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Experimental assessment of stiffness of crystalline lens of the eye can help in understanding several ocular diseases. Studies have shown that stiffness of the eye lens increases with age that might contribute to loss of accommodation. The stiffness of the lens could be assessed by measuring mechanically induced surface waves propagating on its surface. Here we present preliminary results on phase sensitive spectral domain optical coherence tomography (PhS-SDOCT) measurements of the vibrations induced on surface of an eye lens. The system shows an axial resolution of 8 μm, phase sensitivity of 0.01 radians, imaging depth of up to 3.4 mm in air and a scanning speed of 29 kHz for a single A-line. The results indicate that the system could detect vibrations as small as 0.45 µm induced on the surface of crystalline lens, and hence, PhS-SDOCT could be potentially used to assess stiffness of a crystalline lens.
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1. INTRODUCTION According to the most widely accepted theory of presbyopia, the age-related loss of accommodation is attributed to gradual loss of lens elasticity [1-7]. Experiments show increased resistance of the aging human lens to mechanically applied forces [6, 8-11]. These studies demonstrate that the aging human lens loses the ability to undergo optical changes and becomes physically harder (with an exponential rise in the stiffness with age [12]). Additionally, the stiffening of the crystalline lens has been attributed to senility of the eye and to the type of cataract [13]. Together, these results show that lenses in old human are quite different from lenses in young individuals, and that the biomechanical properties of human lenses change substantially with age in addition to the loss of accommodation. Understanding how the lens biomechanical properties change with age is needed if the causes of presbyopia are to be understood and, potentially, reversed through the interventions. Several methods have been used to measure lens mechanical properties in vitro, typically applying radial or axial force. Radial forces attempting to mimic zonular forces generated during disaccommodation were produced by spinning the lens about its antero-posterior axis at various speeds [14, 15] or by mechanically stretching the lens [16-19]. Resulting changes in lens size and shape determine its resistance to deformation. Other techniques include axial compression of whole lenses [20-22] or nucleus [23], static indentation methods [24], and dynamic indentation methods to measure the local dynamic stiffness [25-29]. The measurements in vivo during accommodation were performed using A-scan ultrasonography to estimate axial thickness changes [30] and using optical coherence tomography (OCT) to determine Ophthalmic Technologies XX, edited by Fabrice Manns, Per G. Söderberg, Arthur Ho, Proc. of SPIE Vol. 7550, 755007 · © 2010 SPIE · CCC code: 1605-7422/10/$18 · doi: 10.1117/12.842423
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the qualitative change in stress on the lens capsule [31]. Most of these methods assume only in vitro measurements and have limitations for use in vivo. In this paper we present preliminary results on measurements of the vibrations induced on surface of an eye lens with phase sensitive spectral domain optical coherence tomography (PhS-SDOCT) as the first attempt in developing highly-sensitive tool for noninvasive assessment of eye lens biomechanics.



2. MATERIALS & METHODS Schematic diagram of phase-sensitive spectral domain optical coherence tomography (PhS-SDOCT) system used in these studies is shown in Fig 1. A superluminescent laser diode (Superlum Diodes Ltd, output power of 20 mW at central wavelength 840 nm and bandwidth of 50 nm) was used at the input arm of the Michelson interferometer (MI). The laser beam was split into two parts at the fiber beam splitter, one part going to the reference arm which consisted of a ~99% reflecting mirror, and the other part – to the sample. The back reflected and the back scattered light from the reference and the sample arm, respectively, interfered at the beam splitter and is detected by a CCD-based spectrometer at the fourth arm. The spectrometer consisted of a diffracting grating (Wasatch Photonics, 1200 grooves per mm) and a line scan camera (Basler L104K-2k, having 2048 pixel resolution, line rate of 29.2 kHz). Phase sensitivity of the system was determined to be 0.01 radians [32].



Fig 1: Schematic diagram of PhS-SDOCT system.



An OCT A-scan (depth profile) was obtained by computing the FFT of the interferogram detected at the spectrometer, after converting the data to linear k-space. M-mode images were obtained by taking repeated A-scans at the same point. Thus, a 2D matrix was created where the rows represent depths, and columns represent time. Both structural and phase information was obtained from FFT of the interferogram. The phase change can be related to the physical displacement by the following relation: , where



is the phase change,



is the central wavelength of the laser source and



(1) is the displacement.



