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Abstract. High-resolution mapping of microvasculature has been applied to diverse body systems, including the
retinal and choroidal vasculature, cardiac vasculature, the central nervous system, and various tumor models. Many
imaging techniques have been developed to address specific research questions, and each has its own merits and
drawbacks. Understanding, optimization, and proper implementation of these imaging techniques can significantly
improve the data obtained along the spectrum of unique research projects to obtain diagnostic clinical information.
We describe the recently developed algorithms and applications of two general classes of microvascular imaging
techniques: speckle-variance and phase-variance optical coherence tomography (OCT). We compare and contrast
their performance with Doppler OCT and optical microangiography. In addition, we highlight ongoing work in the
development of variance-based techniques to further refine the characterization of microvascular networks. © The
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1 Introduction
Over the last decade, various techniques have been reported to
image microvascular networks, whose aims range from distinct
research questions to the diagnosis and monitoring of specific
pathologies. Color fundus photography, fluorescein angio-
graphy (FA), and indocyanine green angiography served as
standard methods for imaging the retinal vascular structure.1

These imaging techniques require the injection of exogenous
contrast agents into the circulation, which may cause allergic
reaction. Moreover, these techniques cannot provide blood ves-
sel depth information and are limited by the two-dimensional
(2-D) nature of the images.

An attractive optical technique for imaging three-dimen-
sional (3-D) microvasculature structure without the need of
exogenous agents is vascular-sensitive optical coherence tomog-
raphy (OCT). The OCT technique is based on the principle of
low-coherence interferometry, and it offers the advantages of
being noninvasive, contactless, and yields depth-resolved locali-
zation at high spatial and temporal resolutions cross-sectional
imaging in biological systems.cross-sectional imaging in bio-
logical system.2,3 Moreover, intrinsic contrast mechanisms and
depth resolution of tissue are advantages over confocal fluores-
cence microscopy. Unlike the sound echoes of ultrasound, OCT
generates images based upon back-reflected light from the sam-
ple. Various OCT blood flow detection techniques have been

developed for imaging vasculature structure, each of which has
its own merits and drawbacks. For example, Doppler OCT4–15

(also known as optical Doppler tomography), images are recon-
structed based on phase changes or Doppler frequency shifts due
to moving particles in the sample. Phase changes are calculated
from multiple axial scans (A-scans) collected at the same posi-
tion, or adjacent A-scans with sufficient spatial overlap. The
DOCT method is useful in mapping blood vessels in various
tissue such as skin16,17 and retina18 and can extract blood-
flow information. Several useful strategies such as dual-beam
DOCT19–21 and narrow bandwidth phase-reference OCT,22 are
reported to improve the sensitivity of DOCT. All of these meth-
ods are phase-sensitive, and therefore a phase-stable system is
necessary for obtaining high-contrast images.23

The power Doppler OCT and/or optical angiography/micro-
angiography (OMAG) are other imaging techniques based on the
Doppler effect that is able to isolate blood flow signals from the
static tissue background.24–36 This method does not allow visu-
alization of flow velocity directly; it provides a measure of the
total backscattered optical signal attributable to moving targets
with higher SNR37 compared to DOCT. Unlike phase-based
approaches, OMAG directly analyzes and processes an image,
which can minimize the phase instability noise. Different phase
compensation methods37–39 were introduced to compensate
motion artifacts from OMAG measurement. Overall real-time
application of power Doppler or OMAG is computationally
intensive and may require graphics processing unit (GPU)-
based signal processing techniques to clinical suitability.

Two recently developed high-contrast in vivo 2-D/3-D micro-
circulation imaging techniques, with various implementations
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by research groups, are speckle-variance (SV) and phase-
variance (PV) OCT. SV-OCT images microvasculature by
calculating the interline or interframe speckle variance of the
intensity-based structural OCT images.40–46 The calculation of
the variance of the signal intensity is determined either by a spa-
tial window40 or temporal window.41,42 The spatial window
method uses the speckle of the conventional structural OCT
images.40 However, the performance of this system is hindered
by the computational complexity and slow frame rate in the ini-
tial demonstration.41 Developments of high-speed swept-source
laser16,17 may yield sufficient imaging speed of this technique.
The temporal window method41,42 is based on calculating the
interframe speckle variations between successive structural
(B-mode) OCT images. This method provides high-contrast
microvasculature images with enhanced sensitivity and angle
independence, without the need of a high-phase stability system.
However, the images suffer from blood vessel shadowing arti-
facts47,48 and bulk tissue motion.41 Szkulmowski et al.49 aver-
aged the multiple A-scans, and Lee et al.50 coded the discrete
Fourier transform algorithm to improve the speckle contrast
from the OCT images with the capability of real-time signal
processing.

The PV-OCT method47,51–66 has been implemented to visu-
alize the vasculature of zebrafish,59 ocular circulation of the
mouse,60 and human retinal vasculature.47,61–66 This method
identifies the phase difference between consecutive B-scans
of the same transverse position and allows for the mapping
of microvasculature, independent of the direction of flow rela-
tive to the imaging system.47,60 High-speed phase stable imaging
systems and postimage processing can reduce motion artifacts,
which may further advance this technique for use in clinical
applications.

