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Abstractt For an understanding of how various degrees 
off  altered use (training, disuse) affect Ihe properties of 
skeletall  muscles, it is important to know how much they 
aree used normally. The main aim of the present project 
wass to produce such background knowledge for hind-
limbb muscies of the cat. In four adult female cats, each 
onee being studied in several experimental sessions, ankle 
muscless were chronically implanted with electrodes for 
electromyographicc (EMG) recording. The muscles re-
cordedd from were: extensor digitorum longus (EDL), pe-
roneuss longus (PL), tibialis anterior (TA), lateral gastroc-
nemiuss (LG) and soleus (SOL). For PL, TA and LG, 
theree were anterior as well as posterior recording sites. 
Duringg 24-h experimental sessions, the studied animal 
stayed,, together with another cat, in a box large enough 
forr playing and walking around. Using telemetric tech-
niques,, samples of EMG signals were recorded on tape 
forr 4 min every 30 min. In an off-line analysis, measure-
mentss were made of the total accumulated duration of 
activityy from each one of the studied muscle regions. 
Thesee "duty times" were expressed as a percentage of to-
tall  sampling duration. When averaged over the whole 
24-hh experimental period, the mean duty times per mus-
clee region varied from 1.9% for EDL up to about 13.9% 
forr SOL. Also, among predominantly fast muscles of 
mixed-fibree composition (i.e. all studied muscles except 
SOL),, marked and statistically significant differences in 
dutyy time were found, mean values varying fivefold from 
1.9%% (EDL) to 9.5% (PL, posterior site). For all three 
muscless with simultaneous recordings from different 
sites,, consistent and statistically significant differences 
inn daily duty time were found between anterior and pos-
teriorr regions (anterior less than posterior for TA and PL; 
anteriorr more than posterior for LG). We also measured 
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thee extent to which each 4-min sampling period was 
filledfilled with activity (if any). As compared to muscles with 
aa low mean 24-h duty time, those with high duty times 
weree not active during more sampling periods per day, 
but,, whenever being used, their activity lasted relatively 
longer.. Such results were consistent with the view that 
differencess in mean 24-h duty time might largely reflect 
differencess in the extent to which the various muscles 
andd muscle regions were used for long-lasting stabilizing 
contractions. . 

Keyy words Hindlimb muscles  EMG  Daily activity
Cat t 

Introductio n n 

Itt is well known that the contractile and biochemical 
propertiess of muscles can be markedly affected by the 
mannerr in which the they are used or disused (reviews: 
Pettee 1990; Kernell 1992; Gordon and Pattullo 1993). 
Thus,, for instance, when applying articifial training to 
cat'ss hindlimb muscles by chronic electrical stimulation, 
ann extra amount of activity covering 5% of total daily 
timee may be sufficient for causing a significant decrease 
inn fatigue sensitivity and isometric speed and a change of 
fibree composition (Kernell et al. 1987a,b). Still greater 
dailyy durations of activation may even change a fast-
mixedd cat muscle into one composed only of slow-like 
typee I fibres (e.g. after 8 weeks of stimulation covering 
50%% of total time; Donselaar et al. 1987). For the inter-
pretationn of these and other studies of activity-related as-
pectss of muscle plasticity, background information is 
neededd concerning the normal daily durations of sponta-
neouss muscle activity. For the cat hindlimb, systematic 
measurementss containing such information have only 
beenn briefly published for two of the heads of triceps su-
raee (soleus, SOL, gastrocnemius lateralis, LG; Alaimo et 
al.. 1984), and also for other species systematic assess-
mentss of this kind are scarce (measurements in man: sev-
erall  muscles. Monster et al. 1978; human hand muscle. 
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Fuglevandd et al. 1995; unit measurements in rat: two 
muscles,, Hennig and Lomo 1985). Hence, we were moti-
vatedd to provide such baseline data for the cat hindlimb, 
usingg electromyographic (EMG) techniques for measur-
ingg the daily duration of spontaneous activity in muscles 
actingg on the ankle joint. 

Inn performing the present measurements of activity, 
wee were not only interested in providing mean data re-
flectingg the general daily duration of motor behaviour, 
butt we also wanted to analyse whether various muscles 
actingg on the same joint (thus being expected to take part 
inn the same general kinds of motor behaviour) would still 
differr significantly from each other in their total daily 
durationn of activity. The existence of such systematic ac-
tivity-differencess would be of interest for understanding 
theirr respective roles in motor behaviour (e.g. relative 
extentt of time-consuming postural tasks) and their pre-
sumablyy associated differences in muscle fibre and mo-
torr unit composition (for a summary of such differences 
betweenn cat's ankle muscles, see Table 3 of Kernell et al. 
1983;; for data from several species, Ariano et al. 1973; 
forr rats, Armstrong and Phelps 1984). 

Forr three of the muscles studied in the present con-
text,, we also compared the daily durations of activity be-
tweenn different recording regions. These measurements 
weree motivated by recent observations in humans and 
animalss that different muscle regions may be preferen-
tiallyy involved in different motor tasks (e.g. Jongen et al. 
1989;; Hensbergen and Kernell 1992). 

