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ABSTRACT Hyperspectral imaging is a powerful label-free imaging technique that provides topological
and spectral information at once. In this work, we have designed and characterized a hyperspectral source
based on the chromatic dispersion property of off-the-shelf lenses and converted a supercontinuum laser
light source into a hyperspectral imaging light source for 490 nm to 900 nm wavelength range with a spectral
resolution of 3.5 nm to 18 nm respectively. The potential of the source was demonstrated by imaging two
color dots with different absorption bands. Further, we generated the hypercube of the lily ovary and dense
connective tissue and measured their spectral signature as a function of wavelength. We also imaged the
lower tongue of a healthy volunteer at 540 nm, 630 nm, and white light. Our simple hyperspectral light
source design can easily be incorporated in a standard endoscope or microscope to perform hyperspectral

imaging.

INDEX TERMS Biomedical optical imaging, chromatic dispersion, hyperspectral imaging, light sources,

spectroscopy.

I. INTRODUCTION

Optical microscopy has been a method of choice in the
medical field for the topographical information of the tissue
for more than 300 years [1]. Over the decades, researchers
have been trying to improve disease diagnosis by developing
and improvising different imaging techniques. In the field of
biomedical imaging, microscopy can be broadly categorized
into two parts; label-free and labeled imaging. For label-free
imaging, the sample is illuminated with light and imaged
using techniques such as wide-field microscopy, narrowband
imaging [2], phase-contrast imaging [3], optical coherence
tomography [4], X-ray computed tomography [5], magnetic
resonance tomography [6], etc. Being less invasive, label-free
imaging techniques are quite attractive compared to labeled
imaging techniques but suffer from poor contrast. Labeled
imaging techniques improve the imaging contrast by staining
different parts of the sample with dyes and then imaging with
techniques such as confocal microscopy [7] or fluorescence
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imaging [8]. Nevertheless, the quest to develop high contrast
label-free imaging techniques is still on. Hyperspectral imag-
ing (HSI) is one such technique that can achieve this ambi-
tious goal by utilizing the inherent chromophores within
a biological sample. HSI has existed for several decades
[9]-[16] but only recently it has been applied in the biomed-
ical field where it can prove as an intelligent tool for identi-
fying anomalies in the tissue [17].

A typical hyperspectral data consists of a series of
two-dimensional images, acquired at adjacent wavelengths.
So, one dataset, also known as a hypercube, is a three-
dimensional data set consisting of spatial or intensity infor-
mation in two dimensions and spectral information in the
third dimension. Since HSI requires the sample to be
imaged at several contiguous wavelengths, the choice of the
light source becomes important. For remote sensing of the
earth [9], [10], [13], the sun provides the required broad-
band spectrum while in the lab or industrial settings, more
specialized light sources such as Xenon arc lamp [18], [19],
Mercury lamp [19], Halogen lamp [20]-[23], supercon-
tinuum laser [24]-[26] in the visible and near-infrared
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spectrum (400 nm — 2500 nm) and synchrotron radiation
source [27], [28] in the mid-infrared spectrum have been
used. Light-emitting diodes which are cheaper compared
to other light sources have also been used to perform
HSI [29]-[31] but because of their narrowband emission,
several diodes centered at different wavelengths are required
to cover a broadband illumination.

