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tissue optical clearing is an emerging technique for dynamically modifying tissue optical properties to increase imaging depth, which is 
useful in applications such as imaging and functional diagnostics of many diseases. For example, optical clearing of cartilage allowed imaging of 
subchondral bone that is used to assess orthopedic diseases. however, the effect of the clearing processes on tissue elastic properties has not been 
investigated yet. In this study we report the first use of phase-stabilized swept source optical coherence elastography (PhS-SSOcE) to quantitatively 
monitor the change in elasticity of hyaline cartilage during the optical clearing process noninvasively. the results showed that PhS-SSOcE was 
able to assess the increase in cartilage stiffness during the clearing process over time and with different concentrations of glucose. In addition, the 
results demonstrated that the elasticity of the cartilage was reversed once the clearing agent was replaced with saline. to verify the results obtained 
from the PhS-SSOcE measurements, benchmark mechanical testing was performed using a uniaxial mechanical compression frame. Both methods 
demonstrated the same trend of the elasticity change of the cartilage immersed in glucose solution. the data show that during the transition from 
phosphate buffered saline to the clearing agent, the cartilage stiffness decreases significantly, which indicates that the clearing agent diffused into 
the cartilage extracellular matrix and decreased the tissue elasticity due to dehydration. therefore, the proposed optical coherence elastography can 
dynamically assess the effects of optical clearing and associated changes in tissue biomechanical properties noninvasively and nondestructively. 
this technique may be potentially useful in orthopedic studies such as early detection and monitoring of osteoarthritic diseases.
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Количественная оценка эластичности гиалинового хряща  
при оптическом просветлении с использованием  
оптической когерентной эластографии

Оптическое просветление ткани является быстроразвивающимся методом динамической модификации оптических свойств ткани 
для увеличения глубины визуализации, что полезно применять при визуализации или функциональной диагностике многих патоло-
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гических состояний. Оптическое просветление хряща, к примеру, позволяет визуализировать субхондральную кость, что важно при 
целом ряде ортопедических заболеваний. Однако влияние процессов просветления на упругие свойства ткани пока остается неизучен-
ным. В настоящем исследовании мы сообщаем о первом использовании оптической когерентной эластографии с фазовой стабили-
зацией перестраиваемого источника (ФСПИ ОКЭ) для наблюдения количественных изменений эластичности гиалинового хряща при 
неинвазивном процессе оптического просветления. Результаты показали, что ФСПИ ОКЭ способен оценивать увеличение жесткости 
хряща во время процесса просветления и при разной концентрации глюкозы. Кроме того, отмечено, что эластичность хряща восста-
навливалась, как только просветляющий агент заменяли физиологическим раствором. Для верификации результатов, полученных при 
измерениях ФСПИ ОКЭ, мы провели сравнительное механическое испытание с использованием одноосевого механического компрес-
сионного аппарата. Оба метода продемонстрировали одинаковую тенденцию изменения эластичности хряща, погруженного в раствор 
глюкозы. Данные показывают, что во время перехода от буферизованного фосфатом физиологического раствора к просветляющему 
агенту жесткость хряща существенно уменьшается, что свидетельствует о том, что просветляющий агент взаимодействует с внеклеточ-
ным матриксом хряща и уменьшает эластичность ткани вследствие дегидрации. Следовательно, предлагаемый метод позволяет дина-
мически оценивать влияние оптического просветления и связанных с ним изменений в биохимических свойствах ткани неинвазивно и 
неразрушающе. Этот способ может быть потенциально полезным при ортопедических исследованиях, таких как раннее обнаружение и 
мониторинг заболеваний костно-суставной системы.

Ключевые слова: оптическая когерентная томография; эластография; биохимические свойства.

Introduction. Biomechanical properties, such as elas-
ticity, are important for characterizing hyaline cartilage 
health and structural integrity. Tissue optical clearing 
is a technique for dynamically modifying tissue optical 
properties to increase imaging depth, which is useful in 
applications such as imaging and functional diagnostics of 
many diseases [1]. Currently, the optical coherence tomo-
graphy (OCT) structural image is widely used to monitor 
the optical clearing process by assessing the change in the 
optical properties of the sample [2]. Glucose is a commonly 
used clearing agent, due to its natural biocompatibility 
at topical application [3–10]. The OCT based method 
of elastography, termed optical coherence elasto- 

graphy (OCE), is a technique for assessing the biomechanical 
properties of tissues by imaging displacements induced 
by external mechanical loading [11–13]. Previously we 
have used OCE to assess the elastic properties of various 
tissues, such as the cornea [14, 15], soft-tissues tumors 
[16], and cardiac muscle [17]. However, the effect of the 
clearing processes on tissue elastic properties has not been 
investigated yet.

