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Chapter 

Duty time of rabbit jaw muscles 
varies with the number 

of activity bursts 
 
 

 
 
 
Abstract 
 

The relative duration of muscle activity during a specified period (duty time) varies 
depending on activity level and time of the day. As both the number and the length of 
activity bursts contribute to the duty time, it was hypothesized that these variables would 
show intraday variations similar to those of the duty time. To test this, duty times, burst 
numbers, and burst lengths were determined per hour in relation to multiple activity levels 
in a 24-hour period of concurrent radio-telemetric long-term electromyograms of various 
rabbit jaw muscles. The marked intraday variation of the burst number resembled that of 
the duty time in all muscles and contrasted with the relatively invariable mean burst length. 
Furthermore, the duty time was more highly correlated with the number than with the 
length of bursts at all activity levels. Thus, the variation of the duty time in rabbit jaw 
muscles is caused mainly by changes in burst numbers. 
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Introduction 
 

The evaluation of long-term electromyograms (EMG), used for quantifying the functional 
use of muscles during normal daily activity, frequently includes the determination of the 
duty time as the relative duration of muscle activity during a specified period (Hensbergen 
and Kernell, 1997; Kern et al., 2001). The duty time is a valuable measure of 
neuromuscular activity and reflects the duration of mechanical loading of structures 
connected to the muscle. It is the summation of both postural and phasic muscle activities, 
and provides information on the force magnitude, which plays a crucial role in muscular 
(Kernell, 1992; Pette and Staron, 1997; Pette, 2002) and skeletal (Burr, 1997; Turner, 2000; 
Ferretti et al., 2003) tissue remodeling, only when related to various levels of muscle 
activity. The fiber-type composition of jaw muscles, for instance, has been shown to be 
related to their duty time only for activations exceeding 20% of the maximum activity (van 
Wessel et al., 2005c). Differences in the duty time, between muscles or muscle groups, 
reflect differential activation by the central nervous system and differential loading, which 
influences mass, architecture, and mechanical properties of mechano-sensitive tissues. The 
duty time in itself cannot discriminate how muscle activity is generated, since it is the 
cumulative length of all individual activity bursts during a specified period. Therefore, it 
has been suggested to differentiate between the number and the lengths of the bursts (Mork 
and Westgaard, 2005; van Wessel et al., 2005b, 2005d). Both the number (Turner et al., 
1994; Fritton et al., 2000; Robling et al., 2002) and the rate (Turner et al., 1995) of loading 
cycles influence bone adaptation, which is most efficient within a small range of loading 
frequencies (Warden and Turner, 2004). Muscle contractions contribute to bone loading, 
and additional information on the regularity and rhythmicity of the latter may be obtained 
by assessing the number and length of intervals between muscle activations. 

The duty time of a muscle varies depending on activity level (Langenbach et al., 2004) 
and time of the day (Hensbergen and Kernell, 1998; Grünheid et al., 2005). Since the duty 
time is related to both the number and the length of bursts, this intraday variation might 
result from a change in the burst number, an alteration in the burst length, or a combination 
of both. Up to now, the influences of these distinct variables have not been elucidated, and 
it is unknown whether they differ between muscles and, like the duty time, depend on the 
level of neuromuscular activation.  

The aims of this study were to compare the habitual activity of various jaw muscles by 
means of concurrent radio-telemetric long-term EMG recordings of rabbit masticatory 
muscles as an example of a multi-muscle system. Its further aims were to assess the 
intraday variation of multiple EMG variables, and to examine how variations in duty time 
are associated with burst numbers and burst lengths. Since both variables contribute to the 
duty time, it was hypothesized that they would show intraday variations similar to those of 
the duty time. 
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Materials and methods 
 

Animals 
 

Six healthy adult male New Zealand White rabbits (Oryctolagus cuniculus, Harlan, Horst, 
the Netherlands), aged 5 to 12 months, each weighing from 2,800 g to 5,000 g, were housed 
individually, fed a pelleted laboratory diet and water ad libitum, kept in a room with 
a 12-hour light-dark cycle beginning at 7 a.m., and were allowed an acclimatization period 
of 2 weeks. Except for daily care, the animals were left undisturbed to minimize external 
influence.  
 