Hyperspectral imaging can be performed in two ways,
simultaneous broadband illumination or sequential narrow-
band illumination of the sample. For the first method,
the sample is illuminated with a broadband light source and
then the data is acquired for spatial information at each point
or in a line while using a spectrometer in detection, making
it a whiskbroom [32]-[34] or push-broom [35]-[37] method
respectively. For techniques using narrowband illumination
such as based on liquid crystal [38], or acousto-optic fil-
ter [39]-[41], a narrow band light source that is used to
illuminate the sample. The data is collected sequentially
while changing the central wavelength of the filtered spec-
trum. In an acoustic-optic tunable filter (AOTF) based hyper-
spectral imaging source, a radio frequency (RF) acoustic
wave is applied to a birefringent crystal through an attached
piezoelectric transducer, which sets up a moving diffraction
grating. The incident light is diffracted by the traveling
acoustic wave and produces a diffracted beam at a particular
wavelength, given by the phase-matching condition. The
wavelength of the diffracted light can be changed by changing
the applied RF frequency. The spectral resolution of the
diffracted beam depends upon the acousto-optic (AO) interac-
tion length and the difference in an ordinary and extraordinary
refractive index of the crystal. Although a high spectral res-
olution can be achieved using the AOTF mechanism at video
rates, it makes the system expensive and cumbersome with
the need for RF power supply, piezo-electric transducer, and
non-linear crystals, etc. In an HSI source using a liquid crystal
tunable filter, the filtering mechanism is achieved by applying
a multistage polarization interference filter with an added
liquid-crystal waveplate in each stage, which allows one
to control the retardance electronically. The inner surfaces
of the liquid crystal cells are prepared in a way that the
molecules have a preferred orientation parallel to the surface.
When a voltage is applied across the electrodes of the liquid
crystal, the molecules of the cells align towards the applied
field and as a result, the retardance of the liquid crystal
waveplate reduces and an electronically adjustable retardance
is obtained. One may achieve the spectral resolution of the
order of 10 nm using this method but it also requires a
complicated filter mechanism to achieve a stable HSI source.

In yet another class of spectral imaging, which is similar
to HSI and called multispectral imaging (MSI), the light
from the source is filtered using a series of bandpass fil-
ters [42], [43]. In the case of bandpass filter-based MSI
source, bandpass filters of different wavelengths are mounted
on some mechanical or automated filter wheel and images
are acquired by rotating the wheel for each filter sequentially.
This is a simple and effective way of achieving MSI source,
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FIGURE 1. Zemax simulation of the HSI imaging system using a f =

2.7 mm focal length lens, a 0 focal length lens, and a meniscus lens for
compensating the spherical aberrations. The zoom of the focal region is
shown in the inset.

but the spectral resolution is limited to the bandwidth of
the filters and several filters are needed to cover the whole
imaging wavelength band. MSI has also been realized with
multiple light-emitting diodes [44]. Compared to HSI, MSI
does not allow to reconstruct the sample images with high
spectral resolution.

Recently, Chromatic confocal microscopy [45]-[47] has
been demonstrated which utilizes the chromatic dispersion
property of lens material to spectrally separate different
wavelength components axially to enhance the imaging
range of a confocal microscope. A similar methodol-
ogy can be applied to a broadband laser light source
such as a supercontinuum laser, to achieve a tunable
hyperspectral imaging light source over a wide wave-
length range. Owing to their broadband spectrum covering
visible/near-infrared or mid-infrared spectrum, supercontin-
uum lasers have already diffused into several fields such
as HSI [24]-[26], optical coherence tomography [48]-[50],
chromatic confocal microscopy [46], [S1], [52], fluorescence
microscopy [53], [54], spectroscopy [55], [56], etc. To the
best of our knowledge, the use of chromatic dispersion of
lens material for the development of a hyperspectral imaging
light source has not been demonstrated. In this work, using
a supercontinuum laser, we designed and developed a simple
yet robust HSI light source based on the chromatic dispersion
property of lenses without any need for an active filter
mechanism.

Il. MATERIALS AND METHODS

The design of our chromatic dispersion-based hyperspectral
imaging source was first simulated using a commercially
available optics simulator software Optic studio (Zemax).
As shown in Figure 1, the chromatic aberrations were intro-
duced using a short focal length aspheric lens (f = 2.97 mm)
and a long focal length aspheric lens (f = 32.1 mm).

The two lenses were placed at a separation of 35 mm.
Although a good axial separation between different wave-
length components was obtained using these two lenses,
the focused spot suffered from spherical aberrations, reduc-
ing the coupling efficiency to an optical fiber. To overcome
the spherical aberrations and improve the focal spot quality,
we used a meniscus lens to allow tight focusing and easy
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FIGURE 2. Experimental set-up for hyperspectral imaging source
generation. Mirror (M1, M2), Lens (L1, L2, L3), Personal computer (PC).

coupling of light into an optical fiber for further applications.
The meniscus lens was placed at a distance of 20 mm from
the long focal length lens and the light was focused at around
58 mm behind the meniscus lens, giving enough working
distance to couple light further into an optical fiber.

