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SYNOPSIS

　　The　acousticmyogram　（AMG）　is　a　mechanical　phenomenon　recorded　at　the　surface　of

an　active　muscle．　lt　is　used　to　nionitor　force　production，　fatigue，　and　contractile

properties　of　muscle．　ln　this　study，　the　new　electrode　with　accelerometer　for

e｝ectrostimulation　and　acoustic　detection．　lt　consists　of　Ag－AgCl　active　electrode　and

solid－gel　annular　ground，　and　a　very　light　piezoresistive　accelerometer．　The　recorded

AMG　waveform　depends　on　the　pulse　amplitude　and　duration　of　stimulation　current

and　its　lag　from　the　electroatimulation　is　about　7　ms．　The　strength－duration　（S－D）

curve　（the　threshold　current　for　stimu｝ation　vs．　pulse　duration）　describes　the

excitabi｝ity　of　muscle．　The　left　forearm　is　electrostimulated　by　using　the　same

electrode　and　the皿uscle　vibration（AMG）is　recorded　with　accelero血eter．　During　the

muscle　fatigue，　the　S－D　curve　changes　and　the　current　threshold　increases　under　the

same　pulse　duration．　The　rheobase　of　S－D　curve　increases　gradually　but　the　chronaxie

hardly　changes　during　muscle　fatigue．

1．INTRODUCTION
　　Musctilar　sound　is　a　mechanical　phenomehon　detectable　at　the　surface　of　an　active皿uscle．　The

phenomenon　of　sound　emission　from　contract’ing　muscle・　has　been　recognized　since　early　in　the　nineteenth

century．　Recently　this　signal　has　attractive　for　monitoring　the　mechanical　aspects　of　musc｝e　contraction，

because　of　the　availability　of　re｝iable　electronic　sensors　．（piezoelectric　transducers，　condenser　microphones，

piezoceramic　membranes，　or　accelerometers）　and　of　computerized　signal　processing　techniques　（i）．　The　signal

detected　at　the　muscle　surface　has　been　given　different　terms　by　different　researchers，　These　terms　are

acou．sticmyogram，　phonornyogram，　．soundmyogram．，　or　vibromyogram．　The　former　three　terms　refer　to　the

recordipg　．of　the　sQ．　und　emitted　by　the　activ．e　muscle　and　the　latter　is　considered　as　the　source　of　the　skin

oscillations．　In　this　study，　we　use　the　term　of　acousticmyogram　（AMG）．

　　　The　physiologic　mechanism　of　the　AMG　is　not　well．　understood．　Sounds　emitted・　by　contracting　skeletal

muscle　have　been　used　in　vivo　to　monitor　force　production，　fatigue，　and　contractile　properties　of　muscle　（2）．

Individual　motor　units　can　be　resolved　acoustically，　and　the　sounds　have　diagnostic　potential　in　pediatric

neu．ro胆μscular　diSease．．The　mechapism　of　So岨d　production　is　lateral　movement　of　the　whole　muscle，　and

the　sounds・are　linearly・related　to　lateral　acceleration　of　the　muscle　in　vitro．

　　This　paper　deals　with　the　fatigue　influence　on　the　AMG　properties　evoked　by　elect・rostimulation．　A　more

detailed　investigation　of　the　strength－duration　eurve　for　chronaxie　is　a｝so　carried　out．during’sustained

isometric　contraction．
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2．ELECTROSTIMUL、ATION
2．1Stimulation　waveibrm
　　　Th・ugh・timul・ti・n　w・∀・f・・m、．、u，h．．蕊、．．　decayi。9．1＝．㌦．．．．1㍉．．・

