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Abstract: We developed a miniature quantitative optical coherence
elastography (qOCE) instrument with an integrated Fabry-Perot force
sensor, for in situ elasticity measurement of biological tissue. The technique
has great potential for biomechanics modeling and clinical diagnosis. We
designed the fiber-optic qOCE probe that was used to exert a compressive
force to deform tissue at the tip of the probe. Using the space-division
multiplexed optical coherence tomography (OCT) signal detected by a
spectral domain OCT engine, we were able to quantify the probe
deformation that was proportional to the force applied, and to quantify the
tissue deformation corresponding to the external stimulus. Simultaneous
measurement of force and displacement allowed us to extract Young’s
modulus of biological tissue. We experimentally calibrated our qOCE
instrument, and validated its effectiveness on tissue mimicking phantoms
and biological tissues.
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1. Introduction

Optical coherence tomography (OCT) is a versatile, high-resolution imaging technique, with
great potential in tissue characterization for various biomedical applications such as cancer
diagnosis or surgical guidance [1, 2]. In addition to structural imaging, OCT can also be used
to perform mechanical characterization of biological tissue with one of its functional
extensions referred as optical coherence elastography (OCE) [3—10]. OCE can quantify
mechanical response (deformation, resonant frequency, elastic wave propagation) of
biological tissues under external or internal mechanical stimulation, and extract tissue
properties related to its pathological and physiological status. For example, pathological
tissue such as cancerous tissue is usually stiffer compared to normal tissue, in addition to
structural abnormity [11, 12]. This tissue stiffening is exactly a clinician looks for when
he/she manually palpitates the tissue for changes in mechanical properties. Compared to
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elastography techniques based on ultrasound or MRI, OCE has advantages in spatial
resolution, mechanical sensitivity, and imaging speed.

Various OCE techniques have been developed to date including compression OCE,
surface acoustic wave OCE (SAW OCE), and magnetomotive OCE (MM OCE) [13].
Compared to SAW OCE that has a spatial resolution in the order of millimeter and MM OCE
that requires external contrast agent, compression OCE provides the highest spatial resolution
for elastography and is based on intrinsic mechanical changes during compression [14—19].
On the other hand, recently developed fiber optic probes allowed endoscopic OCT
imaging/sensing despite small penetration depth of OCT signal [20-23]. Needle OCE has
been used to measure mechanical response from deep tissue [10]. Therefore, compression
OCE based on a miniature fiber optic probe has a great potential for in sifu characterization of
mechanical properties of biological tissue. However, conventional compression OCE
measures tissue displacement under quasi-static compression and does not quantify
mechanical loading, unless the state of stress is established through an inverse elastic or
viscoelastic solution to the boundary value problem. For quantitative characterization of
tissue stiffness, current compressive OCE technique has limited significance because results
obtained from different compression OCE measurement sessions are qualitative and cannot
be correlated in longitudinal or comparison studies.

To obtain quantitative measurements of tissue elasticity, we proposed a novel quantitative
optical coherence elastography (qOCE) technology that measures tissue elasticity using a
miniature probe with integrated force sensing functionality [24-26]. The qOCE system
developed in this study is significantly different from its predecessors, because it
simultaneously measures the force/stress exerted on the tissue and the resultant tissue
deformation/strain. In addition, the miniature probe can access deep tissues of interest at
multiple locations required for clinical applications, for such variations lead to different
biochemical pathways and hence different medical outcomes. In a word, qOCE has great
potential in interstitial imaging/sensing for in situ tissue mechanical characterization.

In this study, we designed and fabricated the qOCE probe with an integrated Fabry-Perot
(FP) cavity to quantify the force exerted at the probe tip. A spectral domain OCT engine at
1.3 um was used to detect space-division multiplexed signal for simultaneous force and
displacement (stress and strain) measurement. Signal processing was implemented in real-
time using graphic processing units (GPU). We characterized the performance of our qOCE
instrument, and validated its effectiveness on tissue mimicking phantoms as well as biological
tissues.

