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ABSTRACT 

Isometric bite force control, via measures of force accuracy, force steadiness and force 

proprioception, was assessed in patients with myogenic temporomandibular disorders (TMDs) 

compared to healthy controls. Twelve people with myogenic TMDs and twelve age- and 

gender-matched asymptomatic controls performed maximal voluntary contractions (MVC) of 

unilateral jaw clenching followed by submaximal isometric contractions, with and without 

visual feedback of force, at 10, 30 50% and 70% MVC. Force performance was assessed with 

indices of accuracy (mean distance, MD) and precision (standard deviation, SD) and reported 

as a percentage of the MVC. A mixed-effect model was used to evaluate differences in MVC, 

MD and SD. The MVC was lower in the patient group when clenching either ipsilateral or 

contralateral to the side of greatest pain (p<0.05). No difference in MD was observed between 

groups. The SD depended on the interaction between group and painful side (p = 0.04) with 

patients displaying higher SD when executing the task with the most painful side when 

compared to the ipsilateral or contralateral sides of the control group. The reduced maximal 

bite force and force steadiness observed in people with myogenic pain may interfere with 

masticatory function and should be considered when planning therapeutic interventions for 

TMDs. 
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INTRODUCTION 

Temporomandibular disorders (TMDs) refer to a heterogeneous group of conditions 

affecting the temporomandibular joint, masticatory muscles or both. The signs and symptoms 

of a TMD include pain together with functional and structural disturbances of the masticatory 

system [1, 2]. Even though the prevalence of TMDs varies considerably [3-7], they are the 

most common cause of orofacial pain of non-dental origin [8, 9], with women more affected 

than men [10]. 

TMDs are widely accepted to be a multifactorial disorder with biomechanical, 

neuromuscular and psychosocial factors all being potential contributing factors [2, 11]. 

Myogenic TMDs are one type of TMDs, mainly characterized by myofascial pain [2]. 

Craniomandibular function is dependent on the biomechanical and morphological components 

of the surrounding muscles and thus myogenic factors can play an important role in the 

development, perpetuation and maintenance of a TMD.  

Fine control of the masticatory muscles occurs via sensory motor integration at 

different level of the central nervous system, based on afferent input from the periodontium, 

periarticular soft tissues and the muscles themselves [12-14].  Patients with myogenic TMD 

may have impaired masticatory function due to limited jaw movements and/or the presence of 

muscle pain [15]. Several studies have demonstrated the influence of nociceptive stimuli on 

somatosensory and motor function in the orofacial region [16, 17] and experimentally evoked 

muscle pain alters proprioceptive signals arising from jaw muscle spindles [18]. Not 

surprisingly, bite force can be impaired in patients with TMDs [19-21]. However, a very 

limited number of studies have investigated the accuracy and control of bite force and those 

that have been conducted, were on asymptomatic people [22-24]. To the best of our 

knowledge, no studies have evaluated the accuracy of bite force control in patients with 

myogenic TMD. 
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The present study aimed to assess isometric unilateral bite force control, via measures 

of force accuracy, force steadiness and force proprioception in patients with myogenic TMD 

compared to healthy controls. It was hypothesized that patients would display lower task 

accuracy and precision in a visually guided jaw clenching task compared to asymptomatic 

people. It was also expected that even greater between group differences would be observed 

when the subjects were asked to reproduce force targets without visual feedback. 

 

METHODS 

Participants  

Twelve people (9 women) diagnosed with myogenic TMD and 12 age and gender 

matched asymptomatic controls were recruited for the study. Patients were assessed following 

the Diagnostic Criteria for Temporomandibular Disorders (DCTMDs) [2] and were included 

only if diagnosed with a pain related disorder of myogenic etiology (local myalgia, 

myofascial pain, myofascial pain with referral) with no other coexisting TMD diagnosis. 

Controls were included if they had no relevant history of craniofacial or neck pain/injury that 

limited their function and/or required treatment from a healthcare professional. Participants 

were excluded from both groups if they had any major circulatory, neurological, psychiatric 

or respiratory disorder, recent or current pregnancies, history of malignancy, previous spinal 

or craniomandibular surgery, dentures or dental bridges that do not allow the use of full bite 

force or absence of molar or premolar teeth (the absence of wisdom teeth was not considered). 

