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Abstract. In this paper we present a method that significantly improves strain 
estimation quality in phase-sensitive optical coherence elastography (OCE), in 
which interframe strains are proportional to gradients of interframe phase 
variations. The analyzed phase-sensitive OCT signals can be conveniently 
represented as complex-valued vectors, the arguments of which correspond 
to the sought interframe phase-variations. To reduce the noise influence on 
the strain-estimation accuracy, these complex-valued vectors are usually 
averaged over a certain window. Increase in the window size can greatly 
reduce the noise. At the same time, for inappropriately big windows, this 
smoothing may cause strong distortion of the reconstructed spatial 
distribution of strain in comparison with the actual distribution, especially in 
regions of large gradients of interframe phase variations and, correspondingly, 
increased strain level. Therefore, automatic adaptive choice of the window size 
is proposed to maximize the noise reduction and at the same time to avoid 
possible distortion of spatial strain distribution in the reconstructed strain 
maps. © 2023 Journal of Biomedical Photonics & Engineering. 
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1 Introduction 

In recent years, besides straightforward perfection of 

obtaining structural images in optical coherence 

tomography (OCT), the further progress is strongly 

focused on the development of new OCT 

modalities/extensions [1]. Their realization requires deep 

analysis of series of OCT scans, for example, for 

realization of OCT-based angiography [2] and 

elastographic modality in OCT [3, 4]. In OCT-based 

elastography, starting from the first studies [5], special 

attention is paid not only to characterization of elasticity 

of biological tissues, but also in a broader sense the 

problems related to visualization of displacements and 

strains have been actively studied. In this context, 

especially in earlier works, as well as in some more recent 

studies (e.g., [6−9]), utilization of correlation-based 

methods of speckle tracking was considered as was 

initially proposed in Ref. [5] by analogy with ultrasound 

elastography [10] and strain mapping in mechanical 

engineering [11]. In the recent decade significant 

attention is paid to the development of strain-estimation 

methods based on phase-resolved OCT [4, 12−15]. In 

contrast to correlation-based tracking, in phase-resolved 

approaches the scatterer displacements are conveniently 

visualized without the necessity of search operations by 

straightforward evaluation of interframe phase 

variations. Then spatially-resolved strains can be found 

by numerically estimating the phase-variation gradients.  

For enhancing the quality of such OCT-based strain 

estimation, various improvements of finding interframe 

phase-variations and their gradients were proposed. For 

example, least square fitting of the phase-variation depth 

dependence combined with amplitude weighting was 

considered in Ref. [12] to reduce contributions of the 

most noisy small-amplitude pixels. In studies [16, 17], 
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optimization of time intervals between compared OCT 

scans was considered for estimation of slowly-varying 

interframe strains and finding the cumulative strains (for 

example, such slow-strain visualization is required for 

estimating deformations caused by insufficiently relaxed 

internal stresses when controlling the shape of prepared 

implants [18], for studying osmotic deformations [19] or 

polymerization processes [17]). 

For estimation of “instantaneous” interframe strains, 

the vector approach proposed in Ref. [13, 14] has 

become widely used in recent years by various groups 

[20−22]. In this approach, phase-resolved OCT signals 

are represented as complex-valued vectors in the 

complex plane. The vector approach is very efficient 

computationally [4, 22] and opens convenient 

possibilities for various averaging and weighting 

procedures, parameters of which should be optimized 

taking into account particular features of the 

reconstructed strain distribution. Since the spatial 

structure of strains and resultant interframe phase 

variations may strongly vary during the acquisition of 

OCT-signals, as well as may be strongly inhomogeneous 

within the field of view, the optimal parameters of such 

averaging/weighting procedures should be 

correspondingly adapted.  

In phase-sensitive OCE, interframe displacements of 

scatterers determine interframe phase variations, so that 

to find interframe strains one should estimate gradients 

of interframe phase variations. This estimation may be 

performed, e.g. by applying least-square procedures to 

the depth-dependence of interframe phase variations [12] 

or using the above-mentioned vector approach [13, 14]. 

For the vector method of strain estimation, recent 

study [23] considered optimization of such an important 

parameter as the choice of scale (or step) over which 

gradients of interframe phase variations are estimated. In 

the presence of measurement noises, the analyzed phase-

variation distribution is characterized by random 

fluctuations, so that the choice of a too small step when 

estimating gradient (the minimal step is evidently equal 

to one pixel) may cause very strong errors in the gradient 

and strain estimation. Choosing a larger scale helps to 

reduce errors in the phase-gradient estimation, but too 

large gradient-estimation steps may also degrade the 

estimated strain if the chosen step exceeds the spatial 

interval, beyond which phase-wrapping occurs for the 

current level of local strain. Such multiple wrapping of 

interframe phase variations within an OCT scan is quite 

a typical situation for rather moderate strains ~10−3...10−2, 

for which the compared OCT scans are not yet strongly 

decorrelated and the interframe phase variations are well 

visible. In view of this, in work [23] a method was 

proposed for automatic choice of the differentiation scale 

corresponding to the local strain value. The main idea of 

the method is that this differentiation scale should be 

made so large that the estimated phase difference over the 

chosen scale approaches the maximal unambiguous value 

±π rad (in other words, phase variation is close to 

wrapping over this spatial scale).  

In the current paper we consider another important 

issue which also has to be optimized when finding 

displacement and strains using noisy phase-sensitive 

OCT signals. Namely, we will consider the problem of 

spatial averaging of interframe phase-variation maps to 

reduce noise level in the estimated strain. Generally 

speaking, the usefulness of averaging procedures for 

noise suppression in phase-sensitive OCT is fairly 

evident and in the vector method of strain 

estimation [14, 15] the averaging of complex-valued 

signals (also called phasors [24]) has been routinely used, 

but without adaptive optimization. However, similarly to 

the inappropriately large gradient-estimation scale, the 

useful signal may experience decrease in the resultant 

post-averaging amplitude because of phase-variation 

nonuniformity within a too large averaging window. On 

the contrary, for too small windows, the averaging does 

not yet appreciably help to reduce noises. Thus, similarly 

to the adaptive choice of gradient-estimation scale 

discussed in Ref. [23] for strain estimation using phase-

sensitive OCT signals, the size of averaging windows 

should also be adaptively chosen taking into account the 

spatial distribution of reconstructed strains.  

