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We report a pilot method i.e. speckle variance (SV) and structured optical coherence tomography to visu-

alize normal and malignant blood microvasculature in three and two dimensions and to monitor the glucose

levels in blood by analyzing the Brownian motion of the red blood cells. The technique was applied on nude

live mouse’s skin and the obtained images depict the enhanced intravasculature network forum up to the depth

of ∼ 2mm with axial resolution of ∼ 8µm. Microscopic images have also been obtained for both types of blood

vessels to observe the tumor spatially. Our SV-OCT methodologies and results give satisfactory techniques

in real time imaging and can potentially be applied during therapeutical techniques such as photodynamic

therapy as well as to quantify the higher glucose levels injected intravenously to animal by determining the

translation diffusion coefficient.
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1. Introduction. Many qualitative and quantita-

tive spectroscopic techniques have been used for bio-

tissues diagnostics [1–3] with their own set of advan-

tages and disadvantages [4]. For example, excisional

biopsy can alter the original morphology and always

can iatrogenic trauma [5]. Hence, using non-invasive op-

tical imaging modalities such as optical fluorescence mi-

croscopy, computing tomography, optical diffuse tomog-

raphy and optical coherence tomography (OCT) etc.

which are capable to construct 2D or 3D images of tissue

surfaces as well as the interior of the body [6–9] can im-

prove the diagnostics of diseases. Optical fluorescence

cryomicrotome images have been used to reconstruct

3D coronary vasculature using point spread function

(PSF) by extracting the vascular anatomy (phantom)

for light scattering simulations in the tissue. The disad-

vantage includes when modeling without correcting for

the optical blurring, resulted in 42.9% error on average

for the vessel [8]. During the past 15 years, OCT has

been proved to be a new noninvasive imaging method

on micron-scale by measuring of backscattered infrared

light [10]. The reason for OCT’s popularity included

its high resolution cross-sectional imaging capability (in

situ, in vitro and in vivo) [11]. OCT’s parameters like

image depth, resolution, contrast, and acquisition rate

etc. imposed with a source power that does not damage

the tissue [12, 13] are crucial to be considered in differ-
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ent biomedical applications. For example, OCT is cur-

rently well suited to hemodynamics of the microvascula-

ture bed study with the penetration depth ∼ 1−2mm as

compared to microscopy [14] at resolution of 2−30µm

[15]. OCT also has been used in situ determination of

the intrinsic optical attenuation coefficient of atheroscle-

rotic tissue components within regions of interest (ROI)

differentiating between various plaque types within the

vessel wall [9]. In ophthalmology, spectral domain OCT

(SD-OCT) or swept source OCT (SS-OCT) offer the

segmentation of retinal vessels by using complimentary

information from fundus photographs [16]. The attrac-

tive feature of the OCT is that it does not require any

contact to object and is nondestructive because light

waves are used for investigations.

In this work, we present a pilot method using the

structural and speckle variance (SV-OCT) subsequently

applied primarily to image soft biological tissues of

blood vessels in the normal and tumor induced mice.

Although it was challenging due to the sensitivity of the

technique to longitudinal motion but the in vivo mea-

surement for anesthetized mouse with swept source (SS-

OCT) was carried out. The results obtained with this

useful technique have potential application in derma-

tology, glucose monitoring in blood analyzing Brownian

motion of erythrocytes under the phenomena of DLS or

ballistic photon scattering fluids in M -mode imaging,

and real time imaging during photodynamic therapy.

Therefore, we have implemented on of the above men-
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Fig. 1. (a) – A nude mouse with WCM implanted to image blood vessels with SV-OCT under the scanning head of OCT

system. (b) – A conceptual diagram of an acquired speckle variance data set of N frames and corresponding indices used to

label the frame (i), transverse pixel location (j) and the axial pixel location (k)

tioned applications i.e. to quantify the glucose level in

prior to glucose injection mouse as a base line. We have

investigated the translational relaxation or decorrela-

tion time in Brownian motion rather rotational relax-

ation. The SV-OCT images have been used to visualize

the blood vessels in three dimensions so that light can

be directly focused on the microvasculature for OCT

signal. The idea of quantification of the salt levels in

simple stagnant blood has been translated successfully

for in vivo case scenario for non-injected glucose animals

[2]. This quantitative data will be proved very helpful

in translating the in vitro study into in vivo environ-

ment for measurements of higher glucose concentration

intravenously into the animal.

