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1. Introduction

Respiratory control during exercise is a vital fiilme for maintaining the internal

environment of the body. However, this homeostéiiction is not the only role of the

respiratory system during exercise. For instanativation of respiratory afferents by

resistive loaded breathing or a respiratory stimullaas been reported to alter the tonic

vibratory reflex in the extensor digitorum and weslateralis (Balzamo et al., 1997) and the

H reflex in the soleus (Gandevia et al., 1998).tl#¢ same time, Gandevia et al. (1998)

demonstrated that only when, in addition to themslation of respiratory afferents,

respiratory discomfort occurred, corticospinal &aility of the biceps brachii muscle

increased. This indicates that change in the dxtttaof the limb muscle motoneuron pool

induced by activation of respiratory afferents nimy modulated by increased descending

excitation occurring with respiratory sensations amousal (Gandevia et al.,, 1998).

Furthermore, it has been proposed that in a volynéxercise with respiratory muscle

fatigue, central motor output to exercising limiss inhibited through the activation of

respiratory muscle metaboreceptors (Dempsey et2806). Thus, it appears that the

respiratory control system is involved in the fotima process of voluntary and reflex limb

movements through an interaction between activaifaespiratory afferents and excitability



of the limb muscle motor cortex and/or spinal metamons.

In order to maintain pulmonary ventilation agaimsspiratory resistive load or

respiratory muscle fatigue, it would be necessaryincrease the motor command to

respiratory muscles. The respiratory motor commianoutput from not only the brainstem

respiratory center but also the breathing-assatiatertical motor area (Butler, 2007,

Gandevia and Plassman, 1988; Gandevia and Roth®@8[7). In fact, activation of the

breathing-associated cortical motor area has kntified during resistive loaded breathing

(Ramsay et al., 1993) as well as during voluntargathing (Colebatch et al., 1991;

Macefield et al., 1991; Petersen et al.,, 2011).ngsa transcranial magnetic stimulation

(TMS) technique, Li and Rymer (2011) found that wdhry breathing increased the

corticospinal excitability (motor-evoked potentialEPs) of finger muscles during 10%

maximal voluntary contraction. Since the electrisimulation-induced force response of

finger muscles during the same breathing maneuestiged a sufficient time for supraspinal

mechanisms to become involved to affect the resgotiey suggested the possibility that

activation of the breathing-associated corticalanareas could enhance the motor functions

of nonrespiratory muscles (Li and Rymer, 2011). practice, they demonstrated that

electrical stimulation to finger extensors delivkreuring voluntary inspiration was



efficacious in enhancing finger extension strengtitl reducing finger flexor spasticity in

post-stroke patients. Thus, it is conceivable tihat respiratory system has a role in the

control of limb movements through not only the \aatiion of respiratory afferents but also a

supraspinal mechanism such as activation of thathireg-associated cortical motor areas.

However, it is not known whether the increase inRdEby voluntary breathing occurs in

contracting muscles other than finger muscles (id Rymer, 2011). It has been reported that

cortical stimulation results in larger excitatorgspsynaptic potentials (EPSPs) in spinal

motoneurons for finger muscles than for proximanh ar lower limb muscles (Palmer and

Ashby, 1992; Phillips and Porter, 1964). Since thiggests that the strength of corticospinal

projections to finger muscles is greater than thatther limb muscles (Chen et al., 1998),

there is a possibility that an increase in MEP oettliby voluntary breathing (Li and Rymer,

2011) is a reaction specific to finger muscles.réfae, in the present study, we examined

the effects of voluntary breathing on the corticnapexcitability of a leg muscle by using

the TMS technique. If an increase in MEP by voluntareathing occurs in other limb

muscles, clinical applications reported by Li angrier (2011) might be able to be extended

to muscles other than finger muscles.



2. Methods

2.1. Subjects

Seven healthy males participated in this study (meaSD: age, 22 + 1 yr; height,

172.1 £ 4.9 cm; body mass, 66.8 + 4.6 kg). Eaclestitgave written informed consent

following an explanation regarding the experimeptalcedures and potential risks involved.

This study was compliant with the Declaration oflditeki and was approved by our

institutional review board. Intense exercise amdlabl intake were prohibited for a period of

24 h prior to a test.

2.2. Experimental design

Throughout the entire experiment, subjects mairthia seated position on an

adjustable chair with a backrest board. It was iptsgto prevent movement of the upper

body during knee extension tasks by using thisrchdiich was equipped with a stopper to

fix the position of the shoulders and head. After knee angle had been set at 90 degrees,

maximal voluntary contraction (MVC) during 5-s isetric knee extension of the right leg

was measured. Three trials were performed for easfisurement, and the highest value was



used as MVC.

