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Abstract A numerical method that compensates image
distortions caused by random fluctuations of the distance to
an object in spectral-domain optical coherence tomography
(SD OCT) has been proposed and verified experimentally.
The proposed method is based on the analysis of the phase
shifts between adjacent scans that are caused by micro-
meter-scale displacements and the subsequent compensa-
tion for the displacements through phase-frequency
correction in the spectral space. The efficiency of the
method is demonstrated in model experiments with
harmonic and random movements of a scattering object
as well as during in vivo imaging of the retina of the human
eye.
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1 Introduction

In this paper, we describe a numerical method that
compensates image distortions caused by random fluctua-
tions of the distance to an object in spectral-domain optical
coherence tomography (SD OCT) imaging. SD OCT [1] is
primarily used for in-vivo, non-invasive imaging of the
internal structure of tissues with a high spatial resolution of
a few microns. It is based on the spectral interferometric
detection of low-coherent infrared light backscattered from
the internal inhomogeneities of the object being studied
and successive mathematical processing of the captured
optical spectrum of the interferometric signal. In ophthal-
mologic applications of OCT imaging, a typical problem is
the undesirable axial microscale movement of the eye
relative to the optical detection system. Even with a
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relatively high imaging speed in SD OCT (more than
20000 A-scans per second [2]), it takes several seconds to
generate a 3D image of the retinal region. Under these
conditions, avoiding random involuntary movement of the
eye is almost impossible. This eye movement is mainly
associated with muscle tremor [3], respiration [4], and
tissue vibration caused by blood flow in large vessels [3,5]
and have a component directed along the probing beam
propagation. The presence of relative axial displacements
introduces distortions in the images, which can sometimes
adversely affect the interpretation of the obtained diag-
nostic information.

The solution for this problem requires the development
of methods for suppressing the influence of the relative
motion of the object during study. These methods can be
divided into hardware methods, in which special tools are
used to reduce or measure the displacements during
scanning, and software methods, in which a previously
acquired image is corrected. The most effective method is
to increase the imaging speed [6]; however, in a real
environment, this has the limitations often associated with
the threshold limit of radiation exposure and an increased
signal-to-noise ratio (SNR). The SNR for excess noise is
proportional to the square root of the exposure time [7];
therefore, increasing the imaging speed results in increased
levels of excess noise. This results in the decrease of the
SNR starting from the threshold value of the exposure time
caused by the level of excess noise exceeding the level of
shot noise [7]. In turn, the SNR for shot noise is
proportional to the square root of the number of photons
registered by the photo receiver. Therefore, to achieve the
required dynamic range in the OCT system, the total
number of registered photons should be maintained while
decreasing the exposure value. The latter requires increas-
ing the total power of the probing light, which is limited
owing to the stipulations of the applicable safety standards.

A number of approaches have been developed to
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compensate for the influence of the displacement of an
object during ophthalmic OCT imaging. These approaches
are aimed at compensating for the effects of the natural
movement of the eye. The specificity of the object under
study (retinal structure) implies the predominant influence
of transverse displacements, which violate the integrity of
en-face images and can be compensated for by either
analyzing the full 3D image [8—11] or performing
additional reference measurements, such as serial scanning
in orthogonal directions using a single B-scan [12] or an
additional 3D image [13,14]. In addition, a number of
hardware methods for the correction of eye movement are
known and have been discussed in detail in a review paper
[15].

The correction of axial displacements is a separate task
that requires the development of fundamentally different
approaches. In Refs. [16-18], for instance, when con-
structing angiographic images, eye movement was cor-
rected via correlation analysis of the images themselves.
However, the results of the recovery profile of the retina
were not provided in these studies. In Ref. [19], the retinal
displacement is determined using a similar technology that
involves identifying the three-dimensional correlation of
the speckles observed in OCT images. Using this method,
a good agreement between the external displacement of an
object and amount of displacement recovered from the
OCT image was demonstrated. Similarly, the correction of
physiologic movements (breathing, heartbeats) was con-
ducted in Ref. [20]. In Ref. [5], the presence of axial
displacements in the OCT images of the retina and other
human tissues was used to determine the frequency and
profile of heart contractions. However, the displacements
were not compensated in these OCT images. In Refs.
[21,22], external hardware tracking was used to correct the
arbitrary movements of an object, making it possible the
identify the movements and generate a correction signal. In
Ref. [10], a complex mechanism was proposed to manage
the manifestations of axial displacements. This mechanism
involves the creation of scanning beams with a certain

spectral-geometric profile, thus making it possible to
accurately distinguish between geometry-induced changes
in the image profile and changes caused by the axial
movements of the object. In Ref. [23], an approach in
which the correction of axial movements is based on
studying the local surface curvature by statistical methods
within a window covering 10-80 image lines in directions
orthogonal to the scanning direction was described.

