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Abstract: A method allows the extraction of the recovery factor that maximizes the image contrast of
OCT (optical coherence tomography) and/or OCTA (OCT angiography) of a living subject is proposed
in this study. Due to the finite depth of focus in imaging optics, the volume OCT imaging suffers from
blurriness in the lateral resolution. By utilizing the digital hologram method or angular spectrum
method, the blurred image can be refocused. However, for in vivo OCT imaging, evaluation of the
image focus is not easy, owing to the cloudy structure of the brain. In the proposed method, the blood
flow signals were used as a guiding star to find the recovery factor. The propagation distance to
a focal plane was automatically determined by evaluating the contrast of a cross-sectional OCTA
image. The performance was examined though in vivo mouse brain OCT/OCTA imaging. The image
singularity of the blood flow in OCTA was very effective at evaluating the contrast of the image.

Keywords: digital focusing; optical coherence tomography; optical coherence tomography
angiography; brain tissues; blood flow; angular spectrum method; vascular imaging

1. Introduction

Optical coherence tomography (OCT) can provide a three-dimensional (3D) structural image of a
biological sample [1]. The in vivo, noninvasive, high-resolution image capability of OCT can be useful
for early diagnosis or observing the progress of various diseases. OCT has axial and lateral resolutions
of several tens of microns that are independently determined by different factors. The axial resolution
is proportional to the spectral bandwidth of the light source and the characteristics of the detector.
The lateral resolution is determined mainly by the beam diameter and the focal length of the focusing
lens, as in light microscopy. Thus, OCT has a trade-off relationship between the transverse resolution
and the depth of field (DOF), which might hinder acquisition of high-resolution 3D data for a thick
sample. In other words, the transverse resolution of OCT images obtained outside the DOF decreases.

The previous approaches for mitigating the aforementioned problem in OCT imaging are
roughly classified into hardware-based dynamic focusing methods and software-based digital focusing
methods. The former methods extend the DOF of the system by directly moving the focal plane
using various optics, such as a microelectromechanical mirror [2], a liquid-filled polymer lens [3],
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a GRIN lens [4], an acousto-optic tunable lens [5], or an axicon lens [6]. These methods are effective,
but are accompanied by increased system cost and decreased imaging speed. On the other hand,
the digital focusing method improves the lateral resolution by calculating the field distribution of the
image obtained at an out-of-focus region through digital computation without any modification of the
system’s hardware configuration.

The digital focusing method has been applied for improvement of both axial and lateral resolution
by means of deconvolution. The axial deconvolution method has been demonstrated to enhance the
depth measurement range by applying dispersion compensation [7]. Likewise, the methods based on
spectral shaping have also been demonstrated to enhance the depth resolution of OCT [8]. Similarly,
lateral resolution improvements have been demonstrated with the deconvolution methods [9,10],
inverse scattering algorithm [11], Gabor-based fusion technique [12], guide-star-based technique [13],
scalar diffraction algorithm [14,15], and hybrid hardware and software method [16]. However, most of
the aforementioned methods require some prior knowledge of the sample and the imaging system,
such as a refractive index of samples, the point spread function (PSF) of the system, and the focal
position of the probe beam. To address this, a digital focusing of OCT images without prior knowledge
has been demonstrated by automatically finding the distance between the de-focal plane and the focal
plane via scalar diffraction theory and information entropy [17]. However, application of this technique
to in vivo imaging applications—where the challenges are obvious due to motion artifact—have not
yet been demonstrated.

Recently, OCT has been considered as a promising tool for brain imaging, providing 3D structural
and vascular images in vivo [18,19]. Although the digital focusing method may prove useful for
enhancing the depth measurement range in brain OCT imaging, applying the digital focusing method
to in vivo brain imaging applications is challenging. Digital refocusing of blurred images may be
critical for in vivo brain imaging because the small vessels get easily blurred due to their small size
or low contrast. Such digital refocusing has not been demonstrated for in vivo brain imaging so far.
To solve this problem, we have utilized the vascular structure of the brain as an image singularity or
as a guiding star for the digital refocusing method. However, in the OCT brain images, it is difficult
to identify the image singularity. The blood vessel is unclear in an OCT image. Therefore, we used
the OCTA (OCT angiography) modality to capture the blood flow that cannot be seen in the OCT
intensity images. Since blood vessels are good image singularities in OCTA [20–22], they can act as
good guiding stars for automatically refocusing the OCT image.