2. Materials and Methods. 2.1. Sample prepa-

ration: animal model. The SV algorithm was applied

to image the blood vessels of normal and tumor in-

duced mice (in vivo). A dorsal skin-fold windows cham-

ber model (WCM) was applied on anesthetized mouse

under institutional laws of Princess Margret Hospital,

Toronto approved by the University Health Network

Animal Resource Centre. The mouse before surgery was

anesthetized with a ketamine–xylazine (90–10 mg/kg)

mixture. A 10 mm diameter region of skin was placed

between the titanium plates of WCM. A 12 mm diame-

ter and 250µm thick cover slip was used to protect the

exposed fascia and vasculature. After recovery of the

animal from surgery, OCT imaging was performed by

fixing the WCM into the removable light weight alu-

minum plate to keep the animal at 37 ◦C. The mice

were induced by tumor, ME180 human cervical car-

cinoma cells transfected with the DsRed2 fluorescent

protein. After injection the tumor into the fascia we

waited for one week so that tumor would grow before

imaging. The purpose of fluorescent protein was to en-

hance the visibility of tumor through microscope for

subsequent coregistration of fluorescent and SV-OCT

images.

2.2. Swept source OCT imaging system. OCT im-

ages data were obtained from 36 kHz SS-OCT system

described earlier in our recent work [2]. Briefly, it con-

sists of frequency domain mode locking (FDML) fiber-

ring laser source comprising of polygon-based tunable

filter. The coherence length and spectral sweeping range

were 6 mm and 112 nm, respectively, at a fundamental

wavelength of 1310 nm. The axial resolution in tissue

and the average output power of the system were 8µm

and 50 mW. The coherence length 6 mm is determined

exclusively from sweeping resolution of laser source that

was 2 nm.

Our OCT system uses a broadband light source and

resolves the scattered signal by dispersing the signal

into many k-values (elementary emanating waves). In

SS-OCT, the laser source does not directly sweep lin-

early into k-space but rather time space. So, first the

recalibration is required from the linear-in-time data to

linear-in-k data. The common approach to achieve this

goal is to fix the pathlength for interferometeric signal.

Hence the SS-OCT’s signal in k-space can be written

as

I(k) ≈ S(k) cos(2knz0), (1)

where, S(k) is the incident intensity for each k-

value used (the swept source spectrum) and z0 –

offset distance between reference plane and ob-

ject surface. For k, a positive integral multiple of

π/2nz0 the maxima and minima of this equation

are produced that specify the location of equally
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Fig. 2. (a) – SV-OCT microvasculature image of a normal mouse in WCM, a low bulk tissue motion situation with gate length

N = 8. This shows a 3D processed image of blood microvasculature to distinguish the individual blood vessels. Dimensions:

(6400 × 1520 × 512, pixels) and/or (6 × 6 × 2.2mm3). The ROI is represented with magnification and depth encoded color

bar used to specify the depth of the vessel. Scale bar: 250µm (b) a microscopic z-stack image displaying the micro vessels

with high lateral resolution but minimal axial information. Dimension: (6.2× 6.2mm2) and Scale bar: 1mm (color online)

spaced k-values regardless of the temporal depen-

dence of the sweep. A photograph of scanning

head with animal under measurements is shown in

Fig.1a.

