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Diffuse Light Suppression in High Anisotropic
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for Microvascular Imaging
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Abstract—There is emerging evidence that microvascular alter-
ations may occur early, even at early stages of carcinogenesis, as
indispensable participants in tumor growth. However, the exact
spatial extents of such alterations remain unclear, in part, be-
cause detailed microvascular alterations in relatively deep tis-
sue over a relative large area are not easily visualized. Due to
the heterogeneous nature of tissue microvasculature, microscopic
evaluations with a small field of view often fail to provide a repre-
sentative assessment. On the other hand, conventional whole-body
small-animal optical imaging techniques suffer from unwanted
diffuse light, which would otherwise deteriorate image contrast
and resolution. To fill such a gap, we take advantage of the high
anisotropic property of biological tissue by implementing back-
directional gating into an imaging platform to suppress unwanted
diffuse light. We further combine a spectral analysis of microvascu-
lar hemoglobin (Hb) absorption with back-directional gated imag-
ing to improve image resolution, contrast, and penetration depth
that are required for subcutaneous mouse xenograft models. In
tissue phantom and pilot animal studies, we demonstrate that our
diffuse-light-suppressed spectroscopic imaging platform can be a
simple, yet effective, imaging setup to visualize subcutaneous mi-
crovascular Hb content over a relatively large area.

Index Terms—Diffusion suppression, hemoglobin (Hb) absorp-
tion, microvasculature, spectroscopic imaging, tumor xenograft.

I. INTRODUCTION

THE DETECTION of alterations in microvasculature and
microcirculation such as vessel density, blood flow, blood

content, and oxygen saturation plays a critical role in examining
various diseases including diabetes, hypertension, sepsis, and
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cancer. In this respect, several optical spectroscopic or imag-
ing technologies have been intensively investigated. Point
measurements using diffuse reflectance and light scattering
spectroscopy have been successfully used to characterize tissue
biochemical composition [1]–[8]. For example, optical-fiber-
based diffuse light spectroscopy has been used for assessments
of drug concentrations [2], vascular blood content, and oxy-
genation levels [3]. Among promising technologies, the visu-
alization of microvasculature with the capability of its quanti-
tative assessment has received considerable attention. Intravital
microscopy has been the gold standard for the assessment of
microvascular morphology and physiology primarily in animal
studies [9]. Similar to conventional fluorescence microscopy,
intravital microscopy, however, requires fluorescence labeling
and a transmission-mode configuration, thus making it not ad-
equate for clinical use. To overcome the limitations of intrav-
ital microscopy for clinical applications, orthogonal polariza-
tion spectral microscopic imaging was developed [10] and was
commercialized as Cytoscan video microscope for clinical use
in humans. Because microvasculature is often heterogeneous
in a large tissue area, examining a small area can fail to pro-
vide a representative assessment. To overcome such site-to-site
variability, laser Doppler imaging [11] or laser speckle imag-
ing [12], [13] have been used to visualize heterogeneous blood
flow in a relatively large tissue area. Doppler optical coher-
ence tomography [14], [15] has also shown to visualize the
functional information of blood flow in a relatively deeper re-
gion on a complementary structural image of optical coherence
tomography. Instead of the blood flow measurements, multi-
spectral imaging has been recently developed to quantitatively
monitor blood volume and oxygen saturation with a large field
of view of approximately 250 mm2 with relatively low reso-
lution [16]. Recently, photoacoustic microscopy and computed
tomography have been developed to visualize microvasculature
in the skin and the brain of mice with an imaging depth up to
30 mm [17].

Indeed, optical microvascular imaging has the potential to
revolutionize drug development by providing noninvasive pre-
clinical testing platforms. In particular, xenografts of human tu-
mors grown athymic mice, severe combined immunodeficiency
(SCID) mice, or other immunocompromised mice have con-
sistently been used to develop and evaluate new drugs before
human clinical studies [18]. In these preclinical studies, there
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is a critical need to bridge the gap between microscopic imag-
ing and whole-body small-animal imaging. Because the size of
typical tumor implantation can be large, extending to 5–10 mm
in diameter, either microscopic imaging or whole-body imaging
are not adequate for imaging such an area with high resolution.
In the subcutaneous (i.e., beneath all the layers of the skin)
mouse xenograft models, it is also extremely important to vi-
sualize microvascular alterations through the entire dorsal skin,
including the epidermis, the dermis, and the subcutaneous tissue
(also called the hypodermis). Since the total thickness is as thick
as 0.5–1 mm [19], the detailed spatial information about sub-
cutaneous microvasculature can be masked. Overall, although
recent advances in optical imaging have demonstrated its great
potential for microvascular imaging, to date, there still remain
hurdles for widespread utilization of optical techniques to quan-
tify microvascular abnormalities in relatively deep tissue over a
relatively large area.