It is important that in the problem of strain estimation, 

the averaging can be used at various stages of OCT-scan 

analysis. Namely, the averaging (which in what follows 

is called “preliminary averaging”) can be applied to the 

initial results of pixel-to-pixel comparison of phase-

sensitive OCT data. When displacements of scatterers are 

spatially inhomogeneous (i.e., different from simple 

translational displacements) the corresponding 

interframe phase variations are also spatially 

inhomogeneous. Consequently, even if the sought strain 

is homogeneous, the interframe phase-variation is 

spatially inhomogeneous and for too large averaging 

windows the summed signals may become essentially 

out-of-phase. This effect is the main factor that limits the 

size of preliminary-averaging window.  

Additional averaging procedures (which will be 

called “final averaging”) can be applied at the following 

stages to the quantities containing phase-variation 

gradients proportional to the sought strains. These 

gradients usually exhibit much slower spatial variability 

and the window size for final averaging may be chosen 

significantly greater.  

In the following sections we specifically consider the 

problem of adaptive automatic choice of the averaging-

window size at the stage of preliminary averaging. Using 

both numerically simulated OCT scans and real OCT 

records we will demonstrate that such averaging may be 

rather efficient. Along with the adaptive choice of the 

phase-gradient-estimation scale, the adaptive choice of 

window size for preliminary averaging can be used to 

significantly improve the quality of reconstructed strain 

maps in phase-sensitive OCT. The result based on 

numerical simulations and processing of experimental 

OCT images will be complemented with analytical 

arguments elucidating the physical background of the 

considered averaging procedures.  
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2 Illustration How the Size of Preliminary-

Averaging Window Affects the Quality of 

Interframe Phase Difference Estimation 

Currently, the phase approach is most widely used in 

optical coherence elastography (OCE) when estimating 

displacements and strains [4]. An important advantage of 

the phase approach is that, unlike correlation methods, 

the axial displacement component field u can 

be found without the need for any search operations.  

The pixel amplitudes of phase-sensitive scans  

can be represented in the complex-valued  

form )],(exp[),(),( jmijmAjma  , where absolute 

amplitude |),(|),( jmajmA   and ),( jm  is the phase. 

Axial displacements ),( jmu  of scatterers lead to 

interframe variations in the phases 

),(),(),( 12 jmjmjm   , which can be directly 

found by pixel-to-pixel comparison of the two 

subsequent OCT images, such that  

)],(),(arg[),( *
12 jmajmajm  ,  (1) 

where the asterisk denotes complex conjugation. 

Thus, displacement ),( jmu  in every pixel with the 

axial index m and lateral index j can be expressed via 

these phase variations as [12]: 

n

jm
jmu





4

),(
),( 0 , (2) 

where 0  is the central wavelength of the OCT source 

and n  is the refractive index.  

It is assumed that the interframe displacements may 

be of supra-wavelength magnitude producing phase 

wrapping, but they should not be essentially supra-pixel 

(otherwise, the pixel-to-pixel comparison makes no 

sense). In real conditions, the acquired complex-valued 

amplitudes ),(2,1 jma  are characterized by some 

measurement errors. Consequently, the complex-valued 

product ),(),( *
12 jmajma  and phase-variation field 

),( jm  found using Eq. (2) are also noisy.  

The amplitudes and phases of measurement noises 

(e.g., the reception-array noises of the OCT device) are 

independent for neighboring pixels, whereas the sought 

more regular interframe signal variations in contrast to 

measurement noises are slower varying over the OCT 

scan. Consequently, for suppression of noise level, the 

complex-valued scans ),(),( *
12 jmajma  can be averaged 

over a window Wz by Wx pixels in size, where z and x 

correspond to the axial and lateral directions, 

respectively. Since quantity ),(),( *
12 jmajma  represents 

a complex-valued vector in the complex plane, such 

averaging procedure can reasonably be called “vector 

averaging” [13, 14].  

 
Fig. 1 Demonstration of influence of averaging window size on the resultant phase-variation maps using a numerically 

simulated example. (a) Interframe strain distribution adopted in the simulations, (b) numerically simulated interframe phase 

difference without preliminary averaging. Other panels show phase differences after preliminary averaging using various 

window sizes xz WW   in pixels: (c) 2×2, (d) 2×16, (e) 16×2, and (f) 16×16. Bigger windows, while being the best in one 

area, strongly distort the phase difference in others. 
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Fig. 2 (a) Adopted for numerical simulations spatially inhomogeneous strain distribution characterized by three regions of 

axially homogeneous strains of 2∙10−3, 4∙10−3, and 8∙10−3, respectively. (b) The corresponding interframe phase-variation 

map found without any averaging. The noise level in the simulated scans is SNR = 1.5 dB. 

In real conditions the spatial variability of 

reconstructed strains is a priori unknown, so that in 

different directions and different scan parts the allowable 

sizes of the averaging window can strongly differ. 

Usually, to minimize the distorting influence of 

averaging, but still obtain some noise reduction, one has 

to use the minimal size of the averaging window 

2×2 pixels, although in such a case the noise reduction 

may be insufficient, although in some scan regions 

significantly stronger noise reduction can be obtained. 