In this paper, we propose and present a specific method that can be applied for automatic digital
refocusing of in vivo brain OCT images. First, we describe the entire methodology for automatically
recovering defocused images. After that, the performance evaluation of proposed method by imaging
the brain of a mouse in vivo is described. Finally, the brain image refocused automatically by the
proposed method is compared to the original image.

2. Motivation and Methods

2.1. Limitation of Depth of Field (DOF) in OCT Imaging

Figure 1 shows a situation where the DOF of the lens is shorter than the possible imaging depth of
an OCT system. In this case, OCT images obtained outside the DOF are laterally blurred. This situation
can be avoided by using a lens with low numerical aperture, but this would also worsen the lateral
resolution. In Figure 1, the focal plane of the lens is on the corpus callosum in a mouse brain. Since the
superficial region of the brain is outside of the DOF, the OCT image blurs laterally. This is apparent for
the blood vessels in the OCTA images. Determining some singular points in an OCT image is difficult;
therefore, the blurriness of the image cannot be identified easily. However, in the OCTA image when
the noisy structures are excluded, we can identify many singular points due to existence of blood flow
in a living subject. Therefore, the blood vessel images of OCTA can be used as a guiding star for digital
refocusing of the OCT image.
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Figure 1. Illustration showing a decrease in lateral resolution for the region outside DOF, on mouse 
brain imaging using optical coherence tomography (OCT) and OCT angiography (OCTA). Scale bar 
is 1 mm. 

2.2. Angular Spectrum Method for Digital Focusing of OCTA 

To obtain a volumetric blood microvasculature of a mouse brain, multiple B-scan OCT images 
were acquired at the same position, and then repeatedly in the C-scan direction. From each B-scan 
image, the complex OCT signal, denoted by 𝐶ሺ𝑥, 𝑧ሻ, was calculated with a well-known conventional 
method [23,24]. The spectral-domain OCT provides not only a depth resolved OCT image but also 
the phase information at each depth. A cross-sectional blood flow image was acquired by extracting 
dynamic signals from four repeated B-scan OCT images using an OCTA technique given by [22]. 

1

( , ) 1
1

1 ( , ) ( , ) ,
1

N

Flow x z i i
i

I C x z C x z
N

−

+
=

= −
− 

 
(1) 

where 𝐶௜ሺ𝑥, 𝑧ሻ is the complex OCT signal in the 𝑖௧௛ repeated B-scan, and N is the number of repeated 
B-scans; in our case, N = 4. 

Since the SD-OCT scheme provides phase information of a subject at all 3D positions, we can 
use the angular spectrum method (ASM) for simulating wave propagation [25,26]. For example, if a 
lateral plane at certain depth of a 3D subject is out-of-focus upon imaging, we can refocus it using the 
ASM. Of course, the lateral planes at various depths can have independent refocusing parameters 
that can be adjusted at every depth of the lateral plane. The digital refocusing based on ASM does 
not affect the numerical resolution of the system [27]. In the ASM, a complex wave field at a certain 
depth is decomposed into a sum of a number of plane waves by using a Fourier transform. The 
decomposed plane waves propagate separately along their directions and recombine at a lateral 
plane. When the propagation distance of the wave along the z direction is d (optical distance in air), 
the complex wave field at another depth is given as [25,26]: 
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where 𝐶௜ሺ𝑥, 𝑧; 𝑑ሻ is the line complex field at the depth of z after propagating as d along the z direction, 
{ }0 ( , 0 )C x zℑ =  is the angular spectrum at the original depth of the 3D OCT data, k denotes the wave 
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corresponds to the line field distribution along the B-scans, in the fast scanning direction. In the 
calculations, the field distribution along the C-scan (thus, y direction) was excluded as the phase 
along the C-scan was unstable owing to long measurement time (13 s in our case). 