In our previous study, we demonstrated that back-directional
gating can be an effective method for removing a significant
amount of unwanted diffuse light, and thus, improving the con-
trast of an object embedded in high anisotropic scattering me-
dia, such as biological tissue [20]. A unique optical property of
biological tissue is high anisotropy with the anisotropy factor
g = 0.8–0.95 [21]. However, such an intrinsic property of biolog-
ical tissue had not been used to significantly suppress unwanted
diffuse light. Because ballistic or snake-like light propagates
along the direction of the incident light [22], back-directional
gating allows us to remove a substantial amount of diffuse light
that exits in the medium at oblique angles with respect to the
optical axis. In this case, the high anisotropic property of the
surrounding medium serves as a waveguide and improves image
contrast of an object embedded at a moderate depth. Thus, this
can be a simple, yet effective, imaging approach to substantially
remove unwanted diffuse light and to improve the visualization
of subcutaneous microvascularity, thus allowing representative
assessments of microvascularity.

In this paper, we further hypothesize that the combination
of a spectral analysis with diffuse-light-suppressed imaging in-
creases imaging depth that is required to visualize microvascu-
lature in relatively deep tissue. We report that back-directional
gated spectroscopic imaging is a simple, yet effective, imag-
ing platform to visualize subcutaneous microvascularity. In
Section II, we discuss the effects of back-directional gating
angle on diffuse light suppression in high anisotropic media
and our simple spectral analysis to quantify total microvascular
hemoglobin (Hb) content. In Sections III and IV, we show results
from a series of experiments including a color target located at
a relatively deep depth inside scattering media. We demonstrate
our simple, yet effective, algorithm for mapping the microvascu-
lar Hb content in a relatively large area within a relatively short
time. Furthermore, we apply diffuse-light-suppressed spectro-
scopic imaging to two different subcutaneous mouse xenograft
models as a pilot study. Finally, we exemplify that our imag-
ing platform has potential to effectively image neoangiogene-
sis and provide the exact spatial extent of this critical tissue
process.

Fig. 1. Schematic of the experimental setup. Back-directional gating allows
the suppression of diffuse light in high anisotropic media. Along the entrance
slit of the imaging spectrograph, the CCD records a matrix of y and λ at a
given position of x, while the entrance slit is scanned along the x-axis of the
image plane with a step size of 50 µm. The (x, y) unit area is 50 µm × 52 µm
(=13 µm × 4 pixels).

II. METHODS

A. Experimental Setup

A schematic diagram of our experimental setup is shown in
Fig. 1. A beam from a 1000 W xenon arc lamp (Newport, Irvine,
CA) is collimated using a 4-f system that consists of two lenses
(f = 75 and 200 mm) and an aperture. The xenon arc lamp
provides a full visibility to near IR range spectrum, while its
high power reduces the acquisition time. The beam size is ad-
justed to 15 mm in diameter to image a large area. A mirror
deflects the beam through a beam splitter and onto the sample.
The beam is incident upon the sample at a 15◦ angle to remove
specular reflection. After the beam contacts the sample, light
backscattered from the sample travels back through the beam
splitter and is collected by the second 4-f system. The equal-
focal configuration (f = 75 mm) in this 4-f system forms 1:1
images of the illuminated surface. A small aperture in the detec-
tion 4-f system of our system collects nearly exact backscattered
light from the sample within a small angular cone of 2◦. The
detection system consists of a spectrograph (Princeton Instru-
ments, Trenton, NJ) coupled to a charge-coupled device (CCD)
camera (Princeton Instrument) and a translational stage (Zaber
Technologies, Inc., Vancouver, British Columbia, Canada). The
entrance slit of the spectrograph is positioned on the image plane
of the sample with a width of 50 µm. A spectrograph allows the
acquisition of a spectral image with a full visible to near IR
range of spectral variation (400 ∼ 900 nm). Our current slit
width provides a spectral resolution of 2 nm. The entrance slit
of the imaging spectrograph scans along the x-axis of the image
plane with a step size of the slit width. Thus, we construct a 3-D
dataset, a matrix of scattered intensity as a function of x and y
at each wavelength. For each sample, its 3-D dataset is normal-
ized by the one from a reflectance standard (Labsphere, Inc.,
North Sutton, NH) to correct the nonuniformities of the light
source and the wavelength response of the detection system. We
synchronize the detection components and acquire images from
a custom interface written in Lab-VIEW (short for Laboratory
Virtual Instrumentation Engineering Workbench, version 8.2,
National Instruments).
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Fig. 2. FWHM of LSF over different back-directional gating angle θ in the
numerical experiments of the same anisotropy factor. This shows the resolving
power (i.e., sample resolution) of the bottom layer in the presence of the thick
top scattering medium. Small back-directional angles (θ < 15◦) achieve higher
image resolution of the embedded target than do large angles (θ > 35◦). The
inset shows the sample in the numerical experiment.

