

  photonics-10-01143




photonics-10-01143







Photonics 2023, 10(10), 1143; doi:10.3390/photonics10101143




Article



Quantitative Evaluation of Biomechanical Properties of the Tongue Using a Shaker-Based Optical Coherence Elastography System



Yubao Zhang 1,*, Jiahui Luo 1, Xiao Han 1,2, Gang Shi 1,3, Qin Zhang 1 and Xingdao He 1,2,*





1



Key Laboratory of Opto-Electronic Information Science and Technology of Jiangxi Province and Jiangxi Engineering Laboratory for Optoelectronics Testing Technology, Nanchang Hangkong University, Nanchang 330063, China;






2



School of Instrument Science and Opto-Electronics Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100191, China






3



School of Mathematics and Physics, University of Science and Technology Beijing, Beijing 100083, China









*



Correspondence: zhangyubao1014@163.com (Y.Z.); xingdaohe@163.com (X.H.)







Citation: Zhang, Y.; Luo, J.; Han, X.; Shi, G.; Zhang, Q.; He, X. Quantitative Evaluation of Biomechanical Properties of the Tongue Using a Shaker-Based Optical Coherence Elastography System. Photonics 2023, 10, 1143. https://doi.org/10.3390/photonics10101143



Received: 11 August 2023 / Revised: 8 September 2023 / Accepted: 13 September 2023 / Published: 12 October 2023



Abstract

:

Biomechanical properties of the tongue play a significant role in maintaining its normal physiological state. Although some techniques have been used to evaluate the tongue’s elasticity, they are limited in clinical detection because of low-resolution and invasive injuries. Here, a shaker-based optical coherence elastography technique that possesses features of high resolution, high sensitivity, and non-destructive imaging was designed and applied to the elastic detection of the tongue for the first time. Repeated experiments were conducted on the in vivo beagle tongue whose shear modulus and Young’s modulus were quantified by visualization of the shear wave propagation, which indicates that our technique is reliable and operable, and may be potentially utilized in clinical fields with further refinement.
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1. Introduction


The tongue, which is located at the bottom of mouth, is a significant organ that performs functions such as language, taste, and chewing. Once the tongue produces a lesion, it is likely to be an early symptom of tongue cancer. In addition, it can also be a precursor to some systemic diseases, such as blood and immune disorders [1]. Tongue cancer is a common type of oral cancer occurring in the sides and bottom of the tongue, most of which belong to squamous cell carcinoma [2]. However, the early symptoms of tongue cancer are not obvious, and thus patients do not have significant pain or discomfort, which may cause further deterioration of the condition and delay the optimal treatment time. Hence, efficient ways have been explored to recognize and judge the early symptoms of tongue cancer. Many studies have declared that the carcinoma tissue may be harder than the surrounding normal tissue in early stage cancer, which reflects that the changes in biomechanical properties of tissues can appear with the presence of cancer [3,4,5]. Thereby, the study of the biomechanical properties of the tongue may be of great significance for the early diagnosis of tongue cancer.



Several groups have studied the biomechanical properties of the tongue [6,7,8], where the elastography technique is widely used. Elastic imaging is a technique including hosts of elastography methods that estimates tissue elasticity by applying external forces to tissues and detecting the strain and stiffness of tissues [9,10,11]. Shingaki et al. applied the intraoral strain elastography technique on patients with tumorous lesions of the tongue to study the mechanical mechanism of early stage tongue carcinoma [6]. As a result, the corresponding strain distribution graph and thickness of the lesion were obtained and calculated. Chu et al. conducted a study evaluating the thickness and elasticity of the upper airway in patients with obstructive sleep apnea (OSA) by shear-wave ultrasound elastography [7]. The obtained Young’s modulus values suggested that the tongues of OSA patients are softer than those of healthy people. Cheng et al. used magnetic resonance elastography (MRE) technology to assess the viscoelastic properties of the tongue in volunteers during quiet breathing and measure the storage shear modulus [8]. Although these studies have evaluated the tongue’s elasticity, their comparatively low resolution and sensitivity may limit the track of subtle changes in the elastic structure of tongue tissues.



