Hyperspectral Fluorescence Imaging for
Mouse Skin Tumor Detection

This paper presents a hyperspectral imaging technique
based on laser-induced fluorescence for non-invasive detection
of tumorous tissue on mouse skin. Hyperspectral imaging
sensors collect image data in a number of narrow, adjacent
spectral bands. Such high-resolution measurement of spectral
information reveals contiguous emission spectra at each image
pixel useful for the characterization of constituent materials.
The hyperspectral image data used in this study are
fluorescence images of mouse skin consisting of 21 spectral
bands in the visible spectrum of the wavelengths ranging from
440 nm to 640 nm. Fluorescence signal is measured with the
use of laser excitation at 337 nm. An acousto-optic tunable
filter (AOTF) is used to capture images at 10 nm intervals. All
spectral band images are spatially registered with the
reference band image at 490 nm to obtain exact pixel
correspondences by compensating the spatial offsets caused
by the refraction differences in AOTF at different wavelengths
during the image capture procedure. The unique fluorescence
spectral signatures demonstrate a good separation to
differentiate malignant tumors from normal tissues for rapid
detection of skin cancers without biopsy.
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1. Introduction

Cancer is the second leading cause of death in the United
States, exceeded only by cardiovascular diseases [1]. About
one million new cancer cases are expected to be diagnosed and
about a half million Americans die of cancer every year. These
estimates do not include approximately 1.3 million cases of
basal and squamous cell skin cancers that exist in the same
time period. Cancers that develop from melanocytes, the
pigment-producing cells of the skin, are called melanomas.
Melanomas can spread quickly to other parts of the body
through the lymph system or through the blood. For most skin
cancer patients including melanoma and non-melanoma skin
cancers, early diagnosis and thorough treatment such as
complete resection are the keys to gaining a favorable
prognosis.

Current diagnostic methods for skin cancers rely on physical
examination of lesions in conjunction with skin biopsy, which
involves the removal of tissue samples from the body for
examination. Biopsy of large lesions often requires substantial
tissue removal. Though this protocol for skin lesion diagnosis
has been accepted as the gold standard, it is subjective, invasive,
and time-consuming. Laboratory results for the determination
of histopathology of a suspected tumor may generally take
several days. Since suspicious areas are identified by visual
inspection alone, there are a significant number of false
positives that undergo biopsy. Conversely, many malignant
lesions can also be overlooked. There is an urgent need for
objective criteria that would aid the clinician in evaluating
whether biopsy is required.

Optical techniques such as laser-induced fluorescence
spectroscopy [2], [3] have been suggested as an effective tool
in medical diagnostics. Spectroscopy offers an instant, non-
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invasive diagnostic method to detect skin tumors, a typical
symptom of skin cancer, based on the spectral properties of
tissue [4], [S]. An optical device that combines fluorescence
spectroscopy, white light diffuse reflectance spectroscopy, and
video imaging has been developed for early detection of
cervical cancers [6]. A three-dimensional volume of data in
spatial and spectral space characterizes a hyperspectral image.
A hyperspectral image contains spatial (x, y) information
measured at a sequence of narrow-band wavelengths across a
sufficiently broad spectral (z) range. Hyperspectral imaging
sensors provide contiguous spectral signatures obtained from
dozens or hundreds of narrow spectral channels. This enables
hyperspectral imaging to reveal more useful information for
material identification than conventional imaging techniques
[7], [8]. Different tissues exhibit unique spectral characteristics
of absorption and reflectance at particular bandwidths [9]. With
high resolution and multiple spectral bands, subtle differences
in the signature characteristics of tissues can be identified [10].

This paper presents a hyperspectral fluorescence imaging
technique based on laser-induced fluorescence for non-invasive
detection of tumorous tissue on mouse skin. Laser-induced
fluorescence imaging techniques are generally regarded as
sensitive optical tools and have proven to be useful in a number
of scientific areas [10], [11]. Fluorescence is a phenomenon that
begins when light is absorbed by a molecule at a given wavelength
and concludes when that molecule emits light at a longer wavelength.
The fluorescence imaging described in this paper involves
excitation of fluorophores within a tissue medium by an
external ultraviolet light source. Excitation with ultraviolet light
results in the emission of fluorescence. There are a number of
compounds that emit fluorescence in the visible spectral range when
excited with ultraviolet radiation. The altered biochemical and
morphological state of the neoplastic tissue is reflected in the
spectral characteristics of the measured fluorescence. The
spectral signatures of hyperspectral fluorescence imaging are
compared to a traditional point spectroscopic analysis of the
same mouse sample to validate the proposed method.