B. Back-directional Gating in High Anisotropic Media for
Improving Image Resolution

A unique optical property of biological tissue is the tendency
for light to be scattered in the same direction as the incident di-
rection. This overall directional tendency of the scattered light
is quantified by the anisotropy factor g, which is the average
cosine of the scattering angle. Most of biological tissue includ-
ing the mouse skin has an anisotropy factor g = 0.8–0.95 [21].
This anisotropic property of biological tissue is often consid-
ered to deteriorate image contrast and resolution. However, the
high anisotropic property implies that the isolation of light re-
flected in the exact backward direction allows us to select the
light that is reflected along the optical axis and that slightly de-
viates from its original optical axis. Thus, in back-directional
gating, this high anisotropic property of the surrounding scatter-
ing medium can serve as a waveguide to deliver the incident light
to an embedded object and to isolate the ballistic or snake-like
light backscattered from the object. To demonstrate the effect of
back-directional gating angle (i.e., solid angles in the backward
direction θ) on diffuse light suppression in high anisotropic scat-
tering media, we briefly show results of numerical experiments
using Monte Carlo simulations and nonsequential ray tracing in
ZEMAX (ZEMAX Development Corporation, Bellevue, WA).
This numerical study allows us to simply implement large nu-
merical aperture (NA) lenses to achieve a large back-directional
angle. In a numerical imaging setup, similar to the experimental
setup shown in Fig. 1, we use high NA lenses of NA = 0.45 in
the 4-f system of the detection arm. By adjusting the aperture
size in the 4-f system, we achieve large back-directional angles
up to 40◦. As a sample [see Fig. 2 (inset)], a reflectance target
consisting of two areas (half with 0% absorption and the other
half with 30% absorption, g = 0, and τ = 100) is embedded
at the optical thickness τ = 15 (the scattering coefficient µs is
7.5 mm−1) in a high anisotropic scattering medium of g = 0.9. In
our Monte Carlo simulations, Henyey–Greenstein phase func-
tion is used and ∼108 photons are launched. We record images
at several back-directional angles from 2◦–40◦. We estimate
the details of the two-area target embedded (i.e., sample im-
age resolution) using the full-width at half-maximum (FWHM)

of line spread functions (LSF) [23]. The resolving power of
the embedded object only (i.e., sample resolution) is approxi-
mately 1 mm at θ = 32◦. Fig. 2 shows the FWHMs of the LSFs
over different back-directional angle θ for the bottom layer with
the top scattering medium. Unexpectedly from a Fourier optics
standpoint, as θ increases, the FWHM of the LSF increases,
showing higher NA in the detection yields lower image resolu-
tion. This result supports the idea that simple back-directional
gating in high anisotropic turbid media removes a significant
portion of unwanted diffuse light, minimizes crosstalk among
adjacent pixels, and enhances the image resolution of an em-
bedded object. Since diffuse light tends to exit turbid scattering
media with an oblique backscattered angle, a large NA collects
more diffuse light than does a small back-directional angle, and
subsequently, deteriorates the image resolution of the embedded
target. Given that most biological tissue is highly anisotropic, it
is obvious that such back-directional gating can offer an imaging
platform for improving imaging resolution in a relatively large
area.

C. Spectral Analysis With Absorption Spectral Area

The combination of spectroscopic measurements with
diffuse-light-suppressed imaging can further increase imag-
ing depth and contrast to allow accurate quantification of the
absorbance content embedded in a relatively thick scattering
medium. This is because an absorption spectral analysis in a
broad range of the wavelengths can permit accumulation of the
contrast improvement at each wavelength. In biological tissue,
Hb is the primary absorber in the wavelength range of 400–
600 nm. In this range, both oxygenated Hb (oxyHb) and deoxy-
genated Hb (deoxyHb) have unique absorption spectral patterns,
while absorption from other major absorbance contents, such as
melanin and bulirubin are minimal. For in vivo imaging of an-
imals, it is difficult to obtain the spectral shape only from the
scattering contribution in the absence of any absorbers. How-
ever, when broadband absorption patterns are applied to assess
Hb absorption content, light-scattering spectra can be modeled
as a monotonous declining function of the wavelength such as
an exponential decay or a power-law decay, as shown in previ-
ous spectroscopic analyses (e.g., point measurement over a large
volume of tissue) [4], [5], [24], [25]. For example, the spectrum
can be fitted to the following expression:

