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- A DEVICE FOR STATIONARY AND NON-STATIONARY MEASUREMENT
OF HEAT PRODUCHON IN THE CONTRACITNG MUSCLE* :

A.BRACHI‘ A.REDHARDTANDJ SCHLITI'ER : :
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) An expenmental arrangement is described to measure the heat preductior in '
the contracting muscle after a single stimnlation (non-stationary) as well as after
periodic stimulation (stationary). The variation of temperature is- reglstered by a
thermistor, a. c. bridge, and phase-sensitive rectifier, and is stored digitally.

For fresh M. gastrocnemius at 0°C, one finds a heat production per cm® of
about 3.3 mcal/contraction. In order to explain the systematic difference in tke results
of both me :0ds, the heat conduction equation is solved for a model system in the
non-statioL..ry case. This allows one to estimate the tickness d of the necrotic zone
which, during the measurement, arises around the thermistor stuck n the muscle. Thke
calculated values are in the range of d = 0.1-0.6 mm.

- Finally, the possibility of measuring non-sfauonar_( heat producuon in situ is
crmw.lly dlscussed.

m‘rnonumox

- In classical experiments by Hill and coworkers®~®, the heat production in a
contracting isolated frog muscle was investigated by measuring the surface tempera-
ture of the muscle. From these measurements and the experiments of other authors
like Carison et al.'®- ** and Gibbs et al.12, also the time dependence of heat produc-
tion was derived for isometric and isotonic contractions under varying experimental
conditions. Recently, works by Edwards et al. !~ ** were published where tempera-
ture measurements of contracting musclés in situ with- stuck-in thermistors were.
described. The authors mertion a time delay of temperature registration which they
assume to be due to damaged tissue or fluid at the probe tip.

- Thc aim of the present work is to compare: stanonary and non—stanonary
mwsurements of heat production with thermistors stuck in the muscle. Of particalar
mtcmt was the cnuml mterpmtatlon of the second type of expmmznt and the
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Fig. 1. Block diagram of the measuring device.

question, to which extend one can derive kinetic statements from measurements in
situ with stuck-in thermistors. :

METHODS - . . -

L Expenmenlal :

Figure 1 shows the block dlagram of the device used. Single puls&s of variable
length (4-8 msec) and amplitude (5-30 V) as well as pulse sequences (frequency
0.01-0.1 Hz) are taken from a pulse generator. For the rapid Joulean heating of an
inactive muscle (exhausted by repeated contractions) a condenser discharge (3.3 uF,
300 V) was used. The measuring cell lies in a Dewar vessel and is thermostated by an
ice-water mixture, piled up vertically. The temperature change of the muscle is
registered by the thermistor (type YSI 511, diameter 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 measured by a low-noise
pre-amplifier (Brockdeal 451) and a phase-sensitive exchangeable lock-in amplifier
(home-built)*, and registered either as analogue or as digital information (Fabritek
1072). A combination of resistors in series with the thermistor (b:rc 03 Q) is used for
the A T-calibration. ,

Figure 2 shows the expcnmcntal set-up thh the thcrmostated mmsunng
chamber, where the. m&surmgccllcontammgthcmusclclsmsencd.’lhcccllnsclf
consists of a VA cylindex, coated inside with a PYC layer of known thlcknws (gradlcnt
principle). -

The experiments have ‘been . performed w1th the M. gaslrocnamus of rana
temporaria. g

Thcmnsclexspteparedso thatontheonehandpartofthetendon, ontheother:f_
hand part of the bones fcmurandoscmnswcrekcpttofastenthcmuscle. Itls
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Fig. 2. Thermostated measuring chamber. 1 — thermal isolation (foamed plastics); 2 = cable of
el=ctrodes and thermistor; 3 = supporting frame of measuring chamber (plexiglas); 4 = clamping
bolt for needle and thermistor; 5 = clamping bolt for tendon; 5 = interspace of ice chamber;
7 = cylindrical steel tube (VA) of measuring chamber; 8 = inside of measuring chamber; 9 = dewar
_vessel; 10 = pedestal of ice chamber (plexigias); 11, l3—-stnnuhuondectrods,lz=musdcm
measuring cell with thermistor tip inside; 14—w1renetnng'15 ‘stecl tube, holding device for
“clamping bolts and measuriung cell; 16 = cap of measuring chamber; 17 = thermistor tube.

stimulated with voltage pulses (5-30 V) fed to the isometrically stretched muscle by
annular electrods of Pt wire. The thermistor is mserted axlally thh the help of a
cannula, whlch is removed after that.