II. Hyperspectral Fluorescence Imaging for Skin Tumor
Detection

1. Imaging System Setup

The Advanced Biomedical Science and Technology Group
at Oak Ridge National Laboratory (ORNL) in Tennessee has
developed advanced instrumentation for hyperspectral imaging
of reflectance and fluorescence for a wide variety of
applications including environmental sensing [12] and medical
diagnostics [13], [14]. For this study, the hyperspectral imaging
system has been further adapted for skin cancer diagnostics.
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Figure 1 shows a schematic diagram of hardware components
of the ORNL hyperspectral imaging system used to obtain
hyperspectral images. This system consists of fiber probes for
image signal collection, an endoscope, an acousto-optic tunable
filter (AOTF) for wavelength selection, a laser excitation
source, an endoscopic illuminator (model Olympus CLV-10)
equipped with a 300 watt CW Xe arc lamp source, a charge-
coupled device (CCD) color camera (model Sony CCD-Iris)
for reflectance detection, an intensified charge-coupled device
(ICCD) camera (model IMAX-512-T-18 Gen. II) for
fluorescence imaging, and a spectrometer for single point
spectroscopic measurements.
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Fig. 1. Hardware components of the ORNL hyperspectral imaging
system.

2. Hyperspectral Image Data Acquisition

Both fluorescent and reflected light are collected through the
endoscope into the AOTF device via collimating lenses. A
mirror placed in front of the AOTF projects the acquired
images onto the ICCD camera for fluorescence imaging and
onto the CCD camera for reflectance measurement. Excitation
for the reflectance images is accomplished using an endoscopic
illuminator. The reflectance light source was coupled to a
gastrointestinal endoscope (Olympus T120) equipped with an
imaging bundle. Excitation for the fluorescence spectra and
images is accomplished using a LSI pulsed nitrogen laser
(model VSL-337) with a maximum repetition rate of 20 Hz.

The fluorescent light emitted by the tissues is diffracted by
the AOTF (Brimrose TEAF10-0.4-0.65-S) at a 6° angle from
the undiffracted (zero-order) beam thus separating the reflected
image from the fluorescent image. Individual wavelengths
diffracted by the AOTF are thus sent to the ICCD. A Brimrose
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AOTF controller (model VFI-160-80-DDS-A-C2) controls the
AOTF. The controller sends a radio frequency (RF) signal to the
AOTF based on input provided by the Brimrose software.
Wavelength selection takes place in microseconds enabling ultra-
fast modulation of wavelength output to the ICCD. Images of 21
spectral bands were taken in the visible spectrum region from
440 nm to 640 nm at every 10 nm spectral resolution.

Fluorescence images were acquired by gating the intensified
ICCD camera. A timing generator incorporated into the ICCD
camera’s controller (ST-133) allowed the ICCD to operate in
the pulsed mode with a wide range of programmable functions.
A 500 ns delay between the laser trigger and the detector
activation was programmed to synchronize the laser and the
detector. ' The intensifier was gated for 500 ns during which a
5 ns laser pulse was delivered to the tissues. An image was
captured 20 times per second, integrated by internal software,
and output to a screen once per second. This allows real-time
fluorescence  detection.  Single  point  spectroscopic
measurements were taken to validate the experimental results.
These measurements were taken at corresponding locations to
the fluorescence imaging data. A compact fiber optic
spectrometer (Ocean Optics USB2000), which covers the 360
to 1000 nm wavelength range, was used as the wavelength
selection device instead of AOTF.

The hyperspectral image data used in this experiment are
laser-induced fluorescence images taken from a mouse sample
at ORNL. An adult mouse was injected subcutancously with
100 pL of Fischer rat 344 rat tracheal carcinoma cells (IC-12)
to induce tumor formation. A nude mouse was used to allow
the implanted cancer cells to be able to grow due to the lack of
an immune system in the animal. The lack of hair on the mouse
enabled imaging directly without the need for depilation. The
subdermal injection was done as close to the skin surface as
possible to allow tumor formation close to the skin surface.
This also allowed experiments to be performed in vivo rather
than after tissue extraction. Experiments performed on whole
animals are a vast improvement over those performed on tissue
samples due to closer simulation of in vivo human cancerous
conditions. After injection, the nude mouse was incubated for a
period of four days to allow tumor formation to occur. Once a
tumor was observed of approximately 1 cm, the mouse was
anesthetized for approximately 30 minutes to permit data
collection. After data collection, the mouse was humanely
sacrificed to avoid undue suffering. The ORNL committee on
the ethical treatment of animals acted as a governing body on
all matters concerning animal testing and all work was done
under Internal Animal Care and Use Committee (IACUC)
#A3170-01. Strict protocols advised by the committee were
followed when dealing with animals.