In this paper, we propose a numerical method for
eliminating the influence of fluctuations of the distance to
an object in an SD OCT system. This method uses of SD
OCT data to obtain the information of micrometer-scale
displacements that occur in the time interval between
individual in-depth scans. Then this information is used to
remove artifacts from the image reconstructed from the
same data. The method does not involve any additional
measurements.

2 Signal generation in SD OCT imaging

To describe the proposed correction method, we first
discuss the principles of signal generation in OCT. A
schematic of the SD OCT system is shown in Fig. 1. Light
from a broadband light source is directed to an inter-
ferometer with a reference arm and sample arm. The
sample arm contains an optical system that conducts the
transverse scanning of the object using a probe beam and
detection of the backscattered light. The reference and
scattered waves, the fields of which are hereinafter referred
to as Er and Eg, respectively, are delivered to a spectro-
meter, where the sum of the fields is decomposed into
spectral components using a diffraction grating and
detected using a line scan sensor. In our experimental
setup, we use a prism corrector in a spectrometer to ensure
the equidistant distribution of the spectral components of
the interference signal over the optical frequency w on the
line scan sensor [24—26]. The spectral intensity signal of
the detected radiation is transmitted from the spectrometer

. - scanning
mirror in the system (X, Y)
reference arm
Eq I \
light (._)_ES
source
Eg + Eg J
spectrometer

Fig. 1 Schematic of an SD OCT system based on a Michelson interferometer
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output via a specialized interface [27] to a personal
computer for further mathematical processing. In the case
of a single scatterer in the measuring arm of the
interferometer, the signal (w) can be represented as
follows:

I(w)x|Es(w)]* + |Eg (o)

+2|Es (@) Ex(@)]cos (222), (M)

where z is the value of the optical path difference for the
reference and scattered fields, w is the optical frequency, ¢
is the speed of light, and the hat notation denotes the initial
data. This expression can be rewritten in a more compact
form as follows:

I(®) = Sac(®) + Scc(w)cos (2%2), )

in which the autocorrelation S¢(w) and cross-correlation
Sce(w)cos (282) components can be distinguished [28].
c

The Szc(w) term may be eliminated in several ways [29—
32]; however, this is outside the scope of this paper. The

. )
cross-correlation component Scc(w)cos (2—2) causes the
c

registering spectral comb with a frequency (25), which is
c

proportional to the optical path difference between the
reference and scattered waves. The cosine argument of the

Sce(w)cos <2gz> component depends on the distance to
C

the scatterer and thereby reflects the fluctuations in the
distance to the object. The depth (z-coordinate) of the
scatterer inside the object and its backscattering coefficient
can be judged by the result of the Fourier transform of the
spectrometer’s response /(). An in-depth scattering
profile (A-scan) is displayed as brightness. A series of
A-scans comprises 2D or 3D OCT images. A 2D dataset,
or a B-scan, is acquired by moving a probe beam along the
surface of the object (x-coordinate) and synchronously
recording A-scans. 3D OCT images are obtained by
generating a set of B-scans recorded with a successive
offset along the y-coordinate, which is orthogonal to the
scanning direction in the B-scan (Fig. 2).

= : ;

y |
L

(@ (b)

In the present study, raster scanning is used for
experimental testing, as illustrated in Fig. 2(a). To save
time and ensure a continuous scanning process, the beam is
moved in opposite directions along the x-coordinate in even
and odd B-scans. To ensure correlation between adjacent
samples, a scanning step that is smaller than the diameter of
the probe beam should be chosen, as illustrated in Fig. 2(e).

