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Abstract.  A method is suggested for separating photons coming 
from different depths of tissue while externally stimulating tissue via 
infra-sonic vibration. The process of tomographic information 
extraction using the speckle time multiplexing approach is presented. 
Use is also made of a modulated laser combining a speckle-pattern 
tracking method for sensing surface tilting changes with an interfer-
ometer for sensing surface z-axis changes at the same scan time.

Keywords: lasers, distributed-feedback, speckle interferometry, 
scattering, rough surfaces, Fourier optics and signal processing.

1. Introduction

One of the important parameters for tissue characterisation is 
the mechanical  property of  tissue because pathological  and 
physiological characteristics are related to changes in the bio-
mechanics of tissues. Accurate measurements of tissue biome-
chanical changes make it possible to better understand physi-
ological processes of tissues, as well as diagnose and improve 
the treatment of various diseases [1, 2]. 

During the years, several elastography methods were pro-
posed for noninvasive biomechanical detection of tissues elas-
tic  properties. Ultrasound  elastography  (UE)  that was  first 
proposed  in  1980 uses  stimulation of  a  tissue with  acoustic 
radiation. Using  the ultrasonic  imaging  (UI)  technique,  the 
tissue  biomechanics  is  reconstructed  according  to  tissue 
deformation  [3 – 6].  Later  on,  based  on  the  magnetic  reso-
nance imaging (MRI) technique, magnetic resonance elastog-
raphy  (MRE) was  presented  [7,  8]. These  two methods  are 
limited by the spatial resolving ability of UI and MRI tech-

niques. The resolution of elasticity imaging by UE is of hun-
dreds of micrometres and with MRE is of several millimetres 
[9 – 12].  Another  elastography  method  is  based  on  atomic 
force microscopy (AFM). The elasticity imaging by AFM is 
of  sub-nanometre  resolution.  AFM  elastography  has  been 
mainly applied for cells than for tissues due to the limited field 
of view and the measurement procedure [13, 14]. Elastographic 
methods  based  on  optical  imaging  techniques  have  been 
developed in order to fills the gap of imaging scales between 
organ level (UE, MRE) and cell level (AFM). Optical imag-
ing techniques such as multiphoton microscopy [15], confocal 
Brillouin  microscopy  [16],  laser  speckle  imaging  [17],  and 
optical  coherence  tomography  (OCT)  have  been  recently 
developed for elastography. 

OCT  used  in  optical  coherence  elastography  (OCE)  is  a 
growing field. This field of research, which began two decades 
ago,  is  today  a  breakthrough  and  rapidly  developing  study 
compared to its traditional counterparts such as cell mechanics 
research  methods,  medical  elastography,  UE  and  MRE. 
Elastography using OCT was first proposed by Schmitt in 1998 
[18] and today it is at the forefront of optical elasticity imaging 
techniques. OCE focuses on the micro-scale assessment of tis-
sue biomechanics in 3D that is hard to achieve with traditional 
elastographic methods [19]. There is a wide variety of loading 
methods  in  OCE  techniques  such  as  static/quasi-static  or 
dynamic (continuous wave or pulsed). These loading methods 
are applied to the tissue either internally or externally [20 – 22]. 

The novelties of the presented paper are as follows: (1) 
ability  to  detect  high-frequency  vibrations  using  a  speckle 
interferometer,  (2)  ability  to  detect  z-axis  movement  of  a 
subject  in addition to  the  tilt movement, and (3) ability  to 
extract data of the different elastrographic samples using the 
presented modulation. Unlike other OCE techniques based 
on  OCT  methods,  the  presented  method  is  based  on  the 
speckle analysis and a simple laser source. Another advan-
tage of the presented method is that the mechanical defor-
mation is extracted using the trajectory of speckle patterns. 
Using simple correlation calculations, this trajectory can be 
extracted, and the mechanical properties of the tissue can be 
evaluated.  For  example,  compression  OCE  in  a  bi-layer 
sample  makes  it  possible  to  determine  the  dependence  of 
speckle displacement on the depth due to a local strain. The 
strain and displacement approaches are similar  to  the pre-
sented  method.  However,  the  novelty  of  the  presented 
method  is  that  using  a  simple  source  with  relatively  high 
coherence  length,  the  elastography  properties  can  be 
extracted  by  calculating  the  tilting  of  the  sample  via  the 
detected movements of the speckle patterns.
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2. Theoretical background 

