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New modalities of optical coherence tomography (OCT) are based not only on the analysis of light beam scattering by biological 
tissues, but also, to a greater extent, on the assessment of spatio-temporal changes in the speckle structure (both the amplitude and the 
speckle phase).

The aim of the study was to develop a method for eliminating parasitic vibrations in the scanning system, which interfere with the new 
OCT modalities such as angiography, relaxography, and slow process monitoring.

Materials and Methods. The task of stabilizing the beam scan trajectory was successfully solved by actively filtering the controlling 
voltage.

Results. The effect of the proposed approach application is demonstrated both on a phantom sample and examples of implementation 
of several modalities applied to real tissues, including: exudate visualization in vivo; OCT-angiography for visualization of microcirculation 
of the brain; OCT-relaxography on the example of mapping the time of mechanical relaxation of cartilage tissue; increasing the lateral 
resolution of OCT by compensating for defocusing.

Conclusion. Vibrations of the scanning system cause artifact speckle variations that mask the informative variations of the speckles 
due to the relative change of the position of the scatterers inside the biological tissue caused by Brownian motion, flow, and deformation. 
Without proper stabilization of the scanning pattern, it is impossible to implement these modalities with quality suitable for practical use.
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Introduction

Optical coherence tomography (OCT) is a rapidly 
developing, minimally invasive method for visualization 
of biological tissues that does not require contrast 
agents. The OCT has already taken a leading position 

among the optical diagnostic methods due to its ability 
to rapidly obtain and process the images; in addition, 
OCT features the well-known polarization sensitivity, 
such rapidly developing modalities as angiography 
and elastography, as well as novel functions, such 
as lymphoangiography, relaxography, and monitoring 
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of slow processes [1, 2]. OCT devices produce 
tissue structure images with a resolution up to a few 
micrometers to a depth of 1.5 mm. The main areas of 
OCT application are ophthalmology [3] and interventional 
cardiology [4, 5]. OCT is widely used in dermatology, 
which is partly due to the convenient accessibility of skin 
as an object of the study [6, 7].

Currently, much attention of researches is paid to 
studying possibilities of OCT in oncology for diagnostic 
tumor assessment [8, 9], determining tumor boundaries 
[10], and evaluating the efficacy of antitumor treatment 
[11].

A major element of the OCT instruments is the 
scanning system, which controls the movement of the 
probe beam along the surface under study. A series of 
A-scans recorded synchronously with this movement 
(coordinate X) is called the B-scan. Three-dimensional 
OCT images are formed from a set of B-scans recorded 
with a sequential shift along the coordinate orthogonal 
to the scanning direction in one B-scan (coordinate Y). 
For a fixed number (A) of A-scans in one B-scan, the 
scanning speed along the X coordinate is A times higher 
than the scanning speed along the Y coordinate, which 
makes it possible to use the terms “fast” and “slow” scan 
coordinates.

The array of beam trajectories is called “the 
scanning pattern”. The most common is a raster 
scanning (Figure 1 (a), (b)) [12], in which X and Y are 
the Cartesian rectangular coordinates although other 
scanning bases are also used. For example, in some 
studies of the macula region and the optic nerve disk in 
the human retina, the B-scan looks like a multi-pointed 
star (Figure 1 (c)) [13]; in studies of the optic nerve, a 
circle shaped scanning is often used (Figure 1 (d)) 
[12, 14]. When using resonant endoscopic forward-
looking probes [15–17], the B-scan shape is defined 
by Lissajous figures (Figure 1 (e)). In this case, the 
“slow” coordinate of the scan is determined by the 

phase difference between the harmonics of the signal 
that controls the optical fiber motion in the orthogonal 
directions. In studies on the inner walls of blood vessels, 
esophagus or respiratory tract, the B-scan is formed 
by the rotation of the probe around its axis [18]. In that 
case, the azimuth coordinate serves the “fast” one, and 
the “slow” coordinate corresponds to the longitudinal 
displacement of the probe along its axis (Figure 1 (f)). 

