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Abstract

:

The precise identification of intra-cochlear microstructures is an essential otorhinolaryngological requirement to diagnose the progression of cochlea related diseases. Thus, we demonstrated an experimental procedure to investigate the most optimal wavelength range, which can enhance the visualization of ex vivo intra-cochlear microstructures using multiple wavelengths (i.e., 860 nm, 1060 nm, and 1300 nm) based optical coherence tomography (OCT) systems. The high-resolution tomograms, volumetric, and quantitative evaluations obtained from Basilar membrane, organ of Corti, and scala vestibule regions revealed complementary comparisons between the aforementioned three distinct wavelengths based OCT systems. Compared to 860 nm and 1300 nm wavelengths, 1060 nm wavelength OCT was discovered to be an appropriate wavelength range verifying the simultaneously obtainable high-resolution and reasonable depth range visualization of intra-cochlear microstructures. Therefore, the implementation of 1060 nm OCT can minimize the necessity of two distinct OCT systems. Moreover, the results suggest that the performed qualitative and quantitative analysis procedure can be used as a powerful tool to explore further anatomical structures of the cochlea for future studies in otorhinolaryngology.
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1. Introduction


Ear-related medical problems, such as tinnitus [1], Meniere’s disease [2], and hearing loss [3] are global health problems. In particular, hearing loss, which was considered an elderly disease a few decades ago [4], has become a common disease among both adults and children in recent times [5,6]. Exposure to loud noise, ototoxic drugs, and aging are the main causes of hearing loss [7]. The cochlea plays a significant role in ear diseases. In particular, inner structure of the cochlea duct is a coiled tube filled with endolymph fluid [8] and is of spiral shape, and therefore the measurement of endolymphatic hydrops [9] and the analysis of the inner structure of the cochlea has become a major concern. Small animal cochlea specimens have been frequently studied instead of human cochlea specimens due to structural similarity [10]. However, due to the small magnitude of the cochlea of a guinea pig, the delineation of the inner microstructures, such as the Reissner’s membrane (RM), Basilar membrane (BM), and organ of Corti (OC), requires a higher resolution [11].



Numerous studies have been performed to observe the inner microstructures of cochlea using histological analysis [12], which has major limitations, such as time consumption, structural destructiveness, and the requirement of exceptional skills for precise dissection. Therefore, non-contact optical-technique-based medical imaging tools have gained an enormous attention recently. Extensively used current expensive medical imaging tools, such as X-ray, computed tomography, and magnetic resonance imaging, provide a low spatial resolution range (in the range of 0.5–1 mm) [13,14,15], which is not sufficient to observe micrometer range structural information of cochlea specimens.



OCT is an emerging, biomedical imaging technology that uses low-coherence interferometry to produce two-dimensional and three-dimensional images of internal tissue microstructures in real-time [16]. OCT systems have become widely established for medical [17,18], agricultural [19,20], and industrial applications [21,22]. Over time, OCT technology has been extensively applied in medical fields, such as ophthalmology [23,24,25], optical biopsy [26,27], dermatology [28,29], dentistry [30,31,32], and otorhinolaryngology [33,34,35,36]. The clinical use of OCT systems has been extended in the field of otolaryngology to visualize morphological structures of cochlea specimen [37]. 840 nm~860 nm (for ophthalmology and cardiology) and 1250 nm~1310 nm (for dentistry, dermatology, and otorhinolaryngology) are the most frequently utilized wavelengths for medical OCT systems [38,39]. 1060 nm wavelength OCT has been frequently applied for ophthalmological applications [40,41]. Consequently, most cochlea-related studies have been distinctly demonstrated using the wavelength range of 860 nm to achieve a higher resolution and 1300 nm for a higher depth penetration. And further studies were performed for the non-invasive visualization of mouse cochlea to measure sound-induced vibrations of the in vivo sensory and report membrane vibration within the unopened cochlea [42,43,44,45]. Nevertheless, the inspection trials to examine the enhanced morphological visualization of intra-cochlear microstructures (in resolution and depth) using 1060 nm OCT have been scarce. Hence, it is essential to discover the applicability of an alternative OCT wavelength capable of achieving sufficient depth penetration and resolution (lateral and axial) concurrently that simplifies the necessity of multiple OCT wavelengths.



