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Abstract This study was designed to determine whether
a silent period could be elicited in the diaphragm
electromyographic (EMG) activity by transcranial mag-
netic stimulation (TMS) of the motor cortex and, if so, to
assess the influence of reflex or voluntary control of
breathing on diaphragmatic cortical silent period (cSP).
Diaphragmatic EMG activity was recorded in six healthy
volunteers after motor cortex TMS triggered by the
inspiratory flow peak and applied during forced inspira-
tion (FI), voluntary hyperventilation (vHV) and reflex
hyperventilation (rHV) to a CO2 stimulus. Electrophys-
iological and respiratory parameters were studied, includ-
ing diaphragmatic cSP duration and transdiaphragmatic
pressure swing (DPdi). A diaphragmatic cSP was found
and correlated with DPdi values. DPdi and cSP duration
were similar in the vHV and rHV conditions but were
significantly increased during FI. This study established
for the first time the existence of a diaphragmatic cSP to
motor cortex TMS. The diaphragmatic cSP duration
depended on the magnitude of the respiratory effort, as
assessed by DPdi, but not on the mechanism (volitional or
reflex) of diaphragm activation.
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Introduction

Respiratory muscle activity during spontaneous respira-
tion is under involuntary control related to gas exchanges
and to a complex neurohumoral regulation system. This
regulation is ensured by various pontomedullary oscilla-
tors and other neuronal centers located in the brainstem
(Guz 1997; Gallego and Gaultier 2000). In these centers,
interacting populations of excitatory and inhibitory
interneurons are driven in parallel by the pacemaker
neurons of the pre-B?tzinger complex. These pacemaker
neurons can be temporarily inhibited by inhibitory
interneurons, thereby sculpting the pattern of breathing
(Smith et al. 2000). Then, the respiratory rhythm is
transmitted to cervical and thoracic spinal motoneurons at
the origin of the phrenic and intercostal nerves.
Cortical centers can act directly on spinal motoneurons

by way of the pyramidal tracts, bypassing the brainstem
centers. Besides, an indirect cortical control of respiratory
muscle activity through synaptic relay within the brain-
stem may exist. Thus, voluntary motor control plays an
important role in breathing, even if the interactions
between brainstem and cortical respiratory centers remain
to be delineated (Guz 1997; Gallego and Gaultier 2000).
In a recent study using transcranial magnetic stimulation
(TMS) of the motor cortex, the amplitude of the motor
evoked potentials (MEPs) recorded in the diaphragm did
not differ between normocapnia and hypocapnia, sug-
gesting that the level of demand on brainstem respiratory
oscillators did not interfere with the cortical control of the
diaphragm (Corfield et al. 1998).
Since the introduction of TMS in 1985 (Barker et al.

1985), this technique of stimulation has gained wide-
spread acceptance not only for studying pyramidal tract
conduction by recording MEPs but also for testing motor
cortex excitability. For this last purpose, various methods
have been proposed, using single or paired pulses, but one
of the most reliable tests consists of recording the cortical
silent period (cSP). A silent period is an interruption of
the electromyographic (EMG) signal following a stimulus
applied during a sustained voluntary contraction and
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results from the recruitment of motor inhibitory interneu-
rons. A silent period in the EMG activity of a muscle can
be elicited by stimulating at a supramaximal intensity the
peripheral nerve that innervates this muscle (cutaneous or
peripheral silent period, pSP) or by stimulating the motor
cortex (cSP).
The pSP was first observed by Hoffmann (1919) at the

