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Abstract. To facilitate regular assessment of the microcirculation in vivo, noninvasive imaging techniques such
as nailfold capillaroscopy are required in clinics. Recently, a correlation mapping technique has been applied to
optical coherence tomography (OCT), which extends the capabilities of OCT to microcirculation morphology
imaging. This technique, known as correlation mapping optical coherence tomography, has been shown to
extract parameters, such as capillary density and vessel diameter, and key clinical markers associated with
early changes in microvascular diseases. However, OCT has limited spatial resolution in both the transverse
and depth directions. Here, we extend this correlation mapping technique to other microscopy modalities, includ-
ing confocal microscopy, and take advantage of the higher spatial resolution offered by these modalities. The
technique is achieved as a processing step on microscopy images and does not require any modification to the
microscope hardware. Results are presented which show that this correlation mapping microscopy technique
can extend the capabilities of conventional microscopy to enable mapping of vascular networks in vivo with high
spatial resolution in both the transverse and depth directions. © 2016 Society of Photo-Optical Instrumentation Engineers (SPIE)
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1 Introduction

Microcirculation is the term used to describe the small blood
vessels (<100 um in size) in the vasculature network, which
are vital for tissue nutrition and shape as well as waste removal,
blood pressure and temperature regulation, and oxygen supply.
Structural and functional changes in the microcirculation
are associated with various pathological conditions including
diabetes, Raynaud’s disease, psoriasis, systemic sclerosis, and
hypertension.! A frequently used modality for noninvasive
examination of the microcirculation is laser Doppler blood per-
fusion monitoring, which is based on measuring the Doppler
shift induced by moving red blood cells.> Laser Doppler uses
diffuse light from the top ~1 mm of tissue to provide average
perfusion measurements over volumes of ~100 ym? and is
unable to provide information on individual smaller vessels.
Video capillaroscopy,’ an extension of bright widefield
microscopy, is a simple and cost-effective modality for assess-
ment of the microcirculation and is used in the diagnosis and fol-
low-up of many pathological conditions. However, it is generally
limited in application to sites, such as nailfold plexus and con-
junctiva, where the blood vessels are close to the surface so
that they are not obscured by scattering. Sidestream dark field
imaging can extend these techniques for application to other
cardiovascular diseases by improved imaging of the tongue
and oral mucosa.*> More recently, reflectance-mode confocal
microscopy has also been introduced to assess the human skin
microcirculation.>® Optical coherence tomography (OCT) is
an emerging noninvasive imaging technique, which can generate
depth-resolved images of the microcirculation.””'! However, OCT
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itself does not directly produce these images of microcirculation.
Several technologies have been developed to extend the
capabilities of OCT to visualize the microcirculation, such as
Doppler OCT."?

Figure 1 shows a plot of the typical resolution versus sam-
pling depth for the widefield microscopy, confocal microscopy,
and OCT modalities. OCT has the advantage of imaging 1 to
2 mm in tissue (typically, 1 mm in human skin), but with limited
spatial resolution, typically on the order of 10 to 20 ym. The
higher lateral resolution of widefield and confocal microscopy
modalities makes them very suitable for imaging of the smaller
cutaneous vessels noninvasively, in real time, and with a reso-
lution comparable to that of histological examination. Longer
wavelengths, for instance, 830 nm, have improved the imaging
depth in skin up to 300 um in some cases.® Widefield and con-
focal microscopy can potentially, therefore, be used to comple-
ment OCT imaging as they can provide information on the
smaller capillaries in the dermal-epidermal junction, whereas
OCT can provide information on larger vessels deeper in
the skin.

A correlation mapping algorithm has been previously devel-
oped and applied by our group to OCT.>!! The technique,
known as correlation mapping optical coherence tomography
(cmOCT), utilizes the time-varying speckle effect. This effect,
produced by moving scatters, provides contrast between regions
of flow and static tissue, facilitating the generation of maps of
microcirculation morphology. Recently, a similar correlation
mapping algorithm has been implemented in real time by utiliz-
ing graphics processing units (GPUs)."

