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Among the numerous methods for improving the informative value of the optical coherence tomography (OCT), a special place is taken
by the methods for increasing the spatial resolution of the resulting images. Increasing the resolution allows one to identify more clinically
significant structures in OCT images and thus improve the diagnostic value of OCT. Since the transverse resolution of OCT images is
determined by the physical principles different from those for the longitudinal resolution, the ways of their improvement are also different.

The aim of the study is to develop a method for increasing the transverse resolution of OCT by using a finite impulse response (FIR)
filter for numerical refocusing and by combining the numerically refocused images.

Results. We have developed a FIR filter able to transfer the focal plane of an OCT image using the data from 17 consecutive
measurements of the field scattered by the object. In addition, we propose an original method for automatic synthesis of the final OCT image
with an improved transverse resolution over the entire object depth from a series of images having different focal plane positions. This will
enable the OCT instrument to produce a sharply focused beam for the scanning and thus obtain images with an improved transverse
resolution in the focal plane, restore the required resolution in the out-of-focus areas using numerical transfer of the focal plane, and also
synthesize the final OCT image with an improved transverse resolution. The method has been tested with model objects using an OCT

device operating at a central wavelength of 1 um with the 60 nm range and a beam focused onto a spot with a diameter of 5 ym.
Conclusion. The proposed method of numerically increasing the transverse resolution of OCT images allows one to obtain images
with an improved transverse resolution using only a small number of OCT measurements; in the future, it will allow for creating an OCT

device that produces high-resolution images in real time.
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Introduction

Optical coherence tomography (OCT) is a rapidly
developing method of non-destructive examination of
the internal structure of scattering tissues (including
biological). The method allows for resolution up to
several micrometers within a depth of 2 mm into the
object [1, 2]. The standard result of an OCT examination
is a cross-sectional image of the object, traditionally
called the B-scan, which consists of a series of the

scattered field amplitude distributions along the depth, or
A-scans.

There are a number of approaches to improving the
informative value of OCT results; of those, the most
obvious one is to increase the spatial resolution of the
device [3-6]. In some applications, high spatial resolution
allows the operator to identify more clinically significant
structures and thus improve the diagnostic value of the
test [7, 8]. While the longitudinal resolution of OCT is
determined by the scanning beam spectral width, the
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transverse resolution depends on the geometry of this
beam. Here, the diffraction properties of the beam create
a discrepancy between the requirement of high spatial
resolution and the depth of probing.

To date, a number of hardware and software
solutions to this discrepancy are known. Using the
beams that practically do not change their shape at
the depth allows for obtaining images with a resolution
equal to the width of the major maximum of such beams
[9-12]. However, the presence of lateral maxima and
the weak coupling between such beams and the single-
mode fiber prevent a wider use of such methods [11].
Recording a series of images with a mechanically
transferred position of the focal plane allows one to
create an OCT image with an increased transverse
resolution by synthesizing the final image from this
series of images [13-15]. Such devices though require
a sophisticated refocusing system, which complicates
their use with flexible endoscopic fibers.

A number of software-based approaches to improving
the transverse resolution of OCT have also been
proposed. In the technology known as interferometric
synthetic aperture microscopy [16, 17], the three-
dimensional Fourier spectrum of the volume OCT data
is recalculated into a non-equidistant measurement
grid; by performing the inverse Fourier transform, the
system creates images with an increased transverse
resolution. There are methods of numerical refocusing
that compensate for the scanning beam diffraction;
there, the so-called phase mask modification is applied
to the 2D spectra of the Fourier OCT images at different
depths [18, 19] or to the 2D spectra of the Fourier
distributions recorded at different wavelengths [20, 21].
The resulting image is synthesized from a series of
images with different positions of the focal plane, which
is similar to the hardware-based method for increasing
the transverse resolution [21].