A test study to detect surface vibrations was performed first. Here, a speaker diaphragm was imaged in M-mode with 1 kHz sampling rate. The speaker was connected to a personal computer and a software application (Audacity) was used to play a sinusoidal tone of 100 Hz and varying amplitude. The peak corresponding to surface of the diaphragm was tracked using a custom-made MATLAB code and the phase was extracted during complex FFT of the OCT fringes. Once the system was tested and verified, we performed similar experiments on crystalline eye lens of the mouse. Eye lens were extracted from an adult mouse and was placed in a container containing saline to prevent dehydration of the eye lens.
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The lens was secured firmly to the base of the container preventing its mobility. A thin but stiff wire was used to transfer the vibrations produced by the speaker diaphragm onto the surface of the eye lens, hence producing surface vibrations on the eye lens. A sinusoidal tone of 130 Hz was played from the speaker. M-mode scanning was performed on the eye lens when being vibrated and surface vibrations were quantified from the phase information using similar method as used with speaker diaphragm.



3. RESULTS The plots obtained for the vibrations induced on the surface of speaker diaphragm are shown in Fig 2. The plots in Fig 2(a) correspond to the peak position of surface speaker diaphragm when there is no input vibration. The graphs indicate



that there was no detectable displacement in the peak position which implies that the speaker surface is relatively motionless. The corresponding phase plot and the calculated displacements (see eq. 1) are shown in Fig 2(b). Fig 2(b) indicates that there are some small displacements (~30 nm) which are likely associated with the optical table vibrations. These data also show that the phase has modulation of 21 Hz when no vibrations were induced. This modulation of 21 Hz could be attributed to the environmental noise (due to the pressure coming from the AC vents, etc.). Fig 2(c) shows data where vibration of large amplitude (~ 4.5 μm) was applied and detected as a shift in the OCT peak position of the A-scan. Corresponding phase changes are indicated using the left y-axis of the Fig 2(d). Displacement of the surface has been estimated from the unwrapped phase values using the equation 1 and the unwrapping of phase was done using the changes in the peak position, as described in our earlier work [33, 34]. The calculated displacements show amplitude of 10 µm thus validating that the phase could be utilized to measure the vibrations. Fig 2(e) shows the position of diaphragm when vibrated with very small amplitude (~0.27 μm). As the axial resolution of the system is around 4 µm, the vibrations cannot cause any shift in the A-scan peak position, however, the corresponding phase response shown in Fig 2(f), clearly detect these changes due to sub-μm displacements. Fig 3 depicts the plots obtained for the vibrations induced on the surface of mouse eye lens. Fig 3(a) shows peak positions representing the case where there was no input vibration to the eye lens. Fig 3(b) shows the corresponding phase. This phase shows a 21 Hz phase noise component which is likely to be environmental noise as discussed earlier. Fig 3(c) represents the case when vibration of 130 Hz but very small amplitude is applied to the lens and it cannot be observed by monitoring peak positions from A-scans. Fig 3(d) shows that phase is changing indicating that there is 130 Hz vibration of ~0.1 μm amplitude. Fig 4 depicts the plots obtained from FFT of the phase information used to calculate the amplitude of small vibrations. Fig 4(a) and Fig 4(c) are the FFT plots of speaker diaphragm and mouse eye lens surfaces, respectively, where no tone was played. The plots still show presence of a minor environmental 21 Hz component. One can infer from Fig 4(b) that a frequency of 100 Hz tone was applied to the speaker diaphragm. Fig 4(d) depicts FFT of the mouse eye lens surface when a 130 Hz tone was applied.