To experimentally apply this concept, we used a super-
continuum laser source (SCLS) (SC-OEM, YSL Photonics,
China) as our primary light source because of its broadband
emission from 400 nm to 2300 nm. The schematic of the
experimental setup is shown in Figure 2.

The light from the SCLS is steered using mirrors M1 and
M2. SCLS is a broadband light source with a wave-
length ranging from 400 nm to 2300 nm. Since natu-
rally occurring chromophores provide higher contrast in the
visible-near infrared spectrum, we designed our source to
cover these wavelengths only. Therefore, a dichroic mirror
(M1) (DMLP90O0T, Thorlabs Inc., New Jersey, USA) was
used as a filter to reflect the wavelengths between 400 nm
and 900 nm and transmit the rest of the spectrum, which was
blocked using a beam block. This reflected light from the
mirror M2 was incident on a lens combination of L1 (355660-
B, Thorlabs Inc. New Jersey, USA) and L2 (ACL4532U-B,
Thorlabs Inc. New Jersey, USA) for introducing the chro-
matic aberration. A meniscus lens (LE1985-B, Thorlabs Inc.
New Jersey, USA) L3 was placed 20 mm away from lens
L2 for compensating the spherical aberrations. A multimode
(SMF 28) fiber was mounted on a translation stage to collect
the axially dispersed light where the core of the fiber worked
as a pinhole. At one position of the translation stage, one
wavelength band (limited by the coupling efficiency) was
coupled in the fiber. The central wavelength of the coupled
wavelength band could be adjusted by translating the fiber
in z-direction using a translation stage translated using an
actuator (Z812B, Thorlabs Inc. New Jersey, USA) with an
accuracy of 29 nm. A commercial spectrometer (ATP2000P,
Optosky) was used for measuring the spectrum of the HSI
source, which was connected to the computer for data acqui-
sition and further processing.

The HSI source was characterized by measuring the wave-
lengths coupled as a function of distance and the bandwidth
of the coupled wavelengths. The capability of the HSI source
was demonstrated by imaging cyan and magenta dots printed
on paper. The paper was illuminated with an HSI source
and the images of the dots were acquired using a CCD
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FIGURE 3. Experimental design for hypercube generation in transmission
geometry.

camera (CGE-BO13-U Mightex, Ontario, Canada) in reflec-
tion. It should be noted that, at a time, only one wavelength
band centered around a certain wavelength is used to illu-
minate the sample. Images at different central wavelengths
are acquired sequentially while translating the translational
stage (Figure 1) which allows different wavelength bands to
couple to the sample illumination fiber. Further, the potential
of the source was tested by measuring the available fast green
stained lily ovary and hematoxylin and eosin (H&E) stained
dense connective tissue. To prepare the hypercube for these
samples, we illuminated the slides at different wavelengths
ranging from 490 nm to 900 nm using our hyperspectral
source and imaged the sample using a 10x objective (43-907,
Edmund Optics, UK) and a CCD camera (CGE-B013-U,
Mightex Systems, USA), as shown in Figure 3. From the
hypercube, normalized absorption was measured for the cell
nucleus of the lily ovary sample as a function of wavelength.
For the H&E stained dense connective tissue sample, a nor-
malized absorption at the cell nucleus and surrounding tissue
as a function of wavelength was measured.

We also imaged the lower tongue of a healthy volunteer at
540 nm, 630 nm, and white light using an endoscopic cam-
era (BO83YXRHX7, Ballylelly) with a resolution of 640 x
480 pixels. In all the experiments, we have followed our
institutional policies for the use of human subjects and ani-
mals. Experiments on the lower tongue were performed as a
self-test on the author of the manuscript.

IIl. RESULTS

The simulated result for the focal position and ray spot dia-
gram of three different wavelength components of the light
(500 nm, 700 nm, and 900 nm) as a function of distances are
shown in Figure 4.

