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Optical Coherence Elastography for Measuring Elasticity of Cerebral Cortex. Department 

of Robotics Engineering. 2018. 35p. Advisors Prof. Cheol Song, Co-Advisors Prof. Jae 

Youn Hwang

ABSTRACT

Elasticity change in brain tissues has been applicable to diagnosis and study of brain diseases including 

meningitis or stroke. Elastography modality has been developed to measure the elasticity of biological organ 

and tissue. Although various elastography techniques, such as magnetic resonance elastography (MRE) and 

ultrasound elastography (UE) are introduced to date, these approaches are limited in their spatial resolution to 

measure the elasticity in micron level of tissue or single cell. Due to intrinsic higher resolution power, optical 

coherence elastography (OCE) may shows a better chance to provide better outcomes compared to other tech-

niques.

Here, we established acoustic radiation force impulse optical coherence elastography (ARFI-OCE) to 

measure the elasticity of a soft tissue. Acoustic radiation force generated by an ultrasound transducer is in-

troduced to stimulate the sample. The displacement of a sample is measured by home-made spectral domain 

optical coherence tomography (OCT) system that uses a spectrometer to detect interference signal and thus 

can achieve much longer penetration depth than that of other optical imaging systems. To estimate the stiff-

ness of samples, we calculate its displacement by using cross-correlation algorithm and phase resolve meth-

od. The implemented system composes of a spectrometer-based OCT system, an ARFI system, and a linear 

stage set. The ARFI triggering signal is synchronized with a camera acquisition time. 

In this study, ex-vivo tests on the cerebral cortex of mouse and the cerebral cortex of stroke rat model 

were conducted to evaluate strength of ARFI-OCE system. The system could distinguish the elasticity of dif-

ferent cortex samples with better spatial resolution. Our results show that the ARFI-SD-OCE system is appli-

cable to draw high-resolution elastogram in soft tissues as exemplified here using the brain and thus has a di-

agnostic potential to detect any abnormal changes in brain diseases.

Keywords: ARFI-OCE, Acoustic radiation force, Spectral domain OCT, Brain, Elastography
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Ⅰ. INTRODUCTION 

1.1 Study Background

Meningitis is one of the brain diseases, caused by inflammation of the membranes 

covering the brain and spinal cord [1]. Brain cancer and leukemia are other causes of 

meningitis [2]. The vaccine of meningitis reduces the attack rate in the U.S.A. As you 

can see in Figure 1, in Nigeria and Niger which are African country, 18,000 people are 

infected with meningitis virus and get Neisseria meningitides serogroup C [3]. Also, the 

number of patients is increasing.

Figure 1 Number of suspected meningitis cases, 2013 – 2017 [3]; the number of meningitis patients is 

increasingin Nigeria and Niger.

Meningitis shows 10 to 15 % of death rate and 20 % of patients who survive the 

disease have a permanent disability [4]. Therefore, studies on the diseases have been ac-

tively conducted. When symptoms of meningitis appear, blood and cerebrospinal flu-id 

tests are conducted for diagnosis. However, to get accurate information, MRI (Magnetic 

resonance imaging) and CT (computerized tomography) images are also taken. Howev-

er, simple images are not able to give enough information. Functional images are also 

achieved simultaneously to get biomechanical information. In addition, when re-
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searchers study how cerebral cortex is affected by meningitis, these functional images 

are used to quantitatively assess changes in elasticity[5,6]. Due to the stiffness change of 

diseased tissue, palpation and measurement of biomechanical properties are considered 

as useful diagnostic methods not only for meningitis but also in another brain disease 

[7]. 

To measure elasticity, various type of elastography techniques have been devel-

oped. Electrography is an imaging method which can quantitatively assess the elasticity 

of the sample. Elastography calculates the elasticity of the sample by observing the re-

sponse of samples after excitation with force. Conventional imaging systems like MRI, 

ultrasound image and optical coherence tomography are usually used to take images and 

to observe the response. MRI [7] and ultrasound imaging [8] are common imaging tech-

nique for organ imaging and elastography. MRI can take images of an organ in the entire 

body. Also, it is a basic system for brain imaging. However, it is big and heavy system 

and takes a long time to generate the image. Its resolution is about 0.1 mm to 1 mm and 

it is quite low. Those features make the system hard to be used in a basic study of dis-

ease. Ultrasound imaging system based elastography is cheap and suite for measuring 

and imaging organ and tissue level sample. However, its resolution is worse than optical 

imaging system and its reproducibility is low. For those reasons, optical coherence elas-

tography (OCE) which has great resolution have been developed to analyze biomechani-

cal properties of samples. Its resolution is enough to the measure the elasticity of each 

skin layer separately [9]. Also, OCE system is suitable for real-time estimation of elas-

ticity. These characteristics of OCE system are suitable for an ex-vivo experiment using 

tissue of small animal models. These characteristics of OCE are appropriate and useful 

for basic research on the disease.