To acquire a well-focused field distribution by using Equation (2), it is necessary to determine 
the propagation distance d which comprises of multiplication of the physical length and the refractive 
index of the medium. For this, the point spread function (PSF) of the OCT system and the refractive 
index of the biological tissues must be considered, which are difficult to obtain accurately. Such 
requirements complicate the implementation of the digital refocusing algorithm. In order to 

Figure 1. Illustration showing a decrease in lateral resolution for the region outside DOF, on mouse
brain imaging using optical coherence tomography (OCT) and OCT angiography (OCTA). Scale bar
is 1 mm.

2.2. Angular Spectrum Method for Digital Focusing of OCTA

To obtain a volumetric blood microvasculature of a mouse brain, multiple B-scan OCT images
were acquired at the same position, and then repeatedly in the C-scan direction. From each B-scan
image, the complex OCT signal, denoted by C(x, z), was calculated with a well-known conventional
method [23,24]. The spectral-domain OCT provides not only a depth resolved OCT image but also
the phase information at each depth. A cross-sectional blood flow image was acquired by extracting
dynamic signals from four repeated B-scan OCT images using an OCTA technique given by [22].

IFlow(x,z) =
1

N − 1
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∣∣∣Ci+1(x, z) −Ci(x, z)
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where Ci(x, z) is the complex OCT signal in the ith repeated B-scan, and N is the number of repeated
B-scans; in our case, N = 4.

Since the SD-OCT scheme provides phase information of a subject at all 3D positions, we can use
the angular spectrum method (ASM) for simulating wave propagation [25,26]. For example, if a lateral
plane at certain depth of a 3D subject is out-of-focus upon imaging, we can refocus it using the ASM.
Of course, the lateral planes at various depths can have independent refocusing parameters that can
be adjusted at every depth of the lateral plane. The digital refocusing based on ASM does not affect
the numerical resolution of the system [27]. In the ASM, a complex wave field at a certain depth is
decomposed into a sum of a number of plane waves by using a Fourier transform. The decomposed
plane waves propagate separately along their directions and recombine at a lateral plane. When the
propagation distance of the wave along the z direction is d (optical distance in air), the complex wave
field at another depth is given as [25,26]:
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where Ci(x, z; d) is the line complex field at the depth of z after propagating as d along the z direction,
=
{
C0(x, z = 0)

}
is the angular spectrum at the original depth of the 3D OCT data, k denotes the wave

number in the medium, and kx is the x directional wave number. It should be noted that Ci(x)
corresponds to the line field distribution along the B-scans, in the fast scanning direction. In the
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calculations, the field distribution along the C-scan (thus, y direction) was excluded as the phase along
the C-scan was unstable owing to long measurement time (13 s in our case).

To acquire a well-focused field distribution by using Equation (2), it is necessary to determine the
propagation distance d which comprises of multiplication of the physical length and the refractive index
of the medium. For this, the point spread function (PSF) of the OCT system and the refractive index of
the biological tissues must be considered, which are difficult to obtain accurately. Such requirements
complicate the implementation of the digital refocusing algorithm. In order to circumvent these
requirements, an algorithm that is capable of automatically determining the appropriate propagation
distance d was included. While iteratively evaluating the contrast of the digitally refocused OCTA
image, the propagation distance d is determined as the value that provides the OCTA image with the
highest contrast. In other words, in the OCTA image with the highest contrast, the average of the
square of the differences between adjacent A-scans (gradient in the x direction) is maximized. As the
contrast evaluation function, the “squared gradient” method was utilized as in [28]:

Fsq_grad(d) =
∑

x

∑
z
(IFlow(x + 1, z; d) − IFlow(x, z; d))2, (3)

where IFlow is the OCTA signal. This function sums squared differences between adjacent A-lines,
making larger gradients exert more influence. Adjacent pixels in images with high-frequency content
would have large differences in intensity. This algorithm assumes that the focused image has a
higher-frequency content than the defocused images.