Using the chromatic aberrations of the lens combination,
the 500 nm light is focused around —4.0 mm, 700 nm light at
0 mm, and the 900 nm light is focused at +4.0 mm position,
giving a total separation of 8 mm approximately. A separation
of 8 mm is a reasonable spectral separation of the different
wavelength components to be coupled separately into an
optical fiber.

We experimentally verified this simulation by traversing
the translation stage and scanning the optical fiber across the
Z-axis, which allowed different wavelength components to
be coupled into the optical fiber, as shown in Figure 5 (a).
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FIGURE 4. Simulated focal spot for 500 nm, 700 nm, and 900 nm as a
function of distance. The focal position of the individual wavelengths is
indicated by the asterisk sign.
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FIGURE 5. HSI source characterization. (a) Simulated and experimental
data plotted between the wavelength and the focal distance. (b) The
bandwidth of the coupled light measured by the spectrometer at the exit
end of the optical fiber.

Experimentally, a spatial separation of 8 mm was obtained
for a wavelength range of 500 nm to 900 nm (plotted in
red in Figure 5 (a)), which matches well with the simulated
results (plotted in black color in Figure 5 (a)). For further
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FIGURE 6. The image (a) of the cyan and magenta dots printed on a white
paper illuminated with (b) 630 nm (c) 540 nm.

characterization purposes, we measured the bandwidth of the
fiber-coupled light at different wavelengths using a commer-
cial spectrometer. For the central wavelength of 500 nm, a
bandwidth of 3.5 nm was measured and it increased with
the increase in the central wavelength. For 900 nm central
wavelength, the measured bandwidth was found to be 18 nm.
The bandwidth of the coupled light to the fiber is lower for the
visible wavelengths compared to the NIR wavelengths which
happen because of the nonlinear chromatic dispersion of the
lenses used in our system. As can be seen from Figure 5(a),
visible wavelengths are focused farther apart compared to the
NIR wavelengths, which leads to a narrowband coupling for
visible wavelengths with respect to the NIR wavelengths.
The linear motion of the translational stage in the system
allows us to continuously change the central wavelength. The
precision with which the central wavelength can be changed
is limited by the minimum step size of the stage movement
and the stability of the laser power spectrum. For instance,
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FIGURE 7. Hypercube generated using HSI for (b) Lily ovary, and
(d) dense connective tissue. Normalized absorption plotted as a function
wavelength measured at the locations indicated by the circle, for

(a) stained cell nucleus in the lily ovary, and (c) stained cell nucleus and
surrounding tissue for dense connective tissue.

in the visible range, the central wavelength changes from
500 nm to 600 nm, when the stage moves approximately
by 4 mm. This corresponds to a change of approximately
0.001 nm in the central wavelength at an incremental step
size of 29 nm; minimum step size of the translational stage.
However our spectrometer has a resolution of 0.2 nm only,
thus we could only measure the central wavelength of the
light source with 0.2 nm precision. Using the translational
stage and measuring with the spectrometer we were able to
change the central wavelength of coupled light to the fiber
with a precision of at least 0.2 nm making it an HSI source.

Once characterized, to demonstrate the applicability of the
HSI source, we imaged two dots printed on a white paper with
cyan and magenta inks which are routinely used in printers
and known to have different reflectivity and absorption, for
different wavelengths, i.e. magenta ink reflect red but absorbs
green while the cyan ink reflects green but absorbs red [57].
The images of the ink dots are shown in Figure 6. As can
be seen in Figure 6 (b), when illuminated with 630 nm
wavelength, the magenta dot appears bright while the cyan
dot appears dark because of higher absorption. Further, as can
be seen in Figure 6 (c), when the illumination wavelength is
changed to 540 nm, the magenta dot appears dark and the
cyan dot becomes brighter.

Further to test the potential of the hyperspectral source,
we generated the hypercube for fast green stained lily ovary
and H&E stained dense connective tissue as shown in
Figure 7 (b) and (d) respectively. The spectral signature of
the cell nucleus of the lily ovary sample is shown in
Figure 7 (a), where the peak absorption is around 630 nm,
which is the absorption peak of the fast green dye as
well [58]. For the dense connective tissue, the spectral
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FIGURE 8. Image of the lower tongue acquired with hyperspectral source
illumination using (a) 540 nm green light, (b) 630 nm red light, and
(c) white light of an endoscopic camera.

signature of the cell nucleus and the surrounding tissue is
shown in Figure 7 (c). For the H&E stained dense connective
tissue sample, the cell nucleus stained with haematoxylin
has a peak absorption around 570 nm and the surround-
ing tissue stained with eosin has a peak absorption at
525 nm [59], as also observed in our measurement and shown
in Figure 7 (c).