Experimental procedure 
 

Experiments were approved by the institutional Animal Ethics Committee, and were 
performed according to the experimental procedure and with the telemetric system 
previously described in detail elsewhere (Langenbach et al., 2002, 2004; Grünheid et al., 
2005; van Wessel et al., 2005d). In brief, a four-channel transmitter device for biopotential 
recording (F50-EEEE, Data Sciences International, St. Paul, MN, USA) was placed 
subcutaneously in the shoulder area of each animal. Bipolar fine wire electrodes, each 
consisting of two silicone-insulated stainless steel wires (diameter 0.45 mm) with bared 
ends (length 5 mm), were used to record intramuscular EMGs. The electrodes were 
subcutaneously led to an incision in the right submandibular region, inserted by means of a 
hypodermic needle (Nuijens et al., 1997) and parallel to the fiber direction into predefined 
locations of the right anterior superficial and posterior deep masseter, the medial pterygoid, 
and the digastric muscles, and sutured at the muscle surfaces to prevent dislodging. Surgery 
was performed with the animals under general anesthesia.  

Muscle potentials were simultaneously sampled at 250 Hz, transmitted to a receiver 
(RMC-1, Data Sciences International, St. Paul, MN, USA), and stored on a computer hard 
disk for subsequent analysis using a data acquisition system (DataQuest A.R.T. 2.3, Data 
Sciences International, St. Paul, MN, USA). After continuous recording for 10 days, the 
animals were killed by an overdose of pentobarbital (Nembutal, Sanofi Sante, Maassluis, 
the Netherlands). The signals were sampled for another 5 minutes to determine the level of 
recorded noise for each muscle. Only signals with amplitudes 10 times higher than the 
estimated noise level (0.08 �V–0.24 �V) were processed further. Inaccurate electrode 
location at the time of dissection led to exclusion of the medial pterygoid muscle in two 
animals, and to exclusion of the posterior deep masseter muscle in another animal.  
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Data processing and analysis 
 

For each animal, continuous EMGs of a 24-hour period, recorded more than 7 days after the 
surgical procedure (Leon et al., 2004), were analyzed. EMG signals were filtered (5 Hz 
high pass), rectified, and averaged over 20 ms (Spike2 5.06, Cambridge Electronic Design 
Ltd., Cambridge, UK). All EMG samples were indexed for their amplitudes (steps of 1 �V), 
and the 0.001% samples with the largest EMG amplitudes (i.e., 43 samples) were excluded 
to eliminate potential artifacts (van Wessel et al., 2005d). The peak-EMG, defined as the 
largest amplitude of the remaining 99.999% of the samples, indicated the maximum activity 
for that day, and was used for EMG normalization (Knutson et al., 1994). Activity levels 
were expressed as percentages of this peak-EMG. Data were analyzed using automated 
custom-made codes within the Spike2 software, to quantify hourly burst numbers, burst 
lengths, burst interval numbers, burst interval lengths, and duty times. The rectified and 
averaged EMG of each muscle was scanned to locate all bursts exceeding activity levels  
of 2%, 5%, 10%, 20%, 50%, and 90% of the peak-EMG (Fig. 4.1). A burst was defined as a 
series of consecutive samples with amplitudes exceeding a specified activity level; a burst 
interval was defined as the time interval between two bursts. Duty time was defined as the 
relative time per hour during which a muscle was active, and was determined as the 
cumulative length of the EMG samples having amplitudes larger than the predefined 
activity levels.  
 
Statistical analysis 
 

The duty times were plotted against the corresponding burst numbers and mean burst 
lengths for the analyzed period, separately for each muscle, animal, and activity level. 
Coefficients of determination were calculated from partial correlations to identify the 
proportions of variance in duty time attributable to burst number and burst length. 
Subsequent averaging provided mean values and standard deviations of the coefficients of 
determination for all animals.  

