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Neue Verfahren zur Charakterisierung der Elastizität unter Nutzung der optischen 
Kohärenztomographie: Kurzes Review und Zukunftsaussichten

Abstract: In this paper, a brief overview of several recently 
proposed approaches to elastographic characterization of 
biological tissues using optical coherence tomography is 
presented. A common feature of these “unconventional” 
approaches is that unlike most others, they do not rely 
on a two-step process of first reconstructing the particle 
displacements and then performing its error-prone differ-
entiation in order to determine the local strains. Further, 
several variants of these new approaches were proposed 
and demonstrated essentially independently and are 
based on significantly different principles. Despite the 
seeming differences, these techniques open up interest-
ing prospects not only for independent usage, but also for 
combined implementation to provide a multifunctional 
investigation of elasticity of biological tissues and their 
rheological properties in a wider sense.

Keywords: optical coherence tomography; optical elas-
tography; tissue mechanical properties characterization; 
speckle decorrelation; tissue relaxation rate; optical 
palpation.

Zusammenfassung: In diesem Beitrag wird ein kurzer 
Überblick über einige kürzlich vorgestellte Ansätze zur 
elastographischen Charakterisierung von biologischen 
Geweben mittels optischer Kohärenztomographie gege-
ben. Diesen “unkonventionellen” Ansätzen ist gemein-
sam, dass sie nicht, so wie die meisten anderen, auf 
einem zweistufigen Prozess (zuerst Rekonstruktion der 
Partikelverschiebungen, dann Durchführung ihrer feh-
leranfälligen Differenzierung), basieren, um die lokalen 
Belastungen zu bestimmen. Es wurden mehrere Vari-
anten dieser neuen Ansätze verfolgt, die auf deutlich 
unterschiedlichen Prinzipien beruhen und im Wesent-
lichen unabhängig voneinander demonstriert wurden. 
Trotz der scheinbaren Unterschiede, eröffnen diese 
Techniken interessante Perspektiven – nicht nur für eine 
unabhängige Nutzung sondern auch für die kombinierte 
Umsetzung – um eine multifunktionale Untersuchung 
der Elastizität von biologischen Geweben und ihrer 
rheologischen Eigenschaften in einem weiteren Sinne zu 
ermöglichen.

Schlüsselwörter: optische Kohärenztomographie; opti-
sche Elastographie; Charakterisierung der mechanischen 
Gewebeeigenschaften; Speckle-Dekorrelation; Gewebere-
laxationsrate; optische Abtastung.
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1  Introduction
A common indication of pathological processes in a 
biological tissue is the change in its mechanical (or in a 
wider sense – rheological) properties. It is well known, for 
example, that cancerous tumors are usually stiffer than 
their surroundings [1]. In the last two decades, various 
elastographic techniques were developed to focus on this 
pathological property for early cancer diagnosis/detection, 
with the goal of possibly reducing invasive biopsy proce-
dures [2, 3]. To detect the changes of tissue mechanical 
properties at the earliest stages, it is necessary to increase 
the resolution and sensitivity of elastographic examina-
tion. For this purpose, the elastography based on optical 
techniques such as optical coherence tomography (OCT) 
has been developed over the last 15 years, the seminal 
paper by Schmitt [4] being one of the first publications on 
this topic. In comparison with other elastographic tech-
niques developed in medical ultrasound (US) or magnetic 
resonance imaging, the OCT-based elastography (optical 
coherence elastography, OCE) ensures significantly higher 
resolution, potentially enabling better localization and 
earlier detection of pathological regions [5–17].

Several review papers were published in recent years 
on the progress in the field of OCE [18–20]. As seen from 
these reviews, despite the great interest in the implemen-
tation of the elastographic regime in OCT and numerous 
demonstrations, OCT devices with an elastographic mode 
are not yet commercially available for clinical applications 
and routine examinations of patients. In contrast, there 
are some US elastographic techniques that are already 
implemented on several multi-modal and specialized-for-
elastography commercial platforms [2, 3]. Thus, so far the 
successfully tested OCE techniques are more individual-
ized, focused on specific problems and diseases, and are 
mainly used in assessing rather specific cases for which 
they are adopted.

There is a group of recently developed OCE methods 
based on OCT-based direct observation of propagation of 
shear (or surface) elastic waves in order to evaluate the 
shear elastic modulus that determines the propagation 
velocity of these waves (e.g., [21–31]). Consequently, such 
techniques require additional devices for excitation of the 
shear/surface waves, which (in comparison with compres-
sion OCE where the OCT probe itself is used for produc-
ing compression) complicates the construction of OCT 
systems and correspondingly limits the practical applica-
tion areas of such techniques, particularly for endoscopic 
examinations.