The measured hyperspectral fluorescence images consist of
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165x172 pixels with 21 spectral bands from the wavelength 4;
(440 nm) to A (640 nm) at 10 nm spectral resolution in the
spectral region. Such a high spectral resolution provides
sufficient information for precise study of tumor detection.
Figure 2(a) shows a reflectance image of a skin tumor region
taken from a mouse sample. Figure 2(b) shows a fluorescence
image of the sixth spectral band (490 nm) of the same tumor spot.
The lower part of the fluorescence image (a bright U-shaped
area) corresponds to normal tissue, while the dark area above the
normal tissue reveals a tumor region as indicated in Fig,. 5.

(a) (b)

Fig. 2. Tumor region of a mouse skin sample. (a) Reflectance
image and (b) fluorescence image at wavelength 490 nm.

3. Registration of Spectral Band Images

Original spectral band images captured by the hyperspectral
imaging system are not spatially aligned since AOTF diffracts
the light at different wavelengths [15], [16]. An AOTF is an
optical bandpass filter whose passband can be electronically
tunable using the acousto-optic interaction inside an optical
medium whose refractive index is changed by an acoustic wave.
Acousto-optics involves the interaction of sound and light in
dielectric materials. When the sound propagates through a solid
or liquid, compressions are created in the material that cause
variable refraction of the passing light, pulling color features
from it. Filters can be used to pass light with either a single
wavelength or multiple wavelengths, depending on the RF
signals applied generating acoustic waves. A piezoelectric
oscillator bonded to an acousto-optic medium converts a high-
frequency electrical signal into an ultrasonic wave. The AOTF
allows the user to select and transmit a single wavelength from
the incoming light. The acoustic wave produces a wavelength-
selective single-tone grating in the AOTF transducer that can be
varied by simply changing the acoustic frequency. The RF
amplitude level applied to the transducer controls the filtered
light intensity level. The AOTF has a dynamic range of 400 to
650 nm with a 10 mm %10 mm aperture and a spectral resolution
of 1 to 2 nm. The AOTF shows a fast response time (in ps), is
accurate, and exhibits a high extinction ratio.
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The AOTF produces spatial offset between neighboring
spectral band images. Figure 3(a) shows the amount of offsets
at different wavelengths that the AOTF generates during the
image capturing procedure. The offsets are estimated by
maximizing the mutual information between the given band
images and the reference band image. The spectral band of the
wavelength 490 nm was selected as a reference band with zero
offset. A positive (negative) offset value indicates that the band
image is shifted to the left (right) by the amount of pixels with
respect to the reference band. Figure 3(b) illustrates that a
spectral band image at 540 nm is spatially co-registered with
the reference image at 490 nm after translating the 540 nm
image to the left by the amount of offset (14 pixels).

All the spectral band images are spatially co-registered with
the reference band image at 490 nm to obtain exact pixel-to-pixel
correspondence by eliminating the offsets before extracting spectral
signatures. Figure 4 shows eight sample spectral band images
from wavelengths 450 nm to 590 nm after the registration
discussed above. The reference spectral band at 490 nm gives the
strongest response in terms of fluorescence intensity.
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Fig. 3. (a) The amount of spatial offsets of spectral band images
caused by the AOTF with respect to the reference band at
490 nm and (b) registered band images of 490 nm and
540 nm.
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Fig. 4. Spectral band images from the wavelengths of 450 nm to
590 nm.

II. Spectral Characteristics of Normal Tissue and
Malignant Tumor

Experiments with a mouse sample having a tumor region
provide an illustration of the potential of the proposed
hyperspectral fluorescence imaging technique for iz vivo skin
cancer diagnosis. Optical imaging of reflectance demonstrates
nearly uniform responses to both normal tissue and skin tumor
areas, which makes visual classification of malignant tumors
difficult based on reflectance images. Figure 5 visualizes a
mosaic of reflectance image and fluorescence image at the
wavelength of 490 nm. A mouse tumor expert at ORNL
verified the tumor location on the mouse skin. Fluorescence
shows better discrimination for a skin tumor region. The
fluorescence component shows a stronger response to normal
tissue in comparison to the tumor region. Normal tissue
corresponds to the bright U-shaped area with stronger
fluorescence intensity. The relatively darker area in fluorescence
intensity marked by a circle above normal tissue indicates a
malignant tumor region.

