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Abstract: Optical coherence elastography (OCE) is emerging as a method to image the 
mechanical properties of tissue on the microscale. However, the spatial resolution, a main 
advantage of OCE, has not been investigated and is not trivial to evaluate. To address this, we 
present a framework to analyze resolution in phase-sensitive compression OCE that 
incorporates the three main determinants of resolution: mechanical deformation of the 
sample, detection of this deformation using optical coherence tomography (OCT), and signal 
processing to estimate local axial strain. We demonstrate for the first time, through close 
correspondence between experiment and simulation of structured phantoms, that resolution in 
compression OCE is both spatially varying and sample dependent, which we link to the 
discrepancies between the model of elasticity and the mechanical deformation of the sample. 
We demonstrate that resolution is dependent on factors such as feature size and mechanical 
contrast. We believe that the analysis of image formation provided by our framework can 
expedite the development of compression OCE.  

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

Optical coherence elastography (OCE) is emerging as a higher resolution alternative to both 
ultrasound elastography and magnetic resonance elastography in a range of applications 
including in oncology [1–3], cardiology [4,5], ophthalmology [6,7], and dermatology [8,9]. 
Although the higher spatial resolution of OCE has been purported to be a main advantage 
over the more established elastography techniques, it has yet to be clearly defined or 
measured. As a result, it is challenging to evaluate and compare the performance of OCE 
systems, and to identify the most suitable applications or, indeed, which variant to use in a 
given application. 

In medical imaging more generally, spatial resolution is often defined as the smallest 
distance that two objects can be brought together and still be distinguishable as separate 
objects, and is an important metric to assess image quality. In optical coherence tomography 
(OCT) and other optical microscopy techniques, resolution is treated as a system parameter, 
i.e., independent of the sample, and can be estimated from the point-spread function (PSF) of 
the imaging system [10,11]. Following the precedent set by OCT, until now, OCE resolution 
has been loosely defined as a combination of system parameters, namely, the resolution of the 
underlying OCT system, and the signal processing used to map displacement or velocity to a 
mechanical property, such as elasticity [12–15]. However, in OCE, the resolution of 
mechanical properties is intrinsically linked to the mechanical deformation of the sample. 
Whilst this has been suggested in the literature, it has yet to be investigated or demonstrated. 
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Importantly, the mechanical properties of the sample cannot be measured directly, instead, 
the sample deformation induced by mechanical loading is measured. The observed 
deformation is then used to infer the distribution of mechanical properties in the sample using 
a mechanical model. A range of loading mechanisms can be used, e.g., compression and shear 
wave [16,17], resulting in a specific form of sample deformation and, in turn, requiring a 
specific mechanical model. The majority of mechanical models assume homogeneity, 
linearity and isotropy to readily generate elastograms. For example, in compression OCE, a 
quasi-static, uniaxial compression is typically applied to the entire sample surface, where 
stress is assumed to be uniform and uniaxial, such that the local elasticity (Young’s modulus) 
is inversely proportional to the experimentally measured local axial strain [12–15]. This 
approach provides a practical means to generate elastograms, and facilitates the rapid 
generation of elastograms over large tissue volumes: a requirement for clinical applications, 
such as breast tumor margin assessment [1,2,18]. In many instances, however, these 
assumptions result in deviations between the measured and true mechanical properties of the 
sample that degrade, in a sample-dependent manner, the spatial resolution of elastograms. An 
approach to reduce the need for such simplifying assumptions is to localize the mechanical 
loading to a single point in the sample. This is a motivation of techniques such as magneto-
motive OCE [19,20], nanobomb OCE [21] and photonic-force OCE [22]. Whilst these 
techniques show promise, the localization of loading can be challenging to achieve in practice 
and to deploy in clinical applications. Current approaches provide a limited imaging field-of-
view and have an elastogram acquisition rate that is considerably slower than compression 
and shear wave approaches, making it difficult to achieve two-dimensional (2D) and three-
dimensional (3D) imaging. 

This paper presents the first investigation of spatial resolution in compression OCE. We 
demonstrate, in both simulation and experiment, the spatially varying and sample dependent 
nature of resolution, and detail the relationship between the OCE system resolution (the 
combination of the OCT and signal processing), and the measured resolution of features in 
the elastogram, which we term feature resolution. To achieve this, we present a framework 
for assessing resolution in phase-sensitive compression OCE that combines a model of 
mechanical deformation using finite-element analysis (FEA) with models of the OCT system 
and signal processing based on linear systems theory. We measure the feature resolution at 
each stage of this framework to estimate the relative contribution from each of the three 
processes. Using this approach, we analyze spatial resolution in a number of scenarios, which 
are experimentally validated using tissue-mimicking silicone phantoms containing stiff 
inclusions, following the precedent of ultrasound elastography [23,24]. These inclusions 
provide a step response in elasticity in both axial and lateral directions, and we demonstrate 
that feature resolution in compression OCE varies along boundaries and is directly related to 
feature size and mechanical contrast. For instance, for a phantom containing a rectangular 
prism inclusion that has a  1  mm  ×  1 mm cross section, we show that the axial and lateral 
feature resolution varies from 100 μm to 200 μm and from 100 μm to 380 μm, respectively. 