The purpose of this demonstration was to investigate the most optimal OCT wavelength that can be employed to enhance the visualization of the inner morphological structures of guinea pig cochlea with simultaneously obtainable sufficient resolution and reasonable depth visualization. To accomplish this issue, OCT systems with multiple wavelengths, such as 860 nm, 1060 nm, and 1300 nm were used to examine ex vivo cochlea specimens to analyze the differences between inner morphology, enface visualizations, and overall OCT intensity fluctuations. All the experimental cochlea specimens were extracted from guinea pigs, which were later decalcified using ethylenediaminetetraacetic acid (EDTA) for a complete decalcification. Conventionally utilized 860 nm and 1300 nm OCT systems were engaged here as control states to gain a better understanding regarding previous reports and to convince the comparativeness. The objective of 1060 nm OCT system demonstration was to discover the maximum extent of characterizing inner morphological and enface cochlea structures with an enhanced visualization over control states (860 nm and 1300 nm), which has not been reported in otorhinolaryngological and cochlea-related literature to date. Consequently, quantitative evaluations were obtained using intensity fluctuations in the depth direction to confirm the potential applicability of the experimental protocol.




2. Materials and Methods


2.1. Multiple Wavelength OCT Technical Configurations


Widely applied three types of OCT wavelengths were involved in this experiment. The systems can be categorized as, i.e., a laboratory-customized system for 860 nm wavelength spectral domain OCT (SD-OCT), commercial (IVS-1000-VCSEL-1.06 μm, Santec, Komaki, Japan) for 1060 nm wavelength swept-source OCT (SS-OCT), and commercial OCS1310V1 (Thorlabs, Newton, NJ, USA) for 1300 nm wavelength swept-source OCT (SS-OCT), respectively. The developed SD-OCT system is operated with a broadband light source (BroadLighters T-850-HP, Superlum, Co., Cork, Ireland) with a center wavelength of 860 nm, a full width at half maximum of 135 nm. The incident optical power towards the sample was 12.2 mW. The detector part of the interferometer is a laboratory customized optical spectrometer designed with collimator (LB20R, Silicon Lightwave Technology, Lake Forest, CA, USA), a transmission type diffraction grating (HD1800 L/mm, Wasatch Photonics), and lens of 100-mm focal length (AC508-100-B, Thorlabs), which is used for focusing the diffracted rays on a 4096-pixels line scan camera (spl4096-140 km, Basler, Ahrensburg, Germany). The specimens were scanned using scan lenses (LSM02-BB, 10X, 0.11 NA, 810 nm~1100 nm) in both 860 nm and 1060 nm systems, and (LSM02, 10X 0.11 NA, 1250 nm~1380 nm) in 1300 nm system, respectively. The numerical aperture of the lenses was maintained as 0.11, where the depth of focus can be varied according to the wavelengths. Gabor-based fusion technique is one of the methods performed to obtain a high lateral resolution image throughout the depth of imaging with a high data acquisition speed [46]. Axial resolutions of the systems were measured by imaging the reflectivity profile of mirror reflection, which can also be referred as the axial point spread function (PSF). Further detailed optical specifications are listed in Table 1. The measured optical power values of the imaging systems were 12.2 mW (860 nm system), 12 mW (1060 nm system), and 10 mW (1300 nm system), respectively. The optical power values were adjusted within a range of 10 mW~13 mW to provide a fair comparison between three OCT systems. Due to the continuous variations of laser source power, the total output optical power values of all the three lasers were monitored prior to the experiment. The monitored values were measured, summed up, and averaged to compensate for the normalization of the entire intensity of the OCT images. According to the fundamental specifications, the customized 860 nm OCT system has a better transverse resolution compared to the 1060 nm and 1300 nm OCT systems, which delineates more distinguishable intra-cochlear microstructures. (The corresponding intra-cochlear microstructures are described in-detail in Section 3.1 with the external appearance along with the cross-sectional representation of the experimented guinea pig cochlea model shown in Figure 1). The 1300 nm OCT system was implemented to observe depth resolved images, and the 1060 nm OCT system was employed to investigate the wavelength feasibility for cochlea specimens and to clarify the main trade-offs between 860 nm and 1300 nm. Moreover, each system has a better transverse resolution than 25 μm with approximately similar signal-to-noise ratio (SNR) and sensitivity values. The SNR and sensitivity values of corresponding the multiple wavelengths based OCT systems varied between 95 dB~105 dB, and the sensitivity fall-off exhibited much less decay (maximum as 10 dB) in each system over the whole imaging depth with increasing optical path difference, which does not hamper the depth dependent visibility. The theoretical transverse resolution values of the Table 1 were calculated according to the numerical aperture of the scan lenses, and the experimentally measured transverse resolution values of the systems were evaluated using a resolution target (1951 USAF Resolution Target, Edmund Optics, Barrington, NJ, USA). The effective refractive index of the guinea pig cochlea tissue was 1.35 [47]. During the scanning procedure of cochlea specimens, the OCT scanning head was directly placed in a parallel manner facing the top surface of the cochlea specimen, and the focusing point was matched on the depth range of modiolus. To obtain multiple consecutive 2D-scans and 3D-scans within the region of interest, the specimen was placed on a two-directional movement translation stage with micrometer step movement. The field-of-view (FOV) of the two-dimensional images was 6 mm × 2 mm and the FOV of the 3D images was 6 mm × 5 mm × 2 mm in the x, y, and z directions, respectively. 3D reconstruction image was reconstructed using 3D software program reported in [48]. The quantitative measurements were evaluated using a customized program coded in MATLAB (Mathworks, Natick, MA, USA). In order to detect the transverse direction intensity profiles of cross-sectional images and enface representations, initially the images were loaded and intensity peak search algorithm was applied. According to the algorithm, peaks with maximum intensity of each individual transverse direction line (signal) were detected sequentially. Subsequently, multiple transverse directions signals were rearranged by matching the peak intensity index to obtain peak information corresponding to the transverse direction microstructural information. Since the physical structure of the cochlea specimen is curved, the obtained peak intensity arrays were summed up and averaged to obtain a single averaged intensity profile to overcome the aforementioned drawbacks of the physical nature of the specimen.