Elastography facilitates real-time monitoring of histopathological status, as the changes in elasticity may reflect the subtle variation of tissue structure. Elastic imaging techniques mainly include ultrasonic elastography (UE) and MRE technology. The UE technology was first introduced in the 1990s to measure local tissue strain and elastic modulus distribution in real time [12]. Based on MRI technology, MRE technology uses vibration sources to generate low-frequency mechanical waves and reconstructs quantitative tissue elasticity maps. Furthermore, the imaging results of MRE technology are more stable than UE technology owing to less dependence on the operators [13]. Nevertheless, they still do not have enough ability to accurately quantify the subtle deformation of tissues due to the relatively low resolution, although they can both achieve relatively large penetration depth [14,15].



Optical coherence elastography (OCE) technology is an emerging technology with high resolution and sensitivity, which develops from optical coherence tomography (OCT) [16,17,18,19]. An OCT system and an excitation unit are included in the OCE system. The excitation unit is used to cause subtle tissue deformation that is simultaneously detected by the OCT system to obtain the elastic information [20]. Furthermore, OCE is mainly divided into static and dynamic OCE according to different excitation forms [21,22]. Static OCE mainly includes compression OCE that uses static load to compress the tissue to produce deformation [23]. The corresponding Young’s modulus is calculated by the ratio of stress and strain. Meanwhile, the strain map and elastic distribution map can be obtained. In dynamic OCE, the wave-based method is the most commonly used technique, where periodic or pulsed loads are used to apply transient and local forces to the tissue to induce mechanical waves propagating inside the tissue [24,25]. The Young’s modulus of the tissue can be quantified by measuring the propagation velocity of the mechanical waves (group and phase velocity) and employing appropriate mechanical models. Based on this, OCE has become an efficient imaging tool in many fields, such as ophthalmology, dermatology, and atherosclerosis, where reliable elasticity results have been achieved [26,27,28,29,30,31]. Therefore, this technique has been fully validated in assessing biomechanical properties.



In this paper, we developed a shaker-based OCE system to measure the elasticity of the tongue. A shaker was employed to induce tissue deformation and elastic wave propagation. The force that was applied to induce deformation is easily controlled by the shaker, and thus deformation can be limited within the linear elastic region of tissues [32]. Moreover, a swept-source (SS) OCT system was used to track elastic wave propagation. It is based on a SS laser that has long wavelengths to reduce the signal attenuation and provide better tissue penetration [33,34,35].



A homogeneous phantom was first applied to check on the solidity and credibility of the system. Through several repeated experiments, the structural image and elastic wave velocity were obtained and then the Young’s modulus was accordingly calculated, whose values are consistent with the standard tensile test. The system was subsequently utilized to evaluate in vivo beagle tongue elasticity. Similarly, its structural image and corresponding Young’s modulus were acquired and quantified.




2. Materials and Methods


2.1. System Configuration


To accurately evaluate the elasticity of the tongue, a shaker-based OCE system was developed, as shown in Figure 1, where the mechanical shaker excitation unit was employed to generate the elastic wave, and the SS-OCT unit was used to track elastic wave propagation in tissue. In the SS-OCT section, a swept laser source with a central wavelength of 1310 nm and 110 nm bandwidth was used, which provides an average output power of 20 mw and an A-line acquisition frequency of 50 kHz. Through a wideband coupler, the light emitted from the laser source was split into two beams according to a particular spectral ratio (99:1). On account of the need to detect sufficient information from the sample, 99% of the light was conveyed to the sample arm, and 1% of the light was transmitted into the reference arm. In the reference arm, the light passed through a circulator, a collimator, an attenuator, and a plano-convex lens. The optical circulator is a three-port device that allows light to travel in only one direction. Any changes in the properties of the light caused by passing through the device are not reversed by traveling in the opposite direction. The fiber collimator is pre-aligned to collimate light from an FC/APC-terminated fiber with diffraction-limited performance. The attenuator can decrease the light intensity, and the plano-convex lens can focus a collimated beam or collimate light from a point source. Then, it came back to the circulator after reflecting from the mirror. Meanwhile, in the sample arm, the light traversed across the circulator, two-dimensional (2D) galvanometer, and scanning lens. Subsequently, it reached the tissue to track the elastic wave propagation. Two returned beams from the sample and reference arms interfered in another broadband coupler (50:50), and then the interfered light was detected by the photodetector. Eventually, the signal was processed by a computer under C++ circumstance. In addition, the axial resolution, lateral resolution, imaging depth, and signal-to-noise ratio of the OCT system are 6.71 μm, 15 μm, 4.2 mm, and 95 dB, respectively.



