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Abstract: In this study, the electro-kinetic phenomena
(EKP) induced in biological tissue by external electric
field, while not directly visible in optical coherence
tomography (OCT) images, were detected by analyzing
their textural speckle features. During application of a
low-frequency electric field to the tissue, speckle patterns
changed their brightness and shape depending on the
local tissue EKP. Since intensities of OCT image speckle
patterns were analyzed and discussed in our previous
publications, this work is mainly focused on OCT signal
phase analysis. The algorithm for extracting local spatial
phase variations from unwrapped phases is introduced.
The detection of electrically induced optical changes man-
ifest in OCT phase images shows promise for monitoring
the fixed charge density changes within tissues through
their electro-kinetic responses. This approach may help in
the identification and characterization of morphology and
function of healthy and pathologic tissues.
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Zusammenfassung: In dieser Studie wurden die elektro-
kinetischen Phinomene (EKP) in biologischem Gewebe,
die durch ein dufleres elektrisches Feld induziert wurden,
jedoch nicht direkt mittels optischer Kohdrenztomogra-
phie (optical coherence tomography, OCT) dargestellt
werden konnen, durch die Analyse ihrer strukturellen
Speckle-Merkmale erfasst. Wie sich zeigte dndern die
Speckle-Muster wahrend der Anwendung eines niederfre-
quenten elektrischen Feldes ihre Helligkeit und Form in
Abhéngigkeit von den lokalen EKP des Gewebes. Wahrend
in unseren fritheren Veroffentlichungen die Intensitdten
der Speckle-Muster in den OCT-Bildern analysiert wurden,
fokussiert sich die vorliegende Arbeit auf die Signal-Pha-
senanalyse und stellt einen entsprechenden Algorithmus
zur Extraktion lokaler rdaumlicher Phasenvariationen vor.

Die Detektion von elektrisch induzierten optischen
Verdanderungen die sich in den OCT-Phasenbildern mani-
festieren scheint fiir das Monitoring fester Ladungsdich-
teverdnderungen im Gewebe durch ihre elektrokinetische
Reaktion vielversprechend. Dieser Ansatz kann bei der
Identifizierung und Charakterisierung der Morphologie
und Funktion von gesunden und pathologischen Gewe-
ben helfen.

Schliisselwdrter: Phase; optische Kohdrenztomographie;
elektrokinetisches Phdnomen; OCT-Bildverarbeitung;
optische Gewebeeigenschaften.
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1 Introduction

An external electric field applied to biological tissue
may trigger various effects, related to the electro-kinetic
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phenomena (EKP) [1]. These effects stem from the motion
of particles and fluids under the influence of an electric
field [2]. EKP depend on many parameters including fixed
charge density, electrical conductivity, local environ-
ment, hydraulic permeability, ion diffusivity, and stiffness
[3]. Applied electric field thus affects cells and biologi-
cal tissues in various complex ways. Different electric
field-induced effects have been investigated using optical
microscopy in vitro in colloid, blood, and cell culture, to
image changes in cellular shape [4], orientation [5] and
migration [6].

Recently EKP has been imaged in various intact soft
biological tissues ex vivo [7-9]. In particular, ultrasound
was employed to image the electric field-induced mechan-
ical change (EIMC) in bulk tissues including deformation
and strain [8]. It was concluded that the EIMC in soft
biological tissues was related to EKP [9]. Similarly, the
surface displacements of cartilage tissue due to applied
electric field were measured using optical reflectom-
etry [10]. It was shown that the surface displacements
increased with voltage and were inversely proportional
to the frequency of the applied electric field. The periodic
electric fields applied to biological tissue in our previous
one-dimensional experiments were seen to influence the
optical coherence tomography (OCT) signal amplitude sig-
nificantly, and in synchrony with the applied fields [11].
The detected signal oscillations were likely caused by the
field-shifted tissue interstitial fluids, which may change
light scattering and absorbance by affecting the mutual
alignment of collagen fibrils [12]. Further investigations
[13] revealed that the amplitude of the OCT signal change
varied with the magnitude of the applied field and was
inversely proportional to its frequency. More recently,
Pefia et al. [14] used OCT amplitude images to visualize
the propagation of low-frequency electric field in tissue
samples ex vivo, invoking the mechanism of electrically
induced optical changes (EIOC) related to the electro-
kinetic properties of tissue [14].