1.2 Previous Study

OCE system is based on optical coherence tomography (OCT). OCT is one of the 

real time optical imaging systems that provide high-resolution tomographic images. The 

OCE system has a wide variety of methods depending on the type of OCT sys-tem, sig-

nal analysis method and sample stimulation method. 

The OCE studies with various stimulation methods been studied. According to 

sample excitation, OCE can be divided into a various way. According to temporal char-

acteristics of excitation, OCE system is classified into dynamic-OCE and static-
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OCE(Table 1)[9,10, 11,12,13]. Speckle tracking methods like cross-correlation between 

pre-excitation state (reference) image and excitations state image are commonly used in 

static OCE system to analyze displacement and strain. Those methods track the speckle 

to get displacement information. One of the disadvantages of this method is its inaccura-

cy. Because of the irregularity of the speckle pattern in OCT image, the cross-correlation 

algorithm is hard to give the quantitative elasticity information. However, this algorithm 

can detect a wide range of displacement, and it is able to be adopted in real-time OCE 

system. The dynamic OCE system has been suggested and studied for more accurate 

analysis. Dynamic-OCE can calculate the elasticity by solving wave equation of signal 

from the surface. This method has higher resolution and can analyze tiny movement. 

However, the detectable range is small, and the results are affected by the surrounding 

environment and it is hard to be used in real-time OCE system because the time to calcu-

late the wave equation is long.

Table 1 Static OCE and dynamic OCE

Static OCE Dynamic OCE

Temporal characteristics of excitation

Analysis 

methods

Speckle tracking

(Cross-correlation)
Solving wave equation

Pros Large detectable range High accuracy

Cons
Low accuracy

(irregularity of speckle)

Small detectable range

Not good for real-time applications
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The other criterion to divide type of stimulation is spatial excitation characteristics

(table 2). Those characteristics divide OCE system into internal stimulation OCE and ex-

ternal stimulation OCE [10]. External stimulation gives a load to a sample by using mo-

tors like a PZT motor [12]. The stimulation using air pulse system is also external meth-

od [13]. Acoustic motive using ultrasound [14,15] and magnetomotive using electro-

magnetic force [16] are internal stimulation methods. Among these stimulation methods, 

ultrasound is non-contact, biocompatible and do not need other treatment to samples. It 

means that the ultrasound can excite biological sample without any damage. For those 

reasons, it is widely used in OCE system which measures the stiffness of biological tis-

sue.

Table 2 External excitation and internal excitation

External excitation Internal excitation

Most common mechanical perturbation
More practical solutions for

clinical application

PZT[12]
Air pump

system[13]
Acoustomotive[14] Magnetomotive[15]

• Compression or 

wave propagation

• Contact

• Hard to keep ster-

ile condition

• Compression or 

wave propagation

• Non-contact

• Surface drying

• Small lesion dis-

placement

• Non-contact

• Bio-compatible

• Used with a wide 

range of OCT beam 

delivery techniques

• Sample with 

magnetic particles

• Controlled by 

external magnetic 

field

• Require

pre-treatment 



5

1.3 Study Purpose

In this study, acoustic radiation force impulse optical coherence elas-

tography(ARFI-SD-OCE) system is constructed. The system uses acoustic radiation 

force impulse(ARFI) to excite a sample. This excitation method can generate displace-

ment of sample surface without damage by using ARFI technique. Minute displacement 

is measured by spectrometer- based SD-OCT system. Because SD-OCT system has high 

resolution and can take images in real-time. The small elasticity change of bio-logical 

sample can be observed without additional damage by using this system.

This ARFI-SD-OCE system is evaluated by using agar phantoms. Also, the sys-

tem is used to ex-vivo test using cerebral cortex samples. After the test, this system 

shows the ability to estimate elasticity change of brain. Finally, the ARFI-OCE system 

shows the possibility to be used in various brain disease research.
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Ⅱ. ACOUSTIC RADIATION FORCE IMPULSE 

OPTICAL COHERENCE ELASTOGRAPHY

2.1 Spectral Domain Optical Coherence Tomography (SD-OCT)

There have been some OCE studies using various OCT systems. Spectrometer 

based spectral domain optical coherence tomography (SD-OCT) system is used to get an 

image in this study. Unlike TD-OCT (Time domain OCT), SD-OCT has immobilized 

reference mirror and uses spectrometer as a detector [17]. The immobilized reference 

mirror makes the system faster than TD-OCT system. In addition, due to high sensitivi-

ty, SD-OCT system is a dominant method in OCT system. 

