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Abstract

:

Owing to the development of medical technology, devices to assess resonance (hypernasality and hyponasality) which result from conditions such as cleft palate and brain injury are being studied. In general, nasometric instruments are used to support clinical judgments of these disorders. For conventional separation-type nasometric instruments, there is an acoustic feedback effect between oral and nasal sounds. Recently, a mask-type nasometric instrument was developed for acoustic feedback insensitivity, but it has not yet been popularized. In this study, we analyzed the acoustic characteristics of the mask-type structure according to existing nasometric instruments. We evaluated the acoustic collection characteristics of the structure through the lumped-element model with an electromechanical-equivalent circuit. The analysis confirmed that the optimum area of the acoustic hole was obtained and a closed-type mask structure could be designed. In addition, we obtained voice data from a healthy control group and examined significant differences in the structure of the separation-type and mask-type nasometric instruments. Consequently, we confirmed a significant difference in nasalance according to the acoustic collection structure of the nasometric instruments.
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1. Introduction


With the development of medical technology, interest in rehabilitation welfare is increasing and various rehabilitation devices are being researched and developed [1,2,3,4,5]. Among them, speech therapy devices are increasingly attracting attention owing to rehabilitation and welfare support for people with communication disabilities such as hearing impairments. Individuals with cleft palate, and those who have dysarthria following a brain impairment, may present with hypernasal speech (too much nasal resonance). Hypernasality results when the velopharyngeal mechanism does not function as it should. As a result, speech is nasalized and distorted, making it difficult for speech to be understood [6,7]. Nasometric instruments have been utilized by speech therapists to measure the degree of nasalance in speech [8,9,10,11]. For the treatment of resonance disorders, accurate measurements of the generated sound pressure by the oral and nasal cavity should be collected, and in particular, there should be no interference between the oral and nasal sounds. However, in the case of separation-type nasometric instruments (e.g., NAS-1 separator, Glottal Enterprises, Syracuse NY, USA), the signal processing technique and effect of acoustic feedback on the microphone, which captures the nasal cavity, are insufficient. Recently, a closed mask-type device (NAS-1 Mask, Glottal Enterprises) was introduced to minimize the interference effects of oral and nasal sounds.



In this study, we investigated the structural problems of conventional separation plate-type nasometric instruments and the effect of acoustic feedback between the oral and nasal cavities. In addition, we investigated the frequency characteristics of the acoustic collection structure simulated by an electromechanical-equivalent model. Furthermore, we analyzed the frequency characteristics, correlation coefficients, and nasalance values of voice signals collected from a healthy control group using nasal and oral microphones in the nasometric instrument structure. Finally, we compared the characteristics of the closed mask-type nasometric instrument. Through experiments, the nasalance was confirmed to be about 3% to 15% higher in the case of the mask structure than the separator-type structure.




2. Conventional Nasometric Instruments


2.1. Characteristics and Structure of the Nasometric Instrument


A nasometric instrument schematic of the conventional separation plate structure for the measurement of nasalance is shown in Figure 1. Within the module of the nasometric instrument, there is an oral microphone for collecting oral sounds under the separating plate, and a nasal microphone for collecting the nasal sounds is located above the separating plate. These microphones collect acoustic signals at the same time during speech and calculate nasalance, as shown in Equation (1) [9,11].


Nasalance[%]=Pressure of Nasal SoundsPressure of Oral Sounds+Pressure of Nasal Sounds×100.



(1)







In this study, we analyzed the characteristics of microphones using the structure of separator-type nasometric instruments. The most important components of nasometric instruments are the microphones that collect external sound signals and transmit them to the signal processing device. The microphones are required to have excellent sensitivity and a wide frequency band as input devices [12,13,14]. Figure 2 is an experimental block diagram for analyzing the microphone characteristics using the nasometric instrument structure, and a photograph of the experimental environment is shown in Figure 3.



In the 0.1 to 10 kHz band, pure tone sounds of 74 and 94 dB SPL (sound pressure level) were applied to the microphone in the structure of the separation-type nasometric instrument and a reference microphone (ER10B, Etymotic, Elk Grove Village, USA) at a distance of 1 m from a standard speaker (FR16WP, Visaton, Haan, Germany). The microphone sensitivity was measured through a signal generation and acquisition device (NI DAQ-9137, National Instruments, Austin, USA). The oral and nasal directional microphones showed resonance at about 1 kHz and averaged −38 and −58 dB (0 dB = 1 V/Pa) when applying the 74 and 94 dB SPL, respectively. The frequency characteristics of the two microphones in the nasometric instrument structure were similar and showed a difference of more than 4 dB after the 7 kHz band.