3 Numerical displacement compensation
method

Figure 3(a) presents an example of a distorted image
section across the slow axis (y-axis in Fig. 2(a)), which is
typical for retinal imaging. The dataset used for Fig. 3 was
obtained using of an experimental SD OCT system at a
1060-nm wavelength on a healthy volunteer eye. The
profile of the retina appears heavily rugged owing to a
physiologic tremor. The irregular displacement range of
this tremor may reach hundreds of wavelengths (see
experimental example in Fig. 3(b) calculated from the
dataset using the proposed method).

The initial data of the A-scan I (o) after exclusion of the
autocorrelation component can be represented as a discrete
sequence /,,, where w is the discrete number of the spectral
samples corresponding to the optical frequency w. The
number of elements in the discrete sequence /,, is equal to
the number of photocells in the line scan sensor N. A 2D
dataset obtained via transverse scanning is denoted 1,,,,,
where x is the discrete value of the transverse coordinate.
After correcting the spectrum and dispersion [33,34], a
two-dimensional set of complex data is calculated as an
analytical signal using the numerical Hilbert transform:

1 /W = Sccimed)“‘ﬁ +iH (Scclw,xeq)w*)(w), where Sccrw’x and
(I)IW’X are the corrected spectrum and phase distribution in
discrete space, respectively. In this paper, the numerical
Hilbert transform is used as the simplest method to obtain
complex-valued spectral data. Additional methods to
achieve this are described in Ref. [28]. The complex
dataset F,, obtained by the Fourier transform F,, =

F(I,,x)(z) makes it possible to analyze the relative
displacement of adjacent columns.

(© (@ ©

Fig. 2 Typical scan patterns in OCT imaging with continuous registering of A-scans, (a) raster with two directions, (b) concentric spiral,
(c) Lissajous curves, (d) cylindrical, and (e) a sample of sequential A-scan beams overlapping
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Fig. 3 Displacement correction in OCT images of a human retina. Initial image sections: (a) across the slow axis, (d) en-face section at
the selected depth denoted by dashed line in (a), and (b) displacement calculated in phase units for the entire 3D image. Restored image
sections: (c) across the slow axis (same section as (a)), (¢) en-face section at the selected depth

Determining whether adjacent A-scans have undergone
vertical displacement relative to each other is possible
using the total phase difference for each element £, and
F, 1. This operation can be represented as follows:

N/2 *
A(ox = arg(zz:()Fz,sz,erl)a (3)

where operator arg denotes the argument function, and the

asterisk denotes the complex conjugate of F ;,x 4l

The argument of the sum of complex numbers Agp,
(Eq. (3)) represents the change in the phase of the
interference signals due to displacement and is resistant
to noise. The key to the method’s robustness is the
requirement of a correlation between successively regis-
tered A-scans. The object displacement dz occurring in the
time gap between the A-scans results in the phase shift dg
= 2dz" w/c for all scatterers. After the Fourier transforma-
tion, this spectral phase shift becomes the additional term
for the phase factors of A-scans F,,—¢,. Because
successively registered A-scans overlap, as illustrated in
Fig. 2(e), the intensity overlap integral for Gaussian beams
is approximately 80%. Thus, all the terms in Eq. (3)
provide equal-phase (i.e., caused by the movement of the
entire object) deposits to the sum. The influence of non-
overlapping areas is small enough to introduce distortions
into the phase factor of the total Agp, in Eq. (3). Similarly,
the noise terms do not affect the phase factor owing to the
extremely low value of noise in relation to the signal (at
least 20-40 dB). In addition, the impact of blood vessels on
the change in the overall phase factor is negligible owing to

the combination of the small scattering signal from blood
cells and the small geometric size of the vessels compared
with the total depth of imaging.

A similar approach was used for, in particular, the phase
alignment of a dataset to obtain angiographic information
[35,36]. The results of this analysis can be used to correct
the axial displacement of A-scans sequentially throughout
the entire dataset via the phase correction of the complex
signal distribution in the Fourier domain:

Ly = L™, @
where the cumulative phase correction factor ¢, is
determined by the expression ¢, = ¢, + Ag,, po = 0,
and «(w) is the dimensionless wavenumber normalized by
the central wavenumber of registered spectrum. Equation
(4) subtracts the motion-generated phase shift from A-
scans and corrects the motion influence on the OCT data.
For example, the displacement ¢, for the initial data shown
in Fig. 3(a) is illustrated in Fig. 3(b) as a function of the A-
scan number in phase units, which can be considered the x-
coordinate for Eq. (4).