In this article, we report on the principles, algorithms, current
state of the art, and future applications of microvascular imaging
based on SV and PV techniques. Studies are ongoing for
improving complete microvascular metrics, as well as assessing
blood flow information by optimizing system acquisition
parameters or by improving the OCT system.

2 Theory

2.1 SV Processing

The term speckle is used to describe the OCT signal acquired as
a result of partial coherently backscattered light from biological
tissues.67–71 If an OCT image is acquired in a stationary object,
the speckle pattern is temporally stationary as well.44 Due to the

presence of moving particles in biological tissues (such as red
blood cells), the speckle pattern varies with time and can be
quantified by speckle variance calculations using either inter-
frame or interline comparisons.

Fundamentally, SV imaging is a decorrelative measurement
technique that has the capability to visualize blood flow, inde-
pendent of the Doppler angle. This method is suitable for
detecting small blood vessel networks because of its angle inde-
pendence and fast image acquisition capability. Decorrelation
methods based on speckle intensity variation in B-scan images
were previously introduced in ultrasound systems.72,73 In OCT,
SV imaging has the capability of detecting microvasculature
through intrinsic contrast in the scattering properties of red
blood cells as they move through the vascular network.
These speckle variance images (SVijk) are created by evaluating
variance in the structural pixel intensity (Iijk) across the desired
number (N) of B-scan images at the same spatial location using
the following equation:

SVijk ¼
1

N

XN
i¼1

�
Iijkðx; zÞ −

1

N

XN
i¼1

Iijkðx; zÞ
�2

¼ 1

N

XN
i¼1

ðIijk − ImeanÞ2: (1)

Here, i, j, and k are indices of frame, lateral (or width), and
depth (or axial) position (pixels) of the B-scan, respectively;
N is the number of frames used in variance calculation (or
gate length); Iijk ðx; zÞ is the signal intensity at pixel (j, k) in
the i’th frame; and Imean is the average intensity over the
same set of pixels.

The SV estimate from Eq. (1) differs in solid and fluid
components of biological tissue, as they have different time-
dependent scattering properties, which provide the intrinsic con-
trast in speckle variance. For example, in the regions of solid
tissue, assuming no bulk tissue motion (BTM), the pixel inten-
sities have a Gaussian distribution profile [Fig. 1(a)]. Contrary to
this are the fluid components of biological tissue, such as red
blood cells traveling through a vessel, where pixel intensities
change and lead to a Rayleigh distribution.74

As a consequence, the SV contrast between solid and fluid
components of biological tissue can affect the accuracy of the
measurement. To account for this, the SV SNR between a
“fluid” and “solid” pixel is defined as

Fig. 1 (a) Gaussian distributions for solids (silicone gel phantom). (b) Rayleigh distribution for fluids (intralipid solution) without bulk motion.74
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SVSNRðN; I0Þ ¼
SVFluidðN; I0Þ − SVSolidðN; I0Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σ2FluidðN; I0Þ þ σ2SolidðN; I0Þ
p ; (2)

where SVFluid and SVSolid are the raw SV calculated from
Eq. (1); σ2Fluid and σ2Solid are the variance of SVFluid and
SVSolid, respectively; and I0 is the equal time-averaged intensity
of “fluid” and “solid” pixel. To achieve higher SNR, the gate
length (N) was optimized and N ¼ 8 was found for lower
BTM scenarios.42

A major challenge with using the SV-OCT technique is the
effect of blood vessel shadowing artifacts.75 The streaking and/
or shadowing artifacts encountered as one moves through the
blood vessel to the deeper layers of the tissue sample can
lead to an overestimation of the vascular area (Fig. 2). To
remove these artifacts from the SV image, a step-down exponen-
tial filter could be used, while preserving the overall vascular
structure.11,47,48,75 In this de-shadowing process, the SV signal
is attenuated by a factor γ from the top surface of the tissue
and is proportional to the sum of the de-shadowed SV pixel
above it. Mathematically, the de-shadowing process is ex-
pressed as

SVDSðx; y; zÞ ¼ SVðx; y; zÞ × e
1
γ

P
z−1
i¼1

SVDSðx;y;iÞ; (3)

Here, x is the frame, y is the lateral location, z is the depth in
each image, and γ is a proportionality constant that controls the
rate of attenuation. The de-shadowed imaging scheme shows
significantly less shadowing effect than the original B-scan
SV image (Fig. 2) and qualitatively found no loss of vascular
information due to the overall attenuation of speckle variance
intensity (Fig. 3).

Subsequent to the attenuation of the shadowing artifact, a
depth-encoding colormap (Fig. 4) is used to preserve vascular
depth information in 2-D.76 Each image in the stack is first
encoded with an RGB color depending on its depth in the
stack. The transparency (or alpha channel) for each pixel in
the stack is then set to its SV intensity. Both RGB color and
alpha channels are then combined to get color depth-encoded
SV images.

2.2 PV Processing

An alternative approach for vasculature visualization considers
the evaluation of phase change statistics as a contrast mechanism.
Various phase-contrast methods, including Doppler imaging and

power Doppler tomography (or angiography) and the PV
method,51,53,55,62 were covered in the introduction. Here, we
focus on PV-OCT principles and algorithms as it produces high-
contrast microcirculation imaging performance over DOCT and
optical microangiography.