Somee of the present results have been briefly pub-
lishedd in proceedings of international meetings (Hens-
bergenn and Kernell 1993a,b). 

Material ss  and method s 

Thee experiments were performed on four adult female cats 
(weightt 2.6^1.1 kg; aged 4-6 years). They were provided with 
chronicallyy implanted EMG recording electrodes in one of their 
hindlegss (two cats right side, two cats first left side and. during a 
secondd operation, right side). 

Recordingg procedures 

Electrodess were implanted in five different ankle muscles, and a 
distinctionn was made between anterior (ventral) and posterior 
(dorsal)) recording sites (Fig. I A). Anterior sites were used for tibi-
aliss anterior (TAA: two cats), peroneus longus (PLA; three cats), 
SOLL (four cats) and LG (LGA; one cat). Posterior muscle sites 
weree used for TA (TAP; four cats), extensor digitorum longus 
(EDL;; four cats), peroneus longus (PLP; two cats) and LG (LGP: 
onee cat). 

Thee construction and operative implantation of the electrodes 
hass been described in an earlier publication (Hensbergen and Ker-
nelll  1992). The operation took place under general anaesthesia 
(pentobarbitone),, and two different types of bipolar electrode were 
used; ; 

A.. Patch-electrodes for TA, EDL. SOL and LG. made as described 
byy Loeb and Gans (1986): a pair of Teflon-insulated steel wires 
backedd by an insulating sheet of silicone rubber; each wire con-
sistedd of seven strands of 0.05 mm each. The interelectrode dis-
tancee and the length of bared metal per electrode were both about 
22 mm. 

Fig.. 1A-C Experimental setup and procedures. A Schematic 
drawingg of experimenlal animal and of transverse section through 
itss lower hindleg, showing the positions of the investigated mus-
cless and the approximate locations (arrowheads) of the implanted 
electromyographicc (EMG) electrodes. (TA tibialis anterior, £ ex-
tensorr digitorum longus. P peroneus longus, 5 soleus, LG lateral 
gastrocnemius).. A, B Sequence of on-line procedures: teletrans-
mission,, storage of EMG signals on video tape (video cassette re-
corder).. B, C Sequence of off-line processing: display of stored 
"raw""  EMG (examples in upper two traces), rectification and 
smoothingg to produce integrated EMG (iEMC) (smoothing time 
constant,, 20 ms; examples in 3rd and 5th trace), detection of "on-
times""  in the iEMG by a voltage discriminator (V-discr)set to react 
too iEMG levels just above baseline noise. As long as the discrimi-
natorr noticed a supra-threshold voltage in the iEMG, this was indi-
catedd by a ó.c. voltage source being switched on (examples of 
suchh "on-step" indications in 4th and 6th trace). The summed du-
rationn of the electrically indicated "on-steps" was measured for 
eachh 4-min sampling period. The 4-min sampling periods were re-
peatedd once every 30 min for 24 h 

B.. Bipolar fine-wire electrodes for PL. These electrodes consisted 
off  two Teflon-coated, single-stranded stainless steel wires of 
500 urn diameter. At an intermediate site, the Teflon coating was 
removedd from 3 mm of each wire. With a hypodermic needle, the 
twoo wires were inserted into the muscle in such a way that the 
baredd recording sites were less than 1 mm deep (interelectrode 
distancee also less than I mm) and the wire terminations re-
emergedd at the surface at about 3 mm from the bared recording ar-
ea.. The ends of the two wires were then tied together, insulated 
withh silicone paste and sutured to the muscle surface. 

Thee leads from the various electrodes of one limb were brought 
underr the skin to a connector fixed to the back of the cat. After the 
operation,, the position of the electrodes was verified in X-ray pho-
tographs.. After recovery of the animal, it was repeatedly checked 
thatt the various implanted electrodes recorded signals indepen-
dentlyy from each other during voluntary motor behaviour (i.e. no 
evidentt cross-talk). The 24-h recording sessions started when nor-
mall  gait had returned (from about 8 days postoperatively). 

Thee quality of the EMG recordings were generally optimal 
withinn a few days after the operative implantation. During the 
coursee of the ensuing weeks, there was ultimately a gradually in-
creasingg rise in noise level until, after about 8-16 weeks following 
thee operation, the recording quality had become too low for reli-
ablee measurements. In subsequent operations, the electrodes were 
typicallyy found to have become encapsulated by connective tissue; 
presumablyy this encapsulation was a major reason for the ultimate 
declinee in recording sensitivity of the electrodes. 

Priorr to each experimental 24-h recording session, a box of 
9.5x3x3.55 cm (96 g) containing two small FM transmitters was at-
tachedd to the connector on the cat's back (Fig. I). As we only had 
twoo single-channel transmitters available, only two out of the eight 
orr less implanted muscle portions could be sampled in a given 24-
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hh session. Each one of the four  cais was used for  repeated record-
ingg sessions (4-25 times per  cat; in total 56 successful sessions) 
andd there were at least 9 h between consecutive sessions for  the 
samee cat (usually 25 h or  more). 