To illustrate the importance of proper choice of the 

window size for preliminary averaging of complex-

valued quantity ),(),( *
12 jmajma , in Fig. 1 we present a 

numerically simulated example assuming that the 

interframe phase variations are produced by the strain 

field shown in Fig 1a, where in various scan regions the 

strain is intentionally chosen either laterally or axially 

homogeneous. For the simulations shown in Fig. 1, OCT 

beam is assumed enabling depth-independent lateral 

resolution, details of the simulation approach are 

described in Refs. [25, 26]. Sufficiently strong, but quite 

realistic SNR=3.5 dB is adopted in simulated Fig. 1, the 

measurement noise being modeled by adding random 

complex-valued quantities to the complex-valued 

amplitude of every pixel, so that the directly found via 

Eq. (1) interframe phase variation is rather noisy as 

shown in Fig. 1(b). The other panels show the phase-

variation maps obtained after averaging the quantity 

),(),( *
12 jmajma  over windows with various sizes 2×2, 

2×16, 16×2, and 16×16 pixels. Fig. 2(c) shows that the 

smallest averaging window 2×2 pixels does not yet 

distort the shapes of phase-variation isolines, but yields 

only moderate noise reduction. The other larger windows 

give much stronger noise reduction in some areas without 

distortion of isoline shapes, but in other parts of the scan 

the inappropriately chosen window sizes and shapes 

produce very strong distortions of the interframe phase 

variation. In these image parts, the phase-variation 

gradients and, consequently, the reconstructed strains 

obviously will be strongly distorted.  

These examples shown in Fig. 1 already qualitatively 

indicate that, similarly to the adaptive choice of gradient-

estimation scale [23], the adaptive choice of the window 

size for preliminary vector-averaging is also important. 

To show the importance of the preliminary vector 

averaging for the strain-estimation quality in more direct 

quantitative way we consider another example with 

simpler strain distribution allowing for easier 

interpretation. Fig. 2(a) shows the assumed strain 

distribution in the form of three vertical stripes and 

Fig. 2(b) shows the corresponding interframe phase 

variation ),( jm  defined by Eq. (2). The size of the 

scans is 160 pixels axially and 256 pixels laterally, with 

the axial and lateral distances between the pixel centers, 

hz=6 µm and hx=10 µm, respectively. As for Fig. 1, the 

illuminating beam has depth-independent radius 

w0=10 µm with the central wavelength λ0=1 µm. The 

number of scatterers in the scan is 256000, which 

corresponds to typical density of cells in biotissues. The 

noise level in the simulated scans is rather high with 

SNR=1.5 dB. 

Next, the three columns in Fig. 3 corresponding to the 

phase-variation map shown in Fig 2(b) demonstrate the 

reconstructed axial strains that are proportional to the 

axial phase-variation gradients estimated by the vector 

method [14] for various values of the axial inter-pixel 

distance g = 1, 2, and 4 pixels (in other words, various 

gradient-estimation scale the role of which is discussed 

in detail in Ref. [23]). The upper row in Fig. 3 shows the 

influence of the chosen gradient-estimation scale g 

without any additional utilization of preliminary vector 

averaging of quantity ),(),( *
12 jmajma  directly from the 

phase variations shown in Fig. 2(a). The bottom row in 

Fig. 2 corresponds to the same gradient-estimation scales 

g = 1, 2, and 4 pixels, but with additional preliminary 

vector averaging of quantity ),(),( *
12 jmajma  over the 

window 4×4 pixels.
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Fig. 3 Reconstructed strain maps based on phase-variation map shown in Fig. 2b for various values of gradient-estimation 

scale g and averaging-window sizes zx WW   of 1×1 (a–c) and 4×4 pixels (d–f). The first column is for g = 1, second for 

g = 2, and third column for g = 4.  

Fig. 3 demonstrates that the quality of the 

reconstructed strain essentially depends on the 

processing parameters. It is also clear from this example 

that the choice of the gradient-estimation scale g earlier 

discussed in Ref. [23] and the window size zx WW   for 

preliminary averaging of quantity ),(),( *
12 jmajma  

before estimating the phase-variation gradient may give 

significant contributions to the improvement of the 

strain-reconstruction quality.  

In the following sections we specifically consider 

how the window size for preliminary vector averaging 

affects the quality of strains reconstructed using the 

vector method [14]. This method is chosen because of 

such advantages as intrinsic high robustness with respect 

to various noises and high computational efficiency. The 

results will be presented in quantitative form based on 

both numerical simulations like for Fig. 2 and supported 

by analytical argumentation. Then the method of 

adaptive choice of the window size zx WW   for 

preliminary averaging of quantity ),(),( *
12 jmajma  will 

be formulated, to complement the earlier obtained 

results [23] for adaptive choice of gradient-estimation 

scale g. To make the discussion of these problems 

clearer, firstly, the main steps of the vector method [23] 

will be recalled in the next section.  

3 Brief Summary of the Vector Method of 

Strain Estimation 

In the vector method of phase-gradient estimation 

pixelated OCT signals characterized by complex-valued 

amplitudes ( , ) ( , ) exp[ ( , )]a m j A m j i m j   till the last 

stage are processed without explicit phase extraction, 

according to the main steps schematically shown in 

Fig. 4: 

a) The first step is pixel-by-pixel multiplication of the 

deformed B-scans and complex conjugated reference 

one: 

*

2 1( , ) ( , ) ( , )

( , ) exp[ ( , )],

a m j a m j b m j

B m j i m j

 

 
 (3) 

where ),(),(),( 12 jmjmjm    and 

),(),(),( 12 jmAjmAjmB  . The matrix ),( jmb  

contains interframe phase variations ( , )m j . 

b) Second, to improve the signal-to-noise ratio 

(SNR), vector averaging of quantity ),( jmb  is 

performed using a small sliding window xz WW   in size:  

' 1 ' 1

ˆ ˆ( , ) ( , ) exp[ ( , )]

 ( ' , ' ),
Wz Wx

m j

b m j B m j i m j

b m m j j
 

  

   
 (4) 

The role of just this averaging step will be considered 

in detail further.  

c) Then for finding the axial phase-variation 

gradients, the next step is finding the following matrix: 

( , ) ( , )exp[ ( , )]

( , ) *( , ).

d m j D m j i m j

b m g j b m j

  

 
 (5) 
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Fig. 4 The main steps of the vector method of strain estimation. All intermediate calculations are performed with complex-

valued quantities, and the sought phase-variation gradient is extracted at the final stage. 