4. DISCUSSION The measurements of the surface vibrations of the speaker diaphragm indicate that PhS-SDOCT is sensitive to minute displacement and serves as a good tool to detect small vibrations on the order of 0.1 μm. Since the system relies on the phase sensitive measurements, it can be subjected to external noise which is one of the limitations of this method. For example, the 21 Hz component occurs in all phase plots and it is expected to be caused by the external environment (air from AC vents). Additionally, since the system measures phase, it is subjected to 2π ubiquity and hence careful phase unwrapping needs to be performed. Nevertheless, these drawbacks could be partially diminished by increasing speed of the system.
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Fig 2: Vibrations of 100 Hz induced on the surface of speaker diaphragm: (a) peak position when no vibration is applied; (b) corresponding phase and quantified displacement; (c) vibrations of larger amplitude causing shift in peak position; (d) corresponding phase and quantified displacement for (c); (e) vibrations of smaller amplitude causing no shift in the peak position; and (f) corresponding phase and quantified displacement for (e).
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Fig 3: Vibration induced on surface of mouse eye lens: (a) no induced vibrations; (b) corresponding phase and displacement for (a); (c) induced vibrations at 130 Hz of small amplitude causing no shift in the A-scan peak position; and (d) Corresponding phase and quantified displacement for (c).
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Fig 4: FFT for displacement of surface: (a) speaker diaphragm without vibration indicating noise at 23 Hz with amplitude of 0.012 µm; (b) speaker diaphragm with induced vibrations of 100 Hz with amplitude of 0.27 µm (note the noise at 23 Hz with amplitude of 0.01 µm); (c) mouse eyes lens without vibration; and (d) mouse eyes lens with induced vibrations at 130 Hz with amplitude of 0.1 µm.



5. CONCLUSION In this paper we have demonstrated the utility of PhS-SDOCT to quantify very small surface vibrations induced on the surface of mouse eye lens. We have determined that if vibrations have low amplitude, they do not cause any shift of peak position, however, the vibrations can still be quantified from the phase. In our future studies we plan to combine experimentally measured surface vibrations with theoretical modeling to determine biomechanics of a crystalline lens.



6. ACKNOWLEDGEMENTS This work was partially supported by grants from ONR (N000140710943), NSF (CMMI-0900743), and NIH (EY 018081).



Proc. of SPIE Vol. 7550 755007-6 Downloaded from SPIE Digital Library on 12 Mar 2010 to 128.83.154.95. Terms of Use: http://spiedl.org/terms