Durin gg a 24-h recording session, the EMG signals were tcle-
meiricall yy transmitted to two nearby receivers (bandwidth 
10-30000 Hz). Samples of 4 min duration were stored on video 
tapee once every half-hour  (i.e. in total. 48 samples per  24 h). Prior 
too storage, the signals had been Filtered (bandpass 50-2500 Hz), 
amplifiedd and digitized (Sony PCM-unii . handling analog signals 
wit hh a bandwidth from d.c. to 20 kHz). 

Throughoutt  each 24-h recording session, the cat stayed in a 
boxx large enough for  moving around and playing. This box had a 
floorr  space of 1x3 m, its height was I m. and it was provided with 
aa white translucent lid that allowed the room light to illuminat e the 
interior .. Furthermore, durin g the 24-h sessions, the experimental 
animall  was always accompanied by another  female cal from the 
samee animal-housing group, and the alternation of light and dark 
periodss was kept similar  to the usual pattern for  these cats (lights 
outt  between about 5.30 p.m. and 7.30 a.m) Prior  to the first actual 
recordingg session, the cats were repeatedly kept for  a few hours in 
thee recording box to make them familiar  with the surroundings 
Individua ll  recording sessions started at arbitrar y moments of the 
day.. withi n I h or  more after  placing the cats in the recording box. 

Analysiss procedures 

Whenn a 24-h recording session was completed, the sampled raw 
EMGG signals were checked for  contamination (e.g. occasional ex-
ternall  radio interference). If the tape was found acceptable for  fur -
therr  analysis, the EMG signals were rectified and smoothed to 
producee an "integrated "  EMG (iEMG ; smoothing time constant 
200 ms; done with Neurolog module NL703). A voltage discrimi-
natorr  was used for  determining durin g which moments the iEM G 
hadd an amplitude clearly exceeding the (minute) noise of the zero 
baselinee (Fig. IC) . The times durin g which the voltage discrimina-
torr  was "on"  were measured with an accuracy of 0.5 ms. Tapes 
weree processed in an arbitrar y sequence. In order  to assess the re-
liabilit yy and reproducibilit y of the data analysis, the processing of 
eachh tape was executed twice, on different days, so that the thresh-
oldd of the voltage discriminator  also had to be adjusted twice inde-
pendently.. Typically , this threshold was set low enough to enable 
thee detection of even single-unit repetitive activity. For  each 4-min 
EMGG sample, the "dul y time"  of the respective recording channel 
(musclee region) was calculated from the sum of the on durations 
(milliseconds),, and expressed as a percentage of the 4-min sam-
plin gg time. The mean of all the duty times (percentage) collected 
overr  24 h («=48) was taken as a measure of the relative total 
amountt  of daily EMG activity . 

Controll  procedures 

Forr  the critical evaluation of our  recording and sampling methods, 
twoo sets of control experiments were performed Most of these 
controlss were taken with electrodes in the SOL. the most active 
musclee of those investigated. 

ControlControl of sampling strategy 

Firstly ,, we wanted to know roughly how representative an EMG 
samplingg of only 4 min/30 min might be. Secondly, as each 4-min 
samplingg period was associated with some (minor) degree of 
soundd production from the apparatus (mainly sounds from the 
startingg of the video cassette recorder. VCR) we also wanted to 
makee certain that such acoustic stimuli did not systematically in-
fluencee the motor  activities of the experimental animal. For  these 
purposess we made control experiments in which the normal inter-
mittentt  recording procedure was supplemented with a parallel con-
tinuouss recording of the same telemetrically transmitted EMG. the 

latterr  one being stored on its own "continuous"  tape recorder 
(threee experiments in two different cats: continuous sampling up 
too 8.5 h). Firstly , the duty times (percentage) were measured and 
calculatedd for  consecutive 2-min periods of the continuous tape 
(Fig.. 2A). These measurements were then used for  further  calcula-
tions,, comparing: 
A.. The mean duty times of 4-min samples taken every 30 niin 
comparedd with the mean duly lime calculated from (lie full 30 min 
off  activity (intermitten t compared with contiguous samples: 
Fig.. 2B): 
B.. Duly times of 4-min samples obtained al periods of the "mter -
mittcnt ""  video recording compared with those of 4-min samples 
obtainedd durin g periods without intermitten t VCR onset noise 

CfintrttlCfintrttl  of tcii'inetrn. irainfniïMaii  tmtl (tnu\\\is let lii!i<{i/< r\ 

Forr  this purpose we made experiments using a dual channel paral-
lell  transmission and parallel data analysis of recordings from the 
samee set of EMG electrodes (seven experiments in mo differem 
cats).. Thus, in these cases, both lelemetric transmitter s were con-
nectedd IO the same pair  of SOL electrodes and the signals from 
eachh transmitter  were independently subjected to all the further 
proceduress normally used for  the processing and analysis of inter 
iniitcntl yy sampled 4-min EMG periods (see Fig 2C) 

Statistics s 

Comparisonss between measurements from different muscle re-
cordingg sites were performed with a one-way ANOVA , supple-
mentedd with post hoc Tukey tests for  pairwise differences (calcu-
lationss done with the statistical package Systat) For  comparisons 
betweenn anterior  and posterior  portions of the same muscles, 
pairedd /-tests were used. Data were considered significant at 
P<0.05. . 