In this work, we extend the correlation mapping technique
to widefield and confocal microscopy. Correlation mapping
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Fig.1 Plot of resolution versus maximum sampling depth for confocal
microscopy, widefield microscopy, and optical coherence tomography
imaging modalities.

microscopy enables widefield and confocal microscopy to visu-
alize flow, for instance, the microcirculation, with a high con-
trast, and takes advantage of the higher spatial resolution
afforded by these modalities. This technique utilizes the light
intensity variations over time caused by moving scatterers to
provide contrast against a static background. Flow visualization
is achieved by correlating temporally consecutive microscopy
image frames to extract the flow information and does not
require any modification or addition to the microscope hard-
ware.!* The adaptation of the correlation mapping algorithm
to microscopy images is demonstrated, including visualization
of a capillary tube flow phantom through a scattering medium
and in vivo human imaging of the volar forearm.

2 Processing Principles of Correlation
Mapping Microscopy

2.1 Correlation Mapping Microscopy Processing
Technique

The correlation mapping algorithm is applied to consecutive
pairs of microscopy images. The first step of the algorithm is
to suppress noise, which will cause decorrelation, by applying
a “structural mask” to the images. The structural mask includes
regions that contain structural information in the microscopy
image. The mask is generated by performing a kernel average
followed by a binary threshold on the source microscopy
images. A kernel is a two-dimensional (2-D) array of image pix-
els, the size of which is determined by the user.

The next step is determination of the correlation between two
temporally consecutive microscopy images captured at the same
location. This is calculated by using a Pearson correlation to
cross correlate a grid from microscope image A (I,) to the
same grid from image B (/g):

cm(x,y)=">"
p=0

q=0
Ualx+p.y+q)— I (x.y)][Is(x+p.y+9) —15(x.y)]
a(x+p.y+a) =13 (x.y) Pl (x+ p.y+q) =[5 (x.y)]?
)]
Equation (1) is the Pearson correlation formula and is a measure
of the linear correlation between two variables, giving a value
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between +1 and —1 inclusive. According to this equation, a
value of +1 represents total positive correlation and a value
of —1 represents total negative correlation. We would expect
static features to have correlation values close to +1, while
regions of flow will have much lower correlation values.

The grids I, and Iy are stepped across the whole image, and
a correlation value is calculated at each pixel resulting in a 2-D
correlation map. The resultant map has correlation values in the
range of 0 = 1. This allows for immediate determination of flow
regions as higher correlation represents static regions of the sam-
ple, and lower correlation values represent regions of flow
within the sample. Noise present in the images generated by
the system could lower the correlation value of static features,
as noise would cause decorrelation. In our image processing, we
assume correlation values of >0.6 are static features.

In the phantom studies, the ability of the correlation mapping
algorithm to contrast the flow region is validated using the cor-
relation signal-to-noise ratio (CSNR). Metrics such as the CSNR
have previously been used to evaluate the quality of angiogra-
phy algorithms.'> CSNR is defined as

Cﬂow - Cstatic
- =
static

CSNR = 2

O

where Cp,,, and Cy;. are the average correlation values in flow
and static regions, respectively, and 62 ;. is the variance of the
correlation within thestatic region. CSNR values are calculated
in each of the following studies to illustrate the ability of the
correlation mapping algorithm to contrast flow and static
regions.

The optimal kernel size must be selected by the user. The
kernel size used in this work was arbitrarily chosen for optimal
image quality with the trade-off of processing time, spatial res-
olution, and CSNR. Larger kernels require greater processing
times but are less susceptible to noise than smaller size kernels.
However, very large kernel sizes causing “blurring” in the cor-
relation map image, which will make smaller regions of flow
undetectable from an in vivo perspective. If the aim is to detect
smaller capillaries or to measure capillary diameter, this will be a
significant issue. If a very small kernel is used, such as 3 x 3, the
resulting data set can be quite noisy as small changes in the
structural signal can result in decorrelation and may be mistaken
for regions of flow. An optimum kernel size must be determined.
In this work, a kernel size of 11 X 11 was used as it delivered a
good quality image with an acceptable signal-to-noise ratio
while providing sufficient spatial resolution to avoid incurring
any image blurring, which larger kernel sizes would cause.