2.1. Tilting and z-axis detection

The speckle pattern method is based on temporal tracking of 
a secondary reflected speckle by imaging the speckle through 
properly defocused optics. The  tilting changes of  the object 
surface reflect the movement of the speckle pattern in the xy 
plane [23 – 25]. The temporal tilting movement of the object 
surface is proportional to the change in the spatial position of 
the speckle pattern: 

4 tanpb
l

a
=  »  4p

l
a ,  (1)

where b is the change in the speckle pattern, a is the time vary-
ing tilting angle of the object illuminated surface, and l is the 
illumination wavelength. By calculating  the  correlation,  the 
relative movement of patterns can be extracted. This relative 
movement is obtained by allocating the time varying position 
of the correlation peak.

In order to obtain full surface vibration data, an interfer-
ometer is used to detect the temporal changes of the surface in 
the z axis. The laser source beam splits into two similar paths 
with only one beam being reflected from the vibrated object. 
As a result, phase shifts are produced between the two beams 
caused by a change in the length of one of the paths. These 
phase shifts create an interference pattern (fringes). The num-
ber of wavelengths contained in the path’s  length difference 
changes  the  oscillating  frequency  of  the  fringes.  Using  the 
laser Doppler vibrometer (LDV) technique the velocity of the 
object surface vibration in the z axis is measured. The vibra-
tion velocity and  frequency are extracted  from the Doppler 
shift of the reflected laser beam due to the motion of the sur-
face. The operation of the system is described in Fig. 1.

In order to monitor the z-axis vibrations, we analyse the 
interference pattern behaviour. The constructive and destruc-
tive interference patterns are determined by the length differ-
ence DL between the two paths, respectively:

DL = ±nl,    DL = ±(n + 1/2)l,  (2)

where n is the number of illumination wavelengths in DL. By 
analysing the movement in the fringe imaging we can extract 
the changes in the velocity of the object’s path. The frequency 
of the fringe movement is equal to the frequency of the object 
movement multiplied  by  the  number  of  illumination wave-
lengths l in the length difference DL (the depth of the object 
movement).  For  example,  for  the  object  movement  with 
amplitude DL = 1 mm and frequency of 1 – 2 Hz (heart beats) 
at a laser wavelength of 532 nm, the fringe patterns will move 
at a frequency of 1880 – 3760 Hz.

This situation of frequency multiplication leads to a prob-
lem of camera limited frame rate. In order to solve this prob-
lem, use is made of laser modulation, with the laser light pul-
sating at a frequency of f1 and the interferometer mirror mov-
ing at a frequency f2 (Fig. 2). In the regular case, the speckle 
flickers at a frequency of m1 due to tilting and the fringe moves 
at a frequency of m2 due to axial movement. In our case, due 
to  the modulation at  f1  and  f2 we obtain  the  following:  the 
fringe will move at m2 + f1 + f2 and the speckle will move at m1 
+ f1. The result is that we actually can use a low sampling rate 
camera  (and  thus use many pixels  in  space and carry out a 
large field-of-view analysis) since the laser will perform opti-
cal  down  conversion of  the  spectral  distribution  to  the  low 
band  region  (because  it  realises  the optical  sampling proce-
dure) and the frequency of the mirror f2 together with the spa-
tial information will allow one to separate between the tilting 
and the axial movements. Due to the pulsation of the laser we 
can  down  convert  high  temporal  frequencies  to  allow  their 
sampling with a slow rate camera. The high frequencies are 
folded into the  low frequency spectral band sampled by the 
camera. 

The modulation  frequency was  such  that  the  difference 
between it and the object frequency bandwidth is in the cam-
era limited frame rate:

( ) ( )
( ) ( )

cos cos
cos cos

f kt f kt
f f kt f f kt

21 2
1 2 1 2l l

l l
=

- + + ,  (3)

where k is the wave number. The difference between the two 
frequencies (  f1 – f2) can be detected by the slow rate camera 
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Figure 1. Flow chart of the operation system.
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Figure 2. (a)  Schematic  of  the  optical  system  (Michelson  or 
Mach – Zehnder  interferometer)  and  (b)  spectral  replications  with  a 
shift by the pulse repetition rate of the laser.
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and every change  in  the system frequency due to  the object 
changes can be detected.

