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We present an optical coherence tomography based methodology to determine freshness of soft tissue samples by evaluation of their
interaction with low frequency electric field. Various biological tissues samples of different stages of freshness were exposed by low frequency
electric current. The influence of the low frequency electric field on tissues was observed and quantified by the double correlation optical
coherence tomography (dcOCT) approach developed in house. The quantitative evaluation of electric field — tissue interaction by dcOCT shows
an increase of its relative magnitude with the tissue freshness from fresh to the non-fresh ones. The presented approach has a strong potential
in food sciences for evaluation of meat quality.
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Ouenka ceexecTi 00pa3L0B MArKUX TKaHew
C NOMOLLbH ONTHYECKOM KOrepeHTHOW Tomorpaduu
C HU3KOYACTOTHBIM 3NIEKTPUYECKUM NoJieM

[TokazaHa BO3MOXXHOCTb OMpefesSieHns C MOMOLLbI0 ONTUHECKON KOrepeHTHON TOMOrpadoun CBEXecTn 06pasLoB MArKUX TKaHen nyTem
aHanm3a 1ux B3anMOAENCTBMS C HU3KOYACTOTHbIM 3MeKTpuyeckium nonem. 06pasiibl 61I0N0rMYeCKNX TKAHEN PasfNNYHOA CBEXECTM Bblnn nof-
BEPXKEHbI BO3AGICTBMIO ANEKTPUYECKOr0 TOKA HU3KOM YacTOTbl. BAUAHNE HU3KOYACTOTHOMO 3M1EKTPUYECKOr0 NONs HAa GMOTKAHN KONMYECTBEHHO
aHaNu3npoBaNoCch paspadoTaHHbIM HaMU ABONHLIM KOPPEALMOHHBIM METOLOM ONTUYECKO KOrepeHTHOM TomMorpadoum. MNokasaHo, 4To B3au-
MOJEACTBINE 3NEKTPUYECKOrO MONS C BUOTKAHbIO CYLLECTBEHHbIM 06Pa30M 3aBWUCUT OT CBEXECTU TKaHW, a 3HAYeHNe OTHOCUTENbHOM BENNYN-
Hbl JAHHOT0 B3aWMOAEIACTBIUSA, N3MEPSeMOe ABONHbLIM KOPPENSLMOHHBIM METOAO0M ONMTUYECKON KOTEPEHTHOI TOMOrpadum, yBenmyuBaeTcs no
Mepe YMeHbLLUEHNS CBEXeCTU 6uoTkaHen. MpefcTaBneHHbIN MeTo MMeeT 60JbLUOI NOTeHLMaN NCMNob30BaHUS B UCCNEA0BAHNAX B 0651acTh
NPOAYKTOB NUTAHMS 11 B TOM Y1CEe ANS OLEHKI Ka4eCTBA MACHBIX MPOAYKTOB.

Kntouesble cnoBa: onTuyeckas KorepeHTHas ToMorpadns; HU3KO4acTOTHOE 311IeKTPUYECKOE MOJIe; BU0NOrnYecKne MArkme TKaHu.

Optical coherence tomography (OCT) is a non-invasive,
high resolution optical imaging technique that can perform in
vivo high resolution, cross-sectional microstructure imaging
of biological tissues and other scattering materials [1, 2].
First successful application of OCT was demonstrated
in ophthalmology, in particular, to visualize an anterior/
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posterior eye segment [3] and to measure a blood flow
in the retina vessels [4, 5]. The field of OCT applications
continues growing very intensively. The superior capability
of imaging of the scattering media and inner flows with high
spatial and time resolution allows one to conduct detailed
investigations of the structure and the functioning of the
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blood circulatory system of humans and animals [6, 7],
imaging of embryonal development [8], as well as the study
of cell motility dynamics [9].

