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ABSTRACT 
We present the first demonstration of mid-infrared spectroscopic imaging of human tissue using a 
fiber-coupled supercontinuum source spanning from 2-7.5 μm. 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 good imaging properties. Tissue imaging was 
demonstrated in transmission by raster scanning over a sub-mm region of paraffinized colon tissue 
on CaF2 substrate, and the signal was measured using a fiber-coupled grating spectrometer. This 
demonstration 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 
distinct chemical absorption features. 

1.  INTRODUCTION 
Mid-infrared (mid-IR) spectroscopic imaging is a promising label-free technique with the potential 
for aiding researchers and clinicians in the study and diagnosis of cancer and other malignant 
diseases, but in order to transfer the technology from the lab and into the clinic it must be able to 
compete with conventional histopathology in terms of speed and reliability. Key to this is the 
development of compact, portable, turn-key systems relying on high brightness laser sources to 
provide a high signal-to-noise ratio for real-time measurements. In recent years, several 
demonstrations of mid-IR spectroscopic imaging using quantum cascade lasers (QCL) [1,2] has 
emerged resulting in a drastic reduction in acquisition time from hours to minutes, which makes it 
very attractive for clinical applications. However, only preliminary work has been performed with 
using supercontinuum (SC) sources for spectroscopic imaging in the mid-IR region [3–5]. The use of 
mid-IR supercontinuum sources for spectroscopic imaging has the potential for covering both the 
functional group region (2.5-6.7 μm) and part of the fingerprint region (6.7-15 μm) from a single 
compact source [6–9], that can be several orders of magnitude brighter than a synchrotron IR 
beamline [5] whilst being compatible with existing broadband technologies such as Fourier-
transform infrared (FTIR)  spectrometry and array detectors. This demonstration represents one of 
the first steps toward developing SC-based spectroscopic imaging in the mid-IR and is among 
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several results of the European research project MINERVA: MId- to NEaR infrared spectroscopy for 
improVed medical diAgnostics, that was a collaboration between thirteen organizations from 
industry and academia across seven European nations with the goal of developing mid-IR 
technologies for high-volume pathology screening and in-vivo skin surface examination for the early 
diagnosis of cancer. 

2. FIBER-COUPLED SUPERCONTINUUM SOURCE 
The fiber-coupled SC source was based on a tapered large mode area chalcogenide (ChG) photonic 
crystal fiber (PCF). The ChG PCF was fabricated from highly purified Ge10As22Se68 glass by 
SelenOptics using the preform casting method producing low-loss PCFs with a core/cladding 
diameter of 11.6/125 μm, hole diameter d= 3.4±0.1 μm and pitch Λ=7.6±0.1 μm, resulting in 
d/Λ=0.45. The large initial mode area allowed for high damage threshold and ease of coupling to the 
fiber, while the PCF structure enabled single-mode beam quality for diffraction-limited imaging. The 
taper was made post-drawing post-drawing using a filament-based tapering system operating at 258 
°C. The fiber was pulled with a translation speed of 3.8 mm/min, starting tensile strength of 40-50 g, 
and 15 g in the waist section. The taper was translated with a speed of 4 cm/min to obtain a 4 cm 
uniform waist section with 6.6 μm core diameter. The transition regions measured 2 cm and 3 cm on 
the input and output side, respectively. A total fiber length of around 1 m was used for flexible beam 
delivery, and the fiber was subsequently end-capped, polished and fitted with FC connectors as seen 
in Fig. 1(a) for better environmental stability, robustness, and ease of coupling to the scanning 
system. After fabrication the transmission of the fiber cable was tested using a Fourier transform 
infrared (FTIR) spectrometer, which indicated guidance up to 10 μm as seen in Fig. 1(b). The FTIR 
transmission spectrum also revealed several impurity absorption peaks from Se-H at 4.5 μm, H-O-H 
at 6.3 μm and Ge-O at 7.9 μm. The absorption features at 4.25 μm and 5.5-7.5 μm was due to 
atmospheric absorption from CO2 and H2O, respectively.  
 
Broadband SC generation spanning 2-7.5 μm was achieved by pumping the ChG PCF with around 
250 fs pulses at 4.35 μm (85 nm bandwidth) from a single-pass MHz optical parametric 
amplifier [6]. The pump wavelength was chosen to fit between the CO2 and Se-H absorption features 
to reduce losses and avoid damage at the input. To reduce the intensity on the sample the spectrum 
was long-pass filtered at 4.5 μm as shown in Fig. 1(c), resulting in around 9 mW of power delivered 
to the sample. At this power level no tissue damage was observed, and 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. The SC spectrum display 
clear signs of water absorption from 5.5-7.5 μm due to the atmosphere, and the sharp dip at 6.3 μm 
coincide with the water impurity absorption in the ChG glass. Unlike previous experiments with 
similar tapered ChG PCFs reported in  [6] the spectrum did not extend beyond 7.5 μm due to a series 
of design compromises, such as a long uniform fiber length and a fiber geometry suitable for end-
capping and connectorization. 
 