Participants were also excluded from both groups if they were taking medication such as 

opioids, anticonvulsants, antidepressants or regularly high dosed non-steroidal anti-

inflammatory drugs (NSAIDs), while NSAIDs as needed were allowed.  

Patients were recruited via the Universitätsmedizin Göttingen, Germany and controls 

via advertisement on University noticeboards. Initial screening was accomplished by 
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telephone and eligible persons attended a baseline evaluation appointment where they were 

screened by a dentist and a medical doctor.  Both groups were asked not to take NSAIDs on 

the day of the experiment. 

Ethical approval for the study was granted by the local Ethics Committee and the 

procedures were conducted according to the Declaration of Helsinki. Participants provided 

written informed consent prior to testing. 

Questionnaires 

A questionnaire was administered to the patient group to document their average pain 

intensity and duration of pain. Patients also completed the German version of the Jaw Pain 

and Function scale (JPF,32 items,[25]); a measure of pain and functional impairment of the 

masticatory system. German versions of the Pain Catastrophizing Scale (PCS, 13 items, [26]) 

and the Tampa Scale for Kinesiophobia (TSK-DE, 17 items, [27]) were used to assess pain 

catastrophizing and fear-avoidance beliefs respectively. The German version of the Neck 

Disability Index (NDI) was used to assess pain-related disability specifically related to neck 

pain (10 items; [28]). Finally, the patients were asked to verbally rate their current level of 

perceived pain intensity at the beginning of the measurement session on an 11 point Numeric 

Rating Scale (NRS) anchored with “no pain” (0) and “the worst possible pain imaginable” 

(10). 

Bite force 

Bite force was registered with piezoresistive force transducers (Flexiforce A201; 

Tekscan, US) with a maximum load of 784.5 N. The force signal was amplified (2-channel 

force amplifier, OT Bioelettronica, Torino, Italy), sampled at 15 Hz and converted to digital 

form by a 16-bit analog-to-digital converter. For comfort, the force transducers were wrapped 

in 20 mm silicone pads. Two circular metal pucks on both sides of the sensitive area of each 
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force sensor (9.7 mm diameter) provided correct force transmission. The force measuring 

device had a total thickness of 7 mm, width of 20 mm and length of 15 mm[29].  

Experimental procedure 

Participants were seated upright with their back, feet and arms supported, hips and 

knees at approximately 90 degrees. The force transducer was placed over the mandibular 

premolars with randomization of starting side. Unilateral bite force was visualized in real-time 

on a PC-monitor as a red cursor moving vertically. The monitor was placed at the subject’s 

eye-level at a distance of 100 cm. The cursor height on the screen and bite force were linearly 

linked and thus provided intuitive visual feedback.  

The highest of two maximal unilateral jaw clenching contractions was selected as the 

maximum voluntary contraction (MVC) for each side. Subjects were instructed to steadily 

build up their bite force to a maximum over 10 s. The maximal contractions were performed 

with verbal encouragement from an investigator and 60 s of rest was provided between 

contractions.  

Participants were then allowed to practice to reach and hold a 30% MVC for ~10 s to 

familiarize themselves with the task. They then performed contractions to match force targets 

representing 10, 30, 50 and 70% of MVC which were displayed randomly. The force targets 

were displayed as rectangular steps with heights corresponding to the target percentage of 

MVC with a standard length at the target force of 12 s followed by 15 s of rest. After each 

submaximal force target with feedback on force, the subject was asked to perform the exact 

same force task without visual feedback. The entire procedure of four contractions under the 

two conditions (feedback, no feedback) was repeated for the contralateral side after 5 min of 

rest (Fig.1).  
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Data analysis 

For the patient group, the painful and non-painful side were considered and in the case 

of bilateral symptoms, the side with the greatest pain intensity was considered as the painful 

side. 

The following indices were calculated for each force target to characterize the task 

performance as described previously [30]:  

- The Mean Distance (MD) indicates the overall task execution and is represented 

by the average value of the difference between the absolute values of the force 

delivered by the subject and the force target.  

