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Abstract. We present an imaginary part-based correlation mapping optical coherence tomography (IMcmOCT)
technique for in vivo blood vessels imaging. In the conventional correlation mapping optical coherence tomog-
raphy (cmOCT) method, two adjacent frames of intensity-based structural images are correlated to extract blood
flow information and the size of correlation window has to be increased to improve the signal-to-noise ratio of
microcirculation maps, which may cause image blur and miss the small blood vessels. In the IMcmOCT method,
the imaginary part of a depth-resolved complex analytic signal in two adjacent B-scans is correlated to recon-
struct microcirculation maps. Both phantom and in vivo experiments were implemented to demonstrate that the
proposed method can provide improved sensitivity for extracting blood flow information in small vessels. © 2015
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1 Introduction
Optical coherence tomography (OCT),1 presented in 1991, is a
very promising technique which is able to reconstruct three-
dimensional (3-D) imaging of biological tissues noninvasively.
Fourier domain OCT (FDOCT) was proposed by Fercher et al.,2

and there are two forms of system setups: spectral-domain OCT
(SDOCT)3–5 and swept source OCT.3,4 Compared with time
domain OCT, FDOCT is of higher imaging speed and higher
sensitivity for the imaging of tissue. After decades of develop-
ment, FDOCT has been widely utilized in clinical applications.

The fact that nutrients and oxygen are transported to the
entire body through blood suggests that information about
the microcirculation maps in tissue is helpful for understanding
and diagnosing diseases. A few types of extended functional
FDOCTs have been developed to image microcirculation
maps in vivo for the diagnosis of specific pathologies. For exam-
ple, phase-resolved Doppler OCT (PRDOCT)6,7 technology was
developed to extract the velocity information of blood flow by
evaluating the phase shift between two adjacent A-scans in an
OCT B-scan frame. Although the PRDOCT method is of high
resolution and high sensitivity to blood flow, its imaging perfor-
mance is greatly deteriorated by at least two factors: (1) charac-
teristic texture pattern artifacts, which are caused by the optical
heterogeneity of the sample,8 and (2) phase instability that is
caused by the sample motion artifacts.9 Furthermore, one of
the limitations of the PRDOCT method is that the velocity of
the particles moving in the direction perpendicular to the
probe beam cannot be quantified. The optical angiography
(OMAG) method10–12 is another way to achieve imaging of
blood perfusion by using heterodyne technology to separate
the scattering signals caused by the moving scatters from the
scattering signals caused by the static tissue background.
This method directly analyzes and processes one B-scan
image, which can minimize the phase instability noise caused

by the OCT system and sample. Recently, an ultrahigh-sensitive
OMAG method,13 in which the OMAG algorithm was per-
formed in the C-scan direction, has been proposed to enhance
the sensitivity for extracting blood flow information in small
vessels. Another two recently developed high-contrast in vivo
3-D microcirculation imaging techniques are speckle-variance
OCT (SVOCT) and phase-variance OCT (PVOCT). In the
SVOCT method, blood flow information is extracted by analyz-
ing the interline or interframe speckle variance of the intensity-
based structural OCT images.14,15 In intensity-based OCT struc-
tural images, the pixel values within the blood flow regions vary
randomly over time, resulting in high variance, while the pixel
values within the static tissue regions are constant, resulting in
low variance. However, bulk tissue motions during in vivo
experiments can increase the variance of pixel values within
static tissue regions, resulting in noise in blood flow maps.14

In the PVOCT method, the microcirculation maps are obtained
by analyzing the variance of phase differences between consecu-
tive B-scans at the same transverse position.16,17 Compared with
PRDOCT, the information about the blood flow perpendicular to
probe beam can also be extracted by PVOCT.