Implementation of the correlation mapping microscopy algo-
rithm is an “in-house” developed multithreaded code written
using the Java programming language. The program can process
30 adjacent microscopy images of size 1000 X 1000 pixels in
<1.5 s using eight threads. Further speedup could be achieved
using optimized code or GPU-based techniques, enabling imple-
mentation of the algorithm in real time.

The dynamic range of velocity depends on a variety of fac-
tors, including frame rate and resolution. There must be enough
time between frames so that the movement of the particles in the
liquid can be detected within a given resolution. Confocal
microscopy has better resolution, and because of this it should
be able to operate at a higher frame rate and give the best
dynamic range of velocities.
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2.2 Widefield/Confocal Microscopes and Optical
Coherence Tomography System

To validate the correlation mapping microscopy algorithm, a
variety of microscope systems was used in this study. The wide-
field microscope used was an Olympus measuring microscope
(STM-MIJS2), using a broadband white light source with an
Olympus MS Plan 10X objective lens with a numerical aperture
(NA) of 0.3, giving the system a lateral resolution of 1.1 ym.
Images were captured using a Lumenera Infinity 2 digital
CCD camera operating at ~1 frame per second (fps).

Reflectance confocal microscopy images were acquired with
an Andor Revolution spinning disk (Andor Technology Ltd.,
Belfast, UK) system operating at a wavelength of 640 nm
and capturing images at 15 fps. Using a 10X objective lens
of NA 0.3, the lateral resolution of this system was 0.85 ym,
and the axial resolution was 9.31 ym.

In vivo images were acquired using a reflectance confocal
microscope, Vivascope 1500® (Lucid Inc., Rochester, New
York), a commercial clinical research system using an
830 nm (near-infrared) laser. This operating wavelength of
830 nm is at an “optical window” of the skin (mean free
path for scattering ~100 ym), and thus the system facilitates
investigation of the epidermis and papillary dermis to a depth
of ~350 um with a lateral resolution of 0.4 ym and an axial res-
olution of 1.9 ym in the center of the image field. The laser
power is relatively low at 30 mW, therefore avoiding any tissue
damage. An imaging frame rate of 9 fps is achievable with a
field of view of 1000 x 1000 pm.

For evaluation of in vivo correlation mapping microscopy
images, a comparison was performed with images taken from
a commercial OCT system (OCM1300SS, Thorlabs Inc.,
Newton, New Jersey). This is a Fourier-domain system using
a swept source laser (SL1325-P16 Thorlabs Inc.) operating at
a center wavelength of 1325 nm and at a scanning rate of
16 kHz, providing an axial resolution of ~12 ym and a lateral
resolution of 25 um.

3 Phantom Imaging

3.1 Widefield Microscopy Phantom Imaging

To demonstrate the ability of correlation mapping microscopy to
extract flow with low velocities, a capillary tube sample was
fabricated. The sample consisted of a glass capillary tube,
mounted on a piece of black card and filled with 3% intralipid
solution, which was free to move under Brownian motion. This
tube appears on the right-hand side in Figs. 2(a) and 2(b).
A separate empty glass capillary tube was also mounted on
the black card. This tube appears on the left-hand side in
Figs. 2(a) and 2(b). Both capillary tubes had an internal diameter
of 100 ym. The widefield microscope focus was set to the center
of the capillary tubes, and a series of images were taken as
shown in Figs. 2(a) and 2(b). Movie clips are provided for
Figs. 2(a) and 2(b). It is very difficult to differentiate any
flow/Brownian motion regions from static regions by examining
these images and movie. The correlation map resulting from
applying the correlation mapping microscopy algorithm to
these two temporally consecutive images is shown in Fig. 2
(c). A movie is also provided for Fig. 2(c). In this image and
in the corresponding movie, it can be seen that the capillary
tube on the right-hand side containing the intralipid solution
moving under Brownian motion is highlighted by brighter col-
ors, representing lower correlation values. To calculate the