It contains the phase difference Ψ(m, j) between 

pixels with axial indices m and m + g, where the inter-

pixel distance g is the scale, over which the phase-

variation gradient is estimated. In the simplest case g = 1, 

however the use of a larger g > 1 (if there is no ambiguity 

in the interframe phase variations on this scale) can 

significantly improve the quality of strain estimation as 

was discussed in Ref. [23]. 

d) To further suppress noise in the reconstructed field 

of axial gradients of interframe phase variations, vector 

averaging of quantity ( , )d m j  can be used with a 

window of size M × J pixels: 

' 1 ' 1

ˆ ˆ( , ) ( , ) exp[ ( , )]

  ( ' , ' ).
M J

m j

d m j D m j i m j

d m m j j
 

  

   
 (6) 

The size M × J of this window usually is significantly 

larger than in stage (b), because the scale, over which 

gradient Ψ(m, j) noticeably changes, is usually much 

larger than the scale over which the interframe phase 

variation ),( jm  noticeably changes.  

e) Finally, the sought strain was expressed via the 

phase-variation gradient ),(ˆ jm  as: 

0
ˆˆ ( , ) / (2 ),z zs m j k h g   (7) 

where ok  /20   is the central wavenumber of the 

OC-source spectrum. 

In what follows step (b) will be called preliminary 

vector averaging and step (d) – final vector averaging. 

4 Influence of Window Size for 

Preliminary Vector Averaging on the 

Axial Strain Estimation: Numerical 

Evaluation and Analytical Arguments 

To numerically evaluate how the vector averaging of 

quantity ),(),(),( *
12 jmajmajmb   affects the quality of 

the strain estimation, we used a pair of simulated 

B-scans, for which the interframe strain adopted in the 

simulation and the corresponding phase difference 

Φ(m, j) are shown in Fig. 2. We recall that SNR for the 

simulated scans was equal to 1.5 dB and other simulation 

parameters were indicated in the discussion of Fig. 2.  

Based on the simulated data, strain is calculated 

according to Eqs. (3)−(7). The strain is calculated for 

different averaging window sizes in Eq. (4). The 

gradient-estimation scale g in Eq. (5) is set to 4 and the 

final averaging in Eq. (6) for quantity ),( jmd  (the 

argument ),(ˆ jm  of which is proportional to strain) is 

performed using the final averaging window 

16×16 pixels.  

Then we calculate the dependence of the found mean 

strain value Smean and the standard deviation (STD) for 

strain on the preliminary averaging window size. In the 

discussed simulated example shown in Fig. 2 there are 

three regions with three levels of homogeneous strain, for 

which the isophase lines are laterally strictly horizontal, 

so that the results of averaging in the axial and lateral 

directions should essentially differ. To clearly show this 

difference, while incrementing the window size along 

one axis the window size along another axis was set to 

fixed value 2. The numerically obtained dependences are 

shown (in black lines) in Fig. 5 as a function of Wx and 

Fig. 6 as a function on Wz. 

It is clear from Fig. 5 that for horizontally 

homogeneous interframe phase variation, the estimates 

of Smean in Fig. 5 remain close to the value adopted in 

simulations and the deviation STD(Wx) monotonically 

decreases with increasing Wx, which is intuitively 

expectable. In contrast, the dependences on the vertical 

scale Wz of preliminary vector averaging are rather non-

trivial. For the estimated Smean(Wz) in Fig. 6 (upper row), 

a clear drop is visible for Wz > g (we recall that g = 4 for 

this example). The behavior of STD(Wz) (see Fig. 6, 

bottom row) is essentially non-monotonic with a minimal 

deviation for a certain Wz, for which its relation to g will 

be discussed in the following sections. 

To elucidate the origin of these numerically revealed 

dependences we may present the following analytical 

argumentation. Let us first consider a case of positive 

homogeneous strain sz that is independent of the depth, 

as well as of the lateral coordinate, so that the interframe 

phase difference increases linearly with depth as in the 

discussed examples. However, even in case of such 

horizontally uniform strain sz we consider a somewhat 

more general situation, in which the displacements of 

scatterers ∆z may depend not only on depth z, 

but may be accompanied by a vertical translation 

shift dependent on x (such that the iso-phase lines are 

inclined rather than horizontal as in Fig. 2). 
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Fig. 5 Numerical evaluation of the influence of preliminary averaging window size Wx on the axial strain estimation for the 

horizontally homogeneous strains and the corresponding interframe phase variations shown in Fig. 2. The (a), (b), and (c) 

panels show the estimated strain values found for the fixed gradient-estimation scale g = 4, fixed vertical size Wz = 2 of the 

averaging window and variable horizontal size Wx. The (d), (e), and (f) panels show the standard deviation for the estimated 

strain as a function of Wx. 

 

Fig. 6 Numerical evaluation of the influence of preliminary averaging window size Wz on the axial strain estimation for the 

horizontally homogeneous strains and the corresponding interframe phase variations shown in Fig. 2. The (a), (b), and (c) 

panels show the estimated strain values found for the fixed gradient-estimation scale g = 4, fixed horizontal size Wx = 2 of 

the averaging window and variable vertical size Wz. The (d), (e), and (f) panels show the standard deviation for the estimated 

strain as a function of Wz. 
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Thus, for such interframe displacements of the form 

z xz s z s x   , the interframe phase difference is 

 0 02 2 z xk z k s z s x     . For pixilated scans this 

phase difference can be written as 

 0( , ) 2 z z x xm j k h s m h s j     , where hz and hx are the 

axial and lateral distances between neighboring pixel 

centers; quantities m and j are the axial and lateral pixel 

indices. 