Results s 

Controll  measurements 

SamplingSampling strategy 

Figuree 2A shows a display of mean on durations (per-
centagee of sampling lime) determined every 2 min for 
EMGG activity recorded continuously over 8.5 h in SOL. 
Ass might be expected for spontaneous motor behaviour. 
thee EMG activity varied considerably in its 2-min duty 
times.. Therefore, for an individual experiment, an inter-
mittentt sampling of only 4 min/half-hour would be ex-
pectedd to give a rather coarse-grain measure of the total 
amountt of on-going EMG activity. The general degree of 
thiss uncertainty is illustrated by the scatter of values in 
Fig.. 2B, in which half-hour means of the duty times ob-
tainedd by continuous measurement (i.e. the "true" val-
ues)) are plotted against those obtained by our standard 
timingg of intermittent sampling. However, Fig. 2B also 
illustratess that, in spite of the considerable (and expect-
ed)) amount of scatter of the values, the intermittent sam-
pless were still significantly reflecting the trend of the 
meann continuous level of EMG activity (r=0.77, «=16, 
P<0.001),, even when, as in this case, analysed for a sin-
glee recording and per single 4-min sample (i.e. without 
thee smoothing effect of pooling data from different re-
cordings).. Similar results were obtained in the two oihei 
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controll  measurements of this kind (SOL. r=0.78, n=16, 
P<0.00l;; PLP, r=0.69, H=I3, P<0.01). 

Duringg the continuous recording shown in Fig. 2A, 
thee lights of the experimental room went out about I h 
afterr the start of the session. This did not seem to alter 
thee level of motor activity of the cat. A few hours later 
(betweenn 3 and 4 h after onset), there was a conspicuous 
periodd of relative EMG inactivity. On the intermittently 
usedd VCR one of the standard 4-min samples was taken 
att 3.5 h after onset, somewhere half-way through this 
quiett period; there were then no signs that the motor be-
haviourr of the experimental cat was markedly influenced 
byy the minor sounds associated with the starting and 
stoppingg of the VCR. This conclusion was confirmed by 
thee results of systematic comparisons between 4-min 
"standard-timed""  samples obtained from periods co-inci-
dentt with the normal intermittent video cassette record-
ingg and 4-min "time-shifted" samples obtained 14 min 
afterr each period of normal video cassette recording (all 
thee control data taken from continuously running tape: 
seee Materials and methods). In none of the three investi-
gatedd cases was there any consistent difference between 
thee standard-timed and time-shifted sets of samples 
(pairedd /-tests, all P>0.2 or more). 

TeletransmissionTeletransmission and analysis hardware 

Inn these control experiments, we processed the signals 
fromm a single pair of EMG electrodes as if they had be-
longedd to two different recording sites, i.e. the same bio-
logicall  signal was teletransmitted along both available 
channelss and further analysed with two independent set-
tingss of the voltage discriminator (see Materials and 
methodss and Fig. 1). All seven experiments of this kind 
showedd a very high degree of correlation between the 
dutyy times obtained for each one of the two parallel 
channelss (Fig. 2C). Thus, the teletransmission techniques 
andd the use of the voltage discriminator for measuring on 
timess did not add any substantial scatter to the data. 

Duee to its great importance for the quantitative re-
sults,, the reproducibility of the manual setting of the 
voltagee discrimininator was further controlled by per-
formingg each analysis twice independently (see Materi-
alss and methods). In all accepted cases, the two runs 
gavee very similar results; on average they differed by 
1.7%% or less from each other with regard to the mean du-
tyy time per 24 h. 

Meann duty times per 24 h 

Althoughh the motor patterns differed in various details 
betweenn individual cats, the muscles and muscle portions 
weree ranked in a similar way for all animals with regard 
too their mean 24-h duty time. Hence, in the analysis of 
thee present paper, data from all the four cats were pooled 
together.. As is shown in Fig. 3A, the investigated mus-
cless and muscle regions differed very markedly and sig-

Timee ) Contiguou s sample s (Act ) 

00 20 40 60 SO 100 
Channel-AA activity (%) 

Fig.. 2A-C Control measurements of sampling and analysis meth-
ods.. A Data from an 8.5-h continuous EMG recording from soleus 
(catt V; recording from 5 p.m. to 1.30 a.m.). Duty times {Continu-
ousous recording (Acl.^c). percentage of time Filled with activity) 
weree calculated and plotted for each consecutive 2-min period. On 
anotherr tape recorder, standard 4-min samples of the same EMG 
signall  were intermittently collected once every half-hour at times 
correspondingg to ticks on the r-axis. B Plot of data from the exper-
imentt illustrated in A: duty time for the duration of each intermit-
tentt 4-min sample {Intermittent samples (Act. %) plotted against 
thee mean duty time per corresponding 30-min period {Contiguous 
samplessamples {Act. %}. for each data point the contiguous value was 
calculatedd from measurements centred in time around the 4-min 
.intermittentt value). The x- and y-values were grouped around the 
unityy line {oblique line) and the correlation was highly significant 
(r=0.77,, n=16. /MJ.OOI). C Example of results from an experi-
mentt with parallel two-channel transmission and processing of the 
samee EMG signal (see Materials and methods; soleus, cat V). 
Meann duty times for corresponding 4-min samples plotted against 
eachh other. Regression line calculated by method of least squares 
(r=0.999.. n=47,/><0.001) 

