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Abstract.  Aimed at possible widening of the optical coherence 
tomography (OCT) field of application, an attempt is made to use 
OCT in tissue engineering and cell transplantology as a tool for 
morphological studies of substrate materials by the example of 
scaffolds. By means of the traditional fibreoptical OCT scheme the 
images of inner structure of scaffolds are obtained, and simultane-
ously the spatial distribution of the intralipid flow velocity is recon-
structed using the Doppler OCT. It is shown that combined use of 
traditional OCT and Doppler OCT schemes allows revealing the 
regions of the scaffold demonstrating optimal effect of shear stress, 
which is a key factor of cell growth. 

Keywords: optical coherence tomography, scaffold, tissue engineer-
ing, shear stress.

1. Introduction

Optical diagnostics methods find new and new application in 
different biomedical fields, including such as tissue engineer-
ing and cell transplantology [1]. To restore a damaged tissue, 
the  regenerative  ability  of  cells,  e.g.,  fibroblasts  in  skin  or 
chondrocytes  in  tendon  [2]  are  intensely  used.  Oriented 
growth and  controlled development of  cells  is  implemented 
by using scaffolds* [3, 4]. The nutrition of cells, as well as the 
variation  of  their  proliferation  velocity within  the  scaffold, 
are realised in the regime of optimal shear stress, artificially 
created by nutrient microflows [5]. To calculate the optimal 
morphological properties of a scaffold they usually make use 
of the Michaelis – Menten equation, describing the processes 

of nutrient absorption by cells, or the Navier – Stokes equa-
tion for modelling liquid microflows in the scaffold [6]. 

To visualise the microstructure and to execute operational 
control of nutrient microflows intensity in scaffolds one may 
use computer tomography methods [7], as well as traditional 
microscopy [8], commonly used for flow control in biological 
objects in situ, or confocal laser microscopy [9, 10]. The latter 
is intensely used for morphological studies of biotissue struc-
tures with the penetration depth up to 100 – 150  mm and spa-
tial resolution ~1 mm [11, 12]. However,  it should be noted 
that  the multiple  scattering of probing radiation, caused by 
the complex porous structure of scaffolds, substantially limits 
and strongly hampers their optical diagnostics. 

In the present paper we make an attempt to use the optical 
coherence tomography (OCT) [13 –16] and Doppler OCT [11] 
for simultaneous visualisation of the scaffold inner structure 
and quantitative analysis of the spatial distribution of micro-
flows within this structure. The OCT allows obtaining struc-
ture images of biotissues up to 1.5 mm thick with high spatial 
resolution (2 – 15 mm) [17 – 22]. Moreover, it was shown that 
OCT combined with the optical immersion technique offers a 
realistic possibility to increase the probing depth and spatial 
resolution  [23,  24].  It  was  also  demonstrated  that Doppler 
OCT  allows  quantitative  measurement  of  velocities  of  the 
scattering  particles  (with  resolution  up  to  10  mm  s–1)  and 
reconstruction of spatial velocity distribution in complex liq-
uid flows including laminar and turbulent ones [24 – 26]. 

2. Basic principles of the OCT method

The principle of OCT operation, consisting in the use of low-
coherency optical interferometry, was widely discussed earlier 
and  thoroughly  described  in  a  number  of  publications 
[14 – 16]. Therefore, here we present only a brief description of 
the basic principles of the OCT method and emphasise only 
some particular aspects of theoretical description of the OCT 
signal formation, missing in common considerations. In par-
ticular, we will consider the time averaging of the registered 
signal  and  explicitly  describe  the  contributions,  containing 
the statistical noise and leading to the OCT signal distortion, 
which,  in  turn,  essentially  limits  the  applicability  of  the 
method in practical diagnostics of randomly inhomogeneous 
media.

The OCT signal is detected as a result of superposition of 
the fields Er(r, t) and Es(r, t) coming from the sample and ref-
erence arms of a Michelson interferometer [27], respectively, 
when under the condition of equality of optical path lengths 
in  both  arms  within  the  temporal  coherence  length  of  the 
probing  radiation  the  interference  is observed. Thus,  in  the 
absence of randomly inhomogeneous medium, when the radi-
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* Scaffold is, originally, a temporary metal or wooden framework that is 
used to support workmen and materials during the erection, repair, etc., 
of a building or other construction. Now this term is conventional  in 
cell technology practice, where it means natural or artificial framework 
on the base of substrate materials used for oriented growth of cells. It is 
used for spatial transplant formation.
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ation in the sample arm of the interferometer is reflected from 
a mirror, the signal registered by the photodetector may writ-
ten as [28]:

( ) 2 ( )ReI z I I I Ir s r s g t= + + " ,.  (1)

Here Ir =áE *r (t + t)Er(t + t)ñ = 2
1 I0 and Is =áE *s (t) Er(t)ñ  are the 

time-averaged  intensities  of  the  optical  radiation,  coming 
from  the  reference  and  sample  arms  of  the  interferometer, 
respectively, and independent of the optical path length dif-
ference DL between the interferometer arms; I0 is the intensity 
of the incident radiation; t = 2z/c is the time shift of the inter-
fering fields caused by the additional path difference 2z; z is 
the shift of the scanning mirror in the reference arm; c is the 
speed of light in free space; the angle brackets denote averag-
ing over the observation time. 

