Scan-pattern and signal processing for microvasculature visualization
with complex SD-OCT: tissue-motion artifacts robustness and
decorrelation time – blood vessel characteristics
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ABSTRACT
We propose a modification of OCT scanning pattern and corresponding signal processing for 3D visualizing blood
microcirculation from complex-signal B-scans. We describe the scanning pattern modifications that increase the
methods’ robustness to bulk tissue motion artifacts, with speed up to several cm/s. Based on these modifications, OCTbased angiography becomes more realistic under practical measurement conditions. For these scan pattern, we apply
novel signal processing to separate the blood vessels with different decorrelation times, by varying of effective temporal
diversity of processed signals.
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1. INTRODUCTION
During the last 5-6 years, for elastographic and angiographic imaging, features of speckle structure, in particular its
variability in OCT scans has been used. Namely, for microvasculature visualization1,2,3, as well as elastographic
imaging4,5, variability of speckle patterns due to motion of scatterers can be used. While for elastography this motion is
produced by the tissue deformation5-14, for microcirculation, the temporal variability of speckle structure is related to the
motion of scatterers in the liquid (e.g., blood) due to both collective flow and Brownian motion of scatterers or in some
cases the Brownian motion can even give strongly dominating contribution7 (in compare with Doppler techniques). For
mapping regions of speckle-texture variability, various methods can be used, in particular correlation processing2,15-19 or
speckle-variance (Sv) methods3,20-25. However, the common feature of these approaches is that they use comparison of
entire B-scans obtained consequently in the same plane. The time of B-scan acquisition typically is 2-3 orders of
magnitude larger than for acquisition of individual A-lines. For typical interval between B-scans is about tens of
milliseconds, so that obtaining consequent sufficiently-well coincided B-scans for reliable distinction between the stable
“solid” pixels and variable, faster decorrelating “liquid” pixels is significantly complicated by natural inevitable motions
of living tissue. For example, usually in realizations of Sv approach, the typical decorelation times for the blood in
vessels on the order 101-102 ms require obtaining 8-10 repeated B-scans in a stack2,20 since the typical B-scan acquisition
rate ranges from several tens to about a hundred Hz. However, with increasing the time between compared B-scans the
processing becomes also stronger sensitive to low-frequency tissue motions (breathing, heart beating, etc.) Thus
realization of such Sv-based methods is complicated by the necessity of stabilization of the inspected tissue and/or
elimination of the clatter-motion artifacts in the image post-processing. Besides, in such images all strongly decorrelated
speckles in the vasculature image look similar and do not retain information on decorrelation-time differences for
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different vessels.
Here, we describe an OCT-based method for 3D visualizing blood microcirculation by noncomparative processing
individual complex signal B-scans in which A-scans are densely spaced, so that the horizontal step between the adjacent
A-scans is significantly smaller than the optical-beam diameter. The proposed approach allows to
1.

increase the methods’ robustness to bulk tissue motion artifacts;

2.

separate the blood vessels with different decorrelation times, by varying of effective temporal diversity of
processed signals.

2. OCT BASED M-MODE-LIKE SPECKLE VARIABILITY (MMLSV) APPROACH
IMAGING OF 3D MICROVASCULATURE. SCAN-PATTERN DESCRIPTION.
The basic idea is to significantly slow down the lateral scanning beam speed so that the horizontal step between the
adjacent A-scans is significantly smaller than the optical-beam diameter and retain hundreds of A-scans strongly
correlated. This leads to M-Mode like scan-pattern. Namely, for each OCT system lateral resolution sampling volume
there are several hundreds of A-scans actually in the M-mode. Then these A-scans can be processing to obtain the
speckle blinking rate in each individual resolution volume.
The main features of this scan-pattern are:
1.

The individual B-scans are not overlapped or may be slightly overlapped;

2.

The individual A-scans in each B-scan are highly overlapped;

3.

Thus, each lateral B-scan composed of densely overlapped A-scans is acquired only once for further processing;

4.

Minimal time gap between processed data - equals to time gap between A-scans, that allows to better
compensate bulk tissue motions.