6. REFERENCES [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29]



L. P. Werner, F. Trindade, F. Pereira, and L. Werner, "Physiology of accommodation and presbyopia," Arquivos Brasileiros de Oftalmologia 63 (6), 503-509, (2000). D. A. Atchison, "Accommodation and presbyopia," Ophthalmic and Physiological Optics 15, 255-272, (1995). A. Glasser and M. C. Campbell, "Presbyopia and the optical changes in the human crystalline lens with age," Vision Research 38, 209-229, (1998). P. L. Kaufman, [Adlers Physiology of the Eye]: Mosby Year Book, (1992). D. A. Atchison, "Accommodation and presbyopia," Ophthalmic Physiol Opt 15 (4), 255-72, (1995). A. Glasser and M. C. Campbell, "Biometric, optical and physical changes in the isolated human crystalline lens with age in relation to presbyopia," Vision Res 39 (11), 1991-2015, (1999). K. R. Heys, S. L. Cram, and R. J. Truscott, "Massive increase in the stiffness of the human lens nucleus with age: the basis for presbyopia?," Mol Vis 10, 956-63, (2004). R. F. Fisher, "Elastic constants of the human lens capsule," J Physiol 201 (1), 1-19, (1969). R. F. Fisher, "The elastic constants of the human lens," J Physiol 212 (1), 147-80, (1971). R. F. Fisher, "Presbyopia and the changes with age in the human crystalline lens," J Physiol 228 (3), 765-79, (1973). R. F. Fisher, "The force of contraction of the human ciliary muscle during accommodation," J Physiol 270 (1), 51-74, (1977). H. A. Weeber and R. G. van der Heijde, "On the relationship between lens stiffness and accommodative amplitude," Exp Eye Res 85 (5), 602-7, (2007). K. R. Heys and R. J. Truscott, "The stiffness of human cataract lenses is a function of both age and the type of cataract," Exp Eye Res 86 (4), 701-3, (2008). R. F. Fisher, "The elastic constants of the human lens," The Journal of Physiology 212, 147-180, (1971). R. F. Fisher, "Presbyopia and the changes with age in the human crystalline lens," The Journal of Physiology 228 (765-779)1973). R. F. Fisher, "The force of contraction of the human ciliary muscle during accommodation," The Journal of Physiology 270, 51-74, (1977). B. K. Pierscionek, " In vitro alteration of human lens curvature by radial stretching," Experimental Eye Research 57, 629-635, (1993). B. K. Pierscionek, "Age-related response of human lenses to stretching forces," Experimental Eye Research 60 (325-332)1995). N. M. Ziebarth, D. Borja, E. Arrieta, M. Aly, F. Manns, I. Dortonne, D. Nankivil, R. Jain, and J.-M. Parel, "Role of the lens capsule on the mechanical accommodative response in a lens stretcher," Investigative Ophthalmology and Visual Science 49 (10), 4490-4496, (2008). A. Glasser and M. C. W. Campbell, "Biometric, optical, and physical changes in the isolated human crystalline lens with age in relation to presbyopia," Vision Research 39 (11), 1991-2015, (1999). Y. Kikkawa and T. Sato, "Elastic properties of the lens," Experimental Eye Research 2, 210-215, (1963). G. W. H. M. van Alphen and W. P. Graebel, "Elasticity of tissues involved in accommodation," Vision Research 31 (7-8), 1417-1438, (1991). G. Czygan and C. Hartung, "Mechanical testing of isolated senile human eye lens nuclei," Medical Engineering and Physics 18 (5), 345-349, (1996). H. Pau and J. Kranz, "The increasing sclerosis of the human lens with age and its relevance to accommodation and presbyopia," Graefe's Archive of Clinical and Experimental Ophthalmology 229, 294-296, (1991). K. R. Heys, S. L. Cram, and R. J. W. Truscott, " Massive increase in the stiffness of the human lens nucleus with age: the basis for presbyopia?," Molecular Vision 10, 956-963, (2004). H. A. Weeber, G. Eckert, W. Pechhold, and R. G. L. van der Heijde, "Stiffness gradient in the crystalline lens," Graefe's Archive of Clinical and Experimental Ophthalmology 245, 1357-1366, (2007). H. A. Weeber, G. Eckert, F. Soergel, C. H. Meyer, W. Pechhold, and R. G. L. van der Heijde, "Dynamic mechanical properties of human lenses," Experimental Eye Research 80 (3), 425-434, (2005). M. A. Reilly, G. Perry, and N. Ravi, "A dynamic microindentation device with electrical contact detection," Review of Scientific Instruments 80, 015105-1-9, (2009). M. A. Reilly and N. Ravi, "Microindentation of the young porcine ocular lens," Journal of Biomechanical Engineering 131, 044502-1-4, (2009).



Proc. of SPIE Vol. 7550 755007-7 Downloaded from SPIE Digital Library on 12 Mar 2010 to 128.83.154.95. Terms of Use: http://spiedl.org/terms



[30] [31] [32] [33] [34]



A. P. A. Beers and G. L. Van der Heijde, "Presbyopia and velocity of sound in the lens," Optometry and Vision Science 71 (4), 250-253, (1994). R. A. Schachar and A. Koivula, "The stress on the anterior lens surface during human in vivo accommodation," British Journal of Ophthalmology 92, 348-350, (2008). V. G. R. Manne, R. K. Manapuram, N. Sudheendran, and K. V. Larin, "Ultra Sensitive Monitoring of Analyte Concentrations Using Phase Sensitive Spectral Domain OCT," Proc. SPIE 6791, 67910A-7, (2008). R. K. Manapuram, V. G. R. Manne, and K. V. Larin, "Phase-sensitive swept source optical coherence tomography for imaging and quantifying of microbubbles in clear and scattering media," Journal of Applied Physics 105 (10), 102040-10, (2009). R. K. Manapuram, V. G. R. Manne, and K. V. Larin, "Development of phase-stabilized swept-source OCT for ultra-sensitive quantification of microbubbles," Laser Physics 18 (9), 1080-1086, (2008).



Proc. of SPIE Vol. 7550 755007-8 Downloaded from SPIE Digital Library on 12 Mar 2010 to 128.83.154.95. Terms of Use: http://spiedl.org/terms



























[image: Measurement of vibrations induced on the surface of crystalline eye ...]
Measurement of vibrations induced on the surface of crystalline eye ...