2.2. Elastography

Let us assume that we vibrate a tissue at a frequency of n1 and 
that  the  tissue has  two  layers. We assume  that  the photons 
coming from the inner layer have an electrical field denoted 
by E1 and the photons coming from the outer layer have an 
electrical field denoted by E2. Since the tissue is soft, the two 
different layers (in our case there are two layers, but the model 
can  be  expanded  to  a  larger  number  of  layers) move  asyn-
chronously:  Both  layers  vibrate  at  the  same  frequency  but 
there  is a time varying shift  in their movement profile. This 
means  that  photons  coming  from  layer  1  and  layer  2  will 
interfere in the camera but the interference pattern will vary in 
time with a  frequency  that  is  low  in comparison  to  the  fre-
quency of the patterns resulting from photons reflected from 
the same layer. We also assume that the movement amplitude 
is  larger  than  the  size  of  the  scattering points  in  the  tissue. 
This means that the scattering points move in the tissue other-
wise no amplitude movement will be present. Those assump-
tion are needed as we wish to prove that due to the  lack of 
synchronisation and since the integration period of the cam-
era is much larger than 1/n1, the electrical fields E1 and E2 are 
incoherent to each other and add up in intensities and not in 
fields (i.e. they do not interfere with each other). This is a very 
important assumption because otherwise  the  two  fields will 
interfere and create a new equivalent field that will generate a 
new speckle pattern while our aim is to separate the speckle 
patterns generated by the fields E1 and E2. 

We  assume  that  the  field E1  generates  speckle  patterns 
with an averaged speckle size of d1 and the field E2 generates 
speckles with an average size of d2. It is simple to design optics 
in which the light coming from different depths creates speckle 
patterns with  different  speckle  dimensions.  To  simplify  the 
mathematics, we will assume that the first and second speckle 
patterns (coming from the fields E1 and E2, respectively) are 
modelled as follows:
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Now assuming that both patterns move at a frequency of 
n1 and amplitude of layer vibrations is d >> d1, d2, we obtain:
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where V1 = dn1, dx Î[0, d ].
At the output plane we interfere the two fields’ distribu-

tions with the reference field which moves at a frequency of n2 
and add them together in the detector:

Eout(x, t) = s1(x – V1t) + s2(x – V1t) + r(x – V2t).  (6)

The reference field is a tilted planar wave with an angular 
frequency of a:

r(x – V2t) = exp[2pia(x – V2t)],  (7)

where V2  =  n2 /a  is  the movement  velocity  of  the  reference 
beam.

The field in the previous expression is captured as inten-
sity  in  the  detector  which  also  performs  time  integration 
(according to the integration time of the camera):

( ) | ( , )| 1 | ( )|d dI x E x t t s x V t tout out
2

1 1
2

= = + -y y  

  | ( )| ( ) ( )Red ds x V t t s x V t s x V t t2 1
2

1 1 2 1+ - + - -*
;y y

  ( ) ( ( ) ( ))dr x V t s x V t s x V t t2 1 1 2 1+ - - + -*
Ey .  (8)

The  integration  time  is much  larger  than  1/n1  and  1/n2  but 
smaller than 1/(n1 – n2). Thus, we obtain

( ) 1I x c cout 1 2= + +

  ( ) ( ( ) ( ))Re dr x V t s x V t s x V t t2 1 1 2 1+ - - + -*; Ey ,  (9)

where c1 and c2 are space independent constants and the cross 
correlation expression is zero because the field distributions 
of the speckle patterns of s1 and s2 are not correlated to each 
other [having different dimensions and asynchronous move-
ment due to the shift dx(t)]:

( ) ( )ds x V t s x V t t 01 1 2 1- - =*y .  (10)

Let us now examine the expressions

( ) ( )Re dr x V t s x V t t2 1 1- -*; Ey ,

( ) ( )Re dr x V t s x V t t2 2 1- -*; Ey . 