The manuscript is organized as follows. We first illustrated the principle of qOCE
technology and the system configuration. Then we showed the experiment results obtained
with our qOCE setup, including calibration for deformation and force tracking, stress-strain
curve acquisition, and measurements on three phantoms with different values of stiffness.
Finally we presented qOCE measurement results obtained from biological tissue.

2. Principle of qOCE technology
2. 1 System configuration

The system schematic is shown in Fig. 1. Broadband output from a super luminescent diode
(SLD) is routed by a fiber optic coupler (FC) to the qOCE probe and the reference arm. A
miniature probe (QOCE probe) is used to induce compression in the sample. If the sample is
mechanically homogeneous, the loading produces uniaxial compression. Otherwise, the state
of stress is determined by the heterogeneity that can also be measured. To track probe
deformation in response to the applied force, a common path OCT signal is detected. The
common path OCT signal is derived from the interference from optical fields reflected from
the tip of single mode fiber (Es,;) and from the first surface of the GRIN (gradient index) lens
(Eg2). Another OCT signal derived from the interference between sample light (E) and
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reference light (E;) through Michelson interferometry is used to track sample deformation in
front of the probe tip.

OCT Engine B B2 p

SLD EC :
C) qOCE probe
spectrometer Reference arm

lz_l

Fig. 1. Illustration of qOCE system (FC: fiber optic coupler; SLD: superluminescent diode;
Eg1, optical reflection from the tip of single mode fiber; Egy, optical reflection from the
proximal end of the first GRIN lens; E, sample light; E,, reference light.

As shown in Fig. 1, a lead-in single mode fiber (SMF) is attached to the proximal end of
the qOCE probe shaft and a pair of GRIN lenses is attached to the distal end of the probe
shaft. The cleaved SMF tip and the proximal surface of the first GRIN lens serve as two end
surfaces of a low fineness Fabry Perot (FP) cavity. Incident light from the SLD is reflected by
two end surfaces (Eg, and Egy,) of the FP cavity due to a discontinuity in refractive index
(from glass to air and from air to glass). The common path interference between Eg,; and Egp
generates an OCT signal (Ascan, I,) with a peak located at the depth Lg, that equals the FP
cavity length. The phase of complex valued OCT signal at Lg, changes in proportion to the
change in FP cavity length and thus the force exerted at the probe tip. Therefore, tracking
Doppler phase shift of the common path OCT signal allows the quantification of probe
deformation and force/stress exerted through the probe. On the other hand, the GRIN lens pair
also functions as an objective lens to focus the light output from SMF for sample
illumination. The backscattered light from the sample (E;) is collected by the fiber optic probe
and detected by the spectrometer for OCT imaging. E; interferes with reference light (E,)
provided by the reference arm and generates depth profile of the sample. It is worth
mentioning that we adjust the optical path length of reference arm, so that OCT signal from
the sample (I;) starts beyond Lg,. Optical path length is matched by a single model fiber patch
cord in reference arm and through coarse and fine adjustment of the position of the collimator
in reference arm. This configuration allows spatial division multiplexing of the OCT signal
for simultaneous probe deformation (ALyae) tracking and tissue deformation (ALgmpic)
tracking. Notably, the compound lens (a pair of GRIN lenses) allows light beam to be tightly
focused into sample and Ly, to be small. A shorter FP cavity length allows I, to be located
closer to the equal optical path plane with insignificant signal roll-off. Denote the optical path
length (OPL) of light reflected by the distal surface of the second GRIN lens as Lgrn. By
choosing the OPL of the reference arm (L) to be smaller than Lgriv + Ly, sample can be
located beyond Ly, to eliminate overlap with signal from the FP cavity. If the material of the
specimen (phantom or tissue) is linearly elastic, a static force yields a uniform displacement.
If the material is viscoelastic, a dynamic sinusoidal force can be applied and the response
measured. Since the mechanical property of the specimen is unknown, a simplified linear
elastic model with a Young’s modulus E is assumed in this study.