Journal of Biomedical Optics

046004-3

Fig. 2 Correlation mapping microscopy applied to two temporally con-
secutive widefield microscopy images, (a) and (b). Each image shows
two 100-um inner diameter capillary tubes. In both images, the tube on
the left is empty and the tube on the right contains intralipid solution mov-
ing under Brownian motion. The resulting correlation map is shown in
(c) with higher correlation values shown as a darker color and lower cor-
relation values as a brighter color. CSNR was calculated between the
flow region within the green square and the static region within the
blue square. The scale bar in parts (a)—(c) is 100 um. The correlation
map color scale is shown in (d). A movie corresponding to (a)—(c) is pro-
vided. Video 1: Example of a widefield microscopy image of phantom
capillary tube sample. Video 2: Correlation mapping microscopy
movie generated from widefield microscopy frames of a capillary tube
flow phantom, as in Video 1. (Video 1, MOV, 530 KB [URL: http:/dx.
doi.org/10.1117/1.JB0O.21.4.046004.1]; Video 2, MOV, 529 KB [URL:
http://dx.doi.org/10.1117/1.JBO.21.4.046004.2)).

CSNR value, a region of interest in both a static area and an
area of flow/Brownian motion needed to be analyzed. A
50 x 50 pixel region within both the empty capillary tube
[blue square in Fig. 2(c)] and capillary tube filled with intralipid
[green square in Fig. 2(c)] was selected. The resulting CSNR
value was 10.89. This illustrates the ability of the correlation
mapping microscopy algorithm to clearly visualize the region
of flow within the image.

3.2 Widefield Microscopy Phantom Imaging
Through Scattering Medium

The aim of the next experiment was to test the ability of corre-
lation mapping microscopy to detect flow when imaging
through a scattering medium. To test this, the sample used in
Sec. 3.1 was covered with a layer of semitransparent scotch
tape from the 3M company. This tape has a mean thickness
of 60 ym and a scattering angle of about 5 deg. The widefield
microscope was focused to the center of the capillary tubes, and
a series of images was taken, an example of which is shown in
Fig. 3(a). A movie is provided corresponding to Figs. 3(a) and
3(b). The capillary tube in the upper part of Fig. 3(a) contains
3% intralipid solution moving under Brownian motion; the
lower capillary tube is empty. Figure 3(b) clearly shows the
upper capillary tube containing the intralipid solution high-
lighted by brighter colors representing lower correlation values.
To calculate the CSNR value, a region of interest in both a static
area and an area of flow/Brownian motion needed to be ana-
lyzed. A 50 x 50 pixel region within both the empty capillary
tube [blue square in Fig. 3(b)] and capillary tube filled with
intralipid [green square in Fig. 3(b)] was selected. The resulting
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Fig. 3 Correlation mapping microscopy applied to temporally con-
secutive widefield microscopy images of a capillary tube sample
covered with scattering sticky tape. (a) A conventional microscope
image of two 100-um inner diameter capillary tubes; the tube on
the bottom is empty, and the tube on the top contains intralipid sol-
ution moving under Brownian motion. The resulting correlation map
is shown in (b). CSNR was calculated between the flow region within
the green square and the static region within the blue square. The
scale bar is 100 um. The correlation map color scale is shown in
(c). A movie corresponding to (a) and (b) is provided. Video 3:
Example of a widefield microscopy image of phantom capillary
tube sample when imaging through scattering medium (MOV,
164 KB). Video 4: Correlation mapping microscopy movie generated
from widefield microscopy frames of a capillary tube flow phantom
imaged through a scattering medium, as in Video 3 (Video 3,
MOV, 296 KB [URL: http://dx.doi.org/10.1117/1.JB0O.21.4.046004.3];
Video 4, MOV, 295 KB [http://dx.doi.org/10.1117/1.JBO.21.4.
046004.4]).

CSNR value was 5.12. This illustrates the ability of the corre-
lation mapping microscopy algorithm to clearly visualize the
region of flow within the image, even when imaging through
a scattering medium.