beginning of the century, was characterized 30 years later
(Merton 1951) and at present is attributed to intraspinal
inhibitory mechanisms (Leis 1998; Manconi et al. 1998;
Logigian et al. 1999). The cSP is a more recent finding.
Following the first report of post-TMS inhibitory phe-
nomena (Calancie et al. 1987), the cSP was characterized
in 1990–1991 (Holmgren et al. 1990; Fuhr et al. 1991). In
contrast to pSP, an intracortical inhibitory control causes
the cSP, at least in its second part (Fuhr et al. 1991;
Cantello et al. 1992; Wilson et al. 1993; Haug and
Kukowski 1994; Brasil-Neto et al. 1995). Whereas pSP is
considered as a nociceptive defense reflex (Inghilleri et al.
1997), cSP assesses GABAergic pathways (Inghilleri et
al. 1996; Ziemann et al. 1996), which are involved in
voluntary motor control, as shown by numerous observa-
tions made in patients with movement disorders. The cSP
was found shortened in patients with Parkinson’s disease
(Cantello et al. 1991; Haug et al. 1992; Priori et al. 1994a)
and prolonged in patients with Huntington’s disease
(Priori et al. 1994b; Tegenthoff et al. 1996; Modugno et
al. 2001). The cSP was also altered in various motor
disorders related to vascular disease (Uozumi et al. 1992;
Schnitzler and Benecke 1994; Braun and Fritz 1995;
Catano et al. 1997; Ahonen et al. 1998) or to degenerative
disease (amyotrophic lateral sclerosis) (Prout and Eisen
1994; Desiato and Caramia 1997; Triggs et al. 1999).
A diaphragmatic pSP using phrenic nerve stimulation

was described in a single previous study (Delhez 1975),
but a diaphragmatic cSP following cortical stimulation
was never reported. The goals of this study were to look
for the existence of a diaphragmatic cSP, and if this cSP
was found, to evaluate the respective influence of reflex
and voluntary activation of breathing on the diaphrag-
matic cSP. To this end, we recorded diaphragmatic EMG
activity following motor cortex TMS during forced
inspiration, reflex and voluntary hyperventilation.

Materials and methods

Six healthy volunteers gave their informed consent for this study,
which was approved by the local ethics committee. They were free
from any pulmonary, neurological or psychological diseases. None
was taking medication. There were five men and one woman, aged
from 34 to 44 years.

Measurements

The subjects were comfortably seated and the experiments took
place in a quiet room. They wore a nose-clip and breathed via a
mouthpiece. Flow was measured using a pneumotachograph
(Fleisch no. 2, Lausanne, Switzerland) connected to a differential
pressure transducer (Validyne MP 45€5 cmH2O, Northridge, USA).

End-tidal CO2 partial pressure was measured in the breathing tube
close to the lips (PETCO2 infrared analyzer, Gould, USA).
Esophageal pressure (Pes) and gastric pressure (Pga) were recorded
using a catheter-mounted transducer (Gaeltec, Dunvegan, Isle of
Skye, UK). The validity of the Pes measurements was checked by
analyzing the shape of the Pes curve during water drinking and by
the occlusion technique (Baydur et al. 1982). All respiratory signals
were computerized after being sampled and digitalized at 128 Hz,
using an analog/digital system (MP100, Biopac System, Goleta,
USA).

TMS was performed using a Magstim 200 (Magstim, Whitland,
Carmarthenshire, Wales) with a 90-mm circular coil placed over
the vertex. The coil was secured to the scalp by a device that
ensured a fixed and accurate positioning throughout the session.
Diaphragmatic motor responses were recorded through a band-pass
of 20–2,000 Hz, using a DISA 13K63 bipolar esophageal electrode
(DISA, Copenhagen, Denmark) taped to the nose and a standard
EMG machine (Phasis II, EsaOte Biomedica, Florence, Italy).

Experimental protocol

In preliminary experiments, we look for the existence of a
diaphragmatic cSP in various subjects during basal spontaneous
breathing. But, in these conditions, a cSP was never observed. Even
at maximal facilitation during forced inspiration, the cSP was
barely detectable at TMS intensities lower than 100% of the
maximal output of the TMS machine. Then, we recorded
diaphragmatic responses to TMS at 100% intensity under three
experimental conditions, described as follows, and applied in
random order.