Mean values and coefficients of variation (CV) of duty times, burst numbers, mean 
burst lengths, and burst interval lengths, obtained during the 24 consecutive hour-long 
periods, were calculated separately for each animal, muscle, and activity level. These 
values were subsequently averaged over all animals. Differences among muscles were 
tested for statistical significance, for each activity level separately, by analysis of variance 
for repeated measurements where data were normally distributed (Shapiro-Wilk test), and 
by the Friedman test with the Wilcoxon signed-ranks test as post hoc pairwise comparison 
procedure where data were not normally distributed. Statistical analyses were performed 
using SPSS 12.0.1 (SPSS Inc., Chicago, IL, USA) with P-values of less than 0.05 
considered statistically significant. 
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Figure 4.1 Example of an EMG recording and details for quantification of individual bursts. (A) Segment of a 
processed and rectified EMG recorded from the posterior deep masseter of animal #4 during normal daily oral 
behavior. (B) Expanded view at the location of the arrow shown in (A). The broken lines indicate activity levels, 
expressed as percentages of the maximum activity (peak-EMG) of this muscle for that day. EMG activity was 
based on the number and lengths of bursts with amplitudes exceeding 2%, 5%, 10%, 20%, 50%, and 90% of the 
peak-EMG. Bursts were grouped to determine the duty times at these activity levels.  
 
 
Results 
 

The hourly duty times, burst numbers, and burst lengths are summarized in Tables 4.1–4.3. 
At each activity level, the number of burst intervals was on par with the number of bursts. 
The mean burst rate at the lowest activity level, hence also including the bursts present at 
higher activity levels, was 1.899 bursts per second whereas at the 90% activity level it 
was 0.001 bursts per second. In hours with high duty times, the burst interval lengths had 
lower standard deviations than in hours with low duty times. This finding was most 
pronounced at 5%–10% of the peak-EMG. 
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Table 4.1 Hourly duty times of rabbit jaw muscles at various activity levels. 
 

 Duty time 

 Relative duration (%) CV (%) 
2%a 

 Superficial masseter 12.79 ± 3.38 35.86 ± 12.91 
 Deep masseter 13.53 ± 3.96 44.93 ± 8.54 
 Medial pterygoid 15.68 ± 6.60 44.18 ± 10.80 
 Digastric 16.10 ± 7.56 42.41 ± 13.04 
5%a 
 Superficial masseter 5.77 ± 1.73 50.82 ± 15.06 
 Deep masseter 6.15 ± 2.47 61.39 ± 17.61 
 Medial pterygoid 5.46 ± 2.48 66.71 ± 11.52 
 Digastric 6.65 ± 5.19 47.90 ± 15.93 
10%a 
 Superficial masseter 2.85 ± 0.82 67.52 ± 12.85 
 Deep masseter 2.96 ± 1.56 77.15 ± 27.24 
 Medial pterygoid 2.03 ± 0.74 86.30 ± 9.45 
 Digastric 2.36 ± 2.77 53.01 ± 15.60 
20%a 
 Superficial masseter 1.11 ± 0.42 86.79 ± 9.30 
 Deep masseter 0.95 ± 0.65 92.31 ± 27.31 
 Medial pterygoid 0.64 ± 0.27 108.01 ± 15.74 
 Digastric 0.55 ± 0.92 65.51 ± 15.49 
50%a 
 Superficial masseter 0.11 ± 0.05b, c 116.89 ± 15.63 
 Deep masseter 0.08 ± 0.06 126.91 ± 17.27 
 Medial pterygoid 0.06 ± 0.03b 137.18 ± 27.91 
 Digastric 0.03 ± 0.04c 141.32 ± 93.60 
90%a 
 Superficial masseter 0.0030 ± 0.0008d 151.21 ± 22.43 
 Deep masseter 0.0030 ± 0.0007 191.93 ± 60.59 
 Medial pterygoid 0.0023 ± 0.0007 184.25 ± 26.90 
 Digastric 0.0017 ± 0.0003d 194.87 ± 90.16 
 
Results are mean values ± standard deviations. CV, coefficient of variation. 
a Activity level, expressed as percentage of the peak-EMG. 
b, c, d Groups depicted by the same superscript are statistically significantly different, P < 0.05. 
 
 

Notwithstanding marked similarities, a few statistically significant differences among 
muscles were revealed: The duty time of the superficial masseter was higher than that of the 
medial pterygoid at the 50% activity level, and higher than that of the digastric at both 
the 50% and 90% activity levels. These differences were accompanied by larger numbers of 
bursts and burst intervals in the superficial masseter than in both medial pterygoid and 
digastric muscles at the 50% activity level. The mean burst lengths differed only between 
the superficial masseter and the digastric muscles at the 10% activity level.  
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Table 4.2 Hourly burst numbers of rabbit jaw muscles at various activity levels. 
 

