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Introduction

Assessment of the temporomandibular joint (TMJ) can be 
difficult; clinical signs and symptoms are non-specific (1), 
examination is challenging and imaging is often necessary 
(2,3). TMJ disease in children can cause pain and growth 

disturbances leading to malocclusion and/or skeletal 
deformities (2,4). The presentation, difficulty in diagnosis, 
and severity of sequelae of untreated disease present a 
compelling need for the development of a biomarker for 
TMJ health (2). Ideally, this biomarker would be objective, 
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noninvasive, and readily measurable with affordable 
hardware. Acoustic emissions (AEs) from the TMJ could 
serve as such a biomarker. AEs are the sounds produced 
during joint articulation. They contain information related 
to the structural integrity of the joint and the health of 
internal articulating surfaces (5,6). Changes to AEs could 
serve as an objective diagnostic method of TMJ pathology. 

AEs from joints were first reported in 1902 by  
Blodgett (7). In the 1930s, Steindler correlated joint 
malfunctions and sounds using several types of sound 
detecting equipment (8). In 1961, Brackin filed the first 
patent detailing an apparatus for recording and analyzing 
joint disorders with unique acoustic patterns recorded 
from different pathologies (9). These attempts to facilitate 
diagnostic procedures by microphonic detection of emissions 
did not gain widespread use because of discrepancy in 
the nature of the sounds and the recording technique 
(10). In 1984, Mollan found that the use of a piezoelectric 
accelerometer detector in direct contact with the skin gave 
a robust signal and allowed for detection in the subsonic 
frequency range (10). Five years later, Gay filed a patent 
for a diagnostic procedure and apparatus that quantitatively 
correlated joint-induced sound patterns relative to the joint 
position in time, and noted that it could be particularly useful 
in diagnosing TMJ disorders (11). Gay’s technique was the 
first to move away from qualitative descriptors of the joint 
sounds to quantitatively compare the sound profiles. 

Prior to the 1990’s, joint AE analysis was limited by the 
computational power and by the physical size of the sensors, 
so research focused on larger, more accessible joints (e.g., the 
knee). As a result of those limitations, comparisons were often 
qualitative and inconsistent between researchers. The advent of 
miniaturized sensors and the increasing computational power 
of the 1990’s presented the opportunity for more powerful (and 
quantitative) AE analysis of smaller joints (e.g., the TMJ). Since 
then, two main approaches for recording TMJ AEs have gained 
prevalence in the field: binaural miniature microphones placed 
at the intra-auditory meatus and contact accelerometers placed 
on bony prominences around the joint (12). Microphones 
at the intra-auditory meatus provide a broad signal-to-noise 
bandwidth, while contact accelerometers provide the highest 
mean amplitude in the time domain waveform (13). Either 
approach is suitable depending on the application and nature 
of the underlying signal being recorded. In this project, surface 
mounted accelerometers were used because they are easy to 
place on TMJs and are able to capture high amplitude spikes in  
the AEs.

Significant steps have been made in the quantitative 

classification of these audio signals. Prinz showed that the 
time domain is where most of the characteristic differences 
of the various TMJ AEs are found, and that the frequency 
domain was much less distinct than the time domain (14). 
To study key signal features in the time domain, several 
computationally rigorous approaches have been applied 
such as the reduced interference-distribution (RID) of the 
time-frequency energy distributions and neural networks. 
The RID technique was shown to have a more detailed 
classification of TMJ AEs than by auscultation (15-17). 
Neural networks were used to classify TMJ sounds based on 
their narrow-band, wide-band, and time-varying frequency 
components (18). Previous research on TMJ AEs resulted 
in several patents for devices which capture TMJ AEs. 
However, this type of analysis has not gained widespread 
clinical usage perhaps because a standard protocol for best 
capturing and analyzing AEs does not exist. 

AEs of TMJs must be better understood, characterized 
and a standardized technique for recording and interpretation 
needs to be developed. The purposes of this project were 
to: (I) present a custom, wearable headset with embedded 
contact accelerometers and (II) assess the repeatability and 
reliability of four headset in children. We hypothesize that 
this headset will allow for the convenient recording of AEs, 
which will ultimately facilitate their inclusion as a biomarker 
in a clinical workup of the TMJ. The work presented here 
is an early, but crucial step toward the design of a system for 
augmenting the current diagnosis and monitoring of TMJ 
disease in children.