2.2. Acoustic Feedback Effect of Separation-Type Nasometric Instrument


In the case of a conventional nasometric instrument, which includes a separator plate, signals generated by the nasal cavity can be collected by the oral microphone. This may affect the reliability in the nasalance calculation of Equation (1). In this study, we analyzed the effect of acoustic feedback on the separation-type nasometric instrument. The experimental setup and results are shown in Figure 4.



For analysis of the influence of acoustic feedback, pure tone sounds of 74 dB SPL in the 0.1 to 10 kHz band were applied to the oral and nasal directional microphone through a standard speaker.



In the separator-type structure, the interference effect of the acoustic feedback to the oral to nasal direction was measured as 12 to 18 dB. In the opposite case, the nasal to oral direction was measured as 11 to 17 dB. An average interference effect of about 15 dB was observed in the 0.1 to 10 kHz band, and it showed a somewhat higher characteristic above the 2 kHz band. The influence of acoustic feedback has been mentioned in previous studies. Gildersleeve-Neumann and Dalston noted that a separation-type nasometric instrument has a sound-separation characteristic of approximately 25 dB [15]. Although the difference of 25 dB from the previous study is about 7–14 dB, it is indirectly known that these interference values can also have a considerable effect. This effect produces an undesirable value for the actual patient’s nasalance calculation.




2.3. Lumped-Element Model for Closed Mask-Type Nasometric Instrument


Recently, a closed mask-type nasometric instrument was implemented to minimize the influence of the mentioned acoustic feedback. However, its utilization is low. Speech therapists in the field still rely on subjective judgment using simple instruments. In some cases, a separator-type nasometric instrument is used intermittently. In practice, there are many opinions about the theoretical considerations and effects of the acoustic feedback brought about by the structure of the nasometric instrument.



In this study, the frequency characteristics of the mask-type nasometric instrument were analyzed through the electromechanical-equivalent model. A mask containing an acoustic hole was attached to the face surface. In this case, the attached mask could be attached to a Helmholtz resonator having a closed volume and a short tube.



Generally, the Helmholtz resonator demonstrates low-pass-filter characteristics when the sizes of the closed volume and the short entrance tube are smaller than the applied acoustic wavelength [16]. Figure 5 shows the physical structure, mechanical model, and equivalent circuit corresponding to the Helmholtz resonator. This can be applied to the mask-type nasometric instrument.



The Helmholtz resonator structure in Figure 5a can be represented by a single-degree-of-freedom resonance system, as shown in Figure 5b. When a driving force of Fcosωt is applied to the center of the resonator, the equation of motion is expressed by Equation (2).


mMd2xdt2+rMdxdt+sMx=Fcosωt.



(2)







Here, if the variable x is changed to the speed v = dx/dt, Equation (3) is obtained.


mMdvdt+rMv+sM∫vdt=Fcosωt.



(3)







The single-degree-of-freedom resonance system in Figure 5b is expressed as an electrical equivalent circuit, as shown in Figure 5c. The equation for the current I in the series resonant circuit is shown in Equation (4).


Ldidt+Ri1C∫idt=Ecosωt.



(4)







By comparing Equations (3) and (4), we have the force F, velocity υ corresponding to the equivalent circuit voltage E, current I, which corresponds to the sound pressure P, and volume velocity μ of the acoustic system. Furthermore, the mass mM, resistance rM, and stiffness sM correspond to L, R, and 1/C of the electrical circuit, respectively [17,18,19,20]. The corresponding physical quantities of electrical and mechanical systems are shown in Table 1.



Here, the velocity υ of the mechanical system is expressed by Equation (5).


v=PrM+j(ωmM−sMω)=PzM[m/sec].



(5)







ZM represents the mechanical impedance of the vibration system. The frequency f0 at which the reactance part of the mechanical impedance becomes zero is expressed by the following (Equation (6)).


f0=12πsMmM=c2πAVl.



(6)







It is the same as the series resonance characteristics of the equivalent circuit in which the resonance occurs at f0 and the speed and amplitude become maximum. Therefore, the sound pressure Ph in the volume is expressed in Equation (7).


Ph=sMujω=P(1−ω2mMaM)+jωrMsM.



(7)







Ph corresponds to the voltage of the capacitance C corresponding to E = I/jωC of the equivalent circuit. In addition, the parameters of the mechanical model can be expressed as a spring constant, mass, and the resistance of air, as shown in Equation (8).