To induce elastic wave in the tissue, a function generator (Tektronix AFG31102) was exploited to generate a single-channel 2 kHz burst signal. Then, the signal was magnified by a power amplifier (Spanawave PAS-00023-25) and transferred to the mechanical shaker (Bruel & Kjaer, mini-shaker type 4810; Duluth, GA, USA). Meanwhile, a metal rod was attached to the end of the shaker to induce elastic wave propagation [36], and the tip of the rod briefly came into contact with the beagle tongue surface and aligned with the OCT scanning beam [37].




2.2. System Synchronization


In order to obtain the elastic information about the tongue, OCT data was obtained by the M-B scan model in the system. The λ trigger of the swept laser source was used to control the synchronization of the OCT scan light and the shaker excitation. The 500 A-lines (each A-line is spaced at 20 μs) and one shaker trigger were included in one M mode at each position, which takes 10 ms in total. Furthermore, the 2D galvanometer was used to move the OCT beam from one position to the next position. The same M-mode at 1000 locations was incorporated in one B-mode with a total time of 10 s. The timing diagram of the M-B mode is shown in Figure 2.




2.3. Biomechanical Characteristic Analysis


The tongue is regarded as an isotropic tissue in our experiments. Thus, the shear wave induced by the mechanical disturbance was used to quantify the biomechanical properties of the tongue. Doppler phase information at each location was acquired from the OCT raw data by utilizing the Hilbert transform. The phase difference Δφ between two adjacent A-lines taken from the contiguous data acquisition time was calculated by the phase resolution algorithm [38] in Equation (1):


  Δ φ =   tan   − 1     Im (  F m  ×  F  m + 1  ∗  )   Re (  F m  ×  F  m + 1  ∗  )    



(1)




where Fm and Fm+1 are the complex data of the given position and its next position, respectively, and F*m+1 stands for the conjugate of Fm, while Im () and Re () are the imaginary and real parts of the product of Fm and F*m+1, respectively. Later, the displacement difference between adjacent A-lines was calculated by the phase difference [39], as shown in Equation (2):


  Δ d =    λ 0    4 π n   Δ φ  



(2)




where λ0 is the center wavelength of the laser, and n symbolizes the refractive index of the tongue. Upon the displacement difference, the Doppler OCT image can be acquired, from which the spatiotemporal propagation information of the shear wave can be extracted. The shear wave velocity Vs was calculated by the displacement of the shear wave over time [40], as shown in Equation (3):


   V s  =   Δ x   Δ t    



(3)




where Δx and Δt are the displacement and time of the shear wave propagation. In addition, the relationship between the shear modulus and the shear wave velocity [41] is shown in Equation (4):


  μ = ρ ×  V s 2   



(4)




where ρ, Vs, and μ separately refer to the tongue’s density (1000 kg/m3), shear wave velocity, and shear modulus. According to the relationship between the shear modulus and the Young’s modulus [42], the Young’s modulus of the tongue can be calculated by Equation (5):


  E = 2 μ × ( 1 + v )  



(5)




where v represents the Poisson’s ratio (0.5) [43], while E is the Young’s modulus. Thus, the formula for calculating Young’s modulus [44] can be further simplified to Equation (6):


  E = 3 × ρ ×  V s 2   



(6)








2.4. Sample Preparation


In this paper, one tailor-made agar phantom was created to test the reliability and stability of the shaker-based OCE system. The preparation process of agar was as follows: (1) the agar powder was put into distilled water at room temperature, and the mixture was heated to 95 °C under continuous stirring; (2) the solution was cooled to 40 °C; and (3) 0.6% (v/v) intralipid solution was added into the mixture, then it was cooled to room temperature and placed in a prepared mold under vacuum condition.