The results presented in this paper demonstrate that in compression OCE, mechanical 
deformation can impact feature resolution on length scales greater than that of the system 
resolution. The framework may be extended to investigate other imaging parameters, such as 
sensitivity and contrast, and could be adapted to other forms of OCE, such as shear wave 
OCE, or indeed to ultrasound elastography and magnetic resonance elastography. 
Importantly, our framework could be used to assess which form of mechanical loading is 
optimal in a given sample and can quantify the improvement in resolution brought about by 
using high resolution OCT systems [25–27], improved signal processing [28] and solutions to 
the inverse elasticity problem [29]. 

                                                                              Vol. 10, No. 3 | 1 Mar 2019 | BIOMEDICAL OPTICS EXPRESS 1497 



2. Background 

OCE elastogram generation can be described in three stages; the deformation of the sample 
under mechanical loading, the measurement of this deformation using OCT, and the signal 
processing used to relate measured deformation to elasticity. In this section, we describe each 
of these stages in the context of phase-sensitive compression OCE. 

2.1 The contribution of mechanical deformation to resolution 

Typically, the goal of elastography is to recover the mechanical properties of the sample by 
applying mechanical loading and observing the resulting deformation. In compression OCE, 
the sample is placed under a static preload (referred to as the unloaded state) and a microscale 
compressive load is then applied (referred to as the loaded state). The change in position of 
each point in the sample is described by the displacement field, u. The sample in both the 
unloaded and loaded states is taken to be in a state of static equilibrium and, additionally, the 
deformation between the two states is assumed to be much smaller than the size of 
the  sample  [30]. As a result, the equations of equilibrium reduce to: 

 0,∇ ⋅ =σ  (1) 

where σ is the infinitesimal Cauchy stress tensor field, which describes the internal stress field 
present in the sample [31]. The resulting deformation is described by the corresponding 
infinitesimal strain tensor, ε, whose components, εij, are derived from the partial derivatives of 
u [32]: 
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Commonly, the sample is assumed to be a linear elastic solid [33], whose mechanical 
properties are represented by a fourth-order elasticity tensor, C, that relates the stress and 
strain tensors: 

 { }, for , , , , , .ij ijkl klk l
C i j k l x y zσ ε= ∈   (3) 

Equation (3) is termed the constitutive equation for the sample, and produces 6 independent 
equations with 36 material coefficients. To further simplify the analysis, the sample’s 
mechanical properties are typically assumed to be isotropic, which reduces Eq. (3) to: 

 { }2 , for , , , , ,ij k ij ijk
i j k x y zσ λ ε δ με= + ∈  (4) 

where μ and λ are the Lamé parameters and δij is the Kronecker delta, which is equivalent to 1 
if i = j and 0 otherwise. 

In phase-sensitive compression OCE, only the axial component of the displacement field, 
uz, is measured [34]. Given an observed uz, to solve for the mechanical properties at each 
point in the sample, one would need to solve for σ. However, this requires challenging 
numerical methods, thus, simpler models of σ are typically employed, i.e., that σ is uniaxial 
and uniform throughout the sample [12–15]. Under these assumptions, elasticity is specified 
by Young’s modulus (E), as a combination of the Lamé parameters, or the ratio of uniaxial 
stress, σzz, over uniaxial strain, εzz, 

 
(3 2 )

.zz
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E
σμ λ μ

λ μ ε
+= =

+
 (5) 

That is, the elastogram of uniaxial strain is assumed to be inversely proportional to elasticity 
[12–15]. These assumptions have enabled elastography to be relatively easily and robustly 
performed with straightforward mechanical loading. However, sample characteristics such as 
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2.2 The contribution of OCT to resolution 

In our implementation of compression OCE, axial displacement is measured using phase-
sensitive OCT. OCT images of the sample are modeled as a convolution of the sample 
scatterers with the complex OCT PSF [10]. The OCT resolution, and hence the resolution of 
the displacement measurement, are defined by the width of the PSF envelope. For this study, 
we consider 2D elastograms presented in the x-z plane where the envelope of the OCT PSF is 
defined as [11]: 

 
2 2

OCT 0 2 2

2 2
PSF ( , )  | ( , ) | exp exp ,

x z

x z
x z I x z I

w w

   
= = − −   

  
 (6) 

where wz and wx are the 1/e2 radii of the OCT intensity in z and x respectively; and I0 is a 
scaling factor. By convention, OCT resolution is typically given in terms of the full-width-at-

half-maximum (FWHM) of the intensity PSF where the axial and lateral resolution is 2 ln 2
times wz and wx, respectively. 