Correlation mapping optical coherence tomography
(cmOCT) was proposed by Jonathan et al.18 to reconstruct
microcirculation maps of a mouse brain in vivo. This method
was then performed to reconstruct the microcirculation maps
of a human volar forearm in vivo by Enfield et al.19

Recently, the sensitivity for extracting the blood flow informa-
tion within the deep tissue can be enhanced by a full-range spec-
tral-domain cmOCT method,20 in which the full-range spectral-
domain OCT is used to increase the maximum imaging depth in
tissue. A double cmOCT method21 is presented to reconstruct
the images of the subcutaneous microcirculation vascular net-
work, and the spatial resolution of the spatial distribution of
blood flow within the human skin can be improved.
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In a traditional cmOCT method, two adjacent frames of inten-
sity-based structural OCT images are correlated to extract blood
flow information, and the size of the correlation window has to be
increased to improve the signal-to-noise ratio (SNR) of microcir-
culation maps, which may cause image blur and miss the images
of small blood vessels. In this paper, we proposed an imaginary
part-based correlation mapping optical coherence tomography
method (IMcmOCT) to reconstruct microcirculation maps.
Because the imaginary part of the depth-resolved complex ana-
lytic signal is more sensitive to motions than absolute values,
resulting in an increase of the decorrelation degree of blood
flow within tissue, the imaginary part-based images at the same
lateral position are correlated to extract blood flow information
in the proposed method. Both phantom and in vivo experiments
were implemented to demonstrate that the proposed method can
provide improved sensitivity for isolating a blood flow signal from
static tissue background compared with traditional cmOCT.

2 Theory of the Proposed Method
Figure 1(a) is a block diagram for reconstructing microcircula-
tion maps from spectral fringes detected by the SDOCT system
with the IMcmOCT method. The DC component is first
obtained by averaging all the spectral fringes into one B-
scan, and then the new spectral fringes with the DC component
subtracted are cubic-interpolated from the wavelength domain to
the wavenumber domain to keep the axial resolution constant at
different depths. After that, a complex analytic signal in the
space domain can be obtained by performing Fourier transform
on 2× zero-padded spectral fringes in the wavenumber domain.
At this point, on one hand, the intensity-based structural image
can be obtained by extracting the absolute value of the depth-
resolved complex analytic signals, and the binary images can
then be obtained by setting threshold values in structural images.
The noise in the areas with no sample signal can be removed by
overlapping binary images with correlation maps. On the other
hand, the imaginary part-based images are correlated to extract
blood flow information. Because the noise caused by motion
artifacts due to cardiac and respiratory motions will occur in
correlation maps, another two steps are necessary to compensate
the motions before the correlation algorithm is performed. First,

the cross-correlation technique-based image registration is per-
formed to compensate the integer pixel motions between the two
local areas in two B-scans of imaginary part-based images, then
the Kasai estimator is performed to compensate the axial sub-
pixel phase shift between the A-scans in two local areas. Finally,
the new imaginary part-based images are correlated to generate
correlation maps, and blood flow maps can be obtained by over-
laying the binary image with the correlation map.

Figure 1(b) shows the principle of cross-correlation tech-
nique-based image registration. This method can only compen-
sate the integer pixel motions, because it aligns images by
calculating the similarity measures with pixel values.22 In
OCT structural images, the distance interval between two adja-
cent pixels in the lateral direction is determined by the sampling
frequency of the A-scans, while in the axial direction, the dis-
tance interval is determined by the parameters of the system
hardware. However, the axial distance interval can be reduced
by the zero-padding algorithm, so a 2× zero-padding technique
was performed to decrease the distance interval by half,23 result-
ing in an increase in the accuracy of image registration in the
axial direction. It should be noted that the zero-padding algo-
rithm is only a mathematical oversampling procedure and
adds no more detailed information about tissue structure. In
this work, x, y, and z represent the Cartesian coordinates: x rep-
resents the fast scanning direction, y represents the slow scan-
ning direction, and z represents the depth direction. In Fig. 1(b),
the y’th B-scan of an imaginary part-based image (Iy) and the
(yþ 1)th B-scan of the imaginary part-based image (Iyþ1) are
correlated to generate a correlation map. Here, M is the lateral
size of the correlation window and K is the pixel number of one
A-scan in the depth direction. The local area withM pixels in the
lateral direction and (K − 2) pixels in the depth direction,
marked by the red rectangle in Iy, is utilized as a kernel to cal-
culate cross-correlation coefficients (XCCs) with the local area
with (M þ 2) pixels in the lateral direction and K pixels in the
depth direction marked by the red rectangle in Iyþ1. Because the
local area in Iyþ1 is larger than the kernel, there are 3 pixels of
shifting range in both the lateral and depth directions. Let p and
q denote the shifting pixel number in the lateral and depth direc-
tions, respectively, then XCCs can be expressed by