 

Proc. of SPIE Vol. 10489  1048905-2
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 7/4/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

Figur
laser 
demo
Ge-H
polish
imagi

 

The sampl
Hospital w
from this b
staining on
section wa
confocal im
clearly dist
which con
(cytoplasm
 

re 1. (a) Photo
coupling. The

onstrating guid
H) and surrou
hed end-cap o
ing.  

le was a n
with the appr
block, where
n a glass sli
as mounted o
mage of the
tinguished. 

nsist of a d
mic region). 

ograph of the 
e white tape i
dance up to 10
unding atmos
on the input 

non-tumoral 
roval of the
e the first 3 
ide for confo
on a calcium
e H&E stain
The main ob
darkly stain

tapered ChG
indicates the s
0 μm with var
phere (CO2, 
side of the f

3. SAMPLE
colon tissu

e local resea
μm section 

focal microsc
m fluoride (C
ned tissue s
bjects of int

ned outer la

 

G PCF cable m
start of the ta
rious absorpti
H2O). The in

fiber cable. (c

E PREPAR
ue section o
arch ethics c
was used fo
copic exami
CaF2) substr
ection, in w
terest are th
ayer (nuclea

mounted on a
apered region.
ion features fr
nsert shows a
c) Spectrum o

RATION 
obtained fro
committee. T
or standard h
ination and 
rate for mid-
which the va
e circular st

ar region) a

a translation s
. (b) FTIR tra
rom the fiber 
a microscope
of the filtered

om the Glou
Two tissue 
haematoxylin
a second ad

-IR imaging
arious histol
tructures - th
and a lightl

 
stage for pum
ansmission tes
(Se-H, H-O-H

e image of th
d SC used fo

ucestershire 
sections wh
n and eosin 
djacent 7 μm
. Figure 2 sh
logical regio
he colonic c
ly stained i

mp 
st 

H, 
he 
or 

Royal 
here cut 

(H&E) 
m thick 
hows a 
ons are 
crypts - 
interior 

Proc. of SPIE Vol. 10489  1048905-3
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 7/4/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

Figu
 

Figure 3 sh

Figure 3.
filter, CG

 
The system
parabolic m
achromatic
sample. Th
by raster i
transmissio

ure 2. Confoca

4. SP

hows the sca

. Fiber-couple
GO: Cassegrai

m is fiber cou
mirror collim
c diffraction
he CaF2 sam
in 5 μm ste
on using a fib

al microscope 

PECTROSC

anning system

ed scanning sy
in objective, P

upled and ha
mators. The s
n-limited im

mple plate wa
eps over a 6
ber-coupled 

reflection ima

COPIC IMA

m used for sp

ystem for spec
PBS: Pellicle b

as a multimo
system empl
aging, as w
as mounted o
600x600 μm
d grating spec

 

age of the 3 μm

AGING SYS

pectroscopic

troscopic ima
beam splitter.

ode fiber outp
loyed a pair 

well as a CM
on a piezo-s

m region of 
ctrometer an

m thick H&E s

STEM AND

c imaging. 

aging. PM: Par

put for the s
of 15x refle

MOS camer
stage and tis
the sample.

nd MCT dete

stained colon 

D RESULTS

rabolic mirror

pectrometer
ective Casseg
ra for visual
sue imaging
. The signal
ector in com

tissue section.

S 

 
r, LPF: Long-

r enabled by 
grain objecti
l alignment 

g was demon
l was measu

mbination wit

 
. 

-pass 

FC/PC 
ives for 

of the 
nstrated 
ured in 
th lock-

Proc. of SPIE Vol. 10489  1048905-4
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 7/4/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 
in amplific
constant w
fiber-coupl
avoid moti
scan image
easily be im
variable fil
mid-IR sam
plane array
low; howev
and with fu
within few
 

Figure 4.
the CMO

 

In conclusi
source in c
 

 
This work
MINERVA
317803; w
SelenOptic

cation. The s
was needed f
ling to the s
ion artifacts,
e. However, 
mproved by 
lters. Figure
mple visuali
y system, res
ver, it is still
urther impro

w seconds, sim

. Comparison
OS camera (b)

ion, we have
combination 

k was suppo
A: MId- to 
www.minerv
cs and Johan

ignal was ch
for maximum
spectrometer
 which resul
this was a f
using a cam

e 4(a-d) show
ized using t
spectively. T
l possible to 
ovements to 
milar to wha

n between (a) H
, SC source (c

e demonstrat
with a scann

orted by the
NEaR infra

va-project.eu
nn Troles of R

hopped at 4 k
m dynamic 
r. The acqui
lted in a 24 
first proof-o

mera or array
w a compar
the CMOS c
The SC and 

distinguish 
the technolo

at was demon

H&E stained 
c) and FT-IR f

5. CO

ted the feasib
ning system

ACKNOW

e European 
ared spectro
u). The au
Rennes Univ

 