We used a home-built Fourier domain spectral OCT scanner with the central optical wavelength 1,32 μm, bandwidth of
106 nm and a rate of 20 kHz for spectral fringes (yielding 10 kHz rate of the formed full complex-valued A-scans). The
axial and lateral resolutions of the system are 10 μm and 20 μm, respectively. The latter corresponds to the effective
diameter of the beam Dbeam. In the depth direction, the spectrometer array enables 256 pixels and the chosen number of
B-scans for 3D scanning also equals 256.
The beam speed Vbeam in fast lateral direction of the B-scans is constant for each B-scan but slow to provide hundreds of
spatially overlapped sequentially acquired A-scans. This provides a lateral scan time of one resolution volume equals to
max
Tdec
≈

Dbeam
Vbeam

(1)

that corresponds to maximum ultimate speckle decorrelation time that can be observed under those scan-pattern and
OCT system parameters. For further demonstrations we set this speed equals to 0.6 mm/s. This corresponds to the
max
Tdec
≈ 33 ms. For 256 B-scans (each 2 mm in lateral direction) covering the 2 mm x 2 mm area it takes 853 sec (~14

min).
The minimum ultimate speckle decorrelation time that can be observed is determined only by the complex A-scan rate
FOCT_rate and correspond to
min
Tdec
≈

1

(2)

FOCT _ rate

As it was noted above the full complex A-scans rate of our OCT system is equal to 10 kHz and the Tdec ≈ 0.1 ms.
min
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By varying the threshold frequency of this high-pass filtering (that will be described in the next section), the regions with
different degree of complex-speckle variability can be detected and thus, the vessels can be separated by its decorrelation
time.

3. OCT BASED M-MODE-LIKE SPECKLE VARIABILITY (MMLSV) APPROACH
IMAGING OF 3D MICROVASCULATURE. SIGNAL PROCESSING DESCRIPTION.
The signal processing includes three steps:
1.

Compensation of translational motions in the axial direction using phase equalization algorithm26. Average
phases of overlapped A-scans can be equalized cumulatively;

2.

High pass filtering of B-scans in its fast lateral direction using square filter with varying threshold;

3.

Resampling of the filtered oversampled dense B-scans down to the lateral OCT-resolution determined by the
beam diameter. Thus, the proposed technique visualizes the microvasculature with the resolution equal to that
of the OCT-system.

Step 1 includes the calculation of the average phase difference for each two complex adjacent A-scans using Kasai
estimatior7,28. Moreover, each phase calculation for the next pair is adjusted for the value of the previous calculation.
Step 2 includes the direct and inverse Fourier transform of each B-scan in its lateral direction. The main feature of the
step 2 is that for each B-scan several filtrations with different filtering thresholds are performed in parallel. Thus, for
each B-scan, we have several different filtering results separated by the threshold of square filters that provide separation
of the regions with different degree of complex-speckle variability. Filter threshold Fth determines the maximum
observed speckle decorrelation time for this filtration as
max_observed
Tdec
≈

1
Fth

(3)

As the result of thus parallel processing resulting microvasulature images can be compared. The appearance of the
vessels can be detected according to the filtering threshold.
Step 3 needs to be performed to reduce the resulting image size, because it contains redundant information in lateral
direction.