In this work, the EKP in soft biological tissues through
the phase changes of OCT signal is further investigated.
OCT measures the depth-resolved reflectivity of scattering
materials by detecting backscattered light [15]. An OCT
system interferes with the reflections from a sample with
a reference beam originating from the same light source
and reflected off a reference mirror. From the resulting
interference signal, the sample reflectivity profile along
the beam axis can be derived. This one-dimensional
depth scan is called the A-scan, in analogy to ultrasound
imaging. OCT systems perform many adjacent A-scans in
order to create two- (2D) or three-dimensional images of
the sample. A-scans can be acquired either in the time
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domain or in the frequency domain. In this study the fre-
quency domain OCT was used, in particular, swept source
OCT (SS-0OCT) [16].

A SS-OCT system acquires A-scans with a fixed refer-
ence path (non-moving reference mirror) by measuring
the spectral response of the interferometer. With a tunable
light source, a sweep over a range of optical frequencies
is performed. The interference signal is measured at the
output with a photo detector. The information is then
encoded as an interferogram in the optical frequency
space — a sum of oscillations with different frequencies
corresponding to reflections from different depths. An
inverse Fourier transform then yields the reflectivity as a
complex (amplitude and phase) function of depth, i.e. the
depth reflectivity profile of the sample.

In the present study, the SS-OCT signal phase changes
induced by the electric field in biological tissues as a func-
tion of time is demonstrated. New imaging schemes and
data analysis methodologies are applied to OCT images
of tissue to study EKP, in an effort to enrich the informa-
tion provided by standard amplitude-based OCT. The
algorithm for extracting local spatial phase variations is
proposed. The phase images related to the electro-Kkinetic
properties of tissue are derived and compared with cor-
responding OCT structural phase images.

2 Materials and methods

2.1 Specimen preparation

Tissue samples (~6x3x1.5 cm?), prepared from the tricus-
pid valves of fresh porcine hearts, were used as specimens
because of their high electrical conductivity [17]. Each
sample was clamped into a Plexiglas® frame to reduce
mechanical motion as shown in Figure 1. Electrodes
made of 24 AWG PVC (7x32) tinned copper wire (Belden
Inc., Richmond, IN, USA) were placed 6 cm apart on the
opposite sides of the surface of the sample. Each electrode
was covered with Spectra® 360 electrically conductive
gel (Parker Laboratories, Fairfield, NJ, USA) to improve
the electrical contact. A synthesized function generator
(model DS335; Stanford Research Systems, Sunnyvale, CA,
USA) was used as power source to generate square-wave
electrical signals of 10 V magnitude at 0.1 Hz frequency.
A thin layer plastic membrane (Resinite packaging film;
AEP Canada Inc., Scarborough, Canada) was placed over
top of the sample to reduce dehydration. Each specimen
was left at room temperature for 5 h before the experiment
to ensure thermal equilibrium.
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Figure1 Schematic presentation of the experimental set-up.

2.2 OCT instrumentation

A fiber-based SS-OCT system (model #SL1325-P16; Thor-
labs, Newton, NJ, USA) employed a broadband light
source with a central wavelength of 1310 nm and spec-
tral bandwidth of 70 nm. The system’s optical axial and
transverse resolutions were 10.8 um and 25 um in air,
respectively. The detector signal was digitized using a
16-bit 1.25 MHz data acquisition card (PCle-6363; National
Instruments, Austin, TX, USA) with a sampling speed of
50 MS/s. A SS-OCT microscope software (version 2.3.0;
Thorlabs) running on a personal computer (3.6-GHz
dual-core processor; Intel) managed data acquisition and
image display. The data was collected in the form of inter-
ference fringes data points which were processed to form
1024-pixel-widex512-pixel-deep complex frames that were
later used to calculate phase images (real depths for all
depth-resolved images in this paper were calculated using
an average tissue refractive index n=1.4). Imaging speed
was one frame per second to assure adequate sampling.
Consistent with the pixilation numbers above, each frame
contained 1024 A-scans (3 mm laterally).

