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Mid-infrared multispectral tissue imaging using a
chalcogenide fiber supercontinuum source
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We present the first demonstration of mid-infrared
supercontinuum tissue imaging at wavelengths beyond 5
pm using a fiber-coupled supercontinuum source
spanning 2-7.5 pm. The supercontinuum was generated
in a tapered large mode area chalcogenide photonic
crystal fiber in order to obtain broad bandwidth, high
average power, and single-mode output for diffraction-
limited imaging performance. Tissue imaging was
demonstrated in transmission at selected wavelengths
between 5.7 pm (1754 cm?t) and 7.3 pm (1370 cm!) by
point scanning over a sub-mm region of colon tissue, and
the results were compared to images obtained from a
commercial instrument.

Mid-infrared (mid-IR) spectral imaging is a promising label-free
diagnostic tool that could complement the current method of
cancer diagnosis rendered by conventional histopathology. Its
capabilities in combination with data mining algorithms have been
demonstrated on various types of cancer [1-4], which makes it
interesting and relevant for clinical applications. However,
conventional mid-IR spectral imaging is based on thermal light
sources in combination with Fourier transform infrared (FTIR)
spectroscopy, which limits the acquisition speed and penetration
depth due to low source brightness and precludes the use of
optical fibers for flexible delivery and detection of light. Clinical
applications of spectral pathology rely on its ability to compete
with current practice and to fit into existing timescales for sample
analysis. In this regard, considerable attention has been directed
towards utilizing intense laser sources to provide sufficient signal-
to-noise ratio (SNR) for rapid acquisition across the mid-IR. Such
sources could also have potential for non-destructive reflectance
imaging of tissue in vivo[5]. In recent years, several
demonstrations of mid-IR imaging using quantum cascade lasers
(QCL) has emerged, resulting in a drastic reduction in acquisition

time from hours to minutes, and even just a few seconds when
operated in a discrete frequency imaging mode [6-9]. However,
several QCLs are needed to cover the frequencies that are of
diagnostic importance to pathologists, which adds significantly to
the cost and complexity of the system.

Another type of laser source that could be useful for mid-IR
broadband spectral imaging is the supercontinuum (SC)
source [10]. Unlike QCLSs, mid-IR SC sources have the potential for
providing scan-less access to both the functional group region (~2-
6 pm) and part of the fingerprint region (~6-12 um) from a single
monolithic fiber-based source [11,12]. Having access to both the
fundamental and overtone vibrational resonances of various
molecules allows for more advanced chemometric analytical
techniques, such as multitone correlation spectroscopy, which has
found application in e.g. food quality control [13]. Previous work
on mid-IR SC imaging has been based on ZrFs-BaFz-LaF3-AlFs-
NaF (ZBLAN) fiber-based sources, benefitting from the availability
of components and maturity of mid-IR technology in the 2-5 pm
range [14-16]. In a recent demonstration, such a SC source was
used in combination with an acousto-optic tunable filter (AOTF), a
Cassegrain transmission microscope, and a 640 x 480 pixel
infrared camera to perform hyperspectral imaging of colon tissue
from 2.8-3.7 pm[14]. The combination of fast wavelength
selection and high signal power enabled capturing of a 100 x 640 x
480 hyperspectral cube in just 2 seconds, which is fast enough to
perform real-time measurements for clinical applications.

In this letter we present the first proof-of-principle
demonstration of mid-IR supercontinuum multispectral imaging
in the long-wavelength region beyond the capabilities of ZBLAN
fibers, enabled by a chalcogenide (ChG) fiber-based SC source in
combination with a point scanning approach. We demonstrate
tissue imaging in the diagnostically important fingerprint region
from 5.7 um (1754 cm?) to 7.3 pm (1370 cm?), and compare the
results to those obtained using a commercial FTIR system.
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Fig. 1. Multispectral supercontinuum imaging system. Broadband SC
light was generated in a tapered ChG PCF, and coupled via a fiber-optic
connector (FC) interface to the scanning system. The sample was
aligned to a 15x Cassegrain microscope using a CMOS camera, and
imaging was realized by point-scanning using a piezoelectric
translation stage. The signal was relayed via a ChG patch cable to a
grating spectrometer for wavelength selection, and measured using an
lock-in amplified MCT detector locked to the frequency of the chopper.