Another “traditional” group of OCE methods can be 
termed as “displacement-based (DB) approaches” (usually 

earlier developed quasistatic compression techniques [5, 
6]). These require initial reconstruction of the displace-
ment field in the inspected tissue subjected to quasistatic 
deformation that can often be produced by the rigid surface 
of the OCT probe itself. Particular implementations of the 
displacement-field reconstruction can be rather different 
and are often based on ideas transferred from US. Among 
these, correlational tracking of speckles in intensity OCT 
images has been widely studied since the appearance of 
Schmitt’s paper [4]. Other modifications of this process-
ing approach based on the use of full-field data have been 
proposed [13]. However, such approaches to OCE have 
not yet moved beyond laboratory tests and experimental 
validations have been mostly performed using phantoms. 
The main impediment in the further development of such 
techniques lies in the high sensitivity of these methods 
to different types of artifacts, such as speckle blinking 
and boiling in images of deformed tissues and other OCT 
signal features arising during in vivo inspections. Many of 
these difficulties relate to motion artifacts [10, 31–33] and 
speckle decorrelation [34–38], reducing the robustness of 
such OCE techniques.

To overcome the complications inherent in correla-
tional tracking of particle displacements, phase-sensitive 
methods (see, e.g., [8] and recent modifications [39]) for 
measuring particles’ displacements are actively studied 
in recent years as a promising alternative to correla-
tional tracking, which intrinsically ensures much better 
robustness with respect to speckle blinking effects [40]. 
However, the phase-sensitive OCE, despite its higher 
sensitivity (down to nano- and even picometer displace-
ments) actually ensures the same precision of initial 
localization of the scatterers as in the initial OCT images. 
This precision is limited by the OCT system resolution, the 
typical value being on the order of 5–20 μm and thus is 
orders of magnitude lower than the displacement sensi-
tivity of phase-sensitive methods. Further, to obtain local 
strains in the inspected region, the phase methods also 
require performing error-sensitive differentiation. The 
accuracy of the latter depends not only on the accuracy 
of measuring displacements of the scatterers, but also on 
the accuracy of determining their initial positions. Con-
sequently, analogous problems as encountered by the 
correlation-tracking techniques to a significant degree 
remain in phase OCE methods. In view of these difficulties 
common to all DB approaches, OCE methods that do not 
rely on the initial reconstruction of the displacement field 
may be preferable.

In this paper several of such recently proposed 
“unconventional” OCE techniques are reviewed, with 
interesting prospects for implementation of elastographic 
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mode in OCT. While each of these methods comes with 
its set of advantages and drawbacks, their overall prin-
ciples suggest new solutions for solving the problem of 
insufficient robustness of traditional (displacement-field-
reconstruction based) elastographic approaches. One may 
expect these techniques to be implemented in emerging 
multimodal OCT devices, to further extend the useful 
information content afforded by OCT assessment of bio-
logical tissue.

2  Novel approaches to OCE
In this section, several recently proposed “unconven-
tional” OCE approaches are considered. These were 
proposed and demonstrated essentially independently; 
however, despite their apparent differences, they suggest 
interesting possibilities for their combined implementa-
tion based on quite conventional OCT devices. This should 
enable multifunctional investigation of elasticity of bio-
logical tissues (and their rheological properties in a wider 
sense), as discussed in the end of this section.

2.1   Stiffness characterization based on 
tissue relaxation rate

The approach to OCE based on the tissue relaxation rate 
measurements was considered in [41]. The main idea is 
to observe the process of the shape recovery of the tissue 
surface deformed by an impact. The deformation was 
achieved using an air-pulse system with a ∼1  ms pulse 
duration, resulting in the tissue displacement on the 
order of several micrometers. Then the displacement of 
the tissue surface was measured using phase-sensitive 
OCT and the time dependence of displacement fitted by 
an exponential function to extract the relaxation rate. 
The authors showed that the relaxation rate was weakly 
dependent on the impact force (i.e., pressure in the air-
pulse system and the distance between its nozzle and the 
tissue). Such robustness with respect to the perturbing-
impact parameters is an attractive feature of this approach 
(Figure 1A). The relaxation constant for gelatin phantoms 
was shown to vary approximately linearly with gelatin 
concentration (Figure 1B). This is in agreement with a pre-
vious publication of the same authors [42] showing that 
the stiffness of the gelatin phantoms also varies nearly 
linear with the amount of gelatin (Figure 1C). For charac-
terization the stiffness of soft biological tissues, either the 
Young modulus E that describes the material reaction to 
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Figure 1 (A) Relaxation process in the gelatin under different 
excitation pressures of an air-puff impulse, (B) dependence of the 
fitting parameter on gelatin concentration, and (C) dependence 
of gelatin Young’s modulus on its concentration. Panels (A) and 
(B) reprinted from [41] and panel (C) reprinted from [42] with 
permission.
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uniaxial stress, or the shear modulus G that corresponds 
to the material reaction to shear stress one be equivalently 
used. The reason for this near-equivalence is that for soft 
tissues, the Poisson’s ratio v is very close to 0.5, so that 
the well-known general relation between these moduli, 
E = 2(1+v)G, with a high accuracy reduces to the simple pro-
portionality E≈3G for all soft biological tissues. Bearing in 
mind this remark, the results of [41, 42] indicate that the 
observed differences in relaxation rate (which is a rheo-
logical viscoelastic parameter) is mostly determined by 
the variations in the sample tissue elasticity. In addition to 
phantom studies, this approach was tested pre-clinically 
in vivo for assessment of age-related changes in mouse 
cornea [41].