To implement multimodal OCT options in systems 
developed at the Institute of Applied Physics, Russian 
Academy of Sciences (Nizhny Novgorod), raster 
scanning is used to ensure the continuity of the 
information; here, the beam movement along the X 
coordinate proceeds in the opposite directions for the odd 
and even B-scans, intermittently. This type of scanning 
makes it possible to implement the polarization-sensitive 
(PS) modality based on a double passage of the probe 
beam in the same plane; in this case, the polarization 
of the reference wave changes for the orthogonal one 
on each pass [19]. Due to the bio-tissue specificity, the 
diagnostically significant transverse sizes of biological 
structures, recorded with the regular or PS modalities of 
OCT, significantly exceed the uncertainty of the scanning 
beam position caused by mechanical resonances of the 
scanning element. In view of this, the issue of high-grade 
scanning pattern was not addressed until the invention 
of phase-sensitive OCT modalities.

However, for implementation of signal-sensitive 
modalities of OCT (such as angiography, mapping 
of tissue deformations and monitoring of Brownian 
motion), it is necessary to enhance the stabilization of 
the scanning system to ensure the reproducibility of the 
beam passage without deviating from the previous path. 
For example, in angiography and elastography, at each 
point of each B-scan pair, the phase difference of the 
resulting OCT signal is calculated [20, 21] and then used 
for the visualization and estimation of displacements 
of sub-resolution scatterers. However, if the scanning 
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Figure 1. The most typical OCT scan patterns:
(a) raster with breaks; (b) raster without breaks; (c) star-shaped; (d) concentric; (e) Lissajous figures; 
(f) cylindrical 
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system does not ensure sufficient reproducibility of the 
beam trajectories, this can lead to erroneous estimates 
of not only phase variations, but even speckle-amplitude 
variations that are less sensitive to motions of scatterers. 

Materials and Methods
This paper presents an approach developed in our 

group to stabilize the trajectory of continuous three-
dimensional raster OCT scanning. The implementation 
of the proposed method is exemplified by a number of 
clinical and preclinical applications:

1) visualization of exudative fluid in vivo (based 
on stabilized amplitude processing) in a patient with 
exudative otitis media;

2) visualization of blood microcirculation (based on 
stabilized phase-sensitive processing of B-scans) in the 
brains of healthy and tumor-implanted rats;

3) mapping of mechanical-relaxation rate (based 
phase processing of 3D arrays) in porcine rib cartilage 
after needle puncture;

4) improving the transverse resolution of OCT by 
compensating for divergence of a focused beam outside 
the focal plane (based on phase processing) with 
demonstration on a phantom.

Results
Stabilization of the continuous raster 3D scanning 

in OCT. A key point in the implementation of continuous 
raster 3D scanning is the suppression of excitation 
of higher resonance harmonics oscillations while 
tilting direction inversion of the scanning element. In 
Figure 2 (a), the structural en-face image of an OCT 
phantom (BioMimic, Canada) that represents a uniformly 
scattering medium is shown. Periodic distortions and 
discernable artefactual inhomogeneities are visible in 
the image although they are absent in the real structure 
of the object. Distortions are caused by scanning 
irregularity and may lead to erroneous interpretations 
of OCT images and reduce the diagnostic value of the 
method.

The phase components of OCT data which is not 
commonly used for imaging are even more sensitive 
to parasitic micro-displacements of the scanning beam 
component. The difference between phase components 
of continuously recorded scans of rigid medium with 
fixed scatterers is imaged in Figure 2 (b). The structure-
like image is an artifact which presence on the figure 
and caused by unwanted oscillations of scanning mirror 
as a result of stimulation of higher harmonics of its 
mechanical resonance by “slow” axis controlling voltage 
steps.

To eliminate these artefacts, we have developed an 
approach based on the active filtering of the controlling 
voltage. For this purpose, we used both a filtering unit 
and a simultaneous fine pre-tuning of the controlling 
signal to minimize the influence of electric circuit 
nonlinearity. It allows avoiding stimulation of higher 
resonant harmonics caused by the shape of the discrete 
steps of the controlling voltage at the digital-to-analog 
unit output. The proposed system allowed us to get rid 
of the mirror tremor artifacts both in the traditional en-
face structural images (Figure 2 (c)) and in the dynamic 
structure analysis (Figure 2 (d)).