»

Fig. 5. Mosaic of fluorescence and reflectance images. A circular
region was identified as a malignant tumor by a tumor
expert. Fluorescence intensity of the tumor region shows
weaker response than that of normal tissue.
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Hyperspectral image data can be represented by a three-
dimensional (3-D) cube of data I(m, n, 4;), where (m, n) denotes
the spatial coordinates of a pixel location in the image and /;
denotes a spectral band (i =1, 2,-++, L), where L is the number
of spectral bands (L = 21). Each pixel in the hyperspectral
image can be represented as a spectral signature vector
x=(x1,"**, x), where x; denotes an i-th spectral component. For
hyperspectral fluorescence measurements, the choice of the laser
excitation wavelength is important. In this study, an N-pumped
laser at wavelength 337 nm was used as an excitation source of
the fluorescence signal. A nitrogen laser provides the lowest
excitation wavelength of 337 nm that corresponds to the highest
energy. Longer wavelengths can be selected for excitation by
using the tunable dye laser system. However, the use of shorter
wavelengths tends to excite more components in tissues. This
wavelength produces fluorescence spectra of spectral signatures
useful to discriminate between normal and malignant tissues.

Figure 6 shows fluorescence spectra taken from a mouse
sample in terms of two categories of interest: normal tissue and
malignant tumor. The spectral signatures show a peak response
near the wavelength 490 nm while the fluorescence intensity of
malignant tumor is weaker than that of the normal tissue. The
higher fluorescence intensities in the normal tissue can be
attributed to several factors, depending on what collection
wavelength region is being described. In the wavelength region
of 450 nm to 510 nm, the higher fluorescence intensity seen in
the normal tissues is due primarily to a decrease in collagen
and elastin from normal to malignant tissues and a decrease in
nicotinamide adenine dinucleotide (NADH) levels in the
malignant tissues. The decreases in fluorescence seen in the
images in the wavelength region between 500 nm and 600 nm
can be attributed to the whole blood absorption in this region
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Fig. 6. Spectral signature of normal tissue and malignant tumor.
The fluorescence intensity is measured with a laser
excitation at wavelength 337 nm.
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Fig. 7. Fluorescence spectra normalized with respect to the area
under the spectral curve. (a) Normal tissue and (b)
malignant tumor.

[17]. An increase in blood volume in the malignant tissues
causes more of the fluorescence from fluorophores such as
lipo-pigments and flavins to be absorbed.

The intensity of the fluorescence signal may not be a
consistent parameter according to several factors such as blood
flow, hemoglobin absorption, and surface morphology. The
distance between the tissue surface and probe can also affect
the intensity of recorded fluorescence signal. Spectral profiling
reveals more consistent tissue characteristics. Figure 7
illustrates the spectral signature curves of normal tissue and
malignant tumor normalized with respect to the area under the
curve. The normalization procedure significantly reduced the
within-class The spectral signatures after
normalization demonstrate a good separation to differentiate
malignant tumors from normal tissues.

To compare the spectral signature curves of Fig. 7 to a
traditional point spectroscopic analysis, point spectroscopic
measurements were taken from the same mouse and are shown
in Fig. 8. We made 559 measurements of fluorescence intensity
for each curve from 440 nm to 640 nm at a 0.36 nm interval.
Notice the similarity between the normal and malignant

variances.
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spectral signature curves of Fig. 7 and the point spectroscopic
curves of Fig. 8. A peak in the normal and malignant spectral
signature data is observed around 490 nm in Fig. 7 and is
confirmed by the point spectroscopic data of Fig. 8. This
agreement in spectral information lends credence to our
imaging system’s capability of spectral discrimination.
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Fig. 8. Point spectroscopic measurements of the mouse tissue
sample. (a) Raw data and (b) normalized spectral
signatures with respect to the area under the curve.

IV. Conclusions

This paper presents a hyperspectral fluorescence imaging
technique for non-invasive detection of malignant tumors on
mouse skin. Skin tumors are often not as visually obvious as
other pathological diseases since their signature appears as shape
distortion rather than discoloration. This makes tumor detection
difficult based on reflectance images. Hyperspectral fluorescence
imaging reveals high-resolution spectral information useful for
the classification of malignant skin tumors. Fluorescence data
captured by the hyperspectral imaging system involves a higher
level of contrast and thus provides a greater possibility of
detecting tumors. Hyperspectral images generated by acousto-
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optic tunable filters typically demonstrate spatial offsets between
the band images. The offsets are estimated using the mutual
information of the given band and the reference band image at
490 nm. All the band images are spatially registered to obtain
exact pixel correspondences by compensating the offsets. Raw
spectral signatures measured from a mouse sample are
normalized with respect to the area under the curve. Normalized
fluorescence intensities significantly reduce the within-class
variances and demonstrate distinguishable features of relative
intensity differences to discriminate malignant tumors from
normal tissues. For example, the ratios of the peak intensities at
490 nm and 440 nm are 0.4 for tumor and 0.8 for normal tissue,
twice as much as the tumor case. This data was corroborated
with point spectroscopic measurements. The proposed
hyperspectral fluorescence imaging technique can lead to the
development of non-invasive in vivo detection of skin cancer
without the need of tissue biopsy.
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