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In this Letter, we present B-scan-sectioned dynamic micro-optical coherence tomography (BD-MOCT) for high-quality sub-
cellular dynamic contrast imaging. Dynamic micro-optical coherence tomography (D-MOCT) is a functional optical coher-
ence tomography (OCT) technique performed on high-resolution (micron level) OCT systems; hundreds of consecutive
B-scans need to be acquired for dynamic signal extraction, which requires relatively long data acquisition time. Bulk motions
occurring during data acquisition (even at the micron level) may degrade the quality of the obtained dynamic contrast
images. In BD-MOCT, each full B-scan is divided into several sub-B-scans, and each sub-B-scan repeats multiple times
before the sample beam moves to the next sub-B-scan. After all of the sub-B-scans for a full B-scan are completely
acquired, we stitch all of the sub-B-scans into the same number of full B-scans. In this way, the time interval between
two consecutive stitched B-scans could be reduced multiple times for bulk-motion suppression. The performed scanning
protocol modulates the scanning sequences of fast scanning and repeat scanning for improving the dynamic contrast
image quality, while the total data acquisition time remains almost the same.
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1. Introduction
Dynamic optical coherence tomography (D-OCT)[1] is a
recently proposed functional optical coherence tomography
(OCT) technique, in whichmultiple B-scans from the same loca-
tion are acquired for calculating the power spectrum (commonly
with fast Fourier transform, FFT) to contrast the sub-cellular
dynamic information. This imaging modality was first validated
on full-field OCT (FFOCT)[1]. D-OCT images have the advan-
tages of being speckle-free and high contrast compared to OCT
structural images. At present, dynamic FFOCT has already been
successfully applied in multiple applications[2–4].
Micro-optical coherence tomography (MOCT) proposed by

Liu et al.[5] is a spectral domain OCT (SDOCT) with micron-
level resolutions. Compared to FFOCT, MOCT has a higher
scanning speed and wider imaging field. Therefore, MOCT is
also a potential technique for sub-cellular dynamic imaging.
In 2020, two groups simultaneously demonstrated the applica-
tions of the super-continuum light-source-based MOCT

for sub-cellular dynamic imaging[6,7], termed D-MOCT. In
Münter’s work[6], 150 consecutive B-scans were acquired for cal-
culating the power spectrum at each spatial location, and the
reflection of the glass slide was used for bulk-motion compen-
sation in the axial direction. In Leung’s work[7], 1000 B-scans
were acquired for the same calculation, and short-time Fourier
transform was performed for suppressing motion artefacts.
Similar to themoving scatterers, bulkmotions can alsomodu-

late the backscattered intensities, resulting in degradation on the
image quality of the dynamic contrast images. The influence of
bulk motions on D-MOCT imaging is inevitable and severe due
to the following: (1) data acquisition time is relatively long for D-
MOCT, because hundreds of B-scans from each position need to
be acquired; (2) the spatial resolution of the D-MOCT system is
at the micron level, so even slight bulk shifts could effectively
blur the obtained images, such as tissue elasticity and environ-
mental vibrations (especially from the systems on mobile carts
in clinics). Furthermore, it is also challenging to precisely
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compensate bulk motions with image registration algorithms
because sub-pixel location shifts occur.
In this Letter, we present a B-scan-sectioned D-MOCT (BD-

MOCT) for achieving high-quality dynamic contrast images. In
the proposed technique, a B-scan-sectioned scanning protocol
was performed, where each full B-scan was evenly divided into
several sections (termed sub-B-scans), and each sub-B-scan was
repeated hundreds of times before the sample beam moved to
the next sub-B-scan. After all sub-B-scans were completely
acquired, we stitched all of the sub-B-scans into the same num-
ber of full B-scans for the following data process. In this way, the
time interval between two consecutive stitched B-scans could be
reduced multiple times compared to the conventional raster
scanning protocol, achieving bulk-motion suppression and
image quality improvement. Meanwhile, the total data acquisi-
tion time stayed almost the same.

2. Methods

Figure 1(a) illustrates the system structure we used in this study.
The optical beam with a spectral bandwidth of 400–2300 nm
from a super-continuum light source (SC400-2, Fianuim, UK)
hits a dichroic mirror (DMLP1000T, Thorlabs, US), and the
spectrum below 1 μm is reflected and coupled by L1 with a focal
length of 10mm into one arm of a 2 × 2 fiber coupler (split ratio:
90:10). Ten percent of the optical power is collimated by L2
(focal length: 19 mm) and then goes into a Michelson interfer-
ometer, where the beam is split into reference and sample beams
by a 50:50 beam splitter cube. Two objective lenses (NA∶ ∼ 0.31)
focus the two beams on a mirror and the sample, respectively,
and the achieved lateral resolution is ∼1 μm. In the sample
arm, the beam is reflected by a galvo-mirror (Thorlabs, US)
for transverse scanning. The reflected light from the two arms
interferes at the cube splitter and goes back to the fiber coupler.