PV-OCT utilizes the statistical variance of phase changes
over successive OCT scans where phase changes are caused
by motion of fluid in vessels or capillaries. It produces high-
contrast imaging of 3-D capillary networks. The variance of
phase changes can be calculated over successive A-scans during
transverse scanning.24,36,51–53 The average phase shift (ΔΦ)
between sequential A-scans at the same location (z) is expressed
as51–53

ΔΦðzÞ ¼ ½Φjþ1;z −Φj;z�

¼ tan−1
�
Im

�Xn
j¼1

ðAj;z:A�
jþ1;ZÞ

�
∕Re

�Xn
j¼1

ðAj;z:A�
jþ1;ZÞ

��
;

(4)

where Φjþ1;z and Φj;z are the phases for the signal at depth z of
the ðjþ 1Þ’th and j’th A-line; Aj;z is the complex OCT signal at
axial time t and depth z for the j’th A-line; and n is the number
of sequential A-lines that are averaged.

If σ denotes the standard deviation of the Doppler spectrum,
the Doppler variance (σ2) can be derived from autocorrelation
technique.25,51,77 Usually, averaging is done to improve SNR.
The averaging can be performed either in the lateral direction51

or in both lateral (temporal) and axial (depth) directions.24,25,52

Compared to lateral averaging, only Eq. (5), averaging along
both the lateral and depth directions [Eq. (6)], can reduce the
background noise and improve the image quality:25,36

σ2 ¼ 1

T2

2
641 −

���Pn
j¼1ðAj;z:A�

jþ1;ZÞ
���P

n
j¼1ðAj;z:A�

jþ1;ZÞ

3
75 (5)

σ2 ¼ 1

T2

2
641 −

���Pn
j¼1

PN
z¼1ðAj;z:A�

jþ1;ZÞ
���P

n
j¼1

P
N
z¼1ðAj;z:A�

jþ1;ZÞ

3
75. (6)

Here, z represents different data points along each axial scan and
j represents different axial scans; T is the time interval between

Fig. 2 The B-scan SV image of a tumor microvasculature (a) without de-
shadowing (b) with de-shadowing (scale: 1 mm). (Reproduced from
Ref. 76 with permission.)

Fig. 3 Projection images of 3-D SV datasets (a) without de-shadowing,
(b) with de-shadowing (scale: 1 mm). (Reproduced from Ref. 76 with
permission.)
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sequential A-scans; n is the number of A-lines that are averaged;
and N is the number of depth points that are averaged. Values of
n and N are application dependent. Generally, a larger n and N
will increase SNR, but they also increase computation time and
decrease resolution.

Phase variance can also be calculated from phase changes
between B-scans, where multiple B-scans are required over the
same transverse scan.61,78 Thus, multiple phase measurements
are recorded over the same transverse point separated in time.
The phase differences between adjacent frames of the same
transverse points can then be obtained, and the variance of
these changes can be calculated. The phase difference (ΔΦ)
between two consecutive B-scans at the same location is math-
ematically expressed as

ΔΦðx; z; TÞ ¼ Φiþ1ðx; z; tþ TÞ −Φiðx; z; tÞ; (7)

where Φiðx; z; tÞ is the phase value in the B-scan at lateral loca-
tion x, depth position z, and time t; T is the time interval
between two consecutive B-scans; i is an index of ith B-scan
within one BM-scan. The phase variance between two consecu-
tive B-scans is calculated as

σ2ΔΦð¼ PVijkÞ¼
1

N−1

XN−1

i−1

×
�
ΔΦiðx;z; tÞ−

1

N−1

XN−1

i−1
ΔΦiðx;z; tÞ

�2
; (8)

where N represents the number of B-scans and ΔΦðx; zÞ is the
phase difference between two consecutive B-scans.

There are three basic steps in PV-OCT measurement: OCT
data acquisition, phase change calculation, and phase variance
calculation. Fingler et al.59 proposed two different scan mech-
anisms, MB-scan and BM-scan, to acquire 2-D OCT images
with a variety of time separations between phase measurements.

MB-scan takes multiple M-scans over different transverse posi-
tions; on the other hand, multiple B-scans over time at the same
transverse scan position are referred to as BM-scans. Densely
sampled A-scans may be required to improve the transverse res-
olution. It was demonstrated that the phase contrast calculation
through an MB-scan could allow cancellation of phase noise-
induced error. Unfortunately, MB-scans are time consuming
and limit the speed of 2-D phase contrast imaging. On the
other hand, BM-scans are more time efficient and commonly
used. Additional steps of phase error reduction are needed ulti-
mately to improve the accuracy of PV measurement.59

To improve the measurement accuracy, image processing
techniques are applied during the PV-OCT procedure. First,
to improve the accuracy of phase change calculation, the
bulk motion along the imaging direction–induced artifact
needs to be compensated. Bulk motion within each frame
can be removed by using the Doppler shifts between adjacent
A-lines, whereas bulk motion between adjacent frames can
be removed by correlation-based algorithms. Fingler et al.59

introduced a weighted mean technique that utilizes phase
changes from all depths within a chosen region of the A-scan
to calculate the bulk motion. The phase change is then corrected
by subtracting the tissue motion as

Δϕcðz; TÞ ¼ Δϕðz; TÞ − ΔϕbulkðTÞ; (9)

where Δϕcðz; TÞ is the corrected phase change measured at a
given depth z and T is the time separation. Phase variance can
then be calculated from the corrected phase change Δϕcðz; TÞ.
The measured variance of motion increases with the time
separation between phase measurements T. Histogram-based
methods47,75,79 are often used to remove phase shifts caused
by bulk motion (e.g., eye motion). Liu et al.36,80 showed an
intensity-based Doppler variance method that is insensitive to
bulk motion and can be used without the removal of bulk
motion.