Fig. 1 Theory of the proposed method. (a) The block diagram for reconstructing microcirculation maps
from spectral fringes. (b) The process of cross-correlation technique-based image registration.
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EQ-TARGET;temp:intralink-;e001;63;740XCCðp; qÞ ¼
P

M−1
i¼0

P
K−2
j¼1 ½Iyðxþ iþ 1; jþ 1Þ − Iy�½Iyþ1ðxþ iþ p − 1; jþ q − 1Þ − Iyþ1�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

M−1
i¼0

P
K−2
j¼1 ½Iyðxþ iþ 1; jþ 1Þ − Iy�2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
M−1
i¼0

P
K−2
j¼1 ½Iyþ1ðxþ iþ p − 1; jþ q − 1Þ − Iyþ1�2

q ;

p ¼ 1;2; 3 and q ¼ 1;2; 3;

(1)

where i and j are the pixel indices, and Iy and Iyþ1 re-
present the mean values of local areas. A 3 × 3 matrix
of XCCs can be obtained by Eq. (1), and the local area
with the maximum value of the XCCs is correlated
with the kernel in Iy to extract blood flow information.

Imaginary part-based images composed of amplitude and
phase are correlated to extract the blood flow information in
the IMcmOCT method. However, the phase signal is very sen-
sitive to motions, so the axial subpixel phase shift has to be com-
pensated to further suppress the noise caused by motion
artifacts. The complex analytic signals in the two local areas
aligned by the cross-correlation-based image registration
method are marked as Γ̃y;local and Γ̃yþ1;local, respectively.
Then the Kasai algorithm is performed to estimate the mean
phase shift in the axial direction

EQ-TARGET;temp:intralink-;e002;63;498ϕ ¼ tan−1
�
ImfPi∈S

P
j∈S½Γ̃y;localði; jÞ · Γ̃�

yþ1;localði; jÞ�g
RefP

i∈S

P
j∈S

½Γ̃y;localði; jÞ · Γ̃�
yþ1;localði; jÞ�g

�
;

(2)

where S represents the local areas and Γ̃�
yþ1;local is the conjugate

of Γ̃yþ1;local. The way to compensate the phase shift with the
mean phase shift ϕ is given by

EQ-TARGET;temp:intralink-;e003;326;635Γ̃ 0
yþ1;local ¼ Γ̃yþ1;local · expðiϕÞ; (3)

where Γ̃ 0
yþ1;local represents a new complex signal with the phase-

shift compensated. Here, Γx;y and Γx;yþ1 are used to represent
the imaginary parts of Γ̃y;local and Γ̃ 0

yþ1;local, respectively. At
last, a correlation algorithm is performed to extract blood
flow information. Assuming the size of the correlation window
is M × N pixels, the equation to calculate correlation maps can
be given by

EQ-TARGET;temp:intralink-;e004;63;424cmOCTyðx; zÞ ¼
P

M
i¼1

P
N−1
j¼0 ½Γx;yði; zþ jÞ − Γ̄x;y�½Γx;yþ1ði; zþ jÞ − Γ̄x;yþ1�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

M
i¼1

P
N−1
j¼0 ½Γx;yði; zþ jÞ − Γ̄x;y�2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
M
i¼1

P
N−1
j¼0 ½Γx;yþ1ði; zþ jÞ − Γ̄x;yþ1�2

q ; (4)

where Γ̄x;y and Γ̄x;yþ1 represent the mean of the pixel val-
ues in the correlation window. The cross-sectional blood
flow map can be obtained by shifting the kernel across the
entire imaginary part image. Theoretically, the correlation
values obtained by Eq. (4) are in the range from −1 to 1,
with the value of 0 indicating weak correlation, and −1
and 1 indicating strong anticorrelation and strong corre-
lation, respectively.