2.3. Data Processing for Automatic Refocusing of OCTA Data

For digital refocusing, the propagation distance d between the focal plane and the original de-focal
plane was determined by evaluating the contrast of B-scan OCTA images. One of the traditional
ways to determine the optimal distance is to ascertain the d value that gives the best contrast of the
digitally refocused image. To achieve this, the image contrast is evaluated while iteratively entering
multiple d values and simulating a wave propagation. However, the OCT image of the mouse brain
shows a rather monotonous structure, as shown in Section 3.2, making determination of optimum
propagation distance d difficult. To address this problem, B-scan OCTA images were employed in
evaluating the contrast comparison. In addition, to find a more reliable d value, a region of interest (ROI;
square window) was set inside the B-scan OCTA image. The image with the largest sum of differences
of pixel intensities in the B-scan direction (X direction) was judged as the image with the largest
contrast. Figure 2 shows the digital focusing process to obtain OCTA images with optimal contrast.

1. Four B-scan OCT images were Fourier transformed along the B-scan direction; they were then
multiplied with the potential propagation distances (certain d value); lastly, an inverse Fourier
transform was performed. This process was repeated over the depths in the ROI while changing
the potential propagation distances consisting of an array of the numbers in the range of −1.5 mm
to +1.5 mm. This procedure corresponds to the process number 1 in Figure 2.

2. The digitally propagated four B-scan OCT images were used to create a single OCTA image using
Equation (1), and then the contrast of the OCTA image was evaluated using Equation (3). Prior to
contrast evaluation, a Gaussian blurring was applied to the OCTA image to remove noise due to
speckles. The size of the filter was 1 × 5 px. In this process, it is evaluated only for the OCTA
images in the ROI that cover a certain depth (xz direction).

3. Upon repeated execution of the first and the second processes, an optimum propagation distance,
d-max—which denotes maximum contrast in the OCTA images—was automatically searched
and re-entered. Finally, with the found d-max, the optimum or the maximum contrast OCT and
OCTA images were reconstructed.

4. The same process was performed with a series of the B-scan OCT images along C-scan direction
to get a resolution-improved volume OCT/OCTA image set.
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Figure 2. Steps to reconstruct well-focused OCTA images. Complex OCT data are obtained from 
Fourier transform of the acquired fringes. In the process 2 shown in blue color, the optimal 
propagation distances, d_optimal, giving the maximum contrast in the OCTA image, are searched for 
by evaluating the contrast of the OCTA image in the ROI (region of interest) while inserting numerous 
d values. The round structures in the B-scan OCT images represent vascular structures in the mouse 
brain. 

2.4. Animal Preparation 

A 7-week-old black mouse (C57BL/6NCrl) with a body weight between 22 and 26 grams was 
imaged. The mouse was anaesthetized with Zoletil/Xylazine mixture in saline solution (60/10 mg/kg 
body weight) during the entire experiment. Craniotomy was performed as defined previously [29]. 
The cover slip was fixed with the dental acrylic and cyanoacrylate glue. To fix the animal during OCT 
imaging, a customized angel ring was used for stability, and then the cerebral cortex was imaged. 
The body temperature was maintained by heating pad at 37 °C throughout the experiments. In this 
experiment, all imaging procedures were reviewed and approved by the Institutional Animal Care 
and Use Committee (IACUC) at the Gwangju Institute of the Science and Technology, South Korea. 

2.5. Spectral-Domain Optical Coherence Tomography for In Vivo Brain Imaging 

Since digital focusing utilizes a complex signal of OCT images, the stable phase of the spectral-
domain OCT (SD-OCT) is advantageous for refocusing, and was hence selected for the experiment. 
As a light source, a superluminescent diode (SLD, DenseLight Semiconductors Incorporated, 
Singapore) centered at 1310 nm with a full spectral-width of 150 nm was used to illuminate the 
sample, and an interferometric signal was detected by an InGaAs line-scan camera (Sensors 
Unlimited Corporation, Princeton, NJ, USA) with 2048 pixels, 12-bit resolution, and a maximum line 
rate of 76 kHz. The spectrometer operates in k-space, and does not need a calibration for the 
wavelength dispersion. The axial resolution of the system was measured to be 8 µm. The effective 
imaging range for a 10 dB sensitivity drop was 3 mm. More details of the system can be found in [30]. 

