratory effort
developed to overcome a load [13]. The estimated magnitude
of an inspiratory load relates to the amplitude of P1 [12, 13].
In children having suffered near-fatal attacks of asthma (as
opposed to "normal" asthmatic children and controls) [25], it
has been shown that the RREP could lack the P1 peak, a
finding that fits with the blunted perception of loads featured
by severe asthmatics [2].

Many structures throughout the respiratory system can
theoretically give rise to the afferent information underlying
the RREP, but their location and nature are not precisely
known. Data in lung transplant recipients suggest that vagally
mediated afferents do not play a significant role [26].
Conversely, the role of the supraglottic receptors located in
the upper airway is probably major [27], but currently
available data leave open the possibility of downstream
sources. These include the respiratory muscles. KNAFELC and
DAVENPORT [13] indeed reported that the P1 peak amplitude
increased in relation to the intensity of the inspiratory effort
required to overcome a load. From another point of view,
HUANG et al. [28] studied RREP in healthy subjects before
and after inspiratory muscle training. In this study, inspira-
tory muscle strengthening, as ascertained by an increase in the
subjects9 ability to develop static inspiratory pressures, was
associated with a significantly decreased motor drive to
breathe. Globally, this study did not evidence statistically
significant changes in the RREP. However, restricting the
analysis to the somatosensory electrodes, the authors noted a
significant reduction in the amplitude of the P1 component
after training. It thus appears that acutely modifying the load
imposed on inspiratory muscles [13] or chronically modifying
their ability to develop inspiratory pressures [28] can change
at least the characteristics of the P1 peak of the RREP. How
the various inspiratory muscle groups (including the dia-
phragm) contribute to these changes is not known. Indeed, in
the study by KNAFELC and DAVENPORT [13], the relationship
between the amplitude of P1 and the inspiratory effort was
present when the inspiratory effort was judged in terms of
transdiaphragmatic pressure, but also in terms of the non-
specific oesophageal and mouth pressures. The training
protocol used by HUANG et al. [28] did not put emphasis on
any particular inspiratory muscle group. However, elucidat-
ing the respective contribution of afferents from the
diaphragm and from other inspiratory muscles is of
pathophysiological relevance because load-related dyspnoeic
sensations differ when extradiaphragmatic inspiratory mus-
cles, rather than the diaphragm, are predominantly involved
in the load response [14, 15]. This could influence the
determinants of dyspnoea in diseases affecting inspiratory
muscle groups differentially.

In subjects in the current study, modifying the ability of the
diaphragm to produce inspiratory pressures did not result in
significant changes in the characteristics of the various
components of the RREP. In the hypothesis of an actual
contribution of respiratory muscles to RREP, this does not
exclude the diaphragm as a sensory information source, but
suggests that the sensory processing arises from more than
just the diaphragm and involves several inspiratory muscle
groups. This result is in line with various types of data relating
respiratory muscle function and respiratory sensations.
Indeed, global inspiratory muscle dysfunction or fatigue, as
induced by partial curarisation [6] and exhaustion following
repeated maximal static inspiratory efforts [5] lead to the
overestimation of inspiratory loads. Conversely, respiratory
sensations seem preserved in situations where inspiratory
muscle groups are altered separately. BRADLEY et al. [29],
producing shifts in the high-to-low ratio of the frequency

content of the diaphragmatic electromyographical signals
through a loading protocol similar to that used in the current
study, reported that the sense of inspiratory effort was
independent of diaphragm fatigue. FITTING et al. [15]
reported that the perceived magnitude of an inspiratory
effort exerted against a load was independent of the emphasis
put on the diaphragm. FRANKEL et al. [30] described the case
of a tetraplegic patient with diaphragm atrophy but preserved
inspiratory neck muscles in whom the perception and
magnitude estimation of inspiratory loads were normal.
Conversely, SINDERBY et al. [31] established a link between
respiratory effort sensation and the frequency content of
diaphragm electrical activity, but their loading protocol might
however have led to global inspiratory fatigue.

In the above paragraphs, it was assumed that inspiratory
muscle afferents contribute directly to the origin of the
RREP, and therefore that inducing a predominant diaphragm
dysfunction did not suffice to suppress this contribution.
Alternatively, the generation of the airway occlusion-related
evoked potentials measured in unloaded conditions could be
independent from the strength of the inspiratory muscles.
This hypothesis could be tested by studying the changes in the
amplitude of P1 elicited by graded inspiratory resistances
(instead of complete occlusions) before and after inspiratory
fatigue. Of note, the results from the current study do not
exclude modifications of the RREP as they would be
measured during the loading challenge itself rather than
after task failure. Indeed, diaphragm fatigue activates type IV
afferents originating in respiratory muscles [32], which could
account for the diaphragm-fatigue related changes in cortical
potentials that have been described in the cat [11]. Finally, the
contribution of respiratory muscle afferents to the RREP (a
plausible possibility in view of intercostal and phrenic source
of evoked potentials) [8–10] could be either inexistent or
extremely small. In support of the latter idea, bypassing most
of the upper airway with a laryngeal mask dramatically
reduces the amplitude of the various components of the
RREP [27].

In part, because of the relatively small size of the
population studied, further studies are needed to clarify
several issues raised from the current study. It would, in
particular, be useful to correlate, in the same subjects and at
the same time, the evolution of RREP and load detection and
estimation after various types of interventions. However, the
results support the notion, apparent in the literature, that an
acute decrease in diaphragm function does not suffice to
modify the sensory processing of inspiratory loads. Thus,
there could be a redundancy between afferents from the
diaphragm and afferents from other inspiratory muscles,
which, considering respiratory sensations as an alarm system,
could serve a safety purpose (this is similar to the notion that
diaphragm fatigue does not prevent the inspiratory muscle
system as a whole to adequately respond to hypercapnia [33]).
This could have implications in the understanding of the
mechanisms of dyspnoea during various types of respiratory
disease.
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