For a stable SDOCT system, both the amplitude and phase of
the depth-resolved complex analytic signal corresponding to
blood flow regions are variables over time, while the amplitude
and phase corresponding to static tissue regions are constant.
For amplitude, those corresponding to blood flow regions
vary randomly, resulting in a weak correlation degree, so two
B-scans of intensity-based images are correlated to calculate
the blood flow maps in the conventional cmOCT method.
Because the velocity vector of moving red blood cells can be
decomposed into an axial component (parallel to probe
beam) and a transverse component (perpendicular to the
probe beam), there are two cases when discussing the influence
of moving red blood cells on phase: first, when the direction of
the moving red blood cells is parallel to the probe beam, a linear
phase shift can be caused because of the Doppler effect;6 second,
as we know, the average diameter of red blood cells is about
10 μm and the displacement sensitivity of the phase is much
smaller than the center wavelength of the light source in the

SDOCT system,24 so phase perturbation can also be caused
by the displacements of curve form of red blood cells when
the direction of the moving red blood cells is perpendicular
to the probe beam. Compared with the amplitude signal, the
imaginary part consisting of amplitude and phase is more sen-
sitive to motion. Therefore, the imaginary part instead of the
amplitude is correlated to calculate blood flow maps in the

Fig. 2 Schematic of spectral-domain OCT system used to collect the
interference spectra to reconstruct the microcirculation maps. SLD,
super luminescent diode; PC, the polarization controller; and CCD,
the charge-coupled device.
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IMcmOCT method, which can provide improved sensitivity for
extracting blood flow information in small vessels. However, the
noise due to cardiac and respiratory motions is also amplified, so
cross-correlation technique-based image registration was per-
formed to compensate the integer pixel motions, and the
Kasai algorithm was performed to compensate he axial subpixel
phase shift in the IMcmOCT method.

3 Experimental Results and Discussions

3.1 System Setup

The system setup used to perform IMcmOCT is the same as the
standard SDOCT system, and the schematic is shown in Fig. 2.
The broadband light source is a super luminescent diode with a
center wavelength of 830 nm and bandwidth of ∼50 nm, with a
theoretical axial imaging resolution of ∼6.1 μm in air. The
reference arm contains a prism pair for dispersion compensa-
tion. In the sample arm, the beam is scanned in the x- and
y-directions by using two scanning galvanometers. The driving
signal of the galvanometers is generated by PCI-6733 (National
Instruments). Light reflected back from the sample and refer-
ence arms is combined by the Michelson interferometer and
sent to an imaging spectrometer consisting of a collimating
lens, a diffraction grating, an achromatic focusing lens, and a

fast-line-scan CCD camera (2048 pixels, 14 × 14 μm2 pixel
size). The spectral interference fringes are digitized at 16-bit res-
olution. Digitized spectral fringe profiles from the camera are
acquired by a frame grabber card and transferred to a computer
for further signal processing. The data acquisition and transfer
are triggered by a signal generated by a computer synchronized
with the ramp function that drives the x-direction scanning
galvanometer.

In this work, the theoretical lateral resolution of the SDOCT
is 6.4 μm, and the frequency of A-scans was 33 kHz. In the
x-direction, one-way scanning was performed, so a ramp func-
tion with a frequency of 16 Hz was used to drive the x-scanner,
while a stepped ramp function was used to drive the y-scanner so
that two consecutive B-scans at each position in the y-direction
could be acquired. The sampling frequency of A-scans in the
x-direction was 1000 A-scans within 2 mm, and in the y-direc-
tion, the scanner moved 300 steps within 1.5 mm and 600 B-
scans were acquired.

3.2 Results of Phantom Experiments

Three phantom experiments were implemented to demonstrate
the improved performance of the IMcmOCT method. The sam-
ple is the flowing milk in a glass capillary with an inner diameter