3.3 Confocal Microscopy Phantom Imaging

We next tested the applicability of the correlation mapping
microscopy algorithm to confocal microscopy. A capillary
tube sample containing three tubes filled with 3% intralipid sol-
ution was prepared. The three tubes, with inner diameters 50,
100, and 200 um, were mounted on a glass microscope slide
as shown in Fig. 3(a). Imaging was performed with the
Andor Revolution spinning disk confocal microscope, described
in Sec. 2.1, with the imaging depth set to approximately the
center of the 50-ym inner diameter capillary tube. A movie
is provided corresponding to Figs. 4(a) and 4(b). From the con-
ventional microscopy images, it is very difficult to differentiate
static regions from regions of flow. The correlation mapping
microscopy algorithm, described in Sec. 2.1, was applied to
two temporally consecutive confocal microscope images of
the sample. The resulting correlation map is shown in Fig. 4
(b). Once again, the internal cavity of the capillary tubes is high-
lighted in brighter colors corresponding to low correlation val-
ues, differentiating these regions as containing flow/liquid
moving under Brownian motion as opposed to the darker
colored static regions between the tubes. To calculate the
CSNR value, a region of interest in both a static area and an
area of flow/Brownian motion needed to be analyzed. A
50 x 50 pixel region within the 50-um capillary tube containing
intralipid was selected to represent a region of Brownian motion
[green square in Fig. 4(b)]. Additionally, a 50 X 50 pixel region
between the 50- and 100-um capillary tubes was selected to re-
present a static region [blue square in Fig. 4(b)]. The resulting
CSNR value was 6.30. This result demonstrates possibility of
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Fig. 4 Correlation mapping microscopy applied to temporally consecu-
tive confocal microscopy images of a sample with capillary tubes of
three sizes (inner diameter of 50 ym at the top, 100 um in center,
and 200 um, the upper portion of which is visible at the bottom).
Conventional confocal microscope image is shown in (a). The resulting
correlation map is shown in (b). CSNR was calculated between the flow
region within the green square and the static region within the blue
square. The scale bar is 100 um. The correlation map color scale is
shown in (c). A movie is provided corresponding to (a) and (b).
Video 5: Example of a confocal microscopy image of phantom capillary
tube sample. Video 6: Correlation mapping microscopy movie gener-
ated from confocal microscopy frames of a capillary tube flow phantom,
as in Video 5 (Video 5, MOV, 4.6 MB [URL: http://dx.doi.org/10.1117/1.
JB0O.21.4.046004.5]; Video 6, MOV, 4.47 MB [URL: http://dx.doi.org/
10.1117/1.JB0O.21.4.046004.6]).

the correlation mapping confocal microscopy to clearly visual-
ize regions with flow.

3.4 In Vivo Imaging

To demonstrate the clinical suitability of correlation mapping
microscopy and compare it to the established microcirculation
imaging modalities, in vivo imaging was performed. Both
in vivo confocal microscopy using the Vivascope 1500 and
OCT using the Thorlabs systems described in Sec. 2.1 were per-
formed on the volar forearm of a 27-year-old male with
informed consent. The OCT image together with its derived
c¢cmOCT image of the volar forearm at a depth of ~250 ym is
shown in Figs. 5(a) and 5(b), respectively. These images
have a field of view of 3000 x 3000 ym. A zoomed-in portion
of the OCT image is shown in Fig. 5(d), and of the cmOCT
image is shown in Fig. 5(e). These images have a field of
view of 500 x 500 um, the same as that of images generated
by the Vivascope 1500 reflectance confocal microscopy system.
It is difficult to make out vessel structure and location from low-
resolution OCT and cmOCT images in Figs. 5(a)-5(e).