A home-built spectrometer (spectral range: 725–1000 nm) is
used for fringe detection, which achieves an axial resolution
of ∼1.7 μm with an approximated refractive index of 1.4 for
the tissue sample. The camera (EM4, e2v, UK) has 4096 pixels
and runs at 37 kHz. The grating (1002-1, Wasatch, US) has a
resolution of 1200 lines/mm. In the sample arm, the optical
power on the sample is ∼5mW, and the achieved sensitivity
is∼91 dB, measured by inserting an optical neutral-density filter
with OD = 2 in the sample arm.
Figure 1(b) shows the B-scan-sectioned scanning protocol

used in BD-MOCT. Each full B-scan is divided into M sub-B-
scans, and each sub-B-scan is repeated N times before the sam-
ple beammoves to the next sub-B-scan. After all sub-B-scans are
completely acquired, we stitch all of the sub-B-scans into the
same number of full B-scans. Compared to conventional raster
scanning, the time interval between the consecutive stitched B-
scans can be reduced about M times. Consequently, the bulk
motions can be effectively suppressed to improve the quality
of dynamic contrast images. In this study, each full B-scan
was uniformly divided into M = 8 sub-B-scans, and each sub-
B-scan was repeated N = 200 times for dynamic information
extraction. To achieve a perfect mosaic of multiple sub-B-scan
images, the galvo-driving voltages of the two adjacent sub-B-
scans were slightly overlapped, and four extra A-scans on each
side of each sub-B-scan were acquired for compensating the
blurred parts caused by the inertia of the galvo-mirror.
Therefore, the raw A-scan number of each full B-scan was
1088, and the A-scan number for the stitched B-scan was 1024.
The conventional scanning protocol with the A-scan number of
1024 was also performed on the same tissue sample, and the
obtained images were compared for demonstrating the perfor-
mance of the proposed technique. The duty cycle of the sawtooth
wave (galvo-driving signal) for both scanning protocols was
77%, and the resultant time intervals between two conventional
B-scans and two stitched B-scans were ∼26.6ms and ∼3.5ms,

Fig. 1. (a) Illustration for the BD-MOCT system; L1–L4, achromatic lens; BS, beam splitter; OL, objective lens. (b) The illustration for the two scanning protocols.
The top and the bottom panels are, respectively, the conventional raster scanning protocol and the B-scan-sectioned scanning protocol. The data acquisition
occurs in forward scanning (red paths), and the duty cycle is 77%. In the B-scan-sectioned scanning protocol, each full B-scan is divided into M sub-B-scans, and
each sub-B-scan is repeated N times.
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respectively. The corresponding sampling frequencies (Fs) for
recording the dynamic signals were about 38 Hz and 286 Hz
in the two scanning protocols. The data acquisition time for each
dataset was ∼7.5 s. The BD-MOCT system was located on a
non-floated optical table to mimic clinical environmental
applications.
To improve the precision of image stitching, we performed a

calibration step to find the optimized compensation amplitude
value [marked in Fig. 1(b)] between two adjacent sub-B-scans.
Similar to our previous work[8], we scanned a slightly tilted mir-
ror to test the performance, and, meanwhile, the compensation
value was slowly adjusted until a perfect image mosaic was
achieved. For the BD-MOCT technique, each acquired dataset
consisted of 4096 × 136 × 200 × 8 pixels. The first data process-
ing step was to take out the extra four A-scans on each side of the
sub-B-scans, and then we re-aligned the dataset into 4096 ×
1024 × 200 pixels based on the scanning sequences. Second,
we performed FFT on each A-scan to calculate the structural
images. After that, FFT was performed on the obtained struc-
tural dataset in the time direction for calculating the power spec-
trum at each pixel on the cross-sectional image. Finally, the pixel
values within the three frequency ranges of 0–Fs/200, Fs/
200–Fs/40, and Fs/40–Fs/2 were averaged for generating the
blue-, green-, and red-channel images of the output dynamic
contrast images. The reason for applying the sampling frequency
related three spectral bandwidths (instead of fixed spectral
bandwidths) for comparison is to match the signal-to-noise
ratios (SNRs) of the three channel images (between the two

scanning protocols) by averaging the same number of pixels.
The data process was performed with MATLAB (R2021a,
MathWorks) on a work station (Intel Core i7, 16 GB memory),
and the data processing time for the datasets of the conventional
D-MOCT and BD-MOCT is ∼6.3 s and ∼6.5 s, respectively.