Additionally, the depth related sensitivity measurements were compared between three wavelengths based OCT systems to measure the sensitivity fall-off without an influence of the confocal gate as shown in Figure 1. It is worthy to note that the fall-off curve of 1060 nm and 1300 nm OCT systems exhibit much less decay compared to 860 nm OCT system over the imaging depth of 2 mm. Due to continuous power fluctuations of optical lasers, we performed multiple 3-dB PSF trials and then normalized the evaluations. The detected fall-off from 1300 nm OCT (Figure 1c) is 0.16 a.u., 1060 nm OCT (Figure 1b) is 0.22 a.u., and 860 nm OCT (Figure 1a) is 0.41 a.u., at 1.8 mm depth range respectively. Hence, the illustrated large fall-off decay of 860 nm confirms the less intensity and visibility of deep structures, and similarly, less fall-off decay of 1060 nm and 1300 nm reveal the high intensity and visibility of deep cochlear structures.




2.2. Specimens Preparation


The animal experiments were performed according to the guidelines of the Institutional Animal Care and Use Committee of Kyungpook National University. Cochlear extraction was performed using ten guinea pigs (8-week-old Hartley albino male guinea pigs with a weight range of 310–340 g) in this experiment to obtain ten cochlea specimens to observe the inner microstructures. All the extracted ex vivo cochlea specimens were inspected using three multiple wavelength OCT systems. The animals were anesthetized using an anesthetic cage combined with an isoflurane machine, and 1% of isoflurane was mixed with oxygen for the anesthetization. Guinea pigs were perfused with 30 mL of 1X phosphate buffer saline (PBS) of pH 7.4, followed by 30 mL of 4% paraformaldehyde in PBS of pH 7.4. The guinea pig cochlea samples were separated from the cranium and stored in cryotubes with 1.8 mL of 4% paraformaldehyde in PBS of pH 7.4 at room temperature (23 °C) (control stage) to prevent an external chemical reaction. EDTA was used as the optical clearing agent to decalcify the cochlea structures. Since we demonstrate a comparison between three major OCT wavelengths with depth and resolution trade-offs, all the experimented cochlea specimens were soaked in a solution with 1.8 mL EDTA 10% of pH 7.4 and 90% water and decalcified for 30 days to avoid the conflict of depth although 14 days are sufficient. Also, to avoid over dehydration, specimens were kept back in solution after concluding the experiment. Finally, according to the physiological condition of the animal, euthanasia was performed.