Methods

Subject recruitment

Institutional Review Board approval was obtained (#00081670), 
and all subjects were recruited in accordance with the 
Helsinki Declaration guidelines. Inclusion criteria 
consisted of children 6–18 years of age who presented 
to the Oral and Maxillofacial Surgery (OMS) clinic for 
a non-TMJ related reason. The presence or absence of 
TMJ sounds was verified via a clinical examination by a 
board-certified OMS. Exclusion criteria were: (I) systemic 
disease which has potential to affect the TMJ [e.g., juvenile 
idiopathic arthritis (JIA)], (II) history of craniofacial 
syndromes with potential for TMJ involvement (e.g., 
hemifacial microsomia), (III) history of TMJ/facial trauma, 
(IV) ongoing orthodontics, (V) history of any surgery to 
the TMJ or surrounding areas, and/or (VI) complaints of 
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TMJ dysfunction (TMD). 

Device/headset setup

When a subject opens and closes his/her jaw, TMJ 
articulation creates vibrations that are detectable on the 
surface of the skin. The headset was built to be adjustable 
and to fit 95% of users younger than 18 years old based on 
anthropometric head circumference data (19). The headset 
is positioned on the subjects’ heads with skin contact 
accelerometers against the articular eminences of TMJs 
(Figure 1) (20,21). This location and skin contact previously 
demonstrated detection of TMJ sounds with the highest 
quality time domain waveforms (13). This method provided 
sufficient contact force without hindering portability of the 
device or causing discomfort (12). 

The AEs were recorded using Dytran uniaxial, miniature 
accelerometers (Model 3225F7, Dytran Inc., Chatsworth, 
CA 91311, USA) with a diameter of 6.35 mm. They are 
highly sensitive to acceleration (sensitivity is 10.2 mV/m/s2)  
and the frequency response curve is flat from 2 Hz to 
10 kHz. The accelerometers were connected to a data 
acquisition device that enables the simultaneous and 
synchronous capture of bilateral accelerometers at a 
sampling rate of 100 kHz. The sensors and the data 
acquisition device are plugged into a laptop that powers 
the devices and is running a custom program written 
in MATLAB (Figure 1C). This program controls the 
length of the recording and converts the voltage readouts 
from the sensors to units of acceleration (using the 
manufacturer-provided calibrated sensitivities of the specific 
accelerometers). The program also performs preliminary 
steps to ensure that the data are successfully recorded 
including bandpass filtering (between 250 Hz–20 kHz) and 
plotting the recordings. This filtering range isolates the 
frequencies containing the majority of TMJ AE signals, and 
removes artifacts associated with large-scale movement of 
the jaw, low frequency muscle sounds, and environmental 
noise (12,14,22). With the setup in place and the software 
running, the subjects perform 10 repetitions of opening/
closing their mouth at a rate of 1 repetition every 4 seconds 
(Figure 1). The raw and filtered data were recorded and 
locally stored for further processing.

Feasibility and repeatability 

To assess the feasibility of using the TMJ AE recording 

headset, AEs from one healthy control (i.e., no TMJ sounds) 
and one patient with clinically noticeable TMJ sounds were 
recorded. These recordings were qualitatively compared 
to ensure that there were differences in the sounds and 
that the headset was recording AEs properly. To assess the 
repeatability of the recording device, 9 subjects performed 
three trials of open/close movements while their AEs were 
recorded. Between each trial, the headset was removed and 
repositioned on the subject’s head to test for repeatability of 
the placement of the device. 

Analysis 

To analyze repeatability of measurements from the AEs 
of TMJs, three features that describe the signals were 
calculated: the root mean square (RMS) amplitude, the 
signal energy, and the zero-crossing rate (ZCR). RMS is 
essentially a measure of the absolute value of the magnitude 
of the signal, so signals with larger spikes would be expected 
to have a larger RMS amplitude. The energy feature is 
computed as the integral of the squared signal magnitude. 
This feature describes how “loud” the audio signal is. The 
ZCR describes how often the signal crosses zero, which 
estimates how quickly its values change. The ZCR is used 
to quantify how often the signal is moving from negative 
to positive and back indicating a change in direction as 
the skin vibrates. If the skin was vibrating back-and-forth 
faster, then the ZCR would increase. Together, these three 
features comprehensively describe the observed qualitative 
differences. 