2.3 Experimental procedure

Measurements with different cardiac tissue samples were
performed to investigate the effects of a low-frequency
electric field (0.1 Hz) on the backscattered signal-phase
changes in 2-D (B-mode) OCT phase images. A-scans were
obtained with the probe scanning laterally along the
middle of the sample (3 cm from each electrode) with and
without an applied electric field. The longest dimension
of the sample was positioned perpendicular to the OCT
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probe. The B-mode OCT images were organized in frames
of 1024 consecutive A-scans (1024x512 pixels images) with
axial scan rate of 16 kHz as shown in Figure 2. Images
were acquired every second. Each experiment lasted for
480 s with the alternating current (AC) voltage application
within the interval from 120 to 300 s.

2.4 Development of phase imaging
algorithm

The approach to process the phase of OCT signals involved
several steps which are summarized in Figure 3 and briefly
discussed below:

— Step 1: Raw phase extraction. There exists a variety of
methods of phase extraction from interferograms. The
phase shifting approach [18] is a popular technique
for phase estimation; however, its application is lim-
ited by the requirement of multiple frames. For phase
estimation using a single frame, several methods
have been proposed, including Fourier transform [19],
regularized phase tracking [20], high-order ambiguity
function [21], windowed Fourier transform [22], dilat-
ing Gabor transform [23], Wavelet transform [24], and
Wigner-Ville distribution [25]. Here, the classic one,
the Fourier transform method, for robustness and
ease of use was used. After inverse Fourier transform
of each interferogram, a four-quadrant inverse tan-
gent of imaginary-to-real-parts ratio was calculated
for resulting complex OCT signal frame pixel-by-pixel
for phase estimation.

— Step 2: Phase unwrapping. At this step, each A-line of
each frame was unwrapped to correct phase angles
by adding multiples of 21 when absolute jumps
between adjacent phase values were greater than or
equal to m radians. The typical resulting temporal
profile of one A-line (A-scanning in time at the same
mirror position) is shown in Figure 4. The periodic
changes in optical signal phase between 120 and
300 s of the experiment reflect the periodic change of
the polarity of external electric field in the same time
interval (36 changes of polarity in 18 full cycles during
3 min of AC application). These oscillations are clearly
seen because the field shifts the interstitial fluids peri-
odically, which changes light scattering and absorb-
ance by affecting the mutual alignment of collagen
fibrils in tissue [12].

— Steps 3—-4: Extracting local phase features by angu-
lar de-trending. After forming a single axial profile
from each frame containing 1024 A-lines, smooth-
ing (step 3) and angular de-trending (step 4) were
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Figure 3 Diagram of the 2-D phase image processing algorithm, showing the analysis path from raw phase image (top left, step 1) to the
electrically induced optical changes (EIOC) image (bottom left, step 8). FFT, fast Fourier transform.

experimental set-up were noted (Figure 5B). In order
to eliminate this random fluctuation and obtain

applied. As shown in Figure 5, the necessity of these
steps rose from the fact that optical phase noise

significantly affects the quality of resulting phase
signals. Figure 5A illustrates the unwrapped phase
before the application of electric field to the sample
(t=38 s) for one of the A-scans. Ideally, before elec-
tric field application all unwrapped phases should
be identical but significant fluctuations about the
general trend caused by mechanical movements of
the laterally scanning probe and vibrations of the

the local phase changes, angular de-trending was
implemented. Each unwrapped phase curve was
smoothed within the range of the nearest five points
(Figure 5A inset) and subtracted from the original
unwrapped curve to get the local phase features. The
five points smoothing range was selected such as not
to exceed [-w; w] range of the resulting angular de-
trended phase.
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Figure 5 Unwrapped phase curves before application of electric field to the tissue: (A) single A-scan, t=38 s, and (B) all A-scans at the same

lateral mirror position, t=1-110 s.