Using OCT signals obtained, we can quantify probe deformation ALy and derive the
force exerted: F = aAL,q. Where a is a constant determined by the mechanical property of
the probe and will be characterized through calibration experiments. We then quantify the
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stress applied to sample: 6 = F/A where A is the area of the GRIN lens. In addition, we can
calculate tissue strain € = ALgmpe/Lo. Here, Ly is the initial specimen thickness before
compression. Finally, the sample’s Young’s modulus (E) that is the linear slope of strain-
stress curve can be obtained using Eq. (1) where tissue elasticity can be quantified by
comparing the deformation of probe and sample.

L [ AL
E:gz (44 0[ pmbeJ (1)

e A | AL

‘sample

Notably, Eq. (1) is valid based on the following assumptions. First, the load is applied
slowly. Therefore, force applied to tissue is equivalent to force measured by the integrated
Fabry Perot force sensor. Second, the tissue specimen is elastic and viscoelasticity is not
considered. Third, the materials are not compressible and therefore have a Poisson’s ratio of
0.5.

In this study the elastic tissue specimen is sandwiched by two rigid compressors one of
which is the qOCE probe tip. This configuration can provide the most simplified boundary
condition and is equivalent to indentation measurement frequently used to characterize
biomechanical properties of soft tissue. For example, indentation measurement on Young’s
moduli of breast tissues was performed through simultaneous quantification of mechanical
loading and tissue deformation [12, 31]. Quantification of elasticity was also performed using
OCT in a similar compression OCE setting [32].

2.2 Signal processing

For quantitative mechanical property measurement, we first perform DC subtraction and
interpolation on spectral domain OCT data acquired by the CMOS camera to obtain &
(wavenumber) space interferogram. Afterwards, Doppler analysis is performed to track probe
and sample deformation. As shown in Fig. 2, slight different processing is applied to track
probe deformation and sample deformation.

d

Doppler Peak
k-space FFT._ Structural analy Sis.L Motion d““"““""ﬂ Probe
interferogram ocT 7l signal “| deformation
b Numeric dispersion
k-space compensation .| Dispersion free k-space
interferogram - interferogram

Doppler Windowin
FFT‘ Structural a"alysm‘ Motion Averaging Sample
- ocT - signal deformation

Fig. 2. (a) Signal processing for probe deformation tracking for the quantification of
force/stress; (b) signal processing for tissue deformation tracking for the quantification of
deformation/strain.

To track probe deformation (Fig. 2(a)), we simply apply fast Fourier transform (FFT) on k
space interferogram to obtain a complex valued 1D OCT signal /,(z,f). Here z indicates axial
coordinate and ¢ indicates measurement time. We then identify the signal peak generated by
the interference between optical waves from two end surfaces of the FP cavity: I,(Lyobe, ).
Doppler phase shift ((d@yope(f))) between Ascans acquired at different time with interval o,
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(6t, = 5 ms) is calculated according to Eq. (2) [27]. d@ube(f) is proportional to probe
deformation and thus the force applied.

OB ape (1) =atan| 1, (L5146, )1, (Lot | @)

Sample deformation tracking is extracted from OCT signal from the sample (/i(z,?)), also
through Doppler analysis (Fig. 2(b)). Notably, signal processing to track sample deformation
is slightly different from probe deformation tracking. First, as shown in Fig. 1, OCT signal
from the sample derives from light interference between probe arm and reference arm;
therefore suffers from signal degradation due to considerable amount of chromatic dispersion.
To obtain high resolution, high signal to noise ratio OCT signal /y(z,f) from the sample, we
measure the amount of dispersion mismatch in prior. The non-linear phase of the
interferometric spectrum is extracted through Hilbert transformation on interferometric
spectrum. Third order polynomial fitting is applied to approximate the non-linear phase: ®(k)
= psk® + p,k® + pik + po. The non-linear phase is then subtracted in the GPU based software
before FFT for real-time dispersion compensation. Second, biological tissue is less rigid
compared to the plastic probe shaft and deforms more. Therefore, we will use two Ascans
acquired with smaller time interval (d¢, = 0.2 ms) for Doppler phase calculation (Eq. (3)).
Otherwise, deformation obtained through Doppler analysis may suffer from phase wrapping
artifact. Third, structural OCT signal from highly scattering sample is inevitably
contaminated by speckle noise and so is Doppler OCT signal. To track sample deformation
with higher accuracy, we will perform spatial average to obtain filtered phase shift
(O Bsampie fierea(t)) for better accuracy (Eq. (4)). O@uumpleitered(f) is proportional to spatially
resolved displacement of the sample that can be converted to local deformation and strain.