3. Results and Discussion


3.1. Morphological Representation of Intra-Cochlear Microstructures Ex Vivo


Figure 2a illustrates the photograph of a guinea pig cochlea specimen, which was entirely decalcified using EDTA. Figure 2b shows the corresponding cross-sectional image of the cochlea specimen that was acquired using the 1060 nm OCT system. The FOV of the cross-sectional image was 6 mm × 2 mm. The considerable depth penetration and sufficient resolution of 1060 nm OCT system facilitate the identification capability of intra-cochlear microstructures in the red-dashed square region, such as Reissner’s membrane (RM), Basilar membrane (BM), organ of Corti (OC), otic capsule (O), modiolus (M), scala media (SM), and scala vestibuli (SV) with an enhanced visualization.




3.2. Comparison of Multiple Wavelength OCT Cross-Sectional Images and the Corresponding Normalized Intensity Fluctuations


In order to confirm the wavelength appropriateness and enhancement of depth visibility, cochlea specimens were examined using the control wavelengths (860 nm and 1300 nm) and 1060 nm based OCT systems. Although ten ex vivo cochlea specimens were examined using the multiple wavelength OCT systems, Figure 3a–c illustrates the representative images acquired from 860 nm, 1060 nm, and 1300 nm OCT systems. The region of interest (R.O.I) was determined by using previously published article [44] as a base reference for identifying the important intra-cochlear microstructures. An external mark was placed on the R.O.I of the cochlea specimen to indicate the position of OCT scanning. Then, multiple 2D-OCT and 3D-OCT scans were acquired approximately close to the aforementioned marked position, which enabled to match the cross-sectional images of each wavelength at a similar imaging position. In order to distinguish the inner microstructures in the transverse direction, the intensity fluctuations in transverse direction were analyzed by considering three different depth levels, which were normalized, averaged, and graphically illustrated in Figure 3d–f, Figure 3g–i, and Figure 3j–l respectively.



The depth levels of 700 μm, 850 μm, and 1350 μm from the top region of the guinea pig cochlea specimen were particularly selected to compare the enhanced depth visualization of intra-cochlear microstructures, such as Reissner’s membrane, modiolus, and scala vestibuli. The results revealed that the inner microstructures of the guinea pig cochlea specimen are faintly visible as shown under the middle magenta dotted lines and lower white dotted lines in Figure 3a whereas they are well delineated in Figure 3b,c. The normalized intensity evaluation of Figure 3a–c was implemented using the aforementioned customized MATLAB program code and the transverse direction intensity fluctuations were plotted in Figure 3d–l. Due to the fluctuations of laser optical power, all the three lasers were monitored and the monitored values were measured, summed up, and averaged to compensate for the normalization of the entire intensity of the OCT images. To obtain a stable transverse direction intensity profile, the intensities were normalized by dividing them into the maximum averaged value of each laser power. Additionally, we implemented a median filter in the software program to compensate for the speckle noise to obtain a clear intensity plot without any noise destruction. The sharp peaks with a high intensity shown in the intensity plots correspond to the intra-cochlear microstructures detected in transverse direction. In the initial 700 μm depth range, the large peaks were identified with a thickness between 0~2 mm (in transverse direction) in Figure 3d–f representing the soft bony structures. However, a large intensity reduction can be identified in 850 μm and 1350 μm depth levels of 860 nm wavelength OCT images due to the degraded intensity (as shown in g and j images) compared to remaining wavelengths. The detected peak information of Figure 3e,h,k clearly reveals accurately distinguishable intensity peaks correspond to the microstructures with a thickness between 0~1 mm (in transverse direction) compared to 860 nm and 1300 nm wavelengths. Although peaks with similar intensity level can be identified in both 1060 nm and 1300 nm, peaks shown in (Figure 3e,h,k) provide more distinguishable transverse direction microstructural information compared to 1300 nm, which confirms precise identification of the soft bony structures. Since 860 nm OCT system has a better transverse resolution, peaks with more sharpness can be identified compared to other wavelengths between 2 mm to 4 mm transverse direction in all three depth levels (Figure 3d,g,j). Thus, the simultaneous acquisition of high transverse resolution microstructural information (similar to 860 nm system) and the long depth penetration (similar to 1300 nm system) using 1060 nm OCT system confirm that the 1060 nm wavelength range can be regarded as a trade-off between increased lateral/axial resolution and increased penetration depth.