-  The Standard Deviation (SD) characterizes the precision of the performance and 

measures the smoothness of force irrespective of the reference target. 

The force indices were computed over the central 10 s of each reference target and reported as 

a percentage of the MVC. These indices are valid and reliable measures to characterize jaw-

clenching performance [31]. 

  The data from the painful side of the TMD group were matched with the homologous 

side for the control group and the same was done with the contralateral sides of both groups, 

thus producing a variable “Matching” that served to model the analysis. 

  

Statistical analysis  

A mixed-effect model was used to evaluate differences in MVC, MD and SD. The 

distribution of data was firstly explored with a Cullen and Frey graph, and then the data were 

fit to candidate distributions and the goodness of fit assessed using the Anderson-Darling 

(AD) statistics and the Akaike Information Criterion (AIC) [32]. As the MVC (AD = 2.15, 

AIC = 3039.76) followed a Gamma distribution while MD (AD = 1.72, AIC = 2283.64) and 
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SD (AD = 0.6, AIC = 1768.36) followed a lognormal distribution, subsequent analyses were 

performed using a generalized linear mixed-effects model with Penalized quasi-likelihood 

estimation method [33]. The between-subjects variable Group (2 levels: patients, controls) 

and the within-subjects variables Matching (2 levels: matched, unmatched) were treated as 

fixed effects. In the model for MVC, the subjects were considered as crossed random effects 

with random slopes and intercepts across group. In the models for MD and SD, Feedback (2 

levels: with feedback, without feedback) and Target (4 levels: 10, 30, 50, and 70% MVC) 

were considered as nested random effects with random slopes and intercepts across group. 

The chi-squared test was used to assess model fit with p < .05 considered as significant. 

Significant interactions were further tested with multiple comparisons using the least square 

means approximation and p values were adjusted with the Tukey method [34]. All analyses 

were carried out in the R environment [35] using the lme4 package [36] and data were plotted 

using ggplot2 [37]. 

 Results are reported as mean and standard error in the Figures and as mean and 95% 

Confidence Intervals (CI) in the text and Tables.  

RESULTS 

Participant characteristics are presented in Table 1. No differences in age, weight or 

height were detected between groups (all p > .05). 

Maximal contractions  

The interaction between group and matching was not significant (χ
2 
(1) = 2.32, p = 

.12). However, a significant main effect of group was observed (χ
2 
(1) = 6.61, p = .01) with 

lower MVC values measured from the patient group (255.1 N, 95%CI = 192.7 – 337.5) 

compared to the control group (376.7 N, 95%CI: 321.9 – 440.9). 
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Force variables 

 Figure 2 presents the results of the MD (reported as % of MVC), presented for the 

different conditions and different force levels together with the intercepts for each level of the 

random variables across groups. Each level of the random effect variable Target nested in the 

feedback conditions, gave different intercepts to the model (represented as solid and dashed 

lines at the bottom of each panel in Figure 2) which increased across Target and Feedback 

with subtle effects of the variable Group on the random slope. For the condition with 

feedback, the intercepts were 1.32 for 10%MVC, 1.35 for 30%MVC, 1.60 for 50%MVC, and 

1.95 for 70%MVC. For the condition without feedback the intercepts were 1.80, 2.30, 2.65, 

and 2.97 for 10, 30, 50, and 70%MVC respectively.  

Neither the interaction between group and matching (χ
2 
(1) = 0.07, p = .79) nor the 

main effects of group (χ
2 
(1) = 0.79, p = .37) or matching (χ

2 
(1) = 0.99, p = .32) were 

significant (Figure 3).  

Data for the SD of force (reported as % of MVC) for the different conditions and 

different force levels are presented in Figure 4. In relation to the random effects, each level of 

the variable Target nested in the feedback conditions gave different intercepts to the model 

(represented as solid and dashed lines at the bottom of each panel in Figure 4) that were 

different between the condition with and without feedback. As for MD, the intercepts 

increased across force levels in the condition with feedback (10%MVC = 0.24, 30%MVC = 

0.85, 50%MVC = 1.45, 70%MVC = 2.19). The model intercepts were higher in the condition 

without visual feedback (10%MVC = 0.61, 30%MVC = 1.51, 50%MVC = 1.70, 70%MVC = 

1.27) despite a lower intercept of 70% MVC with respect to 30 and 50% MVC. 