Fig.. 3A, B Means of daily EMG activity for the various ankle 
musclee recording sites. A The mean 24-h duty lime (percentage, 

)) for each one of the eight recording sites, displayed in 
orderr of ascending duty time. {LGA anterior side of gastrocnemius 
lateralis,, LGP posterior side of gastrocnemius lateralis. PLA ante-
riorr side of peroneus longus. PLP posterior side of peroneus lon-
gus,, TAA anterior side of tibialis anterior, TAP posterior side of 
tibialiss anterior, SOL soleus, EDL extensor digitorum longus). B 
Forr each one of the eight muscle recording sites, the percentage of 
4-minn samples with EMG "on-times" covering 20% or more of the 
samplingg duration (i.e. >48 s activity per 4-min sample); ordered 
inn the same sequence as those in A. Interconnected circles, for the 
correspondingg muscle recording sites, the percentage of 4-min 
sampless that contained no activity. For a statistical analysis of 
thesee data, see Table I 
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Tablee 1 General comparisons. The significant differences in ac-
tivityy between muscle recording sites over 24 h were tested, com-
paringg all the sampled sites with each other for two different pa-
rameters:: (a) mean 24-h duty times (see Fig. 3A) were compared 
withh a one-way ANOVA (P<0.00l) followed by a Tukey post hoc 
testt for the significance of pairwise differences; (b) the frequency 
off  occurrence of samples filled with activity to 20% or more (see 
Fig.. 3B) were compared with a x2" test- The presence of a statisti-
callyy significant difference (P<0.05) is indicated by an A for the 
Tukeyy and an X for the x2- test- ns- n o significant difference 
(P>0.05).. When performing the ANOVA/Tukey analysis for only 
thee mixed muscle sites (i.e. all recording sites except SOL; 
ANOVA,, P<0.001), significant differences in duty time were also 
indicatedd for EDL - PLA, EDL - LGP, TAA - PLA and TAA -
LGPP (*). EDL extensor digitorum longus, TAA, TAP anterior and 
posteriorr recording sites of tibialis anterior, PLA, PLP peroneus 
longus,, LGA, LGP lateral gastrocnemius, SOL soleus) 

TAA A 

TAP P 

PLA A 

LGP P 

:.GA A 

PLP P 

SOL L 

EDL L 

X X 

»X X 

»X X 

A X X 

A X X 

A X X 

TAA A 

X X 

** X 

» X X 

A X X 

A X X 

A X X 

TAP P 

X X 

X X 

X X 

X X 

A X X 

PLA A 

X X 

X X 

X X 

A X X 

LGP P 

A X X 

LGA A 

A X X 

PLP P 

X X 

Tibialiss anterior 
(**  lime iciive) B„ „ Peroneuss longus 

(ff  lime ic(ive) 

22 3 4 S 6 7 1 o 

Gastrocnemiuss lateralis 
(XX lime iciivc) 

si i 
i i 

Fig.. 4A-C Regional intra-muscular differences in daily duty 
time.. For each one of the muscles that had been provided with two 
setss of EMG electrodes (A TA; B PL; C LG), mean 24-h duty 
timess (percentage) obtained for anterior electrode sites are plotted 
againstt those measured for posterior sites in the same individual 
recordingg session. A unity line (x=v) is drawn into each graph. The 
antero-posteriorr differences in daily duty time were statistically 
significantt for each one of the three muscles (Table 2). For TA and 
LGG there was a significant correlation between the anterior and 
posteriorr values (/̂ =0.93 and r=0.96; P<0.05); for PL the antero-
posteriorr correlation was of only borderline significance (r=0.73; 
0.I0>P>0.05) ) 

Tablee 2 Paired comparisons. For cases with a suitable (>6) num-
berr of simultaneously obtained signals from two recording sites 
(seee Fig. 4) the significant differences in mean 24-h duty time 
weree tested using paired f-tests 

Musclee pair N N 

EDLL - SOL 
TAAA - TAP 
TAPP - SOL 
PLAA - PLP 
L G P - L G A A 

6 6 
6 6 
8 8 
6 6 
6 6 

<0.01 1 
<0.01 1 
<0.01 1 
<0.02 2 
<0.02 2 

nificantlyy (Tables 1, 2) from each other with regard to 
theirr mean daily duty time, ranging from a minimum of 
aboutt 1.9% for EDL to a maximum of about 13.9% for 
SOL. . 

Differencess in daily duty time within muscles have 
beenn further analysed in Fig. 4, which shows compari-
sonss for all cases in which parallel 24-h samples were 
takenn from two regions of the same muscle. The results 
demonstratee that, for all the three muscles investigated in 
thiss manner, duty times were consistently and signifi-
cantlyy different between anterior and posterior muscle 
portionss (PLP>PLA; TAP>TAA; LGA>LGP; see Table 2 
forr statistics). 