Fig. 4 Depth-encoded SV-OCT images of six window chambers seeded with 9L gliosarcoma tumors imaged nine days after implantation. Features
closest to the coverslip are encoded with green-yellow, while deeper features are encoded with orange-red. The transparency of a pixel is determined
by the SV intensity. The images show significant amount of intra- and inter-tumor microvascular heterogeneity. (Reprinted from Ref. 76 with
permission.)
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We have outlined the principles and algorithms of SVand PV
techniques in the above sections. In the following sections, we
outline specific applications of SV- and PV-OCT microvascular
imaging, putting particular emphasis on the broad application of
high-resolution methods to address specific research questions.

3 Applications
Over the past several years, SV- and PV-OCT has been applied
to a variety of preclinical and clinical scenarios requiring high-
resolution imaging of the microvasculature. In this section, we
summarize these applications and highlight both the diversity of
use and limitations of these technologies. To begin, we highlight
the study of tumor biology, as this was the first reported use of
SV-OCT in the literature. Following this introduction, we high-
light a variety of applications, including imaging the embryo,
applications for the study of neuroscience and ophthalmology,
and imaging nanoparticles, and conclude with methodological
developments that aim to improve certain aspects of SV-OCT
imaging across disciplines. In the second part of this section,
we highlight applications of the PV-OCT technique.

3.1 Applications of SV-OCT

3.1.1 Imaging of tumor biology

Mariampillai et al.41,42 successfully demonstrated the SV tech-
nique to image microvasculatures in animal skin using a window
chamber model (Fig. 5). The technique provides Doppler angle-
independent microvessel imaging, which overcame the limita-
tion of the DOCT technique.9 In the initial work, the smallest
detectable microvessels by SV imaging was in the range of
25 μm.41 One major limitation highlighted by the authors is
bulk tissue motion, which prompted further work to improve
SV imaging using a different scanning pattern to improve

imaging speed and SV contrast.42 In addition to 2-D imaging,
the SV vasculature map can be color-coded11 according to the
depth of vessels in the tissue (Fig. 6). Unlike the structural OCT
image [Fig. 6(a)], satellite metastases are clearly observed in SV
images, as indicated with blue arrows in Fig. 6(b). Significant
improvement of microvessel contrast was found when the num-
ber of frames (N) increased from 2 to 8. The SV approach
showed better performance for detecting microvasculature
over color DOCT, due to its sensitivity and angle independence;
however, it still suffers from blood vessel shadowing
artifacts.47,48

To detect locations of retinal microvasculature and assess
blood oxygen level effectively, Liu et al.44 combined speckle
variance with spectroscopic OCT (SOCT) techniques. The
SV-OCT images were calculated [from Eq. (1)] and compared
the effect of using different numbers of frames (N ¼ 10, 100,
and 500) of OCT images processed. Large numbers of frames
required can increase image acquisition and data processing
time. Simple thresholding when applied in the SV images
could allow determination of the location and dimension of
the capillary blood vessels [Fig. 7(d)]. The SOCT image was
then combined with the thresholded SV-OCT image to deter-
mine the spectroscopic properties of blood vessels, such as
blood oxygen level and speckle noise, based on the attenuation
properties of the blood in different wavelength ranges and the
results are shown in Fig. 7(e) and 7(f). The spatial variations of
blood vessels were represented by the full dynamic range of
color code; red and purple represent the minimum and maxi-
mum speckle variance in the blood vessels. The combined
results showed the localized spectroscopic properties of the
blood microvascular structure with future potential of functional
OCT imaging applications.

A better understanding of structural and functional properties
of tumor microcirculation can potentially contribute to monitor-
ing, preventing, and improving the treatment of tumor or cancer
therapies. Formation of new vessels, remodeling, and dropout of
exiting vessels inside a tumor can continuously create temporal
variations in blood flow and oxygenation.66 For the study of
tumor hemodynamic, Skala et al.81 combined the hyperspectral

Fig. 5 SV-OCT platform for detection of the microvasculature (a) Dorsal
skin fold window chamber model. (b) White light microscopy image of
the entire window. The white box represents the confocal fluorescence
and SV-OCT imaging locations. (c) Maximum intensity projection
image of FCM. (d) SV-OCT en face projection image of vasculature.
(Reprinted from Ref. 41 with permission.)