 Burst number 

 Counts CV (%) 
2%a 

 Superficial masseter 7,385 ± 5,609 26.31 ± 14.32 
 Deep masseter 5,499 ± 1,701 35.61 ± 8.91 
 Medial pterygoid 8,601 ± 4,084 30.29 ± 13.30 
 Digastric 5,863 ± 1,487 34.88 ± 10.72 
5%a 
 Superficial masseter 3,311 ± 2,173 42.36 ± 14.52 
 Deep masseter 2,958 ± 921 50.84 ± 11.70 
 Medial pterygoid 3,125 ± 1,519 55.00 ± 16.89 
 Digastric 3,550 ± 1,485 46.46 ± 17.61 
10%a 
 Superficial masseter 1,640 ± 455 59.64 ± 13.37 
 Deep masseter 1,812 ± 792 71.18 ± 26.50 
 Medial pterygoid 1,354 ± 454 74.67 ± 11.74 
 Digastric 1,650 ± 1,521 52.34 ± 18.33 
20%a 
 Superficial masseter  823 ± 251 80.86 ± 9.38 
 Deep masseter  752 ± 477 90.30 ± 30.72 
 Medial pterygoid  520 ± 193 98.11 ± 16.85 
 Digastric  502 ± 794 59.07 ± 10.57 
50%a 
 Superficial masseter  121 ± 51b, c  111.34 ± 13.33 
 Deep masseter  91 ± 68  122.69 ± 24.57 
 Medial pterygoid  67 ± 37b  127.43 ± 26.55 
 Digastric  33 ± 59c  125.33 ± 83.10 
90%a 
 Superficial masseter 3.66 ± 2.27  187.18 ± 86.73 
 Deep masseter 4.60 ± 1.85  184.41 ± 52.95 
 Medial pterygoid 4.60 ± 3.14  187.04 ± 33.40 
 Digastric 2.30 ± 0.75  201.01 ± 91.30 
 
Results are mean values ± standard deviations. CV, coefficient of variation. 
a Activity level, expressed as percentage of the peak-EMG. 
b, c Groups depicted by the same superscript are statistically significantly different, P < 0.05. 
 
 

The CVs of the duty times and burst numbers document the considerable variation of 
these variables over the course of the day (Tables 4.1 and 4.2). In contrast, the mean burst 
lengths were markedly less variable over the time course (Table 4.3). The variance of all 
examined EMG variables did not differ significantly among the muscles, suggesting similar 
variation in all muscles. The degree of these variations increased, however, with rising 
activity level.  
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Table 4.3 Hourly burst lengths of rabbit jaw muscles at various activity levels. 
 

 Burst length 

 Duration (ms) CV (%) 
2%a 

 Superficial masseter 93.41 ± 5.35 11.61 ± 4.72 
 Deep masseter 97.22 ± 8.69 12.54 ± 2.92 
 Medial pterygoid 88.12 ± 12.36 19.57 ± 6.34 
 Digastric 112.16 ± 42.09 12.42 ± 4.14 
5%a 
 Superficial masseter 76.53 ± 8.66 13.26 ± 4.23 
 Deep masseter 76.63 ± 9.09 13.52 ± 4.05 
 Medial pterygoid 70.86 ± 8.52 13.54 ± 2.74 
 Digastric 69.54 ± 19.80   8.55 ± 2.95 
10%a 
 Superficial masseter 63.29 ± 6.63b 12.60 ± 4.56 
 Deep masseter 58.07 ± 4.53 11.73 ± 1.93 
 Medial pterygoid 55.92 ± 7.05 11.72 ± 0.30 
 Digastric 49.16 ± 10.11b   9.92 ± 2.59 
20%a 
 Superficial masseter 47.52 ± 4.23 12.69 ± 6.09 
 Deep masseter 46.00 ± 3.64 13.29 ± 3.80 
 Medial pterygoid 44.45 ± 5.95 14.47 ± 4.14 
 Digastric 39.28 ± 2.72 18.19 ± 20.52 
50%a 
 Superficial masseter 28.78 ± 2.66 26.01 ± 17.70 
 Deep masseter 33.03 ± 4.47 30.36 ± 21.45 
 Medial pterygoid 33.74 ± 2.80 58.21 ± 44.68 
 Digastric 31.11 ± 5.68 64.78 ± 48.40 
 
Results are mean values ± standard deviations. Burst lengths at the 90% activity level are not shown because they 
were partially below the measuring limit (20 ms) of the system used. CV, coefficient of variation. 
a Activity level, expressed as percentage of the peak-EMG. 
b Groups depicted by the same superscript are statistically significantly different, P < 0.05. 
 