We also assume that some measurement noise is 

present and is represented by adding to each pixel a 

complex-valued random quantity characterized by a 

Gaussian distribution with zero mean and standard 

deviation σ. For these assumptions, the registered 

pixilated OCT signal can be written as 

( , ) ( , ) ( , )a m j S m j n m j  , where ( , )S m j  is the true 

OCT signal without the noise and ( , )n m j  is the additive 

Gaussian noise characterized by a correlational function 

   * 2

1 1 2 2 2 1 2 1( , ) ( , )n m j n m j m m j j     , where 

δ is the Kroneсker symbol. The complex-valued signal 

before deformation can be written as 

)],(exp[),(1 jmiAjmS  , where the initial phases 

),( jm  are determined by random positions of 

scatterers and the amplitudes are taken equal for 

simplification. After deformation it takes the form 

 2 ( , ) exp ( , ) ( , )S m j A i m j i m j    . Performing all 

the steps of strain calculation for the signal part when 

),(),( jmSjma   using Eqs. (3)−(6) one obtains the 

following averaged value d  of quantity defined by 

Eq. (6):  

4 2 2

0 0

0

sinc ( ) sinc ( )

exp( 2 ),

z z z x x x

z z

d A k s h W k s h W

i k s h g

  


 (8) 

where the sinc-function in Eq. (8) is     yy /sinysinc  . 

As can be seen from Eq. (8), averaging over a window 

with sizes Wz and Wx leads to decrease in amplitude of 

|| d  with zero value reached for zzz Whsk0  = π or 

xxx Whsk0 = π. 

Then the calculation of the mean strain estimate zŝ  

and its standard deviation STD( zŝ ) was performed based 

on Eqs. (3)−(7) in the presence of noise (i.e., for 

( , ) ( , ) ( , )a m j S m j n m j  ) with account for the above 

formulated noise properties and assuming sufficiently 

high output (i.e., after Eq. (6)) signal-to-noise ratio for 

estimating strain zŝ  and its standard deviation STD( zŝ ). 

It appears that the mean value for estimated strain zŝ  

is unbiased and equal to the actual strain zs  if gWz  . 

However, when zW  is greater than scale g , over which 

the phase-variation gradient is calculated, the performed 

analysis indicated the appearance of noise-induced bias 

)ˆ( zs  in the estimation of strain zŝ : 

 
   

2 2
0

2 2 22 2

0 0

ˆ( )

0,    for                                                                                               

sinc 2
2 ; for  .

sinc sinc

z

z

z z z
z z

zz z z x x x

s

W g

k s h g W g
s W g

A A Wk s h W k s h W

 

 




   
     

 

(9) 

These approximate analytical estimates are shown by 

red lines with empty circles in Figs. 5 and 6. The bias of 

the estimated strain for gWz   described by Eq. (8) is 

clearly seen in the upper row of Fig. 6. It is clear that the 

analytical estimates well agree with the numerical results. 

The reason of the above-mentioned bias in the estimated 

zŝ  is due to the fact that for too large averaging with 

gWz  , the noise acquires some correlation within the 

gradient-estimation scale g. Therefore, Wz must be 

chosen smaller than the gradient-estimation parameter g, 

for which the adaptive choice is discussed in Ref. [23]. In 

view of the independence of strain of the lateral 

coordinate for the considered strain shown in Fig. 2, there 

is no similar limitation on the lateral size Wx of the 

window for preliminary averaging (see the lower row in 

Fig. 5).  

For the same conditions and assumptions, 

calculations based on Eqs. (3)−(7) yield the following 

functional dependence for the standard deviation STD(

ˆ
zs ) of strain in the presences of noise ( , )n m j : 

2 2

2 2

2 2

0 0 0

ˆSTD( ) 2

1
.

sinc ( ) sinc ( )

z

z z z z x x x z x

s
A A

k h g MJ k s h W k s h W W W

  
   

 


  

 (10)  

In this analytical estimate we focus on the functional 

dependences rather than exact estimation of pre-factor in 

this equation. For clearer comparison with numerical 

results this pre-factor can easily be adjusted. The 

corresponding superposition of numerical (black color) 

and analytically found (red color) curves for STD( zŝ ) is 

shown by red lines in the bottom rows in Figs. 5 and 6. 

Again for lateral preliminary averaging the curves of 

the two types (bottom row in Fig. 5) show monotonic 

decrease in STD( zŝ ) approximately as xW/1  as 

follows from Eq.(10) for 0xs  corresponding to Fig. 2 

with strictly horizontal isophase lines. However, for 

inclined isophase lines (i.e. for 0xs ), function 

)(sinc 0
2

xxx Whsk  in Eq. (10) indicates that, due to 

horizontally varying phase, the result of lateral vector 

averaging should become non-monotonic as a function of 

Wx.  

For the vertical averaging, the dependence of 

STD( ˆ
zs ) on the scale Wz of vertical preliminary-

averaging is essentially non-monotonic (bottom row in 

Fig. 6) because of the vertically inhomogeneous phase 
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variation the axial gradient of which is determined by the 

axial strain level sz.  

Eq. (10) makes it possible to predict the sizes 

zW  and xW  of the preliminary-averaging window, 

for which the standard deviation STD( ˆ
zs ) is minimal. 

It follows from Eq. (10) that minimal STD( ˆ
zs ) 

is attained in the maximum of function 

  2 2

0 0, sinc ( ) sinc ( )z x z z z x x x z xf W W k s h W k s h W W W    

that enters the denominator in Eq. (9). The minima of 

STD( ˆ
zs ) as function of zW  and xW  are attained 

independently of each other. Using the notation 

02 z z zk s h W   it is possible to find the maximum of 

function 2( ) sinc ( / 2)f     . The shape of this 

function shown in Fig. 7 indicates that its maximum 

occurs at / 2  , therefore, STD( ˆ
zs ) has minimum 

near this point. In what follows criterion / 2   will be 

used for determining the optimal window sizes for 

preliminary averaging in both directions. 

 

Fig. 7 The shape of function 2( ) sinc ( / 2)f      that 

determines the averaging-window sizes zW  and xW , for 

which STD( ˆ
zs ) reaches minimum. The latter corresponds 

to ( )f   maximum that is reached around π/2. 

Further, when choosing the optimal zW  one also 

should take into account the absence of bias for the 

estimated ˆ
zs , namely, according to Eq. (9) it should be 

zW g , where parameter g is the scale used in Eq. (5) to 

estimate the axial phase-variation gradient. Optimization 

of parameter g was considered in detail in paper [23]. 