The rest of the signal processing algorithm shown in
Figure 3 to obtain the EIOC phase image (steps 5-8) was
similar to our previous work on OCT signal amplitude anal-
ysis [13]. Briefly, for each pixel’s angular de-trended phase
in time, the temporal de-trending procedure was applied
to eliminate the slow trend in the signal, and thus filter out
the spurious frequencies in the spectrum obtained in the
following step. The extracted portion of the signal during
AC application was Fourier-transformed to calculate the
frequency and the magnitude of OCT signal phase change.
Two sets of images (not phase images of themselves) were
formed: 1) from the peak spectrum magnitude around the
frequency of external electric field at f,=0.1 Hz (spectrum
peak image); and 2) from the spectrum magnitudes aver-
aged over all frequencies except a small interval around
f, and the corresponding harmonics (background image).
Finally, the spectrum peak image was divided pixel-by-
pixel by the background image to obtain the EIOC phase
image.

3 Results

The developed algorithm for extracting phase varia-
tions from unwrapped phases was used to obtain phase
images of the tissue, representing information about the
local phase variation as a function of space. As seen in
Figure 6A, raw signal phases calculated from complex
OCT signals carry no visually-obvious information. Aver-
aging of many frames simply filters out much of the useful
signal phase which becomes close to zero (Figure 6B).
However, phase images obtained after angular de-trend-
ing procedure (Figure 6C) and carrying the information
about the local phase variations, reflect the local struc-
tural features of tissue (somewhat analogous to the ampli-
tude image demonstrated in [13]).

A 1-mm diameter dielectric (i.e., electrically insulating)
optical fiber, seen in the middle of the sample in Figure 6C,
was inserted at an arbitrary angle to represent a nega-
tive control in order to verify the ability of the technique
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Figure 6 (A) One of the raw phase images (t=88 s), (B) the averaged (110 frames) raw phase image with the useful signal phase being
washed out, and (C) angular de-trended phase image. A 1-mm diameter optical fiber, marked with white arrows in (B) and (C), that was
inserted in the middle of the sample is present in all three images. Color bar is in radians.

to image the electro-kinetic properties of tissue. In the
figure, the optical fiber cladding material surrounding
the transparent core can clearly be distinguished. During
application of external electric field to the sample, the elec-
trophoresis leads to the liquid flow towards the direction of
the field [26] and, therefore, causes changes in the back-
scattered signal amplitude and phase. If the liquid flow
is impeded, there should be minimal changes in the local
backscattered signal phase; thus, the insulating optical
fiber should be nearly invisible in the resulting EIOC phase
image. Further, if there is no electric field presented (thus
no EKP in tissue), the resulting EIOC image should carry no
information except background fluctuations.

A simple experiment was conducted to demonstrate
this. The same algorithm as seen in Figure 3 was applied
to get EIOC images before, during and after electric field
application to tissue sample. The resulting images are
shown in Figure 7. There are nine images divided into
three categories. The top row represents the spectrum
peak images, the middle row the background images and
the bottom row the EIOC images.

As demonstrated in Figure 7A and B for images before
AC application and Figure 7G and H for images after AC
application, there is no useful information about EKP in the
absence of the electric field. Consequently, the correspond-
ing EIOC images (Figure 7C and I) for both cases carry no
information. During AC, however, the background fluctua-
tions give rise to non-zero Fourier transform values at f,,
making the optical fiber visible on the spectrum peak image
and concealing the electro-kinetic response, although there
is obviously no electric current induced inside the dielectric
fiber. After removing the background fluctuations (Figure
7E), the fiber and a small region of surface tissue to the left
of the fiber in Figure 7D disappeared, in agreement with

the absence of electric current in them. Thus it can be con-
cluded that the EIOC image obtained during electric field
application (Figure 7F) represents the information related
to the tissue electro-kinetic response.

4 Discussion

The feasibility of the five points smoothing range selected
for angular de-trending as not to exceed [-rt; t] range needs
further exploration. Figure 8 demonstrates how differ-
ent smoothing ranges affect the resulting phase images in
B-mode if [-n; w] angular de-trending range is exceeded.
Three unwrapped phase curves are shown in the top row
of Figure 8, with corresponding phase images at the bottom
(Figure 8A-C). With increasing number of points for smooth-
ing of unwrapped phase curve, the noise level increases,
causing degradation of the final phase image. For 21 nearest
points smoothing (Figure 8B), phase image loses its sharp-
ness; for 45 points (Figure 8C), it becomes so blurred that
only contour of the sample can be distinguished.