In this study, we report the first (to the best of our 
knowledge) use of OCE to quantify the elasticity change 
of the hyaline cartilage during the optical clearing process 
utilizing glucose solutions of various concentrations. A phase-
stabilized swept source optical coherence elastography 

Figure 1. schematic diagram of the combined focused air-pulse and Phs-ssOCE system
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(Phs-ssOCE) system, which combines a focused air-pulse 
delivery device and a phase-stabilized swept source OCT 
system (Phs-ssOCT), was employed to image an induced 
elastic wave in the hyaline cartilage. Utilizing the velocity of 
the elastic wave, the stiffness of the hyaline cartilage was 
quantified and monitored during the clearing process. In 
addition to elastographic measurements, speckle variance 
and optical attenuation were also computed to assess the 
glucose diffusion process [18, 19].

Materials and Methods
Phase-stabilized swept source optical coherence 

elastography system. A custom-built Phs-ssOCE 
system was utilized to assess the elasticity of the cartilage 
during the clearing process. The Phs-ssOCE system was 
comprised of a focused air-pulse delivery system combined 
with a Phs-ssOCT system [20]. A schematic of the system 
setup is shown in Figure 1. In brief, the system utilized a 
broadband swept laser source (HsL2000, santec Inc., 
UsA) with a central wavelength of 1310 nm, bandwidth of 
~150 nm, and scan rate of 30 kHz. The axial resolution of the 
system was ~11 µm in air with an experimentally measured 
phase stability of 16 mrad (corresponding to ~3.3 nm in air). 
A-scan acquisition was triggered by a fiber Bragg grating.

The Phs-ssOCT system was synchronized with the 
home-built focused air-pulse delivery system. The air-pulse 
delivery system was capable of delivering a short duration 
(1 ms) focused air-pulse to induce an elastic wave in the 
sample, which was imaged by the Phs-ssOCT system. 
The air-pulse was expelled out of a cannula port with a 
flat edge and diameter of ~150 µm. The elastic wave was 
excited with a pressure of ~26 Pa. The air-pulse excitation 
was positioned precisely using a 3D linear micrometer 
stage. The position of the needle and size of the sample 
are illustrated in Figure 2 (a), (b). M-mode imaging was 
performed at successive locations in a line along the elastic 
wave propagation path. By synchronizing the air-pulse with 
the M-mode images, a two dimensional depth resolved 
elasticity map can be generated [14].

During the OCE measurements, the sample edges were 
secured leaving the central region of the sample free of 
contact in order to minimize the influence of rigid boundaries. 
All measurements were taken from the central region of the 
sample. The entire sample, other than the upper surface, 
was immersed in the appropriate solution during the OCE 
measurements.

Samples. Fresh porcine nasal septa (J&J Packing 
Company Inc., UsA) were dissected into rectangular 
shapes as illustrated in Figure 2 (b) (height: 2.9 mm; width: 
1.3 cm; length: 1 cm) for elasticity assessment. samples 
were then cut in half, width-wise; one sample was used for 
Phs-ssOCE, and the other sample was used for uniaxial 
mechanical testing. This ensured minimal variability 
between the samples used for assessment by the two 
methods. Before all measurements, the cartilage samples 
were immersed in 0.9% saline for at least 2 hours and 
kept hydrated during measurements in order to prevent 
dehydration.

Different glucose concentrations (20, 30, 40, and 
70% w/w) were used as optical clearing agents to study the 
effects of the concentration gradient on the clearing process 
kinetics. As a control, the hyaline cartilage samples were 
immersed in 1X phosphate buffered saline (PBs) before 
application of the clearing agent.