Visualization of exudative fluid in vivo. After 
eliminating parasitic vibrations of scanning element, 
it becomes possible to visualize the fluid accumulating 
in the middle ear in patients with exudative otitis. In 
Figure 3 (a), a fragment of exudative fluid that reaches 
the temporal bone and the thinned eardrum is clearly 
visible. The fact that the refractive index of the exudative 
fluid n is different from the unity causes the appearance 
of visible “breaks” in the underlying tissues (e.g. the 
temporal bone in Figure 3 (a)) under the interface 
between the fluid and the ambient air. In addition, the 
speckle structure of the exudate zone differs from 
that of the overlying and underlying areas. This is 
illustrated in Figure 3 (b), which reflects the section 
shown by the dash-dotted line in Figure 3 (a). The 
image in Figure 3 (b) was reconstructed from a set of 
100 individual OCT images obtained from a single plane 
at different time points (the interval between individual 
B-scans was about 25 μs).

а b c d

Figure 2. Images obtained upon excitation of the higher resonance harmonics in the scanning element:
(a) en-face image of the test medium upon excitation of the higher harmonics; (b) phase instability of the image (a); (c) en-face 
image of the test medium a corrected for excitation of the higher harmonics; (d) phase instability of the image (c)
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Due to the fact that individual scatterers in a fluid are 
movable, they are involved in the Brownian motion; as 
a result, the speckles in the “liquid” part of the image 
(exudate) have a shorter horizontal length compared 
to the speckles of the “hard” structure. Evaluation of 
speckle brightness and mobility can provide information 
about the viscosity of the exudate and help choose 
the treatment tactics (conservative or surgical) [22, 
23]. However, a difference in the speckle lengths (their 
mobility) can be measured only if the scanning pattern is 
stable; then the inverse value of the image length would 
reflect the real mobility of the scatterers and not artificial 
vibrations during the scanning. 

Thus, stabilization of the scanning trajectory and 
elimination of parasitic vibrations are crucial for 
performing the visualization of the exudate area, and are 
also helpful in assessing the exudate viscosity, which is 
based on the dynamic characteristics of the OCT image 
speckles.

OCT visualization of microcirculation of the rat 
brain, intact and containing a glial tumor. Today’s 
methods of OCT-angiography are based on the analysis 
of local changes in the speckles [24]. In this approach, 
both the amplitude and the phase of the OCT signal are 
considered [25]. Therefore, stabilization of the scanning 
pattern is crucial for the quality of OCT-angiography.

In many experimental studies, OCT-angiography 
is used to assess the ischemic processes in the brain 
[26, 27]. Studies on the blood vessel network in brains 
affected by gliomas are rare [28]. The present report 
demonstrates the potential of using OCT-angiography 
for monitoring changes in the brain microvasculature 
during the development of brain tumors.

OCT imaging of the rat brain microcirculation bed 
under normal condition and in the presence of implanted 
and growing experimental glioma C6 was performed 
after craniotomy with the help of an object lens and 
ultrasound gel [29].

Animal maintenance and experimentation were 
carried out in accordance with the Guide for the Care 
and Use of Laboratory Animals (National Research 
Council, 2011). The work with the animals was 
performed according to the ethical principles of the 
European Convention for the Protection of Vertebrate 
Animals used for Experimental and Other Scientific 
Purposes (Strasbourg, 2006) and approved by the 
Ethics Committee of the Privolzhsky Research Medical 
University.

Angiographic images were obtained in real time in 
parallel with acquiring of the 3D sets of OCT data (which 
took 26 s) that represented a stack of 2D pictures of 
blood vessels located at various depths in the tissue 
(up to 1 mm). These data were projected onto a plane 
perpendicular to the tissue surface (Figure 4) [30].

Identification and separation of the blood vessel 
images from the total OCT data were performed using 
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Figure 3. Visualization of exudative fluid in vivo:
(a) standard OCT image; (b) time-resolved image; the 
exudative fluid differs from the ambient air by the refractive 
index value, which is visualized as breaks in the underlying 
structure (temporal bone — (a)); this fluid differs from solid 
structures by the dynamic characteristics of the scatterers, 
which manifests in different effective lengths of the speckles 
along the horizontal coordinate (b); bar — 1 mm
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Figure 4. OCT visualization of brain 
microcirculation in intact and C6-glioma 
implanted rat:
(a) a blood vessel network in the normal rat 
brain; the yellow arrows indicate vessels 
receding (“diving”) deep into the brain tissue; 
(b) a blood vessel network in the area of 
tumor growth in the cerebral cortex; the red 
arrows indicate pathologically dilated blood 
vessels in the perifocal zone of the glioma 
tumor; bar — 1 mm
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high-pass filtering. This setup allows one to visualize 
areas with the presence of blood flow (movement of red 
blood cells); areas with no blood flow are not visible. As 
a result, blood vessel images are formed as an en-face 
projection of the maximum intensity of the filtered OCT 
signal at each point, calculated over the entire depth of 
the A-scan. The minimum diameter of the vessels that 
can be seen at this resolution is 15 µm.