The beagle experiments complied with the guidelines set forth by the Animal Experiment Ethics Committee of Nanchang Hangkong University (20190316/v1.0). One healthy beagle weighing 9.3 kg was used to serve as a laboratory sample. With ketamine (35 mg/kg) and xylazine (5 mg/kg) injections, the beagle was anesthetized before experiments. When the beagle was utterly senseless, it was placed on a custom-designed lifting table, with its mouth opened by a retractor. After experiments, the beagle was put back in its cage with regular feeding and monitoring.



Furthermore, five repeated experiments were conducted to ensure the accuracy of results and avoid accidental interference.





3. Results


3.1. Phantom Imaging


To verify the feasibility of the shaker-based OCE system, experiments on a homogeneous agar phantom were first performed. The 2D OCT image of the phantom is shown in Figure 3a, with the red line indicating the excitation position. Through the M-B scanning mode and Equations (1) and (2), 2D plots of shear wave propagation at five different time points were obtained, as shown in Figure 3b–f, where different colors symbolize different vibration directions and intensities. Meanwhile, to better visualize the propagation of shear wave along the entire lateral scanning range, a 3D image of shear wave propagation was reconstructed, as plotted in Figure 4. It can be seen that the propagation of the shear wave is continuous along the transverse measurement range. Meanwhile, the intensity and direction of wave vibration are different at distinct positions. Subsequently, by slicing it from the xt plane, the spatiotemporal Doppler image was acquired, as shown in Figure 5. The shear wave velocity could be evaluated to be 3.54 ± 0.03 m/s according to the slope of the spatiotemporal image and Equation (3). Then, the Young’s modulus could be quantified to be 37.64 ± 0.57 kPa based on Equations (4) and (6). In the meantime, a tensile test was carried out on the same agar model to verify the reliability of the outcomes, by which the Young’s modulus was calculated to be 39.26 ± 1.72 kPa. The results of our OCE experiments and tensile test are relatively consistent, which indicates that the OCE technique owns appropriate reliability and feasibility. As a result, it can be utilized for further tests on biological tissues.




3.2. In Vivo Beagle Tongue Imaging


After the confirmation of phantom experiments, our OCE system was used to conduct in vivo beagle tongue imaging. The tongue was kept dry throughout our experiment, and the shear wave mode was used to quantify the elasticity of the tongue. The whole test time should last no more than two hours to acquire good results and ensure the anesthetic effect. Meanwhile, three parts (see Figure 1) of the tongue including the right side of the dorsum linguae, the left side of the dorsum linguae, and the ventral surface of the tongue were measured to scrupulously analyze the elasticity of the tongue. The 2D OCT image of the right side of the dorsum linguae is shown in Figure 6a, where the red line symbolizes the position of excitation. Furthermore, the shear wave propagation at different time points was also obtained using the same methods described in the phantom experiments, as demonstrated in Figure 6b–f. The 3D image of shear wave propagation and spatiotemporal Doppler image were, respectively acquired to quantify its elasticity, as shown in Figure 7 and Figure 8. The shear wave velocity was calculated to be 4.38 ± 0.20 m/s. Subsequently, the corresponding Young’s modulus was evaluated to be 57.66 ± 5.30 kPa.