Basic schematic diagram of SD-OCT system is shown in Figure 2. The laser source 

is a broadband laser source. In the figure, light is divided by beam splitter. And the light 

goes to sample and reference mirror. The reflected lights from reference mirror and 

sample are combined again. Grating (diffraction grating) separate wavelength of com-

bined light. The spectrometer detects the separated light. A CCD line camera was used 

as a spectrometer in ARFI-SD-OCE system.

The detected power of signal on spectrometer is given by this equation.

[18]

Pref(k) and Psig(k) are power from the reference arm and sample arm at wavelength k, re-

spectively. (xt-xs) is the length difference between the reference arm and sample arm. 

The spectral oscillation has lower frequency value when (xt-xs) is smaller than when (xt-

xs) is larger. Therefore, Fourier transform of the spectrum gives distance information. 

When the signals from various interfaces are detected simultaneously, the total useful in-

terference signal from given interface is given by:

[18]

                     

T is total collection time and, ε is the quantum efficiency of the detector and hv is the 

photon quantum energy.
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Figure 2 SD-OCT system; SD-OCT system has immobilized reference mirror and the spectrometer is used as 

a detector; optical fiber based 2 by 2 coupler can be used instead of the beam splitter.

2.2 Principle of OCE

Figure 3 shows the principle of ARFI-SD-OCE system. The Principle of OCE is 

simple. First, give a stimulation to the sample. Acoustic radiation force using a transduc-

er, PZT mechanical driver and Air-puff system are usually used. Second, OCT system 

measure surface displacement or vibration. The speckle tracking analysis and phase re-

solve methods are used to calculate displacement. Finally, stiffness is calculated by us-

ing force information and displacement information from OCT image. Also, shear wave 

propagation velocity which is calculated by phase resolving methods can be used to es-

timate the stiffness of the sample.



8

Figure 3 Principle of ARFI-SD-OCE; transducer generateARFI and

SD-OCT system observes displacementof the sample.; the displacement and

the force information are used to estimate the elasticity of sample.

2.2.1 Young’s modulus

Young’s modulus, numerical constant, is that describes the elastic properties of a 

solid undergoing tension or compression in only one direction. It is the ratio of stress and 

strain. Higher Young’s modulus means higher stiffness and less elasticity. It can be cal-

culated by using force given to the sample and deformation of the sample. 

σ is stress and it means force (F) per area(A) and ε is the strain and represents the total 

of deformation length (∆L) and initial length (L)

                                   [19]

However, the local strain is more suitable to calculate Young’s modulus in OCE 

system. Local strain in OCE system is given by:

                                                 [19]

∆� is the change in displacement measured over an axial depth range in axial depth 

range ∆�.
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2.2.2 Magnitude of radiation force

To calculate the Young’s modulus, we should know the radiation force at the spe-

cific location. The magnitude of radiation force (F) from a focused ultrasound pulse can 

be calculated by this equation

                                    [20]

α is the absorption, I is the local temporal average intensity of the acoustic beam and c 

is the speed of sound in this equation.

2.2.3 Cross-correlation

Cross-correlation is used to calculate the similarity of two signal. In OCE, by using 

cross-correlation function, the displacement between before and after excitation is calcu-

lated. The 2-D cross-correlation equation that is used in OCE system is:  

[21]

ρ(x’,y’) is the correlation coefficient. x’ and z’ is displacements in a pre-defined window. 

I1(x,z) is the pixel intensity of a point (x,z) and I2(x-x’, z-z’) is the pixel intensity of the 

point on the deformed image. 1 and 2 are the average pixel intensity in the window. 

The displacement value is determined by maximum cross-correlation value [22].

2.2.4 Phase resolve displacement calculation

Basically, the phase is random in each point. However, displacements can be calcu-

lated by using phase gap between the successive line. A single complex OCT A-scan 

signal on N data points is represented by this equation. 

[23]

is the spectral interferogram over the B scan at time instant t. is 

the phase term. Phase change induced by local translation of scattering is

[23]              
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is the center wavelength and n is refractive index of the sample. In most biological 

samples, refractive index n is 1.4. From the previous equation, displacement 

and strain are driven like this.