The blood vessel network in the central and perifocal 
zone of the tumor notably differed from those in the brain 
of rats from the reference group (see Figure 4). The 
architectonics of the rat cerebral vascular bed is usually 
visualized on OCT-angiographic images in the form of 
a network with a trunk type of branching. A central well-
visible vessel gives rise to second-order vessels that, 
in turn, branch off, and so on (Figure 4 (a)). The yellow 
arrows show thin, as if breaking off, vessels changing 
their directions and going into the depths of the cortex, 
where they become inaccessible by OCT.

The angiographic examination of the vascular 
network in a C6 tumor is strikingly different from the 
norm. The vessels are predominantly thin, sinuous, of 
approximately uniform diameter (Figure 4 (b)), the yellow 
dotted oval). Notable is the state of the vessels in the 
perifocal area: the local vascular network is depleted, 
i.e., represented by thickened blood vessels of irregular 
shape (in some spots, vessels are dilated to form 
lacunas), as shown by the red arrows.

These features, even with the visual assessment 
of OCT-angiographic images, make it possible to 
accurately determine the central and perifocal tumor 
zones, as well as to distinguish between these areas 
and the normal tissue. The typical characteristics of 
brain microcirculation normally include the main type 
of branching, the presence of vessels of different 
diameters, and the definite direction of the vessels. In 
contrast, in tumor the vessels have no definite directions; 

they are tortuous and located chaotically. In the perifocal 
zone, the vascular network has a lower density and 
tortuosity; also the diameters of individual vessels are 
significantly increased. 

Thus, the proposed system with scanning pattern 
stabilization allows one to use OCT-angiography for 
non-invasive mapping of vascular networks both in 
normal and pathological (oncological) conditions. This 
modality provides information in real time and does not 
require additional labels or dyes. We have demonstrated 
the ability of this modified OCT-angiography to detect 
changes in brain microcirculation in vivo caused by 
the tumor growth, which provides the rationale for the 
intraoperative application of this method in the future.

Mapping of mechanical elastic relaxation of 
cartilage tissue. The achieved reproducibility of the 
scanning trajectories ensures the consistency of different 
OCT data arrays in the case of sequentially recorded 
3D volumes. In this mode, the volumes of 512 and 32 
A-scans are created via the “fast” and “slow” coordinates, 
respectively, with an area of 2x1 mm2 in 1.5 s. The 
consistency of scanning trajectories makes it possible to 
implement phase methods of 3D OCT-elastography and 
OCT-relaxography [31] based on the advanced phase-
sensitive methods of local strain estimation [32–35]. The 
number of sequentially scanned volumes is limited only 
by the memory of the controlling computer. For the OCT-
relaxography, in order to monitor the discussed here 
processes of slow tissue deformation, 90 volumes are 
sufficient. 

In Figure 5, a 3D OCT-relaxography scan of porcine 
cartilage tissue punctured with a needle is shown. The 
needle was rapidly removed from the tissue just before 
the scanning started. The 3D reconstructed OCT image 
(Figure 5 (a)) shows the homogeneous structure of this 
cartilage fragment. The point of puncture is indicated by 
the arrow. Figure 5 (b) shows a 3D OCT-relaxogram, 
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Figure 5. OCT visualization of mechanical relaxation in cartilage after removing the needle:
(a) structural 3D OCT image; (b) 3D OCT-relaxogram reflecting the spatial distribution of the relaxation time; blue color denotes 
the fast process, yellow and red — the slower ones; the needle withdrawal point is shown by the arrow
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where the relaxation time is displayed according to 
the color spectrum (on the right). The arrow indicates 
the puncture point. It is clearly seen that the relaxation 
time in the puncture area is noticeably lower (30–45 s) 
compared to the surrounding intact areas (60–80 s) 
(see Figure 5 (b)), which could not be detected with the 
initial structural OCT image. Note that the algorithm for 
calculating the relaxation time automatically discards 
most of the artifacts originated from the area above the 
sample surface.