Fig. 6 (a) Structural image of a tumor. (b) Microvascular projection
image for the tumor, with gate length N ¼ 8. Arrows indicate the loca-
tion of satellite metastasis. The color indicates relative depth of the ves-
sels, with brighter shades indicating superficial (closest to the cover slip
of the window chamber) and gray indicating deeply seated vasculature
(c)–(e). Magnified region shows the effects of increased frames (N ¼ 2,
4, 8). Scale bar: 250 μm. (Reprinted from Ref. 42 with permission.)
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imaging with Doppler and SV-OCT to noninvasively microvas-
culature, hemoglobin oxygen saturation level (SO2), flow infor-
mation, and sheer rate on the vessel wall with tumor growth
(Fig. 8). Eight repeated B-scans were used to collect SV-OCT
images, whereas for DOCT images, 10 repeated A-scans were
used. Combining such measurements reveal potential for clini-
cal applications requiring detection of flow velocity, vessel
diameter and morphology, as well as oxygen saturation level
inside tumors, which can be determined accurately without the
use of contrast agents.

The SV-OCT technique can also be used to monitor the
change of tissue properties during photodynamic therapy (PDT)
and radiation-based cancer treatments.41,82–84 Mariampillai
et al.41 showed the detection of microvascular changes induced
by PDT before, during, and immediately after posttreatment.
The smaller blood vessels disappeared approximately 1 min
after the PDT laser exposure [Fig. 9(b)]. A transient complete
shutdown of one of the larger vessels occurred between 5 min,
40 s, and 6 min, 35 s, with a partial reperfusion event at 6 min,
27 s [Fig. 9(c)–9(e)]. At the end of the PDT laser irradiation, the
smaller vessels were completely closed, whereas the larger ves-
sels had an approximately 30% reduction of diameter as mea-
sured by the SV-OCT technique [Fig. 9(f)].

3.1.2 Imaging oral tissue

Davoudi et al.85 reported 3-D microstructural morphology and
compared images of healthy [Fig. 10(a)] and scar regions
[Fig. 10(b)] in the human oral cavity using the SV technique.

From initial case studies, the average volumetric vessel densities
for scar and healthy region were equal to 12% and 8%, respec-
tively. High concentrations of microvessels were observed in the
scar region. In both images, the minimum detectable diameters
of microvessels were found to be ∼30 μm under clinical
conditions.

3.1.3 Imaging embryological tissue

Imaging the microvascular structure of the mammalian embryos
has great potential for the study of cardiovascular birth defects
and potential treatments. Recently, Sudheendran et al.86 illus-
trated the vascular development in the cultured mouse embryos
with the SV-OCT technique. The results showed that the embry-
onic yolk sac structure of the mouse undergoes significant
changes at 8.5 and 9.5 days post coitus (dpc) similar to other
embryonic cardiovascular studies.87 The vasculature was clearly
visible at both stages with apparent morphological difference
found in the primitive vascular plexus at 8.5 dpc [Fig. 11(a)]
and the remodeled hierarchically branching vascular network
at 9.5 dpc [Fig. 11(b)].

For comparison, both DOCT and SV-OCT were used to
reconstruct the same embryonic vascular structures (Fig. 12).
The DOCT technique could not reconstruct several large vessels
and capillaries in the central part of the image, where the embry-
onic yolk sac is perpendicular to the laser beam [Fig. 12(a)]. One
the other hand, the corresponding SV-OCT technique provided
more accurate representation of the vasculature of the yolk sac
regardless of the flow direction [Fig. 12(b)]. In contrast, both
methods outline vasculature equally well when blood flow has
significant axial component [Fig. 12(c) and 12(d)]. Various col-
ors in Doppler images represent the different directions of the
axial flow components.

3.1.4 Applications in neuroscience

One of the most recent applications of the SV-OCT technique
has been to visualize the intramedullar vasculature of the rodent

Fig. 7 SV-OCT images obtained for image frame (a) N ¼ 10,
(b) N ¼ 100, and (c) N ¼ 500. The positions of capillary blood vessels,
indicated as red arrows. (d) Threshold SV-OCT image that highlights
blood vessels, (e) Combined SV-OCT and SOCT image were obtained
from short time Fourier transform (STFT) method, and (f) Combined
SV-OCT and SOCT image obtained via the two-wavelength method.
(Reproduced from Ref. 44 with permission.)

Fig. 8 SV imaging of a tumor vasculature in the dorsal skinfold mouse
window chamber. (a) Transmission image taken with a tunable filter set
at 500 nm. (b) SV-OCT image of vessel morphology. (c) Hyperspectral
image of blood oxygen level (background pixels are black). (d) DOCT
image of vessel blood flow direction. (Reproduced from Ref. 81 with
permission.)
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spinal cord, opening a plethora of opportunities for the neuro-
science community. Cadotte et al.88 successfully demonstrated
the 3-D microvascular structure of the rodent spinal cord using
the SV-OCT technique. In the case of imaging the spinal cord of
a rat (Fig. 13), a spinal stabilizer was used to reduce the bulk
cardio-respiratory motion. During a breath-hold cycle, structural
OCT data were acquired [Fig. 13(b)]. The vascular imaging
depth was found to be approximately 200 μm. The dorsal
vein and its extensive tributaries can prevent microvascular im-
aging at deeper depth. While imaging the spinal cord of a
mouse, less cardio-respiratory motion was observed, likely
related to the different animal model used. A simple spinal sta-
bilization jig was used to avoid bulk tissue motion. The struc-
tural OCT technique was capable of imaging approximately
500 μm into the mouse spinal cord, visualizing the entire dorsal
gray matter and a portion of the ventral gray matter [Fig. 14(a)].
The SV-OCT and depth-dependent color mapping images are
shown in Fig. 14(b) and 14(c), respectively. The diameter of
the resolving microvessels in the mouse spinal cord was approx-
imately 10 to 20 μm. By imaging a 3-D volume of tissue, this
high temporal (μsec) and spatial resolution (< 10 μm) SV-OCT
method offers the possibility of studying aspects of neurovascu-
lar coupling, whereby the optically invisible electrical events of
neuronal signaling drive changes in the microvascular network
to meet spatiotemporally isolated increases in metabolic require-
ments. While a host of other optical imaging techniques have
been used to study the phenomenon of neurovascular coupling
in the cerebral cortex, SV-OCT holds promise to uncover affer-
ent or efferent stimulus-specific hemodynamic response func-
tions in the spinal cord with high temporal resolution.

