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Abstract: An ultra-sensitive, wide-range force loading scheme is proposed for compression
optical coherence elastography (OCE) that allows for the quantitative analysis of cervical tissue
elasticity ex vivo. We designed a force loading apparatus featuring a water sink for minuscule
incremental loading through a volume-controlled water droplet, from which the Young’s modulus
can be calculated by fitting the stress-strain curve. We validated the performance of the proposed
OCE system on homogenous agar phantoms, showing the Young’s modulus can be accurately
estimated using this scheme. We then measured the Young’s modulus of rodent cervical tissues
acquired at different gestational ages, showing that the cervical rigidity of rodents was significantly
dropped when entering the third trimester of pregnancy.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Every year, about one million children die worldwide due to preterm birth complications [1].
Preterm birth (PTB) is a complex problem for which some but not all causes are known. The
cervix, located at the lowermost part of the uterus, is responsible for remaining closed until the
fetus reaches full term. At the end of pregnancy, it loses rigidity and dilates to allow delivery.
Cervical incompetence or insufficiency is one key risk factor that leads to preterm birth [1–3].
Quantitative analysis of cervical rigidity may allow us to identify abnormal or premature changes
in cervical mechanical functions, and hence pave the way for developing biometrics for PTB
prediction.

By now, a variety of technologies have been investigated for direct/indirect access of cervical
biomechanical properties in ex vivo or in vivo settings, including mechanical testing [4,5],
ultrasound elastography [6], electrical impedance spectroscopy [7,8], aspiration technique [9],
two-photon microscopy [10,11], fluorescence imaging [12,13], and near infrared spectroscopy
[14]. Mechanical testing, such as indention test, has been served as the golden standard for
measuring the tissue biomechanics, but it was challenging to translate these methods to the in vivo
settings. Optical techniques in general have the advantage of better resolution but they usually
deliver the information that is remotely related to the tissue biomechanics. In contrast, ultrasound
elastography techniques allow for quantitative analysis of tissue deformability in vivo, but with
lower resolution. Contradictory results have been reported on cervical elasticity/deformability
[15–19]. To reliably measure cervical mechanics, it is critical to develop an accurate elastography
technique.
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Optical coherence elastography (OCE) is an elastography technique based on optical coherence
tomography (OCT), which is a non-contact, high-resolution, and three-dimensional imaging
modality for biological tissues [20–22]. Compression OCE exhibits advantage in its higher spatial
resolution, and higher sensitivity and contrast [23], which allows for detection of nanometer-
scale deformation and delineation of tissue micro structures [24,25]. In comparison, dynamic
OCE techniques often have a reduced lateral resolution, and thus are not as sensitive to tissue
microstructures as compression OCE [26]. While elastograms mainly capture tissue deformation,
the strain-stress relation or Young’s modulus is a direct measure of tissue elasticity and offers
quantitative information about tissue biomechanics. To quantitatively analyze tissue elasticity via
compression OCE, particularly for soft tissues such as brain, lung, and mucosa, it is important
to only apply a minuscule stress, since soft tissues have low Young’s moduli and require very
small force loading to induce nanometer-scale deformation. Conversely, for hard tissues, a
relatively large force loading is needed to induce the deformation that is detectable. This
represents one of the major challenges that compressive OCE faces: it lacks a force applicator
with a high force sensitivity, a large dynamic range, and the capability of handling a large
range of preload. It is also challenging to directly assess the stress that tissue experiences.
Conventional piezoelectric stress sensors are not practical for static loading and do not meet all
the aforementioned requirements. Recently, researchers introduced a self-referencing technique
called optical palpation, where the stress applied to the tissue can be derived from the deformation
of a optically clear, pre-characterized Ref. [27] sandwiched between the piezo actuator and the
target tissue. However, introducing the reference material often complicates the study process:
The reference needs to be fabricated and its stiffness to be calibrated beforehand; the material has
to be chosen with respect to the targeted sample’s elasticity; and the accuracy of incremental
stress measurement is dependent on the calibration accuracy of the reference material.
In this paper, we report an ultra-sensitive, wide-range force loading scheme that allows for