　　　　　　　　　　　　　　　　　　　　　　　　　　　モexponentials，　sinew乱Ves：．6r　trianglewave．s． @have　beeロ，　used，．．　O

the　sensation　caused　by　these　pulses　is　imperceptib墨e（3）．　In

this　study，　a　negative　rectangular　pulse　is　used　f（）r

electrostilnulation．　Mo皿ophasic．　pulse，　however，　result．s　in　　　　　　　ぐ）

charge　accumulation　at　the　elec．ttod6」musd6　interface．．　As　．．　．．puis．e　durationゴ

the　ch・・g・accumul・ti・n　by　th・n・g・ti・・pul・e　i・thi・　．　Fig．1　Curre。t　p、ise。f。lect，。，tim、1、ti。n．

electrostimulation　is　perfbrmed　for　a　sh6rt　duration，．the．

sensation　is　not　very　paihful．　The　stimulation　pulsesfrom．the　drivers　are　with　a　pulse　duration　of　O．02－100

m・and・n　inte「val・f　1・・The　amplltud・gf・ti唄・ti…血・・e・t　increases　g・ad・・11y・・til　it　yi・ld・am・scl・

acoustic　signal，　which　is　detectedwith　accelerometer　placed　on　a　stimulation　electrode．Fig．1s葺ows　the　basic

current　wavef｛）rm　of　stimulation　pulse．　The　used．current．drivet．apparatus．f（）r．electrostimulation．is

CHRONAXIE（CX．2，．　OG　GIKEN　Co．　Ltd，），

rent

olitude

2．2　Stimulation　electrode　・

　　　　We　have，　deve｝oped　a　new　electrode　with．．・　・．　…　一　，　Ag－AgCl　activ．e　eiectrode

accelerometer　for．　electrostimulation’　and　acoustic　’NL　．・’一TNNt一一．m一．．L．1　accelerometer

lie‘itl：‘7gO？・1tmee：，：：oi？’i‘i22，：・：a．：’i9；，”1：，tiS．ar：’g；．S’nt’：”8／，id．S．：．：，9Yi．’．
ewllllillSlil］iill）X’ii”i｛’；”｝i’：’

mm　apart　fro皿．　the　groundi．The　annular　electrode　limits
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　annulat　ground　etectrode

the　spread　of　current　to　．the　surface　of　the・’skin　and　does　（solid－gel　pad）

not　stimulate　the　other　deeper　muscle．　A　solid－gel・

electrode　pad　for　low－frequency　electro．therapy　appar’ ≠狽浮刀@．　・　Fig・2　＄tiMulation　elegtrode．

（OMRON，　HV－BIGPAD）　is　adapted　to　the　annular
electrode．　We　use　the　flexor　carpi　radialis　of　left　forearm　as　the　location　of　stimulation．　The　active　electrode’

contacts　with　a　motor　point　of　the　muscle．　The・pricking　pain　can　be　reduced　by　・ensuring　that　the　electrode

has　adequate　contact　with　the・　skin　（i）．　First　we　have　vvash・　the　skin　surface　so　that　・it　reduces　its　dry

resistance　and’current　density　through　the　skin．　Then　we　achieved．皿uch　more　comf6rtable　sti皿ulation．

　　To　record　the　acousticmyogram，　a　very　light　adcelerometer　（IC　SENSORS，　3031　002）　is　applied　to　the

stimulation　electrode　with　the．　use　of　a　double－stick　tape．　lt　is　a　piezo’一resistive　transducer　and　，its　frequency

response　is　DC　to　2540　Hz．　The　use　of　｝arger　piezoelectric・contact　sensor　restricts　an　acoustic　response

because　of　the　ratio　between　its　mass　and　that　of　the　muscle　investigated．　The　sensor　・mass　must　not　induce

the　distortion　in　the　muscle　・surface．　lt　also　vatieg　the　frequency　response　of　the　sensor　because　of

mechanical　coupling　to　thg　muscle　surface．　The　transduced　or　electrical．signals　were　led　to　an　electronic