I = (C0λ
−c1 )e−(CH b O 2 ∈H b O 2 +CH b ∈H b ) (1)

where CHbO2 and CHb are the concentrations of oxyHb and
deoxyHb, respectively, multiplied by the path length of light in
the medium [6]. ∈HbO2 and ∈Hb are the wavelength-dependent
absorption coefficients of oxyHb and deoxyHb, respectively. c0
describes the overall intensity of the spectrum and c1 is the
scatter power. Total Hb concentration can be estimated from
CHbO2 + CHb . The algorithms in the previous spectroscopic
technologies would not be appropriate for our microvascular
imaging, due to the significant data size generated by our imag-
ing platform (e.g., ∼60 000 spectral analyses for one image).
Thus, we implement a simple pattern-recognition method to
assess the total Hb level in each unit (x, y) position, based
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on the approximation that the scattering contribution from the
tissue can be modeled as a smooth decay function of the wave-
length. We estimate the scattering contribution from the tissue
as a smooth polynomial function of the wavelength. Spectrum
at each position of x and y is fitted to a second polynomial
function in the range of 440–900 nm as

Imodel(λ) = aλ2 + bλ + c (2)

where a, b, and c are fitting coefficients. Then, we define the
absorption spectral area as the summation of all data points
in the difference between the model spectrum and the original
spectrum within the spectral range of 500–625 nm. Within a typ-
ical range of tissue-scattering properties, the absorption spectral
area can serve as a relatively accurate quantification of the mi-
crovascular Hb content at each pixel. We also validate the sim-
ple algorithm with the conventional spectral analysis using (1).
Due to reduced crosstalk among adjacent pixels derived from
back-directional gating in high anisotropic media, our spectral
analyses can provide accurate absorption levels attributed to Hb
content at individual pixels.

III. MATERIALS AND EXPERIMENTS

A. Color Target Experiments for Spectral Image Contrast
Improvement

To demonstrate the effect of surrounding anisotropic prop-
erties on spectral image contrast formed by the same back-
directional gating angle, we conducted tissue phantom studies
using aqueous suspensions of polystyrene microspheres and a
color target (Edmund Optics, Inc., Barrington, NJ). In our tis-
sue phantoms, the color (magenta) target provided a unique
spectral pattern and the aqueous suspensions of polystyrene mi-
crospheres served as an avascular scattering tissue. The square
color target was placed under the thick scattering medium, cov-
ering approximately half of the imaging area. We fixed the back-
directional gating angle θ = 2◦ and changed the value of g as
follows: For the top scattering media, we varied the value of g
by using different sizes of microspheres of nominal diameters
of 0.24 (Bangs Laboratories, Fishers, IN), 0.33 (Duke Scientific
Corporation, Palo Alto, CA), and 0.76 µm (Bangs Laboratories),
which corresponded to g = 0.51, 0.72, and 0.90 at λ = 600 nm,
respectively. The scattering medium of g = 0.90 is considered
to be close to most biological tissue, in particular to the skin.
The optical thickness τ = 15 of the scattering media was kept
identical for each g to mimic the mouse skin of ∼1 mm. We cal-
culated the optical properties of the scattering media using Mie
theory [26]. We collected the scattering spectra before placing
the color target underneath to avoid modeling of the scattering
spectra in these experiments. The absorption band of the ma-
genta target covers 500–600 nm, similar to the Hb absorption
bands in tissue. In order to visualize the absorbance content em-
bedded in the scattering media, we reduced the 3-D dataset into
a 2-D spectroscopic image using the following spectral analy-
sis: at each position of x and y, we quantified a spectral area
between the scattering spectrum (i.e., in the absence of the color
target) and the spectrum of the color target embedded in the

scattering medium. After all the spectral analyses for the pixels,
we generated images of magenta color content.