After that, each subject performed 5-s isometriekextension of the right leg at

the intensity of 10% MVC. This knee extension t(ml“10% MVC”) was carried out under

three different breathing conditions: 1) normal dbheng (NORM), with no specific

instructions on breathing; 2) forced inspiratioN)(Iwhich involved inhaling once as fast as

possible from the resting expiratory level at ab®w after the start of 10% MVC; and 3)

forced expiration (OUT), which involved exhalingaenas fast as possible from the resting

inspiratory level at about 2 s after the start 6#4LMVC. Each breathing condition was

repeated 7 times in random order. Thus, each supggformed 10% MVC 21 times in total

with 1-min rest periods between trials. Transclamagnetic stimulation (TMS) was applied

to the cortical representation of the right vadaisralis (VL) during 10% MVC performed

under the designated breathing condition. The stgjgere instructed not to move their head

during the knee extension and breathing.

2.3. Measurement and recordings

During the 10% MVC test, subjects breathed throaghouthpiece connected to a

hot-wire flow meter (AE-280s, Minato Medical Sciefdo measure respiratory flow. Knee



extension force was measured using a load cell 206. K500, A&D) that was connected to
a wire and belt fixed over the ankle joint. Botlyrels of the knee extension force and
respiratory flow were converted into digital sighalt a sampling rate of 1 kHz using an
analog-digital converter (MacLab/8s, ADInstrumenid)e signal of the knee extension force
was processed with a low-pass filter of 40 Hz aisgldyed on a PC monitor so that subjects
could produce the required knee extension force2o(1®f MVC). A red target line
corresponding to 10% of MVC was created and digaayn the PC monitor.

By using the modified Borg scale for the assess$mkrating of perceived exertion
(RPE) (Borg, 1982), we asked each subject to as$tess senses of breathing (Breath-RPE)
and legs (Leg-RPE) during the breathing task imateti after each 10% MVC.

A surface electromyogram (EMG) was recorded frtwn tight VL with a bipolar
EMG sensor that had an interelectrode distancéahéh (SX230, Biometrics Ltd.). Before
attachment of the EMG sensor, the skin was shaaa@ded, and cleaned with alcohol in
order to reduce skin impedance. The sensor wagglangitudinally over the muscle belly.
The ground electrode was placed over the styloitgss of the right wrist. The raw EMG
signals were amplified using an amplifier imbeddethe EMG sensor (bandwidth = 20-450

Hz; common mode rejection ratio, CMRR > 96 dB; injpnpedance > 13Q; gain = 1,000)



and converted into digital signals at a sampling od 2 kHz.

2.4. Transcranial magnetic stimulation (TMS)

A transcranial magnetic stimulator (Magstim 20Blagstim) with a double-cone
coil (110 mm in diameter) was used to elicit MERg$he right VL. The optimal coil position
and stimulation intensity were determined priotite experiment as follows. The intersection
of the TMS coil was aligned tangentially with theggtal plane, with the center of the coil
being < 2 cm to the left on the vertex (Cz). Thé w@s oriented so that the induced current
flow within the cortex was in a posterior-to-anteridirection. During this procedure, the
magnetic stimulator was set at about 45% of maxougbut and the coil was moved over the
vertex until the position evoking the largest MEP the right VL was found while the
subjects were performing isometric knee extenstdD& of MVC. The optimal location for
the stimulation was determined as the position ehbe largest MEP was observed. The
position was marked on a tight-fitting swimming dapt was placed on the subject’s head to
ensure constant positioning of the coil throughbetexperiment. Subsequently, active motor
threshold (AMT) intensity (mean intensity: 38.7 £% of maximum stimulator output) was

determined. AMT was defined as the lowest intensftyhe stimulator that elicited an MEP



clearly distinguishable from the background EMdiue out of ten pulses during isometric

knee extension at 10% of MVC. Then, throughout ¢xperiment (10% MVC trial), the

intensity of the stimulation was set at 120% of AMST (MEP amplitude in NORM: 547.7 +

152.1uV).

2.5. Data processing

Raw EMG signals were full-wave-rectified and theachkground integrated EMG

(IEMG) was calculated over a 100-ms window priorthe TMS delivery during the 10%

MVC trial by using offline analysis software (Cha&B.5.6, ADInstruments). The background

force was defined as the mean knee extension faveeaged over the same period. The

background IEMG and force were normalized as a gatagn of iEMG and mean force

calculated over a 100-ms interval of the peak duthe MVC trial. The twitch evoked by

TMS was defined as the difference between the el/@eak force and background force.