quantitative analysis of tissue elasticity with a common-path high-resolution spectral-domain
OCT system. We introduced a specially designed force loader composed of a water container for
force loading and a glass window for imaging. The minuscule incremental stress was exerted to
the tissue through a volume-controlled water droplet by a precision micropipette system. The
strain of the tissue was estimated using the weighted least squares method, and the tissue’s
Young’s modulus was calculated by fitting the measured stress-strain curve. We first tested the
proposed approach on homogenous agar phantoms, showing that the Young’s modulus could
be accurately estimated. We then measured the Young’s modulus in a well described mouse
model of cervical remodeling using cervices at different gestational ages [28], demonstrating the
potential ability of this loading scheme for accurately assessing cervical tissue biomechanics.

2. Methods

2.1. Phantom and mouse cervical tissue preparation

For demonstration of the Young’s modulus measurement using the proposed OCE system, we
prepared multiple homogeneous one-layer agar phantoms with agar concentrations (w/w) of
0.5%, 1%, and 2%, respectively. To increase the scattering of the phantoms, we added 1% (v/v)
Intralipid (from 20% Intraplid stock solution) to the agar solutions. The heated mixture was
transferred into a vacuum chamber for 5 seconds to remove excessive air bubbles before the
mixture was settled for curing. Each square-shaped phantom had a length/width varying between
10 mm and 15 mm, and a thickness of around 10 mm.

All animal studies were conducted in accordance with the standards of humane animal care as
described in the NIH Guide for the Care and Use of Laboratory Animals. The research protocols
were approved by the IACUC office at the University of Texas Southwestern Medical Center.
Mice were housed under a 12 h-light/12 h-dark cycle at 22°C. Virgin C57B6/129sv two- to
six-month-old female mice were caged with fertile males of the same strain for 6 hours. The
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presence of a vaginal plug at the end of 6 hours was considered as day 0 of pregnancy, with birth
of the pups generally occurring in early morning of Day 19. Cervix and adjacent uterine tissue
were isolated by dissection. Vaginal tissue was trimmed to expose the cervix. Tissue was pinned
to wax, immersed in optimal cutting temperature embedding compound (Sakura Finetek USA,
Torrence, CA), and frozen in liquid nitrogen. Samples were shipped frozen to Johns Hopkins
University and stored frozen at -80°C until imaging performed. The frozen samples were imaged
right after thawing under room temperature. The averaged thickness of the cervical tissues was
2.5 mm, with other details listed in Table 1.

Table 1. Details of ex vivo rodent cervical tissue samples

Gestational Age Non pregnant (NP) 6 Days (6D) 12 Days (12D) 15 Days (15D) 18 Days (18D)

Number of samples 7 5 7 5 7

Sample diameter (mm) 3.1± 0.47 3.21± 0.97 2.82± 0.45 3.29± 0.07 4.39± 0.57

2.2. OCE system and imaging protocol

The simplified schematic of the sample holder of the compression OCE system with the ultra-
sensitive force loading setup is shown in Fig. 1(a). The OCE system consisted of a home-built
spectral-domain (SD) OCT system with a Ti:Sapphire laser as the light source (centered at
λ0 = 825 nm) and a customized linear-K spectrometer as the detector (not shown in Fig. 1)
[29], and an ultra-sensitive water loading apparatus detailed in Fig. 1(b). The SD-OCT system
had a measured axial resolution of 2.5 µm and a lateral resolution of 8.4 µm in air, with a
shot-noise limited sensitivity of -106 dB at a sample arm power of 15 mW and an A-line
rate of 70 kHz. Every OCT B-scan (cross-sectional image) comprised 1024 (axial) by 2000
(lateral) pixels, covering an area of 1.4× 2.0 mm2 in air. The OCT system was equipped with a
customized control/user interface (UI) software implemented in C++. The theoretical limit of the
displacement measurement was estimated to be 0.15 nm by using ∆dmin = λ0/

(
4π ·
√

SNR
)
[30].