                 [23]

            [23]

2.3 Acoustic Radiation Force Impulse

Acoustic radiation force impulse means short duration acoustic radiation force and 

focused the acoustic beam [24]. This force generates localized displacements on the 

sample. It is non-contact and internal excitation methods. Also, ultrasound has high bio-

compatibility. Therefore, the soft-tissue can be excited without any damage by using 

ARFI technique. Figure 4 shows system configuration for ARFI generation. Function 

generator generates sinusoidal waves to drive ultrasound transducer(UT). Usually, si-

nusoidal burst(impulse) is generated in short time to protect the piezo material of the 

transducer. The sinusoidal wave is amplified in RF amplifier. The amplified signal is in-

troduced to the UT and ARFI is generated. To deliver the force to the sample effectively, 

the sample should be in depth of focus of (UT). An imaging system, in this case OCT 

system, observe sample response. Therefore, the distance between lens and sample is 

should be the focal length of the objective lens (lens in Figure 4)
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     Figure 4 System configuration for generating acoustic radiation force; sinusoidal wave from function 

generator is amplified and delivered to ultrasound transducer (UT).                                     

Ultrasound transducer generates ultrasound and its force excite sample.

2.4 Calibration of ARFI-OCE

Due to uneven distribution of acoustic radiation force, sample displacement results 

show Gaussian curve shape. In this study, basic study for calibration of ARFI-OCE is 

suggested by comparing acoustic pressure and displacement results. Figure 5 shows the 

concept of calibration. As you can see in the left side of Figure 5, Ultrasound(US) beam 

pressure shape is not flat, and this characteristic makes uneven displacement like excited 

stat sample figure 5(middle). Therefore, the calibration of US beam pressure would be 

needed for precise estimation of elasticity. Therefore, we would be able to get calibra-

tion equation by comparing displacement results and beam pressure profile (right side of 

Figure 5).
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Figure 5 Calibration of ARFI-OCE; the Gaussian form US beam pressure makes                     

the uneven displacement of the sample surface.; This uneven displacement would                   

calibrate by comparing displacementresults and beam pressure profile.

To get displacement data for calibration, M-mode image from several points on the 

sample is taken. In this study, I set the five points on the surface. The point (c) in figure 

6 is center (0 mm) point and it is aligned with the focal point of the transducer. The dis-

tance between each point is 1.5 mm. The reason why M-mode image of several points is 

taken instead of the B-mode image is that acquisition speed is quite slow. The time reso-

lution of the system is 34.3 us and it take about 1 ms to take one B-mode image 

(512*2048). The ARFI push the sample in an instant. Therefore, if image acquisition 

time is long, the OCT image could not capture the displacement. For that reason, we take 

M-mode image without scanning at five points on the sample.

Figure 6 Data point on a sample, (a) -3 mm; (b) -1.5 mm; (c) 0 mm; (d) +1.5 mm; (e) +3 mm
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Ⅲ. System Implementation

3.1 Configuration of ARFI-OCE System

ARFI-OCE system consists of imaging(OCT)part and sample excitation (ultra-

sound transducer) part. Figure 7 is the schematic diagram of ARFI-OCE system. This 

ARFI-OCE system is based on Spectral domain OCT (SD-OCT) and spectrometer detect 

OCT signal from the sample. Sample excitation part consists with a transducer, a func-

tion generator and a 50 dB radio frequency amplifier (RF-AMP). A water tank is imple-

mented on the sample stage to use water as a matching material of transducer. The linear 

motorized stage is connected to the water tank to translate the sample linearly and adjust 

the position of the sample.

Figure 7 ARFI-OCE system configuration; System has sample excitation part and OCT imaging part; Sample 

is located in the water tank; Water tank is used to use water as a matching material
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3.2 Implementation of ARFI-OCE System 

3.2.1 Implementation of spectrometer-based OCT system

A spectrometer-based SD-OCT system was constructed. The laser was a broadband 

laser source (Superlum BroadLight D830) with 830 nm of center wavelength and 70 nm 

bandwidth. The laser source is divided into a sample arm and a reference arm by a 2by2 

coupler (Thorlabs). In the sample arm, 2D galvo-mirror is installed for scanning, but in 

this system, only one axis is used to generate a B-mode image. The objective lens was an 

achromatic lens with a focal length of 50 mm(Thorlabs). The lights reflected from the 

sample arm and the reference arm are combined in the coupler. The combined light is re-

flected on a 1300 line / mm grating and dispersed. The dispersed light is detected to a 

CCD line camera (Basler L104k-2k). The line camera is 2048 by 1-pixel CCD line cam-

era. 