The experimental setup used for mid-IR multispectral imaging
is detailed in Fig. 1. The SC was generated by pumping a tapered
large mode area ChG photonic crystal fiber (PCF) with 250 fs
pulses at 43 pm from a single-pass MHz optical parametric
amplifier in order to obtain broad bandwidth, high average power,
and single-mode output for the best possible imaging
properties [11]. The fiber was end-capped and fitted with FC
connectors for better environmental stability, robustness, and ease
of coupling to the scanning system (see Fig. 2(a)). The tapered fiber
was designed to have a short down-taper transition beginning
after only a few cm of fiber, and a short waist section to reduce the
effect of normal dispersion and confinement loss, respectively [11].
The taper profile and generated SC spectrum is shown in Fig.
2(b,c). The spectrum of the source was limited to spanning 2-7.5
um with 25 mW output power due to a combination of design
compromises. First of all, the need for end-capping and
connectorization meant that a fiber with a smaller core diameter of
11.5 um and pitch-to-hole-ratio of 0.45 was used, and secondly a
long length of ~90 cm of uniform fiber was kept after the taper to
allow for added flexibility, resulting in increased coupling-,
confinement-, and propagation losses, respectively [11]. For tissue
imaging the beam was long-pass filtered at 4.5 pm, allowing
around 9-10 mW of power to be focused onto the sample.
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Fig. 2. (a) Picture of the free-space pump coupling to the tapered ChG
PCF. The insert shows the fiber-coupling to the scanning system. (b)
The taper profile having ~15 mm down-taper, ~40 mm waist, and
~30 mm up-taper. (¢) The SC power spectral density (red) and typical
colon sample FTIR absorbance (blue) spectra with light-blue
horizontal bars to indicate the measured wavelengths.

The output end of the fiber was directly connected to the
scanning system through an FC parabolic mirror collimator (see
insert of Fig. 2(a)) and directed to a 15x Cassegrain transmission
microscope with numerical aperture (NA) of 0.3, resulting in a
diffraction-limited resolution of around 0.61A/NA=12.4 pym at a
wavelength of 6 ym. Imaging was realized by raster-scanning the
sample at the beam focus in 5 pm steps over a 600 x 600 pm
region using a piezoelectric translation stage. A broadband pellicle
50/50 beam splitter was placed in the beam path to allow for
visual alignment of the sample with respect to the microscope
using both a white LED and a fiber-coupled red laser. The
remaining signal was subsequently focused into a 150 pm core
diameter ChG patch cable, which relayed the signal to a grating
spectrometer equipped with a mercury-cadmium-telluride (MCT)
detector. The signal was chopped at 4 kHz in order to use lock-in
detection with 50 ms time constant for maximum dynamic range.
This limited the acquisition rate to 100 ms in order to avoid
motion artifacts, which resulted in a 24 minute acquisition time for
a single-wavelength point-scan image. During the scan the laser
exposure remained around 15 times below than the maximum
permissible exposure (MPE) level recommended for skin in the
IEC 60825-1:2014 international standard and no effects due to
heating of the tissue were observed.

The sample was a non-tumoral colon tissue section obtained
from the Gloucestershire Royal Hospital with the approval of the
local research ethics committee for collection of additional biopsies
during routine clinical investigation by colonoscopy. After formalin



fixation and paraffin embedding, two sections were cut from this
block. The 7 um thick section was used for mid-IR imaging and the
adjacent 3 um section was used for gold-standard haematoxylin
and eosin (H&E) staining on a glass slide and examined by an
expert pathologist. The 7 pm thick section was mounted on a
calcium fluoride (CaF2) substrate, and measured directly without
any chemical de-paraffinization. The H&E image seen in Fig. 3(a)
displayed a typical normal tissue structure consisting of the
epithelial glands (colonic crypts) with darkly stained outer nuclear
regions, lightly stained inner cytoplasmic regions, connective
tissue, thin muscle layer and mucin secretions. To be useful in
pathology, a mid-IR imaging system must be able to identify these
histological regions of the tissue based on the molecular features,
most importantly the epithelial regions that are directly associated
with cancer development, and the connective tissue. For this
reason imaging was performed at 5.70 pm, 6.03 pm, 6.45 pm, and
7.30 pm, equivalent to 1754 cm, 1658 cm?, 1550 cm?, and 1370
cml, respectively. The choice of wavelengths was linked to some of
the key molecular absorption features of the sample tissue whose
shape and intensity can be related to cancer. These include the two
major Amide I and II protein bands at ~6.03 um and 6.45 pm,
respectively, the lipid ester bonds around 5.7 um, and the C-H
bending vibration near 7.3 pm, which is also close to the detection
limit of the setup. These are shown as horizontal bars in Fig. 2(c)).