Uniaxial mechanical compression testing. To verify 
the results obtained from the Phs-ssOCE measurements, 
benchmark mechanical testing was performed using a 
uniaxial mechanical compression frame (Model 5943, Instron 
Inc., UsA). The compressional stress was applied in one 
direction, as shown in Figure 2 (c). During the compression 
testing, the terminal edges of the cartilage samples were 
fixed by mechanical clamps. The distance between the 
clamps was 3.91 mm. The maximal compressive strain was 
set at 2.5% as this value was experimentally determined 
to be in the elastic range of the sample, which was in 
agreement with previous studies [21]. During all mechanical 
testing, the samples were completely immersed in the 

Figure 2. (a) OCE setup with the measurement area (red arrow, 6.25 mm, n=251 points); (b) cartilage sample dimensions; 
(c) uniaxial mechanical testing setup; and (d) typical temporal displacement profiles measured from a cartilage sample at 0.75, 
1.5, 2.25, 3.0 and 3.75 mm away from the excitation point
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respective solution. The slope of the most linear region of 
the stress-strain curve was used to automatically calculate 
the Young’s modulus by the instrument’s software.

Quantification of elasticity from OCE measurements
Elastic wave group velocity. The displacement, δx(t), 

was calculated from the phase by the following equation:

                  
(1)

where λ0 is the central wavelength of the laser source, 
and ∠I(x, t) is the phase of OCT signal. The displacement 
profiles δx(t) at different OCE measurement positions are 
plotted in Figure 2 (d). The displacement profiles were 
normalized to a maximal displacement of –1 and cross-
correlated to determine the time delay of the elastic wave 
to propagate from a reference position near the excitation 
to each of the OCE measurement positions. The velocity 
of the elastic wave, ν, was computed from the time delay, 
t, of the elastic wave propagation to each measurement 
position, d, by

                                               ν=d/t. (2)

Due to the limited light penetration depth in the cartilage 
samples, we selected a computation window of 0.1 to 
0.5 mm below the sample surface. The computed velocities 
in a given depth were then averaged as the elastic wave 
velocity for that given depth. The median velocity of all the 
imaged depths was then used as the elastic wave velocity 
to calculate Young’s modulus. since the air-pulse excites 
the sample surface and the computation window is close to 
the surface, the relationship between Young’s modulus and 
elastic wave velocity can be achieved based on the surface 
wave equation [16, 20]:

  

                                   
(3)

where r is the tissue density 1200 kg/m3 [22], and γ is the 
Poisson ratio 0.5 [23], and ν is the group wave velocity.

Speckle variance. speckle variance of the OCT signal 
fluctuation reflects the refractive index mismatches at 

different depths in the sample and was used to study the 
kinetics of clearing process. speckle variance was quantified 
from the standard deviation of the OCT A-line intensity 
profile after removing the linear slope [18, 19]. Here, the 
measured positions used for Phs-ssOCE were also used 
for calculating speckle variance. To calculate speckle 
variance, a linear fit was performed on the A-line intensity 
profile as depicted in Figure 3 (a). This slope was then 
subtracted from the A-line intensity profile, which resulted in 
a zero mean intensity signal, as shown in Figure 3 (b). The 
standard deviation (sD) [24] of this slope-removed signal 
was then quantified as speckle variance.

Results and Discussion. Optical clearing is used to 
increase the penetration depth of light in tissues. This can 
be observed by measuring the optical attenuation. In OCT, 
this can be quantified easily with the OCT signal slope [2, 
4, 6, 7, 9, 10, 18, 19, 25–31]. However, in this study, the 
constant change of the fluid volume in the path of the probe 
beam resulted in dynamic defocusing of the OCT signal and, 
thus, affecting the values of the OCT signal slope. Thus, 
speckle variance, as quantified by the standard deviation 
of the slope-removed OCT A-line intensity profile, was 
utilized to monitor the refractive index mismatch dynamics 
during the clearing process. The standard deviation curve 
in Figure 4 shows that the glucose reduced the refractive 
index mismatch between collagen and extracellular fluid (as 
compared to 1X PBs) resulting in lower standard deviation 
values.

The temporal biomechanical properties of the cartilage 
samples were also assessed during glucose diffusion 
process using OCE. The Young’s modulus (obtained 
from OCE measurements) is plotted together with 
speckle variance as a function of time in Figure 4. The 
results demonstrate that glucose diffusion in the cartilage 
reduces its stiffness. However, the data also demonstrate 
that Young’s modulus gradually increases after an initial 
decrease indicating that the clearing process may be 
gradually reversing. A possible source for this clearing 
reversal is the diffusion of glucose out of the cartilage 
extracellular matrix during each mechanical compression 

OCT signal;
Linear fit

slope removed OCT signal;
+/– standard deviation

Figure 3. Computation method for speckle variance analysis. (a) An OCT A-line intensity profile with a linear fit. 
(b) slope-removed OCT A-line intensity profile with standard deviation bounds
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measurement. Nevertheless, both the speckle variance and 
Young’s modulus quantified by OCE showed a similar trend 
suggesting that OCE has the ability to monitor the changes 
in the elastic properties of cartilage during the clearing 
process.