B. Quantification of Microvascular Hb Concentration

In order to extract the value of total Hb concentration from the
absorption spectral area, we need to convert the absorption spec-
tral area to Hb concentration. In a series of tissue phantom stud-
ies, we used aqueous suspensions of polystyrene microspheres
to mimic different scattering properties of biological tissue. We
calculated the scattering properties (i.e., transport mean free path
length l∗s and anisotropy factor g) of the scattering media using
Mie theory. For the aqueous suspensions of polystyrene micro-
spheres with a nominal size of 0.36 µm (Duke Scientific Corpo-
ration) (g = 0.80 at wavelength 488 nm), we varied the scatter-
ing properties of the media by changing l∗s = 350, 500, and 673
µm. At l∗s = 673 µm, we also used different sizes of polystyrene
microspheres, 0.36 and 0.50 µm (Duke Scientific Corporation),
which corresponded to different anisotropy factors g = 0.80 and
0.87, respectively. For each aforementioned scattering medium,
we increased the Hb concentration by adding the solution of
lyophilized Hb powder (Sigma-Aldrich, St. Louis, MO) into
the suspension at a step of approximately 0.20 mg/mL up to
3.0 mg/mL. At each step, we recorded spectral signals of the
tissue phantom. In addition, we repeated the experiment using
the scattering media of l∗s = 673 µm and g = 0.80 for oxyHb and
deoxyHb. OxyHb was achieved by exposure of Hb in the atmo-
sphere and for deoxyHb, we used sodium dithionite (Na2S2O4)
to deplete oxygen. We confirmed the oxygenation level of Hb
using an oxygen meter (Microelectrodes, Inc., Bedford, New
Hampshire).

C. Blood Vessel Phantom Experiments

To validate the ability of our system to visualize the microvas-
cular blood content underneath a thick scattering medium (i.e.,
the whole skin of mice), we conducted vessel phantom exper-
iments. In this phantom, we filled Hb solution of 100 mg/mL
into a micropolyurethane tubing (Scientific commodities, Inc.,
Lake Havasu City, AZ) with 0.64-mm inner diameter and
1.02-mm outer diameter. This phantom vessel was embedded
between a suspension of polystyrene microspheres and a diffu-
sive agarose background with microspheres. In this experiment,
we used such a high Hb concentration, because the top scatter-
ing medium was thick to demonstrate that our imaging approach
can reveal a hidden objective that would otherwise be masked
by the strong scattering medium. We used the microspheres of
0.76 µm diameter in the suspension and also in the agarose
background. On top of the vessel, the scattering medium had an
optical thickness of τ = 10 to mimic the mouse skin. We used
the tubing filled with Hb to mimic the microvasculature under-
neath the hypodermis of mouse skin. To validate our spectral
analysis, we also used the conventional spectral analysis [i.e.,
(1)]. In addition, for the top scattering medium, we used a patch
of excised mouse dorsal skin that included the epidermis, the
dermis, and the subcutaneous fatty tissue.
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D. Pilot Animal Studies

To test the feasibility of our imaging approach to accu-
rately visualize subcutaneous microvascular Hb content, we
conducted a pilot animal study using xenografts of human tu-
mors. Melanoma cell line SK-MEL-5 (ATCC no. HTB-70) was
obtained from American Type Culture Collection (Rockville,
MD) specifically for these experiments. Cells were cultured
in minimum essential medium eagle (Sigma, St. Louis, MO)
with 10% fetal bovine serum (Invitrogen, Carlsbad, CA), 1-mM
sodium pyrovate, and 2-mM L-glutamine and were grown at
37 ◦C in the presence of 5% carbon dioxide (CO2). For our
pilot imaging study, we used six SCID mice and five athymic
nu/nu mice bearing the human melanoma cancer xenografts in
compliance with National Institutes of Health (NIH) animal
experiment guidelines (Principles of Laboratory Animal Care,
NIH Publication No. 86–23, revised 1985) and approved by
Purdue University Animal Care and Use Committee. SCID and
athymic nu/nu mice were purchased from National Cancer Insti-
tute (NCI) at 5–6 weeks of age. The mice were subcutaneously
implanted with 5 × 106 cells of melanoma human cancer cells.
We euthanized the mice immediately before imaging using CO2
and imaged the mice within 1–2 h postmortem. For imaging the
SCID mice, we shaved the dorsal skin using a clipper and a
depilatory cream. The image acquisition time for each afore-
mentioned experiment was typically less than 10 min for the
entire 3-D dataset.