The temporal coherence  function g(t) = g(2z/c) contains 
the  dependence  on  the  carrier  frequency  and  the  spectrum 
shape of the radiation source. For a source with a Gaussian 
spectrum we have

( ) ( 2 ),exp
ln

exp iv v
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2p pg t t tD
= - -c m; E   (2)

where Dv  is the total spectral width at the half-maximum of 
the source function; v  is the carrier frequency. When a sample 
of  a  randomly  inhomogeneous  medium  is  placed  into  the 
sample arm of the interferometer, the particular form of the 
interference  term  in Eqn (1) depends on  the  light scattering 
model in the sample under study. Thus, in the case of a simple 
model  having  only  internal  boundaries  that  can  partially 
reflect the probing radiation, Eqn (1) takes the form:

( ) 2 ( ) ( ) ,ReI z I I I I R Lr s r s s s7 g t= + + 6 @   (3)

where R(Ls) is the fraction of the radiation reflected from an 
internal boundary  located within the studies medium at  the 
depth Ls; ts = DL/c is the radiation delay time caused by the 
difference DL = Ls – Lr between the optical path lengths in 
the reference (Lr) and the sample (Ls) arms of the interferom-
eter.

It is necessary to note that besides the reflections from the 
internal boundaries of the medium each individual scan I (z) is 
caused by a certain random configuration of scatterers, too. 
Therefore, in contrast to the first term in Eqn (3), the intensity 
Is and the function g(ts) are critically dependent not only on 
the position of the boundaries within the sample, but also on 
the  configuration of  scatterers. The additional phase  incur-
sion,  determined  by  the  optical  path  length  difference,  is 
responsible for speckle formation. To eliminate the speckles, 
the scanning procedure  is repeated 25 – 1000 times, which  is 
theoretically equivalent to statistical averaging (see, e.g., [29]).

It  is  also worth noting  that OCT does not  allow distin-
guishing  inhomogeneities,  whose  scale  is  smaller  than  the 
coherence length of the probing radiation

.lnl c
v

2 2 1
c p D=   (4)

Such inhomogeneities manifest themselves in the form of sta-
tistical noise.

Let us present the field in the medium as

( , ) ( , ) ( , ),E t E t E tr r rs s sd= +   (5)

where  the  bar  denotes  statistical  averaging  over  the  small-
scale inhomogeneities. The quantity dEs(r, t) is the fluctuating 
part of the field that determines speckles due to multiple scat-
tering.  In a nonscattering  transparent medium dEs(r, t) = 0, 
and the interference contribution into the OCT signal is deter-
mined by the mean field   ( , )E trs .

Extracting the statistical averages, we present the intensity 
in the sample arm as

2 ( ) ( ) ( ) ( ) .ReI I E t E t E t E t* *
s s s s s s

0 d d d= + +   (6)

In  the  case  of  a  single-layer medium  the mean  intensity  of 
light is
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l
d
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where RF is the Fresnel coefficient of reflection from the far 
boundary of the medium; d is the layer thickness; l is the pho-
ton mean free path in the medium, or the extinction length. 
The  quantity  I 0s    is  constant  and  small  because  of  strong 
damping due  to double passing  (forth  to  the boundary and 
back)  of  light  through  the  medium  layer.  The  term 
2 ( ) ( )Re E t E ts sd * ,  linear  in  field  fluctuations,  is  practically 
not  observable  because  of  random  phase  shifts.  The  form 
ádEs(t)dE *s(t)ñ, quadratic in fluctuations, determines the domi-
nant contribution into speckles. Its statistical average, i.e., the 
average over small-scale inhomogeneities, 

( ) ( ) ,D E t E ts sd d=   (8)

represents the speckle variance [30], and its root-mean-square 
deviation  Ds =  is the speckle mean value. The interference 
term is

2 ( ) ( )Re E t E t*
r st+

  2 ( ) ( ) ( ) ( ) .Re E t E t E t E t* *
r s r sdt t= + + +   (9)

Optical properties of real biological media essentially dif-
fer from those of idealised models used in theoretical analysis 
[31]. Nevertheless, the principal estimates of the validity limits 
for the medium, considered in the present paper, remain true. 
The amplitude of the detected OCT signal appears to be pro-
portional to the stepwise change in the refractive index at the 
interface  between  the  media  or  at  the  boundaries  of  the 
medium structure elements, located at the depth, correspond-
ing to the optical path length in the reference arm. In this way 
the  depth-resolved  probing  of  the  medium  that  yields  the 
location of the refractive index step is accomplished.