Repeatability of measurements on each subject was 
calculated using the intra-class correlation coefficient 
(ICC). The ICC indicates how strongly the different 
sessions of TMJ recordings resemble each other. The 
ICC varies from 0 to 1 (1 indicates completely the same, 
0 indicates no overlap) with values above 0.9 typically 
representing excellent repeatability (23). The ICC was 
calculated for each of the features selected to describe the 
signal (i.e., the RMS amplitude, energy and ZCR) for all 
trials. Each TMJ (left and right) of a patient was a separate 
group. This was done because the goal of this analysis 
was to ensure that the device was recording a repeatable 
signal from each specific TMJ, not to make any claims 
of population-wide AE patterns. There is inherent inter-
subject and intra-subject variability in the AEs of each 
TMJ since each individual TMJ has unique anatomy and 
kinematics (Figure 2). 
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Results

To test the headset’s recording capabilities, recordings were 

obtained to ensure the device was working properly. Sounds 

were recorded from TMJs of a healthy subject with TMJ 
sounds and sounds from TMJs of a healthy subject without 
TMJ sounds. There are several qualitative differences 
between the two subjects’ recordings (Figure 3). The patient 

Figure 1 Recording setup used for capturing TMJ AEs. (A) Each subject wore the headset and performed 10 repetitions of opening and 
closing their mouths, at a rate of 1 cycle per 4 seconds while watching an animation to help maintain consistent speed and movement.  
(B) AEs were recorded from both TMJs simultaneously while performing the exercises using uniaxial accelerometers embedded into a 
headset form-factor for convenient placement superficial to the TMJ. (C) The headset accelerometer signals were captured with an NI-
DAQ system using a software program written in Matlab. TMJ, temporomandibular joint; AE, acoustic emission.
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with sounds had large spikes (with amplitudes of ~0.1 mm/s2)  
that occurred approximately every four seconds (Figure 3B),  
These spikes sounded like loud clicks or pops when 
listening to the recordings. These sounds were occurring 
at the same point in the articulation of the jaw during each 
cycle of opening and closing. In addition, the TMJ sounds 
were more heterogenous and variable than the ones from 
the child without TMJ sounds. The child without TMJ 
sounds had numerous smaller spikes in the sound (with 
magnitudes of ~0.5 mm/s2). When listening to these smaller 

spikes, they resembled a grinding sound. 
Next, nine healthy children (6 females, 3 males) with 

mean age of 10.8±3.2 years (range, 7 to 16 years) had their 
AEs recorded in order to assess the repeatability of TMJ AE 
recordings. The three signal features discussed above (RMS 
amplitude, energy, and ZCR) were calculated for each of 
the three recordings from each TMJ on all the subjects. 
The goal of this analysis was to quantify how similar the 
signals from each recording sessions were for each subject. 
A representative example of the three recording trials for 

Figure 2 Repeatability results of each session of TMJ acoustic emission acquisition. (A) Example time domain recordings from the three 
sessions of one subject. (B,C,D) The RMS amplitude, energy, and ZCR for the three recording sessions of each subject show that there was 
very little change from one recording to the next. The recordings from the left TMJ are on the left in each subject number division, and 
likewise the right TMJ data are on the right. (E) The ICC values of each feature presented in (B,C,D); each ICC value is >0.9, so signals 
have excellent repeatability between recording sessions. TMJ, temporomandibular joint; RMS, root mean square; ZCR, zero-crossing rate; 
ICC, intra-class correlation coefficient.
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one subject can be seen in Figure 2A. The distribution 
of feature values across all the recording sessions and 
subjects can be seen in Figure 2B,C,D. Of note, though 
the individual feature values vary from subject to subject, 
the three sessions’ features were tightly clustered for each 
individual TMJ for all subjects. This tight clustering of 
feature values indicated that the signals were repeatable. 
To further quantify this repeatability, the ICC values are 
presented in Figure 2E. The ICC values were 0.96 for the 
RMS feature, 0.91 for the energy feature, and 0.995 for 
the ZCR feature. As discussed above, an ICC score >0.9 is 
considered to represent excellent similarity of the signals 

being assessed. Here, it indicated that the AE recordings 
are highly consistent across multiple recording sessions and 
placements of the headset. 