kHz in order
range due to
isition rate w
minute acqu
f-principle d
y detector in
rison betwee
camera, SC 
FTIR image
between epi

ogy we expe
nstrated at sh

tissue section
focal-plane ar

ONCLUSIO

bility of usin
for spectros

WLEDGEM

Commissio
oscopy for i
uthors furth
versity for th

r to use lock
o significan
was further 
uisition time 
demonstratio
n combinatio
en the H&E 

source and 
es are captur
ithelial and s
ect to be able
horter wavel

n, and (b,c,d) m
rray system (d

ON 

ng a broadba
scopic imagin

MENTS 

on through t
improVed m
her acknow
he fabricatio

k-in detection
t loss in the
limited to 1
for a single

on, and the a
on with acou

stained tiss
a state-of-t

red at 6.45 μ
surrounding 
e to obtain h
lengths in [1

 
mid-IR sampl

d). 

and fiber-cou
ng of tissue.

the Framew
medical diA
wledge Lau
n and charac

n, and a 50 m
e beam-split
100 ms in o
-wavelength

acquisition r
usto-optic- or
sue section a
he-art FTIR
μm where the

connective t
high quality 
1]. 

le visualized u

upled mid-IR
 

work Seven
gnostics (FP

urent Brilla
cterization o

ms time 
tter and 
order to 
h point-
rate can 
r linear 
and the 

R focal-
e SC is 
tissues, 
images 

using 

R SC 

project 
P7-ICT 
and of 
of the  

Proc. of SPIE Vol. 10489  1048905-5
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 7/4/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

REFERENCES 
 

1.   K. Yeh, S. Kenkel, J.-N. Liu, and R. Bhargava, "Fast Infrared Chemical Imaging with a 
Quantum Cascade Laser," Anal. Chem. 87, 485–493 (2015). 

2.   M. J. Pilling, A. Henderson, B. Bird, M. D. Brown, N. W. Clarke, and P. Gardner, "High-
throughput quantum cascade laser (QCL) spectral histopathology: a practical approach towards 
clinical translation," Faraday Discuss 187, 135–154 (2016). 

3.   M. Farries, J. Ward, I. Lindsay, J. Nallala, and P. Moselund, "Fast hyper-spectral imaging of 
cytological samples in the mid-infrared wavelength region," in Proc. of SPIE 10060 (2017), p. 
100600Y. 

4.   S. Dupont, C. Petersen, J. Thøgersen, C. Agger, O. Bang, and S. R. Keiding, "IR microscopy 
utilizing intense supercontinuum light source," Opt. Express 20, 4887–4892 (2012). 

5.   I. D. Lindsay, S. Valle, J. Ward, G. Stevens, M. Farries, L. Huot, C. Brooks, P. M. Moselund, R. 
M. Vinella, M. Abdalla, D. de Gaspari, R. M. von Wurtemberg, S. Smuk, H. Martijn, J. Nallala, 
N. Stone, C. Barta, R. Hasal, U. Moller, O. Bang, S. Sujecki, and A. Seddon, "Towards 
supercontinuum-driven hyperspectral microscopy in the mid-infrared," in Proc. of SPIE 9703 
(2016), Vol. 2016, p. 970304. 

6.   C. R. Petersen, R. D. Engelsholm, C. Markos, L. Brilland, C. Caillaud, J. Trolès, and O. Bang, 
"Increased mid-infrared supercontinuum bandwidth and average power by tapering large-mode-
area chalcogenide photonic crystal fibers," Opt. Express 25, 15336–15347 (2017). 

7.   D. D. Hudson, S. Antipov, L. Li, I. Alamgir, T. Hu, M. E. Amraoui, Y. Messaddeq, M. 
Rochette, S. D. Jackson, and A. Fuerbach, "Toward all-fiber supercontinuum spanning the mid-
infrared," Optica 4, 1163–1166 (2017). 

8.   C. R. Petersen, U. Møller, I. Kubat, B. Zhou, S. Dupont, J. Ramsay, T. Benson, S. Sujecki, N. 
Abdel-Moneim, Z. Tang, D. Furniss, A. Seddon, and O. Bang, "Mid-infrared supercontinuum 
covering the 1.4–13.3 μm molecular fingerprint region using ultra-high NA chalcogenide step-
index fibre," Nat. Photonics 8, 830–834 (2014). 

9.   T. Cheng, K. Nagasaka, T. H. Tuan, X. Xue, M. Matsumoto, H. Tezuka, T. Suzuki, and Y. 
Ohishi, "Mid-infrared supercontinuum generation spanning 2.0 to 15.1 μm in a chalcogenide 
step-index fiber," Opt. Lett. 41, 2117–2120 (2016). 

 

Proc. of SPIE Vol. 10489  1048905-6
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 7/4/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use