3. Results 

3.1. Validation of Automatic Refocusing in OCTA Images 

From a set of B-scan OCT images, using the ROI, the OCTA image was extracted by using 
Equation (1), as can be seen on the right side of Figure 3. The top slice is the OCT image and the slice 

Figure 2. Steps to reconstruct well-focused OCTA images. Complex OCT data are obtained from
Fourier transform of the acquired fringes. In the process 2 shown in blue color, the optimal propagation
distances, d_optimal, giving the maximum contrast in the OCTA image, are searched for by evaluating
the contrast of the OCTA image in the ROI (region of interest) while inserting numerous d values.
The round structures in the B-scan OCT images represent vascular structures in the mouse brain.

2.4. Animal Preparation

A 7-week-old black mouse (C57BL/6NCrl) with a body weight between 22 and 26 grams was
imaged. The mouse was anaesthetized with Zoletil/Xylazine mixture in saline solution (60/10 mg/kg
body weight) during the entire experiment. Craniotomy was performed as defined previously [29].
The cover slip was fixed with the dental acrylic and cyanoacrylate glue. To fix the animal during OCT
imaging, a customized angel ring was used for stability, and then the cerebral cortex was imaged.
The body temperature was maintained by heating pad at 37 ◦C throughout the experiments. In this
experiment, all imaging procedures were reviewed and approved by the Institutional Animal Care
and Use Committee (IACUC) at the Gwangju Institute of the Science and Technology, South Korea.

2.5. Spectral-Domain Optical Coherence Tomography for In Vivo Brain Imaging

Since digital focusing utilizes a complex signal of OCT images, the stable phase of the
spectral-domain OCT (SD-OCT) is advantageous for refocusing, and was hence selected for the
experiment. As a light source, a superluminescent diode (SLD, DenseLight Semiconductors
Incorporated, Singapore) centered at 1310 nm with a full spectral-width of 150 nm was used to
illuminate the sample, and an interferometric signal was detected by an InGaAs line-scan camera
(Sensors Unlimited Corporation, Princeton, NJ, USA) with 2048 pixels, 12-bit resolution, and a
maximum line rate of 76 kHz. The spectrometer operates in k-space, and does not need a calibration for
the wavelength dispersion. The axial resolution of the system was measured to be 8 µm. The effective
imaging range for a 10 dB sensitivity drop was 3 mm. More details of the system can be found in [30].

3. Results

3.1. Validation of Automatic Refocusing in OCTA Images

From a set of B-scan OCT images, using the ROI, the OCTA image was extracted by using
Equation (1), as can be seen on the right side of Figure 3. The top slice is the OCT image and the slice
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marked 3 is the corresponding OCTA image. With these OCT images, a series of OCTA images were
reconstructed by using Equation (2) while changing the propagation distance d. The OCTA images
reconstructed using another d are depicted in the right side and marked with numbers 1, 2, and 4.
In same manner, the image contrasts of the reconstructed OCTA images were calculated by using
Equation (3) and plotted in terms of the propagation distance d, as shown in the left graph in Figure 3.
The calculated image contrast and the corresponding d values of the four OCTA images on the right
side in Figure 3 are indicated with the red arrows in the left graph. The left graph shows the 2nd
OCTA slice with the maximum contrast, and the right figure confirms this observation. The blood flow
signals in the area marked by the white arrows are clearer than in other images. This signifies that the
contrast value can be utilized as a criterion for refocusing of the brain OCT images acquired in vivo.
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Figure 3. Contrast change of the digitally focused Images 1–4 as a function of the propagation length.
Image 2 in the graph shows the highest contrast. White arrows indicate clear flow signals. Scale bar is
500 µm.