IV. RESULTS

A. Color Target Experiments for Spectral Image Contrast
Improvement

Fig. 3 shows images from the color target embedded in three
different anisotropic media at the fixed back-directional angle
of θ = 2◦. As shown in the white light images (i.e., images con-
taining all the wavelengths from 400 to 900 nm) in the insets
of Fig. 3, the color target underneath the scattering medium is
barely visible because it is masked by the diffuse light and the
scattering intensity outside the absorption spectral band is sig-
nificant. However, in the spectroscopic images, the color target
is apparent through the scattering media, because the quantifica-
tion of the spectral pattern reflected from the color target further
reduces the contribution of the scattering media to image forma-
tion. Thus, the simple absorption spectral analysis increases the
visibility at the imaging depth of τ = 15. Importantly, the color
target is more visible through the scattering medium of g = 0.90
than that of g = 0.51 and 0.72 in our imaging configuration (θ =
2◦). In Fig. 3(d), we quantified the contrast of the spectroscopic
image of the color target embedded in the thick scattering media
with different anisotropy factors. The image contrast is defined
as (Ihigh − Ilow )/(Ihigh + Ilow ), where Ihigh and Ilow were the
average intensities of the area within and outside the color target
area, respectively. The contrast increases when the anisotropy
factor of the scattering medium increases. In particular, through
back-directional gating, when the value of g reaches 0.9, which
is close to most of biological tissue, the image contrast is close
to 1. Indeed, back-directional gating enhances the absorption

Fig. 3. (a)–(c) Spectroscopic images of the color target embedded in the
scattering media at the fixed back-directional gating angle (θ = 2◦) with different
anisotropy factors g = 0.51, 0.72, and 0.90, respectively. The insets are white
light images obtained from our imaging platform. (d) Image contrast of the
color target over different g. The error bar represents a standard deviation.
The spectroscopic image contrast increases as the value of g of the scattering
medium.

spectral analysis and provides high contrast in high anisotropic
scattering media. Therefore, an absorption spectral analysis in
an optimized back-directional gating for biological tissue allows
us to use the surrounding avascular tissue as a waveguide to de-
liver the incident light to microvessels and to isolate the ballistic
or snake-like light reflected/absorbed from it, thus serving as an
ideal platform for large-area microvascular imaging at relatively
deep depth.

B. Quantification of Microvascular Hb Concentration

In the tissue phantom experiments, we examined whether in
the typical range of the scattering properties of the mouse skin,
our spectral analysis can serve as relatively accurate quantifi-
cation of microvascular Hb content with an estimated level of
error. The Hb absorption spectral areas were plotted in Fig. 4(a)–
(c) as a function of Hb concentrations for the different tissue
phantoms. The Hb absorption spectral areas were compared in
Fig. 4(a) between oxyHb and deoxyHb in the scattering media
of l∗s = 673 µm and g = 0.80. Fig. 4(a) shows that oxygena-
tion of Hb has minimal influence on the quantification of the
absorption spectral area in our Hb spectral analyses. Especially
when the Hb concentration is less than 2 mg/mL, the samples
with deoxyHb and oxyHb yield the same absorption spectral ar-
eas. Our simple algorithm can provide the quantification of the
total Hb concentration in turbid media without being strongly
sensitive to oxygen levels. The Hb absorption spectral areas
obtained from the tissue phantoms with two different g are
depicted in Fig. 4(b). The Hb absorption spectral areas were rel-
atively the same at each Hb concentration for g = 0.80 and 0.87,
which can be considered to be typical g of the mouse skin. In
other words, the effect of g on our spectral analysis is minimal.
In Fig. 4(c), we plotted the Hb absorption spectral area over
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Fig. 4. (a)–(c) Hb absorption spectral area as a function of Hb concentration.
(a) Our simple algorithm provides the quantification of the total Hb concen-
tration without being strongly sensitive to oxygen levels. (b) Anisotropy factor
g has minimal effect on our Hb absorption spectral area. (c) Using the data
generated from the different l∗s , we obtain the calibration curve between true
and measured Hb concentrations. (d) We estimate levels of error of the Hb
measurement. Upper and lower bounds correspond to l∗s = 350 and 673 µm,
respectively. The gray area indicates the measurement error due to the changes
in the scattering properties.

different Hb concentrations for l∗s = 350, 500, and 673 µm,
which can be considered to be within the typical range of the
mouse skin [27]. In order to extract the Hb concentration from
the Hb absorption spectral area using the data generated from
the different l∗s , we fitted the data points with different scattering
properties to a two-term exponential function (R2 = 0.99). The
calibration curve [i.e., fitted curve in Fig. 4(c)] can be used to
convert the Hb absorption spectral area to Hb concentration. We
further quantified the error in the calibration as the maximum
deviation of the measured Hb concentration in this phantom
study. In particular, we estimated the error in the calibration
curve using the data with l∗s = 350 and 673 µm. As shown in
Fig. 4(d), the measured Hb concentration is accurate when the
concentration is less than 1 mg/mL, regardless of the scattering
properties. As the Hb concentration increases, the measurement
error increases up to 20% at Hb = 3 mg/mL. At a measured
Hb concentration, the true value can reside in the gray region
between the two boundaries for l∗s = 350 and 673 µm. In the
typical range of the scattering properties of the mouse skin, the
simple spectral analysis can estimate a Hb concentration with
an estimated level of error.