2.3. 3D image processing algorithm: speckle vari-

ance (SV-OCT). The interframe OCT fluid contrast al-

gorithm termed as SV-OCT is based on the idea that

the image speckle/texture of relatively solid regions will

persist between consecutive images, whereas speckle will

show greater inter-image speckle washout in regions of

greater fluidity [17] was designed by our research group

(mainly by Dr. Adrian Mariampillai [18]) at Princess

Margret hospital, Toronto, Canada. The algorithm for

generation of speckle variance images of OCT data

needs to calculate the variance of pixels from a set of

N , B-mode images (N is gate length), acquired from

the same spatial location

SVijk =
1

N

N
∑

i=1

(

Iijk −
1

N

N
∑

i=1

Iijk

)2

, (2)

where i, j and k are indices for the frame (up to N),

transverse, and axial pixels, and I is the correspond-

ing pixel intensity value at the imaging speeds of 20

frames per second. A more clearly schematic represen-

tation of the data set and pixel indices for three dimen-

sional frames stacking according to Eq. (2) is shown in

Fig. 1b.

2.4. Brownian motion and M-mode imaging of in

vivo mouse. A particle executing Brownian (random)

motion in a liquid has squared displacement 〈r2〉 and

for diffusing particle is given by [19]

〈∆r2(t)〉 = 6DT τT . (3)
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Here DT (translation diffusion coefficient) and τT
(translational relaxation or decorrelation time) are re-

lated by the following formula [19],

τT =
1

2k2DB

. (4)

This gives us the diffusion coefficient extracted from the

translations decorrelation time. The decay is exponen-

tial in nature [2]. To get M -mode data, we selected the

blood vessel of diameter ∼ 160µm at depth of ∼ 55µm

from top surface of the tissue and can be seen in SV-

OCT microvasculature image (Fig.2a). The data from

three ROIs was averaged for each animal because of the

little bit difference in decorrelation time due to differ-

ence on flowing speed or shear effect. The measurement

scheme for in vivo M -mode measurements was same

as described recently by our group [2]. We examined a

total of 5 animals in this experiment. The obtained M -

mode OCT data was processed to calculate the autocor-

relation function (ACF) from power spectrum, P (ω) by

means of Fourier transformation using Weiner–Khinchin

theorem [2, 20].

A double exponential fit function f1 =

= B∗ exp(−t/τ ′T ) + C∗ exp(−t/τ ′R) was applied on

the ACF because of the asymmetric shape of RBCs.

From above fitted function we got both τ ′T and τ ′R
are indeed occurring in dynamic light scattering for in

vivo case because of transitional and rotational motion

but we processed the data for translational diffusion

coefficient rather rotational. This was decided after

examining the B/C ratio (relative importance of trans-

lational relaxation versus rotational relaxation) which

was found to be ∼ 3.85 that strongly recommends that

translational relaxation is dominant over rotational

motion.

3. Results. Figure 2a shows a blood vessels image of

normal nude mouse obtained with SV-OCT. This shows

a 3D processed image of blood microvasculature to dis-

tinguish the individual blood vessels with dimensions of

6 × 6 × 2.2mm3. Figure 2b shows a light microscopic

image displaying the micro vessels with high lateral res-

olution with dimension of 6.2× 6.2mm2 in WCM. Fig-

ure 3a shows blood vessels having tumor induced in

nude mouse obtained with SV-OCT with dimensions of

6× 6× 2.2mm3. This reflects the capability of SV-OCT

to map the abnormalities in blood vessels that could be

implemented in diabetes having tumor diseases. Figure

3b shows corresponding maximum-intensity projection

image of a fluorescence confocal z-stack image obtained

using 500 kD Fluorocein labeled dextran with dimen-

sions of 2.2× 2.2mm2.

Figure 4a gives an original structured OCT image

in which different layers under laying the fascia can

be observed but the image is not clearer for diagnostic

point of view. Anyhow, we get sufficient information up

to this limit for layers differentiations. The correspond-

ing OCT signal decaying exponentially for nude female

mouse skin in vivo is shown in Fig.4b. The first peak is

due to the backscattering of cover glass and second peck

represents the surface of the tissue. Figure 4c shows the

colorized image with efficient noise removed with code

written by us for colorization in visual C++ resulting in

an easy analysis of the image [21-22].