Fig. 3 The results of phantom experiments. (a)–(d) The results under the condition that the capillary is
mounted at an angle of θ ¼ 90 deg, and the velocity of milk is 21.2 mm∕s. (a) The structural image (b)
and (c) are the correlation images obtained by the cmOCT method and IMcmOCT method, respectively.
(d) The velocity image obtained by the PRDOCT method. (e)–(h) The results under the condition that the
capillary is mounted at an angle of θ ¼ 81 deg, and the velocity of milk is 21.2 mm∕s. (e) The structural
image (f) and (g) are the correlation maps obtained by the cmOCT method and IMcmOCT method,
respectively. (h) The velocity image obtained by the PRDOCT method. (i)–(l) The results are under
the condition that the capillary is mounted at an angle of θ ¼ 90 deg, and the velocity of milk is
0 mm∕s. (i) The structural images (j) and (k) are the correlation maps obtained by the cmOCT method
and IMcmOCT method, respectively. (l) The velocity image obtained by the PRDOCT method. (m)–
(o) Profiles of decorrelation values versus lateral position, black curve and red curve in (m) represent
the data at the positions marked by the dashed white line in (b) and (c), respectively; black curve and red
curve in (n) represent the data at the positions marked by the dashed white line in (f) and (g), respectively;
and black curve and red curve in (o) represent the data at the positionsmarked by the dashed white line in
(j) and (k), respectively.
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of 300 μm mounted in solid Agar. In three phantom experi-
ments, the correlation window sizes of the conventional
cmOCTmethod and the IMcmOCTmethod are all 6 × 3 and 6 ×
6 pixels, respectively. In the first experiment, the velocity of the
milk was 21.2 mm∕s, which was controlled by a syringe pump,
and the capillary is mounted at an angle of θ ¼ 90 deg, result-
ing in the axial velocity component being zero. On this occa-
sion, amplitude modulation and random phase perturbation

will be caused by the curved form of transverse moving
scattering particles. The results are shown in Figs. 3(a)–3(d).
Figure 3(a) is the structural image, and Figs. 3(b) and 3(c)
are the correlation images obtained by conventional the
cmOCT method and IMcmOCT method, respectively.
Figure 3(d) is the Doppler image obtained by performing the
PRDOCTalgorithm on the same OCT dataset, and the algorithm
can be expressed by

EQ-TARGET;temp:intralink-;e005;63;652Δϕðx; zÞ ¼ tan−1
�
ImfPN−1

i¼0

P
M−1
j¼0 ½Γ̃ðxþ i; zþ jÞ · Γ̃�ðxþ iþ 1; zþ jÞ�g

RefPN−1
i¼0

P
M−1
j¼0 ½Γ̃ðxþ i; zþ jÞ · Γ̃�ðxþ iþ 1; zþ jÞ�g

�
; (5)

where ~Γ represents one B-scan of the complex analytic
signal in the space domain, N and M represent the size
of the averaging window, and ~Γ� represents the conjugate
of ~Γ. It can be found that the level of background noise in
Fig. 3(c) is much lower than that in Fig. 3(b).

In the second experiment, the velocity of milk was also
21.2 mm∕s, but the capillary was mounted at an angle of
θ ¼ 81 deg. In this case, amplitude modulation and phase
shift will occur due to moving scattering particles. The results
are shown in Figs. 3(e)–3(h). Figure 3(e) is the structural image.
Figures 3(f) and 3(g) are correlation images obtained by the

cmOCT method and IMcmOCT method, respectively.
Figure 3(h) is the Doppler image obtained by performing
Eq. (5) on the same dataset. It can be found that the level of
background noise in Fig. 3(g) is much lower than that in
Fig. 3(f).

In the third experiment, the velocity of milk was 0 mm∕s,
and the capillary is mounted at an angle of θ ¼ 90 deg. In
this case, the milk is in Brownian motion, and both the ampli-
tude perturbation and phase perturbation can be caused by ran-
domly moving scattering particles. The results are shown in
Figs. 3(i)–3(l). Figure 3(i) is the structural image. Figures 3(j)

Fig. 4 The cross-sectional maps at the position of y0 (marked by a red arrow in Fig. 6). (a) The structural
image. (b and c) Blood vessel maps obtained by cmOCT method, but cross-correlation technique-based
image registration is performed in (c). (d) The blood vessel map obtained by performing the cmOCT
algorithm directly on imaginary part-based images. (e) The blood vessel map obtained by the
IMcmOCT method, but the axial subpixel phase shift compensation algorithm is not performed. The sig-
nal marked by the dashed green ellipse in (d) is noise caused by motions. The signal marked by the white
arrows in (e) represents blood vessels. (f) The profiles of the decorrelation values versus lateral position
obtained by the cmOCTmethod, and the black curve with an SNR of 62 dB and red curve with an SNR of
68 dB represent the data at the positions marked by dashed white lines in (b) and (c), respectively.
(g) The profiles of the decorrelation values versus lateral position obtained by the IMcmOCT method,
and the black curve with an SNR of 63 dB and red curve with an SNR of 74 dB represent the data at the
positions marked by dashed white lines in (d) and (e), respectively.
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and 3(k) are the correlation images obtained by the cmOCT
method and IMcmOCT method, respectively. Figure 3(l) is
the Doppler image obtained by performing Eq. (5) on the
same dataset. Compared with Fig. 3(j), the level of background
noise in Fig. 3(k) is much lower.