The SD of force was dependent on the interaction between group and matched side (χ
2 

(1) = 4.21, p = .04). The multiple comparisons revealed that the SD of the most painful side of 
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the patient group (SD = 4.89, 95% CI = 3.48 – 6.90) was significantly higher than the 

matched side (response ratio = 0.66, t ratio = -3.28, p < .01) and the unmatched side (response 

ratio = 1.34, t ratio = 2.69, p < .05) of the control group (Figure 5). 

DISCUSSION 

An isometric force-matching task was used to assess differences in the control of 

unilateral jaw clenching force between patients with myogenic TMD and asymptomatic 

controls in conditions with and without visual feedback of force. A reduced maximal bite 

force and force steadiness was observed in people with myogenic TMD when performing 

submaximal contractions.  

Maximal contractions 

The maximal jaw clenching force measured for the control group (376.7 N), is 

comparable with previous reports [38, 39] even though some studies report higher values [40, 

41]. Maximal force had a clear tendency to be lower for the participants with TMD, regardless 

of the side tested. Previous studies show mixed results with some reporting lower maximal 

jaw clenching force in patients with TMD [38, 40] and others not [42, 43]. The lack of 

consensus in classifying TMD patients and the variety of dynamometers and procedures used 

to measure maximal force may partially explain these conflicting results. For example, 

locating the sensor between the more anteriorly positioned teeth, reduces the force output 

because of the disadvantageous lever arm [44]. Moreover, the heterogeneous character of 

TMDs makes it hard to directly compare results to other studies due to widely varying patient 

samples. The patients in the current study presented with relatively low levels of pain and jaw 

disability (Table 1) and maximal jaw clenching strength may be expected to be more affected 

in those with greater symptoms.  A reduced MVC could be attributed to an unconscious 

mechanism of pain anticipation. However no subject reported concern or actual pain during 
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the execution of the task. 

Submaximal contractions 

The values of the error indices in the asymptomatic controls were consistent with 

those found in the validation study of the gnatodynamometer which was used in this study 

[31]. Force steadiness was decreased for the patient group on the (most)painful side when 

compared to both sides of the control group thus reflecting the difficulty in delivering 

constant bite force regardless of the influence of feedback and force level. The presence of 

muscle pain may have increased the recruitment of larger motor units which produce larger 

and unfused twitches, resulting in increased force fluctuations [45, 46].  

Higher values of SD were observed for the patient group compared to the control 

group but only on the (most)painful side even if 75% of the patients reported bilateral 

symptoms. Higher than average fluctuations of force (SD) during submaximal contractions 

has been associated with muscle fatigue [47] and pain and has been observed for other chronic 

musculoskeletal pain disorders [48-50]. In the presence of pain, the central nervous system 

adopts compensatory strategies to accomplish motor tasks and this may involve the 

recruitment of motor units belonging to different muscle compartments [51] or modulation of 

synergistic and antagonistic muscle activity [52]. Such compensatory strategies can allow a 

motor task to be performed albeit with diminished precision, here represented by reduced 

force steadiness, namely an increase of the force signal variability which was independent 

from the target force level. The expectation of pain can also elicit compensatory strategies 

[53]. Reduced force steadiness has been previously identified in other body regions in the 

presence of chronic pain [41- 43] yet this is the first study to examine force control from the 

jaw elevator muscles in people with myogenic TMD. Further studies are needed to better 

clarify the neurophysiological mechanisms underpinning reduced force steadiness in chronic 

pain populations. 
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Contractions without visual feedback 

When visual feedback is used to maintain an isometric muscle contraction, voluntary 

visuomotor correction contributes to muscle force fluctuations, and therefore force steadiness 

may be greater in conditions without visual feedback [54, 55].  The present results in terms of 

model intercepts, however, show a tendency for increased force steadiness without feedback 

throughout the lower force range (10% 30% and 50%) and reduced force steadiness only for 

the contraction at 70% MVC. The reduction in force steadiness may however, not be a robust 

indicator in the condition without feedback. In contrast to previous studies where the subjects 

were asked to maintain a contraction force and then visual feedback was removed, in the 

present study the subjects were requested to reproduce a contraction force from a resting 

condition since the main interest was to assess their ability to replicate the force target 

(proprioception). We often observed that the force signal drifted away from the target during 

the conditions without feedback, which would have influenced the measurement of SD.  