 

Scatter plots of duty times against burst numbers and burst lengths (Fig. 4.2) revealed 
positive linear relationships between these variables in all examined muscles. The 
correlation between duty time and burst number was higher than that between duty time 
and burst length. The mean burst length of all examined muscles remained relatively 
constant over the time course in each individual animal. However, it differed significantly 
among the animals, indicating marked interindividual variation.  
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Figure 4.2 Correlated EMG activity of the examined jaw muscles. The scatter plots illustrate the relationships 
between the variables burst number, mean burst length and duty time at the activity level exceeding 5% of the 
peak-EMG. Panels consist of data obtained during continuous EMG recording for 24 hours with each data point 
representing 1 hour. Data from all animals are presented in the same graph to facilitate comparison. r = Partial 
correlation of the variables displayed in the panel, adjusted for the remaining variable (averaged over all samples; 
number of samples is shown below muscle name). 
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Table 4.4 Coefficients of determination calculated from partial correlations to identify the proportions of 
variance in duty time attributable to burst number and burst length of rabbit jaw muscles at various activity levels. 
 

 Coefficient of determination (r2) 

 Duty time - Burst number Duty time - Burst length 
2%a 

 Superficial masseter 0.8751 ± 0.2639 0.7918 ± 0.2015 
 Deep masseter 0.9661 ± 0.0313 0.8757 ± 0.0418 
 Medial pterygoid 0.6767 ± 0.4066 0.8487 ± 0.0819 
 Digastric 0.8383 ± 0.2857 0.7997 ± 0.1127 
5%a 
 Superficial masseter 0.9478 ± 0.0771 0.7563 ± 0.1465 
 Deep masseter 0.9785 ± 0.0107 0.7853 ± 0.0635 
 Medial pterygoid 0.9457 ± 0.0466 0.5811 ± 0.2482 
 Digastric 0.8914 ± 0.2280 0.6618 ± 0.1773 
10%a 
 Superficial masseter 0.9705 ± 0.0364 0.5935 ± 0.1379 
 Deep masseter 0.9920 ± 0.0084 0.7019 ± 0.0936 
 Medial pterygoid 0.9693 ± 0.0231 0.3191 ± 0.1815 
 Digastric 0.9365 ± 0.1156 0.5209 ± 0.2326 
20%a 
 Superficial masseter 0.9894 ± 0.0086 0.3902 ± 0.2549 
 Deep masseter 0.9932 ± 0.0030 0.3381 ± 0.1667 
 Medial pterygoid 0.9792 ± 0.0149 0.2386 ± 0.0733 
 Digastric 0.9105 ± 0.0857 0.3574 ± 0.2399 
50%a 
 Superficial masseter 0.9851 ± 0.0118 0.0892 ± 0.1369 
 Deep masseter 0.9846 ± 0.0246 0.1509 ± 0.1566 
 Medial pterygoid 0.8819 ± 0.2027 0.0802 ± 0.0457 
 Digastric 0.8223 ± 0.2801 0.0513 ± 0.0716 
90%a 
 Superficial masseter 0.7757 ± 0.3785 
 Deep masseter 0.9048 ± 0.1642 
 Medial pterygoid 0.6075 ± 0.3933 
 Digastric 0.7864 ± 0.3574 
 
Results are mean values ± standard deviations. Coefficients of determination based on burst lengths at the 90% 
activity level are not shown because the length of these bursts was partially below the measuring limit (20 ms) of 
the system used. 
a Activity level, expressed as percentage of the peak-EMG. 
 