C. Blood Vessel Phantom Experiments

In the vessel phantom experiment, we embedded a single tub-
ing filled with Hb solution in the scattering medium (τ = 10
under the sample surface). In the white light image [see Fig. 5(a)
inset], the embedded vessel is not visible through the scatter-

Fig. 5. Spectroscopic images of the vessel phantoms. (a) Hb content map
generated from the simple absorption spectral analysis [see (2)]. The inset is
the white light image obtained from our imaging platform. (b) Hb content
map generated from the conventional model-based algorithm [see (1)]. Our
absorption spectral analysis shows a similar Hb content map obtained from the
conventional spectral analysis.

Fig. 6. Images of the vessel phantoms under the patch of the mouse dorsal
skin. (a) White light image obtained from our imaging platform. (b) Hb content
map generated from our absorption spectral analysis.

ing medium. However, our Hb map generated from our spectral
analysis clearly depicts the location of the vessel embedded in
the medium. To validate our algorithm, we also applied the con-
ventional model-based algorithm to the dataset of this vessel
phantom experiment [6], [7]. We fit the spectrum of each pixel
from 500 to 630 nm using (1). To increase the fitting accu-
racy and to reduce the computational time, we also set Hb to
be completely oxygenated (i.e., we only include the absorption
coefficient of oxyHb ∈HbO2 ), because the Hb solution was ex-
posed to air. Fig. 5(b) shows that the Hb content map obtained
from the conventional algorithm depicts the location of the em-
bedded vessel, as similar as our algorithm. Both the Hb content
maps have similar concentration distributions. Therefore, this
validation supports the idea that our absorption spectral analy-
sis is an easy and effective method to map the Hb content for a
large data size. To further demonstrate that a blood vessel can
be clearly visualized through the entire skin, we used a patch of
mouse dorsal skin in the vessel phantom experiment. Although
the vessel is visible through the skin in the white light image
[see Fig. 6(a)], there is no quantitative information about the Hb
content. The Hb content map [see Fig. 6(b)] generated by our
algorithm enhances the image contrast of the phantom blood
vessel and clearly depicts the vessel underneath the skin, thus
providing a quantitative assessment of Hb content.
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Fig. 7. Images of the SCID mice with human melanoma xenografts. Images
of each row are from the same SCID mouse. (a) White light images of hu-
man melanoma assays in the SCID mice obtained from our imaging platform.
(b) Corresponding microvascular Hb content images generated from our ab-
sorption spectral analysis.

D. Pilot Animal Studies

To further test microvascular imaging system, we used
xenograft assays in SCID mice (see Fig. 7) and athymic nude
mice (see Fig. 8) and implanted ∼5 × 106 human melanoma
cells (SK-MEL-5) subcutaneously in the upper back region of
the mice. We imaged the SCID mice and athymic nude mice 8
weeks and 6–7 weeks after the subcutaneous tumor cell implan-
tation, respectively. In Figs. 7 and 8, white light images (left
panels) show the locations of the melanoma xenografts, while
microvascular Hb images (right panels) show physical maps
of subcutaneous microvascular Hb content through the mouse
skin. Overall, our microvascular images reveal that the spatial
extents of microvascular Hb content are significantly larger than
the tumor sizes that can be estimated from routine visual exam-
ination. Interestingly, although the microvascular images show
highly elevated in microvascular blood content on the tumor
implantation as expected, tumor microvasculature is extremely
heterogeneous. Given that microvascular alterations are indis-
pensable participants in tumor growth, our detailed Hb images
can be used to investigate the exact spatial extent of this critical
tissue process.

V. DISCUSSION

Our imaging approach can potentially compromise two typ-
ical hyperspectral imaging methods to image relatively large
tissue areas: 1) full-field illumination and 2) probe scanning
[28], [29]. In the full-field illumination approach, light scattered
from tissue is collected after its 3-D propagation within the tis-
sue, which in turn generates crosstalk among adjacent pixels. As

Fig. 8. Images of the athymic nude mice with human melanoma xenografts.
Images of each row are from the same nude mouse. (a) White light images of
human melanoma assays in the athymic nude mice obtained from our imag-
ing platform. (b) Corresponding microvascular Hb images generated from our
absorption spectral analysis.