8, (z:8) =atan| I (z,t+6t) 1 (z.1) ] 3)
5¢xamp/e,ﬁ/zered (t) = J §¢xample (Z’t) dZ (4)
Lol
2

With 3@yrope(£) OF O Geampie firrerea(t) Obtained, probe deformation (8L rohe) and sample deformation
(8Lsampie) can be calculated according to Eq. (5). For probe deformation tracking, the central
wavelength of SLD output in air (Ag = 1.3um) is used in Eq. (5). For sample deformation
tracking, the wavelength is corrected by the refractive index (A = A¢/n).

_ 5¢probe,xample (t)

probe,sample ( ) - 472-

Notably, in compression OCE, mechanical loading is applied to tissue in a quasi-static
process and it is essential to quantify deformation over the entire course of compression.
Therefor, deformation of probe and sample are both integrated over the same time interval, as
shown in Eq. (6). The time integration also improves signal to noise ration for elasticity
measurement.

oL A Q)

t

AL[)mbe,samp/e (t) = j 5Lp;‘obe,xamp/e (T) dT (6)
t\'mrl
with probe and sample deformation acquired using Eq. (5) and (6), we are able to quantify
tissue elasticity using Eq. (1). In the real-time software, a variable is constantly updated to
calculate the accumulated displacement: ALpopesample = ALprobesample T @Lprobe sample; Where
AL probe sample 18 the incremental displacement. Signal processing for deformation tracking and
elasticity sensing is implemented in real-time using graphic processing unit (GPU).
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3. Results
3.1 qOCE system and signal characteristics

The qOCE system is based on a 1.3 um spectral domain OCT engine that tracks both probe
and sample deformation. The SD OCT engine was described in detail in our previous
publications [28]. Briefly, a superluminescent diode (SLD1325 Thorlabs, 100nm bandwidth,
corresponding to a 7.4 pm axial resolution) is used as light source and interference signal is
detected by a CMOS InGaAs camera (SUI1024LDH2, Goodrich).

According to the design described in 2.1, we developed a qOCE probe as shown in
comparison with a US quarter in Fig. 3. To fabricate the probe, we first inserted a single mode
fiber into a 25-gauge stainless steel tube. The fiber and the tube were glued together with
optical epoxy to achieve desired rigidity for elasticity measurement. With additional cascaded
tubing, the fiber was integrated with a polyimide tube (Microlumen) with 1.8mm inner
diameter. Optical epoxy was applied to the proximal end of the polyimide tube for fixation. A
pair of GRIN lenses (Newport, LGI1300-1A, 0.23 pitch, 0.26 mm working distance) was
attached to the distal end of the polyimide tube. The distance between the first GRIN lens and
fiber tip was adjusted to collimate the light beam. The second GRIN lens was used to focus
the light beam so that the waist of the output beam was located at a depth 0.26 mm away from
the GRIN lens surface. Notably, the mechanically active segment for OCT sensing in this
probe is the segment between the fixation points of the SMF and the first GRIN lens.

Fig. 3. Photo of qOCE probe in comparison with a US quarter.