Ass is indicated by the data of Fig. 4, there was, in 
thesee cases, an evident degree of co-variation between 
thee activity of anterior and posterior recording sites of 
thee same muscles (correlation significant for TA and LG 
andd of borderline significance for PL). 

Besidess the cases shown in Fig. 4, an appreciable 
numberr of simultaneous pairwise recordings were only 
madee for two other combinations: SOL compared with. 
EDLL ( H = 6) and SOL compared with TAP (/i=8); in nei-
therr case was the correlation statistically significant 
(P>0.(P>0.1).1). In both cases, the duty times of SOL were sig-
nificantlyy higher than those for EDL or TA (posterior re-
cordingg site; Table 2). 

Variationss in duty time per 4-min sample 

Differencess in mean daily duty time, as illustrated in 
Figs.. 3 and 4, may conceivably come about by differ-
encess between the muscles with regard to: (1) how com-
monlyy they participated in brief contractions (e.g. brief 
movementss and postural corrections, transient joint fixa-
tions),, and/or (2) how commonly and with which dura-
tionstions they participated in prolonged contractions associ-
atedd with slow movements or long-lasting joint-stabiliz-
ingg functions (e.g. including those very prolonged con-
tractionss needed for the maintenance of posture against 
thee force of gravity). In order to get a first impression of 
howw the investigated muscles might have differed in 
thesee respects, we analysed the extent to which the indi-
viduall  4-min sampling periods were occupied by activi-
ty.. Muscles with only "tonic" postural roles might be ex-
pectedd to show either no activity or prolonged periods of 
continuouss activity, producing either zero or relatively 
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Fig.. 5A-D Frequency of occurrence of 4-niin samples with short-
andd long-lasting total durations of activity among different mus-
cles.. Data shown for the two muscle recording sites with the 
smallestt daily duty limes (EDL, TAA; A, B) and for those with 
largestt daily values (SOL. PLP; C, D). A and C show the frequen-
cyy of occurrence of samples with relatively short-lasting ("pha-
sic")) activity. Bin duration here is 1% of the sampling time, and 
dataa are shown for the frequency of occurrence (percentage) of 4-
minn sampling periods with total non-zero on-times in the range 
fromm 0-1% up to 9-10% (for zero values, see Fig. 3B). B and D 
showw the frequency of occurrence of samples with relatively long-
lastingg ("tonic") activity. Bin duration here is 10% of the sampling 
time,, and data are shown for the frequency of occurrence (percent-
age)) of 4-min sampling periods, with total on-times in the range 
fromm 10-20% up to 90-100%. For each muscle recording site, 
consecutivee mean frequency values are connected by straight lines 

highh duly times per sampling period. Muscles with main-
lyy "phasic" tasks in the execution of movement might, on 
thee contrary, be expected to show many sampling periods 
withh low duty times and few with a high one. 

Thee graphs of Fig. 5 show the distribution of duty 
timess for two of the least and two of the most active 
musclee recording sites studied: the low-duty cases of 
EDLL and TAA (Fig. 5A,B) and the contrasting high-duty 
casess of PLP and SOL (Fig. 5C,D; see Fig. 3A for mean 
dailyy duty times). The most commonly encountered non-
zeroo samples were those with the least duration of activi-
tyy (peak at lowest bin, corresponding to non-zero sam-
pless with only less than 1% duty time; Fig. 5A,C); this 
wass true for all of the eight sampled muscle regions of 
thee present study. Thus, as was indicated also from de-
tailedd inspections of the raw EMG, all muscles apparent-
lyy take part in phasic bursts of activity such as those as-
sociatedd with the many kinds of brief ankle movement 
and/orr transient postural corrections. 

Forr all muscle recording sites, there was a gradually 
decreasingg frequency of occurrence of samples with lon-
gerr relative duty times. The recording sites differed very 
markedlyy from each other, however, with regard to the 
frequencyy of occurrence of long duty times (see 
Fig.. 5B,D), i.e. presumably with respect to their roles in 
thee maintenance of posture. The ranking of muscle re-
cordingg sites with regard to their mean duty time per 
244 h (Fig. 3A) was identical to that obtained with respect 

too the relative occurrence of samples with duty times of 
20%% or more (Fig. 3B; see Table 1 for statistics). Inter-
estingly,, the relative frequency of zero-activity sampling 
periodss was clearly ranked in a different way between 
thee muscles and muscle portions (Fig. 3B, line and cir-
cles). . 

Ass the present study concerns the total on-times of 
thee various muscles, part of the activity was associated 
withh very weak contractions, sometimes seemingly gen-
eratedd by one or a few recorded motor units. Such single-
unitunit activity could be recorded, at one time or another, in 
alll  the investigated muscle portions. The various muscle 
recordingg sites differed markedly, however, with regard 
too how often single-unit activity occurred and how well 
itt was maintained. In EDL, for instance, seemingly sin-
gle-unitt activity was seen only incidentally and it was 
thenn usually limited to only a few repetitive spikes (see 
alsoo Hennig and L0mo 1985). On the other hand, in PL 
andd particularly in SOL, prolonged single-unit activity 
wass regularly seen, occasionally being recorded through-
outt almost all of the sampling period of 4 min. As might 
bee expected for weak (postural) contractions, the appear-
ancee of (prolonged) single-unit activity did not necessar-
il yy coincide with externally visible movements of the 
cat'ss hindleg. 