3.1.5 Tracing nanoparticles

Another aspect of the SV technique is that it may be used to
trace the diffusion of nanoparticles (i.e., Au nanorings) in a sam-
ple and observe its systematical diffusion behaviors.89 With

Fig. 9 SV-OCT imaging of PDT within the skinfold window chamber mouse model. (a) Vasculature prior to laser irradiation; (b) 1 min after laser
irradiation; (c) total shutdown of right branch; (d) reperfusion of right branch with imaging artifact; (e) reperfusion of right branch without imaging
artifact, and (f) 20 min laser irradiation showing reperfusion, but main vessels still appear to be constricted. Scale: 200 μm (Reproduced from Ref. 41
with permission.)

Fig. 10 In vivo SVOCT images of human oral tissue (a) in healthy
region, (b) in scar (pathological) region. The increased number of micro-
vasculature was seen in scar region. (Scale bar: 200 μm). (Reproduced
from Ref. 85 with permission.)

Fig. 11 Using the SV-OCT technique for imaging at different embryonic
stages. (a) Nonremodeled vasculature (vascular plexus) of yolk sac vas-
culature at 8.5 dpc. (b) Remodeled yolk sac vasculature at 9.5 dpc.
(Reproduced from Ref. 86 with permission.)
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resonant Au nanorings (Au-NRs), the distributions of nanorings
were deeper inside the sample with time. However, with a high
concentration of the Au-NRs solution, the overall localized sur-
face plasmon resonance (LSPR) behavior became weaker than
that of individual Au-NRs. As a result, the overall intensity of
the OCT signal could appear attenuated, which limited further
analysis from SVOCT. The technique’s potential remains to be
proven in future studies under physiologically tolerable Au-NR
concentrations.

3.1.6 Application in ophthalmology

Another application of the SV technique is in the field of oph-
thalmology. For this purpose, Jia et al.46 developed the split-
spectrum amplitude-decorrelation (SSAD) algorithm, which
has significantly improved the image contrast and allowed
for the visualization of the microvasculature of the posterior
part of the human eye. This method may be used to diagnose
and/or treat blinding diseases such as glaucoma, diabetic reti-
nopathy, and age-related macular degeneration. The algorithm
consists of dividing the OCT spectrum into several spectral

Fig. 12 3-D reconstruction of the embryonic yolk sac vasculature (a) with DOCT; (b) with SV-OCT analysis, exhibiting more structurally complex,
clearly outlined vasculature; (c) 3-D reconstruction of the vasculature in the mouse embryonic brain acquired with DOCT; and (d) corresponding
reconstruction acquired using SV analysis. (Reproduced from Ref. 86 with permission.)

Fig. 13 (a) An exposed rat spinal cord. (b) Structural OCT image. (c) A
histology specimen image was provided for comparison. (d) An en-face
projection of the SV-OCT image. (Reproduced from Ref. 88 by Cadotte
et al. with permission.)

Fig. 14 Imaging the spinal cord of a mouse. (a) Structural OCT image, (b) SV-OCT images, (c) depth-dependent color mapping image, and (d) magnified
selected box SV-OCT image. (Reproduced from Ref. 88 by Cadotte et al. with permission.)
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(wavenumber) bands and then calculates the inter-B-scan decor-
relation of each of these spectral bands, both separately and
averaged. The degradation in the axial resolution caused by
splitting up the spectrum is a major drawback of this implemen-
tation. Figure 15 showed the in vivo optic nerve head (ONH)
angiograms obtained by the reflectance intensity images and
decorrelation images computed with SSAD algorithm. The en
face reflectance intensity image [Fig. 15(a)] showed all major
blood vessels; but capillaries and microvasculature of the retina,
choroid, and optic disc were not visible during imaging. On the
other hand, the en face decorrelation image [Fig. 15(c)] showed
all major retinal vessels, as well as capillaries and the microvas-
cular network of the ONH. Layers of tissue morphology, such as
retina, choroid, and sclera, can be delineated in the OCT cross-
section (B-mode) image [Fig. 15(b)]. In the decorrelation cross-
section image [Fig. 15(d)], the disc blood vessels (marked with
green arrows) were clearly visualized approximately 1.0 mm
deep inside the disc. The SSAD algorithm was also tested on
in vivo images of the human macula (Fig. 16). The vascular pat-
tern and capillary networks and the foveal avascular zone (FAZ)
were clearly visualized in the retinal circulation en face image
[Fig. 16(a)]. In an ideal case, the vessel should not be present in
the FAZ region; however, few false branches were found in this
region due to noise.46 Previous studies suggested that the cho-
riocapillaris layer develops a confluent overlapping plexus;
therefore, an en face decorrelation image of the choroid circu-
lation [Fig. 16(b)] showed confluent flow. The cross-sectional
OCT images [Fig. 16(c) and 16(d)] of the retinal vessels [marked
with upper and lower dashed lines in Fig. 16(a)] showed differ-
ent tissue layers from the nerve fiber layer (NFL) to the outer
plexiform layer.