[image: 61-Shear-Induced Mixing Governs Codeformation of Crystalline ...]
61-Shear-Induced Mixing Governs Codeformation of Crystalline ...












[image: Boson induced nuclear fusion in crystalline solids - The European ...]
Boson induced nuclear fusion in crystalline solids - The European ...












[image: On the Conceptual Foundations of Psychological Measurement]
On the Conceptual Foundations of Psychological Measurement












[image: Report of the commission on the measurement of economic ...]
Report of the commission on the measurement of economic ...












[image: Measurement and Modeling of Eye-mouse ... - Research at Google]
Measurement and Modeling of Eye-mouse ... - Research at Google












[image: EFFECTS OF SURFACE CATALYTICITY ON ...]
EFFECTS OF SURFACE CATALYTICITY ON ...












[image: On the mechanism of Wolbachia- induced cytoplasmic ...]
On the mechanism of Wolbachia- induced cytoplasmic ...












[image: Effect of surface termination on the electronic properties ...]
Effect of surface termination on the electronic properties ...












[image: Compositional Variation on the Surface of Centaur ...]
Compositional Variation on the Surface of Centaur ...












[image: Spatial distribution of relaxation behavior on the surface ...]
Spatial distribution of relaxation behavior on the surface ...












[image: On the precision of a length measurement]
On the precision of a length measurement












[image: On the Measurement of Upstreamness and ...]
On the Measurement of Upstreamness and ...












[image: On the measurement of privacy as an attacker's estimation error]
On the measurement of privacy as an attacker's estimation error












[image: Zeh, On the Interpretation of Measurement in Quantum Theory.pdf ...]
Zeh, On the Interpretation of Measurement in Quantum Theory.pdf ...












[image: Comment on ''Direct Measurement of the Percolation ...]
Comment on ''Direct Measurement of the Percolation ...












[image: Theory of Vibrations & Aero Elasticity]
Theory of Vibrations & Aero Elasticity












[image: The Impact of Integrated Measurement Errors on ...]
The Impact of Integrated Measurement Errors on ...












[image: On the Measurement of Upstreamness and ...]
On the Measurement of Upstreamness and ...












[image: On the precision of a length measurement]
On the precision of a length measurement












[image: Impact of human-induced threats on the activity of the ...]
Impact of human-induced threats on the activity of the ...















Measurement of vibrations induced on the surface of crystalline eye ...






line scan camera (Basler L104K-2k, having 2048 pixel resolution, line rate of 29.2 ..... speaker diaphragm surface at without vibration. Frequency (Hz). D s ip la. 






 Download PDF 



















 494KB Sizes
 0 Downloads
 251 Views








 Report























Recommend Documents







[image: alt]





Measurement of vibrations induced on the surface of crystalline eye ... 

aDepartment of Electrical and Computer Engineering, University of Houston, ... cDepartment of Biomedical Engineering, University of Texas at Austin, Austin, TX, ...














[image: alt]





61-Shear-Induced Mixing Governs Codeformation of Crystalline ... 

61-Shear-Induced Mixing Governs Codeformation of Crystalline-Amorphous Nanolaminates.pdf. 61-Shear-Induced Mixing Governs Codeformation of ...














[image: alt]





Boson induced nuclear fusion in crystalline solids - The European ... 

Apr 23, 2010 - Budapest University of Technology and Economics, Institute of Physics, Budafoki Ãºt ... nomenon of low energy nuclear fusion (LENF) reactions,.














[image: alt]





On the Conceptual Foundations of Psychological Measurement 

On the Conceptual Foundations of Psychological Measurement. Brian D. Haig. University of Canterbury. Denny Borsboom. University of Amsterdam.














[image: alt]





Report of the commission on the measurement of economic ... 

coming from government, and interest payments on household loans going to financial corporations. Properly .... But while the precise list of the features affecting quality of life inevitably rests on value ... of-life domains for each person, and th














[image: alt]





Measurement and Modeling of Eye-mouse ... - Research at Google 

2We ignore ads in this study, and focus only on search re- sults. Thus, linear ..... the search page (task was â€œDescribe the koala library for facebookâ€�). curacy on ...














[image: alt]





EFFECTS OF SURFACE CATALYTICITY ON ... 