These results are encouraging for eventual clinical 
implementation, specifically due to relative independence 
of this variant of OCE to the details of impact parameters. 
Such robustness is important as these deformations are 
difficult to apply in a controlled and reproducible fashion. 
It is also clear that even though the surface deformation 
is measured at “one point”, the measured data are aver-
aged not only over the cross section of the optical beam 
and a certain depth of the light penetration into the 
tissue depth, but in fact the averaging is made over the 
entire volume of the tissue mechanically involved into the 
relaxation process. The characteristic size of this region 
of effective averaging is not evident, but is likely on the 
order of the lateral size of the displaced surface in all 
dimensions, (i.e., ∼several hundred micrometers). This 
averaging can be considered as a positive feature further 
adding to the robustness of the technique; however, this 
“one-point” (although averaged) approach presents a 
challenge of constructing two-dimensional (2D) or three-
dimensional (3D) relaxation rate maps. Apparently this 
problem may be solved by changing the scanning pat-
terns, for example performing a series of B-scans, which 
in turn would require sufficiently high acquisition rates, 
because the characteristic relaxation times can be on the 
order of a few milliseconds [41]. The latter value exceeds 
the typical acquisition period of obtaining A-scans for 
many systems, but is significantly smaller than the typical 
acquisition rate of B-scans.

2.2   OCT-based palpation using a compliant 
“control” sensor

An interesting approach to OCE combining classical pal-
pation and OCT imaging was recently proposed in [43] 
under the name of “optical palpation”, clearly reflecting 
the method’s principle. It is based on the visualization 

of deformation of an intermediate translucent compli-
ant layer with previously measured properties placed 
between the rigid surface of the OCT probe and the 
inspected tissue. The intermediate layer plays the role of 
a compliant sensor, because the dependence of its thick-
ness on the applied stress can be calibrated prior to the 
measurements. The thickness of the intermediate layer 
can be in the sub-mm range. A key point is that when the 
OCT probe (a few mm in diameter) is pressed to the surface 
of a homogeneous tissue like a piston, an approximately 
uniform stress field should be created in the probe vicin-
ity within the depth of the order of the probe diameter. 
However, if a stiffer inclusion is located within this zone, 
its weaker deformability results in higher straining of the 
softer layers located above the inclusion. Consequently, 
if below the OCT probe a uniform compliant layer is 
placed, the variation in the thickness of this layer is larger 
above tissue regions containing a buried stiff inclusion. 
These variations in the intermediate layer thickness can 
be readily visualized at the OCT image (Figure 2A–F) 
even if at the depth of the stiffer inclusion location, the 
OCT signal is too weak (i.e., insufficient to visualize the 
inhomogeneous displacement field around the inclu-
sion). Therefore, the depth where the stiffer region can 
be detected via the “mechanical imprint” in the form of 
inhomogeneous deformation of the compliant sensor 
can be significantly (several times) greater than the zone 
directly visualized in the OCT image. This increased 
sensing depth of the optical palpation approach [43] is a 
very attractive feature of this technique.

This OCE approach is robust, in that the compliant 
sensor layer can be preliminary calibrated, which makes 
this technique less sensitive to optical and other artefacts 
of underlying tissue including strain-induced speckle 
decorrelation and motion noise. In fact the results’ accu-
racy is mostly determined by the robustness of the OCT 
imaging of the compliant sensing layer with controlla-
ble (or at least preliminary calibrated) properties. This 
largely eliminates the necessity of fine tuning the whole 
OCE system for each individual investigation, as typical 
of many other OCE approaches. In particular, as demon-
strated in [43], the described optical palpation provides 
the opportunity to characterize the elasticity distribution 
in transparent (without any scatterers) or opaque tissues 
that cannot be directly visualized in the conventional OCT 
images.

However, the fact that such measurements are per-
formed only within the compliant sensing layer under-
scores the principal complexity of visualizing the 
depth-distribution of the stiffness. Despite the difficulty 
of depth-resolved elasticity mapping, the strength of the 
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Figure 2 Principle of the “optical palpation” approach. (A) Initial state of the sensor and tissue. (B) The stiffer region causes larger strain in 
the corresponding sensor region. (C and D) OCT images of the situations mentioned in (A) and (B). (E) Calibration results of the stress-strain 
dependence for the sensor and (F) en-face elastogram. Reprinted from [43] with permission.

proposed OCE palpation is that it already provides robust 
2-D en-face elasticity maps. Although including the depth 
dimension for a full 3-D elasticity map is yet to be demon-
strated, 2-D en-face elastography has indeed been shown 
in phantoms and in freshly excised human breast tissue 
from a female breast cancer patient undergoing mastec-
tomy [43].

Since the stress-strain dependence for the layer sensor 
can be calibrated (Figure 2E), not only qualitative, but also 
quantitative stress distribution in the en-face projection 
can be obtained under the sensor (Figure 2F).