Although the use of larger values g > 1 is favorable for 

enhancing the gradient-estimation accuracy, in the 

presence of phase wrapping (when numerous rainbow 

stripes are present in the strain-variation map within the 

visualized region as in Fig. 2(a) along the vertical 

direction), the axial phase difference for too big g 

experiences jumps of 2 rad. (phase wrapping) and, 

consequently, the estimated axial strain changes the sign. 

Using this criterion of the incorrect sign change for the 

estimated strain, the condition of optimal optg  can be 

formulated as 0 / (4 )opt z zg s h . Then, recalling that 

02 z z zk s h W   and the optimal / 2  , we obtain that 

for zW , the optimal value can be chosen as 

0/ 2 / (8 )opt

z opt z zW g s h  .  

If the isophase lines are inclined like in Fig. 1 in the 

presence of strain component 0xs  , then the same 

condition / 2  , similarly to zW , can be used in the 

lateral direction and the optimal value for the horizontal 

window size can be obtained, 0 / (8 )opt

x x zW s h . If 0xs   

and the interframe phase variation does not depend on the 

lateral coordinate (like shown in Fig. 2(a)), there is no 

such limitation on the optimal xW , so that the only 

limiting condition on its choice is the desirable spatial 

resolution in the reconstructed strain maps. 

5 Algorithm for Automatic Adaptive 

Choice of Preliminary Averaging 

Window Size 

The above presented analysis allows one to formulate a 

practical algorithm for the adaptive selection of window 

sizes zxW ,  for preliminary vector averaging given by 

Eq. (4).  

The first step is calculation of vertical and horizontal 

phase gradients with Eqs. (3)−(6). Note that for lateral 

gradient ̂  in Eq. (6) it must be calculated with a 

horizontal step ( )xg  instead of vertical step ( )zg . In terms 

of auxiliary parameter   considered in Fig. 7, the 

criterion of the optimal window size for preliminary 

averaging was formulated in the previous section as 

/ 2  . It was demonstrated in Section 4 that in the 

axial direction z , this criterion corresponds to condition 
( ) / 2opt z

z optW g , where ( )z

optg  is the optimal gradient-

estimation scale optg  in the axial direction. It was 

discussed in detail in Ref. [23] that the optimal value of 

optg  for estimating phase-variation gradient corresponds 

to such a scale g  in Eq. (5), over which the phase 

difference ( , ) |
optg gm j   tends to wrapping (i.e., 

experiences a jump by 2  rad). Notice, that in Eq.(6) 

phase difference ( , ) |gm j  is considered for the scale g  

in the axial direction, but very similar arguments also 

relate to the lateral direction in case of laterally 

inhomogeneous interframe phase variations. Thus, for 

the lateral direction x , similarly to the axial one, the 

optimal window size should be found as ( ) / 2opt x

x optW g .  

After finding the so-defined optimal scales ( )z

optg  and 

( )x

optg  for estimating phase-variation gradients in every 

image pixel ( , )m j , we obtain the mask of optimal sizes 

of preliminary-averaging windows in the axial and lateral 

directions, 
( , )

, ( , ) / 2z x

z x optW m j g . If the so-found window 
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size is not integer, a closest smaller integer value must be 

taken.  

The next step is the realization of preliminary vector 

averaging of quantity ( , )b m j  via Eq. (3) to find the 

averaged matrix ( , )b m j  using the determined sizes 

, ( , )opt

x zW m j  as described above. Next, quantity ( , )d m j  

containing the interframe phase-variation gradient 

( , )m j  can be estimated using Eq. (5) and the final 

averaging of ),( jmd  is performed using Eq.(6) to obtain 

( , )d m j  and ˆ ( , )m j .  

Also using the so-found less noisy data ( , )b m j  one 

may iteratively repeat the above-mentioned procedures 

for estimating the scales ( , )x z

optg  [23] and, therefore, find 

refined sizes of the averaging window ( , )

, / 2opt x z

x z optW g , 

which should yield improved estimates of the sought 

strain. 

Examples of strain estimation with utilization of the 

above-described adaptive preliminary averaging are 

given in the following sections for both simulated and 

real OCT data. 

6 Adaptive Preliminary Averaging: 

Simulated Examples 

In the following examples we again used the approach 

described in details in Refs. [25, 26]. for simulating 

images for spectral OCT systems with “typical” 

parameters − a weakly focused illuminating beam 

(having a Gaussian profile with radius = 16 µm weakly 

changing with depth), the central wavelength of 1.3 µm 

(in the air) and a spectrum width of 90 µm. Each A-scan 

consisting of 256 pixels covering 2 mm in depth (in air) 

is formed by superposition of 256 complex-values 

spectral components. The lateral spacing of A-scans is 

16 µm, and horizontally the B-scans consist of 200 

A-scans. Discrete point-like scatterers were randomly 

distributed in the visualization area with an average 

distance between them of ~5 µm, which corresponds to 

the typical cell density in biological tissues. The 

measurement noise was modeled by adding to each pixel 

random complex-valued number with Gaussian statistics. 

The noise level in the so-simulated scans corresponded 

to a signal-noise ratio (SNR) of 3.5 dB. For such fairly 

strong noise, the optimization of estimation of phase 

gradient and strain is particularly important.  

 
Fig. 8 Color coded adaptively chosen window sizes Wx,z in the range 2...16 for preliminary averaging and illustration of the 

phase-variation map improvement. (a) Adaptively chosen Wz, (b) adaptively chosen Wx, (c) interframe phase difference for 

premilinary averaging with a fixed window 2×2 pixels, (d) interframe phase difference for preliminary averaging with 

adaptively chosen Wz and Wx shown in panels (a) and (b). The effect of noise reduction for adaptive averaging is clearly 

visible. 
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Fig. 9 Comparison of strains calculated for various combinations of averaging parameters and gradient-estimation scale g. 

The (a1) and (b1) panels are for fixed preliminary averaging window size Wz = Wx = 2 and fixed g = 3. The (a2) and (b2) 

panels are for fixed window Wz = Wx = 2 and adaptively chosen g. The (a3) and (b3) panels are for adaptive choice of all 

three parameters Wz, Wx, and g. (a1), (a2), and (a3) panels – unaveraged strains; (b1), (b2), and (b3) panels – averaged strains.  