The respiratory flow at the time of TMS (Rks) was normalized as a proportion of maximal

respiratory flow in each trial. As a result of mahoperation, TMS in voluntary breathing

(IN and OUT) was delivered in the latter (declinith@w) part of the breath (see Fig. 1), and

RFrums in IN, OUT, and NORM were 48.3 + 10.0%, 37.6 +%.,3and 8.2 + 2.8% of the



maximal respiratory flow, respectively. The averagdue of peak inspiratory flow during

normal breathing was calculated using one respyrdmw prior to TMS in each NORM, and

the time when inspiratory flow exceeded this avedagalue was defined as the onset of

voluntary breathing in IN. Similar processing wasoagperformed for determining the onset

of voluntary breathing in OUT. The size of the MiBRs defined as EMG peak-to-peak

amplitude after TMS application. Although 7 MEPs revecalculated in each breathing

condition, the MEP with background IEMG that wastlast from the median value was

excluded from further data analysis. According tgracedure used in previous studies

(Danion et al., 2003; Li and Rymer, 2011), MEPseveormalized so that the average MEP

size for each subject (3 conditions * 6 trials =MBPs) was equal to 100, and the MEP size

was expressed in arbitrary units (AUs) (Danionlet2®03; Li and Rymer, 2011).

2.6. Satistical analyses

Results are presented as means * standard devigidDh One-way repeated

measures ANOVA was used to evaluate the effectisredithing conditions. When a main

effect was found, the group means were comparagsing Fisher's LSD. A paired t-test was

used to compare the time from onset of voluntamatiing to TMS for two voluntary



breathing conditions. Pearson’s correlation colffit(r) was determined in order to examine

the bivariate correlation. For examining correlatiletween RPEs and MEP, Spearman's rank

correlation coefficient (rs) was used. Statistgighificance was set at P < 0.05.

3. Reaults

Representative EMG, knee extension force, and naspy flow during a 10%

MVC trial are shown in Figure 1. There were no #gigant differences between the

conditions for background iEMG and force before TMSsignificant condition effect was

found in MEP (F 12=7.91, p < 0.01). MEPs in IN and OUT were sigrfitly higher than

that in NORM (p < 0.01, Fig. 2), while no differenin MEP was found between IN and

OUT. Although there was no significant differencetwitch evoked by TMS between the

conditions (NORM =21.1 £ 8.8 N, IN =235+ 11.0 QUT = 23.2 + 11.5 N), there was a

significant correlation between twitch evoked by $nd MEP (r = 0.248, p < 0.01).

There was a significant main effect of conditiomsBreath-RPE (F1.=11.1, p <

0.01). Breath-RPEs in IN (3.39 £ 2.20) and OUT 83t21.98) were significantly higher than

that (0.29 + 0.57) in NORM (p < 0.01). No differeninn Breath-RPE was found between IN

and OUT. There was no significant difference in {RIgE between the conditions (NORM:



0.76 £ 0.51, IN: 0.92 + 0.65, OUT: 0.93 + 0.71).

There were significant positive correlations betw&¥ys and MEP (r = 0.337, p

< 0.001) and between MEP and Breath-RPE (rs = 0.299 0.001). Figure 3 shows the

correlations between Rfrs and MEP (r = 0.746, p < 0.001) and between MEP Breath-

RPE (rs = 0.619, p < 0.01), which are presentecplbiting each subject's mean value

calculated in each condition. There was no sigaificcorrelation between Leg-RPE and

MEP.

There was a significant difference in time from emnsf voluntary breathing to

TMS between IN (546 + 94 ms) and OUT (432 £ 126 (ps¥ 0.05). There was a significant

positive correlation between MEP and time from ow$eroluntary breathing to TMS only in

OUT (r = 0.312, p < 0.05).

4. Discussion

The main findings of the present study were a¥adt 1) MEP increased during

10% MVC with voluntary breathing (IN and OUT) anfltBere were significant correlations

between MEP and respiratory flow (Rfs) and between MEP and Breath-RPE. MEP could

be influenced by both muscle fatigue and backgraundcle activity. However, there was no



evidence for muscle fatigue given that there weresignificant differences in background

muscle force, background iIEMG, and Leg-RPE betviberbreathing conditions. Therefore,

the present results suggest that voluntary breatleBuses an increase in corticospinal

excitability in lower limb muscles as well as inder muscles (Li and Rymer, 2011).