As expected, the intercepts of MD were higher during the condition without feedback 

compared to the condition with feedback at force levels 30%, 50% and 70% MVC. However, 

at the lower force level (10% MVC), the subjects in both groups were able to replicate the 

force target with the same degree of accuracy as for the targets in the condition with visual 

feedback. This could be partly explained by the stimulus encoding properties of periodontal 

mechanoreceptors which are known to play a role in bite force development and fine motor 

regulation [56, 57]. Periodontal mechanoreceptor sensitivity to static tooth loading is highest 

at low forces [57, 58] which is physiologically sound since in normal chewing of mixed food, 

the forces rarely exceed 50–70 N [59]. Ten percent MVC is the only force level of our 

investigation falling within the physiological range of tooth loading. Thus, the findings 

suggest that at this low level of force, the information provided by the periodontal receptors 
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fully compensates for the lack of visual information, and that the presence of a myogenic 

TMD does not interfere with bite force control. 

Some methodological considerations should be noted. Firstly, the sample size was not 

determined a priori and a convenience sample was selected yet this formed a relatively small 

group. However, despite the small sample size, clear differences were identified between our 

patient and control group. Nevertheless, these results should not be generalized or 

extrapolated to all people with myogenic TMDs. The participants performed a number of 

tasks and muscle fatigue was not monitored across the experiment. However, randomization 

of the task sequence (side and force level) should have prevented bias due to muscle fatigue. 

Secondly, the study population presented with relatively low levels of pain which may not 

mirror the majority of myogenic TMD patients. Potentially, even greater disturbances in jaw 

control would be present in patients with higher levels of pain or disability.  

Piezoresistive sensors, like those used, present with a certain drift related to the time of 

continuous loading. Their drift was ascertained in a laboratory test which showed less than 

1% drift after 4 minutes of continuous loading with 390 N [29], which is of negligible clinical 

relevance. 

 

Conclusion 

Reduced maximal bite force and force steadiness was observed in people with 

myogenic TMD when performing submaximal jaw clenching contractions. Such impaired 

control of jaw clenching may interfere with masticatory function and should be assessed 

during the examination of the temporomandibular joint and considered when planning 

therapeutic interventions for people with a TMD. 

 



  

14 
 

 

 

 

 

REFERENCES 

 
1. McNeill, C., Management of temporomandibular disorders: concepts and controversies. J 

Prosthet Dent, 1997. 77(5): p. 510-22. 
2. Schiffman, E., et al., Diagnostic Criteria for Temporomandibular Disorders (DC/TMD) for 

Clinical and Research Applications: recommendations of the International RDC/TMD 
Consortium Network* and Orofacial Pain Special Interest Groupdagger. J Oral Facial Pain 
Headache, 2014. 28(1): p. 6-27. 

3. de Oliveira, A.S., et al., Prevalence study of signs and symptoms of temporomandibular 
disorder in Brazilian college students. Braz Oral Res, 2006. 20(1): p. 3-7. 

4. Choi, Y.S., et al., Temporomandibular disorders in 19-year-old Korean men. J Oral Maxillofac 
Surg, 2002. 60(7): p. 797-803. 

5. Rantala, M.A., et al., Symptoms, signs, and clinical diagnoses according to the research 
diagnostic criteria for temporomandibular disorders among Finnish multiprofessional media 
personnel. J Orofac Pain, 2003. 17(4): p. 311-6. 

6. Casanova-Rosado, J.F., et al., Prevalence and associated factors for temporomandibular 
disorders in a group of Mexican adolescents and youth adults. Clin Oral Investig, 2006. 10(1): 
p. 42-9. 

7. Poveda Roda, R., et al., Review of temporomandibular joint pathology. Part I: classification, 
epidemiology and risk factors. Med Oral Patol Oral Cir Bucal, 2007. 12(4): p. E292-8. 