The data obtained by noncontact OCE measurements 
were further verified using “benchmark standard” uniaxial 
mechanical testing system. Figure 5 shows the discrepancy 
of Young’s modulus quantification using the two methods. 
A possible source of the difference in Young’s modulus 
is the anisotropy of the biomechanical properties of the 

Figure 4. speckle variance, as quantified by the standard deviation of the 
slope-removed A-line intensity profile, and elastic wave group velocity, as 
measured by Phs-ssOCE. The cartilage sample was immersed in 1X PBs 
for 20 min, then in 20% glucose for 140 min

standard deviation;
OCE measurement;
smoothed OCE curve by 5 pts;
smoothed standard deviation curve by 5 pts

Mechanical testing;
OCE measurement;
smoothed OCE curve by 5 pts

Figure 5. Elasticity as measured by Phs-ssOCE and uniaxial mechanical 
testing. The cartilage sample was immersed in 1X PBs for 20 min, then in 
20% glucose for 140 min
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cartilage tissues [22, 32]. The elasticity of 
the porcine nasal septum varies along the 
cranial-caudal axis. The cranial region has 
a lower elasticity than the caudal region. 
Another source of the discrepancy may be 
the orientation of the applied force [33]. In our 
experimental setup shown in Figure 2 (b), the 
air-pulse was applied on the top surface of the 
cartilage and the OCE measurement positions 
were in a line, as shown by the red arrow in 
Figure 2 (a), while the compression force of 
the mechanical test was conducted along 
the transverse axis as shown in Figure 2 (c). 
Therefore, the elasticity measured by each 
method may correspond to elasticity in 
different directions and from different regions 
of the tissue. During the mechanical testing, 
the compressional length of the cartilage was 
L=3.91 mm and the compressional area was 
A=2.9×13.0 mm. This corresponds to a ratio 
of L/(A0.5)<1, which may overestimate the 
Young’s modulus [34].

However, it is worth mentioning that both 
methods demonstrate the same trend, which 
could be utilized to analyze the elasticity 
change of the cartilage by the solution. The 
data show that during the transition from PBs 
to the clearing agent, the cartilage stiffness 
(both assessed by both Phs-ssOCE and 
mechanical testing) decreases significantly, 
which indicates that the clearing agent 
diffused into the cartilage extracellular matrix 
and decreased the tissue elasticity due to 
dehydration.

The large variance in OCE results as 
compared to mechanical testing may be 
associated with temporal resolution of the 
utilized OCE system. The ability to resolve 
the time delay of the elastic wave propagation 
is determined by the laser source sweep rate, 
which is 30 kHz in our case and corresponds 
to ~0.033 ms per pixel. since the cartilage 
is stiffer than most soft tissues, the induced 
elastic wave has a relatively fast propagation 
speed. This results in a limited number of 
pixels which can be used for assessing the 
wave propagation. subsequently, there is a 
relatively large variance of the elastic wave 
velocity calculation. However, the noninvasive 

and nondestructive nature of OCE measurements is very 
attractive for tissue mechanical characterization.

To verify the elasticity change caused by dehydration, 
the cartilage samples were placed in air, then water, and 
then saline for 60 min at each step and their elasticity was 
monitored by mechanical testing, as shown in Figure 6 (a). 
The results clearly demonstrate that dehydration of the 
cartilage decreased the sample stiffness and hydration 
increased the stiffness. This can be explained by the 
amount of free and “free and bound” water in the hyaline 
cartilage extracellular matrix, which was confirmed by 
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infrared spectroscopy [35, 36]. Bound water refers to the 
water bound to glycosaminoglycans, while free water 
refers to the water in the liquid state existing in pores or 
interstitial spaces within the cartilage. When the cartilage 
was mechanically loaded, negatively charged groups of 
proteoglycans experienced electrostatic repulsion due to 
compression. However, the dehydration of cartilage at 
room temperature usually does not induce a substantial 
transition of water from a bound to a free state, which 
occurs at the temperature about 70°C [36], causing 
positively charged sodium and calcium ions to remain 
between the negatively charged proteoglycans. The Ca2+ 