The above inventions are applicable only to the
OCT data volumes having a sufficient number of
measurements at each coordinate. Otherwise, the final
images would contain artifacts caused by the edge
effects of the discrete Fourier transform, thus making
such images inapplicable for diagnostics. Because of
that, it may be impossible to visualize images with an
increased transverse resolution, since the operator must
first collect the necessary data and only then evaluate
the processing result, which significantly increases the
time of the examination.

In this paper, we discuss the possibility of numerical
transferring the OCT image focus within the signal
space by using one type of linear digital filters, namely,
a finite impulse response (FIR) filter. In the OCT device
used in this study (Institute of Applied Physics of the
Russian Academy of Sciences, Russia), this filter
consisted of only 17 elements; this system then became
able to visualize a B-scan with an increased transverse
resolution and with some lag behind the recorded data
required to record 8 B-scans.
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OCT instrumentation. We used an OCT setup with
a central wavelength of 1 ym, a spectral width of 60 nm
and a recording frequency of A-scans of 20,000 s'.
To produce a sharply focused beam, an objective
lens with a numerical aperture of 0.1 was used; that
provided a transverse resolution of up to 5 ym in the
air. The device accumulated the OCT data files of
A-scans sized at 256x512; each A-scan contained
256 depth measurements. Recording of one B-scan
located along the fast scanning axis and containing 256
measurements, took 13 ms.

FIR filter. It has been shown [20] that the following
operation performs the numerical transfer of the focal
plane in the OCT data volume:

Fa (X Y,2)=) exp(ikz)iFTu,M,y{FTWW[;‘0 (x.y.k)]x
k
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where F,, is the magnitude of the optical field after
the numerical transfer of the focal plane to a distance
Az; x,y — the lateral coordinates in the OCT signal
space; z is the axial coordinate (depth); k is one of
the wave numbers inherent in the OCT unit; FT, ., .,
iFT, .y, are the direct and inverse Fourier transforms,
respectively; f, is the spectrum measured by the OCT
unit; u,v — the transverse coordinates in the Fourier
space.

Since the updated OCT devices record the volume
data during a period of several tens of seconds, the
refocusing is desirable to be based on short data
sequences. However, direct application of equation (1)
to the OCT data without having the sufficient number
of measurements in one of the coordinates, would
generate the well-known artifacts, which can be seen
from the simulated data presented in Figure 1. In this
simulation, it was assumed that 256 A-scans were taken
along the fast axis, while the processing along the slow
axis was carried out using short sequences equal to
5, 9, or 17 measurements. The Figure also shows the
characteristic “tails” that would interfere with each other
thereby creating false “structures” that would distort the
real image.

To avoid the artifacts, equation (1) can be rewritten
in terms of spatial filtering, after which the number of
elements of the spatial filter can be reduced. Applying
the Fourier transform to the convolution operation, we
can rewrite equation (1) as

Fu. (X Y,2)=) exp(ikz)f,(x,y,k)®
k
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The convolution kernel width in equation (2) can be
limited by the width of the point scatter function of the
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Figure 1. Numerically simulated refocusing based on
limited data

Refocusing along the horizontal axis was performed using 256
measurements according to equation (1), while there were 5,
9, and 17 measurements along the vertical axis (b), (c), (d).
Images of the point scatterer were taken at a distance of three
Rayleigh lengths from the focal plane with a discretization
step of 1 um; the size of each image was 30x30 um; (a) is the
original image; (b)—(d) are images obtained after refocusing
along the vertical axis according to equation (1) using 5, 9, and
17 measurements, respectively; (e)-(g) — images obtained
after refocusing along the vertical axis according to equation
(4) using 5, 9, and 17 measurements, respectively. One
can see a decrease in the size of the artifact caused by an
insufficient number of measurements if equation (4) is used for
each number of measurements; when using 17 measurements
the artifact completely disappears

OCT instrument at the respective depth. The convolution
kernel is written as follows:

2 2
kern,, (x*+y?, k)=iFTuyMX,y{exp{—iAz 4 ‘:-kv H
2k . k = .
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where kern,, is the kernel of the convolution operation
that performs the numerical transfer of the focal plane of
OCT images to a distance Az.