Discussion

TMJ health is evaluated by a combination of physical 
exams and imaging studies. Physical exams rely on health 
care worker expertise. Imaging is not always feasible due 
to its high cost, need for occasional sedation in children, 
length of time, need for specialized equipment and 
potential contraindications (2,24). A TMJ AE headset has 
the potential to serve as a screening tool prior to obtaining 
imaging. The purposes of this manuscript were to (I) 
present a custom, wearable headset used to record AEs of 
TMJs, and (II) assess the repeatability and reliability of this 
headset in children.

The technique for measuring TMJ AEs has evolved since 
it was first proposed in 1902 (7). The field has progressed 
from manual auscultation, digital stethoscopes, condenser 
microphones, electret microphones, and now favors 
miniaturized contact accelerometers (9-13,25,26). The 
headset is based on findings of earlier work in selecting an 
ideal accelerometer with high sensitivity, and a bandpass 
filter to remove confounding low frequency muscle sounds 
and environmental noise (27). It was designed to obtain 
the highest amplitude signal in the time domain—which 
contains the majority of the characteristic differences 
in TMJ AEs (14). The device places the accelerometers 
superficial to the TMJ (12) and was designed specifically for 
children who are likely to be uncomfortable with an intra-
aural device. This sensor location and comfortable form-
factor minimized the time required to place the sensors 
accurately and firmly on the TMJs. The acquisition software 
was written to minimize computational time. Together, the 
form-factor, hardware, and recording scripts allowed for 
reproducible recordings of TMJ AEs with minimal time 
required for setup and acquisition (<2 minutes). Minimizing 
the time needed to assess the joint is of critical importance 
for a busy clinical setting.

Before exploring the diagnostic capabilities of the 
headset, the repeatability of the recordings needed to be 
quantified. To quantify this repeatability, three time-domain 
signal features were calculated: the RMS amplitude, ZCR, 
and energy. It was previously shown that time-domain 
features contained nearly all of the characteristic differences 
of TMJ AEs (14). In particular, the energy of the signal 
has been used extensively to describe characteristics of 

Figure 3 Proof of concept TMJ acoustic emission recordings. 
(A) Time domain recording from a subject without TMJ sounds.  
(B) Time domain recording from a subject with TMJ sounds. Each 
spike in the acoustic signal represents a large click or pop. TMJ, 
temporomandibular joint.
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TMJ AEs (16,18). In the study, the ICC values were all 
>0.9, which indicated high consistency from one recording 
session to the next; thus, excellent repeatability (Figure 2). 
These findings support the claim that this wearable headset 
can consistently record AEs from the TMJ of children.

The sounds occurred at the same point in the articulation 
of the jaw during each cycle of opening and closing. We 
hypothesized that the cyclical occurrence of these loud 
sounds may indicate that there is an anatomical variation 
producing them. The TMJ sounds produced by the patient 
without clinically-evident sounds may simply indicate 
friction of the TMJ during articulation.

This study has a few limitations. Although the headset 
was removed multiple times, AEs were recorded during 
the same visit. This study shows that TMJ AEs can be 
successfully and repeatedly captured by a wearable headset. 
However, it does not address the variability in sounds 
overtime as disease progresses. Additionally, all the subjects 
recorded in this study were healthy with no history of TMJ 
dysfunction. This resulted in relatively small AEs, since the 
TMJs of healthy children are not expected to produce much 
sound. In the future, to better understand the feasibility of 
this technology for clinical diagnosis, it will be applied to 
children with systemic disease known to affect TMJ such 
as JIA and may be compared to MRI findings. This is the 
subject of an ongoing investigation in the center.

In conclusion, this project provides the foundation 
for the eventual clinical use of a TMJ AE device. In 
the future, this technology will be used on a cohort of 
patients with JIA and age/sex matched healthy controls to 
evaluate the effect of arthritis on the AEs of TMJs. In a 
chronic condition such as JIA, AE assessment may extend 
beyond just screening/diagnostics and instead be used as 
a longitudinal biomarker of disease activity within the 
joint. Overall, these exciting preliminary results should 
inspire further research into the acquisition, analysis, and 
classification of TMJ AEs. 
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