Figures 3(m)–3(o) are the profiles of the correlation values
with sign-inverted (decorrelation values) versus lateral positions
in the three experiments. The black curve with an SNR of 69 dB
and the red curve with an SNR of 72 dB in Fig. 3(m) represent
the data at the positions marked by the dashed white line in
Figs. 3(b) and 3(c), respectively. The black curve with an
SNR of 71 dB and the red curve with an SNR of 76 dB in
Fig. 3(n) represent the data at the positions marked by the
dashed white line in Figs. 3(f) and 3(g), respectively. The
black curve with an SNR of 62 dB and the red curve with an
SNR of 67 dB in Fig. 3(o) represent the data at the positions
marked by the dashed white line in Figs. 3(j) and 3(k), respec-
tively. The way to calculate the SNR of the profiles in this work
is the same as that in Ref. 9. All of the three plots quantitatively
demonstrate that the proposed method can improve the SNR of
microcirculation maps.

3.3 Results of In Vivo Experiments

An in vivo experiment was also implemented to demonstrate the
improved sensitivity for isolating blood flow signal from static
tissue background provided by the proposed method. A 3-D

OCT data set for a local region of 1.5 mm × 2 mm on a
mouse ear was acquired with using 600 × 1000 A-scans by
the SDOCT system. In this experiment, the correlation window
size of the conventional cmOCTmethod and IMcmOCTmethod
is 6 × 3 and 6 × 6 pixels, respectively. The cross-sectional maps
at the position of y0 (marked by a red arrow in Fig. 6) are shown
in Fig. 4. Figure 4(a) is the structural image. Figures 4(b) and
4(c) are the blood vessel maps obtained by the conventional
cmOCT method, but cross-correlation technique-based image
registration is performed to remove the noise caused by motions
in Fig. 4(c). Figure 4(d) is the blood vessel map obtained by
directly performing the cmOCT algorithm on imaginary part-
based images, and Fig. 4(e) is the blood vessel maps obtained
by the IMcmOCT method, but axial subpixel phase shift com-
pensation algorithm is not performed. The signal marked by the
dashed green ellipse in Fig. 4(d) is the noise caused by motions.
Comparing Fig. 4(b) with Fig. 4(c) and Fig. 4(d) with Fig. 4(e),
it can be found that the cross-correlation technique-based image
registration method is able to suppress the noise caused by inte-
ger pixel motions in both the cmOCT method and IMcmOCT
method. The signals marked by the white arrows in Fig. 4(e) are
blood flows, which is missed in the other three maps. Figure 4(f)
shows the profiles of the decorrelation values versus lateral posi-
tion obtained by the conventional cmOCTmethod, and the black
curve with an SNR of 62 dB and the red curve with an SNR of
68 dB represent the data at the positions marked by the dashed
white lines in Figs. 4(b) and 4(c), respectively. Figure 4(g)

Fig. 5 The three consecutive cross-sectional maps at the position of y1 (marked by a red arrow in Fig. 6).
(a)–(f) Blood vessel maps obtained by the IMcmOCT method, but axial subpixel phase shift compensa-
tion algorithm is not performed in (a)–(c). (g) The structural image. (h) The profiles of decorrelation values
versus lateral positions at the depth marked by a black arrow in (g), and black curve with an SNR of 72 dB
and red curve with an SNR of 79 dB represent the data in the averaged images of (a)–(c) and (d)–(f),
respectively.
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shows the profiles of the decorrelation values versus lateral posi-
tion obtained by the IMcmOCT method, and the black curve
with an SNR of 63 dB and the red curve with an SNR of
74 dB represent the data at the positions marked by the dashed
white lines in Figs. 4(d) and 4(e), respectively. All the results
demonstrate that the noise caused by integer pixel motions
can be suppressed by the cross-correlation technique-based
image registration method.