In the context of the calibration of the sensing layer 
properties, noticeable nonlinearity of the strain-stress 
relation can be seen in Figure 2E. This deviation from the 
linear Hooke’s law dependence is also reported for many 
soft biological tissues and is often the consequence of the 
geometry of the observation conditions rather than real 
nonlinearity of the material properties. In fact, proper 
definition of Young’s modulus corresponds to perfectly 

uniaxial stress in the measured sample. This requirement 
is usually satisfied for elongated rod-like samples with 
free lateral boundaries subjected to elongation or com-
pression in the axial direction. In this case small areas 
near the rod ends that are usually clamped or glued to 
the measurement system do not produce significant con-
tribution to the stress-strain behavior of the sample. Con-
versely, a layer compressed between two solid surfaces 
represents a much different situation, especially if its 
thickness is smaller than its lateral dimensions. Since soft 
biological tissues are “rubber-like” (i.e., have the Pois-
son’s ratio close to 0.5, similar to liquids), the decrease 
in the layer volume due to its axial squeezing should be 
almost exactly compensated by the tissue expansion in 
the lateral direction. However, in contrast to liquids, the 
elastic tissue layer has a finite shear modulus. Further, 
its upper and lower boundaries cannot move freely, but 
are “stuck” to contacting boundaries. Consequently, the 
developed near-boundary tangential forces impede lateral 
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displacements of the layer and do not allow for free com-
pensation of the decrease in the layer volume. In the areas 
close to the layer center, the tissue particles almost do not 
displace in the lateral direction, so that the character of 
the rubber-like tissue deformation resembles the condi-
tions of hydrostatic compression. The latter is controlled 
by the bulk modulus of the material that is much greater 
that the Young’s modulus. In view of this, during squeez-
ing rubber-like tissue between two solid surfaces without 
sliding, the apparent Young’s modulus initially may be 
close to the genuine Young’s modulus, whereas for very 
strong squeezing the observed compressibility is dictated 
by the bulk modulus that is orders of magnitude greater. 
This transition looks as apparent strong nonlinearity of 
the material even if the tissue may actually obey the linear 
Hooke’s law.

Certainly, the importance of this measurement arti-
fact depends on the ratio between the initial thickness 
of the layer and its size in the lateral direction. Corre-
spondingly, the calibration curves shown in Figure 2E are 
strongly dependent on the specific calibration measure-
ment conditions. Furthermore, the calibration procedure 
implies that the control layer is squeezed between two 
rigid boundaries, whereas in the measurements described 
in [43], only the upper layer boundary is “stuck” to the 
rigid surface of the OCT probe, whereas the bottom con-
tacts the inspected soft tissue. Under such boundary 
conditions, the character of layer expansion is not that 
strong restricted as for the rigid boundary at the bottom, 
and the apparent nonlinearity of the layer is not that pro-
nounced. Nevertheless, this effect can be quite noticeable. 
For example, in the experiments with two-layer silicone 
phantoms described in [34], the apparent relative softness 
of the upper softer layer noticeably decreased from over 
3 times to about 2 times under increased compression by 
the OCT probe when the thickness of this layer decreased 
from about 350 μm–100 μm. The probe diameter was 2 
mm. Therefore, quantification of the tissue stiffness and 
its Hooke’s law behavior under increasing compression 
should account for apparent nonlinearity that is likely 
caused by the measurement conditions. Lubrication of 
the contact between the solid surface of the probe and the 
tissue can hardly ensure “free” expansion of the tissue 
in the lateral direction, because the characteristic time 
of such expansion usually should be much greater than 
the typical interval between the compared images (on the 
order of 5–50 ms for B-scans and even less than a millisec-
ond for A-scans used in phase-sensitive techniques).

More detailed discussion of these issues is beyond the 
scope of this review, although from the viewpoint of quan-
tification this is an important feature for the described 

approach. Overall, the optical palpation method proposed 
in [43] looks as a rather interesting alternative to the con-
ventionally discussed DB approaches, in view of the key 
role of the highly controllable translucent layer and conse-
quent intrinsic robustness to various OCT signal artifacts 
and instabilities typical of OCT images of real biological 
tissues.

In the next section, another unconventional OCE tech-
nique that also does not require initial displacement-field 
reconstruction, the so-called correlation-stability (CS) 
approach [34, 44] is described. Moreover, the possibili-
ties for combining the optical palpation method [43], the 
relaxation approach [41], and the CS approach are briefly 
discussed.

2.3   Correlation-stability approach and its 
speckle variance modification OCE

It is well known that numerical differentiation (either 
directly via finite differences or using equivalent indirect 
methods) is a rather error-sensitive procedure [40]. The 
necessity of this error-sensitive procedure is common for 
any variant of “conventional” approaches based on the 
initial reconstruction of the displacement field (includ-
ing various types of correlational speckle tracking, as well 
as phase methods). Therefore, a method that would skip 
this error-prone step to directly extract information on the 
local tissue strains would be a welcome addition to the 
field.