3.2 Applications of PV-OCT

PV-OCT is widely used to create vascular maps of human
eyes.47,61–66 Kim et al.61,64,65 demonstrated the feasibility of a

high-speed PV-OCT system for 2-D visualization of the capil-
lary network over the foveal and perifoveal regions, as well as
3-D representation of the vasculature in the human retina. A
spectral domain OCT system (at center wavelength ∼850 nm,
125; 000 lines∕s with 2048 pixels) was used for the PV meas-
urement. The scanning protocols used a series of BM-scans
(here “BM-scans”means that it takes multiple B-scans over time
for the same transverse scan region) acquired across the fovea,
with each BM-scan consisting of three successive B-scans at
the same location. The imaging acquisition time of PV-OCT
is 3.5 s. Phase differences between sequential B-scans were
extracted for PV contrast calculation. The imaging results
were shown in Fig. 17.

The size of the smallest resolvable capillary detected from
this acquisition scheme is 10 to 12 μm. PV-OCT shows details
of capillary networks comparable to the gold standard fundus
FA imaging. In addition, PV-OCT provides depth information
of capillary locations. They also imaged multiple volumes and
vascular maps to visualize a larger region of the retina, demon-
strating potential for realistic clinical applications. The stitched
vascular map and fundus FA are shown in Fig. 18. Depth-
resolved color maps are shown in Fig. 18(b). Such PV-OCT
imaging may be useful to improve the early diagnosis of retinal
vascular diseases, including diabetic retinopathy and vascular-
related macular degeneration.

Furthermore, Kim et al.78 also demonstrated en face visuali-
zation of human retinal microcirculation using average intensity
OCT, SV-OCT, PV-OCT, and FA. The fundus FA photo of the
magnified foveal region is shown in Fig. 19(a), and 2-D projec-
tion images generated by the average intensity projection of the
retina is presented in Fig. 19(b). The bright spot (marked as a
red dotted circle) in the center of the foveal region in Fig. 19(c)
is the back-reflection signal from the central fovea. The en face
projection image of the entire retina achieved by PV-OCT
[Fig. 19(d)] shows similar results as the image from SV-OCT
method [Fig. 19(c)], excluding two horizontal stripes (marked
as red arrows).

There is an important need to enhance the imaging depth
for capturing both retinal and choroidal microvasculatures.
PV-OCT systems at a 850-nm central wavelength offer good
resolution and sensitivity for retinal imaging, but longer wave-
lengths may improve imaging of the deeper choroidal vessels.

Fig. 15 In vivo 3-D volumetric ONH angiography. (a) En face reflec-
tance intensity projection angiogram (yellow arrows point to major
branches). (b) Vertical cross-section (B-mode) image marked with a
dashed line in A. (c) En face decorrelation projection angiogram com-
puted with the SSAD algorithm. The image showed central retinal blood
vessels with various branches, a dense capillary network in the disc, a
cilioretinal artery (yellow arrow), and a near continuous sheet of cho-
roidal vessels around the disc. (d) Decorrelation cross-section (same
plane as b) showed disc blood vessels (green arrows), peripapillary reti-
nal vessels, and choroid. White bar: 500 μm. (Reproduced from Ref. 46
with permission.)

Fig. 16 En face decorrelation projection angiogram of the retinal (a) and
the choroidal (b) circulation processed with the SSAD algorithm.
(c) OCT image through the foveal center (upper dashed line in a).
(d) OCT image of the inferior macula (lower dashed line in a). Black
bar: 500 μm. (Reproduced from Ref. 46 with permission.)
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Swept-source OCT systems at a 1000-nm central wavelength
with a 50-kHz line-rate (A-scan) has been developed.62,63

With an OCT system at a 1,300-nm central wavelength, the
phase contrast method can image vasculature in the brain and
tumors, but it is not the ideal choice for ophthalmic imaging
due to the significant absorption by the vitreous. Therefore,
based on the intended purpose of imaging, different OCT sys-
tems should be applied to specific applications.

