
An expe&entaI arrangetied is described to measure the heat productior in 
~the conti*g musde~after a single stimuhition (non-statio*) as w&‘aS~%fter 
periodic stimulation (stationary)_ The variation of temperatire i5:&ist&&d by a 

thermistor, a c_ bridge, and phase-sensitive recti&r, and is stored digitally. 
For fresh Mi gasfruuzemiw at O”C, one tids a heat product&n per cm3 of 

about 3.3 mcaljcontraction. In order to expIain the systematic dii%e~ce in tie results 

of both mc”&s, the heat conduction equation is soived-for a model syst&mLin the 
noG-statioLq case, This allows one to estimate~the tickness d of the necrotic zone 
which, during the measixe tier& arises around the thermistor stuck in the muscte The 
caIcuIatedvaluesareintherange~ofd= O&Q.6~&m. _ 

Finaliy, the possibity of measuring ndn-stationer-1 heat prodution in situ is 
criticauy discussed_ 

; ‘7 

IprlRoDucTIoN . 

in dassical experiments by EKiU and coworkers’-*, the heat production in a 
contmcting isolated frog muscie was investigated by me&m&g the surf&e tempera- 

ture of thi muscle- From these rix&urements and the iz~x&rimenti of other authors 
like~netaL’“-‘landGibbse~~ 1 2, also the time dependen=_of heat prodnc- 
tion was derived for isometric and isotonic contractions under varying e~&rimetital 
conditions. Recent& works by Edwards et aL13* I4 werel published where tempe%-a- 
tnr& measurements df c&&ting ‘&s&s in situ with-stuck-in thermistors were- 

aescribad; The a&hors medon a time-deIay of temperature registration which they 
assumetobeduetodamagedtissueorffuid+theprobetip_ 

.,ThCaimofthe tit work is to timp&re~statiOnary-%nd non-st&onary 

mea+=&n&of heat p+uction with thermis& stuck i&the muscle. Of j+i&iar 
inttrcSt~waS .th&- critic& interp&&tioti of -th& .s&&& &e of exp&hxnt land the 
__ L . ;-;.__:. c--I _- _: -._: _.,- . . _ -.- ‘. _ -I I . . _ _ :- 
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quest&, to which extend one. can derive kin&c statem&ts from m easurements in 
situ with stuck-in thermistors- 

METHoDs . . - 

I. Erii-pe?inIenral 
Figure 1 shows the block diagram of the de&=-&xl_ Single p&&s of variable 

length (+S msec) and ampIit+e (530 V) as well as pulse sequev (frequency 
O_Ol-O.l Hz) are taken from a pulse generator. For the rapid JOI++ heating of an 
inactive mUSCfe (exhausted by repeated contractions) a coqiex~~~ discharge (3.3 pF, 
300V)wasused.ThemeasuringcellliesinaDewarvesselandisthermostated.byan 
ice-water mixture, piled up verticalIy- The temperature change of the muscle is 

registered by the thermistor (type YSI 511, diame&r 0.7 mm) as a change in resistance 

which is measured by means of a 1000 Hz a c_ bridge. The heat production of the 
thermistor itself is negligible. The detuning of the bridge is me by a Iow_noise 
pre-amplifier (Brockdeal 451) and a p_hase-sensitive exchangeable lock-in_amplif?er 

(home-built)*, and registered eit&cr as aqalogue or.as digi* information (Fabritek 
tO72). A combination_ of resistors in +ies wifh the thqmistor w- 03.Q) is used. for 
the A Td~%ration, 
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t ~ 2. T h e n n o s t a ~ ~ chamber_ 1 ---- , h . ~ . . t ~ (foamed pLmics); 2 ----cable of
d . ~ r o a ~ and ~ 3 = ~apporting frame of ~ chamber (pledgtas), 4 = damping
b o l t f o r n e e d l e a n d t h e x m i s t o r ; , 5 - ~ c l a m p i n g b o l t f o r t e n d o n ; 6 = ~ o f i c e d m m b e r ;
7 ---- c34tndd¢~ ~_~__ tube (VA) of ~ chamber: g = inside of m e a s u 6 ~ chambex;, 9 = dewar

v e s s e l ; I 0 = p e d e s t a l o f i c e d ~ n b c r ( p l c ~ g l a s ) ; I 1 , 1 3 = s t i m u l a t i o n e l e c t r o d e s ; 1 2 = m u s c l e i n
measuring cell with ~ tip inside; 14 ----- wirenetting; 15 -~ ~ e d t u b e , holding device for

- ¢ l ~ m p i n g b o l t s a n d r ~ w ~ c n r i n g c e l l ; 1 6 = c a p o f ~ d m m b ~ , 1 7 ---~ ~ t u b e .