An attractive alternative OCE approach, in which 
the intermediate error-sensitive stages of the displace-
ment-field reconstruction and its subsequent differen-
tiation are avoided, is based on correlation stability of 
OCT images of deformed biological tissues [34, 44–47]. 
Generically, it also uses the main idea of the compres-
sional elastography, i.e., the fact that under the same 
stress, the degree of tissue deformation depends on its 
local stiffness. Consequently, for stiffer regions, the simi-
larity between the pre-and post-compression OCT images 
is higher, and thus the maximum zero mean normalized 
cross-correlation function (ZMNCC) should also be higher. 
Therefore, suitably computed cross-correlation maps of 
compressed tissues should yield the spatial distribution 
of relative stiffness. In general, this idea is close to corre-
lation-mapping OCT utilized for micro-vasculature visu-
alization, where the speckle decorrelation is produced 
by the Brownian motion of scatterers in liquids [48–51]. 
However, in contrast to such correlation mapping, for the 
elastographic use of the CS approach, tissue deformation 
must be applied.
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Cross-correlation in the elastographic CS approach 
should be performed using a sliding window in order to 
compensate the decorrelation of the compared images 
due to trivial translational motion of the scatterers in the 
deformed sample, thus retaining only the strain-induced 
decorrelation of interest [34, 44, 52]. This compensation 
should be made with a sufficiently high sub-pixel accu-
racy, which is possible via processing full complex signal 
(complex amplitude) OCT signals [52, 53]. The robustness 
of this approach is afforded by it lower sensitivity to the 
average error in determination of the displacement field 
over the entire image, in contrast with the DB approaches. 
In the latter, the decorrelation related to the strain-induced 
speckle blinking/boiling is a negative factor: if the correla-
tion drops significantly in the soft part of the tissue, the 
error of the displacement field reconstruction inside this 
part of the tissue increases accordingly. In the CS elasto-
graphic mapping, this strong decorrelation hinders accu-
rate strain field reconstruction inside this soft part of the 
tissue as well, but nevertheless permits to map the region 
of increased strain directly via significant reduction of 
cross-correlation [34, 44, 45].

In general, the above ideas remain the same for image 
features at different scales, but there are significant differ-
ences between mechanisms of cross-correlation reduction 
either due to purely geometrical distortions [44] or due 
to the strain-induced intensity variations (the so-called 
speckle blinking/boiling) in the speckle patterns formed 
by scattered fields from sub-resolution scatterers [34]. 
Moreover, in some cases the transition from one case to 
another can be made by changing the OCT system param-
eters. For example, strain-induced speckle intensity-varia-
tion rate can be decreased by lowering the ratio of the OCT 
source wavelength and its coherent length [34, 40, 45].

For most of the conventional OCT devices used for 
inspection of real biological tissues or similar phantoms, 
the regime of speckle decorrelation is often realized 
[34]. Moreover, speckle decorrelation during the speckle 
“blinking” usually occurs earlier than the decorrelation 
induced by any of purely geometrical distortion (transla-
tions and geometrical deformations) of speckle patterns 
[34, 40, 45]. Consequently, reconstruction of displace-
ments via speckle-tracking is significantly complicated 
because of high strain-induced speckle decorrelation 
rate [40]. Despite this, the CS approach allows to visual-
ize the distribution of local strains inside the medium. 
Figure 3 illustrates CS-derived qualitative elasticity char-
acterization of a two-layer silicone phantom displaying 
a real OCT image of the phantom (Figure 3A) and the 
corresponding CS elastography map (Figure 3B). The 
sample is a two-layer phantom made of silicone with the 
stiffness contrast between the layers of ∼3 × . As seen, the 
stiffer layer is well visualized via its higher correlation 
stability.

In its simplest implementation, the CS approach 
provides only qualitative mapping of the stiffness in the 
inspected region with a spatial resolution determined 
by the size of the used correlation window. Quantita-
tive characterization of elasticity distribution using the 
CS approach is challenging. Recently, an advanced CS 
variant was proposed to address the quantification of the 
stiffness differences [53, 54]. This modification of the CS 
approach is somewhat similar to speckle-variance due to 
the Brownian motion in the micro-vasculature visualiza-
tion [55–60]. Instead of ZMNCC, a closely related normal-
ized speckle intensity variation function (NSIVF) can be 
used. NSIVF for two subsets (initial and deformed states) 
is given by:
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Figure 3 Example of a structural OCT image of a two-layer silicone phantom (A) and the resulting correlation-stability map of relative 
stiffness (B) obtained via speckle-level correlation processing. Under compression, the upper softer layer experiences stronger deforma-
tion and thus is stronger decorrelated compared with the stiffer underlying layer. Color-bar is the value of ZMNCC and units of the axis are 
pixels. Reprinted from our previous publication [34].
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and S and Fn*,k* are the subsets (with a full complex signal 
OCT quadratures amplitude signal recorded as complex 
number for each pixel) m1 × m2 in size taken from the initial 
and deformed images, the quantities (n*,k*) correspond to 
the vector of translational displacement of the subset Fn*,k* 
with respect to S. Here, mean[·] is the mean value of inten-
sity of the respective subsets taken from the reference and 
deformed frames. It can be shown [40, 54] that for mod-
erate strains, NSIVF is related to the strain ε as .V ε∝  
This means that for the local strains ε1, 2 determined by 
the elastic moduli E1,2 of two different regions of the tissue 
subjected to the same stress in the vicinity of the OCT 
probe, the following relation is valid [54]:

 

1 1 2

2 12

.region

region

V E
EV

= =
ε

ε
 

(3)