The SV-OCT image used to select the ROI for in

vivo study of glucose monitoring in five animals with

the help of M -mode imaging the average value of DT

was yield ∼ 5.85 · 10−14 m2/s (Table). This value was

∼ 10% different from theoretical value of diffusion coef-

ficient (5.85 ·10−14 m2/s vs. 6.50 ·10−14 m2/s [23]). This

difference might be originated due to forced convection,

shear effect and technique employed for measurements.

As the technique used in [23] to determined DT was

diffuse wave spectroscopy (DWS) applied ex vivo on

porcine kidney model at controlled arterial pressure and

flow. Figure 2a provides clear 3D image of glucose free

mouse to visualize the blood microvessells for easy selec-

tion of the ROI to obtain M -mode data. Thus, we get

the threshold measurement to quantify glucose levels

in case of injected higher glucose concentrations intra-

venously.

4. Discussions. The SV algorithm represented in

Fig. 1b provides an interfame algorithm to mitigate the

bulk tissue motions so that phase sensitive images can

be envisioned with high precisions. Figure 2a shows a

reconstructed image of the vascular structure in the

skin of mouse using SV-OCT analysis. This shows a

3D processed image with Eq. (2) of blood microvascula-

ture to distinguish the individual blood vessels in depth

with axial resolution of ∼ 8µm and lateral resolution of

∼ 13µm. In Fig. 2b, we see that light microscopic im-

age of blood vessels presents higher lateral resolution

but low axial information. Our reconstruction for 3D

view from structured images gives full map (axially) of

field of view and has capabilities to visualize the indi-

vidual vessels up to the depth of ∼ 2.2mm. Because in

SV algorithm, we have segmented out the higher inter-

frame variance (@20 frames per image) possibly due to

dynamic scatterers such as RBCs in blood vessel of var-

ious diameters. The size and depth of individual vessel

is given by the color bar provided on the right hand side

of the ROI image.

SV algorithm has potential application to demon-

strate the life morphology by identifying the dense
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Fig. 3. (a) – Blood vessels of nude tumor induced mouse obtained with SV-OCT. This shows a 3D processed image of blood

microvasculature to distinguish the individual blood vessels. Dimensions: (6400×1520×512, pixels) and/or (6×6×3.2mm2)

and Scale bar: 250µm and (b) corresponding maximum-intensity projection image of a fluorescence confocal z-stack obtained

using 500 kD Fluorocein labeled dextran. Dimensions: (2.2× 2.2mm2) and Scale bar: 500µm (color online)

Summary of Brownian motion analysis results in dynamic light scattering regime including translational

decorrelation time, translational diffusion coefficient and r
2-values for all five animals

Animals Translational Translational diffusion r
2-value

decorrelation time, coefficient,

ms 10
−14 m2/s

Animal 1 38.20 1.02 0.93

Animal 2 44.00 6.68 0.95

Animal 3 48.80 6.03 0.98

Animal 4 46.70 6.30 0.99

Animal 5 52.20 9.20 0.96

Average 45.98 5.85 0.96

branching of microvasculature both in normal and ma-

lignant skins. The microvasculature system undergoes a

significant change in the density and shape after induc-

ing the tumor i.e. vascular plexus of blood circulation is

perturbed and thrombosis can be seen (Figs. 2 and 3).

This hierarchical network in hemodynamic has inter-

esting potential application like monitoring of analytes

in our recent study of glucose quantification with M -

mode OCT and SV-OCT [2] before and after injection

of glucose intravenously. This would change the density

of vessels after changing in the shape of erythrocytes

when glucose injected in blood vessels. Hence, the visu-

alization of vasculature with SV-OCT can provide valu-

able information underneath the skin in diabetes either

cancerous or non-cancerous.

The blood borne glucose provides the constant sup-

ply to cerebral metabolism [24]. The glucose transported

to nerve tissue is separated by functional barrier (the

blood-brain barrier, BBB), a characteristic of the cere-

bral endothelium. To know about its metabolic regula-

tion and developmental expression in the BBB [25], the

vasculature net is necessary to visualize in any of the

conditions like normal glucose supply, hyperglycemia,

and hypoglycemia. Thus, we provide a basic route to

study modulations in micro blood vessels both in 2D and

3D imaging with structures OCT and SV-OCT images.