Discussio n n 

Thee main new results and new conclusions of the present 
studyy are: 

1.. Under the present experimental conditions, ankle mus-
cless of adult cats were active between about 2 and 14% 
off  total time per day (Fig. 3A). 
2.. The various muscles differed markedly from each oth-
err in this respect (Figs. 3, 4); even for mixed muscles of 
mainlyy fast-unit composition (i.e. all the studied muscles 
exceptt SOL) the daily activity durations varied by a fac-
torr 5, from 1.9 to 9.5% of total time (Fig. 3 A). 
3.. Also within single muscles there were consistent dif-
ferencess in daily duty time between different muscle re-
gionss (Fig. 4). 
4.. The level of daily duty time showed no clear correla-
tionn with the extent of total absence of activity during 
samplingg periods (Fig. 3B, circles and lines); hence, 
(heree was no evidence that differences in daily duty time 
weree predominantly caused by differences in the fre-
quencyy of occurrence of motor tasks engaging the vari-
ouss muscles. 
5.. Al l muscles showed a preponderance of brief activity 
periodss (Fig. 5 A,C), whereas only those with a high dai-
lyy duty time also had many sampling periods filled with 
long-durationn activity (Figs.3, 5B,D). Thus, the differ-
encess in daily duty time seemed mainly to have been 
causedd by differences in prolonged postural tasks of the 
variouss muscles. 

Whenn evaluating our results, it should be taken into ac-
countt that, in this first analysis of a large and highly 

http://Acti.it/
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complexx material, we have limited ourselves to almost 
thee simplest possible types of quantification: (a) the 
amountt of activity has only been measured with regard 
too the cumulative on-times for whole muscles and mus-
clee regions (Figs. 3, 5); (b) the timing of activity has on-
lyy been evaluated in a coarse-grain manner, taking the 4-
minn standard sampling period as the smallest unit inves-
tigatedd <Figs.3B, 5). Restriction (a) means that we have 
essentiallyy been comparing muscles with regard to the 
activityy times of their most easily recruited units, i.e. 
presumablyy their slow-twitch S-units (reviews, Burke 
1981;; Kernell 1992). For a more complete picture of the 
totall  daily amount of muscle activity, one would also 
havee had to quantify the intensities of muscle activation 
overr time (for examples of such measurements, see Al-
aimoo et al. 1984; Pierotti et al. 1991; Stein al. 1992; 
Blewettt and Elder 1993; Fuglevand et al. 1995). Howev-
er,, as we wanted to compare different muscles, this in-
volvess problems of a considerable complexity (e.g. how 
too calibrate intensity levels of different muscles such that 
theyy fairly may be compared? How to evaluate relative 
degreess of motoneurone recruitment?). We felt this has 
too be further analysed and measured in future investiga-
tions.. Pool-behaviour problems of a similar kind have re-
centlyy been analysed in complex theoretical models (e.g. 
Heekmann and Binder 1991; Fuglevand et al. 1993). 

Durationss of daily duty time in different muscles 

Thee only preceding measurements from cats concern two 
off  the present five muscles: LG and SOL as studied by 
Alaimoo et al. (1984). Data from their study would give 
meann daily duty times of 23.1% for SOL and 10.1% for 
LG.. Thus, also in their measurements the mean duty 
timess for SOL were about twice those for LG (see 
Fig.. 3A). However, for both muscles the level of activity 
wass much higher for the young cats of Alaimo et al. 
(1984;; aged about 6 months) than for the older animals 
off  the present investigation (age during measurements, 
aboutt 4-6 years). 

Inn other species, long-term measurements of motor 
on-timeson-times have only been done for single units in rats 
(EDL,, SOL, Hennig and L0mo 1985) and for various 
muscless in man (measurements during 8-h working day. 
Monsterr et al. 1978; hand muscle measurements during 
19-23-h,, Fuglevand etal. 1995). 

Inn the study of Hennig and L0mo (1985), the recorded 
EDLL units were presumed to be of type FF (fast-twitch 
fatiguable)) or FR (fast-twitch fatigue-resistant). The pre-
sumedd FF units had daily duty times of 0.04-0.22% 
0i=5)) and for the presumed FR units the values were 
1.6-5.0%% (n=5). Thus, the presumed FR units of these 
ratss had daily duty times overlapping with the EDL mus-
cless of the present cats (Fig. 3A). However, as was ob-
servedd above, whole-muscle values for daily duty times 
aree presumably reflecting the duty times of the most eas-
ilyy recruited S-units in the respective muscles. The pre-
sumedd FR units of Hennig and L0mo (1985) were not 

identifiedd with regard to contractile properties; hence, it 
remainss uncertain whether this fraction might also have 
includedd some S-units. It would be interesting to know, 
forr comparison, what the daily duty time would be for a 
whole-musclee EDL recording in the rat. The SOL units 
off  the Tat (Hennig and L0mo 1985) had duty times of 
22-35%,, which overlap with, but tend to be even longer 
than,, the present SOL values from cats (5-28%; see 
Fig.. 3A). 