Thus this speckle variance-like modification of the CS 
approach provides the quantification of the stiffness 
relations in different regions. The ZMNCC is related to 
NSIVF as:
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is ZMNCC itself.
As mentioned in [52], speckle intensity variation can 

be produced by both the translational displacements 
(related to the speckle translation as a whole and there-
fore the flux of the intensity from one pixel to another 
with total luminance energy conservation), as well as by 
local strains (responsible for speckle blinking without 
any intensity flux from one pixel to another) [40]. There-
fore it is very important to compensate all translational 
displacements even on sub-pixel level for subset *, *n kF  
relative to reference subset S, so as to retain only the 
strain-induced contributions to decorrelation and NSIVF 

value [53]. The compensation of the translational dis-
placements is based on precise localization of maxima of 
the absolute value of the complex cross-correlation func-
tion for the deformed and reference images by applying 
small (within  ± 0.5 pixel) relative displacements of the 
compared subsets. Because of discrete nature of the OCT 
images in the space domain, the Fourier transform of the 
considered sliding window (subset) into spectral domain 
was used to perform its displacement with a sub-pixel 
accuracy. This procedure consists of applying the multi-
plication of the Fourier-components by the appropriate 
complex exponential factors in order to obtain the spec-
trum corresponding to the subset shifted by any desired 
sub-pixel value in the space domain. Performing the 
inverse transform, the spatial form of the shifted subset 
can be obtained and used for calculating the cross-corre-
lation with the reference subset. Iterative maximization of 
the ZMNCC between the reference and so-shifted subset 
from the deformed image makes it possible to estimate the 
displacement of the chosen image fragment with a sub-
pixel accuracy and does not require any special assump-
tions about the form of the cross-correlation function. As 
a result of such processing, the two subsets taken from the 
compared images can be superposed with a high sub-pixel 
accuracy. The uncompensated decorrelation remaining 
after this process is related to the straining of the subset. 
After performing such operations, the sought-after quan-
tity NSIVF given by Eqn. (1) for each subset *, *n kF  from the 
deformed frame and the subset S from the reference image 
can be found. The so-calculated value of NSIVF is deter-
mined only by speckle blinking induced by local strains, 
with the contribution of the translational displacements 
thus excluded.

To demonstrate this idea, OCT images of a three-layer 
tissue sample have been numerically simulated. This sim-
ulation is based on the principle of A-scan formation in 
full complex signal (complex signal) spectral-domain OCT 
(FF-SD-OCT), as described in detail previously [61]. In the 
simulation discussed here, initially 10,000 randomly and 
uniformly distributed independent scatterers were put 
in each A-scan which has 2048 μm in depth correspond-
ing to 256 pixels. The depth coordinates of each scatterer 
were defined with double precision in units of μm (i.e., 
with a high sub-pixel accuracy). Each B-scan consists of 
256 A-scans (so it has 256 × 256 pixels corresponding to 
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2 × 2 mm). The first simulated frame is the reference frame 
and the others (deformed frames) simulate the tissue 
straining from 0 up to 3% average (mean values applied 
to whole sample) strain with a step of 0.1%. During the 
straining process simulation, the displacement of each 
scatterer was calculated independently and then the 
new contributions to the A-scan spectrum were calcu-
lated (note that random distribution of the scatterers was 
generated only once for the reference image and then the 
strain-induced speckle-pattern evolution was calculated 
deterministically). In this simulation, the stiffness con-
trast of the middle layer is 3 ×  of the surrounding softer 
tissue (as for the silicone phantom described above and 
illustrated in Figure 3). The ratio of the coherence length 
Lc to wavelength λ in this simulation is Lc/λ = 6, so that the 
speckle blinking is fairly noticeable. Applying the above 
described speckle-variance approach (including the algo-
rithm of sub-pixel compensation of the displacements), 
one can obtain the strain dependence of V  for both 
stiffer ( )stiffV  and softer ( )softV  regions.

Figure 4A demonstrates the linear dependence of the 
square root of NSIVF for stiffer region for strains larger 
than 0.7%. For strains smaller than 0.7%, the devia-
tion from the linear law is caused by the insufficient 

translational displacement compensation for such small 
displacements (defined by a predetermined threshold 
error in sub-pixel compensation algorithm). The linear 
dependency for softer regions is in the strain range from 
∼0.1% up to 1.4%. For strains exceeding 1.4%, the vari-
ance in the softer regions exhibits saturation due to the 
significantly decorrelated speckle structure. The slopes 
of the variance curves in the regions of linear behavior 
exhibit ∼3 ×  difference, as is expected from the analyti-
cal considerations. As it can be seen from Figure 4B, the 

ratio /soft stiffV V  is close to 3 in the strain range from 
0.7% up to 1.4%. Figure 4C demonstrates the elasto-
gram plotted on the basis of this speckle-variance OCE 
approach.