The effects of electromagnetic fields interaction with
biological tissues have been studied widely in the past [10].
A number of studies have been performed to evaluate
the effects of different electrical stimulation procedures to
obtain tenderer and high quality meat [11]. Recently it was
demonstrated that pulsed electric fields affect the moisture
content of meat [12].

Recently, the double correlation OCT (dcOCT) approach
was introduced and applied to observe molecular diffusion
in skin tissues [13, 14], visualization vascular skin bed in
vivo [15], investigate electro-kinetic response of biological
tissues influenced by electric field [16, 17] and its changes
with optical clearing [18].

In current paper, the dcOCT approach, a functional
extension of conventional OCT, has been applied to
study the electro-kinetic properties of tissues when a low
frequency electric field is applied to tissue samples ex vivo.

Softbiological tissue samples are often used in biomedical
research for validation of diagnostic methods and in vitro
studies. Obviously, the freshness of tissue samples is an
important issue that potentially can effect on the validity of
experimental laboratory studies. Surprisingly there are no
standards of freshness until now. The researchers rely on
the very subjective parameters such as colour and smell of
the samples. In current study we consider the application
of dcOCT-based methodology to determine and/or quantify
the freshness of soft tissue samples ex vivo stored at
different conditions.

Materials and Methods. Recently it has been
demonstrated that dcOCT is sensitive to visualize the
degree of influence of the applied electric field in biological
tissues [16—18]. In order to determine freshness of tissue
samples, a standard swept source OCT (OCM1300SS,

Thorlabs, Inc., USA) with central wavelength of 1325 nm
and spectral bandwidth of 100 nm operated in polarization
sensitive mode without phase retardation has been used
to acquire OCT images of tissue samples ex vivo. The
samples are taken from fresh chicken breast pectoralis
muscles and aged under different conditions: 0°C during
6 days, 4°C during 8 days, and 15°C during 8 days.

During the experiment, two electrodes (Z=0.3 mm)
made of stainless steel were inserted into the tissue sample
towards each other at the depth of about 1 mm parallel to the
direction of the collagen fibres. The distance between the
tips of the electrodes inside the sample was of 1.5 cm. AC
electric current/voltage from function generator (GFC 2100,
Iso-Tech, UK) was applied to the electrodes. The amplitude
of the signal was in the range of 1-20 V, the frequency
varies within 0.1-5.0 Hz. OCT B-scans were taken from the
area between the electrodes perpendicular to the direction
of current flow. To evaluate the degree of similarity of OCT
images obtained after and before the exposure of the
electric field the dcOCT is applied. The dcOCT approach
can be summarized in 3 steps, as shown in Figure 1. Step 1
involves the acquisition of the image before and after the
exposure to the electric field. Step 2 consists of the Wiener
filtering, while step 3 consists of the calculation of the cross
correlation image and the relative magnitude of influence of
the electric field. Detailed description of dcOCT approach is
given in [15].

Image processing techniques. Background noise
from the experimental setup and/or sudden movements of
OCT probe result imaging artefacts (such as blur, physical
offsets of tissue boundaries) and, therefore, makes it quite
challenging to obtain images with high spatial resolution by
using the image-quality demanding correlation procedure.
In the cross-correlation analysis the size of the grid should
also be carefully chosen as it is a trade-off between the
processing time and the final quality of the outcome [19].

Frame t

Figure 1. Schematic presentation of double correlation OCT approach. Step 1 corresponds to polarization-sensitive
OCT image acquisition. Step 2 shows the Wiener filtering of the obtained images. Step 3 represents the cross-
correlation procedure between the Wiener filtering images obtained after and before the exposure of a 10V 1 Hz

ac current
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If a large grid (e.g. 40x40 pixels) is used, ‘blurring’ and
a loss of structural signal occurs [19]. For a small grid
(e.g. 7x7 pixels), the background noise of OCT has a
significant impact on the structural signal which results in
decorellation [19]. Experimental evidence suggests that the
optimal size of the grid for the biological tissues lies within
the range 5-25 pixels [19].