2.3 The contribution of least-squares regression to resolution 

For the elastograms presented in this study, least-squares linear regression (LSR) is used to 
estimate the axial strain as the gradient of axial displacement with depth, over a sliding 
window of length Δz, typically 15 μm – 100 μm [12–14] to alleviate the impact of system 
noise [34]. As all measurements of axial displacement are acquired with equal spacing, 
ordinary least-squares linear regression is equivalent to convolution with a Savitzky-Golay 
(SG) kernel [35]. A 2n + 1 point, first order, SG differentiation kernel is given by [35]: 

 2
, for

( )
0,             otherwise

z
nh z nh

SG z h

β − ≤ ≤= 


 (7) 

where β = 3/n(n + 1)(2n + 1) is the smoothing coefficient corresponding to fitting a first 
degree polynomial (i.e., a line) [36] and h is the spacing of the voxels in the axial dimension. 
Convolution of SG(z) with a unit step displacement, a(z), gives the PSF corresponding to 
LSR: 

 

2
2

2
LSR

, for
PSF ( ) ( ) ( )

0,                           otherwise

z
n nh z nh

z SG z a z h h

β  
− − ≤ ≤  = ⊗ =   




 (8) 

For a fit length given by Δz = h(2n + 1), the FWHM of the PSF for LSR is: 

 
LSRPSFFWHM

2

zΔ=  (9) 

In this study, the system resolution in compression OCE is modeled by the FWHM of the 
result of convolving PSFOCT(x,z), Eq. (6), with PSFLSR(z), Eq. (8). Feature resolution is 
modeled as the convolution of the system resolution with the effective local PSF from 
mechanical deformation determined from FEA, as detailed in Section 3.4. 

3. Methods 

3.1 Simulation 

To simulate OCE, we combine a finite-element model of mechanical deformation using the 
Abaqus simulation software package (Dassault Systèmes, Providence, USA, v6.14), with a 
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mixed into the silicone (refractive index = 1.4) in concentrations of 0.5 mg/ml in the bulk and 
2.5 mg/ml in the inclusions [40]. The mechanical properties were controlled by selecting 
different elastomers and varying the ratio of the catalyst, curing agent, and silicone oil. The 
stress-strain relationship of each silicone was characterized using a custom-built uniaxial 
compression testing apparatus. The 2D plane-strain model used in the simulations effectively 
assumes that the sample is infinitely long in the out-of-plane (y) dimension [39] and to best 
match this assumption, the inclusions were made longer (10 mm long rectangular prisms) in 
the y-dimension, than in the x- and z-dimensions. The inclusions were cut using a custom 
made silicone slicing tool, to improve the accuracy of the cross-section geometry. Each 
phantom was made in four steps to ensure the inclusion was placed 600 μm from the top 
surface. Firstly, a base layer of silicone was poured into a glass petri dish, using real-time 
OCT in the x-z plane to aid in achieving the correct height, which, for each inclusion size, was 
determined as the total phantom height (3 mm) minus the sum of 600 μm and the inclusion 
height. Secondly, once the base had cured, the inclusion was placed on top. Thirdly, silicone 
was poured over the inclusion and base, guided by real-time OCT, to a height of 600 μm 
above the inclusion. Finally, once cured, the phantom was removed from the petri dish using 
a 15 mm diameter biopsy punch. Five different phantoms were made with varying inclusion 
size and mechanical contrast, as shown in Table 1. 

Table 1. Characterization of the silicone phantoms. 

Phantom 
number 

Inclusion dimensions
height × width (μm) 

Young’s modulus 
inclusion / bulk (kPa) 

Modulus
contrast 

1 250 × 250 625 / 21 30 

2 500 × 500 295 / 200 1.5 

3 500 × 500 295 / 21 10 

4 500 × 500 625 / 21 30 

5 1000 × 1000 625 / 21 30 

3.3 Phase-sensitive compression OCE system 

OCE measurements were performed using a fiber-based spectral-domain OCT system 
(Telesto 320, Thorlabs Inc., USA). The light source is a superluminescent diode with a mean 
wavelength of 1300 nm and a spectral bandwidth of 170 nm. The measured OCT axial 
resolution in air is 4.8 μm (FWHM of irradiance). The objective lens (OL in Fig. 3(a)) 
(LSM03, Thorlabs) has a measured lateral resolution in air of 7.2 µm (FWHM of irradiance). 
AK50 silicone oil was applied to lubricate the phantom-imaging window interface. A preload 
of 15% bulk strain was applied to each phantom using a translation stage to ensure uniform 
contact between the rigid plate (RP in Fig. 3(a)), the phantom (P in Fig. 3(a)), and the 
imaging window (IW in Fig. 3(a)). The ring actuator (RA in Fig. 3(a)) (Piezomechanik 
GmbH, Germany) has an aperture of 65 mm and a maximum stroke of 10 µm. A 75 mm 
diameter imaging window (Edmund Optics Inc., USA), fixed to the ring actuator, transfers 
the compressive load from the actuator to the phantom. The system was operated in common-
path where the imaging window itself, a partial reflector, acted as the OCT reference 
reflection. Scans were acquired by taking 2,000 A-scans per B-scan, and 2,000 B-scans 
per  C-scan over a 5 mm ×  5 mm region with a lateral sampling density of 2.5 μm per voxel. 
The ring actuator was driven in a quasi-static regime by a 12.5 Hz square wave, collinearly 
with the imaging beam and synchronized with the acquisition of OCT B-scans, such that 
alternate B-scans are acquired at different compression levels. Local axial displacement, uz, 
in  Fig.  3(b), is calculated from the change in phase, Δφ(z), between B-scans acquired at the 
same lateral location [41]: 
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In Fig. 8, as the axial system resolution is improved, the feature resolution approaches the 
limit imposed by mechanical deformation. For Phantom 1, the feature resolution was reached 
to within 10% of the deformation limit with a system resolution of 36 μm (Δz = 50 μm). For 
Phantoms 4 and 5, the feature resolution was reached to within 10% of the deformation limit 
with a system resolution of 107 μm (Δz = 150 μm). This result demonstrates that prior 
knowledge, or reasonable assumptions about the sample geometry, can enable the optimal 
system resolution to be designed for a given application. 