It should be noted that the stepwise change in the refrac-
tive index may be inherent in different objects and inhomoge-
neities  within  the  medium,  including  planar  boundaries 
between its layers, macro- and micro-inhomogeneities, as well 
as  ensembles  of  light-scattering  particles  having  the  dimen-
sions  essentially  smaller  than  the  probing  beam  width. 
Depending on the inhomogeneity type, the stepwise changes 
of refractive index manifest themselves in the registered OCT 
signal (so-called A-scan) in a different way. The image of the 
layer interface or the contours of a macroscopic inhomogene-
ity can be observed under the condition that the interfaces are 
perpendicular to the direction of probing. Moreover, multiple 
scattering greatly affects  the OCT signal  formation and  the 
limitation of the probing depth [32]. 
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The detection of the velocity of scattering particles, imple-
mented using the OCT scheme, is based on measuring the cen-
tral frequency shift of the Doppler signal, caused by directed 
motion of particles,  localised within  the  scaffold. Using  the 
singe-scattering approximation, one can express the velocity 
of moving particles in a straight-channel laminar flow as [27]

,
cos

V
n
f
2D

D
z

0

a
l

=   (10)

where f D is the central frequency of the Doppler signal; l0 is 
the incident radiation wavelength; a is the angle between the 
flow velocity vector and the direction of propagation of the 
probing radiation. However, in the case of scaffolds the shape 
of the cross section of channels is irregular, and the direction 
of the flow velocity vector is variable. Besides, due to multiple 
light scattering by the intralipid particles, the wave vector of 
the  probing  radiation  also  becomes  differently  directed. 
Hence,  the  angle  a  in  the  above  expression  becomes  ill-
defined,  due  to  which  the  spectrum  of  Doppler  frequency 
shifts acquires an irregular shape.

In this case the Doppler shift is estimated by comparison 
of sequentially measure A-scans and is presented in the form 
[33]
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where I and R  are the real and imaginary part of the product 
of complex conjugate functions  ( , )S z Tj

u  and  ( , )S z T*
j

u , respec-
tively,  corresponding  to  sequentially measured A-scans;  the 
asterisk denotes a complex conjugate operator; T is the time 
interval between  two adjacent A-scans  j and  j + 1; N  is  the 
number of A-scans used for averaging.

3. Materials and methods

For morphological  studies of  the scaffold  internal  structure 
we used the OCT setup based on the fibreoptical Michelson 
interferometer (Fig. 1). The low-coherence optical radiation 
from a  superluminescent diode SLD with  the central wave-
length  l0 = 1298 nm, Dl = 52 nm and the output power 
0.5 mW  (Superlum, Russia)  is  split  into  two  equal  compo-
nents,  one  of which  is  directed  into  the  sample  arm  of  the 
interferometer  and  the  other  one  into  the  reference  arm. 
Matched orificing of radiation from the SLD source and the 
PD1 photodetector visual field by means of an optical fibre in 
combination with small coherence length of the probing radi-
ation  (20 – 30  mm)  allows  localisation  of  the  measurement 
region in a small volume (8 – 50 mm3). Moreover, this optical 
system allows practically instantaneous depth scanning of the 
studied medium implemented via moving the corner reflector 
CR in the reference arm of the interferometer.

As  a  result  the  amplitude  of  the  signal  detected  by  the 
photodetector varies proportional to the stepwise changes of 
the refractive index of structure elements of the studied sam-
ple,  thus making it possible to reconstruct the depth spatial 
distribution of the inhomogeneity boundaries. The photode-
tector PD2 registers the interference signal, produced by the 
radiation coming from the reference and sample arms of the 
interferometer. Thus 130000 digital readings are obtained, or 
one reading per 1 ms. However, in this work only 40000 read-
ings were used, which corresponds  to  the scaffold  fragment 

having the width ~1.5 mm. In the course of OCT imaging of 
the  internal  structure  of  the  scaffold  the  averaging  over  20 
A-scans was performed for each of 80 points on the scaffold 
surface;  the  total  time of obtaining one  image amounted to 
~64 s.

The used Doppler modification of the OCT, earlier imple-
mented and thoroughly presented in [24, 25], allows detection 
of the flow velocity of the scattering particles, moving inside 
the sample, within the limits of ±65 mm s–1. Measurements of 
the  microscopic  flow  velocity  are  carried  out  at  the  same 
experimental OCT  setup  (Fig.  1)  by means of  applying  the 
fast Fourier transform [25]. 