Thus, using OCT-relaxography, slow deformations of 
cartilage tissues can be measured and analyzed. In the 
future, this approach can be used for monitoring internal 
changes in a cartilage during its drying, dehydration, 
saturation, or other processes.

Increasing the transverse resolution of OCT by 
compensating for the defocusing. In the conventional 
OCT, the transverse resolution is determined by the 
diffraction properties of the scanning beam. The 
usual requirement is to ensure the uniform resolution 
throughout the entire depth of the object. These 
requirements determine the standard size of the OCT 
transverse resolution, i.e., 15–20 µm, approximately 
equal to the beam diameter in the focal plane. Significant 
decrease in this size reduces the length of the scanning 
beam’s Rayleigh length and results in strong beam 
divergence outside the focal plane. This correspondingly 
strongly reduces the transverse resolution within the 
most part of the imaged depth except for the immediate 
vicinity of the focal plane. To solve the problem of 
obtaining higher resolution over the entire depth 
comparable to the resolution in the focal plane, the so-
called numerical refocusing can be used [36–38].

The numerical refocusing for highly-focused OCT 
beams is possible, because the signal from each 
scatterer is measured from various directions within the 
scanning beam. These data can be coherently combined 
to obtain a final signal with an improved resolution. 
Since the numerical refocusing method is coherent and 
explicitly uses the full (with amplitude and phase) values 
of the scattered field (measured at different positions 
of the scanning beam), it is necessary to ensure the 
phase stability between two consecutive measurements. 

Figure 6 shows OCT images 
of the test object (a gauge), 
obtained with a probe beam 
with a waist diameter of 7 μm 
at a distance of three Rayleigh 
wavelengths from the focal 
plane.

In the first case (Figure 6 (b)), 
the measurements were carried 
out without ensuring phase 
stability; in the second case, 
phase stability was ensured 
at the stage of the data post-
processing (Figure 6 (c)). In 
the first case, an attempt of 

numerical compensation for defocusing failed since 
the loss of phase information between the consecutive 
measurements precluded any coherent operations with 
these data (see Figure 6 (b)). In the case of numerical 
refocusing under the condition of inter-measurement 
phase stabilization, it became possible to restore the 
resolution to the level equal to the resolution in the focal 
plane (see Figure 6 (c)).

Increasing the transverse resolution is an important 
step toward increasing the diagnostic value of OCT. 
Such an increase may open new venues for this 
modality, specifically in dermatology, where images with 
a resolution of ~3 μm may be of high diagnostic value 
and eventually replace skin biopsy procedures [39].

Conclusion
New modalities of OCT are based not only on 

the analysis of the averaged scattering amplitude 
of various tissue layers, but, to a greater degree, on 
the assessment of speckle structure variability (both 
amplitudes and phases of the speckles). To implement 
these modalities, one has to exclude parasitic vibrations 
in the scanning system, since such vibrations cause 
artefactual variations of the speckle structure. These 
variations mask the real variability of speckles caused 
by changes in the location of scattering elements in 
the biological tissue due to Brownian motion, flows and 
deformations. 

In this study, the improved stability of the scanning 
trajectory was achieved by using active filtering of the 
controlling voltage. The successful use of the proposed 
approach is demonstrated on a phantom and real 
tissues by implementing several OCT modalities: in 
vivo visualization of an exudate; OCT-angiography for 
the visualization of brain microcirculation; improving 
the transverse resolution of OCT by compensating for 
the defocusing phenomenon; OCT-relaxography for 
mapping the mechanical relaxation time in a cartilage 
tissue. 

Without applying the proposed method of stabilization 
of the scanning pattern, it is practically impossible to 
implement these modalities with an acceptable quality.

а b c

Figure 6. Example of the numerical refocusing of OCT images (a gauge):
(a) image taken outside the focal plane of the OCT-scanning beam; (b) numerical 
refocusing according to [38] with no scanning stabilization; (c) numerical refocusing of 
the data obtained with scanning stabilization; bar — 100 μm
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