5. Discussion 

We have presented the first study of resolution in OCE, by combining a finite-element model 
of mechanical deformation, with a model of the OCT system and a model of the signal 
processing, both based on linear systems theory, validated by close correspondence with 
experiment. This study illustrates the limitations imposed on resolution by sample mechanics 
and the elastogram formation process. Previously, Kennedy et al. analyzed the impact of 
mechanical deformation on contrast in OCE, and showed that sample-specific factors such as 
geometry and mechanical contrast limit elastogram accuracy and sensitivity [45]. Their study 
employed FEA to model deformation of elastic features in the absence of system noise to 
investigate the theoretical limits of elastogram contrast. Separately, Chin et al. combined FEA 
with a linear systems model of OCT to demonstrate that, in addition to the commonly 
considered effects of optical noise, the coupling between mechanical deformation and its 
optical detection impacts the precision of phase-sensitive compression OCE [46]. A 
promising avenue for future work is to integrate these previous studies into a similar 
framework presented in this study to develop a more complete model of image formation in 
OCE. 

The results presented in Section 4 demonstrate that due to the limit imposed by 
mechanical deformation, feature resolution in compression OCE varies along feature 
boundaries and is dependent on feature size and mechanical contrast. Improving the OCT and 
signal processing resolution beyond this deformation limited state will not improve the 
feature resolution, but will instead unnecessarily trade off other image quality metrics such as 
contrast, sensitivity, imaging depth and field-of-view. The proportionality between feature 
resolution and size is predominately due to the scale invariant nature of deformation [44] and 
the incompressibility of the sample, leading to non-uniform stress that is not accounted for in 
the mechanical model. Similarly, the dependence of feature resolution on mechanical contrast 
is also attributed to incompressibility. Due to the assumption of uniform stress and the 
incompressibility of many soft tissues [43], similar results could be expected in tissue. 

A square inclusion geometry was used in this study to readily measure a step response in 
both axial and lateral directions. From the theory presented in Section 2 and the results 
presented in Section 4, a different feature shape, e.g., a cylindrical or spherical inclusion, will 
likely exhibit a different intra-sample resolution distribution. As shown in Section 4.1, the 
incompressibility of the sample and adhesion of the soft bulk to the stiff inclusion leads to 
gradients in axial strain at the inclusion boundaries, degrading feature resolution. At the 
corners of the rectangular inclusions, the deformation of the bulk is less restricted, effectively 
improving axial and lateral resolution in these locations. In the case of cylindrical or spherical 
inclusions, which effectively have a circular cross-sectional geometry, the axial deformation 
of the bulk at the inclusion boundaries will be restricted in a different way, likely resulting in 
a different distribution of feature resolution. The focus of this study was to demonstrate that 
the sample has a pronounced effect on the resolution of OCE, and to establish a framework 
that incorporates the deformation of the sample with that of the OCT and signal processing to 
analyze resolution in compression OCE; however, an analysis of the effect of feature shape 
on resolution represents an avenue for future research. 

The assumptions in the mechanical model used to relate deformation to elasticity in OCE 
can directly affect feature resolution, and importantly, suggests that a more complex 
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mechanical model that makes fewer assumptions about sample deformation can improve 
feature resolution. This can be achieved by using numerical solutions to the inverse elasticity 
problem as demonstrated by Dong et al. [29]. Their work employs an iterative approach to 
solving Eqs. (1) and (4) for the mechanical properties of the sample and, importantly, 
removes the assumption of uniform and uniaxial stress. Preliminary results from elastograms 
presented in their study demonstrate a homogenization of resolution across the field-of-view 
that is achieved by reducing the link between feature properties and resolution. However, the 
improvement to feature resolution through this approach is yet to be quantified. Further 
removing assumptions of sample homogeneity, linearity and isotropy can likely lead to 
improved feature resolution in OCE, where our framework could be used to quantify these 
improvements. 