3.2. Comparison with the Image Refocusing Based on Conventional Structural Images

In the previous section, the propagation distance d was extracted by evaluating the contrast of
the OCTA images and not the conventional OCT images. To confirm the advantage of the proposed
method, the image refocusing was performed again by evaluating the contrast of OCT images to
predict the optimal propagation distance. With a cross-sectional OCTA image, four different ROIs were
established in the depth direction (z direction). In each ROI, the optimum propagation distance was
extracted, and with that the OCTA image was reconstructed, as shown in Figure 4a. The middle and
right pictures are the ones refocused with the propagation distance d obtained with the OCTA image
and the OCT image, respectively. For structure-based recovery, an average of four repeated B-scans
was used as a guiding star. Even though the difference is not very clear, the white arrows in the figure
show that the blood vessels appear clearly in the middle picture. To quantify the result, the contrast to
noise ratio (CNR) of each image was calculated using the metric [31]. The CNR values of the original
image, the image reconstructed by the OCTA image, and the image reconstructed by the OCT image
were calculated to be 2.8756, 3.1146, and 2.9155, respectively.
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were −0.73 ± 0.16, −0.64 ± 0.14, −0.57 ± 0.18, and −0.45 ± 0.19 mm with respect to A, B, C, and D, 
respectively. This makes sense because the deeper the region, the closer the focal plane. The focal 
position was below the ROI, as indicated using a green arrow in Figure 4a. On the other hand, Figure 
4c shows the calculated distances not meaningfully dependent on the depth. The means and standard 
deviations of the calculated propagation distances were −0.66 ± 0.28, −0.53 ± 0.53, −0.63 ± 0.26, and 
−0.65 ± 0.16 mm, respectively. Therefore, in conclusion, the refocusing based on the OCTA image is 
better than the conventional one based on the OCT image. Note that the error bars of Figure 4b,c 
mean the variations of calculated propagation distances between 500 C-scan images, which have 
slightly different focusing planes. 
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length estimated by (b) blood flow images and (c) structural images corresponding to each image. 
The green arrow indicates a focal position. Scale bar is 500 µm. 
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To show the performance of the proposed method more clearly, the contrast of the original 
(defocused) en face OCTA image was compared with that of the en face OCTA image refocused with 
the proposed method, as shown in Figure 5. A set of volumetric data, 2048 (A) × 500 × 4 (B × repetition) 
× 500 (C), was acquired while setting the focal plane of probe lens deep inside the mouse brain. A 
doublet lens with a focal length of 30 mm was used as a probe lens and the input beam diameters 
were around 2 mm. The theoretical DOF of the system was calculated to be 2.4 mm in air. Figure 5a,c 
showed en face maximum intensity projections (MIPs) of original and recovered OCTA/OCT images 
acquired at certain depth ranges. We can see that small vessels and detailed structures indicated as 
yellow triangles are appreciated in the refocused image. The line profiles along the white dotted lines 
of Figure 5a were plotted in Figure 5b, showing that the OCTA image recovered by using OCTA 
images as guiding stars has superior contrast in comparison to the original one and the one recovered 
by using OCT images. Recovered and original OCT images at specific depths (180, 460, 740, and 1020 

Figure 4. A comparison of the two ways of automatic refocusing of defocused images. (a) Automatically
recovered OCTA images by blood flow images and structural images, respectively. White arrows
indicate noticeable flow signals between two approaches. Distribution of propagation length estimated
by (b) blood flow images and (c) structural images corresponding to each image. The green arrow
indicates a focal position. Scale bar is 500 µm.