8. Manfredini, D., et al., Age peaks of different RDC/TMD diagnoses in a patient population. J 
Dent, 2010. 38(5): p. 392-9. 

9. LeResche, L., Epidemiology of temporomandibular disorders: implications for the 
investigation of etiologic factors. Crit Rev Oral Biol Med, 1997. 8(3): p. 291-305. 

10. Velly, A.M., M. Gornitsky, and P. Philippe, Contributing factors to chronic myofascial pain: a 
case-control study. Pain, 2003. 104(3): p. 491-9. 

11. Oral, K., et al., Etiology of temporomandibular disorder pain. Agri, 2009. 21(3): p. 89-94. 
12. Lund, J.P., Mastication and its control by the brain stem. Crit Rev Oral Biol Med, 1991. 2(1): p. 

33-64. 
13. Trulsson, M. and R.S. Johansson, Orofacial mechanoreceptors in humans: encoding 

characteristics and responses during natural orofacial behaviors. Behav Brain Res, 2002. 
135(1-2): p. 27-33. 

14. Dellow, P.G. and J.P. Lund, Evidence for central timing of rhythmical mastication. J Physiol, 
1971. 215(1): p. 1-13. 

15. Kumbuloglu, O., et al., Clinical study on the comparison of masticatory efficiency and jaw 
movement before and after temporomandibular disorder treatment. Cranio, 2013. 31(3): p. 
190-201. 

16. Kogawa, E.M., et al., Evaluation of minimum interdental threshold ability in dentate female 
temporomandibular disorder patients. J Oral Rehabil, 2010. 37(5): p. 322-8. 



  

15 
 

17. Lobbezoo, F., M.K. van Selms, and M. Naeije, Masticatory muscle pain and disordered jaw 
motor behaviour: Literature review over the past decade. Arch Oral Biol, 2006. 51(9): p. 713-
20. 

18. Capra, N.F. and J.Y. Ro, Experimental muscle pain produces central modulation of 
proprioceptive signals arising from jaw muscle spindles. Pain, 2000. 86(1-2): p. 151-62. 

19. Hansdottir, R. and M. Bakke, Joint tenderness, jaw opening, chewing velocity, and bite force 
in patients with temporomandibular joint pain and matched healthy control subjects. J Orofac 
Pain, 2004. 18(2): p. 108-13. 

20. Kovero, O., et al., Maximal bite force and its associations with spinal posture and craniofacial 
morphology in young adults. Acta Odontol Scand, 2002. 60(6): p. 365-9. 

21. Molin, C., Vertical isometric muscle forces of the mandible. A comparative study of subjects 
with and without manifest mandibular pain dysfunction syndrome. Acta Odontol Scand, 
1972. 30(4): p. 485-99. 

22. Lewis, G.R., Aging and the accuracy of jaw muscle control. Gerodontology, 1988. 7(4): p. 139-
44. 

23. Lewis, G.R. and R. Yemm, Measurement of the ability to control jaw muscle forces in man. J 
Dent Res, 1983. 62(7): p. 821-4. 

24. van Steenberghe, D., et al., The precision of motor control in human jaw and limb muscles 
during isometric contraction in the presence of visual feedback. Arch Oral Biol, 1991. 36(7): p. 
545-7. 

25. Undt, G., et al., Cross-cultural adaptation of the JPF-Questionnaire for German-speaking 
patients with functional temporomandibular joint disorders. J Craniomaxillofac Surg, 2006. 
34(4): p. 226-33. 

26. Meyer, K., H. Sprott, and A.F. Mannion, Cross-cultural adaptation, reliability, and validity of 
the German version of the Pain Catastrophizing Scale. J Psychosom Res, 2008. 64(5): p. 469-
78. 

27. Rusu, A.C., et al., Fear of movement/(Re)injury in low back pain: confirmatory validation of a 
German version of the Tampa Scale for Kinesiophobia. BMC Musculoskelet Disord, 2014. 15: 
p. 280. 

28. Vernon, H. and S. Mior, The Neck Disability Index: a study of reliability and validity. J 
Manipulative Physiol Ther, 1991. 14(7): p. 409-15. 