An example image of the volar forearm generated by the
Vivascope 1500 confocal microcopy system is shown in
Fig. 5(f). The dermal papillae are visible in the confocal micros-
copy image of Fig. 5(f) as bright circular basal layers with a dark
center. Inside these circles, the lumina of the capillary loops are
apparent as black holes and appear in pairs, with an arterial and a
venous capillary located next to one another. After applying the
correlation mapping algorithm to these images, the microcircu-
lation is clearly visualized with high contrast [as shown in
Fig. 5(g)], allowing us to investigate vessels of size 10 to
20 pm located in the dermal-epidermal junction layer. The cor-
relation maps can be averaged across a number of frames (five in
this case) to give a clearer image. This averaging could be
reduced or eliminated, if sample motion is reduced either
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Fig. 5 In vivo correlation mapping microscopy compared to OCT. An OCT image of the volar forearm at
depth ~250 um is shown in (a), with a cmOCT image derived from this shown in (b). Part (d) shows a
zoomed-in region of (a) of size 500 x 500 xm, the same dimensions of images provided by the Vivascope
1500. (e) cmOCT image related to (d). An image of the volar forearm at depth ~250 um provided by the
Vivascope is shown in (f). () The correlation mapping microscopy image corresponding to (f). CSNR was
calculated between the flow region within the green square and the static region within the blue square in
(9). Scale bars in (a) and (b) are 1000 um. Scale bars in (d) to (g) are 100 um. Correlation scale bar is
shown in (c). Video 7: In vivo confocal microscopy of volar forearm. Video 8: In vivo correlation mapping
microscopy movie generated from confocal microscopy frames of volar forearm, as in Video 7 (Video 7,
MOV, 0.1 MB [URL: http://dx.doi.org/10.1117/1.JBO.21.4.046004.7]; Video 8, MOV, 111 KB [URL: http://

dx.doi.org/10.1117/1.JBO.21.4.046004.8]).

with improved mounts or motion correction image processing
algorithms. Averaging is not performed on the OCT data; how-
ever, a motion compensation algorithm is applied to reduce any
effect of axial or lateral motion. It is impossible to visualize ves-
sels in the dermal papillae using most currently available com-
mercial OCT systems. The observed locations of vessels in
Fig. 5(g) match well with the locations of vessels one would
expect from an examination of Fig. 5(f). Note that while the der-
mal papillae are easy to identify in the confocal reflectance
microscopy image of Fig. 5(f), not all of these structures contain
currently dilated vessels with blood flow. After application of
the correlation mapping algorithm, the regions of blood flow
are easily identified. To calculate the CSNR value, a region
of interest in both a static area and an area of flow/Brownian
motion needed to be analyzed. A static region was identified as
a region of tissue outside the dermal papillae, where no blood
vessels are present [blue square in Fig. 5(g)]. Within the dermal
papillae, blood vessels are present, and a region in this area was
chosen as the “flow” region. This is identifiable as the region
within the green square in Fig. 5(g). A 50 X 50 pixel area of
both these static and flow regions was selected, and the
CSNR was calculated. The resulting CSNR value was 4.95.
It is noted that it is possible to calculate additional information,
such as capillary loop density and vessel diameter, from Fig. 5(g).
Calculation of these markers was performed by first loading the
in vivo confocal images into ImageJ, which is a public domain
image processing tool (version 1.49, available in Ref. 17). The
Image] software was calibrated with the known pixel-distance
relationship. The area within the field of view of the image
could then be estimated. The capillary loop density can be calcu-
lated by manually identifying and counting the number of
detected vessels within this area. The capillary density of the
volar forearm has been calculated to be ~28 loops/mm?; this
value is within the 14 to 30 loops/mm? range previously
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reported.'® Additionally, the average capillary loop diameter
can be estimated. Capillary size measurements between two refer-
ence points were performed by tracing a horizontal line between
clearly distinguishable inner borders of capillaries. The ImageJ
software calculated the intracapillary distance in micrometers
according to the previous calibration. We estimate the average
capillary loop diameter to be ~9.50 ym, which is close to the
value reported in previous studies.® Such parameters are relatively
easy to determine from correlation mapping images as the patent
capillaries are immediately identified. Capillaries in the dermal
papillae have diameters that are below the resolution of typical
commercially available OCT systems and therefore cannot be
detected by such systems. Correlation mapping confocal micros-
copy can complement OCT in scenarios requiring imaging of
small blood vessels in the dermal-epidermal junction.