To evaluate the SD-OCT system, axial resolution is measured. The mirror is used 

as a sample. Figure 8 is the peak of each depth. Axial distant between each peak is 250 

μm. Amplitude is decreased from 35 dB to 10 dB. Figure 9 is FWHM of each depth. The 

FWHM means system resolution. Its range is from 15 μm to 53 μm. Resolution is quite 

low, compared to theoretical value, 4.3 μm.

Figure 8 Point spread function of each depth; the amplitude is decreased from 35 dB to 10 dB
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Figure 9 FWHM of each point; FWHM means the resolution of each depth;                            

The resolution is increased from 15 μm to 53 μm

3.2.2. Implementation of ARFI system

To excite the sample, the ARFI is generated by using ultrasound transducer

(PANAMETRICS V380 3.5/1.0). Center frequency of the transducer is 3.5 MHz and the 

focal length is 6 inches. The diameter of the piezo material is 1 inch. The transducer is 

connected to the 50 dB radiofrequency amplifier (RF-AMP) and the function generator 

(Tektronix AFC3051G). The function generator generates sinusoidal burst. The ampli-

tude and cycles of the burst are determined by sample characteristics. The transducer is 

held on the water tank. 

To know the characteristics of an ultrasound transducer, the beam profiles are 

measured by acoustic intensity measurement system (ONDA, AIMS Ⅲ). This system 

measures the acoustic pressure by using hydrophone. The transducer is held in the water 

tank and connected to the amplifier and function generator. The hydrophone scanning 

the pre-set area to measure the acoustic pressure dot by dot while the transducer is work-

ing. For lateral and 2D pressure profile, 800mV pre-amplified voltage is given. Burst cy-

cle was 5000 cycles. Figure 10 is lateral beam profile of a transducer. The beam diame-

ter is almost 25 mm. However, the pressure is focused near the focal point. Central part 

pressure is reached to 33 MPa and the diameter of the high-pressure part is about 5 mm. 

We can clearly see the small diameter in Figure 11. Also, pressure according to the giv-
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en voltage was taken. In Figure 12, we can see the acoustic pressure is increased when 

the input voltage is increased. When pre-amplified input voltage was 200 mV, output 

pressure was 0.13 MPa. While input voltage was increased to 600 mV, output pressure 

was increased to 0.33 MPa. Figure 13 shows the impulse response of the transducer. The 

Impulse response is the intrinsic characteristic of the ultrasound transducer. From the 

Impulse response, we can see the center frequency of the transducer and calculate focal 

length.

Figure 10 Lateral beam profile of a transducer; Beam pressure is focused on the focal point;
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Figure 11 2D acoustic pressure map; focused beam diameter is around 2 mm

Figure 12 Acoustic pressure according to the input voltage; Beam pressure is increased from 0.13 MP at 200 

mV input voltage to 0.36 MPa at 1000 mV; 5000 cycles of sine burst is given
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Figure 13 Impulse response of transducer

.

3.2.3. Sample stage and motorized stage set-up

Figure 14 shows sample stage part. To use water as a matching material of the 

transducer, customized water tank and sample stage is used. Also, the motorized linear 

stage is used to move the sample linearly. It is needed to get 1D ARFI-OCE data from 

several points on the linear line on the sample. Also, sample plate is designed to hold 

the Petri dishes. It is fixed at the point where the focal point of the objective lens (50 

mm) and the focal point of the transducer (150 mm) meet each other. The tank is filled 

with distilled water (D.W.) and the sample is immersed in D.W.

The motorized linear stage holds and moves the water tank. It changes the imag-

ing point accurately and precisely. An input step size can be adjusted. This sample 

stage combined with the motorized linear stage is used to the adjust position of sample 

and transducer simultaneously. When imaging point of OCT is fixed, we could meas-

ure the response of the desired position where is displaced by certain part of ARFI 

beam profile by moving the stage.
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Figure 14 Sample stage part of ARFI-OCE system; sample is located in water.; 

3.2.4. Implementation of ARFI-OCE system and triggering

The ARFI-OCE system is constructed by combining SD-OCT system, ARFI sys-

tem, and sample plate. Figure 15 show entire system of ARFI-OCE system. There is SD-