The use of the cumulative sum for calculating object
movement may lead to the possibility of accumulation of
the cumulative error caused by, for instance, a violation of
the applicability of the method for the shift speed. Such
errors are not critical in the case of single short-term effects
because they lead to easily detectable image distortions,
such as visual surface tearing (step), which can be taken
into account during further image processing and analysis.
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The location of discontinuities in the image can be
corrected after detection by other methods, such as
correlation processing. In the case of a systematic violation
of the conditions required for the applicability of the
method, the cumulative error leads to performance loss.
However, it can be identified by analyzing the dynamics of
the cumulative phase correction factor. The latter may be
used to generate a real-time warning to the user or
automation to conduct the correction of research.

The newly calculated signal F/z,x = F(, ) (2) will be
corrected in the vertical direction, as presented in Fig. 3(c),
where the same cross-section is presented after the
implementation of the drift correction procedure. It should
be noted that axial movements also cause image distortions
in en-face sections; these may appear as XY-motions but
are not if the surface is tilted to the probe beam direction, as
illustrated in Fig. 3(d). These distortions are also success-
fully eliminated by implementing the proposed method.
Figure 3(e) presents a restored en-face image of the same
section as in Fig. 3(d).

It should be noted that the displacement may be
correctly calculated only if it is sufficiently small; that is,
in the time interval between adjacent A-scans, if the object
under study shifts by no more than a quarter of the central
wavelength of the probe radiation (2dz - w/c < m/2), and the
scans themselves are partially correlated (they should be at
least partially overlapped, as illustrated in Fig. 2(e)). In the
laboratory OCT systems used, the imaging speed is 20000
A-scans per second, and the central wavelength of the
probe radiation is 1300 and 1060 nm for the model
experiments and eye imaging, respectively. These para-
meters allow for the unambiguous determination of the
displacements occurring with a longitudinal velocity of up
to 6.5 and 4.5 mm/s for each of the aforementioned setups.

Further, it should be borne in mind that the procedure
does not add new data to the image and the missing data
(top and bottom regions of the image) are generally filled
in incorrectly, making it necessary to reduce the imaging
depth by the value of the maximum displacement.

A peculiarity of the proposed method is the absence of
calculated displacement in the case of no motion. This
signifies that surface shape of an object has no influence on
the result of the procedure (unlike in intensity correlation
methods); therefore, the method does not tend to flatten the
object surface.

When constructing 3D images, this procedure is
performed sequentially for all B-scans. In this case, the
use of scanning pattern which contains both forward and
backward directions (Fig. 2(a)) allows for the continuous
analysis of consecutive A-scans in the image. The
proposed algorithm can be applied to other continuous
scanning patterns. In particular, it can be used for Lissajous
scanning using resonant scanners [11,37-40] (Fig. 2(c)),
cyclic scanning in optic-nerve examination [41,42] (Fig. 2
(b)), and the endoscopic assessment of coronary vessel
walls [43] (Fig. 2(d)).

4 Experimental testing of proposed method

Figure 4 presents the experimental setup used to test the
proposed compensation method. An experimental SD
OCT system with an imaging speed of 20000 A-scans per
second was used. The central wavelength of the probe
radiation in this system was 1300 nm.

The sample used in the test was an OCT phantom, which
is a flat plastic plate (BioMimic, Canada) with scattering
and absorption characteristics similar to those of biotissue.
The sample was fixed on the mounting surface of the
vibration exciter (VEB Robotron—-Messelektronik ESE
201) to simulate the axial displacements of the sample
relative to the OCT system. To demonstrate the ability of
the method to correct distortions in the surface image
caused by the object’s motion while keeping the shape of
the surface itself unchanged, the phantom was placed at a
small angle relative to the incidence direction of the
probing radiation (z-axis in Fig. 4). Figure 5(a) illustrates
the projection of a 3D image of the sample surface that is at
rest relative to the probe. Hereinafter, all projections of the
3D image are presented using a modified maximum
intensity projection algorithm [44].