Dutyy times calculated for human muscles often fall in 
thee range covered by our recordings from the cat (means 
2_14%;; Fig. 3A; see Monster et al. 1978; Fuglevand et 
al.. 1995); this is true also for muscles studied in both 
speciess (e.g. LG, PL). Similarities and differences be-
tweenn results from these two species will be further dealt 
withh elsewhere in connection with an analysis of the re-
lationshipss between the activity durations of muscles and 
theirr histochemical composition (D. Kernell, E. Hensber-
gen,, A. Lind, O. Eerbeek, unpublished work). 

Thee present mean durations of daily duty time for (S-
unitss of) mixed ankle muscles of cats (1.9-9.5%, 
Fig.. 3A) fit well, in certain respects, to earlier results 
concerningg the effects of chronic stimulation on muscle 
properties.. Such studies have demonstrated that stimula-
tionn covering only 0.5% of daily time was insufficient 
forr increasing either the percentage of slow-like type I fi-
bress (identification by myofibrillar ATPase) or the fa-
tiguee resistance of the muscles. Both types of change 
were,, however, seen after stimulation during 5% of total 
dailyy time (dat? for PL; Kernell et al. 1987a,b). As 0.5% 
iss below even the shortest daily duty time of the present 
muscless (mean 1.9% for EDL in Fig. 3A; range 
0.6-3.5%),, chronic stimulation covering this limited du-
rationn per day would very likely be insufficient for pro-
ducingg S-unit-like activity levels in fast-twitch units; a 
relativerelative lack of F-to-S conversion is, then, not surprising. 
Onn the other hand, a 5% daily duration of artificial 
"training""  would cause all the fast-twitch units to be ac-
tivee with duty times apparently overlapping with those of 
manyy ankle-muscle S-units (Fig. 3A); accordingly, with 
thiss daily regime, fatigue-resistance improved and the 
percentagee of type I fibres increased (Kernell et al. 
1987a,b). . 

Whyy different duty times in different muscles 
andd muscle regions? 

Theree are at least two main reasons why muscles might 
differr in their daily duty time: (1) the kinds of motor be-
haviourr (e.g. particular movements) in which they are at 
alll  involved might differ in daily frequency; (2) for the 
samee kinds of motor behaviour, the muscles might differ 
inn the degree to which they have a prolonged joint-stabi-
lizingg (postural) task. If the first explanation were the 
majorr one, one might expect muscles with different daily 
dutyy times to rank in the corresponding way for zero ac-
tivity ,, i.e. the least active muscles would then be rarely 
activee because they often remained silent while motor 



49 9 

behaviourr was handled by other muscles. Although such 
differencess might play a role, ihe data do not support this 
ass a main explanation: at least when analysed per 4-min 
samplingg period, zero activity was not ranked as a mirror 
imagee of the mean duty times (Fig. 3). On the other 
hand,, the data are in good accordance with explanation 
2:: whenever activity was at all present, individual sam-
plingg periods with long on-times were more common for 
muscless with long 24-h mean on-times than for those 
withh short ones (Figs. 3B. 5B,D). Although the time res-
olutionn of our analysis was relatively "coarse-grain" (in-
dividuall bursts not measured), our findings are in good 
agreementt with those published for human muscles by 
Monsterr et al. (1978), in which the total duration of 
EMGG activity during an 8-h day was related to the mean 
durationn of ihe EMG bursts bul not their total number. In 
thee cat, the existence of differences in postural role are 
welll known for the homogenously slow SOL compared 
withh other heads of triceps surae (review, Burke 1981). 
Thee present data indicate that, with regard to prolonged 
posturall tasks, marked differences of this general kind 
alsoo exist between various mixed ankle-joint muscles. 

Wee did not only find differences in daily duty time 
betweenn different whole muscles but also between differ-
entt muscle regions (Fig. 4). These results lend further 
supportt to the notion that muscles do not behave in a re-
gionallyy homogenous manner in motor behaviour (see 
Chanaudd et al. 1991). Preceding studies have shown that, 
att least in certain muscles, the distribution of muscle ac-
tivityy is not only heterogenous but may also differ per 
motorr task (e.g. biceps brachii of man, Jongen et al. 
1989;; PL of cats, Hensbergen and Kernell 1992). The 
consistentt intramuscular differences in daily duty time, 
ass illustrated in Fig. 4, are likely to reflect, primarily, the 
typee of heterogenous distribution of activity that is valid 
forr prolonged postural tasks. Interestingly, for PL a pos-
teriorr dominance of activity in relatively long-lasting dis-
chargess (seconds) tended to occur also in anaesthetized 
animals;; the muscle was then activated by stimulation of 
aa peripheral nerve or of the motor cortex (Kandou and 
Kernelll 1989). 
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