．amplifying　system　with　a　filter　bandpass　of　DCr30　Hz．

2．3　Static　exercise　・　・　・一
　　In　order　to　examine　the　possibility　of　monitoring　mtiscle　fatigue　by　the　analysis　of　acousticmyogram

detected　by　the　accelerometer，　the　static　exercise・of　holding　a　weight　of　1　kg　within　30　min　is　applied　to　t・he

left　forearm．’shown・　in　Fig．3．　The　arm　waS　held　cloSe　to　the　body　with　the　elbow　flexed　at　120　degrees．　The

forearm　was　supinated　and　parallel　to　the　floor．　The　wrist　joint　was　at’a　180－degree　pQsition．　With　the　hand

open　and　the　palm　facing　up，　the　weight　was　supported　by　the　hand．　Accordingly，　the　flexor　carpi　radialis
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mugLcle　was　isometrically　contracting　againg．　t　a　steady　load．

the　maximal　voluntary　contraction　（MVC），　The　subjeet

5　O／o　of

was

encouraged　to　relax，　not　to　tense　other　mug，　cle　groupg．．　and　remain

immobile　as　much　as　possible　during　data　acquisition，　The

acousticmyogram　is　measured　on　the　forearm　at　rest　and　during

exhausting　contract．ion．　when　the　motor　point

radialig．　of　forearm　is　electrostimulated，

of　flexor　carpi
の

electrode

3．　MEASUREMENT　OFACOUSTICMYOGRAM
3．1　Electrostimulation　and　AMG

　　　When　the　pulse　amplitude　of　stimulation　current

increases　gradually．　the　muscle　contraction　begins　and

the　acousticmyogram　appears　shown　in　Fig，4　at　about　7

s，　2　mA，　The　current　pulse　is　s　negative　rectangular

pulse，　the　pulse　duration　is　1　ms，　and　the　pulse

repetition　rate　is　5　Hz．　The　AMG　is　recorded　on　the

flexor　carpi　radialis　muscle　of　left　forearm　by　using　the

accelerometer．

　　Fig，5　showq．　graphically　the　evoked　AMG　spectrum　as

a　function　oftime　when　the　current　amplitude　increases．

The　spectrum　had　two　prominent　peaks　oeeurring　at　10

and　15　Hz．　The　analyg．is　of　STFT　（g．hort　time　Fourier

trans．　form　algorithm）　is　carried　out，　with　128　data　points

by　shift，ing　64　points．　This　analys．is　is　posg．ible　t，o　avoid

the　effect　of　an　involuntary　phyg．ioiogical　tremor　at

tlmes，

3．2　Acceleration　waveform　ofAMG

　　　Fig．　6　shows　the　unidirectional　current　pulse　for

electrostimulation　and　the　AMG　waveform　evoked　by　it，

The　puise　durat．ion　is　lms．　the　repetition　rate　is　IHz，

and　the　current　amplitude　of　negative　pulse　is　4，72mA，

The　recorded　AMG　lag　from　the　electrostimulation　is

about　7　ms，　Two　AMG　waveforms　are　recorded　on　the

flexor　carpi　radialis皿uscle　in　relax　and　in　sustained

isometric　contraction，　respectively，　Muscle　twitches

produce　a　biphasic　acoustic　waveform　that　rise　sharply

from　the　baseline，　reaches　a　peak，　slowly　declines，

crosses　the　baseline，　and　then　returns　to　the　baseline．

This　slow，　biphasic　waveform　has　small，　higher

frequency　oscillations　superimposed　on　it　（4’6｝．　The

acoustic　waveform　has　two　components　一　a　large，　low－

frequency　（〈10Hz），　biphasic　waveform　and　smaller，

higher　frequency　（＞25　Hz），　superimposed　oseillation，

The　large，　slow　muscle　movement　is　due　to　bulk
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movement・　of　the　muscle　and　may　be　simply　due　to　asymmetrical　distribution　of　muscle　fibers　and

nonsimultaneous　contraction　of　fibers，　As　the　muscle　is　electrostimulated，　the　muscle　belly皿．oves　away　from