Similarly, the left side of the dorsum linguae and the ventral surface of the tongue were also evaluated by our OCE system. The 2D OCT image and shear wave propagation at different time points of the left side of the dorsum linguae are shown in Figure 9. Meanwhile, a 3D image of shear wave propagation and spatiotemporal image are demonstrated in Figure 10 and Figure 11. The corresponding shear wave velocity, and Young’s modulus were, respectively calculated to be 4.36 ± 0.17 m/s and 57.15 ± 4.37 kPa. The 2D OCT image and shear wave propagation of the ventral surface of the tongue are shown in Figure 12. The 3D image of shear wave propagation and spatiotemporal image are shown in Figure 13 and Figure 14, respectively. Based on the identical methods, the shear wave velocity and Young’s modulus were calculated to be 4.26 ± 0.18 m/s and 54.70 ± 4.79 kPa, respectively. The Young’s modulus results of these three parts are summarized in Figure 15. The boxplot indicates that the dorsum linguae is a little harder than the ventral of the tongue.





4. Discussion


The biomechanical properties of the tongue have been thought to contact intimately with their physiological status in many available studies. When the signal of lesion on the tongue occurs, some related diseases such as tongue cancer could appear to damage people’s health. In recent years, ultrasonographic elastography, introduced as an alternative technology enabling visualization of tissue elasticity, has been used to assess the degree of invasion of carcinomas. Elastography has been proven useful for differentiating between benign and malignant breast and thyroid gland lesions and for assessing liver fibrosis, and some studies have investigated the correlations between sonographic morphological features of the invasive front of tongue carcinoma and histopathological findings. Although some methods, such as MRE, strain elastography technique and shear-wave ultrasound elastography, have been used to evaluate the biomechanical properties of the tongue, their disadvantages of low resolution and invasive imaging could restrict further clinical application. Consequently, other techniques with the characteristic of non-destructive imaging and high resolution should be established to detect tongue elasticity.



In this paper, a shaker-based OCE method to detect the biomechanical properties of the tongue has been proposed for the first time. The shaker was used to impose an external incentive on the tissues, and the SS-OCT system was employed to track the propagation of the shear wave induced by the excitation. The system was used on the agar phantom to acquire structural information and visualize shear wave propagation. The corresponding result of the shear wave velocity was evaluated to be 3.54 ± 0.03 m/s based on the slope of the spatiotemporal image. Then, its Young’s modulus value was quantified to be 37.64 ± 0.57 kPa. Moreover, the experimental shear modulus and Young’s modulus’ results corresponded well with the data from tensile testing on the same phantom, which indicates that the system is dependable. Subsequently, experiments were conducted on three parts of the in vivo beagle tongue using our technique. The corresponding structural and elastic information were both obtained in the wake of processing the resulting raw data. In the experiments of the dorsum linguae, the Young’s modulus of the right and left sides of the dorsum linguae were quantified to be 57.66 ± 5.30 kPa and 57.15 ± 4.37 kPa, respectively. In the meantime, the corresponding Young’s modulus of the ventral surface of the tongue was calculated to be 54.70 ± 4.79 kPa. Then, the Young’s modulus results of the dorsum linguae and ventral surface of the tongue were summarized in a boxplot where the variance between them is evident, which indicates that the hardness of different areas on the tongue could be detected. Meanwhile, the slighter difference between the left and right sides of the dorsum linguae could also be recognized. These trials and results further reveal the capability of our shaker-based SS-OCE system to evaluate the biomechanical properties of the tongue. Moreover, based on the advantages of high sensitivity, high resolution, and non-contact imaging, this system may be anticipated to be utilized in the clinical detection of the tongue.



Although the shaker-based SS-OCE system has been validated for tongue elasticity measurement, it is still a little difficult to translate this technology into clinical use due to some challenges. To begin with, some inevitable physiological movements of the subject, such as volumetric movements induced by breathing or heartbeat, will occur during the whole experiment. Therefore, some motion artifacts will appear during data acquisition. Diminishing or even avoiding the effects of motion artifacts can be realized by increasing imaging speed, which may require a laser source with a higher repetition rate to provide faster line scan speeds [45,46]. Secondly, the imaging depth needs to be enhanced to facilitate better analysis of the structure of the tongue, which can be solved by the employment of a light source with a longer wavelength, and a photodetector with a larger bandwidth [47,48,49]. Thirdly, the imaging area should be expanded, which may be achieved by adding a lens with a 50 mm focal length in front of the scan lens to extend the field of view [50,51]. Eventually, the sensitivity and resolution of the system ought to be strengthened. Using lasers with wider bandwidths can be a bright solution to reinforce them [52].