The three consecutive cross-sectional maps at the position of
y1 (marked by a red arrow in Fig. 6) are shown in Fig. 5 to dem-
onstrate that the noise caused by the axial subpixel phase shift
can be suppressed by the mean Kasai estimator. Figures 5(a)–
5(f) are blood vessel maps obtained by the IMcmOCT method,
but the subphase shift compensation algorithm is not performed
in Figs. 5(a)–5(c). Comparing Fig. 5(a) with Fig. 5(d), Fig. 5(b)
with Fig. 5(e), and Fig. 5(c) with Fig. 5(f), it can be found that
the noise in the regions marked by dashed white rectangles is
effectively suppressed. Figure 5(g) is the structural image,
Fig. 5(h) is the profiles of decorrelation values versus lateral
positions at the depth marked by a black arrow in Fig. 5(g),
the black curve represents the data in the average image of
Figs. 5(a)–5(c), and the red curve represents the data in the aver-
age image of Figs. 5(d)–5(f). It can be found that the pixel values
in blood flow regions on both curves are approximately equal to
each other, but the noise level of the black curve is higher than
that of red curve. The SNRs of the black curve and red curve are
72 and 79 dB, respectively.

The en facemicrocirculation maps of the mouse ear obtained
by the maximum intensity projection algorithm are shown in
Fig. 6. Figure 6(a) is the picture of the mouse ear, and the
local region marked by a black rectangle was imaged with
SDOCT. Figures 6(b) and 6(c) are microcirculation maps
obtained by the conventional cmOCT method, but cross-corre-
lation technique-based image registration is performed to
remove the noise caused by motion artifacts in Fig. 6(c).

Figure 6(d) is the microcirculation map obtained by performing
the cmOCT algorithm directly on imaginary part-based images.
Figures 6(e) and 6(f) are the microcirculation maps obtained by
IMcmOCT method, but the axial subpixel phase shift is not
compensated in Fig. 6(e). The positions y0 and y1 marked by
red arrows in Fig. 6(d) indicate where the maps in Figs. 4
and 5 are located, respectively. Comparing Fig. 6(b) with
Fig. 6(c) and Fig. 6(d) with Fig. 6(e), respectively, it can be
found that the cross-correlation technique-based image registra-
tion method is able to reduce the noise caused by integer pixel
motions in both the cmOCT method and IMcmOCT method.
Comparing Fig. 6(c) with Fig. 6(e), the blood flow in small ves-
sels missed in Fig. 6(c) can be extracted in Fig. 6(e), such as
those in the regions marked by dashed white ellipses, which
demonstrates that the sensitivity for extracting blood flow infor-
mation in small vessels can be improved by performing corre-
lation algorithm on imaginary part-based images. Comparing
Figs. 6(e) and 6(f), the blood flow in small vessels missed in
Fig. 6(e) can be extracted in Fig. 6(f), such as those in the
regions marked by dashed white ellipses in Fig. 6(f), which
demonstrates that the SNR of microcirculation maps can be fur-
ther improved by compensating the axial subpixel phase shift
with a Kasai estimator. All results demonstrate that the proposed
method can improve the sensitivity for extracting blood flow
information in small vessels compared with a conventional
cmOCT method.

4 Conclusion
In summary, we have presented an IMcmOCT method to recon-
struct microcirculation maps in vivo. To our knowledge, the
phase signal is first introduced in the cmOCT method to extract
blood flow information. In this paper, the principle of the pro-
posed method is presented in detail first, and then both phantom
experiments and in vivo experiments were implemented to dem-
onstrate that the proposed method can provide improved

Fig. 6 The en faceMIP view images of the mouse ear. (a) The picture of a mouse ear and the local region
marked by a black square (1.5 mm × 2 mm) was imaged with SDOCT. (b and c) Microcirculation maps
obtained by the conventional cmOCT method, and the cross-correlation technique-based image regis-
tration is performed in (c). (d) The microcirculation map obtained by performing the cmOCT algorithm
directly on imaginary part images. (e) and (f) The microcirculation maps obtained by the IMcmOCT
method, but the axial subpixel phase shift is not compensated in (e). The positions y0 and y1 marked
by red arrows in (d) indicate where the maps in Figs. 4 and 5 are located, respectively.
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sensitivity for extracting the blood flow information in small
vessels and reconstruct the image of the small blood vessels,
which is missed by the conventional cmOCT method.
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