Typical Ascan signals obtained from the qOCE probe are shown in Fig. 4. Figure 4(a)
shows OCT signals obtained from the probe without (black) and with (blue) numeric
dispersion compensation. The sample was a silicone phantom that used Titanium dioxide to
provide light scattering. Both Ascans multiplex signals from the common path interferometer
and the Michelson interferometer. For the Ascan obtained without dispersion compensation
(black), a sharp signal peak (red arrow) is observed. This peak corresponds to common path
OCT signal derived from the FP cavity (interference between optical fields Eg,; and Eg,, in
Fig. 1). As Eg, and Eg, share the same optical path, the interferometric signal is free of
dispersion mismatch and a sharp peak is obtained without dispersion compensation. On the
other hand, this Ascan shows broadened signal at a larger imaging depth, as indicated by the
dashed rectangle. Signal enclosed by the rectangle derives from the interference between the
reference mirror (E;) and the distal surfaces of the second GRIN lens (Egrin), as well as
specimen (Eg) under imaging. Reference light and sample light in the Michelson
interferometer travels in different medium (fiber and air). Therefore, considerable signal
degradation is observed because of dispersion mismatch. In comparison, the blue curve in
Fig. 4(a) obtained after dispersion compensation shows a sharp peak corresponding to the
distal surface of the GRIN lens (indicated by the green arrow), a sharp peak corresponding to
the sample surface (indicated by the orange arrow) and depth resolved sample profile.
However, OCT signal due to interference between Eg, and Eg,, diminishes in the blue curve
because of additional non-linear phase induced to dispersion-free signal in the process of
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numerical dispersion compensation. Figure 4(a) clearly shows that OCT signal from the
Fabry-Perot cavity for force/stress measurement is spatially demultiplexed with OCT signal
from tissue for displacement/strain measurement. We multiplexed CP OCT signal obtained
from the FP cavity without dispersion compensation, and Michelson OCT signal obtained
from tissue with dispersion compensation and show the result in Fig. 4(b). By tracking phase
shift between complex valued, spatial division multiplexed OCT signal as shown in Fig. 4(b),
we were able to quantify probe and tissue deformation. Figure 4(c) shows segments of OCT
signal obtained from the Michelson interferometer after dispersion compensation, with
weakly scattering phantom as sample. Curves with different color were obtained when the
sample was located at different depths. Signal peak derived from the GRIN lens surface
(indicated by the green arrow) remains identical for different signals. Notably, focusing effect
can be observed in Fig. 4(c) with focal plane approximately 0.26mm away from the GRIN
lens surface.

T signal with dispersion 20 -

—withou! dispersion compensation ) (comperisated)
| ——with dispersion compensation | 12l FP cavity
—~08 . —_ —_
S FP cavity GRIN lens surface 3 g0l / GRIN lgns surface 131
& G / e
=06 Sample surface | T & / Sample surface ©
5] signal with! g., E’w
B 0.4 dispersion | ‘5 © B
= = =
O QO 4 10 st
Qo2 o @)
2l |
o o, o E M ARR & = ot E r
a 02 04 06 08 1 12 14 16 02 04 06 08 1 12 14 16 CD.S 1 15 2
depth(mm) depth(mm) depth(mm)

Fig. 4. (a) Typical Ascan obtained from the probe without (black) and with (blue) dispersion
compensation; (b) multiplexed signal for simultaneous probe and tissue deformation tracking;
(c) segments of OCT signal obtained from Michelson interferometry after dispersion
compensation, with weakly scattered sample located at different depth.