4 Summary

This work has demonstrated the application of the correlation
mapping algorithm to widefield and confocal microscopy
modalities, including in vivo confocal microscopy. The applica-
tion of this algorithm to microscopy modalities allows identifi-
cation of regions of fluid flow with high spatial resolution. Such
regions of flow can be very difficult to distinguish in the raw
microscopy images and movies. However, we showed that
after application of the correlation mapping algorithm, regions
of fluid flow can easily be differentiated from static regions with
high contrast even when imaging through scattering media. For
the flow phantoms, just two temporally consecutive microscope
image frames are required to visualize flow. In vivo human im-
aging of the volar forearm using a clinical reflectance confocal
microscopy system and the correlation mapping algorithm dem-
onstrated high resolution visualization of blood vessels, which is
below the resolution of the typical commercial systems of
other modalities, such as OCT and laser Doppler flowmetry.
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McGrath et al.: In vivo correlation mapping microscopy

With correlation mapping, we can clearly visualize flow areas,
and dynamics could potentially be estimated. These results sug-
gest the correlation mapping microscopy is an excellent choice
for imaging of different dynamic events with high resolution, for
instance, visualization of blood flow in small size vessels using
in vivo confocal microscopy. The correlation mapping algorithm
does not require additional hardware modifications to the micro-
scope system, it is implemented entirely in software, and real
time processing of microscope images can be achieved.

Acknowledgments

This work was supported by the National Biophotonics Imaging
Platform, Ireland, funded under the Higher Education Authority
PRTLI Cycle 4, cofunded by the Irish government and
the European Union—Investing in your future. The authors
would like to thank the Professor Steven Jacques of Oregon
Health and Science University and National Center for Laser
Applications, NUI Galway, for the use of their widefield micro-
scope. The study was approved by the Research Ethics
Committee of NUI Galway.

References

1. M. J. Leahy, Ed., Microcirculation Imaging, p. 37, Wiley-VCH,
Weinheim, Germany (2012).

2. S. M. Daly and M. J. Leahy, “‘Go with the flow’: a review of methods
and advancements in blood flow imaging,” J. Biophotonics 6(3), 217—
255 (2013).

3. F. Gallucci et al., “Indications and results of videocapillaroscopy in
clinical practice,” Adv. Med. Sci. 53(2), 149-157 (2008).

4. P. T. Goedhart et al., “Sidestream dark field (SDF) imaging: a novel
stroboscopic LED ring-based imaging modality for clinical assessment
of the microcirculation,” Opt. Express 15(23), 15101-15114 (2007).

5. C. Ince, “Sidestream dark field imaging: an improved technique to
observe sublingual microcirculation,” Crit. Care 9(Suppl. 1), P72
(2005).

6. M. A. Altintas et al., “Insight in human skin microcirculation using in
vivo reflectance mode confocal laser scanning microscopy,” J. Digital
Imaging 23(4), 475-481 (2010).

7. E. Cinotti et al., “Quantification of capillary blood cell flow using reflec-
tance confocal microscopy,” Skin Res. Technol. 20(3), 373-378 (2014).

8. M. Venturini et al., “In vivo reflectance confocal microscopy features of
cutaneous microcirculation and epidermal and dermal changes in
diffuse systemic sclerosis and correlation with histological and video-
capillaroscopic findings,” Eur. J. Dermatol. 24(3), 349-355 (2014).

9. J. Enfield, E. Jonathan, and M. J. Leahy, “In vivo imaging of the micro-
circulation of the volar forearm using correlation mapping optical coher-
ence tomography (cmOCT),” Biomed. Opt. Express 2(5), 1184-1193
(2011).

10. E. Jonathan, J. Enfield, and M. J. Leahy, “Correlation mapping method
for generating microcirculation morphology from optical coherence
tomography (OCT) intensity images,” J. Biophotonics 4(9), 583-587
(2011).

Journal of Biomedical Optics

046004-6

11. A. Zam et al., “Feasibility of correlation mapping optical coherence
tomography (cmOCT) for anti-spoof sub-surface fingerprinting,”
J. Biophotonics 6(9), 663-667 (2013).