The simulated distribution of strains, according to 

which the interframe displacement of scatterers was 

performed, and the corresponding interframe phase-

variation map are shown in Fig. 1. Such a strain 

distribution was chosen with an idea to present a large 

number of possible scenarios in one image to 

demonstrate the capabilities of the method. Strong 

horizontally homogeneous strains typical for a soft 

silicone calibration layer which is used for mapping the 

elastic properties of biological tissues [27, 28] were 

modeled in the top layer. The modeled weak 

homogeneous strains in the middle layer of Fig. 1a and 

surrounding intense rather complex horizontally non-

uniform strains of positive and negative signs are also 

typical of some real experiments, e.g., related to 

visualization of thermomechanically induced strains in 

samples of eye cornea and cartilages [29] were also 

modeled.  

There are several different characteristic areas in the 

phase difference in Fig. 1(b): dense in vertical direction 

and homogeneous in horizontal (top layer), slowly 

varying in vertical direction and homogeneous in 

horizontal (middle layer), almost vertical lines in the 

bottom middle part and inclined isophase lines in many 

other areas.  

To the so-simulated data, the algorithm with adaptive 

preliminary averaging window size described in the 

previous section was applied. The resulting masks for 

chosen axial and lateral window sizes Wx and Wz are 

presented in Figs. 8(a) and 8(b), respectively. These 

masks are not strictly regular. The irregularities are due 

to the fact that they are chosen for the noisy simulated 

data. Comparison of the use of the proposed optimized 

averaging method and averaging with a fixed window 

size of 2×2 pixels is shown in Figs. 8(c) and Fig. 8(d). 

The adaptive averaging shows significant reduction of 

noise. 

Fig. 9 demonstrates comparison of the reconstructed 

strain maps obtained for several combinations of the 

gradient-estimation scale g and parameters Wx,z for 

preliminary averaging. The upper raw in Fig. 9 

demonstrates the strain distributions found using only 

preliminary vector averaging of the interframe phase 

variation (given by Eq. (5)), whereas the lower row 

shows the strain maps after final vector averaging of 

quantity ),( jmd  containing phase-variation gradients 

(using Eq. (6)). The latter procedure is made for the same 

averaging-area size 12×12 pixels in all the cases. The left 

column in Fig. 9 is obtained with preliminary averaging 

using small fixed widow Wz = Wx = 2 pixels and fixed 

g = 3; the middle column is for the fixed window 

Wz = Wx = 2 and adaptively chosen g; and in the right 

column all three quantities Wz, Wx, and g are chosen 

adaptively.  

It is important to emphasize that, since the window 

sizes Wz and Wx for adaptive preliminary averaging are 

closely linked to the adaptive choice of gradient-

estimation scale g, in Fig. 9 we compare all 3 cases: 

(i) when neither Wz × Wx, nor g are optimized, (ii) when 

only g is optimized, and (iii) when both parameter g and 



A.A. Zykov et al.: Optimization of Preliminary Vector Averaging for... doi: 10.18287/JBPE23.09.040311 

J of Biomedical Photonics & Eng 9(4) 2023   26 Dec 2023 © J-BPE 040311-12 

the size Wz × Wx of the preliminary averaging are 

optimized. The strain distribution obtained with all 

parameters chosen adaptively demonstrates appreciably 

better correspondence with the simulated strain 

distribution shown in Fig. 1(a). The main improvement is 

seen in the upper layer, where the strain is maximal the 

optimized gradient-estimation scale g cannot be made 

larger than 3 pixels and, therefore, improving in SNR can 

only be achieved by means of preliminary averaging over 

a larger window. 

7 Adaptive Preliminary Averaging: 

Real Data Examples 

This section describes the application of preliminary 

averaging with adaptively chosen parameters to process 

OCT-scans obtained in contact mode for mechanically-

produced deformations of a three-layer structure 

consisting of two silicone layers and a cartilage sample 

placed between them similarly to studies described in 

Ref. [30]. The OCT system enabled B-scans of 2 mm in 

depth (in the air) and 4 mm in lateral direction. Examples 

of registered structural image and the interframe phase 

difference are presented in Fig. 10. Rapid axial variation 

of the interframe phase difference in the upper soft 

silicone layer in Fig. 10 is similar to the upper layer in the 

simulated phase difference in Fig. 1b. Cartilage is much 

stiffer than silicone, therefore, in cartilage the interframe 

phase difference varies slower with depth and can be 

averaged over larger areas. 

In the following Fig. 11, results similar to the model 

Fig. 8 are presented. Figs. 11(a) and 11(b) are the 

adaptively chosen masks for axial and lateral averaging 

sizes Wz and Wx. Notice that the boundaries separating 

regions with different values Wz and Wx may look 

somewhat more irregular than the variations in the 

density of isolines in the phase map shown in Fig. 10(b). 

These irregularities are due to noises, the influence of 

which causes fluctuations in the estimated parameters 
)(z

optg  and 
)(x

optg  (i.e., the estimated distances over which 

the interframe phase-variation experiences wrapping in 

z- and x-directions). Correspondingly, the estimated 

averaging sizes 2/),(
,

zx
optzx gW   also fluctuate. 

Figs. 11(c) and 11(d) show the phase difference 

calculated with fixed averaging 2×2 and adaptive 

averaging. It is worth noting that although in the bottom 

part the masks (Figs. 11(a) and 11(b)) have irregular 

structure and might have lower values than optimal due 

to high level of noise, this fact does not spoil strain 

estimation compared to fixed 2×2 window but rather does 

not improve the results, which is not critical. 

The comparison of strain maps similar to Fig. 9 for 

nonadaptive vs. adaptive averaging procedures is shown 

in Fig. 12. Improvement in the reduction of noise level is 

quite noticeable especially in comparison with strain 

shown in Fig. 12(a1) and found for fixed gradient-

estimation scale g=3 and 2×2 window for preliminary 

averaging without final averaging via Eq. (6). While 

strain is completely masked by the noise in Fig. 12(a1), 

it becomes better visible for adaptive parameter g in 

Fig. 12(a2) and in Fig. 12(a3) where adaptive g and 

adaptive preliminary averaging are combined yet without 

final averaging via Eq. (6). The additional use of final 

averaging in the lower row of Fig. 12 shows noticeable 

quality improvement in comparison with the upper row. 