There was no significant difference in the MEPswaein IN and OUT, while

voluntary breathing increased VL MEP. This resotlicates that an increase in motor drive

to the VL by voluntary breathing is not dependent respiratory phase. In contrast, a

previous study demonstrated that VL tonic vibratogflex at rest was increased by

inspiratory resistive load and decreased by exgiyatsistive load (Balzamo et al., 1997). In

addition, it has been shown that recruitment ohHrgquency motor units in the VL during

voluntary isometric contractions sustained at 80%maximal force was not modified by

inspiratory loading but was reduced by expiratagding (Fontanari et al., 1996). Based on

data that had been obtained in animal experimddeshpande and Devanandan, 1970;

Schiemann and Schomburg, 1972), they (Balzamo .et18B7; Fontanari et al., 1996)

postulated a mechanism by which motor drive tonegscles was inhibited by activation of

pulmonary vagal afferents during the expiratorygghdurthermore, a recent study (Hudson

et al. 2012) has suggested that activations of poétry and non-pulmonary respiratory



afferents associated with increases in lung volaogmented excitability of the corticospinal

pathway to scalene muscles during both voluntaspimtion and expiration. In the present

study, since TMS was delivered in the latter pdrvauntary breathing (see Fig. 1), lung

volume at which TMS was delivered during OUT mustédrbeen lower than that during IN.

If an increase in respiratory afferent inputs withreases in lung volume has a facilitative

effect on VL as well as on scalene muscles, MEfhénVL would be lower in OUT than in

IN. However, there was no significant differenceMEP between IN and OUT. Moreover,

there was a significant positive correlation betv®EP and time from onset of voluntary

breathing to TMS only in OUT. It has been shownt tkaluntary expiration induced

increases in regional cerebral blood flow (reflegtheuronal activation) in motor areas (e.g.,

primary motor cortex, supplementary motor area,) éhat overlapped with, but were more

extensive than, those for voluntary inspirationriRay et al. 1993). Therefore, in the present

study, the effect of activation of the breathingeasated cortical motor area on VL

corticospinal excitability might have been greaiterOUT than in IN. Although cortical

effects of respiratory afferents (Hudson et al12)0cannot be ruled out, it is thought that the

effect of voluntary breathing on motor drive to tie cannot be explained by respiratory

afferents alone.



Due to the technical limitation of the present giutiere was a difference of about

10% in Rhvs between IN and OUT. Likewise, there was a sigaificdifference in time

from onset of voluntary breathing to TMS betweenTOU32 + 126 ms) and IN (546 = 94

ms). Although the contribution of respiratory affets might be greater as the time from

onset of voluntary breathing to TMS becomes longe¥, cannot verify whether the time

difference (about 100 ms) had an effect on theltseshowing that MEPs were similar in IN

and OUT.

One possible mechanism for the increased VL MEduwoluntary breathing is a

non-specific facilitation that occurs during manetsy such as voluntary teeth clenching

(VTC) (Miyahara et al., 1996) or facial muscle aaction (Andersen et al., 1999), that is,

during the classical Jendrassik manoeuver (JM)as#t conventionally been thought that JM

causes facilitation of responses in remote musttlesugh intraspinal mechanisms (e.g.,

reduction of pre-synaptic inhibition (Dowman and M&w, 1988; Zehr and Stein, 1999)). In

the present study, in addition to the identicakeffon VL activity of different volitional

respiratory muscle contractions (i.e., IN and OUT)ere was a significant positive

correlation between Rfzs and MEP (Fig. 3). The increase in respiratory flowst have

been associated with an increased activation gfiregery muscles including accessory



respiratory muscles. Thus, the augmented MEP sghidy might be explained by a remote

effect of voluntary respiratory muscle activatianspinal cord excitability.

Regarding the remote effect of JM-like voluntarystle activation, recent studies

have suggested that VTC can cause facilitationesponses in remote muscles through

mechanisms at both a cortical level and a spinall I@-urubayashi et al., 2003; Sugawara et

al., 2005; Sugawara and Kasai, 2002). Furubayashl. €2003) demonstrated that motor

cortical excitability, rather than spinal cord dability, is important for the facilitation of

responses in remote muscles just after the onseéf6f Therefore, we cannot exclude the

possibility that a supraspinal mechanism was ine@lin the increase in VL MEP. In the

present study, there was a significant correlatietween respiratory effort and MEP (Fig. 3).