and Na+ ions reduce the internal repulsion force of the 
proteoglycans [37]. If the positively charged ions and 
negative charged groups of proteoglycans form a stable 
complex, the Young’s modulus should decrease [37]. This 
elasticity change caused by dehydration is reversible by 
rehydration [38]. In Figure 6 (a), after 120 min, the water 
was replaced by saline, demonstrating that the tissue 
hydrated by only water has a higher stiffness than the 
dehydrated collagen-glycosaminoglycan tissue. In addition, 
during the 20 and 30% glucose immersion, the stiffness of 
the cartilage gradually increased after a precipitous drop, 
as shown in Figure 5 and Figure 6 (b). This may be due to 

water gradually diffusing back into the extracellular matrix 
to replace glucose, which was forced out from the cartilage 
by mechanical compression.

Further study of these findings is needed to fully establish 
these proposed mechanisms. To study the effect of glucose 
concentration on the change in stiffness, the cartilage was 
also immersed in 40 and 70% glucose during mechanical 
testing. The trend of gradually increasing stiffness was not 
observed during immersion in these higher concentrations 
of glucose as shown in Figure 6 (c), (d), which may be 
due to the higher concentration gradient of glucose. From 
Figure 6 (b), it can be seen that when the cartilage was 
immersed in 30% glucose after reaching equilibrium in 
PBs, the stiffness decreased by 44%. When the cartilage 
was immersed in 40% glucose after reaching equilibrium 
in PBs, the stiffness decreased by 55%, as depicted in 
Figure 6 (c). Figure 6 (d) shows that after the cartilage was 
immersed in 70% glucose, the stiffness decreased 76% 
from the equilibrium stiffness in PBs. Higher concentrations 
of glucose created a greater concentration gradient, 
thus causing more water to diffuse out of the cartilage 
extracellular matrix and reduce the cartilage stiffness. 
Furthermore, the change in stiffness observed during the 
transition of water from bound to free state is reversible 
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Figure 6. Changes in the stiffness of the cartilage samples in different media as measured by uniaxial 
mechanical testing. (a) samples in air, water, and 1X PBs for 60 min each. (b) 1X PBs for 120 min, 30% 
glucose for 60 min, and 1X PBs for 60 min. (c) PBs for 120 min, 40% glucose for 60 min, and PBs for 
60 min. (d) PBs for 60 min and 70% glucose for 120 min
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by rehydration [38], which can be seen in Figure 6 (a). In 
addition, comparing Figure 6 (b)–(d), the observed longest 
diffusion time is during the 40% glucose application. This 
finding is similar with the literature, which also showed that 
the balance of the water content between the immersion 
medium and the cartilage slows down the diffusion rate 
[39]. since fluid movement can affect cartilage stiffness, it 
can also play an important role in the process of cartilage 
regeneration [40]. Consequently, Phs-ssOCE and optical 
clearing can be potentially useful for early detection of 
cartilage diseases and monitoring the dynamics of laser-
induced cartilage repair.

Conclusions. Optical clearing has been traditionally 
used to increase the penetration depth of light to image 
deeper structures in tissues. However, the changes in 
the biomechanical properties of the tissues due to the 
diffusion of the clearing agent into the tissue have not 
been fully investigated. In this study, we have shown that 
application of higher concentrations of glucose, which 
is a commonly used clearing agent, resulted in a greater 
decrease of the stiffness of hyaline cartilage. This is due to 
the clearing agent replacing water in the extracellular matrix 
and partly dehydrating the cartilage, causing the observed 
change in stiffness. The elasticity changes obtained from 
Phs-ssOCE were verified by uniaxial mechanical testing 
showing the ability of Phs-ssOCE to detect the stiffness 
changes of hyaline cartilage during the clearing process. 
This demonstrates the feasibility of Phs-ssOCE to detect 
and monitor cartilage mechanical properties during various 
surgical and imaging procedures. Future work would 
involve using mechanical modeling and numerical methods 
to assess viscosity changes in addition to elasticity, which 
could be used to fully characterize the hydration of the 
cartilage.
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