Unlike the phase processing methods, including DOCT and
PV-OCT, the SV method allows for a simple acquisition and
post-processing algorithm and shows less sample motion
artifacts effects and vessel shadows in the axial direction;66

however, this method produces low-contrast images of the
vascular network due to the bright NFL and inner retinal struc-
tures. The SV-OCT method demonstrates similar microvascular
maps with the FA and the PV-OCTwhen scanned over the cen-
tral foveal region. However, SV values from the microcapillaries
in the NFL and below the thick NFL lacked sufficient SNRs for
reliable visualization of microcirculation in these regions. This

is in contrast to PV-OCT methods, which visualized microcapil-
laries and larger vessels from the OCT-scanned volumes without
such limitations. PV-OCT with rapid image acquisition at a
high-speed A-scan rate can help to reduce acquisition time
and related eye motion artifacts.

Recently, Liu et al.36,80 developed a modified Doppler vari-
ance algorithm that is based on the intensity (or amplitude)
information rather than on phase information. Performances
of this intensity-based Doppler variance (IBDV) method were
compared to the traditional phase-resolved Doppler variance
(PRDV) and phase-resolved color Doppler (PRCD) methods
while mapping vascular network and extraction of blood vessel
information.36 PRCD is most sensitive when flow direction is
along the probing beam. Both PRDV and IBDV are better to
measure blood flow when the flow direction is nearly
perpendicular to the probing beam. However, PRDV and
IBDV show Doppler angle-dependent behavior above a certain
angle (> 12 deg). In applications where microvascular mapping
(such as angiogram) is more important than the flow velocity
quantification, both IBDV and PRDV images are high-contrast
images and can detect smaller blood vessels (capillary) than that
of PRCD images. However, the IBDVmethod is less sensitive to
bulk motion with relatively simple post-processing steps, which
is preferred for fast data processing.

Another alternative method known as correlation mapping
OCT (cmOCT) has been developed to map vasculature net-
works and the blood flow information from the OCT images.90,91

The technique is capable of extracting blood flow information
without the need of phase information. In addition, the system
does not require any modification of the exiting OCT hardware.
Parameters such as capillary density, vessel location, and
diameter can be detected using this technique. The minimum
detectable diameter of the microvessel volar forearm was
achieved at about 33 μm.90 Although the system can image

Fig. 17 Retinal perfusion images of the parafoveal region. (a) FA image.
(b) Projection view of PV-OCT. (c) Color-coded depth projection view
of PV-OCT. (d) 3-D color depth-coded image of PV-OCT. Colors in
depth: superficial layer, red; intermediate layer, green; deep layer,
blue. Scale bar: 300 μm. (Reproduced from Ref. 65 with permission.)

Fig. 18 (a) FA image. (b) PV-OCT vascular map of the retina acquired
from 10 volumes and overlaid on fundus FA. (Reproduced from Ref. 61
with permission.)

Fig. 19 Retinal perfusion network of foveal region of the entire inner
retina. (a) Fundus FA image. (b) En-face average intensity-based OCT
image. (c) En-face SV-OCT images. Two red arrows mark the position
of bulk motions during acquisition. (d) En face PV-OCT image. Scale
bar: 300 μm. (Reprinted from Ref. 64 with permission.)
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the microvascular structures, the exact locations of these vessels
within the tissue were found previously. Further studies are nec-
essary to improve this technique.

4 Discussion and Conclusions
In conclusion, we have reviewed the principles, algorithms, and
applications of two microcirculation imaging techniques: SV-
and PV-OCT, and compared their performances to DOCT and
other gold standard techniques. The PV-OCT method can visu-
alize vasculature structure independent of the vessel orientation
and the flow velocity. However, this method is phase-sensitive;
therefore, a highly phase-stable optical system is necessary.
With a high-speed A-scan acquisition rate (in the kilohertz to
megahertz range), B-scan image size and imaging speed can
be increased to realize 3-D phase-variance contrast imaging
more efficiently. Several potential applications of the PV tech-
nique are in vivo high-contrast vasculature imaging of the
human retina for diagnosis of the ocular diseases, brain tissue
vasculature, and study of vasculature in tumors/cancer cells.
Further improvements of this technique require the minimiza-
tion of shadowing artifacts, necessary to full 3-D, large-volume
imaging of high-resolution microvasculature networks.

The SV-OCT is another attractive technique of detecting,
quantifying, and monitoring microcirculation. Unlike DOCT
and PV-OCT, SV methods are not phase-resolved, instead rely-
ing on the comparisons of consecutive structural (A-scan or
B-scan) OCT images. This method is advantageous for detecting
microvasculature because of its sensitivity, Doppler angle-
independent microvascular information with little additional
computational complexity and fast imaging technique. Lower
data storage requirements relative to PV microvascular imaging
techniques add further utility to this technique. Despite prom-
ising results, this technique also suffers from multiple scattering-
induced blood vessel shadowing artifacts47,48 and susceptible to
bulk tissue motion,41 which causes high interframe variance.
High A-scan imaging systems, which ensure a sufficient number
of acquired frames for calculation of speckle decorrelation, can
diminish the bulk motion artifacts.50,92 Further study is neces-
sary to overcome the limitations of accurately quantifying
blood flow information.81

We summarized both SV- and PV-OCT technologies in terms
of algorithms and their applications for microvasculature imag-
ing. In comparison to other vascular-sensitive OCT imaging
methods, both of these techniques have unique strengths and
weaknesses that make them useful in different preclinical and
clinical situations. Neither is categorically superior to the other,
and both require ongoing methodological improvements spe-
cific to the research question at hand.
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