OCT part (right side of Figure 15), Sample stage and motorized linear stage part (middle 

of Figure 15), and ARFI generation part (left side of Figure 15). Each part should be 

well implanted, because each part influences one another. So, we should consider the fo-

cal point and working range of each system
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Figure 15 ARFI-SD-OCE system

The other important point is synchronization between SD-OCT image acquisition 

and ARFI generation. In this system, camera acquisition time is used as a reference sig-

nal (Figure 16). The ARFI trigger signal is given to transducer after a delay time. Delay 

time is set to get reference image. The delay time is determined by a time equal to the 

time required to acquire a few cycles of the image. For example, if camera acquisition 

time is 34.3 μs and 512 lines of image is needed to make a reference image, we need to 

set 17.5616 ms (512*34.2 μs) as a delay time.

Figure 16 ARFI triggering signal; triggering signal is synchronized with camera acquisition time
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3.2.5 Agar phantom sample preparation

For system evaluation and calibration, agar phantom is fabricated and used. the 

agar phantom having desired stiffness can be made easily by control concentration of 

agar power. If we want phantom to have higher stiffness, we would use more amount 

of agar power. There is a 15mm hole on the bottom of the plate so that the ultrasonic 

waves can reach to the sample without disturbance (Figure 18). 0.8 % agarose phan-

tom contains titanium dioxide and intra lipid. Also, n-propanol is mixed with the aga-

rose mixture. The concentration of n-propanol was 16%. It allows ultrasound wave to 

be easily delivered to the sample. It is kept in the refrigerator at least 8 hours before 

measuring elasticity. The titanium dioxide and intra lipid are used to increase contrast. 

Basically, Agarose gel is transparent, and most components are water. Those points 

make the phantom have a refractive index like water. In ARFI-SD-OCE system, sam-

ples are immersed in the water and SD-OCT system can’t distinguish pure agarose gel 

and water because of the similar refractive index of two materials. Therefore, titanium 

dioxide and lipid are added to the agarose gel to increase the contrast of the image. In 

figure 18, the bright speckles are signals from the titanium dioxide

Figure 17 Agar phantom; 
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Figure 18 OCT image of phantom; the bright speckle are signals from the titanium dioxide



23

Ⅳ. Experiments and Results

4.1 1D Phantom Test

To evaluate the system, a 1D phantom experiment is conducted. Agarose phantom 

is used. A-line signals at one point are taken and analyzed. Cross-correlation algorithm 

is used to analyze displacement. In this research, the displacement analysis parts are 

helped by Jihun Kim (DGIST). 

Figure 19 is cross-correlation results of agarose phantom. ARFI generation and 

displacement occur in 980th line. Therefore, we can see the small distortion around 

980th line. As the result, in figure 20, total displacement is about 6 μm. This result 

means that the ARFI-SD-OCE system can measure the displacement of the sample sur-

face.

Figure 19 Original cross-correlation analysis result; Displacement occurrs at 980th line.
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Figure 20 Temporal displacement of the surface; 

The surface of agarose phantom is moved around 6 μm

4.2 ex-vivo Mice Brain

After evaluation test using agar phantom, we conduct an ex-vivo test to see the 

weather this system can estimate the elasticity of biological soft tissue. The elasticity 

of cerebral cortex of mice is measured by ARFI-OCE system. The cortex of normal 

mice brain is dissected and put on the sample stage (Figure 23). 512 lines are scanned 

to generate one image of the cortex. The sample size was very small, and its surface 

was uneven. To reduce the field of view (to image only small flat area), we should re-

duce the input voltage of the galvo-mirror. Two mice brain is used. One (fresh brain) 

is measured directly after dissecting the cortex. The other one (old brain) is measured 

a few hours later from the death. There was not another treatment of the cerebral cor-

tex. Also, other conditions were same in two experiments.
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Figure 21 Cerebral cortex of mice; It is excised from the mice and placed on the sample plate;         

There were not any other treatments to the cerebral cortex before experiments.

The results are analyzed by cross-correlation between the reference image and 

excitation state image. Figure 24 is OCT(left) image and displacement(right) map of 

samples. The displacement maps show that the surface of the old brain is stiffer than a 

fresh one. This result shows that the ARFI-OCE can measure the elasticity of biologi-

cal sample like cerebral cortex.