Mass, mM=ρAl, Spring, sM=ρA2c2V, Resistance, rM=ρcA2V.



(8)







ρ is the density of air (1.2 kg/m2), A is the area of the acoustic hole, l is the height of the acoustic hole (2 mm), c is the speed of air (343 m/s), and V is the volume of the closed cavity (approximately 15 cm3). In this study, a frequency characteristic simulation is performed based on the structure of the actual mask-type nasometric instrument. The silicon mask is similar to the structure of a Helmholtz resonator, which includes a mesh-shaped acoustic hole. A simulation of the equivalent circuit was performed using a multi-sim program, and the frequency characteristics were analyzed according to the variation in acoustic holes. The parameters and resonant frequency characteristics for the analysis are shown in Table 2 and Figure 6.



From the simulation results, it can be expected that the mask-type nasometric instrument will exhibit a low-pass filter-type acoustic characteristic having a resonance at about 558 Hz. Furthermore, the smaller the area of the acoustic hole, the lower the resonant frequency. However, ventilation for air circulation is inevitable for application to the actual mask structure of the nasometric instrument.





3. Nasalance Characteristics according to the Structure of the Nasometric Instrument


3.1. Clinical Experiments for the Nasalance Evaluation


To analyze the characteristics according to the acoustic collection structure of the nasometric instrument, frequency characteristics, correlation coefficients, and nasalance according to the articulation of a healthy control group were analyzed using the separator plate-type and mask-type nasometric instruments. The healthy control group consisted of three males, ranging in age from 30 to 35 years (mean age 33.0 years), and three females ranging in age from 33 to 35 years (mean age 34.0 years). There was no disease at all.



The control group uttered an extended low vowel /a/ and the nasal words /mama/ and /mimi/ into the oral and nasal microphones of the nasometric instrument. The measured voice signals were recorded via an audio module (M-track, M-Audio, Cumberland, USA) and passed to a signal generation and acquisition device. An experimental block diagram and photographs for the analysis of the nasalance characteristics according to the nasometric instrument structure are shown in Figure 7.




3.2. Experimental Results


The frequency characteristics of measured voice signals from the separate plate- and mask-structure nasometric instruments were analyzed using the MATLAB program. The analysis results are shown in Figure 8 and Figure 9. Figure 8 and Figure 9 are the frequency characteristics for the emitted /a/, /mama/, and /mimi/ sounds of males and females, respectively. The measured voice signal (Figure 8d–f and Figure 9d–f) through the mask-type nasometric instrument was suppressed in the range above 500 Hz relative to the measured voice signal (Figure 8a–c and Figure 9a–c) through the separation-type nasometric instrument.



This result reflects the frequency filter characteristics of the mask-type structure in the nasometric instrument and is similar to the simulated result based on the electrical-mechanical-equivalent circuit. It can be observed that it is less sensitive to the influence of acoustic feedback than the separation plate type.



In addition, the correlation coefficient between the collected speech signals through the separation plate-type and mask-type nasometric instruments is expressed by Equation (9). In general, the correlation coefficient can be calculated using the sample mean x¯ and y¯, and standard deviation of the two signals x and y [4,12], where x and y are the voice signals measured through a microphone in the nasal and oral directions, respectively. Correlation coefficients were analyzed using the two measured vocal signals through the oral and nasal microphones when speaking the same word. Thus, these values are used to show the similarity of voice data in the nasal and oral directions measured by the microphone in the separation and mask structure.


Correlation coefficient=∑i=1n(xi−x¯)(yi−y¯)∑i=1n(xi−x¯)2∑i=1n(yi−y¯)2



(9)







The nasalance of the healthy control group using the two nasometric instrument structures is expressed as Equation (10), in which t1 and t2 are the lengths of the measured vocal signals through the oral and nasal microphones, respectively.


Nasalance [%]=∑n=1t1Nasal∑n=1t1Nasal+∑n=1t2Oral×100



(10)







The calculated correlation coefficients and nasalance results by Equations (9) and (10) are shown in Table 3.



In general, the vowel extension /a/ was less than 20% in nasalance, and the nasal words /mama/, /mimi/ were about 40% and 60% to 80%, respectively. In the case of /a/, there was no consonant component affecting the nasalance, and /mama/ and /mimi/ were somewhat higher as a standard nasal term. The reason why the nasalance of /mama/ and /mimi/ is different is that the /a/ component of the /mama/ word is a posterior low vowel characteristic and the tip of tongue is located at the lower side. Furthermore, the /i/ component of the /mimi/ word has anterior high vowel characteristics, which is expected to be the result of a mechanism that enhances the separation of the nasal and oral cavity [21]. The differences in the calculated index through the separation plate-type and mask-type nasometric instruments are shown in Figure 10.