To  simplify  them  mathematically  we  will  approximate  the 
expression of s1 and s2, at least for the case of two adjacent 
fringes (speckles) to:
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d
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2
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Thus, if we assume that our spatial observation point is x = 0 
or the x coordinate falling on the peak of one of the speckles, 
then the expressions in question has the form:
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Thus, the final result will be:
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Since the spatial periodicity a as well as 1/d1 are of the same 
order of magnitude and the time averaging integral resulting 
from the fact that the camera samples the output intensity at 
a lower rate causes the first two terms of both expressions to 
vanish (since they change at temporal a frequency of aV2 or 
V1/d1). The third term in (13) changes (flickers) at temporal 
frequencies of

  /V V dF 2 1 11n a= - ,    /V V dF 2 1 22n a= - .  (14)

We can choose our parameters to make these two frequencies 
low enough so  that  the sampling rate of  the camera will be 
faster and therefore the quantity inverse to the sampling rate 
(proportional  to  the  integration  time)  will  be  smaller  than 
1/ F1n  and 1/ F2n  and thus the third term in both expressions will 
not be averaged to zero.

The  main  advantage  of  using  the  optical  interference 
loop  in  addition  to  the  self-interference  expressed  as  the 
speckle patterns, is that it adds another parameter V2, which 
makes  it possible, on the one hand,  to average  to zero  the 
expression 

( ) ( )ds x V t s x V t t 01 1 2 1- - =*y  

due to the integration time of the camera and, on the other 
hand, not to average to zero the expression 

cos dt V
d
V t2 1
1

1
1p a j- +c m; Ey   or   2cos dt V

d
V t1
2

1
2p a j- +c m; Ey

and  to allow their detection with  the camera. Since each of 
these two expressions flickers or temporally changes at differ-
ent  frequencies, we  can  separate  them and  thus  to  separate 

signals s1 and s2, i.e. photons coming from different depths of 
the  inspected  tissue. One  can  see  from  equations  (11) – (14) 
that in comparison to OCT, the depth resolution of the pre-
sented approach is based on different temporal flickering fre-
quencies of the speckle pattern. The flickering frequencies dif-
fer  due  to  the  different  speckle  size  generated  by  the  tissue 
elastographic  properties.  According  to  Eqn  (15)  the  depth 
resolution is determined by the flickering frequency.

3. Experimental results

3.1. Tilting and z-axis detection

In  our  setup  we  used  the  Mach – Zehnder  interferometer 
configuration.  The  vibration  of  the  surface  in  the  z  axis 
changes the length of one of the Mach – Zender laser paths. 
These  changes  are  reflected  in  the  interference  pattern 
(fringes) of  the  two beams  joined on a detector and  in  the 
camera plane.

The setup includes an illumining laser with a beam splitter 
in order to obtain an object beam and a reference beam. The 
reference arm of the interferometer consists of adjustable mir-
rors that can change the length of the reference arm in order 
to calibrate the interferometer with two similar arm lengths in 
accordance with  its  coherence  length.  Since  the  laser  beam 
from the reference arm is incident onto the detector and cam-
era directly, while the laser beam from the object arm experi-
ences reflection from the object, the intensities of these laser 
beams on the detector and in the camera planes are not the 
same. For that reason, a filter was placed in the reference arm 
to equal the two path intensities. 

In order to detect only a small area of the speckle pattern 
and  the  fringe  pattern,  the  detector  had  a  pinhole  with  a 
diameter of 200 mm. The fringe pattern was stabilised by cor-
recting the frequency multiplication caused by the number of 
wavelengths contained in the object path difference. The cor-
rection part of the setup consisted of a feedback circuit from 
the detector back to the reference arm of the interferometer. 
The output signal from the detector was passed through an 
op-amp differentiator amplifier with negative feedback. The 
output  signal  from  the  amplifier  was  fed  to  an  analogue 
amplifier driver (powered by a dc power supply) that controls 
a piezo-actuator  attached  to  a mirror  in  the  reference  arm. 
The controlled mirror movement compensates for the insta-
bility of the frequency multiplication caused by the changing 
number of wavelengths in the path length. The schematic of 
the setup is shown in Fig. 3

The described configuration makes it possible to simulta-
neously  observe  the  secondary  speckle  pattern  (in  order  to 
obtain  tilting  information)  and  the  interference  fringes  (in 
order  to measure  the phase  shift due  to  the z-axis displace-
ment).  To  monitor  the  tilting  vibration,  the  correlation  of 
each of the sequential speckle images is measured. By analys-
ing the changes in the correlation peak position, the relative 
tilting movement of the object is extracted. 