The aforementioned intensity fluctuations were further numerically quantified by considering intensity peak information between 2 mm~6 mm transverse distance. The intensity profiles of Figure 3 were involved for the analysis. The inset numbers (①~⑦) of the intensity profiles illustrate seven uniform points of interest, which were equivalently considered between 2 mm~6 mm distance in each 700 μm, 850 μm, and 1350 μm depth levels. The vertical dotted line of each plot indicates the initiating point (2 mm). The thickness and intensity quantifications of the 7 points selected at each depth from each wavelength are shown in Figure 4. Similar peak detection algorithm was used and the peaks, which are less than 0.15 a.u. were discarded to filter the exact clear peaks correspond to intra-cochlear microstructures. The missing bars and ‘0’ positions of graphs indicate the non-detectable or discarded thickness and intensity information. Among all three depth levels of each wavelength, 1060 nm exhibits no missing bars or ‘0’ intensities, which confirms the detection capability of intra-cochlear microstructures more precisely compared to 860 nm and 1300 nm wavelengths. Even though the roll-off affects deep imaging, the complex interplay of axial/transverse resolution, focus position of three wavelengths, and the potential merits of 1060 nm wavelength can be sufficiently convinced through the quantifications.



Moreover, to analyze the total intensity fluctuation of the cross-sectional images, depth direction intensity profiles were analyzed for each image. The depth profiles were taken from the entire cross-section. An intensity peak search software algorithm based cropped window was utilized to grab all the intensity signals of each 2D-OCT image, where later rearranged, flattened, summed up and averaged to obtain a single depth profile. The depth profile shown in Figure 5 illustrates theoretically proven representative total intensity fluctuation of each wavelength range, i.e., the aforementioned wavelengths of 860 nm, 1060 nm, and 1300 nm. Similar fluctuations were observed from 0~0.7 mm in all the three graphs. However, a relatively sudden increase was observed for the wavelength of 1300 nm owing to the presence of deep morphological structures in 1300 nm cross-sectional images. At further depth in the range of 0.7 mm to 1.4 mm, the least intensity was observed for 860 nm and the intensity for 1060 nm fluctuated between those of the wavelengths of 860 nm and 1300 nm. The lateral direction intensity fluctuation above the depth of 1.4 mm in the wavelength region of 860 nm slowly disappeared.




3.3. The Comparison between Enface Representations of Multiple Wavelength OCT Systems


Three-dimensionally rendered images of all the specimens were utilized to obtain the depth direction enface images. The reconstructed volumetric images are shown in the first row of Figure 6. The rendered volumetric images consist of 500 cross-sectional OCT images (B-scan images) with a FOV of 6 mm × 5 mm × 2 mm in the x, y, and z directions, respectively. The three enface images were acquired at depths of 300 μm, 700 μm, and 850 μm from the top of the volumetric image of the cochlea.