The  studied  scaffolds  were  made  of  the  polysaccharide 
polymer  chitosan  [19].  Two-percent  solution  of  this  sub-
stance, obtained by dissolving chitosan particles  in one-per-
cent water-free acetic acid, was placed into cylindrical moulds 
1.5 mm in diameter and frozen during a few hours with fol-
lowing sublimation. After gradient rehydration with ethanol 
(100 %, 70 %, and 50 %), the scaffolds synthesised in this way 
(Fig. 2) were placed into saline. 

SLD

PD1

PD2

ADC
PC

Sample arm

Reference arm

Amplifier

Filter

Splitter

Splitter

C

M
CR

Figure 1. Traditional scheme of the fibreoptic OCT: (SLD) superlumi-
nescent diode; (PD1, PD2) photodetectors;  (CR) corner reflector; (C) 
collimator; (M) fixed mirror; (ADC) analogue-to-digital convertor, the 
data acquisition unit; (PC) personal computer.

22.7 mm

Figure 2. Microphotography of internal structure of a scaffold obtained 
using a scanning electron microscope (ISI ABT-55, Great Britain).
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To model the cells and the nutrient liquid, supplied to the 
cell structures within the scaffold, we used one-percent aque-
ous  solution  of  intralipid  (10 %,  Sigma-Aldrich,  Great 
Britain),  presenting  an  aqueous  emulsion  of  phospholipid 
micelles with the diameters distributed according to the nor-
mal law with the maximum at 300 mm. The choice of this solu-
tion  as  a model  liquid  is  caused by  the  fact  that  its  optical 
properties are in good agreement with those of biotissue cells 
[34]. The  intralipid supply was  implemented using a syringe 
pump (Harward, mod. 975, Great Britain) providing a stable 
laminar flow at the scaffold entry with the maximal velocity 
of 16 mm s–1.

4. Discussion of results

The obtained OCT image of the inner side of the scaffold is 
presented  in  Fig.  3.  According  to  the  results  of  electron 
microscopy  (see Fig. 2)  the mean  inhomogeneity  size  in  the 
scaffold appears to be comparable with the coherence length 
of the probing radiation, i.e., 20 – 30 mm. Due to this reason, 
as well as to equalising of the refractive index of the structure 
elements of the scaffold and the  intralipid aqueous solution 
filling  it,  the porous structure, well  seen  in  the microphoto-
graph (Fig. 2), in the OCT images can be recognised only in 
the near-surface layers. With the growth of depth the porosity 
of the scaffold structure becomes poorly visible or vanishes. 
The spatial transverse distribution of microflows of the liquid 
in the scaffold (Fig. 4), obtained by means of Doppler OCT, 
shows  that  the  liquid  flow  is  essentially  hampered  or  com-
pletely  absent. The  latter  is,  apparently,  caused  by  the  fact 
that the size of  lipid particles, present  in the intralipid solu-
tion, considerably exceeds the diameter of the scaffold pores, 
which leads to blocking of pores and partial or total stopping 
of the liquid flows. In this connection the intralipid solution 
was  twice  filtered using embossed  filtering paper  (density 
78 g m–2,  thickness 0.17 mm, size of pores 15 mm), and  the 
experiment was repeated with the new filtered solution. 

The results presented in Fig. 5 show that after filtration of 
the intralipid the spatial transverse velocity distribution of the 
arising microflows appears to be strongly nonuniform, with 
high  (up  to ±5 mm  s–1)  velocity  fluctuations. As  shown  in 
[35], the comparison of the structure OCT image of the scaf-
fold (Fig. 3) and the spatial distribution of microflow veloci-
ties, obtained using the Doppler OCT (Fig. 5), allows depth 

monitoring of the produced shear stress in the given region of 
the  scaffold  and,  hence,  optimisation  of  the  nutrient  liquid 
supply.

5. Conclusions

Time averaging of the registered signal is considered and the 
principal causes of  the OCT signal distortion are  indicated. 
On the base of a model experiment the practical possibility of 
using OCT for solving the problems of tissue engineering and 
cell transplantology is demonstrated. The study of the inter-
nal structure of scaffolds is implemented on the basis of the 
conventional fibreoptic OCT scheme. At the same time using 
the Doppler OCT the spatial distribution of intralipid micro-
flows  in the scaffold was determined. It  is shown that com-
bined  use  of  the  OCT  and  its  Doppler  modification  really 
allows  detection  of  the  substrate  regions  with  the  optimal 
effect  of  shear  stress,  which  is  a  mechanical  factor  of  cell 
growth. It is expected that the present approach in combina-
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scaffold, obtained using Doppler OCT.
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tion with computer modelling will allow substantial improve-
ment of the quality of scaffold fabrication and optimisation 
of nutrient supply and oriented cell growth.
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