s t lm, , la ted with v o l t a g e p u l s e s ( 5 - 3 0 3/) f ed to the i sometr ica l ly s tre tched m u s c l e by..
annnlar e lec trodes o f Pl: wire . Thc thermistor is inser ted ~axiaIly w i t h - t h e help ~0f a
c a n n u l a , w h i c h is r e m o v e d a f t e r that_

I n p r e l i m i n a r y exper iments , the r ~ - p o n s e f u n c t i o n o f the thermistor to a t e m p e r -
a u t r e j u m p A T in aqueou.~ e n v i r o n m e n t was determined . T h e temperature j u m p was
p r o d u c e d by c o n d e n s e r d i s c h a r g e in a s u i t a b l e - m ~ s u r i n g - c c U : ( ~ l M H a C I ) , the
r e s p o n s e f u n c t i o n was d ig i ta l l y s t o r e d (Fabr i tek 1 0 7 2 ) . Within-the~e~rimen:tal~
error , i t t u r n e d Out to be a pu~_~.exponentiai for ~ T ~ - 3 ° C , w i t h ~ ~ constant_ z =
1 6 0 m s . ~ _ . -
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concentric cyIinders with radii ri and heat conductStie% & one being the”m$cle _ 
-. -- -. 

(i = I), the other being the PVC coat of the mea+rmg &I @~~2).:33% h&CfioW’is 
&med to be on.@ radial. When, by periodi& stimtilation wi?h frequencj~, a s&on- 

ax-y state with mean_temperature AT,,,, is reach&the heat +odu&oti per contraction _. . - 
becomes 

.- _ -‘:. __ 
. _-- ” 

-. . . . - 

Theconstantsarerl =0.35cm,r~=O_4~cm,i.,=1.18~olicm~'s-'~-',1~= 

038 meal cm-’ s-I K-I- 
The heat production in the singie contraction experiqent is $qply 

AL@c = c-p-AT .(i) 
- ,.-, 

with the specific heat of muscle tissue c = 0.86 cal gLL IL-’ and the mass density 
p = I-06 g cmw3_ AT should be the exact exc&s ten&x&& caused by ccmtraction_ 

For a simple evaluation, the measured maximti excess temperature AT,, was 

taken, 

I f“ 



Tiik &dial heat conduction iquation is solved num&icaIly with the “in$icit 
&&xi” &hi& w& be d-i e_ brkfiy for. the case of cqgally spaced radial 
p0&ri=(i- lj-L\r_ - 

The tempelah li&s Z-Ii = T(& t1) ai imc r, are $jYei+e values T,j = 

z-(rt, tz = t, i- at) of the temperature distribution at a Iater time f, are to be deter- 
x$+ed. Replacing the diff~ntiai quotient by the quotiek of ii&e diE” one 
+tains approximatdy: ._ : 

Coriesponcling approximations for the spatial defivattes on the right-hand s@e giver ...r-~ . 

.i3ota~equatiolls-are-co mbiied to resultin a system of lin~.equatiox$_ .-’ 
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any k&r time- For the spatial derivative, it is important to seiz that.a~diintiriuity in 
hCZLt&U&Vi~at~radiUS~~ ajumph&firstderi7j;ative:_.__ _, “I .._t. 

-- 

R(r - 0) i& T(r - 0.2) = ii(r + o&g T(r+04z) -..._. 
For the numerical calculation of T (r, 2) a Fortrau program W&G writter.-which, 
folIowing the procedure descrii above, permits to calculate the tempemture 
distribution at times t > 0 iteratively from that at i = 0. 

-.. . 

REWLTS AND DISCUSSION 

Figure 3b shoHrs an example of the temperature as a function of time measured 
for periodic contractions of the muscIe withy= O-08 Hz The statiouary state *pears 
after a few minutes where au average excess temperature ATs,, of about I_25 - 10B2 "C 
is measured_ The corresponding heat AQ is caIculat& with eqn (1). 

A typical temperature curve after a single stimulation (length 8 ms) is shown in 
Fig3aHeqa maximumexcesstemperahxeAT_, = 10e3 Cisreached after8s. 
For this experimcn& AQ can be ca!cuIated from eqn (2) with AT’._ 

To be consistent, of course, resuhs obtained at the same muscle with either 
method should bc comparcci. This is done in TabIc 1 whcrc both vzducs of AQ arc 
listed in columns a and b_ They decrease with the number of contractions as they 
should There is., however, a discrepancy growing from 10 to 30x, A&,, always 
being larger- This, together with the fact that the temjxxature increase, see Fig 3% is 

remarkably slow, leads to the assumption of an increasiug zone of inactive tissue 
around the thermistor. As a check, the muscle was exposed to Jo&an heatiug by a 
fast condeuser discharge. The resulting curve Fig 3c shows a much faster temperature 

iucreasc which was to be expected because the whole tissue was now uuiformly 
heated_ 