In prehmmaxy experiments, the response function of the thermxstor woa tcmper-
-ature jump AT in aqueous environment was deiermined. The temperature jump was
produwd by condenser discharge in a suitable measuring cell- (0.1 M NaCl), the
mponse function was digitally stored (Fabntck 1072). W'thm the . e.xpenmental'
error, it tumed outtobe a pure exponennal for AT 3°C, with a txmc constant T=
160 ms. :

o Thc cva]uanon of the stanonzry expmmcnts was bawd on a model of two
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concentric cylmders with radii r; and heat conductivities 2 A one bemg the” muscle
(i = 1), the other being the PVC coat of the mmsurmgceﬂ(: = 2). Thehmtﬂowxs :
assumed to be only radial. When, by periodic stimulation with frequency £, a station-
ary state with mean temperature AT,,, is reached, the heat producuon per contraction
beoom&e ‘ LT L

AQ oy = —3 12
i o, T In"z S e
4, ~ 2, r, - o
Theconstantsarcrl—035cm,r2=04..5cm,/.l——1 18mmlcm 1s -t K“ A=
038 mcalem™ s KL
The heat production in the single contraction expcnmcnt is sxmply

MTee T @

AQyiage = c-p-AT N )

with the specific heat of muscle tissue ¢ = 0.86 cal g " K~ ! and the mass density
p = 1.06 g cm™3. AT should be the exact excess temperature caused by contraction.
For a simple evaluation, the measured maximum excess temperature AT, was
taken. ' '
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: Abeuerapproachastoconmdetmmoredetaﬂthch&tdxﬁ’usnonproo&a&zt

the heat production. The calculation of the temperature as a function-of: time was
basedonamoddconsstmgofﬁveconoentnccncularcyhndcrs(cf F‘g. 3) 7

(1) -thermistor core (radius r < ry)- - Sioa e

(2) thermistor envelope (r, <r < r,) ; "

.(3) necrotic muscle-tissne zone around. the mscrted thermxstor not gmng rise -
tolunt production(r, < r<ry=r, +d) . - )

@ musdenssnc(r,,(r(u) B Tooe T -

(5) inside coat of the measuring cell, PYC (r, < r < R).

If the heat condud:lonlsassumedtobeonlyradml,thch&tconduchonequanon
Bsnmphﬁed to: - : .
(Gl rewr @
whema—llpcnsthctcmpemmmconducnwty

The initial and bounda.ry condmons for the solutlonmd

‘ A’I}mforr3<r<r4 S - ) ‘
T(r. 0) = { ; Y
, g Oclscwhcre : ) - , :

T(R, f) = 0°C = const.

_ The radial heat conduction eguation is solved numcnmlly with thc “implicit
method” which wxll be described here briefly for the case of equally spawd radial
points r; = (@ — 1) - Ar.

The temperature values 7; = T(rb t,) at time tl are gwen, -the valus Ty =
- T(r;, 12 = t; + A1) of the temperature distribution at a later time 7, are to be deter-
mined. Replacing the differential quotient by the quotient of finite dlﬁ'erenms, one
obtmns approximately: )

R o e

Compondmg approxxmatxons for the spatial derivatives on the nght-hand side glve.

Tyy = 2T + T, 1 Ty — T S
DT — ( 2§ 2§ Zifl 2151 2“') ] - )
"( T)i=a @ +r. 24r B ©
?, »Both equauons moombmed to rsultm a system of lmm equauons;
a 'At"‘ ST Ar s
(A ) {Tzr— S ZTzz + Tzr+1 + —(T:ufx Tzi—x)} — T2:=‘— Tu R (7)

mmmwatﬂlm(msforrz. . »:A‘:“ H ;
, Itcratwc apphmuon to a gm:n temperamr' dxstn‘bnuon ywlds thefnncaon at
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any later time. For the spatial derivative, it is important toseethata dlsconnnmtym
hmtconducthtyataradmsrcms&sajumpmtheﬁrstdenvanve e

l(r—O)——T(r—O t)—l.(r+0)—-—-T(r+0 1)) : AR '- ®

For the numerical calculation of 7 (r, {) a Fortran program was written. which,
following the procedure described above, permits to calculate the tcmperatzn'c
distribution at times ¢ > 0 1tcrat1vely from thatatz = O. :

RESULTS AND DISCUSSION

Figure 3b shows an example of the temperature as a function of time mmsured
for periodic contractions of the muscle with f = 0.08 Hz. The stationary state appears
after a few minutes where an average excess temperature AT, of about 1.25- 10~2°C
is measured. The corresponding heat AQ is calculated with eqn (1).

A typical temperature curve after a single stimulation (length 8 ms) is shown in
Fig. 3a. Here, 2 maximum excess temperature AT,,,, = 10~ 3 Cis reached after 8 s.
For this experiment, AQO can be calculated from eqn (2) with AT, ..