a result, local optical properties can be averaged out. Although
raster scanning of a probe can cover a large area and avoid the
crosstalk between each location, its large individual sampling
size (∼1 mm) does not allow imaging detailed alterations. In
addition, different illumination-collection geometry of the fiber-
optic probe can render the disparity of the spectral line shape
between full-illumination and probe scanning methods [30].
On the other hand, in our imaging platform, back-directional
gating allows the high anisotropic property of tissue to serve
as the waveguide to exclude a significant amount of diffuse
light. Therefore, simple back-directional gating offers reduced
crosstalk among adjacent pixels, taking advantage of the intrin-
sic property of biological tissue. In addition, a small aperture
in back-directional gating yields a large depth of field, and sub-
sequently, improves the image quality over a relatively large
area, which is indispensable for imaging an uneven surface,
such as xenograft animal models. Given that the implementa-
tion of back-directional gating is straightforward, we expect that
this concept can be applied to other full-field optical imaging
modalities.

In our imaging approach, the spectral algorithms in the pre-
vious spectroscopic technologies would not be appropriate, be-
cause approximately 60 000 spectral analyses are required to
generate one spectroscopic image. The conventional model-
based spectral analyses (e.g., point measurements) are typically
performed using high SNR spectral signals that are recorded
over a relatively large volume. In this case, the SNR of spec-
tral signals is high. However, our spectral signals are relatively



822 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 16, NO. 4, JULY/AUGUST 2010

noisy, because our detection volume at each (x, y) location is
relatively small. To overcome this limitation, our absorption
spectral analysis uses a large spectral span and a broadband ab-
sorption band to quantify the absorption content, and thus, it
is less sensitive to spectral noise resulting from the relatively
small detection volume. For example, in our vessel phantom
experiments, the Hb content map generated by the conventional
spectral analysis shows a distorted outline of the phantom ves-
sel [see Fig. 5(b)], while our spectral analysis shows the actual
straight profile of the vessel [see Fig. 5(a)]. Although our spec-
tral analysis is slightly affected by the optical properties of the
tissue within a typical range of the scattering properties, it can
provide a relatively accurate spatial extent of Hb content over
a relatively large area with a known level of the error. The
precision of our spectral analysis at a low level of Hb concen-
tration is high, which would be beneficial for accurate detection
of microvascular alterations during early carcinogenesis. More
importantly, compared to the conventional model-based algo-
rithm, our absorption spectral analysis offers a significantly
fast processing time for a large 3-D dataset. With our 3-D
dataset (e.g., ∼250 × 250 × 250 in double precision floating-
point format), our absorption spectral analysis requires less than
2 min using MATLAB (version 7.8 64-bit, the Mathworks) on
a Sun Ultra 27 workstation (MS Windows XP Professional x64
Edition, Quad-Core Intel Xeon W3570 Processor 3.2 GHz, and
12 GB RAM), while the conventional spectral analysis requires
nearly 3 h.

A limitation of our pilot animal study is that we did not com-
pare our microvascular images with images from other optical
imaging modalities, in part, because our imaging system intends
to fill the gap between microscopic imaging and whole-body
small-animal imaging. Another limitation in our visualization
of microvascular Hb content is that the localized Hb content
is averaged over the bulk volume. To overcome this limitation,
polarization-sensitive illumination and detection could be used
to have enhanced depth-selectivity [8], [31], [32]. For exam-
ple, in our imaging platform, cross-polarized detection could
potentially target the subcutaneous depth of the mice.

VI. CONCLUSION

We have developed a large-area spectroscopic imaging plat-
form to quantify subcutaneous microvascular Hb concentration
through high anisotropic scattering media, such as the mouse
skin. The main characteristics of our imaging methodology in-
clude 1) diffuse light suppression by back-directional gating
using the intrinsic property of highly anisotropic biological tis-
sue; 2) a simple absorption spectral analysis for instantaneous
imaging of microvascular Hb content in a relatively large tis-
sue; and 3) the combination of back-directional gating and the
spectral analyses for improving imaging resolution, contrast,
and depth. We have demonstrated the feasibility of our imaging
platform to rapidly map subcutaneous microvascular Hb con-
tent of xenografts of human tumors in the athymic nude mice
and the SCID mice. Our imaging approach has potential to be
used for evaluating the spatial and temporal extents of microvas-
cular alterations, thus offering a representative assessment for

angiogenesis for anticancer drug development and evaluation.
Indeed, our simple, but effective, imaging platform can facil-
itate widespread utilization of optical techniques to quantify
microvascular abnormalities in preclinical settings. In addition,
back-directional gating can be implemented into other full-field
optical imaging modalities, such as whole-body fluorescence
imaging.
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