・the　accelerometer，　producing　a　downward　defiection　of　the　waveform　（a　posit・ive　acceleration）．　During

relaxation　after　electrost・iMulation，　the　muscle　belly　moves　toward　the　acceleromet・er，　producing　an　upward

deflectign．　The　smaller，　higher　frequency　oscillations　are　due　to　resonant　vibrations　of　the　muscle　and　they

appear　to　represent　the　nat・ural　mechanical　r’ ?唐垂盾獅唐?@of　the　muscle　to　a　st・ep　functiori　input．　The　resonant

frequen6y　is　related　to　stiffness，　mass，　length，　and　viscosity　of　the　muscle　and　the　surroundi119皿edium．

During　an　isometric　twitch，　in　sustained　isometric’coRtraction，　however，　the　change　in　muscle　stiffness　is

much　greater　than　the　change　in　any．of　the　other　parameters　and　may　dominate　the　change　in　resonant

．frequency．　As　the　resonant　frequency　is　proportional　to　the　stiffness　of　the　muscle，　the　resonant　frequency

becomes　higher　in　a　muscle　contraction　and　the　fundamental　period　of　AMG　waveform　decreaSes．

　　Fig．7（a）and（b）sho“w　AMG　waveforms　ev．oked　by　the　sti皿ulation　current　with　pulse　amplitude　2．6，3．6，6．5

mA　a．nd　pulse　duration　of　O．25，　1．0，　2．5　nis，　respectively．　The　AMG　waveforms　are　recorded　on　the　same

musele　at　rest．　The　acoustic　signal　is　proportional　to　the　pulse　amplitude　shown　in　the　figure　（a）．　ln　case　of

pulse　’р浮窒≠狽奄盾氏@shown　in　the　figure　（b），　it　is　found　th’at　the　acoustic　signal　period　changes．　The　muscie

’stiffness　which　infiuences　the　resonant　frequency　of　musele　may　change　due　to　the　pulse　duration．
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Fig．7　AMG　waveforms　in　case　of　different　pu　lse　duration　and　amplitude．

4．　CHRONAXIE　AND　MUSCLE　FATIGUE
4．1　Strength－Duration　curve

　　　　The・・strength－duration　curve　is　a　plot　of　the　lowest

（threshold）　current　（i）　required　for　stimulation　vs．　pulse

dura’狽奄盾氏@（di；　it　forms　the　basis　for　describing　the

excitability　Qf　a　given　tissue．　lt　is　extremely　useful・in　all

’manner　of　studies　in　which　excitable　tissues　are

stiinulated　because　it　describes　the　manner　in　which　the

．current　required　is　changed　when　the　pulse　duration　is

iehapggdT．．　Moreover，　it　can　be　used　to　determine　the

．dharge．　and　energy－duration　relatiQnships　（7）．　Fig．．　8

唐?〟DY．y．．s．　．・t．he　strength－duration　（S－D）　curve　which　is

?凾吹Derbolic’一like，　with　the　current・　required　increasing

・With・deciceasing　pulse　duration；　the　expression　（Weiss－

LaPi6que　law）　for　the　S－D　curve　is

a2

a

蓄
ヒ
8
＝
O
琵
ヨ
ξ
の

o

energy

S－D　curve

rheobase　1

　　　　bla

　　　　　　pulse　duration　d

Fig．8　Strength－duration　curve．
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　　　　　　i＝a十b／d　（1）　　　　　　T．＝bfa　・　．　（2）・where　b　is　a　constant　that　depend　on　the　type’　of　excitable　tissue．　The　long－duration　asymptote　a　and　a

special　duratlon　T．　（the　chronaxie），　where　the　current　for　excitation　is　twice　the　rheobasic　value．　Thg

chronaxie　is　the　factor　that　describes　where　the　strength－duration　qurve　rises　with　decreasing　stimulus

duration，　ln　practice，　it　is　usually　difficult．to　determine　the　chronaxie　because　it一　is　not　easy　to　determine　t・he