The displacement noise floor was measured around 0.23 nm, close to the predicted value.

Fig. 1. (a) A simplified schematic of the common-path compression OCE system with the
ultra-sensitive force loading setup. (b) The detailed three-dimensional visualization of the
water loading apparatus.

The force applicator (L 24 mm ×W 24 mm × H 6 mm) was designed to have a light weight to
allow for a wide range of controlled preload, as illustrated in Fig. 1(b). It should also be able
to accommodate a wide range of incremental force. Therefore, its finalized design featured a
platform that consisted of a water container (W 7 mm × D 6 mm) made of acrylic plastic, a
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transparent imaging window (Diameter 7 mm) with a No. 2 glass slide (2 cm by 2 cm) attached
to the bottom (see Fig. 1(a)), and two near-zero-friction rails on a metal frame (height) allowing
the platform to freely travel. The top surface of the glass slide was served as the reference for
common-path OCT imaging, and the bottom surface was to bring in contact with tissue samples.
The weight of the force applicator was merely 2.5 g, setting the lower limit of the preload (0.0245
N). The preload could be increased by adding weights to the water container. A syringe pump
pushed water through a pipette tip to add droplets of a precisely controlled amount to the water
container. The volume of the water drop determined the incremental force applied to the tissue.
It could be set accurately via the pipette system, ranging from 10 µL to 200 µL. The time interval
between water drops could be changed by varying the pumping speed. The droplet volume was
uniform and varied with the pumping speed and surface tension of the solution in use. In this
study, we used distilled water with the droplet volume set to 10 µL to 20 µL, which corresponded
to a force range from 10−4 N to 2×10−4 N.
The imaging protocol is illustrated in Figs. 2(a)-(b). During the experiment, the loading

apparatus was initially brought into contract with the sample (agar phantoms or mouse cervical
tissues), and the preload was applied by the intrinsic weight of the loading apparatus. A baseline
measurement was taken after the preload. It was a one-time measurement for every sample.
Afterwards, two sets of measurement were made for every incremental stress applied by the
micropipette system: (1) a calibration measurement was made before adding the water drop
to measure the indentation of the sample due to the preload/previous loading; and another
measurement made right after the incremental stress was applied (i.e., adding a water droplet
to the water container). For every measurement, twenty frames at the same B-scan location
were acquired. The time interval between any two consecutive measurements was approximately
the same, about 2 seconds. Figure 2(c) shows the phase change exhibited in the sample during
the time course between the baseline and calibration measurements. It is clear that the sample
underwent minor deformation even without adding the incremental stress. This is most likely
due to the compression after adding the preload. Figure 2(d) shows the phase change observed
after adding the water drop, reflecting a sum of the deformation caused by both the incremental
stress and the previous load. Therefore, it is crucial to include the calibration step in order to
extract the true tissue deformation induced by water loading only. This is especially important
for soft tissue samples which may take a longer time to stabilize in the loading system. It took no
more than 5 minutes to complete the protocol for one sample, and there was no change in the
tissue state during this short period.

2.3. Data processing

All images presented in this paper were cropped from the glass contact surface. In order to
estimate the Young’s modulus of the sample, a strain-stress plot was created. The stress increment
was estimated as ∆σ = ρVwaterg/A, where ρ is the water density, Vwater is the volume of water
droplet, g is the gravitational acceleration constant, and A is the contact surface area at the
interface between the tissue and the glass window before preload. For each agar phantom, the
width and length of the square-shaped phantom was measured to estimate the contact surface
area, while for the cervical tissues, the diameter of the sample was taken for the calculation. For
each incremental stress ∆σ(i), the phase difference between the complex B-scan signals B(i)
and B(i − 1) was extracted as ∆ϕ(i) = ∠[B(i) ∗ B∗(i − 1)]. The complex B-scans were generated
by inverse Fourier transform of the raw spectral data sampled by a linear-k spectrometer in
the SD-OCT system. The mean phase change ∆ϕ(i) was obtained by averaging ∆ϕ(i) from
20 repeated measurements (Fig. 3(b)). It was then processed with a 2D phase unwrapping
algorithm reported elsewhere [31], where ten (10) pixels along the axial direction and 20 pixels
in the lateral direction were averaged to obtain the local phase. After the Nth incremental stress,
the total stress was σ(N) =