The enface images as well as additionally provided contrast images further exploit the enhanced visualization of micro-structures. Since, the extracted anatomical structures, which are located on the gray scale raw enface images do not provide a distinguishable visualization, intensity level based color grading was applied to the raw enface images to identify the anatomical borders more precisely compared to raw enface images using a color grading framework reported in [49,50]. As a result, the color grading implemented enface images presented in Figure 6J–R demonstrate the potential capability of 1060 nm wavelength OCT system through the distinguishable identification capability of anatomical borders. Moreover, in 1060 nm wavelength band qualitative representation, the red color arrows indicated on the enface images illustrate precisely observable micro-structures, which are partially visible in other two types of wavelengths. Therefore, within the reflective image representation, intra-cochlear microstructures, such as Reissner’s membrane, Basilar membrane, scala media, and scala vestibule can be well-distinguished compared to 860 nm and 1300 nm wavelengths. These results emphasize clearly identifiable tissue boundaries with an enhanced contrast owing to the high backscattered intensity level. The representative color scale bar indicates the variation of intensity range. To gain a better confirmation regarding the aforementioned micro-structural differences, lateral intensity quantification was performed for all the enface images of all three wavelengths. The normalized intensity plots are depicted in Figure 7. The lateral direction intensity fluctuations at the depths of 300 μm, 700 μm, and 850 μm were normalized, averaged, and graphically illustrated to distinguish the microstructures in the transverse direction. The red, green, and blue intensity profiles shown in Figure 7 correlate to the lateral intensity profiles of 300 μm, 700 μm, and 850 μm depth levels of each wavelength. Similar results as those of the prior analysis were obtained, since an enhanced visualization of inner morphological structures of cochlea specimens was well-distinguished using the 1060 nm wavelength-based OCT system. Especially, the intensity profiles obtained at depth levels of 300 μm and 700 μm indicate that the 1060 nm wavelength-based OCT system is capable of detecting more intra-cochlear microstructural information with a higher intensity at each depth range as shown in Figure 7B,E,H. And most importantly, the intensity evaluations of 1060 nm clearly visualizes the peak information correlates to organ of Corti, Reissner’s membrane, scala media, and scala vestibule, which highlights detection capability of soft bony structures compared to other wavelengths. Although the visible depth range (Figure 7C,F,I) of 1300 nm is greater than that for 1060 nm, the intensity plots of the 1060 nm OCT system provide more distinguishable sharp peak information with a relatively reasonable depth. Moreover, the normalized intensity level of 1060 nm is greater than 1300 nm in the depth range of 850 μm (as shown in Figure 6H,I images), since the concentrated intensity signal of the 1060 nm enface representation (Blue color dotted line of Figure 6H) reveals the existence of precisely identifiable soft bony structures, which are unable to be visualized in 1300 nm enface representation (Blue color dotted line of Figure 6I). Thus, the obtained enface and quantitative results demonstrate the applicability of the 1060 nm wavelength-range-based OCT system for the analysis of cochlea specimens.



Analogous quantification to Figure 4 was repeated here by considering intensity peak information between 2 mm~6 mm transverse distance range for all intensity profiles in Figure 7. The inset numbers (①~⑤) of the intensity profiles illustrate five uniform points of interest, which were equivalently considered between 2 mm~6 mm distance in each 300 μm, 700 μm, and 850 μm depth levels. The quantifications shown in Figure 8 explain regarding the detection capability of thickness and intensity of peaks correspond to intra-cochlear microstructures in each wavelength range. Similarly, the missing bars and ‘0’ positions of graphs indicate non-detectable or discarded thickness and intensity information. It is worthy to note that the similar behavior to Figure 4 can be identified where 1060 nm exhibits no missing information confirming the detection capability of internal microstructures with a higher precision compared to 860 nm and 1300 nm wavelengths. Subsequently, much appreciable differences were not found in Figure 3, since the images were evaluated in axial direction. However, 1060 nm enface representations shown in Figure 6 reveal specific structural differences over other wavelengths as a result of transverse resolution quite similar to 860 nm and depth penetration similar to 1300 nm wavelength. Although significant differences and image contrast were not identified, pixel intensity based quantitative assessments emphasized particular merits of 1060 nm compared to other dual wavelengths, which eventually provided a convincing platform to the applicability of 1060 nm. Moreover, the utilized OCT-pixel intensity based quantitative assessments were involved to enhance the precision of the protocol. Even though full width half maximum (FWHM) peaks intensities and thickness values are subjective to the position of specimen placed for the incident light, the selected transverse direction y-axis pixel array of the region of interest was approximately similar in all three systems to enhance the precision of the assessment.