First, reflex hyperventilation (rHV) was obtained by asking the
subject to breathe for 15 min through an external dead-space tube.
This tube had an inner diameter of 5.2 cm and a length sufficient to
obtain a volume greater than 1 l as measured by water displace-
ment. This condition was designed to assess the reflex activation of
breathing at the level of brainstem respiratory centers following the
stimulation of chemoreceptors by CO2 increase (Fenner et al.
1968).

Second, to study the volitional respiratory activation, a condi-
tion of voluntary hyperventilation (vHV) was performed, the
subject being asked to actively hyperventilate for 15 min. In terms
of respiratory effort, the requested degree of hyperventilation was
similar between vHV and rHV conditions.

Third, a forced inspiration (FI) condition was designed and
consisted of asking the subject to perform ten FIs within a 5-min
period, each FI corresponding to a maximal voluntary inspiratory
effort.

A series of ten TMSs was performed during the 5 min of the FI
condition and during the last 5 min of the rHV and vHV conditions.
To standardize cSP recordings, the stimulations were performed at
a constant TMS intensity of 100% and were triggered by the
inspiratory flow peak. Fatigue was avoided by allowing the subjects
to have a rest between each of the three experiments.

Data analysis

Two items of electrophysiological data were analyzed from the
trans-esophageal recordings of diaphragm EMG activity: the peak-
to-peak amplitude of the diaphragmatic MEPs and the duration of
the diaphragmatic cSP. The onset of the cSP was taken at MEP end
(when the post-MEP EMG signal returned to baseline) and the end
of the cSP was taken at EMG activity recovery (when the amplitude
of the raw EMG signal exceeded 50 OV). For each subject, ten
MEPs and ten post-MEP cSPs have been analyzed in each
condition.

In addition, the following respiratory variables were determined
in each condition on at least 30 breath cycles, before any TMS
application. The PETCO2 was measured as the peak of airway CO2
at each breath. The tidal volume (VT) was measured from the
calibrated integrated flow signal. The inspiratory time (TI) was the
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time from the inspiratory flow onset to the expiratory flow onset,
the remainder of the breath cycle duration being the expiratory time
(TE). Additional parameters have been calculated from these data:
the respiratory rate [RR=1/(TI+TE)], the total ventilation
( _VVE=VTSRR) and the mean inspiratory flow rate (VT/TI). Finally,
the respiratory effort was assessed by DPdi, which was the swing of
transdiaphragmatic pressures (Pga–Pes) (peak value at each inspi-
ration using end-expiration value as reference). For analysis, a
mean value was calculated for all these parameters, in each
condition. For the FI condition, only VT, TI, and DPdi were
determined.

Statistical analysis

The ANOVA test was used to analyze the electrophysiological
values or the respiratory data obtained in the three conditions and a
post hoc Tukey-Kramer’s test or a Welch t-test was used to
compare the two conditions. The relationship between the electro-
physiological data and DPdi (including basal spontaneous breathing
data) was assessed by linear regression analysis. The level of
significance was set at 5%.

Results

Electrophysiological results

In FI and both HV conditions, each attempt of motor
cortex TMS at 100% intensity was allowed to elicit a
diaphragmatic MEP followed by a cSP (Fig. 1). The mean
amplitude of the diaphragmatic MEPs did not differ
significantly between the three conditions (Table 1). In
contrast, the diaphragmatic cSP duration was significantly
longer in the FI condition than in the vHV or rHV
conditions (Table 1). Similar results were obtained
whatever the gender of the subject.

Respiratory parameters

The respiratory parameters did not differ between the
vHV and the rHV conditions, except for the PETCO2,
which was higher in the rHV than in the vHV condition
(Table 1). Compared to the FI condition, TI was

prolonged and VT/TI and DPdi were reduced in the
vHV or rHV condition.