long－duration　current　asymptote，　because　with　very　long－duration　crirrent　pulses　the　excitability　of　tissue　is

not　stable，　ln　general　the　value　ofchronaxie　in　skeletal　muscle　is　O．1　to　O．3　（ms）．　ln　this　study，　the’ r－D　curve

is　used　for　an　evaluation　of　muscle　fatigue　（8）．

4．2　S－Dcurve　and　fatigue

　　　　In　order　to　evaluate　muscle　fatigue，　the　S－D　curve　was　measured　at　left　forearm　during　the　sustained

isometric　contraction　as　mentioned　above，　evety　10　min’for　．50　min．　The　subject　held　a　weight　of　lkg　within

30　min　and　afterwards　the　weight　was　removed　ftom　the　palm．　The　forearm　was　kept　in　the　same　posture　at

rest．　The　current　amplitude　for　electrostimulation　increases　gradually　at　the　pulse　duration　of　O．02，　O，1，　and

1　ms．　The　muscle　vibration　starting　that’indicates　the　current　threshold　is　detected　by　using　the

accelerometer　of　the　above　electrode．

　　Fig．9　shows　the　．　changes　of　S－D　curve　during　muscle

fatigue，　which　is　drawn　by　fitting　a　least　squares

regression　cur’ve　of　Eqn．（1）　to　the　strength－duration　data，

The　vertical　axis　is　notmalized　with　the　rheobase　of　the

S－D　cprve　at　O　min　Oust　after）．　．When　the　muscle　became

fatigued　gradually，　the　current　threshold　increases　urider

the　same　pulse　duration　（after　10，　20，　30’min），　and　it

returns　slowly　to　the　initial　a皿plitude　after　r6movi血g　the

weight　（after　40，　50　min）．

4．3　Discussion

　　　　Fig．　10　shows　the　changes　Qf　a，　b，　T．　in　the　S－D　curve．

Though　the　rheobase　a　and　b　increases　gradually　during

muscle　fatigue　in　sustained　contraction，　there　is　not　very

much　change　in　the　chronaxie　T，，　As　the　chronaxie

describes　the　excitability　of　muscle，　it　may　be　considered

that　the　muscle　of　forearm　did　not　become　fatigued　in　this

sustained　contraction　for　30min．　ln　tbis’　experiment，　the

subject　felt　fatigued　a　little　during　static　exercise．

Generally　in　clinical　rehabilitation，　the　S－D　curve　is

examined　under　reducing　the　muscle　fatigue．　We　should

recognize　properly　that　the　S－D　curve　depends　on　the

muscle　fatigue　and　the　chronaxie　hardly　changes　under

皿oderate　exercise．

　　During　sustained　isometric　contractions，　the

development　of　fatigue　iBfluences　’the　motor　unit
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Fig．10　a，b，　r．　changes　during　muscle　fatigue．

（
＜
ε

activation　pat・tern　by　changing　the　firing　rate　or　the　degree　of　recruitment　and　synchronization　of　the　motor

unit・．　A　reliable　description　of　these　phenoitiena　can　be　obtained　only　by　means　of　needle　EMG　and／or　by



44 Makoto　YANAGI　and　Hi，sao　OKA

・・phi・ti・at・d　dec・mp・・iti・n．techniqu…whi・h　i・・1・t・and　t・agk　th・皿・t・・unit　a・ti・卯・t・nti・l　th・・ugh・ut

the　effort　（9）．

5．　CONCLUSIONS
　　　In　this　study，　the　new　electrode　with　accelerometer　is　developed　for　eJectrost－imulation　and　det・ecting　the

acousticmyogram．　The　recorded　AMG　depends　on　pulse　amplitude　and　duration　of　sti皿ulation　current．　The

S－D　cu’rve　is　also　measured　at　left・　forearm　during　sustained　isometrie　contraction．　The　rheobase　depends　on

muscle　fatigue　but　the　chronaxie　hardly　changes　in　this　exercise　for　30min，
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