4. DEMONSTRATIONS
For demonstrations we have acquire several 3D OCT scans on BulbC wild-type mice using above described scan pattern
in Section 2.
The real OCT images before and after filtering are presented on Figure 1(a) and Figure 1(b) correspondingly to
demonstrate the essence of this approach. On the Figure 1(a) only the small fragment of the high density B-scan is
presented. The effect of the conversion of the speckle temporal blinking to its spatial breakup is demonstrated. It is
clearly seen that the widely prolonged speckle on the vessel (the vessel part of the image indicated by dashed circle) has
much higher spatial frequencies in compare with surrounding speckles. The non-blinking speckles on the tissue
(corresponds to non-vessel part of the image) are prolonged due to the M-mode like acquisition. After applying the highpass filtering in lateral direction (described in step 2 of the Section 3) only blinking speckles corresponds to the filter
threshold parameter are remains. This speckles has the blinking rate corresponds to the Fth or higher. To plot maximal
intensity projections (MIP) images we choose the depth range located on Figure 1(b) between two white dashed lines (60
and 200 px correspondingly). This depth range is set in order to avoid the artifacts appeared on the tissue surface. The
MIPs itself are presented on Figure 1(c) for six filter threshold parameters. MIPs has the size of 2 mm x 2 mm. It is
important to note, that this is the same data processed with varying high pass filter parameter in very wide range. We
vary this parameter from 640 Hz to ultimate for described scan-pattern 30 Hz (that corresponds to scanning time of the
single resolution volume). It is clearly seen that more vessels are appear at reduction filtering threshold. As it is noted
above, corresponding maximum decorrelation time of the vessels for each threshold can be obtained using equation (3).
By comparing these cases the vessels can be separated by their decorrelation time based on its detected blinking rate.
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Figure 1. Panel (a) demonstrates the fragment of the B-scan with vessel. The speckles on the vessel are spatially distorted in compare
to surroundings tissue. This distortion related to transformation of the speckle temporal blinking to its spatial distortion due to MMode like acquisition (slow scanning beam speed Vbeam=0.6 mm/s). After applying the high pass filtering to suchwise formed 3D data
set only distorted speckles are remained. The resulting B-scan after filtering is demonstrated on panel (b) for the high pass square filter
threshold equals to 40 Hz. It means that only speckles with blinking rate from 40 Hz and higher are remained. By varying this filter
threshold the vessels can be separated by its detected blinking rate. To detect its minimal speckle blinking rate panel (c) represents the
six plots corresponds to the different filter threshold. The maximal decorrelation time corresponds to each case of filtering threshold
can be estimated using equation (3). It is clearly seen from panel (c) that more vessels are appear at reduction filtering threshold.

5. DISCUSSION AND CONCLUSION
This ongoing research preliminary demonstrates the possibility of the vessel separation by its decorrelation time using
conventional OCT technique. Moreover, the described M-Mode like approach provides the opportunity to separate the
max

decorrelation time of the speckles in wide range. Namely, its ultimate range is between Tdec and Tdec (see eqs. (1) and
(2)). For the used OCT system with scanning rate 10 kHz for full complex A-scans, lateral resolution of 20 μm and the
chosen beam scanning speed Vbeam=0.6 mm/s the ultimate separation range is possible between 0.1 ms and 33 ms. For
more sophisticated patterns this range can be much wider (for example from 0.1 ms to 200 ms).
min

The reason for the difference in the speckle decorrelation time on the difference vessels is not yet clear. It can be
supposed two possible reasons: flow itself (and difference in flow speed) and Brownian motions (and difference in its
motion parameters). Basic estimations can be provided for both cases. We can assume two rough estimates:
1.

Minimum velocity of mutual scatterer motion Vscatt> (λ/4) * Fth;

2.

Minimum velocity of collective flow Vflow> Dbeam * Fth.

For the vessels with speckle blinking rate from 640 Hz and higher these parameters are Vscatt > 0.2 mm/s and Vflow > 13
mm/s; for blinking rate 160 Hz and higher these parameters are Vscatt > 0.05 mm/s and Vflow > 3 mm/s; for blinking rate
40 Hz and higher - Vscatt > 0.01 mm/s and Vflow > 0.8 mm/s.
Despite the fact that they are in consistent with the possible actual values for both cases, it seems that further
investigations are needed to separate this two cases (flows and Brownian motions).
All in all, proposed M-Mode like speckle variation approach to OCT based microangiography has several achievements:
1.

Since the time gap between adjacent overlapped A-scans is much shorter than between B-scans, it is possible to
compensate for artifacts of translational tissue motion (with speeds up to several cm/sec);
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(f)

2.

The High pass filtering uses both amplitude and phase information (whereas Doppler uses only phase and
Sv/Cm methods uses only intensity), so it is not needed to combine the Doppler and Sv/Cm techniques in
additional two-stage processing to obtain maximal information about vessels as it was made in recent
publication19;

3.

The A-scans are compared (via filtering) not as individual pairs, but as groups of neighboring A-lines that
provides better robustness and reduced information loss;

4.

This allows the possibility to separate the vessels with different speckle blinking rates and different
decorrelation time. In perspective it can be related to different scatterers motion/perturbation speed (eventually
relate to important hemodynamic parameters such as flow speed and/or blood viscosity);

5.

The same resolution in the angiographic image as in structural OCT images is ensured.
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