Thus, the background noise should be suppressed. The
adaptive Wiener filtering procedure removes the unwanted
background noise from the images which allows better
cross-correlation outcomes to be obtained for smaller grid
sizes. It should be pointed out that the other techniques to
eliminate the weak correlation effects could also be used
(e.g. structural mask) [19].

The original implementation of the filtering procedure
suggested by Wiener was applied [20]. Commonly used in
image processing, Wiener filtering utilizes a sliding window
(or grid) of size of M by N pixels centred on each pixel of the
input image (Figure 2).

In the frequency-domain the optimal Wiener filter W(l) is
defined as [20, 21]:

__ kW0
=B +rn M
where Pg(l) and P,(l) are the power spectrums of signal
and noise, respectively. Pg(l) is obtained by taking the
Fourier transform of that grid’s autocorrelation according
to the Wiener—Khinchin theorem [20], whereas the power
spectrum of noise is estimated by calculating the local
variance for each grid [21]. Thus, the desired OCT signal
is obtained by subtracting an estimate of the noise from
the original signal. The procedure is repeated for all grids
and resulting OCT images are obtained. Figure 3 shows an
example of noise removal images by the Wiener filtering.

There are a number of other approaches to create
Wiener filter coefficients, including Bayesian implementation
of the Wiener filter, hidden Markov models, additive noise
reduction, etc. [20].
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Figure 2. Schematics of Wiener filtering procedure. A grid
MxN pixels is moving along the OCT image. The noise
autocorrelation is estimated within the grid, subtracted from the
original signal and the desired OCT image is finally obtained
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Figure 3. An example of the noise removal image by the
Wiener filtering procedure from the conventional OCT image:
(a) before filtering; (b) after filtering

Double correlation OCT imaging works by comparing
two successive OCT images that correspond to the
same structural information so that one is able to map
out the regions of interest. The technique performs some
extra image processing steps designed to enhance
the experimental data. In the correlation mapping OCT
approach [19] a grid /, from image A(x, z) is compared to
the same grid /; from image B(x, z) defined over X—Z plane.
The M by N grid is shifted pixel-by-pixel across the images,
forming a correlation plane C(x,z). Normalized cross-
correlation function can be written as:

Ewn (P, Qs (p.9)
C(x,2) = A BVEIBY . 2
(2 nz:f:sqz:c;\//A(/tw)zls(p,q)2 @

The output has values in the range +1.0, indicating low
correlation to both high positive and high negative correlation.
Direct computation of normalized cross-correlation is very
computationally expensive, time consuming and can be
optimized by various techniques such as sum-tables [21].
However, more efficient approach to calculate the cross-
correlation is based on the fast Fourier transform (FFT).
The Fourier transform is widely used in a large class of
signal processing algorithms for fast and efficient function
decomposition and analysis [20]. Our approach utilizes the
cross-correlation theorem, stating that the cross-correlation
is equal to the inverse Fourier transform of the product
between individual Fourier transforms of two functions,
presuming one of them is represented by a complex
conjugate [20, 21]. Thus, to find the cross-correlation
between two grids the following equation is used [20, 21]:

C(x, 2)=F "(F(1,)xF(I 5)). (3)

GPU acceleration of image processing. The analysis
of the images has been performed on GPUs utilizing
recently developed CUDA framework in frequency-domain
(Figure 4). CUDA framework gives access to the CUDA fast
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Figure 4. Schematic presentation of the double correlation
OCT approach performed on GPUs

Fourier transform library [22]. The algorithm allows carrying
out FTT computations in parallel utilizing hundreds of GPU
cores providing a significant speed up compared to the
standard CPU approach (up to 1000x faster) [23].