Fig. 3(b) shows a visible light transmission mosaic image of the
sample obtained through the scanning system, and Fig. 3(c-e)
shows the corresponding mid-IR SC point-scan images at 6.03 pm,
6.45 pm, and 7.30 um, respectively. The spectral-spatial mapping
of these discrete frequency images are visualized in a composite
image in Fig. 3(f), which distinguish the amide rich nuclear regions
of the colonic crypts (c,d) from the surrounding connective tissue.
The SC images were then compared with those obtained from a
bench-top FTIR imaging system (Agilent 620 FTIR microscope
coupled with an Agilent 670 FTIR spectrometer) consisting of a
Globar light source, and a 128 x 128 MCT focal-plane array (FPA)
detector. The FTIR spectral images were obtained using a 15x IR
objective of NA 0.62 (a 7x final magnification is obtained at the
sample plane due to ~2x de-magnification after the 15x objective)
resulting in a pixel size of 5.5 x 5.5 um? on the FPA detector. Images
with a spectral resolution of 4 cm? were obtained by averaging
over 64 scans, and the full hyperspectral cube took 5 minutes to
acquire plus an additional 15 minutes to complete 256
background scans.

The image contrast and intensity fluctuations were analyzed
from line traces using a roughness calculation tool from the open
source data visualization and analysis tool Gwyddion, and the
results are presented in Fig. 4. The comparison reveals reduced
contrast in the SC images compared to the FTIR images, which is to
be expected from the larger spot size and oversampling. Since the
imaging system is diffraction limited, the contrast and resolution
could be improved by employing a 0.65 NA objective, resulting in
an expected optical resolution of 5.6 pm. Other minor
discrepancies in the apparent structure as imaged by the two
systems could be due to the high spatial coherence of the SC beam.

Composite

Fig. 3. Comparison between (a) the confocal image of the H&E stained
tissue section with identification of the various histological regions. A:
Muscle layer, B/C: cytoplasmic/nuclear regions of the colonic crypts, D:
connective tissue, E: mucin secretions. (b) Visible light transmission
image of the un-stained sample. (c,d) Mid-IR absorbance images of the
protein rich amide regions highlighting the nuclear regions of the
colonic crypts, and (e) the mucin secretions and surface epithelial
walls. (f) Composite image showing the spectral-spatial mapping of c-e.

However, while the intensity fluctuations in the SC image was
around 1.3 times higher than the corresponding FTIR image at
6.45 pm, they were more than 1.7 times lower in the SC image at
5.7 um. This suggests that given sufficient power spectral density,
relatively low-noise images can be produced using the SC scanning
approach. Furthermore, the SC pump source was free-space
coupled, which means that it was sensitive to drift over the 24 min
acquisition time. Such coupling instability can be eliminated by
switching to an all-fiber-based pump laser system [12]. The
potential benefit of this method is that the entire broadband signal
is passed through a small area of the sample, thus allowing for
constant optical power on the sample with the highest possible
SNR. Furthermore, the detection can be parallelized by switching
from single-element to an array detector.
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Fig. 4. (a,c.e,g) Mid-IR absorbance images measured at 5.7 pm and 6.45
um using either SC or FTIR. (b,d,fh) Contrast line traces corresponding
to the lines in (aceg), and spatial noise analysis based on the
roughness tool from the visualization and analysis software Gwyddion.

The bottle-neck of this method is the point scanning speed,
which could be enhanced two orders of magnitude by operating
the scanner in an open-loop configuration. This would allow the
piezo to run constantly at full speed during acquisition, but
requires a more elaborate hardware implementation and
calibration. However, for imaging large sample areas or very small
features the camera approach would be preferable. Such a system
could be realized in a very small footprint by replacing the visible
CMOS camera with an uncooled, broadband microbolometer
camera, and exchanging the fiber-coupled spectrometer for an
AOTF or broadband linear variable filter (LVF) for maximum
throughput. With further development and availability of long-
wavelength mid-IR components we expect the system to be able to
match the acquisition rate of the 2.8-3.7 um system reported in

ref. [14], which was based on components that are now all
commercially available.

[n conclusion, we have demonstrated the feasibility of using a
broadband fiber-coupled mid-IR SC source for multispectral tissue
imaging in the spectral fingerprint region. This approach has
shown that we can distinguish between epithelial and surrounding
connective tissues within a paraffinized section of colon tissue by
imaging at discrete wavelengths related to specific molecular
absorption features.
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