Another application of this study is the understanding

of the role of mechanical factors in cardiovascular devel-

opment [17] depending on the apparent morphological

difference between the normal and abnormal primitive

vascular plexus. The limitations of SV-OCT include sen-

sitivity for high intensity fluctuations due to shadowing

effect [26], because, the interframe variance is produced

due to its sensitivity to bulk tissue motion (BTM). This

BTM was minimized by using WCM in this study or a

high speed using imaging system can be used i.e. high

A-scan acquisition speed to ensure sufficient number of

acquired frames for calculation of speckle decorrelation.

Another cause of this variance in the intensity of each

voxel might be the shape of the scattering particles such
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Fig. 4. (a) – Original gray scale structured OCT image of

mouse skin. Dimensions (640× 512 pixels) pixels, where 1

pixel = 3.9µm (color online). (b) – The OCT signal decay-

ing exponentially for nude female mouse skin in vivo. The

first peak is due to the backscattering of cover glass and

second peck represents the surface of the tissue. The depth

contains a total of 512 pixels in ∼ 3mm depth, again 1

pixel ∼ 3.9µm. (c) – Noise removed hard segmented OCT

image with dimensions (256×256) pixels, where 1 pixel =

=3.9µm

as red blood cells, keratinocyte like Starum Granulo-

sum, Starum Spinosum, and Stratum Basale in epider-

mis lie in different shapes, sizes and refractive indexes

[6].

It is worth to mention that OCT has increased dra-

matically the efficacy of preclinical studies to monitor

the disease on real time. During imaging the live ani-

mals, anesthesia is much necessary to minimize the mo-

tion artifacts (i.e. to restrain the animal) and is impor-

tant challenge in contrast to human studies. The injec-

tion of anesthesia drug to animal reasonably changes

the animal’s physiology that can export more or less

different data to imaging device which is much difficult

in human beings. The repeated anesthesia, exposure of

ionizing radiations and the use of contrast agents and/or

imaging biomarkers can also affect the physiology of an-

imal [27] that should be considered during the results

analysis.

Therefore, speckle contrast levels in SV-OCT pro-

vide a better 3D understanding than original struc-

tured unprocessed images for in vivo skin. Our B-scan

swept source method is sufficient and straightforward

for transverse sampling of the full speckle pattern in

practical implementations. The technique can be ap-

plied during photodynamic therapy (PDT) procedure

by monitoring the blood vasculature up to a depth of

few millimeters in case of superficial tumors [28]. But

during PDT, there are multiple tissue reactions post

PDT. Our fundamental in vivo work of glucose mon-

itoring has a significant application in the patients of

hyperglycemia, where, fibrinogen depletion can reduce

the blood viscosity after intravenous administration of

ancrod. We have reported therefore the reference value

of glucose diffusion by measuring diffusion coefficient of

healthy animals that can be implemented initially in lab

experiments as a non invasive method. Therefore OCT’s

capability for monitoring glucose in blood vessels of di-

ameters in micron ranges provides the route to enhance

the application for further glucose concentration’s quan-

tification.

5. Conclusions. The potential application of

speckle variance OCT and structured OCT was val-

idated to visualize the skin of live nude mouse. The

quantitative metrics developed and implemented in

this study uncover and measure vascular characteristics

from 3D SV-OCT images. Our method demonstrates

that SV-OCT is applicable for microvasculature detec-

tion in normal and tumor induced vessels within WCM

and carries more information than structured OCT.

That is more accurate and unique representation of the

vascular structure underlying biology of vasculature

development and response. For in vivo study of glucose
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monitoring the RBCs can have the same dynamics as

are used in flowing blood (in vitro study) through the

capillary tube to reinforce the concept that RBCs are

only asymmetrical particles that cause the change in

the OCT signal due to Brownian motion underlying

the DLS. Thus, the translational diffusion coefficients

have been determined to provide a base line in this per-

spective to image the deformation in microvasculature

for further higher glucose levels.
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