3. Results

We first demonstrated the performance of BD-MOCT on onion
core tissue imaging. The cells of onion tissue are big, and less
scattering occurs inside of the cells due to the vacuoles. In this
way, most scattered photons are from the cell walls, which make
it easier to see the influence of bulk motions on the dynamic sig-
nal extraction procedure from the obtained dynamic contrast
images. A small piece of tissue was extracted from the onion core
and immediately immersed in a drop of saline on a glass slide for
scanning. The obtained images are shown in Fig. 2. In compar-
ing Figs. 2(a)–2(c) and Figs. 2(f)–2(h), we can see that the red-
and blue-channel images between the two methods are very
close; but for the green-channel image in Fig. 2(b), the cell walls
(especially the regions marked by the dashed yellow ellipse and
yellow arrows) aremuchmore blurred and brighter compared to
Fig. 2(g). In comparison of the merged color images in Figs. 2(e)
and 2(j), it can be seen that Fig. 2(j) has a more detailed colorful
contrast for the dynamic signals, while almost all the structures
are in white in Fig. 2(e) (even for the surface of the tissue). We
also calculated the cross-correlation coefficients between the

Fig. 2. Images of onion core tissue. (a)–(c) The red-, green-, and blue-channel images of the onion core tissue obtained by conventional D-MOCT. (d) The averaged
structural image of the 200 B-scans. (e) The merged dynamic contrast image. (f)–(h) The red-, green-, and blue-channel images of the onion core tissue obtained
by BD-MOCT. (i) The averaged structural image of the 200 B-scans. (j) The merged dynamic contrast image. (k) The cross-correlation coefficients between
the first B-scan and the following 199 B-scans of the two methods. Blue-channel image: 0–Fs/200; green-channel image: Fs/200–Fs/40; red-channel image:
Fs/40–Fs/2. (a)–(j) share the same scale bar.
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first B-scan and the following 199 B-scans for a quantitative
comparison, and the plots are shown in Fig. 2(k). It is seen that
the correlation degree of BD-MOCT reduced much more gently
than that of the conventional D-MOCT, demonstrating that
bulk motions were suppressed well by the B-scan-sectioned
scanning protocol.
An ex vivo experiment was further performed for testing the

performance of BD-MOCT. In this experiment, we scanned a
zebrafish’s intestines with two scanning protocols and calculated
both dynamic contrast images for comparison. The intestines
were immediately immersed in cell culture medium after extrac-
tion for scanning. This study was approved by the Animal
Research Ethics Committee at the university. The obtained
results are shown in Fig. 3. In comparison of the three channel
images of the twomethods, we can see that Figs. 3(a) and 3(c) are
very close to Figs. 3(f) and 3(h), respectively, which agrees well
with the onion’s results. However, the green-channel images
[Figs. 3(b) and 3(g)] are apparently different, where Fig. 3(g)
has richer dynamic information. The averaged structural images
of Figs. 3(d) and 3(i) are also similar to each other. Comparing
Figs. 3(e) and 3(j), we could see that Fig. 3(e) is globally redder,
indicating that more dynamic signals were detected in the high-
frequency band. Because the two images are from the same loca-
tion of tissue sample, we believe the extra detected dynamic
information in Fig. 3(e) was from bulk motions. From the two
magnified local areas of Region I and Region II, we can see that
some locations in Fig. 3(e) (such as those marked by yellow
arrows) are blurred, and less sub-cellular information is
achieved compared to Fig. 3(j). The results demonstrate that
the proposed technique could effectively suppress the bulk

motions and improve the quality of dynamic contrast images.
Furthermore, we also calculated the SNR of the three channel
images with the two local regions marked by the green and
red rectangles in Fig. 3(d) for quantitative comparisons; the
SNRs of Figs. 3(a)–3(c) are 31.9, 28.2, and 31.4 dB, respectively,
while those of Figs. 3(f)–3(h) are 33.1, 27.4, and 30.2 dB, respec-
tively. It could be seen that the B-scan-sectioned scanning pro-
tocol barely affected the image quality of each channel. The SNR
was calculated by