Fig. 1 Example of the silent period in diaphragm electromyo-
graphic activity following a motor evoked potential in response to
motor cortex stimulation during voluntary hyperventilation. Three
traces are superimposed (horizontal bar 10 ms, vertical bar 25 OV)

Fig. 2 Correlation between the swing of the transdiaphragmatic
pressure (DPdi) and the duration of the diaphragmatic cortical silent
period (cSP). The straight line is the regression line (r 0.55, P
0.006)

Table 1 Means € standard error of the mean (SEM) of the
amplitude of diaphragmatic motor evoked potentials (MEPs),
duration of the diaphragmatic cortical silent period (cSP), end-
tidal partial pressure of CO2 (PETCO2), total ventilation ( _VVE), tidal
volume (VT), respiratory rate (RR), inspiratory time (TI), mean
inspiratory flow rate (VT/TI) and transdiaphragmatic pressure swing
(DPdi) in three experimental conditions: forced inspiration (FI),

voluntary hyperventilation (vHV) and reflex hyperventilation
(rHV). Statistical analysis used ANOVA for data obtained in the
three conditions and the post hoc Tukey-Kramer’s test or the Welch
t-test for comparisons between the two conditions (NA not
available, ns not significant, the level of significance being set at
5%)

FI vHV rHV ANOVA FI vs vHV vHV vs rHV

MEP amplitude (mV) 243.1€20.6 272.9€36.6 257.5€30.1 NS NS NS
SP duration (ms) 38.5€1.6 27.4€0.6 27.9€0.7 P<0.0001 P<0.001 NS
PETCO2 (mmHg) NA 25.2€3.1 42.3€1.7 P=0.02
_VVE (l/min) NA 30.9€ 3.2 26.7€4.4 NS
RR (per min) NA 16.3€1.7 16.3€1.4 NS
VT (l) 2.5€0.5 1.9€0.2 1.6€0.2 NS NS NS
TI (s) 0.8€0.1 1.4€0.2 1.5€0.2 P=0.01 P=0.02 NS
VT/TI (l/s) 3.6€0.8 1.6€0.2 1.2€0.2 P=0.008 P=0.03 NS
DPdi (cmH2O) 68.3€15.8 30.8€4.3 24.9€4.1 P=0.02 P=0.04 NS
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Regression analysis

The diaphragmatic cSP duration correlated with the
respiratory effort assessed by DPdi (r=0.55, P=0.006)
(Fig. 2). In contrast, the amplitude of diaphragmatic
MEPs did not correlate with DPdi (r=0.06, P=0.82).

Discussion

This study is the first to establish that a cSP to motor
cortex TMS exists for the diaphragm as for any skeletal
limb muscles. In addition, we found that cSP duration
correlated to the magnitude of the diaphragmatic effort as
assessed by DPdi, but did not seem to differ between
volitional and reflex control of the diaphragm activity.
In respiratory application, TMS was first used to

stimulate the phrenic nerves at the neck (Similowski et al.
1989). Later, motor cortex TMS was performed to
investigate the cortical representation of the diaphragm
and to measure the pyramidal tract conduction time
corresponding to this muscle (Murphy et al. 1990; Maskill
et al. 1991; Gea et al. 1993; Lissens 1994; Zifko et al.
1996). But the existence of a diaphragmatic cSP to TMS
has not yet been reported. The cSP is usually recorded in
hand muscles but has also been observed in lower limb
muscles (Wilson et al. 1993; Ziemann et al. 1993) and in
facial muscles (Werhahn et al. 1995; Cruccu et al. 1997).
As stated previously, a pSP to phrenic nerve electrical
stimulation was found in the diaphragm EMG activity
(Delhez 1975), indicating that spinal inhibitory mecha-
nisms are able to influence this muscle, like any limb
muscles. The present study gave evidence that the
diaphragm can also be subjected to intracortical inhibitory
control.
We found a positive correlation between cSP duration