To track probe and tissue deformation, we quantified temporal variation of Ascan in
Doppler phase shift as shown in Fig. 5. Figure 5(a) (Visualization 1) shows a frame of
sequentially acquired spectral interferograms. In Fig. 5(a), different coordinate in horizontal
direction corresponds to different wavelength/wavenumber and different coordinate in
vertical corresponds to different time. Fringes due to the interference between optical fields
from the two end surfaces of the FP cavity are visible in Fig. 5(a). As the probe was used to
compress tissue during the acquisition of Fig. 5(a), slight fringe shift over time can be
observed due to probe shaft deformation. Fringe shift can be seen more clearly in
Visualization 1. Using our real-time GPU software, we quantified the phase shift shown in
Fig. 5(a) and Visualization 1 using Eq. (2) and converted the phase shift to probe deformation
using Eq. (4) and (5). Figure 5(b) (Visualization 2) shows signal from tissue (screen capture
of real-time display) when the qOCE probe was used to compress the phantom. Our software
showed structural OCT signal (uppper), as well as Doppler OCT signal (ODT, lower)
obtained by calculating inter Ascan signal phase shift. Sequentially acquired signals are
displayed in Fig. 5(b) where different coordinate in horizontal direction corresponds to
different time and different coordinate in vertical direction corresponds to different depth.
Similarly, Fig. 5(c) (Visualization 3) is the screen capture of real-time display when releasing
the compression exerted to the same phantom through the probe. Notably, in our software, the
color of Doppler signal was used to identify the direction of the motion or phase shift. The
negative phase shift was coded to be red and the positive phase shift was coded to be blue.
Due to small time window (0.1s) for the acquisition of Ascans during quasi-static
compression shown in Fig. 5(b) and 5(c), phantom deformation was small and could not be
observed in structural OCT images (upper insets of Fig. 5(a) and 5(b)). However, the phase of
OCT signal provides much higher sensitivity in deformation tracking. Deformation of
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phantom in different direction due to compression and removal of compression could be
clearly observed in the lower panels of Fig. 5(b) and 5(¢).

Fig. 5. (a) A frame of interferometric spectrum obtained when the probe was used to exert
force (Visualization 1); (b) structural OCT image (upper) and Doppler OCT image (lower)
obtained when the phantom was compressed by the qOCE probe (Visualization 2); (b)
structural OCT image (upper) and Doppler OCT image (lower) obtained when the compression
was released (Visualization 3).

3.2. qOCE probe calibration

Accurate characterization of elastic property of tissue depends on accurate measurement of
externally applied force/stress and the tissue’s response in the form of deformation/strain.

First, we calibrated the accuracy of deformation/displacement tracking experimentally.
We attached the qOCE probe to a precise linear motor (Newport, ILSI00CC DC). The probe
was translated by the motor in axial direction and did not touch the rigid scattering sample.
Therefore, the displacement between the probe and the sample was equivalent to the distance
translated by the motor. Using OCT signal, we calculated displacement between qOCE probe
and sample according to Egs. (3)—(6), in our real-time GPU software. Displacement extracted
through Doppler analysis of OCT signal was compared with the known motor displacement,
as shown in Fig. 6. Clearly, displacement calculated using Doppler analysis has a linear
dependency on actual displacement. We validated the following model Dpuygicat = aDpoppier + D
using linear regression, and our results indicated = 1.2 and b = 0.004mm. R? statistic of the
fitting is 0.9977, indicating a highly linear relationship between the calculated displacement
and the actual displacement. The coefficient a accounts for the direction of light propagation
traveling and the refractive index of the phantom.
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Fig. 6. Calibration results show displacement obtained from Doppler OCT signal is linearly
related to actual displacement.

In addition, we calibrated the force/stress sensing capability of our qOCE system. We
mounted the qOCE probe on a linear stage and translated the stage to exert force to the
sensing tip of a digital force gauge (Shimpo, FG-3005) that provided high precision force
measurement with 0.005 N resolution. We tracked the probe deformation using Doppler OCT
signal obtained from the integrated FP cavity and compared the probe deformation with force
exerted, as shown in Fig. 7. Clearly, the length of FP cavity varied linearly as the force. We
validated the following model Drpc = aF + £ using linear regression, and our results indicated
a = 0.1795N/um. R? statistic of the fitting is 0.9971, indicating a highly linear relationship
between the force and the probe deformation.
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Fig. 7. Results of force calibration show FP cavity deforms proportionally to force exerted.