SNR = 20 · log�Īsig=σbkg�, (1)

where Īsig is the mean value of the local regionmarked by the red
rectangle, and σbkg is the standard deviation of the local region
marked by the green rectangle.
Since the BD-MOCT technique reduced the time interval

between the consecutive stitched B-scans, the sampling fre-
quency for recording the dynamic signals was improved, achiev-
ing a wider power spectrum for constructing D-MOCT images.
We calculated the extra bandwidth signals (13.5–104.5 Hz)
achieved by BD-MOCT over the conventional D-MOCT, and
the result is shown in Fig. 4(a). Furthermore, the correla-
tion coefficients between the first B-scan and the following
199 B-scans were also calculated for a quantitative comparison,
as shown in Fig. 4(b). It is seen that the correlation degree of BD-
MOCT drops much more slowly than that of conventional D-
MOCT, which also agrees with the onion tissue’s results.
Because both moving scatterers and bulk motions could cause
correlation degree loss, and the two datasets are from the same
location of the tissue sample, we believe that the extra loss of blue

Fig. 3. Images of a zebrafish’s intestines. (a)–(c) The red-, green-, and blue-channel images of a zebrafish’s intestines obtained by conventional D-MOCT.
(d) The averaged structural image of the 200 B-scans. (e) The merged dynamic contrast image. (f)–(h) The red-, green-, and blue-channel images of a zebrafish’s
intestines obtained by BD-MOCT. (i) The averaged structural image of the 200 B-scans. (j) The merged dynamic contrast image. Blue-channel image: 0–Fs/200;
green-channel image: Fs/200–Fs/40; red-channel image: Fs/40–Fs/2. (a)–(j) share the same scale bar.
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plot compared to purple plot is caused by bulk motions, which
demonstrates the performance of BD-MOCT.

4. Discussion and Conclusion

The D-MOCT technique achieves sub-cellular dynamic contrast
by recording and analyzing the power spectrum of the backscat-
tered signals (in time direction) at each spatial location. Because
cell size is tiny and hundreds of B-scans need to be acquired for
power spectrum calculation, bulk motions may severely degrade
the quality of the obtained dynamic contrast images. An obvious
way to suppress the bulk motions is to improve the A-scan
rate[9], so the data acquisition could be completed during a small
time period. However, MOCT is commonly based on the
SDOCT scheme, which takes the advantage of ultrawide spec-
trum light sources (such as super-continuum light source and
Ti:sapphire lasers), while the A-scan rate of SDOCT is limited
by the line-scan camera, which is very challenging and expensive
to be greatly improved. The B-scan-sectioned scanning protocol
performed in this study modulates the sequences of fast scan-
ning and repeat scanning for reducing the time interval between
two consecutive B-scans. In this way, the bulk motion could be
effectively suppressed, and it also achieves an improved sam-
pling frequency for recording the dynamic signals, resulting
in a wider bandwidth for storing extra dynamic information.
Compared to the short-time Fourier-transform-based bulk-
motion suppressing method (performed in Leung’s work[6]),
the post data processing algorithm of the proposed technique
is easier. Compared to Münter’s work[7], in which only the axial
sample shifts were compensated, the proposed technique could
suppress both axial and lateral bulk motions.
In this work, we empirically scanned each location 200 times

for sub-cellular dynamic information extraction based on

Leung’s[6] and Münter’s[7] studies. Higher image quality could
be obviously achieved with more repeated B-scans, but the data
acquisition time, data size, and data processing time would
increase. Therefore, taking into consideration the tradeoff
between the image quality and imaging speed, the repeat scan-
ning number should be set based on the specific application. For
example, if real-time screening is needed, the repeat scanning
number needs to be reasonably reduced to decrease the time
for data acquisition and data processing.
We divided each full B-scan into eight sub-B-scans to sup-

press bulk motions in this work, and, theoretically, this number
could be higher to further reduce the time interval between
them. However, the scanning efficiency (effective A-scans/total
A-scans) drops as the sub-B-scan number increases, because
eight extra A-scans were acquired for compensating the blurred
regions caused by inertia of the galvo-mirror. The investigation
on optimizing this time interval might be helpful for the ultra-
high-speed OCT systems, such as the 600 kHz D-MOCT
system[9].
Since D-MOCT is very sensitive to bulk motions because of

high spatial resolutions, the proposed technique could effec-
tively suppress the relatively weak bulk motions caused by tissue
elasticity or environmental vibrations. For the strong bulk
motions such as those that occurred during in vivo scanning,
a few improvements on our current system might be needed,
such as hardware speed and hand-held probe.
In summary, we present a BD-MOCT for achieving high-

quality sub-cellular dynamic contrast images, where each full
B-scan is divided into multiple sub-B-scans, and hundreds of
repeated scans are performed before the sample beam moves
to the next sub-B-scan. In this way, the time interval between
the consecutive B-scans could be reduced multiple times to
effectively suppress bulk motions. The clinical OCT systems
are commonly placed on mobile carts (instead of floated optical
tables); the environmental vibrations are inevitable and may
severely degrade the quality of dynamic contrast images. The
proposed technique may provide a way to overcome this kind
of issue in clinical applications.
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