The results show that the high-frequency object signal is 
modulated  to  low frequencies within  the camera  frame rate 
window according to the frequency difference (Fig. 4).

3.2. Size of the speckles versus tissue depth

The first experimental validation included verification of the 
fact that the size of the speckles indeed changes as a function 
of  the depth of  the  tissue  from which  the  speckles are  scat-
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tered.  Two  experimental  setups  were  constructed  to  verify 
this: the first in transmission (Fig. 5a) and the second in reflec-
tion (Fig. 5b). To simulate tissues with different thicknesses 
proper  phantoms  were  prepared  as  appearing  in  the  lower 
right corner of Fig. 5b. The obtained experimental results are 
seen in Fig. 6. Figure 6a shows the change in the speckle sizes 
for  the  transmission  experiment  and  Fig.  6b  for  reflection. 

The speckle spot diameters for different layer thicknesses are 
shown in Fig. 7. 

3.3. Coherent elastographic tomography

In order to validate the full proposed concept an experimental 
setup was assembled (Fig. 8). In this experimental setup we 
used a different modulation method, instead of a laser pulsa-
tion. The vibration of the object (tissues layers) was controlled 
with a piezo-element at frequency f1 and position of the inter-
ferometer mirror was changed at frequency f2.

The  experimental  results  are  shown  in  Figs  9  and  10, 
Fig. 9a showing images of the flickering speckles and Fig. 9b 
illustrating the spectrum obtained for speckles having differ-
ent sizes. Figure 9c displays the cut off frequency obtained for 
speckle having different sizes (corresponding to photons com-
ing from different depths of the inspected tissue). One can see 
that  the  cut  off  frequency  of  the  flickering  significantly 
depends on the thickness of the tissue and thus photons com-
ing from different depths can be separated from each other. It 
is important to note that proposed concept performs the sepa-
ration of the photons at the photonic level rather than digi-
tally  one  (after  performing  various  image  processing  algo-
rithms). This separation at the photonic level due to temporal 
modulation and demodulation makes the proposed concept 
more immune to digital and electronic SNR restrictions that 
are very dominant in the discussed type of imaging due to a 
very low SNR involved.

The  experimental  average  results  of  several  experiments 
with 20 Hz modulations of the speckle flickering system for 
one and two layers and different concentrations are showed in 
Fig. 10. The results shown are the standard deviation of sev-
eral  experiments.  The  following  experiments  represents  the 
temporal flickering of one layer (0.3% agarose) with respect 
to a sample with two layers (one with 0.6% of agarose and the 
second with 0.3 % of agarose). Each layer length is equal to 
4 mm. Different concentrations of the agarose represent dif-
ferent  elastographic  layers.  One  can  see  that  the  flickering 
spectrum pattern changes due to the combination between the 
layers.  The  frequency  change  is  proportional  to  the  elasto-
graphic value of the layer. 
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4. Conclusions

We have shown the possibility of separating data obtained 
by illuminating different layers of the tissue. We have stud-
ied speckle patterns obtained by a Mach – Zehnder interfer-
ometer  for simultaneous detection of  the movement of  the 
whole surface in the z direction and the tilting angle of the 

surface. Several methods have been proposed to down con-
vert high temporal frequencies to allow their sampling with 
a slow rate camera. This research shows that different elas-
tographic  layers  (that are  represented by different  concen-
trations of the agarose) change the flickering spectrum pat-
tern, which makes  it possible  to extractd the elastographic 
information. 
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Figure 10. Experimental  results  of  20-Hz  modulations  of  the  speckle 
flickering  system:  (a)  two  layers  (0.6% + 0.3%  concentrations, 
4  mm + 4 mm  thickness)  and  (b)  one  layer  (0.3%  concentration,  4 mm 
thickness).