12. X. Wang, T. Milner, and J. Nelson, “Characterization of fluid flow
velocity by optical Doppler tomography,” Opt. Lett. 20(11), 1337-
1339 (1995).

13. Y. Watanabe, H. Numazawa, and D. Kamiyama, “GPU accelerated
correlation mapping OCT for real-time imaging of microvasculature,”
in 2013 Conf. on Lasers and Electro-Optics Pacific Rim (CLEO-PR
‘13), pp. 1-2 (2013).

14. J. McGrath et al., “Correlation mapping microscopy,” Proc. SPIE 9322,
93220L (2015).

15. S. Gao et al., “Optimization of the split-spectrum amplitude-decorrela-
tion angiography algorithm on a spectral optical coherence tomography
system,” Opt. Lett. 40(10), 2305-2308 (2015).

16. P. Agache, P. Humbert, and H. Maibach, Measuring the Skin, p. 439,
Springer, Springer-Verlag Berlin, Heidelberg, Germany (2004).

17. W. S. Rasband, “Imagel,” U. S. National Institutes of Health, Bethesda,
Maryland, http://imagej.nih.gov/ij/ (1997-2015).

James McGrath is a student at the National University of Ireland,
Galway. He received his BSc and HDipAppSc degrees in applied
physics and electronics and software design and development from
the National University of Ireland, Galway, in 2010 and 2011, respec-
tively. His current research interests include high-resolution OCT and
microcirculation imaging. He is a member of SPIE.

Sergey Alexandrov is a research scientist at NUI Galway. His main
area of research is the development of new optical methods and tools,
such as imaging and measuring techniques (holographic, interfer-
ence, polarization, microscopy, OCT, spectral, etc.) for biomedical
and other applications. His contributions have resulted in the creation
of new optical methods and techniques for nondestructive testing,
applications to different samples, including optical elements and sys-
tems, biomedical samples, and human beings in vivo.

Peter Owens is a research associate at the Department of Anatomy
at NUI Galway. He is running the light microscopy facility for the
Centre for Microscopy and Imaging, also at NUI Galway. In conjunc-
tion, he is also coordinating the educational program for the National
Biophotonics Imaging Platform of Ireland.

Hrebesh Subhash is a senior research fellow at NUI Galway. His
research interests include high sensitive microcirculation imaging
based on optical microangiography and correlation-mapping OCT.
He has worked on development and advancement of miniature inte-
grated optical coherence tomography instruments based on MRO™
technology with compact imaging for a range of biological and non-
biological imaging applications, measurement and analysis applica-
tions from living tissue to industrial materials.

Martin Leahy is currently chair of applied physics at NUI Galway. His
main research interest is in the advancement of existing technologies,
as well as the development of new modalities such as cmOCT for im-
aging of the microcirculation. He is an adjunct professor at the Royal
College of Surgeons, fellow of the Institute of Physics in Ireland, fellow
of the Royal Academy of Medicine in Ireland and fellow of SPIE.

April 2016 « Vol. 21(4)


http://dx.doi.org/10.1002/9783527651238
http://dx.doi.org/10.1002/jbio.201200071
http://dx.doi.org/10.2478/v10039-008-0038-4
http://dx.doi.org/10.1364/OE.15.015101
http://dx.doi.org/10.1186/cc3135
http://dx.doi.org/10.1007/s10278-009-9219-3
http://dx.doi.org/10.1007/s10278-009-9219-3
http://dx.doi.org/10.1111/srt.12128
http://dx.doi.org/10.1684/ejd.2014.2321
http://dx.doi.org/10.1364/BOE.2.001184
http://dx.doi.org/10.1002/jbio.201000103
http://dx.doi.org/10.1002/jbio.201200231
http://dx.doi.org/10.1364/OL.20.001337
http://dx.doi.org/10.1109/CLEOPR.2013.6600631
http://dx.doi.org/10.1109/CLEOPR.2013.6600631
http://dx.doi.org/10.1117/12.2077988
http://dx.doi.org/10.1364/OL.40.002305
http://imagej.nih.gov/ij/
http://imagej.nih.gov/ij/
http://imagej.nih.gov/ij/