A potential application of OCE is in tissue engineering and cell mechanics [47]. 
Contemporary developments in this area seek to mimic the mechanical complexity of the 
extracellular environment, moving towards complex, multi-parameter, 3D biomaterials [48]. 
OCE is well-poised to provide a non-invasive technique that can characterize biomaterials in 
3D. Previous studies have used compression OCE systems with an OCT axial and lateral 
resolution of below 2 μm to study cellular scale structures in animal models and excised 
tissue [25–27]. For example, features with a lateral length of 20 μm in excised mouse aorta 
were observed with a measured equivalent Gaussian FWHM lateral feature resolution of 
approximately 10 μm to 15 μm [27], which is consistent with our framework. However, the 
diameter of many animal cells lies below 10 μm [49], and to study cells with a feature 
resolution below this limit will likely require solving more complex mechanical models, or 
indeed employing techniques that localize deformation [19–22]. The limit on achievable 
resolution may result in compression OCE being most useful in studying the mechanical 
properties over the entirety of the cell and the interactions between the cell and its 
environment over relatively large fields-of-view. Our framework can help to address this 
question. 

In the simulations presented in this study, we consider the OCT and least-squares 
regression resolution independently, however, in experiment, the resolution of the OCT 
system determines speckle size [50]. Due to the impact of speckle on the accuracy of 
displacement measurements [30] and therefore strain accuracy [34], the fit length of axial 
displacement used in least-squares regression is effectively dependent on the OCT resolution. 
This dependence between OCT and least-squares regression resolution was not considered in 
our study, but could be incorporated into our framework by combining previous work by 
Chin et al. [46]. From the results in this study, the degradation to feature resolution from 
least-squares regression was typically much greater than OCT. Our framework suggests that 
improving displacement accuracy in phase-sensitive OCE can lead to significant 
improvements in feature resolution by removing the need for larger fit lengths in least-squares 
regression. 

This study has focused on phase-sensitive compression OCE, however, our framework 
could be extended to other elastography techniques. For example, quantitative micro-
elastography (QME), an extension of compression OCE, uses a compliant silicone layer 
placed between the sample and the imaging window to map the 2D uniaxial stress applied at 
the sample surface [51]. The stress is assumed to be uniform with depth, which, along with 
the volume of local axial strain, provides an estimate of Young’s modulus throughout the 
sample. However, as QME uses the distribution of local axial strain to determine the 
distribution of Young’s modulus, the spatial resolution of QME is tethered to the resolution of 
compression OCE. Consequently, feature resolution in QME will also likely be spatially 
varying and sample dependent where our framework could be applied to assess feature 
resolution. Further, alternative OCE loading methods, such as shear wave and surface 
acoustic wave OCE [6,17,52], typically rely on the same assumption of homogeneity to 
access sample mechanical properties. It is likely that mechanical heterogeneity will lead to 
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similar discrepancies between feature and system resolution. A study comparing all such 
methods with our framework would be informative and the feature resolution could help 
determine the most efficient approach for various applications. Similarly, our framework can 
be extended to quantify improvements in feature resolution brought about by high resolution 
OCT systems [25–27], improved signal processing [28,29] and extended to shear wave OCE 
and surface acoustic wave OCE or indeed to ultrasound elastography [53] and magnetic 
resonance elastography [54]. 

6. Conclusion 

We have presented the first framework to study resolution in phase-sensitive compression 
OCE that incorporates the mechanical deformation of the sample in response to a load, the 
measurement of the resulting displacement in the sample using OCT, and the signal 
processing used to estimate local strain. This framework enables us to analyze the impact of 
these factors on both system and feature resolution. We have demonstrated, through 
simulation and experiment, that mechanical deformation is typically the dominant 
determinant of resolution in compression OCE, and imposes a limit to resolution. Due to this 
limit imposed by mechanical deformation, the ability to resolve features in an underlying 
distribution of mechanical properties varies along feature boundaries and is dependent on 
feature size, mechanical contrast and location. 

Funding 

Australian Research Council; the Cancer Council Western Australia; OncoRes Medical; 
William and Marlene Schrader Trust of the University of Western Australia scholarship. 

Acknowledgments 

The authors would like to acknowledge Andrea Curatolo for contributions in signal 
processing used to measure feature resolution. 

Disclosures 

BFK: OncoRes Medical (F, I) and LC: OncoRes Medical (I). The other authors declare that 
there are no conflicts of interest related to this article. 

References 

1. B. F. Kennedy, R. A. McLaughlin, K. M. Kennedy, L. Chin, P. Wijesinghe, A. Curatolo, A. Tien, M. Ronald, B. 
Latham, C. M. Saunders, and D. D. Sampson, “Investigation of optical coherence microelastography as a method 
to visualize cancers in human breast tissue,” Cancer Res. 75(16), 3236–3245 (2015). 