To get a deeper understanding, the time behaviour of the local temperature 
distriiution was ca?cuIated with the model system d&bed above for siug!e cont.&- 
tion, In this model, it was assumai, that there is a zone of necrotic~tissue qlimirically 

symmetric around the stuck-in thermistor. It does not produce auy heat, but should 
iufiucucc the heat conduction and its thickucss d is used as a parainetts for the 
caIculation_ 

~anurample,Fi_e4showsford=0_2mmthe txkul&iiocaitenptrature 
a&r time iutcnfaIs of O-5 s_ For r = 0 (time of stimuIatjon), the drstribution is rectau- 
guiar accordiug to the initial couditious The temperature at r = O~(&rmistor tire) 
isshowuasafimctionoftimeiuFigS_The maximum tem$xature AT& is rea&ed 
atthetimer,, whlchishere(d=O~mm)6s,Iforrt;deno~bydT~~(~) 

temperature of the active mu&e at 2 = 0, i.e., im&diatcIy after stimu.Iation M&of 
thumistorishenonly90%of~~_ThiSquotientasppin:ast,,arishowdin 

Fig 6 as functions of d, Thus, one must couch&e that au inactive zoue aro&‘thc 
therm&or, even ifit is very thin_ leads to a cousid&abIe time delay; & c&&e&++,_ 

a reduction of the tcmpraturc lnea+d_ I . . :r‘ - -1’ ~r.:,_.,.T:+ >.&-;;‘;: : _; . . 
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Figure 7 gives a comparison o f the t h ~ r e t i c a l a~nd extmdnumtal' 9 a l u e s f o r t l / e '

ne~rotic zone is used ~ a tmmmeW.r of the ¢mlculafion~ Tim o a r c e s / a m ! n O ~ to:~
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AQ= s&k 
_. .- 

NO- (nuoicnl-=~ _ 

I 38 . 
2 W 
3 3-l 
4 3-5 

33 * 033 -. 

GeneraIiy, the true temperature AT&_ is found in the folIowing way_ From the 
experiment, one always knows t_, and AT,,,. With the heIp of z,,, the corkspcnd- 
ing values of AT_JAT,_ can be taken from Fig 6. Correctin& the-‘Q~ values of 
column a in Tabfe I in this way, one obtains the values given in cohunn c, The new 
values are in good agreement with those of the stat&nary experiment_ Obviously, the 
true temperature and, therefore, also the heat production would have been seriously 
underestimated without correztion, 

_ .~. 

_ Il[hc time dependence of the tqnpc@u~_$ker Joulea? &ating is weI1 reproduced 
bythecurve w&d= 0 mm_ This is rekonabie, &I& & thelatter~~&entall parts 

of the muscle, alsO the zone next to the thermistor, are unifckniy ‘&ate& -The_time 
constant of this process, ho- ,isIaq+rthan measured in the e+ri&ent descrii 

above, where the thermistor was surrounded by water_ The .di@eren& is easily 
expIaiued by the d&&rent heat transport mechanisms in water and mu&e tissue, 

Since, in water, convection predominates, the outside temperature nmainscokant 

whiIe the thermistor is heated. In the muscle, the heat spzeads by dif%ion, the 
velocity being proportional to the temperature gradient_ As soon as the lkatilow into 
the thermistor starts, the gradient goes down ContinuousIy and the surfzu~~te@&a- 

ture first derreasw before it slowly g&s up again, as shown in Fig_ 4. Both facts mean 
thatthetimeconstant~~ustbelarger.intbiscase_ _ = 

smg &.&argumtnts a= &tit sw_& &)& && &&.&i o; a 

thermistor measurement depends crucially on the therkai prop&ties of its enyirolk- 
me&and, @-this time &iay may-provide-informatio~~ about this environment~as 
shownhereforthetfiicknessbfthenecroticzont, :: .-.I -_.--: .- ,” --I ; -, 

FmaLly, yalues of Ab measured at + fhst.i&netric conk&ionqf‘d 
muscles are show= in Table 2. _. .I- I _:, 

. . 
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&al ~rn-~. For furthet contractions the values decm& - rapxlly. The single contrao- 
tioncxperimentcanbeevalua~olllybymeans of a model cakukiti01~ As a psult 

of this calculation, one Can state that for measuremen tsinsituwithatherhistor 
probe, a time delay of 5-10 &c is to be expected due to the inactive tis& zone around 
the thermistor which in our experiments was found t& have a thickz~~~~ of 0.1-0.6 mm_ 
The values taken from the stationary and non-stationary experiment agree weJ.L 
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