Figure 6 and Fig. 7 illustrate that the force and displacement can be quantified using OCT
signal. Based on results obtained from the calibration experiments, we were able to convert
phase shift extracted from OCT signal to tissue deformation and force. Stress was then
calculated using the area of the GRIN lens (~2.54 mm®) in contact with sample for
compression.
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3.3. Elasticity measurement using qOCE

We developed phantoms to evaluate the qOCE technique. We choose silicone based phantom
because the elastic modulus of silicone phantom can be varied in a range that well overlaps
the elastic modulus of biological tissues and the optical property of silicone phantom in terms
of refractive index is close to that of biological tissues. To obtain phantom with different
stiffness, we combine polydimethylsiloxane (PDMS) fluid with curing agent at different
volumetric ratios. In addition, we add titanium dioxide into silicone to provide light scattering
[29].

To validate that our qOCE can simultaneously quantify stress and strain for elasticity
measurement, we used the qOCE probe to compress an elastic phantom. Stress was obtained
in real-time, using FP cavity deformation extracted from Doppler phase shift between OCT
Ascans, calibrated force-deformation relationship, and known GRIN lens dimension. On the
other hand, phantom strain was obtained in real-time, using OCT signal within a window
(approximately 280 um width) located in the vicinity of beam waist (approximately 260 pm
from the surface of the second GRIN lens). Tissue deformation was obtained by averaging
displacement signal obtained through Doppler analysis within the window and corrected by
the refractive index of silicone phantom (n = 1.4). Strain was then calculated by dividing the
deformation at each depth position and then averaged. We recorded stress and strain values
during the compression of the probe, shown as the black curve in Fig. 8. In addition, we
repeated the strain stress measurement, quantifying the force/stress with the commercial force
gauge and quantifying the deformation/strain with the accurate linear translation stage. The
results obtained are shown in Fig. 8 as the red curve that is highly consistent with qOCE
measurement. Phantom elasticity was then obtained according to stress-strain curves shown in
Fig. 8. The red curve results in an elasticity modulus that is 2.09 MPa and the black curve
results in an elasticity modulus that is 2.02 MPa, indicating high accuracy qOCE
measurement of tissue elasticity.
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Fig. 8. Stress-strain curve obtained using OCE measurement (black) and calibration of strain-
stress curve (red).

To demonstrate that the qOCE technique developed in this study can be used to
differentiate sample with different stiffness, we fabricated three PDMS phantoms to have
different elastic moduli and performed qOCE measurement. Our real-time software tracked
probe and sample deformation using OCT signal, and used Eq. (1) to calculated sample
elasticity moduli. Results are shown in Table 1. In addition, we performed calibration
experiments for elasticity measurement, shown as the second row of Table 1. In these
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calibration experiments, we measured force/stress using the force gauge and we obtained
deformation/strain according to the reading of the linear stage. Table 1 indicates qOCE can
provide reliable elasticity measurement.

Table 1. Elasticity measurement on phantom

Young’s modulus Phantom1 Phantom2 Phantom3
qOCE measurement (MPa) 0.72 0.99 2.51
Calibration (MPa) 0.69 0.94 2.45

We further validated qOCE technique on biological tissue, by measuring different tissues
from chicken (ex vivo). We compared the elasticity of fat, muscle and heart of chicken. The
Young’s moduli obtained using qOCE are shown in Table 2. We can see the difference in
stiffness between different tissues, suggesting our qOCE technique has the potential in
distinguishing cancer tissue from normal tissue. However, it is challenging to correlate results
shown in Table 2 with values of Young’s moduli reported in literature. This is because
reliable data on Young’s moduli of soft tissue are very limited and available values tend to be
inconsistent. A review study indicated that measured Young’s moduli for any given tissue
usually span several orders of magnitude [31]. For example, the Young’s modulus of breast
tissue has an average value of ~7kPa when measured by atomic force microscopy (AMF) but
has an average value of ~480Mpa when measured by tensile stretching. Notably, Young’s
moduli obtained from qOCE measurement are generally larger than values obtained from
AFM and smaller than values obtained through tensile stretching. This may be due to the
tissue volume that qOCE characterizes is larger than the one in AFM measurement and
smaller than the one in tensile stretching measurement.