29. Testa, M., et al., A validation study of a new instrument for low cost bite force measurement. 
J Electromyogr Kinesiol, 2016. 30: p. 243-8. 

30. Testa, M., et al., Alterations in Masticatory Muscle Activation in People with Persistent Neck 
Pain Despite the Absence of Orofacial Pain or Temporomandibular Disorders. J Oral Facial 
Pain Headache, 2015. 29(4): p. 340-8. 

31. Testa, M., M. Rolando, and S. Roatta, Control of jaw-clenching forces in dentate subjects. J 
Orofac Pain, 2011. 25(3): p. 250-60. 

32. Delignette-Muller, M.L. and C. Dutang, fitdistrplus: An R package for fitting distributions. 
Journal of statistical software, 2015. 64(4): p. 1-34. 

33. Venables, W.N. and B.D. Ripley, Modern Applied Statistics with S. Fourth ed2002, New York: 
Springer. 

34. Lenth, R.V., Least-Squares Means: The R Package lsmeans. Journal of Statistical Software, 
2016. 69(1): p. 1-33. 

35. R Core Team, R: A language and environment for statistical computing., 2015, R Foundation 
for Statistical Computing: Vienna, Austria. 

36. Bates, D., et al., Fitting linear mixed-effects models using lme4. Journal of Statistical Software, 
2015. 67(1): p. 1-48. 

37. Wickham, H., ggplot2: elegant graphics for data analysis2009: Springer-Verlag New York. 
38. Kogawa, E.M., et al., Evaluation of maximal bite force in temporomandibular disorders 

patients. J Oral Rehabil, 2006. 33(8): p. 559-65. 



  

16 
 

39. Ferrario, V.F., et al., Single tooth bite forces in healthy young adults. J Oral Rehabil, 2004. 
31(1): p. 18-22. 

40. Ahlberg, J.P., et al., Maximal bite force and its association with signs and symptoms of TMD, 
occlusion, and body mass index in a cohort of young adults. Cranio, 2003. 21(4): p. 248-52. 

41. van der Bilt, A., et al., Bite force and electromyograpy during maximum unilateral and 
bilateral clenching. Eur J Oral Sci, 2008. 116(3): p. 217-22. 

42. Pereira-Cenci, T., et al., Maximal bite force and its association with temporomandibular 
disorders. Braz Dent J, 2007. 18(1): p. 65-8. 

43. Pizolato, R.A., et al., Maximal bite force in young adults with temporomandibular disorders 
and bruxism. Braz Oral Res, 2007. 21(3): p. 278-83. 

44. Umesh, S., et al., Fiber Bragg Grating based bite force measurement. J Biomech, 2016. 
45. Henneman, E., G. Somjen, and D.O. Carpenter, Functional Significance of Cell Size in Spinal 

Motoneurons. J Neurophysiol, 1965. 28: p. 560-80. 
46. Jones, K.E., A.F. Hamilton, and D.M. Wolpert, Sources of signal-dependent noise during 

isometric force production. J Neurophysiol, 2002. 88(3): p. 1533-44. 
47. Missenard, O., D. Mottet, and S. Perrey, Factors responsible for force steadiness impairment 

with fatigue. Muscle Nerve, 2009. 40(6): p. 1019-32. 
48. Bandholm, T., et al., Force steadiness, muscle activity, and maximal muscle strength in 

subjects with subacromial impingement syndrome. Muscle Nerve, 2006. 34(5): p. 631-9. 
49. Hortobagyi, T., et al., Aberrations in the control of quadriceps muscle force in patients with 

knee osteoarthritis. Arthritis Rheum, 2004. 51(4): p. 562-9. 
50. Muceli, S., et al., Reduced force steadiness in women with neck pain and the effect of short 

term vibration. J Electromyogr Kinesiol, 2011. 21(2): p. 283-90. 
51. Hug, F., P.W. Hodges, and K.J. Tucker, Effect of pain location on spatial reorganisation of 

muscle activity. J Electromyogr Kinesiol, 2013. 23(6): p. 1413-20. 
52. Gizzi, L., et al., Experimental Muscle Pain Impairs the Synergistic Modular Control of Neck 