4. Conclusions


Multiple wavelengths (860 nm, 1060 nm, and 1300 nm) based OCT systems were implemented to investigate the most optimal wavelength range for determining the enhanced intra-cochlear microstructural visualization of guinea pig cochlea ex vivo. The 860 nm and 1300 nm OCT systems were employed as control systems, which perceptibly provide high-resolution and high depth penetration. Additional spectral shaping techniques, which eliminate negative effects of sidelobes and fix the bandwidth for a particular range with a Gaussian-shape spectrum were not included in the study. The primary focus of this study was to investigate the most optimal spectral band capable of examining ex vivo intra-cochlear microstructures with a higher transverse resolution along with a sufficient depth range. The aforementioned feasibility was evaluated with the fundamental conditions of the OCT systems and by maintaining quite similar conditions of NA, depth of focus, and optical power values. Hence, the implementation of 1060 nm wavelength OCT was the main objective of this study to explore how exactly 1060 nm wavelength is capable of minimizing the need of two different OCT systems. The obtained cross-sections, enface, and quantitative evaluations of the study confirmed the usefulness of longer wavelengths (1060 nm and 1300 nm) to visualize cochlea specimens compared to 860 nm wavelength range. Although the high depth penetration of 1300 nm wavelength in hard materials was proven theoretically, the depth penetration revealed similarities at 1300 nm and 1060 nm wavelengths due to the influence of water absorption by the cochlear specimen. The description of water absorption effect related depth penetration and attenuation coefficient are beyond the scope and well-described in [51,52]. Even though the 860 nm OCT system provided better transverse resolution comparatively, the 1060 nm OCT system was capable of distinguishing essential intra-cochlear microstructures, such as RM, BM, OC, O, and etc., with a favorable resolution quite similar to 860 nm OCT system. Consequently, the illustrated intensity fluctuations and quantitative evaluations of 1060 nm OCT system successfully confirmed the detection capability of intensity and thickness values correspond to inner soft bony structures, which were not detected at 860 nm and 1300 nm wavelengths verifying the achievable resolution and depth penetration for cochlea inspections. Accordingly from these results, it can be considered that there is a trade-off between imaging contrast and penetration depth, which requires a higher contrast at a greatest possible penetration depth in cochlear measurements. Here the 1060 nm OCT system compromises between the other wavelengths in terms of penetration depth and image contrast. Hence, 1060 nm wavelength band OCT system provides more precise inner anatomical structures (in enface plane) of the guinea pig cochlea specimens compared to the other OCT systems. Therefore owing to the enhanced microstructural visualization, 1060 nm wavelength OCT can be a promising solution to determine intra-cochlear microstructures, and the experimental procedure described here can be applicable for various cochlea-related applications in otorhinolaryngology.
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Figure 1. The depth dependent sensitivity fall-off comparison of the three OCT systems. (a–c) The sensitivity fall-off representations of 860 nm, 1060 nm, 1300 nm OCT systems, respectively. 
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Figure 2. External appearance of a guinea pig cochlea and cross-sectional representation. (a) The photograph of a guinea pig cochlea sample; (b) Cross-sectional image acquired using the 1060 nm OCT system. BM: Basilar membrane, M: modiolus, OC: organ of Corti, O: otic capsule, RM: Reissner’s membrane, SM: scala media, SV: scala vestibuli. 
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Figure 3. Cross-sectional images and the corresponding normalized transverse direction intensity profiles for each (700 μm, 850 μm, and 1350 μm) depth range. (a–c) were acquired using 860 nm, 1060 nm, and 1300 nm OCT systems, respectively. The upper dotted line (in orange), middle dotted line (in magenta), and lower dotted line (in white) refer to depth levels of 700 μm, 850 μm, and 1350 μm from the top range of the guinea pig cochlea specimen, respectively. Graphs (d–f) indicate transverse intensity fluctuation corresponds to the upper depth range (penetration depth at 700 μm). Graphs (g–i) indicate transverse intensity fluctuation corresponds to the middle depth range (penetration depth at 850 μm). Graphs (j–l) indicate transverse intensity fluctuation corresponds to the lower depth range (penetration depth at 1350 μm). The inset numbers (①~⑦) illustrate the seven uniform points of interest considered for the quantitative analysis of each depth range. 






Figure 3. Cross-sectional images and the corresponding normalized transverse direction intensity profiles for each (700 μm, 850 μm, and 1350 μm) depth range. (a–c) were acquired using 860 nm, 1060 nm, and 1300 nm OCT systems, respectively. The upper dotted line (in orange), middle dotted line (in magenta), and lower dotted line (in white) refer to depth levels of 700 μm, 850 μm, and 1350 μm from the top range of the guinea pig cochlea specimen, respectively. Graphs (d–f) indicate transverse intensity fluctuation corresponds to the upper depth range (penetration depth at 700 μm). Graphs (g–i) indicate transverse intensity fluctuation corresponds to the middle depth range (penetration depth at 850 μm). Graphs (j–l) indicate transverse intensity fluctuation corresponds to the lower depth range (penetration depth at 1350 μm). The inset numbers (①~⑦) illustrate the seven uniform points of interest considered for the quantitative analysis of each depth range.