and DPdi value. DPdi, which is about 12 cmH2O during
spontaneous breathing (Macklem 1985), increased 2.5-
fold during vHV and almost 6-fold during FI. The fact
that diaphragmatic cSP was not observed for spontaneous
inspiration but was present in the vHV or rHV condition
and more prolonged in the FI condition supported the
correlation found between the cSP duration and the
inspiratory effort. This observation is in contrast with the
results reported for hand muscles, in which cSP depends
on TMS intensity but not on the strength of voluntary
contraction (Cantello et al. 1992; Haug et al. 1992;
Uozumi et al. 1992). Nevertheless, TMS intensity prob-
ably influences diaphragmatic cSP duration, given that
cSP was barely detectable using TMS intensities lower
than 100% of maximal output, even during FI.
In contrast to cSP duration, diaphragmatic MEP

amplitude did not correlate with DPdi and showed similar
values for the FI and HV conditions. This finding was
unexpected since MEPs are classically facilitated by
increasing muscle contraction force (Hess et al. 1987;
Mills and Kimiskidis 1996). However, for high stimula-
tion intensities, MEP amplitude facilitation by voluntary
muscle contraction is almost maximal at 10% of the

maximum contraction force (Hauptmann and Hum-
melsheim 1996). Then, a possible explanation for the
present result is that facilitation was already maximal
when TMS was applied during the HV condition and
could not be enhanced in the FI condition. Besides, it has
already been reported that MEP facilitation by voluntary
contraction was less marked for the diaphragm than for
hand muscles (Zifko et al. 1996).
The cSP is thought to result, at least in part, from the

stimulation of intracortical inhibitory pathways by TMS.
Therefore, one goal of this study was to compare the
influence of volitional and reflex respiratory activation on
the cortical inhibitory control of diaphragm contraction.
No difference was found in cSP duration between vHV
and rHV conditions, which use the two different mech-
anisms of diaphragm activation, involving either the
motor cortex or the brainstem respiratory centers. Taking
into account the correlation between cSP duration and
DPdi, the cortical inhibitory regulation of diaphragm
activity assessed by cSP seemed to be associated with the
feedback control of the force exerted by the diaphragm
rather than with the site of its activation.
However, the PETCO2 was significantly reduced in the

vHV condition compared to the rHV condition and
hypocapnia could have a depressant effect on intracortical
inhibitory pathways, as reported for hand muscles, in
which cSP was shown to be reduced after 5 min of vHV
(Priori et al. 1995). If this is true, then at normo/
hypercapnia the cSP during vHV may have been larger
than the cSP during rHV, suggesting an influence of the
central site of activation of the diaphragm on its cortical
inhibitory control. However, to maintain eucapnia during
vHV, CO2 should be inhaled, resulting in the reflex
activation of brainstem respiratory centers. In these
conditions, it could be impossible to appraise the
respective influence of hypocapnia and of voluntary
versus reflex activation on diaphragm cSP. In contrast, we
confirmed that the amplitude of the diaphragmatic MEPs
did not differ between normo/hypercapnia (rHV) and
hypocapnia (vHV), suggesting, as previously stated
(Corfield et al. 1998), that the demand on brainstem
respiratory centers did not interfere with the motor
cortical command of the diaphragm.
In summary, we showed that a cSP was following the

diaphragmatic MEP elicited by motor cortex TMS at high
stimulation intensity. Diaphragmatic cSP duration, but not
MEP amplitude, was found to be primarily associated
with contraction force. Thus, the phenomena of cortical
inhibition and facilitation of muscle contraction, as
assessed by TMS, may differ between diaphragm and
skeletal limb muscles. In the present study, these tests did
not help to distinguish between a voluntary and a reflex
activation of the respiration. Nevertheless, motor cortex
TMS could be used to assess not only the pyramidal tract
conduction time but also some intracortical regulatory
mechanisms corresponding to diaphragm activity. This
opens new perspectives for the neurophysiological testing
of the respiratory muscles in pathological conditions, such
as the problem of weaning from mechanical ventilation in
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the intensive care unit, respiratory failure in advanced
amyotrophic lateral sclerosis, or impairment of central
diaphragmatic control in stroke.
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