It should be pointed out that if the images do not
have the same dimensions, the wraparound error could
occur [20, 21]. To cancel the effects of spatial aliasing, the
zero-padding procedure is typically employed: to prevent the
periodic replicas from overlapping, the size of the images
in the GPU memory is increased and the empty spaces
are filled with zeros [22]. It is also suggested that before
obtaining the Fourier transform both images are zero-
mapped [20-22]. The procedure ensures that the sum of all
pixels is zero and the maximum of the correlation function

corresponds to the right position in the image instead of the
brightest pixel [20, 21].

Moreover, the software development kit provided by
the device manufacturer (Thorlabs, Inc., USA), allows
bypassing the step of manual acquisition of the OCT
images and provides the opportunity for direct export of the
OCT hardware FFT-encoded image data to the processing
software. Incorporating this ability in the dcOCT method
significantly improves the quality of imaging outcomes and
speeds up the image processing (up to 30-40 times, i.e.
makes it possible to proceed in real time).

Results and Discussion. The soft biological tissues
at different stages of freshness and corresponding
conventional OCT images are presented in Figure 5. As
one can see no changes in colour and in structural integrity
correlating with the sample freshness can be observed and/
or distinguished.

To distinguish the samples of biological tissues in order
of their freshness we apply dcOCT approach presented
above. Figure 6 (a) shows an example of typical OCT
image of chicken sample aged at 15°C during 8 days,
while Figure 6 (b) corresponds to cross correlation image
calculated using the dcOCT approach. At both figures the
arc-shaped pattern corresponds to the reflection from the
surface of electrode.

The relative magnitude of influence of the low-frequency
external electric field (See Figure 6 (b)) is counted based on
the dcOCT image as [17]:

\P=1—MXN D> .>C(x,2). (4)

Further, we investigated the changes of this relative
magnitude vs the tissue samples freshness. Figure 7 shows
the results of the calculation of the relative magnitude of

Figure 5. The samples of chicken breast at different stages of freshness (upper row) and corresponding OCT images (lower row):
(a) fresh sample; (b)—(d) respectively correspond to samples stored at 0°C during 6 days, 4°C during 8 days, and 15°C during

8 days
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Figure 6. Typical images of soft
biological tissue samples exposed
with an electric field obtained by
conventional OCT (a) and by dcOCT
approach (b)

o
'
N

o
H
—

o
w
o)

\,

a b c d

Relative magnitude (a.u.)
o
w
[os]

o
w
i

Figure 7. Relative magnitude of influence of the external
electric field on the soft biological tissue samples of various
freshness: a — corresponds to the fresh sample; b—d —
respectively correspond to the samples stored at 0°C during
6 days, 4°C during 8 days, and 15°C during 8 days. Dashed
lines correspond to the results of the inverse exponential fitting

influence of the electric field in chicken meat samples. As
one can see fresh tissue has the lower relative magnitude
and it follows a trend in which the non-fresh tissue stored at
15°C during 8 days has the highest relative magnitude. This
suggests that the evaluation of the relative magnitude of
influence of the electric field can be used to assess relative
freshness of soft biological tissues (here, we present only
the results for chicken breast tissues for the purpose of
brevity, but similar results were also observed for other soft
biological tissues).

We suggest that the observed behaviour is attributed
to the tissue tendering process. The tenderness increases
due to natural enzymatic changes that take place in tissue
samples. Less tender tissue results in high correlation which
itself reduces the amount of affectation of the electric field.

Conclusions.The obtained results show that freshness
of soft biological tissues affects the propagation of ac
current in the samples that can be observed with dcOCT.
It has been shown that the relative magnitude of influence
of the low-frequency external electric field on the biological
tissue (V) increases from fresh to non-fresh samples as an
inverse exponential function. This potentially can be used
to build a phenomenological model to assess quantitatively
the freshness of soft biological tissues. The possibility
of real-time data processing essential for the real-life
application was also demonstrated. We foresee the further
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development of the approach in applications in modern
biomedicine as well as in the food industry.
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