EIOC images for both amplitude and phase variations
of OCT signal during application of external electric field
were calculated. As both depend on backscattering prop-
erties of tissue, it was expected that corresponding EIOC
images would show some similarities and some differ-
ences. Indeed, the OCT speckle pattern formation depends
on the microscopic structure of the measured object result-
ing from the interference of backscattered light from the
ensemble of scatterers in the tissue. Speckles are known
to contain information about scatterers’ average properties
(distribution, size, and shape) without individually resolv-
ing them [27]. Due to the application of the low-frequency
external electric field, speckle patterns change their
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Figure 7 Top row: Peak spectrum images before (A), during (D) and after (G) AC application. Middle row: Background images before (B),
during (E) and after (H) AC application. Bottom row: electrically induced optical changes (EIOC) phase images before (C), during (F) and after
() AC application. Note that before and after AC application the resulting images (C) and (I) carry no information due to absence of electric
current in the sample while (F) clearly demonstrates the difference during AC application.

brightness and shape in resulting OCT images depending
on the local EKP. The EIOC amplitude image therefore may
represent the relative magnitude of electric field influence
on tissue through changes of intensity of these speckle
patterns. EIOC phase image, in turn may reflect the elec-
tric field influence on sub-resolution scatterers distribu-
tion. As comparison of Figure 9A and B reveals, the EIOC
amplitude and phase images exhibit many common fea-
tures like tissue boundaries around optical fiber (fiber was
seen in the initial spectrum peak image but was filtered out
after background removal) and tissue sample surface, but
also some differences. To explore these further, Figure 9C

demonstrates their 2-D inter-image cross-correlation image
C(i, j) obtained with an 8x8 grid:

C(i,j)=ﬁ2{ %Z:I’A(m, n)-conj( Ph(m+i, n+j)) |, (1)

where M=8, N=8, A(m, n) is the EIOC amplitude image
intensity of the (m, n), pixel, and Ph(m+i, n+j) is the
EIOC phase image intensity of the (m+i, n+j) . Pixel. The
difference in their information content is emphasized
by maximum cross-correlation value (~30%, as seen).
Assuming a distribution of backscattering coefficients
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Figure 9 (A) Electrically induced optical changes (EIOC) amplitude image, (B) EIOC phase image, and (C) their cross-correlation image.

f(z) as a function of depth z, the measured spectrum I(w)
(w is positive), can be approximated as the positive fre-
quency components of the F(w), the Fourier transform of
f(z) [28]. During our phase images derivation, an inverse
Fourier transform to I(w) to obtain g(z) is applied (note
that in conventional OCT imaging, only the amplitude of
g(z) is displayed). Since I(w) contains positive frequency
components of F(w), g(z) is essentially the Hilbert trans-
form of f(z) [29]. Now it is known that for a modulated
signal, the amplitude of its Hilbert transform gives the
envelope of the signal, whereas Hilbert phase gives the

information on the oscillation under the envelope. There-
fore the phase of the OCT signals provides different/addi-
tional information on tissue properties, and phase images
differ from amplitude images in our EIOC investigations.
The presented OCT phase measurements approach
can be potentially used for identification and characteriza-
tion of morphology and function of normal and pathologic
tissues, specifically cancerous ones. Today there exists a
variety of advanced imaging modalities for this purpose,
including OCT, but standard structural OCT imaging
cannot detect early pathological changes in tissues [30].
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One of the potential methods for early detection of pathol-
ogy is through changes in electro-kinetic properties of
tissue on the cellular level [31]. It was experimentally
shown that malignant transformation of cells is corre-
lated to the changes in the fixed charge density (FCD) on
cell membranes. It is also known that within the tumor,
FCD is significantly larger than on cell membranes within
normal tissue at different pH levels [32]. Ultrasound has
also shown a similar correlation of FCD in the extracel-
lular matrix with physiological and pathological changes
in tissue [33]. Dolowy [34] has demonstrated that cell
membrane charge increases during tumorogenesis and
decreases during necrosis.