Respiratory effort is a respiratory sensation diffig from the sensation of dyspnea and the

sensation of air hunger that arise from variousrefit sources (Lansing et al., 2000;

Manning and Schwartzstein, 1995; Stendardi et 20005). When ventilatory volume is

matched in two different conditions, respiratoryodf becomes lower in a ventilatory

condition with afferent input (e.g., high G@hduced ventilation) than in a condition without

it (e.g., voluntary ventilation) (Demediuk et @992; Lansing et al., 2000; Schwartzstein et

al., 1989). Thus, respiratory effort is determimaxd by the breathing work done but by the



execution of voluntary breathing. Since respiratonyscles as well as limb muscles can be

controlled by the motor cortex, respiratory effisrbelieved to increase depending on central

command that is sent from the motor cortex to rasmiy muscles (Lansing et al., 2000;

Stendardi et al., 2005). Indeed, voluntary breghias been reported to activate cortical

regions, including the primary motor area (M1), rpogdor area and supplementary motor

area, associated with respiratory muscles (Colbbatcal., 1991; Macefield et al., 1991,

Petersen et al., 2011). Therefore, there is a Ipiigsithat activity of M1 associated with

trunk muscles (e.g., respiratory muscles and aocgs®spiratory muscles) activated its

neighboring M1 associated with lower muscles (&/g), resulting in the observed increase

in VL MEP.

In the present study, there was a significant taticen between MEP and twitch

evoked by TMS. This suggests the possibility thatrerease in corticospinal excitability of

the VL by voluntary breathing induces an increas&WMS-evoked force response of the VL.

However, there was no significant difference in Mitch (force response) evoked by TMS

between the three breathing conditions. One passikplanation for this may be related to

coactivation of antagonist muscles. TMS might hal® increased the evoked force in

antagonist muscles with voluntary breathing, whilsn canceled out the effect of larger



MEPs for the VL (Sidhu et al. 2009, Todd et al. 200n contrast, TMS-evoked force

response of finger muscles has been reported ntegreater during voluntary breathing

than during normal breathing (Li and Rymer, 20118g muscles may be more susceptible

than hand muscles to this potential antagonistiecef It has been shown that cortical

stimulation results in larger excitatory postsymapbtentials (EPSPs) in spinal motoneurons

for finger muscles than for proximal arm or lowenth muscles (Palmer and Ashby, 1992;

Phillips and Porter, 1964). Although this suggetitat the strength of corticospinal

projections to finger muscles is greater than thabther limb muscles (Chen et al. 1998),

voluntary breathing (IN and OUT) increased MEPhHa VL as well as in finger muscles (Li

and Rymer, 2011). Therefore, the difference inngjtles of corticospinal projections is

unlikely to be responsible for the discrepancy régg the TMS-evoked force response

between their study (Li and Rymer, 2011) and thesent study.

The results of the present study suggest that tatydreathing causes an increase

in corticospinal excitability in lower limb muscless well as in finger muscles (Li and

Rymer, 2011). Li and Rymer (2011) demonstrated #ilattrical stimulation to finger

extensors delivered during voluntary inspiration swafficacious in enhancing finger

extension strength and reducing finger flexor spigtin post-stroke patients. Therefore, the



present results offer the clinical possibility bétabove-mentioned application (rehabilitation

intervention) being able to be extended to lowescies.

In conclusion, it was confirmed that increase in M#8uring isometric exercise

with voluntary breathing occurs in a lower musdie) as well as in finger muscles (Li and

Rymer, 2011). There was a significant correlatietween MEP and Breath-RPE. The results

suggest that activation of the breathing-associatetical areas with voluntary breathing is

involved in the increase in corticospinal excitapibf the VL.
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Figure Legends



Figure 1. Representative electromyogram (EMG), knee extension force (Force) and

respiratory flow (Flow) during isometric knee extension of the right vastus lateralis

(VL) at the intensity of 10% MVC performed under the three breathing conditions

(NORM, IN, OUT). Vertical dotted lines denote the moment of tramsial magnetic

stimulation (TMS) application.

Figure 2. Motor-evoked potentials (MEPSs) in the three breathing conditions (NORM,

IN, OUT). MEP was recorded from the right vastus lateralik)(8furing isometric knee

extension at the intensity of 10% MVC. Data frordiuddual subjects (closed circles, n =

7) and the group (open circle, mean) are shownerf&$s (*) indicate significant

difference compared with NORM (p < 0.01)

Highlights

1. Voluntary breathing increased MEP of lower limb muscle during isometric

contraction. » 2. There was a correlation between MEP and effort sense of

breathing. » 3. Activation of breathing-associated cortical areas may be



involved in increased MEP.

Figure 3. Relationships between respiratory flow at which TM S was delivered (RFrus)
and motor-evoked potential (MEP) (upper panel, r = 0.746, p < 0.001) and between
effort sense of breathing (Breath-RPE) and MEP (lower pand, rs = 0.619, p < 0.01).
Data presented are each subject’s mean value aduh each condition (NORM: circles,

IN: squares, OUT: triangles).
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