 

The coefficients of determination (Table 4.4) of duty time and burst number increased 
with rising activity levels to values close to 1, indicating high amount of variability in duty 
time that could be accounted for by burst number. In contrast, the coefficients of 
determination calculated for duty time and burst length generally decreased with increasing 
levels of activity. 
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Discussion 
 

The EMG analysis performed in the present study provides a detailed and comprehensive 
description of the activity characteristics of various rabbit jaw muscles. In accordance with 
investigations of developing rabbit jaw muscles (van Wessel et al., 2005b), the duty times 
and the burst numbers differed significantly among the superficial masseter, medial 
pterygoid, and digastric muscles only at activity levels exceeding 50% of the peak-EMG. 
Differences in total activity duration reflect, to a great extent, differences in the postural 
role of muscles. Duty times are typically higher in muscles contributing predominantly to 
postural activity than in those contributing predominantly to phasic activity (Hensbergen 
and Kernell, 1997, 1998; Hodgson et al., 2001). Activities exceeding 50% of the peak-
EMG include only the most powerful tasks. This constitutes infrequent activation of 
muscles, which, in the present study, added up to, on average, only 2.42 seconds per hour. 
The vast majority of oral motor tasks, however, were reflected by activity levels below 50% 
of the peak-EMG. The absence of significant intermuscular differences at these activity 
levels showed that during concerted functional use the activation patterns of various jaw 
muscles have marked similarities and supports previous suggestions that jaw muscles are 
responsible for both postural and motor activities (Grünheid et al., 2005).  

Considering the scarceness of significant differences between the determined duty 
times, it can be assumed that the duration of mechanical loading by muscle forces is similar 
in the attachment areas of all examined muscles. The burst numbers obtained at the various 
activity levels suggest separation of the mechanical loading into thousands of short bouts at 
low activity levels, which contrast with the very few loading cycles at high activity levels. 
The high burst numbers and the low standard deviations of burst interval lengths in the 
hours with the highest duty times show that the mechanical loading occurred at a relatively 
high frequency and regularity, possibly caused by the execution of predominantly rhythmic 
motor tasks, such as licking, drinking, or chewing.  

A positive relationship between loading frequency and bone formation has been 
reported (Hsieh and Turner, 2001; Robling et al., 2002), with bone response to rhythmic 
loads of 0.5 Hz and above (Turner et al., 1994, 1995). The results of the present study 
suggest that only jaw-muscle activities up to 20% of the peak-EMG satisfy the conditions 
required to influence bone formation during normal daily activity, since only these 
activities generated loading above 0.5 Hz. This muscle activity might be a determinant of 
the morphogenesis of the craniofacial skeleton (Kiliaridis, 1995), which is believed to be a 
secondary adaptation to the interaction of functional structures (Moss and Salentijn, 1969), 
because, in daily life, masticatory muscle function takes place all day long and stimulates 
bone and dentition continuously (Miyamoto et al., 1996; Saifuddin et al., 2001).  

The degree of variation in duty times and burst numbers was similar in all examined 
muscles at each activity level. Plotting the duty times and the burst numbers against the 
time of the day revealed similar circadian variations for both variables in all muscles of 
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each animal. In contrast, the degree of variation in the mean burst length was markedly 
lower, and, in general, the mean burst lengths were relatively invariable over the course of 
the day. The relatively high CVs at the 50% activity level suggest increasing variation. 
However, this might also result from a decreasing precision of burst length estimation, 
which approached the measuring limit of 20 ms. The average burst lengths differed 
significantly among the animals. Hence, in some animals, the same duty time was 
generated by a higher number of, on average, shorter bursts, whereas in others it was 
generated by a lower number of longer bursts. These intraindividually consistent, but 
interindividually different, burst lengths may be based on variations in muscle innervation 
patterns, or might point to differences in the habitual control of the motor system (Mork 
and Westgaard, 2005).  

Although duty time is, by definition, related to both burst number and burst length, the 
present study revealed its stronger correlation with burst number. The high coefficients of 
determination indicated that the variability in burst numbers accounted for high percentages 
of the variance in duty times. In contrast to the considerable intraday variations in duty 
times and burst numbers, the mean burst length was relatively invariable with various duty 
times. Together, these results provide evidence that the intraday variation in duty time was 
associated mainly with a change in burst number. Alterations in the burst lengths seem to 
influence the duty time only at low activity levels. The increase in the coefficients of 
determination calculated for the duty time and burst number with rising activation level 
suggests that the interdependence between these variables depends on the level of 
neuromuscular activation. 
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