To simulate smooth mutual displacements, the vibration
exciter produced slow harmonic oscillations with a
frequency of 0.06 Hz and an amplitude of 0.4 mm. The
results of the usual 3D OCT image synthesis in this case
are presented in Fig. 5(b). Here a sinusoidal-like change in
the image profile along the slow scan coordinate (y, as
displayed in Fig. 5(a)) is clearly visible. Figure 5(c)
presents the results of 3D OCT image synthesis using the
proposed method for compensating for axial displace-
ments. It can be seen that the surface profile along the slow
scan axis smoothens and becomes identical to the profile
presented in Fig. 5(a). It should be noted that the algorithm
used to correct the axial displacement does not introduce

output of OCT device
(telecentric setup)

e —

slow scan direction

direction of

/ displacements

phantom sample

Fig. 4 Schematic of experiment to simulate mutual vertical
displacements of the object and the OCT system
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(d)

Fig. 5 OCT images of the sample: (a) when the sample is at rest, (b) with vertical harmonic oscillations of the sample, (c) same as (b)
with compensation for axial displacements, (d) with stochastic vertical displacements of the sample, and (e) same as (d) with

compensation for axial displacements

distortions in the restored profile of the object; it remains
inclined.

In the next experiment, the vibration exciter produced
chaotic movements in the sample with the center frequency
of the control signal spectrum of the order of several Hz.
The phantom surface appears broken in Fig. 5(d), as if
covered with wrinkles of arbitrary depths. The results of
image recovery after compensation for the displacements
by the proposed method are presented in Fig. 5(e). The
reconstructed surface appears flat again, as in Figs. 5(a)
and 5(c), although at some points the instantaneous
velocity of the platform reached 6 mm/s, which is almost
the threshold value for the experimental setup (6.5 mm/s).
A comparison between the induced displacements and
those calculated using the proposed method in both model
experiments confirms the reliability of the proposed
method.

Figure 6 presents an example of a practical application
of the proposed method for compensating for random axial
displacements in human retinal imaging. An experimental
SD OCT system with an imaging speed of 20000 A-scans
per second was used. The central wavelength of the probe
radiation in this system was 1060 nm.

This study was conducted in vivo using a healthy 37-
year-old volunteer as a subject. The volunteer held his
breath for the duration of the study. Pulse movement and
some irregular tremors were likely the cause of motion
distortions (Fig. 6(a)). No intentional movements were
introduced in the experiment. After applying the proposed
method, the reconstructed surface became smooth in the
image (Fig. 6(b)) and visible folds disappeared from all
angles. The general view of the surface of the retina
corresponds to the canonical images known from the OCT
literature. These images were obtained from a previously

(b)

Fig. 6 OCT images of the part of the retina near the optic nerve (a) without compensation, and (b) with compensation for axial

displacements
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acquired OCT data. The proposed method was induced in
the home-made real-time OCT acquisition software (coded
in C ++). The application of calculation procedure did not
reveal a noticeable increase in image calculation time
(approximately 2%—4%).

5 Conclusion

In retinal OCT imaging, the presence of random eye
movement caused by tremor, pulse, and breathing leads to
distortions in the OCT images; these distortions can
prevent the acquisition of diagnostic information.

In this study, a numerical method for compensating for
the influence of mutual axial displacements between the
OCT system and object, leading to fluctuations in the
measured distance to the object, has been proposed and
experimentally verified. The numerical compensation
method requires no additional measurements.

The proposed method is based on the analysis of
micrometer-scale phase shifts occurring in the time interval
between adjacent A-scans and subsequent phase-frequency
correction of the shifts in the spectral space. In addition, the
method does not tend to flatten the object surface.

The efficiency of the proposed method was demon-
strated in model experiments with harmonic and random
movements of the scattering object and during the in vivo
imaging of the retina.

At the imaging speed of 20000 A-scans per second used
in the experiment and a 1300-nm central wavelength of
probe radiation, the proposed method leads to the effective
compensation for displacements occurring at a longitudinal
speed of up to 6.5 mm/s. When a light source with a
wavelength of 1060 nm is used, this method is capable of
compensating for displacements occurring at a longitudinal
velocity of up to 4.5 mm/s.

The simplicity of the method’s calculations makes it
feasible to incorporate it into the asynchronous parallel
processing code described in Ref. [45] for real-time motion
artifact correction and interactive visualization.
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