To be consistent, of course, results obtained at the same muscle with either
method should be compared. This is done in Table 1 where both valucs 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 309, AQ,,,, always
being larger. This, together with the fact that the temperature increase, see Fig. 3a, is
remarkably slow, leads to the assumption of an increasing zone of inactive tissue
around the thermistor. As a check, the muscle was exposed to Joulean heating by a
fast condenser discharge. The resulting curve Fig. 3c shows a much faster temperature
increase which was to be expected because the whole tissue was now uniformly
heated. ‘

To get a deeper understanding, the time behaviour of the local temperature
distribution was calculated with the model system described above for single contrac-
tion. In this model, it was assumed, that there is a zone of necrotic tissue cylindrically
symmetric around the stuck-in thermistor. It does not produce any heat, but should
influence the heat conduction and its thickness d is used as a pammctcr for the
calculation. A

As an example, Fig. 4 shows for 4 = 0.2 mm the calculated local temperature
after time intervals of 0.5 s. For 1 = 0 (ime of stimulation), the distribution is rectan-
gular according to the initial conditions. The temperature at r = 0 (thermistor core)
is shown 2s a function of time in Fig. 5. The maximum temperature AT, is reached
at the time 7__,,, which is here (d = 0.2 mm) 6 s. If one denotes by AT}, the (excess)
temperature of the active muscle at 7 = 0, i.e., immediately after stimulation AT, of
the thermistor is here only 909 of AT} ;- This quotient as well as #,,, arc shown in
Fig 6 as functions of 4. Thus, one must concludc that an inactive zone around the
thermistor, even if it is very thin, leadstoa consxdcrablc time dclay, and coanumﬂy, :
areducuonofthetcmpu-am:emwsmed. BRI LT - PP
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Fig. 4. Calculated local temperature with the geometry of the thermistor-muscle system.

oG e SN R o = -
Fig. 5. Time dependence of the core temperature of the thermistor.
, Figure 7 gives a comparison of the theoretical and experimental values for the -
- central temperature inside the thermistor for times up'to 10 s. The thickness Jof the .
necrotic zone js used as a parameter of the calculation. The curves are normalized fo -
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TABLE 2

mtmommmmmmmcmxospmanmm T

Experiment 40¢€ single : ’
No. (mcal cr3) o
1 36 L
2 29
3 3.1
4 35
332033 )

Generally, the true temperature AT, is found in the following way. From the
experiment, one always knows 7,.,, and AT, _,. With the help of 7_,,,, the correspcnd-
ing values of AT,,,./AT;.., can be taken from Fig. 6. Correcting the Q values of
column a in Table 1 in this way, one obtains the values given in column c. The new
values are in good agreement with those of the stationary experiment. Obviously, the
true temperature and, therefore, also the heat productlon would have been senously
underestimated without correction.

The time dependence of the temperature after Joulean heating is well rcproduced
by the curve withd = O mm. This is r&sonable, since in tbelatterexpenmcntall parts
of the muscle, also the zone next to the thermistor, are uniformly heated. The time
constant of this process, however, is larger than measured in the experiment described .
above, where the thermistor was surrounded by water. The difference is easily
explained by the different heat transport mechanisms in water and muscle tissue.
Since, in water, convection predominates, the outside temperature remains constant
while the thermistor is heated. In the muscle, the heat spreads by diffusion, the
velocity being proportional to the temperature gradient. As soon as the heat flow into
the thermistor starts, the gradient goes down continuously and the surface tempera-
ture first decreases before it slowly goes up again, as shown in Fig. 4. Both facts mean
thatthcnmeconstantmustbelargermthxswse. o '

Summarizing these arguments one must state that: (a) ‘the tune constant of a
thermistor measurement depends crucially on the thermal properties of its environ-
ment and, (b) this time delay may provide- information a.bout thns cnvn'onmcnt as
shown here for the thickness of the necrotic zone. - : - -

Finally, values of AQ measured at the first isometric contraction of dxﬁ'ctent
muscles are shown in Table 2. , N

coxcwsxms ' ' Lroel Tl

M&surcments of the. heat production in: frsh M. ga.rtroazemm of rana
temporana yleld for the first isometric smgle contractxon at 0°C AQ~ 3.3 (1 :}:»10 A)
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mcal cm ™ 3. For further contractions the values decrease rapidly. The single contrac-
- tion experiment can be evaluated only by means of a model calculation. As a result
of this calculation, one can state that for measurements in situ with a thermistor -
probe, a time delay of 5-10 sec is to be expected due to the inactive tissue zone around
the thermistor which in our experiments was found to have a thickness of 0.1-0.6 mm.
The values taken from the stationary and non-stationary experiment agree well.
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