2. W. M. Allen, K. M. Kennedy, Q. Fang, L. Chin, A. Curatolo, L. Watts, R. Zilkens, S. L. Chin, B. F. 
Dessauvagie, B. Latham, C. M. Saunders, and B. F. Kennedy, “Wide-field quantitative micro-elastography of 
human breast tissue,” Biomed. Opt. Express 9(3), 1082–1096 (2018). 

3. C. Li, G. Guan, Y. Ling, Y.-T. Hsu, S. Song, J. T.-J. Huang, S. Lang, R. K. Wang, Z. Huang, and G. Nabi, 
“Detection and characterisation of biopsy tissue using quantitative optical coherence elastography (OCE) in men 
with suspected prostate cancer,” Cancer Lett. 357(1), 121–128 (2015). 

4. W. Qi, R. Chen, L. Chou, G. Liu, J. Zhang, Q. Zhou, and Z. Chen, “Phase-resolved acoustic radiation force 
optical coherence elastography,” J. Biomed. Opt. 17(11), 110505 (2012). 

5. S. Wang, M. Singh, T. T. Tran, J. Leach, S. R. Aglyamov, I. V. Larina, J. F. Martin, and K. V. Larin, 
“Biomechanical assessment of myocardial infarction using optical coherence elastography,” Biomed. Opt. 
Express 9(2), 728–742 (2018). 

6. S. Wang and K. V. Larin, “Shear wave imaging optical coherence tomography (SWI-OCT) for ocular tissue 
biomechanics,” Opt. Lett. 39(1), 41–44 (2014). 

7. Ł. Ambroziński, S. Song, S. J. Yoon, I. Pelivanov, D. Li, L. Gao, T. T. Shen, R. K. Wang, and M. O’Donnell, 
“Acoustic micro-tapping for non-contact 4D imaging of tissue elasticity,” Sci. Rep. 6(1), 38967 (2016). 

8. V. Y. Zaitsev, L. A. Matveev, A. L. Matveyev, G. V. Gelikonov, and V. M. Gelikonov, “Elastographic mapping 
in optical coherence tomography using an unconventional approach based on correlation stability,” J. Biomed. 
Opt. 19(2), 021107 (2013). 

9. S. Es’haghian, K. M. Kennedy, P. Gong, Q. Li, L. Chin, P. Wijesinghe, D. D. Sampson, R. A. McLaughlin, and 
B. F. Kennedy, “In vivo volumetric quantitative micro-elastography of human skin,” Biomed. Opt. Express 8(5), 
2458–2471 (2017). 

                                                                              Vol. 10, No. 3 | 1 Mar 2019 | BIOMEDICAL OPTICS EXPRESS 1511 



10. A. Agrawal, T. J. Pfefer, N. Gilani, and R. Drezek, “Three-dimensional characterization of optical coherence 
tomography point spread functions with a nanoparticle-embedded phantom,” Opt. Lett. 35(13), 2269–2271 
(2010). 

11. J. M. Schmitt, “Restoration of optical coherence images of living tissue using the CLEAN algorithm,” J. 
Biomed. Opt. 3(1), 66–75 (1998). 

12. B. F. Kennedy, P. Wijesinghe, and D. D. Sampson, “The emergence of optical elastography in biomedicine,” 
Nat. Photonics 11(4), 215–221 (2017). 

13. B. F. Kennedy, K. M. Kennedy, and D. D. Sampson, “A review of optical coherence elastography: 
fundamentals, techniques and prospects,” IEEE J. Sel. Top. Quantum Electron. 20(2), 272–288 (2014). 

14. K. V. Larin and D. D. Sampson, “Optical coherence elastography - OCT at work in tissue biomechanics 
[Invited],” Biomed. Opt. Express 8(2), 1172–1202 (2017). 

15. J. A. Mulligan, G. R. Untracht, S. N. Chandrasekaran, C. N. Brown, and S. G. Adie, “Emerging approaches for 
high-resolution imaging of tissue biomechanics with optical coherence elastography,” IEEE J. Sel. Top. 
Quantum Electron. 22(3), 246–265 (2016). 

16. B. F. Kennedy, X. Liang, S. G. Adie, D. K. Gerstmann, B. C. Quirk, S. A. Boppart, and D. D. Sampson, “In vivo 
three-dimensional optical coherence elastography,” Opt. Express 19(7), 6623–6634 (2011). 

17. S. Song, Z. Huang, T.-M. Nguyen, E. Y. Wong, B. Arnal, M. O’Donnell, and R. K. Wang, “Shear modulus 
imaging by direct visualization of propagating shear waves with phase-sensitive optical coherence tomography,” 
J. Biomed. Opt. 18(12), 121509 (2013). 

18. W. M. Allen, L. Chin, P. Wijesinghe, R. W. Kirk, B. Latham, D. D. Sampson, C. M. Saunders, and B. F. 
Kennedy, “Wide-field optical coherence micro-elastography for intraoperative assessment of human breast 
cancer margins,” Biomed. Opt. Express 7(10), 4139–4153 (2016). 