The combination of the camera and the linear actuator
used in our system allowed us to acquire 80 spectral images
in 4 seconds.

We also imaged the lower tongue of a healthy volunteer
for two different wavelengths and also with a white light
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source. In Figure 8, we show the images of the lower tongue
imaged under the illumination of 540 nm, 630 nm, and
white light. One can see the improved contrast for blood
vessels (Figure 8 (a)) which appears black at 540 nm illu-
mination due to the high absorption of this wavelength by
blood compared to the image acquired at 630 nm illumina-
tion (Figure 8 (b)). The white light image (Figure 8(c)) does
provide some contrast for the blood vessels but still inferior
to the imaging under 540 nm illumination.

IV. DISCUSSION AND CONCLUSION

The bandwidth of our developed HSI light source which
defines the spectral resolution of the HSI system is relatively
wider at higher wavelengths compared to the bandwidth at
the lower wavelengths. This however is still considerably
lower than other available HSI light sources based on liquid
crystal tunable filter (LCTF). For instance, a commercial HSI
source reaches a bandwidth of ~20 nm, which is almost
two times that of ours at 730 nm (10 nm). The spectral
resolution of the fiber-coupled HSI source can be further
improved by using smaller core diameter fiber compared to
SMF 28. The increase in resolution will be at the expense
of the coupled power due to the smaller core diameter.
Moreover, the use of smaller core fiber will limit the cou-
pling of the higher wavelength components, therefore SMF
28 multimode fiber is an optimum choice compared to a
single-mode fiber.

One challenge common to all HSI light sources is that the
power transmitted by the supercontinuum laser is not uni-
form as a function of wavelength. Usually, supercontinuum
light sources have more power around 800 nm compared to
400 nm, and one needs to calibrate the filter to take illumi-
nation power independent images. This is the case with our
HSI system as well but it can be easily handled by proper
post-processing calibration. One may take a reference signal
at all the wavelengths using a mirror and recalibrate the
measured data in post-processing.

The sweeping time of different wavelengths is another
aspect to be considered for an HSI source. The response time
of the tunable filters used in HSI sources is generally fast. The
LCTFs take milliseconds to switch between wavelengths and
AOTFs have a microsecond response time. In our case we
are using an automated linear translation stage, which takes
approximately 4 seconds to travel 8 mm distance, making
the wavelength tuning slower compared to other sources.
This can however be improved using fast linear translation
stages.

In conclusion, we have designed and developed a wide tun-
able fiber-coupled hyperspectral imaging light source based
on the chromatic dispersion property of the off-the-shelf
lenses. Using three lenses, we achieved a total spectral sep-
aration of 8 mm for the light from 490 nm to 900 nm.
We could easily couple these axially separated wavelength
bands in a multimode optical fiber for imaging purposes.
The bandwidth of our HSI source ranges from 3.4 nm at
490 nm to 18 nm at 900 nm respectively, which is more
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than two times better than the commercially available HSI
sources. The potential of the HSI source was demonstrated
by imaging two dyes with an absorption band at two different
wavelengths and generating hypercubes for lily ovary and
dense connective tissue, demonstrating the capability of the
HSI source to detect different chemicals having absorption
bands at different wavelengths.

We also imaged the lower tongue of a healthy volunteer
at two wavelengths (540 nm and 630 nm) and white light,
and could distinctly see the difference in contrast. The vas-
cularization of the lower tongue is more visible at 540 nm
compared to 630 nm or white light image. We believe that
our simple design can be easily combined with a super-
continuum light source and convert it into an HSI source.
Being a fiber-coupled source, it can be easily incorporated
into a standard endoscope or microscope for hyperspectral
imaging.
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