In the case of the male mean nasalance for /a/, /mama/, and /mimi/, it was measured about 5% to 10% lower than that of the mask-type nasometric instrument. In the case of female mean nasalance, it was also measured as low as 3% to 15%.



In the case of the male mean correlation coefficient between oral and nasal speech signals, the mask type was found to be about 0.20 to 0.45 (/a/, /mama/) higher than that of the separation plate type. In the case of /mimi/ words, the result was slightly higher (0.01). The average correlation coefficient of the female was also found to be about 0.2 to 0.38 for /a/ and /mama/ sounds; /mimi/ words showed results about 0.02 higher.



Referring to Figure 10, as the correlation coefficient increases, the nasalance tends to decrease, which means that the nasalance is lower as the signals of the oral and nasal sounds are similar. The design of the mask-type nasometric instrument to minimize the influence of acoustic feedback is less affected by the interference than the nasometric instrument of the separator type and exhibits a relatively high correlation between the oral and nasal signals.



The higher the correlation, the lower the nasalance of the healthy control group. The mask-type nasometric instrument results are about 5% to 15% lower than the separator-type nasometric instrument results. This is because the mask structure, based on the low-pass filter, suppresses frequency components above about 500 Hz of the measured speech signal, and it is relatively similar to the nasal signal component in the low-frequency band.





4. Discussion and Conclusions


In this study, we analyzed the characteristics of a conventional nasometric instrument structure for patients with a resonance disorder. Acoustic collection characteristics were measured with an attached commercial microphone (Electret Condenser Microphone, ECM) in the nasometric instrument structure when pure tone sounds of 74 and 94 dB SPL were applied. Furthermore, we investigated the structural problems of the separation plate-type nasometric instrument. We confirmed the effect of acoustic feedback on the separation plate structure when applying the 74 dB SPL. In addition, the experimental results showed interference effects with values of about 11 to 18 dB. This acoustic feedback effect can cause problems in the accurate nasalance calculation of nasometric instruments.



In addition, we simulated the frequency characteristics of the mask-type nasometric instrument with an electrical-mechanical-equivalent model, which is designed to minimize the effects of acoustic feedback. Simulation results show that the frequency properties were low-pass filter characteristics at 518 Hz due to the mask structure in the nasometric instrument.



In addition, the acoustic collection characteristics of the conventional separation-type and mask-type nasometric instruments were tested on a healthy control group and the results were analyzed. In the case of the mask type, the similarity of the frequency characteristics to those of the simulation results was confirmed.



Voice data were obtained through the healthy control group using the vowel extension /a/ and the standard nasal words /mama/ and /mimi/. The frequency suppression characteristics according to the acoustic collection structure were confirmed through frequency domain analysis. The closed structure mask type exhibited a low-pass filter characteristic based on a band of about 500 Hz. Consequently, the mask-type structure had a higher correlation between the oral and nasal sounds than the separation plate type and the nasalance was lowered.



We also confirmed that the nasalance was different depending on the location of the tongue when the healthy control group spoke the word. In the case of /mama/ and /mimi/, the nasalance was different owing to the structure of the tongue of the posterior low vowel /a/ and the high vowel /i/ component of the anterior type. In this regard, the results of this study can be referred to the research of nasalance values according to the position of the tongue.
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Figure 1. Schematic of a conventional nasometric instrument for a patient. 
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Figure 2. Experimental schematic using the structure of conventional nasometric instruments. 
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Figure 3. Experimental environment (a) picture and (b) sensitivity results of the attached microphone ((Electret Condenser Microphone, ECM) sensitivity in the nasometric instrument. 
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Figure 4. Experimental results: (a) block diagram and (b) the acoustic feedback effect. 
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Figure 5. (a) Schematic of Helmholtz resonator, (b) mechanical model of Helmholtz resonator, and (c) equivalent circuit corresponding to the Helmholtz resonator. 
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Figure 6. Simulation results for resonant frequency characteristics according to the equivalent circuit. 
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Figure 7. (a) Experimental schematic and (b) environment picture using the nasometric instruments of the separation-type structure and mask-type structure. 
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Figure 8. Measured spectrum of vocal signal of males using the separation-type structure for (a) /a/, (b) /mama/, and (c) /mimi/, and measured spectrum of vocal signal of males using the mask-type structure for (d) /a/, (e) /mama/, and (f) /mimi/ (the red line is the microphone output in the oral direction and the blue line is the microphone output in the nasal direction). 
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Figure 9. Measured spectrum of vocal signal of females using the separation-type structure for (a) /a/, (b) /mama/, and (c) /mimi/, and measured spectrum of vocal signal of females using the mask-type structure for (d) /a/, (e) /mama/, and (f) /mimi/ (the red line is the microphone output in the oral direction and the blue line is the microphone output in the nasal direction). 
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Figure 10. Calculated nasalance results comparison for (a) males and (b) females, and correlation coefficient results comparison for (c) males and (d) females. 
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Table 1. Correspondence relationship between a mechanical and electrical system.
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	Electrical
	Mechanical