Muscles. PLoS One, 2015. 10(9): p. e0137844. 
53. Tucker, K.J., et al., Similar alteration of motor unit recruitment strategies during the 

anticipation and experience of pain. Pain, 2012. 153(3): p. 636-43. 
54. Tracy, B.L., Visuomotor contribution to force variability in the plantarflexor and dorsiflexor 

muscles. Hum Mov Sci, 2007. 26(6): p. 796-807. 
55. Welsh, S.J., D.V. Dinenno, and B.L. Tracy, Variability of quadriceps femoris motor neuron 

discharge and muscle force in human aging. Exp Brain Res, 2007. 179(2): p. 219-33. 
56. Turker, K.S., et al., The role of periodontal mechanoreceptors in mastication. Arch Oral Biol, 

2007. 52(4): p. 361-4. 
57. Trulsson, M., Sensory-motor function of human periodontal mechanoreceptors. J Oral 

Rehabil, 2006. 33(4): p. 262-73. 
58. Johnsen, S.E. and M. Trulsson, Encoding of amplitude and rate of tooth loads by human 

periodontal afferents from premolar and molar teeth. J Neurophysiol, 2005. 93(4): p. 1889-
97. 

59. De Boever, J.A., et al., Functional occlusal forces: an investigation by telemetry. J Prosthet 
Dent, 1978. 40(3): p. 326-33. 

 

 



  

17 
 

TABLE 

Table 1: Baseline characteristics of the TMD and control groups. Values are presented as mean ± 

SD. 

 

Abbreviations: NRS (Numerical rating scale for intensity of neck pain); JPF (Jaw Pain and Function); 

NDI (Neck Disability Index); TSK (Tampa Scale for Kinesiophobia); PCS (Pain Catastrophizing 

Scale) 

Characteristic TMD      

(n=12) 

Control     

(n=12) 

Age (yrs) 30.9 ± 7.4 31.4 ± 7.9 

Gender (% female) 75 75 

Height (cm) 169.1 ± 8.7 171.9 ± 9.1 

Weight (kg) 62.9 ± 10.5 66.0 ± 9.2 

Duration of Pain (months) 69.6 ± 37.6  

Current Pain Intensity (NRS) 

Side of the greatest pain (Right, Left, %) 

Bilateral Pain (%) 

1.6 ± 1.5 

58.4, 41.6 

75  

JPF (%) 13.4 ± 5.4  

NDI (%) 17.6 ± 7.0  

TSK 28.0 ± 530  

PCS  9.3 ± 11.1  
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CAPTIONS 

Figure 1: Flow chart of the experiment procedure 

Figure 2. The mean distance (MD), calculated as the average value of the difference between 

the absolute values of the force delivered by the subject and the force target, of the control 

group and group with temporomandibular disorders, TMD performing unilateral jaw 

clenching of both sides (Matching) at 10, 30, 50 and 70% of the maximal voluntary 

contraction (MVC) both with (circles) and without (triangles) visual feedback on force. Data 

are presented as mean and standard error. The lines at the bottom of each panel represent the 

random slope intercepts across the group of the nested random effects target (panels) and 

feedback (with feedback = solid lines, without feedback = dashed lines). 

Figure 3. The interaction of the fixed effects of Group and Matching (Matched = the 

(most)painful side of the patient and the homologous side of the control group according to 

laterality, No = the contralateral sides for both groups) on the Mean Distance (MD). Data are 

presented as mean and standard error. 

Figure 4: The standard deviation (SD) of force, a measure of the smoothness of force 

irrespective of the reference target, of the control group and group with temporomandibular 

disorders, TMD, performing unilateral jaw clenching on both sides (Matching) at 10, 30, 50 

and 70% of the maximal voluntary contraction (MVC) both with (circles) and without 

(triangles) visual feedback on force. Data are presented as mean and standard error. The lines 

at the bottom of each panel represent the random slope intercepts across group of the nested 

random effects target (panels) and feedback (with feedback = solid lines, without feedback = 

dashed lines). 



  

19 
 

Figure 5. The interaction of the fixed effects of Group and Matching (Matched = the 

(most)painful side of the patient and the homologous side of the control group according to 

laterality, No = the contralateral sides for both groups) on the Standard Deviation (SD). 
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