The speckle-variance OCE modification of CS 
approach allows for quantification of the strain ratios in 
different regions of the tissue using fast enough FF-SD-
OCT devices which ensure sufficiently detailed depend-
ence of the NSIVF on the strain, in order to single out the 
region of a linear dependence of square roots of NSIVF for 
different regions of the investigated object. For example, 
such a correlation (or variance)-based calibration proce-
dure can be performed for the compliant sensor used in 
the optical palpation method described above.
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Before moving on to the next topic, it is important to 
note that the CS approach can be applied in two ways: 1) 
with a single chosen reference frame or other frames, and 
2) by cross-correlating each analyzed frame with another 
one acquiring several steps before or after (the so-called 
time-sliding reference frame). In the first case, the refer-
ence frame is selected only once and then the CS process-
ing is applied to the entire sequence of subsequent frames. 
It means that the time delay between reference and each 
subsequent analyzed frames increases monotonically. One 
can choose, for example, the first frame from a sequence as 
the reference one and then cross-correlate all other frames 
with it (second with first, third with first, etc). This process 
can be used, for example, to obtain the optimal time lag 
or to analyze some time-dependent (e.g., relaxation) pro-
cesses. Alternatively, one can fix the time delay between 
the reference and analyzed frames. This means that for 
each pair of the processed frames, the time lag is always 
the same (e.g., suppose the chosen time delay is 3 inter-
frame spacings; one would then cross-correlate 4th frame 
with 1st, 5th with 2nd, etc.). This processing can be used as 
for obtaining the relaxation rate and for observing periodic 
natural motions in the tissue (as described below).

2.4   In vivo observation of elastographic 
maps generated by natural periodic 
tissue motions using OCE based on CS 
approach

Most of the motion artifacts in biomedical OCT (and OCE) 
arise from natural motions of either investigator or investi-
gated organism [31, 33]. Here, an example is presented how 
the natural motions of living tissue can be detected/used for 
elastographic mapping using the CS approach, specifically 
to single out the areas where the natural motions produce 
stronger or weaker decorrelations. The above described CS 
approach is applied with a time-sliding reference frame 
to calculate correlation field for each two sequentially 
obtained frames (meaning a fixed time lag between refer-
ence and analyzed frames, equal to twice the inter-frame 
interval). The correlation-window (subset) size is 3 × 3 pixels. 
The frame rate of the used home-made SD-OCT device is 5.25 
Hz. The scans contained full complex signal information 
(based on complex signal) and in the considered example 
B-scans were 512 × 256 pixels in size (covering about 3 mm in 
the horizontal direction and about 1.5 mm depth in air.

The time-sliding correlational processing was 
applied in vivo on a mouse with a hind leg tumor to 

determine tissue regions that are most (and least) affected 
by mouse natural motions. Figure 5A demonstrates the 
time-evolution correlation field between each pair of 
adjacent frames (averaged over entire frame). As seen, 
the correlation between adjacent frames changes signif-
icantly. The Fourier transform of the so-obtained signal 
provides the information about the frequencies of the 
components arising due to generation of spectral compo-
nents corresponding to combinations of the OCT device 
frame rate of 5.25  Hz and periodic mouse movements 
(Figure 5B). It was found that these mouse motions cor-
responded to the breathing rate. The analysis of the main 
peaks in the obtained spectrum shows that the largest 
peak at 1.56 Hz in the spectrum appeared via the com-
bination of the frame rate with the breathing frequency 
that can thus be estimated as 5.25 Hz–1.56 Hz = 3.69 Hz. 
The next strong peak corresponds to the combination 
of double frequency of breathing with the frame rate 
2 × 3.69 Hz–5.25 Hz = 2.13  Hz, whereas the smaller third, 
but still fairly well visible peak corresponds to the dif-
ference between the third harmonic of the breathing 
frequency and the second harmonic of the frame rate 
3 × 3.69 Hz–2 × 5.25  Hz = 0.57  Hz. Figure 5C demonstrates 
the averaged CS map for the images with the mean corre-
lation larger than 0.4. The correspondence of the clearly 
seen regions that show different levels of perturbation 
by the same natural motion (breathing) and histological 
tissue features in the investigated regions is interesting 
and will be pursued in the near future. Similar verifi-
cation of tissue stability before conducting OCE using 
externally produced compression or applying speckle-
variance methods [55–60] or correlation mapping [48–
51] for micro-vasculature visualization, may prove useful 
(as sufficient stability of investigated region is critically 
important for success of these techniques). In the dis-
cussed case, the breathing motion of an anesthetized 
mouse produced significant instability in the investi-
gated area, which may be addressed by better animal 
imaging procedures (the type of anesthetic, mouse posi-
tion on the OCT imager, etc.).

The above-described procedure provides informa-
tion about the spatial distribution of the strains induced 
by natural biologic motions, thus enabling a useful 
“baseline” elastogram. While interesting in its own right, 
this may also prove useful for preliminary evaluation of 
the overall stability of the inspected tissue region (thus 
guiding the necessary measures for stabilization) prior to 
proper OCE or microvascular OCT imaging. Similar meas-
ures may be useful for some other applications, as dis-
cussed in the next section.
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2.5   Possibility of applying the CS approach 
for studying the tissue relaxation rates 
and combining with optical palpation

If natural tissue motions in the inspected region are suf-
ficiently reduced, it becomes possible to apply the CS 
approach, for example, with time-sliding reference 
window for studying the tissue relaxation after a perturba-
tion. Figure 6 presents examples of the correlation recov-
ery process. One is observed using a silicone phantom and 
another is obtained in vivo in the mouse ear. The plots show 
the correlation restoration, characterizing local recovery of 
the material shape, because the influence of translational 
displacement is compensated. In these experiments, no 
special devices for producing perturbations were used. The 
initial perturbation was produced by pressing on the OCT 
probe fixed in a clamp and attached to the studied tissue 
region. The clumping system had certain flexibility so that 
this could produce displacements on the order of 10–100 
μm. After applying the additional pressure, the probe was 
released to study the subsequent relaxation. The value 

of the initial displacement was not very critical for the 
observed relaxation rate, similar to previously published 
experiments [41]. The sliding-time correlation between 
adjacent B-scans was calculated for the subset windows 
7 × 7 pixels and then the resulting field was averaged over 
the signal area. The red (noisy) curve in Figure 6 is the so-
found correlation coefficient as a function of the current 
frame number (the black curve is its exponential fit).