Thus, Fig. 12 clearly demonstrates that the adaptive 

choice of both the gradient-estimation scale g and the 

preliminary averaging window size is very important for 

improving the strain-mapping quality in OCT-

elastography. 

8 Discussion and Conclusions 

This study for the first time considers an important 

question for strain reconstruction in phase-sensitive OCT 

elastography – adaptive preliminary vector averaging of 

interframe phase difference. Averaging of phase 

difference is usually performed over a small fixed 

window to resolve the smallest scale of interframe phase 

variations in phase-sensitive OCT scans. 

 

 
Fig. 10 OCT visualization of a sandwich structure consisting of a cartilage sample between two silicone layers. (a) Structural 

B-scan, (b) interframe phase difference corresponding to significantly larger deformations in the reference silicone than in 

cartilage. 



A.A. Zykov et al.: Optimization of Preliminary Vector Averaging for... doi: 10.18287/JBPE23.09.040311 

J of Biomedical Photonics & Eng 9(4) 2023   26 Dec 2023 © J-BPE 040311-13 

 

Fig. 11 Panels (a) and (b) show adaptively chosen axial and lateral averaging-window sizes. Panels (c) and (d) show 

interframe phase difference calculated with fixed averaging window 2×2 pixels (c) and adaptive averaging (d).  

The use of a bigger preliminary-averaging window can 

greatly improve the strain estimation quality. However, 

such larger averaging windows can be used without 

reduction in the useful signal only in image regions with 

sufficiently smooth spatial variation of interframe phase 

difference. Therefore, adaptive automatic choice of the 

preliminary-window size is proposed. It is demonstrated 

the properly performed preliminary averaging may 

additionally noticeably enhance the quality of strain 

mapping.  

The recent study [23] considered another important 

issue for mapping strains in phase-sensitive OCT – the 

adaptive choice of scale g, over which the interframe 

phase-variation gradients are estimated. In the present 

study we show that the adaptively chosen window sizes 

Wz and Wx for preliminary averaging are closely related 

to the optimal gradient-estimation scales, 

2/),(
,

zx
optzx gW  . The maximal allowable size of 

parameter zxg ,  is limited by the lateral and axial 

variability of interframe phase variations, namely by the 

scales, over which wrapping of interframe variations 

occurs.  

The results of Ref. [23] and the present study indicate 

that the quality of strain mapping initially increases g  

and zxW , . Notice that quite often the interframe 

phase variations are significantly weaker dependent on 

the lateral coordinate than in the axial direction. 

Consequently, the averaging size xW  may be increased 

in comparison with zW  to additionally enhance strain 

mapping quality by preliminary averaging.  

Adaptive selection of scales zW  and xW  for 

preliminary-averaging is performed for each direction 

separately using basically similar procedures to the 

choice of optimal gradient estimation scale in Ref. [23]. 

In both directions, the selection of ,x zW  is based on 

estimating the scale, over which interframe phase 

variations experience wrapping (i.e., a jump by π rad.). 

We recall that this scale determines the optimal values of 

scales ,

opt

x zg  for estimating gradients of interframe phase 

variations [23]. In the previous sections we presented 

numerical and analytical argumentation that the optimal 

averaging-window size 
opt

zxW ,  should be chosen so that 

change in the interframe phase variation is around π/2 in 

the lateral or axial directions, respectively, which means 

that , , / 2opt opt

x z x zW g .  

Here, it is important to emphasize a non-trivial result 

of the present study concerning the possibility to use only 

optimization of ,x zW  with some fixed ,x zg  or vice versa. 
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Fig. 12 Comparison of strains calculated using various averaging procedures. The (a1) and (b1) panels are for fixed 

preliminary averaging window size Wz=Wx=2 and fixed g=3. The (a2) and (b2) panels are for fixed window Wz=Wx=2 and 

adaptively chosen gradient-estimation scale g. The (a3) and (b3) panels are for the adaptive choice of all three parameters 

Wz, Wx, and g. The (a1), (a2), and (a3) panels are for the absence of final averaging via Eq. (6) and panels (b1), (b2), and 

(b3) panels with final averaging.  

Namely, the gradient estimation scale gx,z may be chosen 

adaptively and used for some fixed preliminary-

averaging window with a reasonably small size zxW ,  

(say, 2×2 pixels) as was considered in Ref. [23]. 

Certainly, in this case the noise reduction would not be 

as efficient as possible, but optimization of only gradient-

estimation scales gx,z would not cause regular distortions 

in the reconstructed strains maps.  

On the contrary, a not evident result of the present 

study is that it is not recommended to use a fixed 

gradient-estimation scale gx,z (say, 2 or 3 pixels) in 

combination with the adaptive choice of sizes 
opt

zxW ,  for 

preliminary averaging as described above. In this case, it 

is likely that the so-found averaging-window size 
opt

zxW ,  

might significantly exceed the chosen fixed gradient-

estimation scale gx,z. In this context, Eqs. (9) and (10) 

indicate that if the averaging-window size Wx,z exceeds 

scale gx,z, then the errors in the strain estimation may be 

even enhanced rather than reduced. Furthermore, the 

estimated strain acquires a regular bias that may be quite 

significant (these effects are especially clearly seen in the 

right column in Fig. 6). However, these negative effects 

should not occur when adaptive optimization of the 

averaging-window sizes 
opt

zxW ,  is performed 

simultaneously with adaptive optimization of gradient-

estimation scale gx,z. 

Overall, the presented analysis and results of 

processing of numerically simulated and real OCT 

records illustrate the efficiency of optimization of the 

averaging procedures in combination with optimization 

of the gradient-estimation scale for improving strain-

mapping quality in phase-sensitive OCT elastography. 
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