Figure 2221 OCT image(left) and OCE image(right) of cerebral cortex of mice
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4.3 ex-vivo Stroke Model Rat Brain

To evaluate the power of ARFI-OCE system to distinguish normal and abnormal 

tissue, stroke rat model brains are used. Stroke cause necrosis of tissue and necrosis de-

crease elasticity of the brain. MCAO surgery was conducted to the SD – rat to induce a 

stroke. The surgical procedures are conducted by Jung-gwang Ko(DGIST). The occlu-

sion time was 1 hour 30 minutes. One and half hours later from the surgery, the brain is 

dissected from the rat. 512 lines are scanned to make a B-mode image. The red dotted 

line in figure 25 is scan lines. The scanned lines are on the outside of each hemisphere. 

Imaging condition and experiments set-up were the same except input voltage of galvo 

mirror. The sample size itself is large and we need to scan wide area to figure out stroke 

lesion.

Figure 23 (a) left hemisphere of stroke rat (b) right hemisphere of stroke rat;

The resultant displacements are analyzed by cross-correlation algorithm. Figure 

24 is displacement map. The larger displacement means higher elasticity. The left 

hemisphere is the lesion of stroke and the displacement of the legion (black dot circle) 

is about 23 μm. The displacement value is larger than the displacement of the right 

hemisphere which is about 20 μm in most ROI. It means that the stoke legion has low-

er stiffness and stiffness of right hemisphere. It shows that the ARFI-OCE system is 

able to distinguish between the lesion and normal tissue.
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Figure 224 Elasticity of brain of stroke rat model (a) left hemisphere, (b) right hemisphere;              

Black dot circle area in (a) shows the highest displacement (lowest stiffness)

4.4 Preliminary Experiments for ARFI Calibration

0.8% agarose phantom is used to this experiment. Measurement points on the sam-

ple are shown in figure 6. 50 lines of data is used to make one M-mode image. 343 μs

delay time is given before ARFI generation and data acquisition time per one line was 

34.3 μs. Therefore, 1st to 10th lines of data are the reference surface position data and 

11th to last lines data is displaced surface data. These results were analyzed by cross-

correlation between reference position data and displaced position data.

Figure 21 (a), (c), (e), (g), (i) is M-mode image at point (1)-3 mm, point (2) -1.5 

mm, point (3) 0 mm, point (4) 1.5 mm, point (5) 3 mm, respectively. You can refer to 

Figure 6. (b), (d), (f), (h), (j) is displacement map at each point. The displacements are 

analyzed by cross-correlation methods. The expected results were that 0 mm (center) 

shows the highest displacement and displacement value is going decrease while going 

to the side. The maximum displacement values of point (1) to point (5) after excitation 

looks 25 μm, 40 μm, 55 μm, 40 μm, 40 μm, respectively. However, there was too 

much background vibration to analyze exact displacement value. The background vi-

bration of the reference state makes hard to calculate exact displacement. Therefore, 

we should remove vibration of the system and images.
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Figure 25 M-mode image and displacement data (a)(b) -3 mm, (c)(d) -1.5 mm,

(e)(f) 0mm, (g)(h) 1.5 mm, (i)(j) 3 mm
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To know the reason of vibration, the slide glass image is analyzed by phase re-

solve method. The slide glass image contains both common-path OCT(CP-OCT) im-

age and normal SD-OCT image. The sample arm and reference arm are not divided 

and are existed on the same path in CT-OCT. For that reason, there is less additional 

noise caused by reference arm. Also, its phase signal is more stable. In figure 22, the 

signal in red square, Area (1), is interference signal between the signal from reference 

arm and signal from slide glass surface(SD-OCT). the signal in a yellow box, Area (2), 

is interference signal between the signal from the top surface of glass and signal from 

the bottom surface(CP-OCT). Phase is very stable in CP-OCT image. It means there is 

intrinsic vibration noise in the system. 

Figure 236 Slide glass image (a) OCT image; (b) Phase; (c) Phase gap; Area (1) in red square is the image of 

the conventional SD-OCT method; Area (2) in yellow square is image of CP-OCT method;               

Phase of CP-OCT system is more stable than SD-OCT system
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Ⅴ. Discussion and conclusion

To measure the elasticity of brain is used methods for diagnosis of brain diseases like 

meningitis or stroke. These days, functional imaging using MRI and US imaging to measure 

the elasticity of tissue is widely used in medical field. However, there are some limitations 

to use in the study in tissue and cell level.

In this study, ARFI-SD-OCE system is constructed and several evaluation experi-

ments and preliminary experiment of calibration are conducted. The results show that this 

system can measure the displacement of a biological sample. Also, it shows the ability to 

distinguish the samples which have different stiffness. 