To explore further cases, we performed automatic refocusing on 500 defocused OCTA images in the
C-scan direction. The statistics of propagation distances calculated for 500 images using OCTA images
and OCT images, as guiding stars, were determined, respectively. Figure 4b shows the calculated
propagation distances, calculated using the OCTA image, shorten as the imaging depth increases
(from A to D). The means and standard deviations of the calculated propagation lengths were −0.73
± 0.16, −0.64 ± 0.14, −0.57 ± 0.18, and −0.45 ± 0.19 mm with respect to A, B, C, and D, respectively.
This makes sense because the deeper the region, the closer the focal plane. The focal position was
below the ROI, as indicated using a green arrow in Figure 4a. On the other hand, Figure 4c shows the
calculated distances not meaningfully dependent on the depth. The means and standard deviations
of the calculated propagation distances were −0.66 ± 0.28, −0.53 ± 0.53, −0.63 ± 0.26, and −0.65 ±
0.16 mm, respectively. Therefore, in conclusion, the refocusing based on the OCTA image is better
than the conventional one based on the OCT image. Note that the error bars of Figure 4b,c mean
the variations of calculated propagation distances between 500 C-scan images, which have slightly
different focusing planes.

3.3. Evaluation in En Face Refocused OCTA Images

To show the performance of the proposed method more clearly, the contrast of the original
(defocused) en face OCTA image was compared with that of the en face OCTA image refocused with the
proposed method, as shown in Figure 5. A set of volumetric data, 2048 (A) × 500 × 4 (B × repetition) ×
500 (C), was acquired while setting the focal plane of probe lens deep inside the mouse brain. A doublet
lens with a focal length of 30 mm was used as a probe lens and the input beam diameters were around
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2 mm. The theoretical DOF of the system was calculated to be 2.4 mm in air. Figure 5a,c showed en
face maximum intensity projections (MIPs) of original and recovered OCTA/OCT images acquired
at certain depth ranges. We can see that small vessels and detailed structures indicated as yellow
triangles are appreciated in the refocused image. The line profiles along the white dotted lines of
Figure 5a were plotted in Figure 5b, showing that the OCTA image recovered by using OCTA images
as guiding stars has superior contrast in comparison to the original one and the one recovered by using
OCT images. Recovered and original OCT images at specific depths (180, 460, 740, and 1020 µm) are
shown in Figure 5c. To quantify the improvement of the image contrast, CNR values of OCT images in
Figure 5c were calculated and plotted in Figure 5d.
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Figure 5. Comparison of en face maximum intensity projections (MIPs) of the original and recovered
OCTA/OCT images obtained at specific depths (0–280 µm for OCTA image, and 180, 460, 740,
and 1020 um for OCT images). (a) En face MIPs and an enlarged view of original and recovered OCTA
images (recovered by OCTA or OCT images), respectively. (b) Line profiles of white dotted lines in
(a). (c) Recovered and original OCT images at specific depths. (d) Contrast to noise ratio (CNR) of the
OCT images in (c). Yellow triangles show noticeable the contrast change between images. Scale bar is
500 µm.

4. Discussion and Conclusions

In summary, a digital holographic method allowing automatic digital refocusing of an in vivo
brain OCT data set obtained at the de-focal plane was demonstrated. An ASM algorithm was
utilized to simulate the wave propagation, and the optimum propagation distance was automatically
determined by iteratively evaluating the contrast of the digitally focused B-scan OCTA images.
Then, the propagation distance providing maximum contrast to the OCTA image was chosen and
re-entered to reconstruct the best OCT and OCTA images. The performance of the proposed method
was demonstrated by visualizing cross-sectional and en face OCTA images of the mouse brain.
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Furthermore, we have compared the refocusing results using OCT/OCTA images as guiding stars.
Using OCTA images demonstrated better performance on the mouse brain tissue. Our processing
strategy (using OCTA images as guiding stars) enables software based automatic refocusing with
high accuracy in the mouse brain tissue when using SD-OCT for measurements. In this experiment,
one dimensional (B-scan direction) focusing was performed. Two dimensional (2D) focusing has not
been used due to the instability of the OCT system in the C-scan direction. In future, utilizing another
reference arm in the system or a cover glass on top of the sample surface [14] could allow tracing and
removal of phase fluctuation along the C-scan direction. 2D refocusing of OCTA images shall be tried.
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