19. V. Crecea, A. Ahmad, and S. A. Boppart, “Magnetomotive optical coherence elastography for microrheology of 
biological tissues,” J. Biomed. Opt. 18(12), 121504 (2013). 

20. A. L. Oldenburg, G. Wu, D. Spivak, F. Tsui, A. S. Wolberg, and T. H. Fischer, “Imaging and elastometry of 
blood clots using magnetomotive optical coherence tomography and labeled platelets,” IEEE J. Sel. Top. 
Quantum Electron. Publ. IEEE Lasers Electro-Opt. Soc. 18(3), 1100–1109 (2011). 

21. C.-H. Liu, D. Nevozhay, A. Schill, M. Singh, S. Das, A. Nair, Z. Han, S. Aglyamov, K. V. Larin, and K. V. 
Sokolov, “Nanobomb optical coherence elastography,” Opt. Lett. 43(9), 2006–2009 (2018). 

22. N. Leartprapun, R. R. Iyer, G. R. Untracht, J. A. Mulligan, and S. G. Adie, “Photonic force optical coherence 
elastography for three-dimensional mechanical microscopy,” Nat. Commun. 9(1), 2079 (2018). 

23. R. Righetti, J. Ophir, and P. Ktonas, “Axial resolution in elastography,” Ultrasound Med. Biol. 28(1), 101–113 
(2002). 

24. R. Righetti, S. Srinivasan, and J. Ophir, “Lateral resolution in elastography,” Ultrasound Med. Biol. 29(5), 695–
704 (2003). 

25. A. Curatolo, M. Villiger, D. Lorenser, P. Wijesinghe, A. Fritz, B. F. Kennedy, and D. D. Sampson, “Ultrahigh-
resolution optical coherence elastography,” Opt. Lett. 41(1), 21–24 (2016). 

26. Q. Fang, A. Curatolo, P. Wijesinghe, Y. L. Yeow, J. Hamzah, P. B. Noble, K. Karnowski, D. D. Sampson, R. 
Ganss, J. K. Kim, W. M. Lee, and B. F. Kennedy, “Ultrahigh-resolution optical coherence elastography through 
a micro-endoscope: towards in vivo imaging of cellular-scale mechanics,” Biomed. Opt. Express 8(11), 5127–
5138 (2017). 

27. P. Wijesinghe, N. J. Johansen, A. Curatolo, D. D. Sampson, R. Ganss, and B. F. Kennedy, “Ultrahigh-resolution 
optical coherence elastography images cellular-scale stiffness of mouse aorta,” Biophys. J. 113(11), 2540–2551 
(2017). 

28. A. L. Matveyev, L. A. Matveev, A. A. Sovetsky, G. V. Gelikonov, A. A. Moiseev, and V. Y. Zaitsev, “Vector 
method for strain estimation in phase-sensitive optical coherence elastography,” Laser Phys. Lett. 15(6), 065603 
(2018). 

29. L. Dong, P. Wijesinghe, J. T. Dantuono, D. D. Sampson, P. R. T. Munro, B. F. Kennedy, and A. A. Oberai, 
“Quantitative compression optical coherence elastography as an inverse elasticity problem,” IEEE J. Sel. Top. 
Quantum Electron. 22(3), 277–287 (2016). 

30. B. F. Kennedy, K. M. Kennedy, A. L. Oldenburg, S. G. Adie, S. A. Boppart, and D. D. Sampson, Optical 
Coherence Elastography, in Optical Coherence Tomography: Technology and Applications, W. Drexler and J. 
G. Fujimoto, eds. (Springer International Publishing, 2015). 

31. D. R. Smith, An Introduction to Continuum Mechanics - after Truesdell and Noll (Springer Netherlands, 1993), 
Chap. 4. 

32. D. R. Smith, An Introduction to Continuum Mechanics - after Truesdell and Noll (Springer Netherlands, 1993), 
Chap. 10. 

33. K. J. Parker, M. M. Doyley, and D. J. Rubens, “Imaging the elastic properties of tissue: the 20 year perspective,” 
Phys. Med. Biol. 56(1), R1–R29 (2011). 

34. B. F. Kennedy, S. H. Koh, R. A. McLaughlin, K. M. Kennedy, P. R. T. Munro, and D. D. Sampson, “Strain 
estimation in phase-sensitive optical coherence elastography,” Biomed. Opt. Express 3(8), 1865–1879 (2012). 

35. A. Savitzky and M. J. E. Golay, “Smoothing and differentiation of data by simplified least squares procedures,” 
Anal. Chem. 36(8), 1627–1639 (1964). 

36. H. H. Madden, “Comments on the Savitzky-Golay convolution method for least-squares-fit smoothing and 
differentiation of digital data,” Anal. Chem. 50(9), 1383–1386 (1978). 

                                                                              Vol. 10, No. 3 | 1 Mar 2019 | BIOMEDICAL OPTICS EXPRESS 1512 



37. J. Ilg, S. J. Rupitsch, A. Sutor, and R. Lerch, “Determination of dynamic material properties of silicone rubber 
using one-point measurements and finite element simulations,” IEEE Trans. Instrum. Meas. 61(11), 3031–3038 
(2012). 