∑N
i=1 ∆σ(i). The corresponding total phase change was calculated
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Fig. 2. (a) Flowchart for OCE imaging protocol and (b) illustration of synchronization and
time sequences of OCE measurements. The time intervals are not necessarily drawn to
scale. (c) Phase change exhibited between baseline measurement and the first calibration
measurement. (d) Phase change measured after adding the incremental stress. All images
presented were cropped, showing only the glass-tissue contact surface and the tissue
underneath. Scale bars: 200µm.

as ∆Φ(N) =
∑N

i=1 ∆ϕUW (i), where ∆ϕUW (i) is the unwrapped phase change caused by each
incremental load. The total displacement can be written as d(N) = ∆Φ(N) · λ0 · (4π · n)−1 with n

Fig. 3. (a) OCT intensity B-scan for a 1% agar phantom. (b) The corresponding phase
difference image and (c) local strain image after applying an incremental stress. (d) The
stress-strain curve for Young’s modulus calculation. All images presented were cropped,
showing only the glass-tissue contact surface and the tissue underneath. Scale bars: 200 µm.
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as the tissue’s refractive index. The local strain built up in the tissue was then obtained by using
the weighted least squares (WLS) method proposed by Kennedy B. et al [32], incorporating
100 pixels in the axial direction for calculation (equivalent to a strain resolution of 137 µm). A
representative local strain image, obtained based on Figs. 3(a) and (b), is presented in Fig. 3(c).
The actual strain of the sample was estimated by the averaged local strain values calculated from
a region of interest (ROI). The ROI was selected with a size of 200 by 200 pixels over a 200 µm
by 200 µm area in tissue (n= 1.4), right below the glass surface where the SNR is usually the
highest. Finally, the Young’s modulus of the tissue was deduced from the fitting parameters of
the linear part of the stress-strain curve. Specifically, in this study, the Young’s modulus was
calculated as the inversed slope of the strain-stress curve, as shown in Fig. 3(d). Data points well
above the noise floor were manually selected for the fitting process. The result was accepted if
the R-squared value was above 0.9. All the OCT postprocessing and local strain calculation steps
were implemented in MATLAB.

2.4. Statistics

The one-way analysis of variance (ANOVA) test was applied for the resultant Young’s modulus
of the mouse cervical tissues procured at different gestational ages. A p-value less than 0.01 was
considered statistically significant. The statistical analysis was done in OriginPro (OriginLab,
Northampton, Massachusetts, USA). All means in this paper are reported with the standard
deviation (SD) unless otherwise noted.

3. Results

3.1. Phantom study

To assess the accuracy of the proposed sensitive OCE, we tested on the agar phantoms and
compared the measured Young’s modulus using the methods described earlier with the reported
values [33,34]. It is known that a higher agar concentration results in an increased sample
hardness. A preload was first added by inducing approximately 10% strain in the phantom
(thickness change= 10% of total thickness). The incremental volume of water drop was set to be
50 µL for 0.5% and 1% agar phantoms, and 100 µL for 2% agar phantoms. The measured Young’s
modulus results were aggregated and listed in Table 2. In general, the measured Young’s moduli
using the quantitative OCE system were in good accordance with previously reported values. Our
results tended to be around the upper boundary. It is more likely caused by the overestimation
in the stress calculation, since the contact area was measured before the incremental force
application.