These previous studies and preliminary EIOC imaging
results demonstrate a promising potential for monitoring
the FCD changes within tissues with amplitude and phase
OCT analysis through their electro-kinetic responses.
Electro-kinetic phenomenon like electro-osmotic flow,
may be used for measuring zeta potential and conse-
quently, defining electro-kinetic properties of tissue [2].
Electro-osmotic flow is the liquid flow under the action
of the external field E. In Smoluchowski’s theory [35], the
electro-osmotic velocity is given by
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where ( is the zeta potential, ¢ _is the relative permittivity
of tissue, ¢, is the electric permittivity of vacuum, and p
is the dynamic viscosity of the liquid. The velocity of this
flow hypothetically may be measured by analyzing the
OCT signal changes with the proposed algorithm.

There have been several published attempts to
measure slow flows and quantify small velocities, both
in OCT and in fluorescence microscopy fields [36—39].
Although promising results have been reported, it still
remains a challenging task for OCT. In well-controlled
fluorescence microscopy experiments, the developed
algorithms are quite interesting but not directly applicable
to OCT mainly because: 1) fluorescence confocal micro-
graphs exhibit lower levels of image speckle compared
to OCT images; 2) OCT images are obtained over much
greater depth but with somewhat lower axial and lateral
resolutions (and thus do not resolve individual scatter-
ers); and 3) contrast-agent-free OCT reflectance imaging
has different image contrast characteristics compared to
exogenously labelled fluorescence micrographs.

Figure 10 demonstrates: a) the time course of an
angular de-trended OCT signal phase at 1 mm depth below
the tissue surface before, during (inside the solid square),
and after the AC application (step 5 of the algorithm in

€€ . .
” ='S—°§E , (2) Figure 3); b) the same but de-trended signal (step 6 of
P the algorithm in Figure 3); and c) the Fourier transforms
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Figure 10 (A) The time course of an angular de-trended OCT signal phase at 1 mm depth below the tissue surface before, during (inside the
solid square), and after the AC application (step 5 of the algorithm in Figure 3). (B) The same but de-trended signal (step 6 of the algorithm
in Figure 3), and (C) Fourier transforms of de-trended signal portions before, during and after AC application (step 7 of the algorithm in
Figure 3). Peak in the spectra marked “measured frequency” corresponds to the same frequency of the applied electric field (0.1 Hz).
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of de-trended signal portions before, during and after AC

application (step 7 of the algorithm in Figure 3). Conceptu-

ally, the electro-osmotic velocity may be estimated from

the de-trended portion of the signal during AC application

(Figure 10B) by calculating the slope m of the phase curve:
_ 9 2 '@1

m=—"r 3

271

where @, and @, are the initial and final phases, and ¢,
and t, are the initial and final times of each cycle (as can
be seen from Figure 10B, there are 18 cycles of signal
phase change during AC application). If the phase curve
is increasing (going up from left to right), its slope is
positive. If the phase curve is going down (direction of
external field changes), its slope is negative. The positive
and negative slopes for each cycle may be related to the
positive and negative electro-osmotic velocities, depend-
ing on the direction of the electric field applied to bio-
logical tissue. This conjecture requires further validation/
testing before developing a metric for small velocities
quantification.

5 Conclusion

The effects of a low-frequency electric field on 2D-OCT
phase images of porcine heart samples were investigated
in this study. The periodic changes in phase extracted
from interference fringes during AC electric field applica-
tion reflected the periodic change of the field at the same
frequency.

The OCT signal phase processing method was devel-
oped, demonstrating the capability to image the electro-
kinetic response of biological tissues to the external
electric field. The multi-step procedure of removing the
background noise from the EIOC images was introduced.
The ability of the method to image the different levels of
electro-kinetic responses of tissues was demonstrated
using an electrically non-responding material (dielectric
optical fiber) inserted into the tissue sample. EIOC images
obtained after OCT amplitude and phase processing were
found to be somewhat different from each other, each
reporting on different aspects of the OCT interference
signal. The availability of additional tissue characteriza-
tion information via OCT phase analysis of the EKP effect
was thus demonstrated.

The proposed technique may potentially prove useful
for identification and characterization of morphology and
function of cancerous tissues.
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