38. P. Wijesinghe, D. D. Sampson, and B. F. Kennedy, “Computational optical palpation: a finite-element approach 
to micro-scale tactile imaging using a compliant sensor,” J. R. Soc. Interface 14(128), 20160878 (2017). 

39. O. C. Zienkiewicz, R. L. Taylor, and J. Z. Zhu, Finite Element Method: Its Basis and Fundamentals (Elsevier 
Science & Technology, 2013), Chap. 2. 

40. G. Lamouche, B. F. Kennedy, K. M. Kennedy, C.-E. Bisaillon, A. Curatolo, G. Campbell, V. Pazos, and D. D. 
Sampson, “Review of tissue simulating phantoms with controllable optical, mechanical and structural properties 
for use in optical coherence tomography,” Biomed. Opt. Express 3(6), 1381–1398 (2012). 

41. R. K. Wang, Z. Ma, and S. J. Kirkpatrick, “Tissue Doppler optical coherence elastography for real time strain 
rate and strain mapping of soft tissue,” Appl. Phys. Lett. 89(14), 144103 (2006). 

42. J. Fox, Applied Regression Analysis, Linear Models, and Related Methods (Sage Publications, Inc, 1997), Chap. 
12. 

43. E. Konofagou and J. Ophir, “A new elastographic method for estimation and imaging of lateral displacements, 
lateral strains, corrected axial strains and Poisson’s ratios in tissues,” Ultrasound Med. Biol. 24(8), 1183–1199 
(1998). 

44. O. C. Zienkiewicz, R. L. Taylor, and J. Z. Zhu, Finite Element Method: Its Basis and Fundamentals (Elsevier 
Science & Technology, 2013), Chap. 7. 

45. K. M. Kennedy, C. Ford, B. F. Kennedy, M. B. Bush, and D. D. Sampson, “Analysis of mechanical contrast in 
optical coherence elastography,” J. Biomed. Opt. 18(12), 121508 (2013). 

46. L. Chin, A. Curatolo, B. F. Kennedy, B. J. Doyle, P. R. T. Munro, R. A. McLaughlin, and D. D. Sampson, 
“Analysis of image formation in optical coherence elastography using a multiphysics approach,” Biomed. Opt. 
Express 5(9), 2913–2930 (2014). 

47. W. J. Hadden, J. L. Young, A. W. Holle, M. L. McFetridge, D. Y. Kim, P. Wijesinghe, H. Taylor-Weiner, J. H. 
Wen, A. R. Lee, K. Bieback, B.-N. Vo, D. D. Sampson, B. F. Kennedy, J. P. Spatz, A. J. Engler, and Y. S. Choi, 
“Stem cell migration and mechanotransduction on linear stiffness gradient hydrogels,” Proc. Natl. Acad. Sci. 
U.S.A. 114(22), 5647–5652 (2017). 

48. Y. Shao, J. Sang, and J. Fu, “On human pluripotent stem cell control: The rise of 3D bioengineering and 
mechanobiology,” Biomaterials 52, 26–43 (2015). 

49. B. Alberts, A. Johnson, J. Lewis, D. Morgan, M. Raff, K. Roberts, and P. Walter, Molecular Biology of the Cell 
(Garland Science, Taylor and Francis Group, 2015), Chap. 1. 

50. J. M. Schmitt, S. H. Xiang, and K. M. Yung, “Speckle in optical coherence tomography,” J. Biomed. Opt. 4(1), 
95–105 (1999). 

51. K. M. Kennedy, L. Chin, R. A. McLaughlin, B. Latham, C. M. Saunders, D. D. Sampson, and B. F. Kennedy, 
“Quantitative micro-elastography: imaging of tissue elasticity using compression optical coherence 
elastography,” Sci. Rep. 5(1), 15538 (2015). 

52. C. Li, G. Guan, S. Li, Z. Huang, and R. K. Wang, “Evaluating elastic properties of heterogeneous soft tissue by 
surface acoustic waves detected by phase-sensitive optical coherence tomography,” J. Biomed. Opt. 17(5), 
057002 (2012). 

53. J. Ophir, S. K. Alam, B. Garra, F. Kallel, E. Konofagou, T. Krouskop, and T. Varghese, “Elastography: 
ultrasonic estimation and imaging of the elastic properties of tissues,” Proc. Inst. Mech. Eng. H 213(3), 203–233 
(1999). 

54. A. Manduca, T. E. Oliphant, M. A. Dresner, J. L. Mahowald, S. A. Kruse, E. Amromin, J. P. Felmlee, J. F. 
Greenleaf, and R. L. Ehman, “Magnetic resonance elastography: Non-invasive mapping of tissue elasticity,” 
Med. Image Anal. 5(4), 237–254 (2001). 

 

                                                                              Vol. 10, No. 3 | 1 Mar 2019 | BIOMEDICAL OPTICS EXPRESS 1513 