However, there were several system limitations. The real resolution is much lower 

than the theoretical value. It should be improved for a more accurate result and to apply this 

system to distinguish small elasticity difference in the tissue sample. In this study, almost 

shown displacement results are analyzed by cross-correlation methods. It is good for suggest

the results in real time, but not good for calculating tiny displacement. For better resolution 

of OCE system, phase resolve methods are also adopted to the system. Another limitation is 

intrinsic vibration in the system. This intrinsic vibration work was a noise on the system. 

This kind of noise should be removed by improvement of signal analysis algorithm. Those 

kinds of system limitation should be solved for precise measurement like an experiment to 

make calibration equation. 

The other limitation of this study is that every result is not analyzed quantitatively. 

Real Young’s moduli of the samples are not calculated and matched with ARFI-OCE re-

sults. Also, in the ex-vivo application. ARFI pressure shape wasn’t considered and the re-

sults are analyzed without calibration. Also, it would be better to compare the ex-vivo results 

with histological analysis. 

This system would be able to suggest elasticity in real-time. In this study, the OCT 

image shows the sample movement in real-time. However, displacements are calculated us-

ing saved data after OCT data acquisition. For real-time OCE, the OCT operating software 

should be changed. Also, this ARFI-OCE system can show 2D elasticity map of the sample 

surface by using a motorized linear stage and increasing data points on the sample. One of 

the limitations of this 2D elasticity map is total data acquisition time. It takes too much time 

to make such kind of map before sample denature.

As a result, this system shows potential to be used in the various field with high reso-

lution in real-time. However, for better performance and wider application area, there are 
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many points to be improved. For that, more study and additional experiments are needed. I 

expected that this system will be used in preclinical researches about brain after all these 

limitations are overcome.
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요 약 문

대뇌 피질의 탄성도 측정을 위한 음향 방사 힘 자극 광 간섭성

탄성측정 시스템

본 논문은 대뇌 피질의 탄성도 측정을 위한 광간섭성 단층 촬영 기반의 탄성측정법 시스템을

다룬다. 뇌에 발생하는 뇌수막염 이나 뇌졸중 같은 질환은 병변의 탄성도를 변화 시키므로, 

진단에 영상 시스템 기반의 탄성측정법을 뇌영상과 함께 활용 함으로써 더 정확한 진단 정보를

얻을 수 있다. 기존에 주로 사용되는 시스템은 자기공명영상이나 초음파영상을 많이 사용한다. 

그러나 해당 시스템은 조직과 세포단위에서 이루어지는 연구 단계에서는 적합하지 않다. 따라서

본 연구에서는 더 높은 분해능을 가진 광간섭성 단층 촬영시스템을 기반으로 하는 탄성측정법

시스템을 구축하여 연구에 사용하였다. 

본 연구 에서는 생체 조직의 탄성을 측정하기 위해 음향 방 사력 임펄스 광 간섭 계 (ARFI-

OCE)가 구축되었다. 샘플의 변위는 자체 제작한 스펙트럼 도메인 광간섭성 단층 촬영

시스템(SD-OCT)으로 측정된다. 해당 이미징 시스템은 다른 광학 이미징 시스템보다 훨씬 더

깊은 침투 길이를 가진다. 초음파 트랜스듀서에 의해 생성 된 음향 방사력이 샘플을 자극하기

위해 도입되었다. 샘플의 강성을 추정하기 위해 교차 상관 알고리즘과 위상 분해 방법을

사용하여 변위를 계산 하였다. 구현 된 시스템은 분광기 기반 OCT 시스템, ARFI 시스템 및 선형

스테이지 세트로 구성되었다. 음향 방사력을 방출하는 신호는 카메라의 이미지 획득 시간과

동기화되어 발생한다. 본 연구에서는 생쥐 대뇌 피질과 뇌졸중 쥐 모델의 대뇌 피질에 대한

생체 외 시험을 실시하여 ARFI-OCE 시스템을 평가 하였다. 시스템은 다른 대뇌 피질 샘플의

탄성을 구별 할 수 있었다. 이 결과는 ARFI-SD-OCE 시스템이 뇌 질환 진단에 사용될 가능성이

있음을 보여주었다. 추가로 음향방사력의 불 균일한 압력 분포에 의한 변위 보정에 대한 기본

개념을 제안한다.

핵심어: 음향방사력 자극 광 간섭성 탄성측정법, 스펙트럴 도메인 광간섭성 단층 촬영, 음향

방사력, 뇌, 탄성측정법
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