[image: Electronics 07 00133 g003]







[image: Electronics 07 00133 g004 550] 





Figure 4. The numerical quantifications for thickness and normalized intensity correspond to intra-cochlear microstructural positions (indicated by 7 uniform points) in each wavelength range of Figure 3. (a) FWHM thickness and the normalized intensity values correspond to seven lateral direction positions of all three OCT systems selected from 700 μm depth range; (b) FWHM thickness and the normalized intensity values correspond to seven lateral direction positions of all three OCT systems selected from 850 μm depth range; (c) FWHM thickness and the normalized intensity values correspond to seven lateral direction positions of all three OCT systems selected from 1350 μm depth range. 
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Figure 5. Depth profile comparison between multiple wavelength OCT systems in terms of normalized total intensity. 
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Figure 6. The volumetric images of cochlea specimens acquired using 860, 1060, and 1300 nm multiple wavelength OCT systems along with the corresponding enface representations (A–I) obtained at each corresponding depth level. Red, green, and blue arrows indicate the depth levels, such as 300 μm (A–C), 700 μm (D–F), and 850 μm (G–I), respectively, inside the cochlea. (J–R) images represent the backscattered intensity based color scaled enfaced images to demonstrate the contrast enhancement. The red, green, and blue color dotted lines indicated on enface images correspond to the transverse intensity evaluations shown in Figure 7. 
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Figure 7. Transverse direction intensity profiles obtained from the enface images. Red plots correspond to the transverse direction intensity plot obtained from the depth range of 300 μm, green plots correspond to the transverse direction intensity plot obtained from the depth range of 700 μm, and blue plots correspond to the transverse direction intensity plot obtained from the depth range of 850 μm in all the ex vivo cochlea volumetric images. Graphs (A–C) indicate transverse intensity fluctuation corresponds to the depth range of 300 μm, (D–F) indicate transverse intensity fluctuation corresponds to the depth range of 700 μm, and (G–I) indicate transverse intensity fluctuation corresponds to the lower depth range of 850 μm. The inset numbers (①~⑤) illustrate the five uniform points of interest considered for the quantitative analysis of each depth range. Due to the degraded intensity level of 1350 μm depth range (specifically in 860 nm), the enface representations were not considered for the transverse intensity detection. 
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Figure 8. The numerical quantifications for thickness and normalized intensity correspond to intra-cochlear microstructural positions (indicated by 5 uniform points) in each wavelength range of Figure 7. (a) FWHM thickness and the normalized intensity values correspond to five lateral direction positions of all three OCT systems selected from 300 μm depth range; (b) FWHM thickness and the normalized intensity values correspond to five lateral direction positions of all three OCT systems selected from 700 μm depth range; (c) FWHM thickness and the normalized intensity values correspond to five lateral direction positions of all three OCT systems selected from 850 μm depth range. 
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Table 1. Optical specifications of the three OCT systems.
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Model

	
Customized

	
IVS-1000

	
OCS1310V1






	
Parameters

	
Specifications




	
Central wavelength

	
860 nm

	
1060 nm ± 30 nm

	
1300 nm ± 15 nm




	
Spectral bandwidth

	
135 nm

	
≥100 nm

	
>97 nm (−10 dB cut off point)




	
Transverse resolution (Theoretical/Experimentally measured)

	
9.7 μm/11.4 μm

	
11.8 μm/14.7 μm

	
14.4 μm/25 μm




	
Axial resolution air/tissue (with refractive index of 1.35) (Experimentally measured)

	
10 μm/7.4 μm

	
13.3 μm/9.8 μm

	
16 μm/11.8 μm




	
Image acquisition speed

	
140,000 line/s

	
100,000 line/s

	
100,000 line/s




	
Scan lens focal length

	
18 mm

	
18 mm

	
18 mm




	
Scan lens variety wavelength range

	
LSM02-BB 810~1100 nm

	
LSM02-BB 810~1100 nm

	
LSM02 1250~1380 nm




	
Numerical aperture of scan lens

	
0.11

	
0.11

	
0.11




	
Optical power

	
12.2 mW

	
12 mW

	
10 mW




	
Sensitivity

	
97 dB

	
101 dB

	
105 dB












© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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