Table 2. Elastic property measurement on chicken tissues

Fat Muscle Heart
Young’s modulus (Mpa) 0.21 0.63 7

Conclusion and discussion

To conclude, we demonstrated and validated to our knowledge the first time fiber-optic
quantitative optical coherence elastography (qOCE) device, which simultaneously quantifies
force exerted on the tissue and measures the resultant tissue deformation. The qOCE
technique allows direct measurement of elastic properties and therefore has great potential in
many applications, such as cancer diagnosis, brain injury study, tissue engineering and
biomechanical modeling.

Currently, Young’s modulus can be obtained from atomic force microscopy that studies
tissue mechanics at the micro- through nanoscopic scale, or be obtained from tensile
stretching or indentation measurement that studies tissue mechanics at the macroscopic scale
[30]. However, these techniques rely on ex vivo tissue specimens that have different
mechanical properties of tissue in living organism. Therefore, the proposed qOCE technique
that allows in situ measurement of Young’s modulus is highly significant for the study of
tissue mechanics.

The axial resolution of qOCE was limited by the axial resolution (7.4um) of OCT
imaging. and the lateral resolution of qOCE was determined by optical confinement of light
beam incident into sample. In principle, the qOCE technique developed in this study allowed
spatially resolved characterization of mechanical property. However, the focus of this study
was the quantification of elasticity modulus. Therefore, phantom with homogeneous
mechanical property was tested using qOCE and spatial resolution for elastography was not
the major concern.

The accuracy of qOCE measurement depends on the effectiveness of Doppler phase
analysis in the quantification of force and sample deformation. The minimal displacement
between Ascans that could be tracked using Doppler phase shift in the current OCT system
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was approximately 0.lnm, determined by random phase noise [26]. The maximum
displacement between Ascans that could be tracked using Doppler phase shift in the current
OCT system was approximately 325nm, limited by the range free of phase wrapping artifacts.
In this study, we strategically chose the time interval between Ascans involved in Doppler
phase calculation, to track phase shift during the process of quasi-static compression. The
sensitivity of our device in force measurement could be higher than 0.25mN and the
maximum force we applied through the qOCE probe was approximately IN. The instrument
is limited by the time derivative of force (dF/dt). Doppler analysis of OCT signal essentially
quantifies the change of force (dF) within a small time interval (dt). Force is then obtained by
integrating dF over time. The accuracy of force measurement is compromised, when dF is
large and results in phase wrapping artifacts in Doppler OCT signal. Based on the stiffness of
the probe shaft and the imaging speed of our OCT system, the system can theoretically
quantify force with a 12,000 N/s derivative. It is possible to adaptively choose Ascans for
Doppler phase analysis to improve the robustness in deformation tracking, in a way similar to
adaptive speckle tracking method we developed before for lateral motion tracking [28].

We used a polyimide tube as qOCE probe shaft and assumed it deforms proportionally to
force applied. The assumption was validated in experimental results shown in Fig. 7.
Alternatively, we may use superelastic Nitinol that returns to its original shape when loading
is released as the material for qOCE probe shaft.

We performed qOCE measurement to extract Young’s modulus (Elasticity modulus) of
sample. However, almost all of biological tissues are viscoelastic rather than elastic and
therefore exhibit time-dependent strain under mechanical loading. Nevertheless, the elastic
model for biological tissue is usually valid for small strain (<10%) under quasi-static
mechanical loading. In fact, incremental sample deformation and probe deformation (3Lsymple
and 6L ,.e) Were quantified over the entire process of compression of qOCE measurement, as
shown (Eq. (5)). Although only two values, accumulated sample deformation and probe
deformation (ALgmpie and ALyqne) Were involved in elasticity calculation, the qOCE technique
developed in this study has the capability to track the temporal profile of deformation with
mechanical stimulation to fully characterize viscoelasticity of biological tissue.
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