The presented plots merely demonstrate the pos-
sibility of using the CS approach for studying relaxation 
processes in soft tissues. Obviously, for more accurate 
measurements, the frame rate should be significantly 
increased. As mentioned in [41], ample understanding 
of the physical origin of the observed relaxation requires 
creation of rather sophisticated models. However, even 
obtaining comparative (relative) maps showing the distri-
bution of local relaxation rates over the OCT image area 
may be of interest in itself for distinguishing normal and 
pathological tissues.

Further, combining the CS and the optical palpation 
approaches may prove interesting. The latter is based on a 
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controllable translucent soft layer for visualizing strains due 
to stiffer tissue inclusions located beneath the layer, even at 
a depth that cannot be directly visualized by OCT [43]. Since 

the CS approach (after properly performed compensation 
of translational displacements) provides the information 
about the spatial distribution of local strains, the inhomo-
geneous strains in the translucent sensor layer can readily 
be visualized as necessary for the palpation idea. In fact, the 
softer silicone layer shown in Figure 3 already acts as a refer-
ence layer, demonstrating stronger decorrelation compared 
with the underlying stiffer layer, although Figure 3 still does 
not demonstrate inhomogeneity in the lateral direction for 
the contacting horizontal homogeneous layers.

In Figure 7 another example obtained for the two 
materials similar to those used in Figure 3 is shown. The 
difference compared to Figure 3 is that now a stiffer plastic 
inclusion with a near-cylinder cross-sectional shape was 
embedded between the contacting layers. This “sand-
wich” structure was put on a rigid plastic plate and was 
slightly pressed from above by the OCT probe during 
acquisition of a series of B-scans. Then those scans were 
cross-correlated with sub-pixel compensation of decor-
relation due to translational motions. The residual decor-
relation characterizes the values of the local strains. The 
structural image in Figure 7A allows one to distinguish 
the boundaries between the silicone layers and the stiffer 
cylindrical inclusion, although the brightness distribution 
within the upper uniform layer is rather uniform and does 
not report on the inhomogeneity of local strains. In con-
trast, the CS map obtained by cross-correlating sequen-
tially obtained images shown in Figure 7B clearly shows 
that the upper silicone layer (seen as very uniform in the 
structural image) actually experiences rather inhomoge-
neous straining. The zones of stress and strain concen-
tration to the right and to the left from the inclusion are 
clearly seen via strongly reduced correlation, whereas the 
area of the stiffer inclusion and the stiffer bottom silicone 
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layer clearly demonstrate higher correlation and, corre-
spondingly, smaller strain level. Two small decorrelated 
regions near the bottom correspond to the dark spots 
in the structural image where the signal was too low. It 
is interesting to mention that the upper compliant layer 
also experiences rather inhomogeneous deformation. The 
zone of higher correlation in the upper part of the CS map 
corresponds to the region where the strains are smaller 
because the silicone is stuck to the rigid surface of the OCT 
probe (the effect of apparent increased Young’s modulus, 
as discussed in section 2.2). Similarly, in the central part of 
Figure 7B the stiff insert the local strains are also reduced. 
This example indicates interesting prospects for combin-
ing the CS method of visualizing the local strains with the 
idea of optical palpation using a translucent compliant 
layer as a biomechanical sensor.

3  Conclusion
Various OCE techniques demonstrate impressive pro-
gress over the last 15 years. However, the approaches 
proposed for elastographic mapping in OCT still lack the 
robustness necessary for transferring these methods to 
real clinical applications. Many OCE-related studies are 
focused on implementing the basic idea first formulated 
in [4], according to which the distribution of local strains 
in the tissue should be determined using the error-prone 
procedure of differentiation of the initially reconstructed 
displacement field. Although different methods have been 
proposed for reconstruction of the displacements (includ-
ing various modifications of correlational speckle tracking 
and phase techniques), they all have the same common 
difficulty related to reconstruction of local strains. In this 
paper, some alternative approaches proposed for obtain-
ing the elastographic information avoiding the necessity 
of the differentiation procedures have been discussed. 
Among such “unconventional” techniques, the recently 
proposed methods based on relaxation processes [41], the 
“optical palpation” approach [43], and the CS technique 
for characterizing local strains [34, 44] were briefly con-
sidered. In addition, some possibilities for combining the 
above-mentioned approaches that can be used for devel-
opment of new elastographic techniques in OCT were 
also discussed. It is expected that such “unconventional” 
methods should prove sufficiently robust to develop prac-
tical OCE techniques in the near future.
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