In the future, we will further study and analyze the biomechanical properties of the tongue. For example, ex vivo and in vivo experiments will be conducted on more animal tissues such as rabbit tongue and pig tongue. On the one hand, it’s worthwhile to know the elastic difference between the ex vivo and in vivo tongues, on the other hand, the individual differences of biomechanical properties can be detected in various animals’ tongue. Subsequently, a large amount of sufficient data of tongue elasticity can be accumulated to establish a relatively comprehensive database. In addition, experiments on medicine-induced tongue cancer models will be performed to further explore how cancer influences the biomechanical properties of the tongue. It has been proved that tongue cancer is a complex clinical disease that should be understood deeply. Through the animal model with tongue cancer, the changes in elasticity of tongue cancer in the early, middle and terminal periods can be monitored, and thus our technology can be better applied to the clinical detection and diagnosis of tongue cancer in the future. In the meantime, the accuracy of the elastic quantification is expected to be further enhanced, which can be solved by improving the accuracy of phase difference estimation and phase stability of the system. Furthermore, the excitation unit and scanning objective lens can be integrated into a handheld probe through a 3D-printing technique or industrial production to facilitate the users. Eventually, this system and method may be applied to clinical testing through constant trials and improvement, which might help clinicians to better understand the pathological process of the disease and benefit from the timely diagnosis and treatment.




5. Conclusions


In this paper, a shaker-based OCE system is proposed to detect the biomechanical properties of the beagle tongue. This technique was first applied in the quantitative elasticity measurements of agar phantom, whose reliable results confirm that our system and method are stable and operable. Then, experiments on in vivo beagle tongue were performed to visualize 3D shear wave propagation and calculate the corresponding Young’s modulus. Revelation of the variance among the three parts of the tongue indicates that the elastic information of the tongue could be evaluated efficiently by our technique, and thus, it may be involved in the clinical detection of the tongue with continuous improvement in the future.
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Figure 1. Schematic of the shaker-based OCE system. 
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Figure 2. Timing diagram of the M-B mode. 
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Figure 3. Imaging results of the phantom. (a) 2D OCT image, (b–f) Maps of shear wave propagation at different time points. 
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Figure 4. 3D image of shear wave propagation in the phantom (The scale bars in depth (z) are used to describe the tissue vibration depth induced by the excitation unit). 
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Figure 5. Spatiotemporal OCT image of shear wave of the phantom. 
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Figure 6. Imaging results of the right side of the dorsum linguae. (a) 2D OCT image, (b–f) Maps of shear wave propagation at different time points. 
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Figure 7. 3D image of shear wave propagation in the right side of the dorsum linguae. 
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Figure 8. Spatiotemporal Doppler OCT image of the right side of the dorsum linguae. 
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Figure 9. Imaging results of the left side of the dorsum linguae. (a) 2D OCT image, (b–f) Maps of shear wave propagations at different time points. 
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Figure 10. 3D image of shear wave propagation in the left side of the dorsum linguae. 
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Figure 11. Spatiotemporal Doppler OCT image of the left side of the dorsum linguae. 






Figure 11. Spatiotemporal Doppler OCT image of the left side of the dorsum linguae.



[image: Photonics 10 01143 g011]







[image: Photonics 10 01143 g012] 





Figure 12. Imaging results of the ventral surface of the tongue. (a) 2D OCT image, (b–f) Maps of elastic wave propagations at different time points. 
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Figure 13. 3D image of shear wave propagation in the ventral surface of the tongue. 
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Figure 14. Spatiotemporal Doppler OCT image of the ventral surface of the tongue. 
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Figure 15. Boxplot of Young’s modulus of three parts of the tongue. 
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