Table 2. Measured Young’s modulus of agar phantoms with different agar concentrations.

Agar
concentration

Number of
samples

Measured Young’s
modulus (kPa)

Previously reported Young’s
modulus (kPa)

0.5% 10 10.4± 4.2 0.5 to 10

1% 10 48.2± 12.0 30 to 50

2% 4 107.0± 18.9 80 to 110

3.2. Ex vivo cervical tissue study

We then measured the Young’s modulus of ex vivo rodent cervical tissues harvested at different
gestational ages. Figure 4 shows the representative quantitative phase difference images of
the cervical tissues under different incremental stresses. The tissue sample acquired from a
non-pregnant rodent underwent the smallest deformation despite a larger incremental stress,
suggesting a higher Young’s modulus associated with it. Conversely, at the end of the gestational
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stage, the cervical tissue became so soft that even applying a small incremental stress resulted in
a relatively large deformation. The trend from these images also indicates that the cervical tissue
becomes less stiff across the gestational period.

Fig. 4. Representative OCT intensity images and the corresponding phase difference images
of cervical tissues acquired at different gestational ages. The incremental stress applied
to induce indentation is provided in the bottom row. All images presented were cropped,
showing only the glass-tissue contact surface and the tissue underneath. Scale bars: 200 µm.

In rodents, the aggregated Young’s modulus measurements are listed in Table 3, and illustrated
in Fig. 5 with the mean and standard deviation (SD) marked out. It exhibits a power-law trend,
which is also in accordance with the previously reported in vivo aspiration measurement of
human cervix [6]. The averaged Young’s modulus measured for the non-pregnant rodent cervical
samples is 260.13 kPa, significantly higher than the pregnant rodent cervices. It was very close
to the previously reported cervical stiffness using a mechanical testing method [35]. For tissues
acquired at gestational day 6, the averaged Young’s modulus is 61.98 kPa. It drops to 40.96
kPa for samples acquired at gestation day 12, and further reduces to 33.49 kPa for samples
acquired at gestation day 15. Rodent cervical samples acquired at gestation day 18 has the lowest
averaged Young’s modulus of 19.46 kPa. Nevertheless, the statistical result shows no significant

Fig. 5. The measured Young’s modulus (detailed in Table 2) of cervical tissues at different
gestational ages. Mean and standard deviation (SD) are computed and marked out. Among
the pregnant sample groups, the measured Young’s modulus shows no significant differences,
except for the day 6 and 18 groups (*: p< 0.01). The mean value of each group was
connected by the red dotted line.
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differences among the pregnant rodent cervical sample groups in terms of Young’s modulus,
except for the day 6 and day 18 groups. The gestational time points in the current study span
early, mid and late pregnancy. The preliminary results in this study suggests that the cervical
rigidity starts to show obvious change in the late pregnancy in mice.

Table 3. Measured Young’s modulus of cervical tissues harvested at different gestational ages.

Gestational
age Measured Young’s modulus (kPa)

Averaged Young’s
modulus (kPa)