After their discretization, the values of the kernel (3) at
the width of the point scatter function can be considered
as the values of an element in the FIR filter. The transfer
of the focal plane OCT data can thus be written as

lo.jo.n

(Az)=%: exp| i (k,+Akm)(z,+dz, ) |x
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where [, j, I, jo are the transverse indices of
discretization; n is the longitudinal index of discretization;
m is the discretization index of the wavenumber; kg
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is the smallest wavenumber; Ak is the wavenumber
discretization step; z; is the minimum image depth;
dz — the depth discretization step; Fjy ;) ,(AZ) is the
discretized field after the numerical transfer of the focal
plane to the distance Az; f; ; , is the spectrum measured
with the OCT device; kern, ;.- m(Az) is the discretized
convolution kernel that performs the numerical transfer
of the focal plane containing 2N+1 elements.

Equation (4) can be rewritten for the case when the
refocusing along one of the coordinates (the fast one) is
based on equation (1), and for the second coordinate —
on equation (4).

Correction for movements. Since the proposed
method of numerical refocusing operates with the full-
scale data of the scattered field measured with an
OCT device, the resulting image is sensitive to phase
deviations that could be caused by movements of the
object and/or the OCT scanner during the measurement.
To compensate for the possible phase deviations, we
used the method described in [22].

Synthesis of the final image. Since the specific
position of the focal area in the OCT images after
refocusing depends on an unknown refractive index
of the object under study, it is not known in advance,
which of the refocused images (or their parts) are to be
selected to create the final image at each depth point.
To solve this problem and continue the measurements
in the automatic mode, it was proposed to calculate
the normalized dispersion that reached its maximum
with the optimal focusing at each depth point of each
intermediate B-scan [23]:

j F (A
criterion [F,m ) (AZ):| = Van:I:::EIE "”{LZ)ZJ) J . (5)

Since at each depth point, the “criterion” is calculated
from a single line, we added a low-frequency filter to
reduce the influence of “criterion” fluctuations on the
choice of the optimal image. Following this approach,
for each depth point of the final image, we selected that
part of the intermediate images, which had the maximal
“criterion” value at this depth.

Results

The proposed method of numerical transfer of the
focal plane was used to visualize a test biological
object: the orange pulp. Figure 2 shows the initial
image, the results of refocusing at different depths, as
well as the final image, composed of optimally focused
intermediate images at the respective depth points.
One may notice that the numerical transfer of the focal
plane allows for distinguishing the details in out-of-
focus areas that are inaccessible before refocusing.
Only 17 consecutive B-scans were used for refocusing
along the slow scanning axis; therefore, if a real-time
visualization program based on the described method
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Figure 2. Testing the proposed algorithm with a model object:

(a) original image; (b), (c) images with numerically transferred focus; (d) the final synthesized image after improving its transverse
resolution throughout the entire volume under study. The additional panels are sampled near the initial position of the focal plane
(I, 1IV), as well as near the numerically recalculated positions of the focal plane (I, Il) in order to demonstrate the changes in the
image quality at the respective depth point after the focal plane transfer

is created, the delay between the visualized and
recorded B-scans will equal the time needed to record
8 B-scans. For the given OCT device, this time is
100 ms, which is enough to provide the operator with
the necessary feedback.

Conclusion

A method for increasing the transverse resolution of
OCT images is proposed; it is based on the numerical
transfer of the focal plane of OCT images. The primary
image is produced by using a sharply focused beam to
scan the object; then, the final image is synthesized from
a series of images obtained with various focal planes. In
contrast to the existing techniques, the proposed method
allows for obtaining final images with an improved
transverse resolution by using only 17 B-scans. This
advantage can facilitate creation of an OCT system with
an improved transverse resolution able to visualize the
full cross-sectional image in real time.
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