The risk involved, due to an inadequate knowledge of real gas effects, ... the heat shield surface, increase the overall heat flux up to about two times, or more, higher than ..... using data from wind tunnel and free flight experimental analyses.














[image: alt]





On the mechanism of Wolbachia- induced cytoplasmic ... 

complex ones such as multiple infections, asymmetrical and partial compatibility relationships and the existence of Wolbachia variants that can rescue the host from CI but ..... model. Indeed, one can envision the existence of a virtual infinity of .














[image: alt]





Effect of surface termination on the electronic properties ... 

estimate the amount of accumulated charge for both terminations by computing the electron occupation of LÃ¶wdin atomic orbitals [6] on each atom in the fully ...














[image: alt]





Compositional Variation on the Surface of Centaur ... 

Subject headings: infrared: solar system â€” Kuiper Belt, Oort Cloud. 1. INTRODUCTION ... heliocentric distances in the solar nebula. These distant objects.














[image: alt]





Spatial distribution of relaxation behavior on the surface ... 

Canada. Received 9 July 2009; accepted 11 September 2009; published online 5 October 2009 ... The data illustrate the presence of mesoscopic heterogeneity in the dynamics ... aging16 at T TC suggests that the bulk room-temperature.














[image: alt]





On the precision of a length measurement 

our universe â€“ no true continuum of space or time. Equiv- alently, there is .... the financial support that made my participation to this school possible as well as to ...














[image: alt]





On the Measurement of Upstreamness and ... 

Oct 30, 2017 - value chains (GVCs, hereafter) in which firms source parts, .... country-industry level with data from global Input-Output tables, as in the recent ...














[image: alt]





On the measurement of privacy as an attacker's estimation error 

... ESAT/SCD/IBBT-COSIC,. Kasteelpark Arenberg 10, 3001 Leuven-Heverlee, Belgium ... tions with a potential privacy impact, from social networking platforms to ... We show that the most widely used privacy metrics, such as k-anonymity, ... between da














[image: alt]





Zeh, On the Interpretation of Measurement in Quantum Theory.pdf ... 

Zeh, On the Interpretation of Measurement in Quantum Theory.pdf. Zeh, On the Interpretation of Measurement in Quantum Theory.pdf. Open. Extract. Open with.














[image: alt]





Comment on ''Direct Measurement of the Percolation ... 

Feb 15, 2011 - data are associated with a homogeneous system. In an attempt to pursue their ''percolation model'' in terms of a Bethe lattice, the authors of ...














[image: alt]





Theory of Vibrations & Aero Elasticity 

5. a) Derive the governing equation for the continuous longitudinal vibrations of a prismatic ... rotates at 5 cm radius and total mass of vibrating system is 25 kg.














[image: alt]





The Impact of Integrated Measurement Errors on ... 

KEYWORDS: Integrated Measurement Errors; Location Shifts; Long-run Data; ...... are estimated by OLS, and then reverse these transformations to recover the.














[image: alt]





On the Measurement of Upstreamness and ... 

intermediate inputs obtained from multiple countries and industries along global value chains (GVCs). ... industries' GVC positioning (that are based on patterns of intermediate input and final-use purchases). 2. ..... Define: brs ij = Zrs ij /Y r i 














[image: alt]





On the precision of a length measurement 

UniversitÐ¹ Libre de Bruxelles, Service de Physique ThÐ¹orique, CP 225, Boulevard du Triomphe, 1050 Bruxelles, ... There are good reasons to be- ... a e-mail: [email protected] ... (where t is the time of the measurement and M the mass of.














[image: alt]





Impact of human-induced threats on the activity of the ... 

flood cases in some sections of the Drinos river valley. Informal interviews with fishermen and fish farmers were conducted to assess human-otter interactions and conflicts and their impact on otter's population in the Drinos valley. 3. Results and d


























×
Report Measurement of vibrations induced on the surface of crystalline eye ...





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Sign In






Email




Password







 Remember Password 
Forgot Password?




Sign In



















Information

	About Us
	Privacy Policy
	Terms and Service
	Copyright
	Contact Us





Follow us

	

 Facebook


	

 Twitter


	

 Google Plus







Newsletter























Copyright © 2024 P.PDFKUL.COM. All rights reserved.
