	Voltage, E [V]
	Force, F [N]



	Current, I [A]
	Velocity υ [m/s]



	Resistance, R [Ω]
	Viscous Damping Factor, C [N·s/m]



	Inductance, L [H]
	Mass, M [kg]



	Reciprocal of Capacitance, C − 1 [F]
	Stiffness, K [N/m]
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Table 2. Simulation parameters and calculation frequency according to the acoustic hole size.






Table 2. Simulation parameters and calculation frequency according to the acoustic hole size.





	
Effective Area of Acoustic Hole

	
Mass of Air, mM

(Electrical, L)

	
Stiffness of Air, 1/sM

(Electrical, C−1)

	
Resistance of Air, rM

(Electrical, R)

	
Calculation Frequency






	
0.28 cm2

	
0.0672 µg

	
13.5520 N/m

	
0.0002 Ns/m

	
166 Hz




	
(0.0672 µH)

	
(13.5520 F)

	
(0.0002 Ω)




	
3.14 cm2

	
0.4824 µg

	
0.2629 N/m

	
0.0110 Ns/m

	
447 Hz




	
(0.4824 µH)

	
(0.2629 F)

	
(0.0110 Ω)




	
4.52 cm2

	
0.7536 µg

	
0.1077 N/m

	
0.0270 Ns/m

	
558 Hz




	
(0.7536 µH)

	
(0.1077 F)

	
(0.0270 Ω)




	
6.15 cm2

	
1.4760 µg

	
0.0280 N/m

	
0.1037 Ns/m

	
782 Hz




	
(1.4760 µH)

	
(0.0280 F)

	
(0.1037 Ω)




	
12.56 cm2

	
3.0144 µg

	
0.0067 N/m

	
0.4328 Ns/m

	
1117 Hz




	
(3.0144 µH)

	
(0.0067 F)

	
(0.4328 Ω)
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Table 3. Correlation coefficients and nasalance results of the healthy control group.
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Healthy Control Group

	
/a/

	
/mama/

	
/mimi/




	
Nasalance

[%]

	
Corr.

	
Nasalance

[%]

	
Corr.

	
Nasalance

[%]

	
Corr.






	
Using the separation structure

	
Male1

	
19.73

	
0.4299

	
40.40

	
0.3530

	
66.45

	
0.7659




	
Male2

	
17.81

	
0.2532

	
31.47

	
0.3825

	
56.15

	
0.6702




	
Male3

	
16.38

	
0.2687

	
34.62

	
0.3634

	
62.24

	
0.6292




	
Female1

	
18.09

	
0.2624

	
43.26

	
0.2272

	
79.94

	
0.7645




	
Female2

	
7.74

	
0.1927

	
40.80

	
0.2379

	
68.67

	
0.8664




	
Female3

	
20.18

	
0.3024

	
35.27

	
0.3724

	
69.22

	
0.7655




	
Using the mask structure

	
Male1

	
19.78

	
0.7725

	
32.22

	
0.4669

	
51.73

	
0.5594




	
Male2

	
14.65

	
0.7760

	
40.63

	
0.5030

	
61.83

	
0.7622




	
Male3

	
13.08

	
0.6640

	
30.62

	
0.5680

	
53.19

	
0.5639




	
Female1

	
17.99

	
0.5990

	
32.19

	
0.4490

	
68.02

	
0.7886




	
Female2

	
10.54

	
0.4675

	
32.50

	
0.3755

	
60.57

	
0.8097




	
Female3

	
12.42

	
0.7451

	
30.15

	
0.5369

	
57.28

	
0.8772
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