NP 249.6 278.77 227.69 293.56 226.87 289.64 254.80 260.13

6D 43.5 78.12 60.05 64.02 64.23 61.98

12D 31.96 49.32 25.35 39.03 42.4 57.43 37.93 40.49

15D 23.36 32.16 29.08 36.47 46.38 33.49

18D 17.19 11.43 11.67 18.71 20.39 25.67 31.17 19.46

4. Discussion

We have shown the capability of the proposed sensitive OCE in terms of measuring Young’s
modulus. Compared with conventional elastography techniques, OCE offers superior resolution,
better suited for biopsy samples due to their size and small animal model tissues, and has the
potential to be translated to in vivo imaging [36]. One advantage of this setup is that it offers
direct access to the tissue’s elasticity/rigidity, which is one of the most important biomechanical
properties and may be linked to complications in PTB [37,38]. It should be noted that the
ultra-sensitive force loading apparatus allows for precise control of both the preload and the
incremental stress. The minimal incremental stress induced by water droplets is only dependent
on the resolution of the pipette, which can reach down to 0.1 µL. Therefore, its application can
be extended to measure the rigidity of soft tissues with a very low Young’s modulus, such as
brain, lung and mucosa. In the current study, we demonstrated the elasticity measurement based
on repeated B-scans at one cross-sectional location. Three-dimensional (3D) elasticity map
could also be possible if the pipette system is electronically synchronized with the OCT image
acquisition channel. its use is far better suited for biopsy samples due to their size and small
animal model tissues.
The performance of the proposed OCE system is nevertheless constrained by several factors.

First, the force loader has no stabilization mechanism. Therefore, it may be subjected to
disorientation when the samples are small in size, resulting in unreliable measurements. For
cervical tissues, for example, the sample diameter was below 5 mm, which led to a relatively large
variation in strain measurement compared to the phantom samples. The mechanical instability is
more severe for larger incremental stress (i.e., large water drops). Second, the fitting process to
obtain the Young’s modulus is monitored and adjusted semi-manually by examiners to ensure an
R-squared value larger than 0.9. Hence, it is not fully objective. Figure 6 shows some examples
for fitting region selection guidance. Figure 6(a) shows a perfect case where all measurements
are well above the noise floor (at zero strain) and the errors are small. In this case, all the data
points are included in the fitting process. This is usually the case where the tissue is hard and
has a large surface area in contact with the imaging window. Figure 6(b) shows a case where
the first two data points are excluded from the fitting to ensure an R-squared value larger than
0.9. For cervical tissue samples, the strain-stress curves are carefully examined to determine
what to be included for the Young’s modulus calculation. In Fig. 6(c), for example, the strain
measurement seems to reach saturation after 9 water drops, and therefore only the first 9 data
points are incorporated for the fitting process. In fact, this happens frequently for soft tissues such
as cervical tissues at gestation day 18, where the tissue deformation easily reaches saturation
after incremental stress is applied for several times. We believe that observing this nonlinearity
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behavior can be associated to the preload, which might be already high for these very soft tissues.
Figure 6(d) shows a case where the first few measurements are too noisy to be included into the
fitting process. It happens for hard samples such as non-pregnant rodent cervical tissues, where
large incremental stress may only result in minute deformation. Last but not the least, the strain
estimation is always associated with the intrinsic SNR of the OCT signal. A higher SNR leads to
a more accurate phase measurement. Therefore, the performance of the system may be affected
for tissues showing a low SNR in OCT images.

Fig. 6. Exemplary Young’s modulus measurements for (a) a 2% agar sample where the
measurement was robust, (b) a 1% agar sample with first two data points (marked by gray
area) excluded from fitting, (c) a rodent cervical tissue sample acquired at 18-day gestational
age where the deformation reached saturation (marked by gray area), and (d) a non-pregnant
rodent cervical tissue sample where the first batch of measurements (marked by gray area)
were below the noise floor and were excluded from fitting. Error bars mark out± 1 SD range.

It should also be noted that, while prior studies demonstrated a progressive decline inmechanical
strength beginning in mid-pregnancy mouse cervix (from 12 days onwards) [35,39,40], our
OCE study did not identify significant declines until Day 18 even though the trend for a decline
from Day 12 was evident. This may be due to the relatively small sample sizes, which was a
major limitation of this study. Another limitation of this study was that the Young’s modulus
calculation was based on the local strain measurement within a selected ROI with highest SNR.
Heterogeneity of the tissue’s elasticity was not covered in the current study and will be further
studied in the future.

5. Conclusion

In this study, we reported an ultra-sensitive force loading scheme for accurate control of applied
stress, enabling quantitative elasticity measurement via compression OCE. By using the apparatus,
we were able to demonstrate accurate assessment of the agar phantoms’ Young’s modulus, and
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show distinctive biomechanical properties of the cervical tissues acquired from non-pregnant and
pregnant rodents.
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