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Abstract

We present an endoscopic probe that

combines three distinct optical fibre tech-

nologies including: A high-resolution

imaging fibre for optical endomicroscopy,

a multimode fibre for time-resolved fluo-

rescence spectroscopy, and a hollow-core

fibre with multimode signal collection

cores for Raman spectroscopy. The three

fibers are all enclosed within a 1.2 mm

diameter clinical grade catheter with a

1.4 mm end cap. To demonstrate the probe's flexibility we provide data

acquired with it in loops of radii down to 2 cm. We then use the probe in an

anatomically accurate model of adult human airways, showing that it can be

navigated to any part of the distal lung using a commercial bronchoscope.

Finally, we present data acquired from fresh ex vivo human lung tissue. Our

experiments show that this minimally invasive probe can deliver real-time

optical biopsies from within the distal lung - simultaneously acquiring co-

located high-resolution endomicroscopy and biochemical spectra.
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1 | INTRODUCTION

Endoscopy has been a key method of non-invasive
disease diagnosis since its conception in the 19th cen-
tury [1], and even more so after the invention of the
flexible optical fibre bundle [2]. Since then, the probes
have drastically decreased in size [3, 4], increased in
resolution [5–7], and techniques such as optical
coherence tomography [8] and scanning 2-photon fluo-
rescence [9] have enabled 3-dimensional image acquisi-
tion. Optical endomicroscopy (OEM) technologies now
provide cellular-resolution imaging in real-time,
empowering clinicians to carry out preliminary diagno-
ses in vivo [10]. Ultimately, it is hoped that such mini-
mally invasive optical biopsy techniques will augment
traditional biopsy and histopathology pathways and
expedite clinical workflows.

Optical biopsy research has recently broadened to
include spectroscopic methods of tissue characterization
[11–15], with one of the most prevalent being Raman
spectroscopy. Raman scattering is the process by which
light scatters in elastically and transfers energy to or from
the acoustic modes of bonds. In any instance, the amount
of energy exchanged is specific to the bond resonance,
and so produces a unique shift in the wavelength of the
scattered light [16]. The depth and specificity of this
information allows even subtle variations in protein
structure to be distinguished [17–20], enabling clinically
significant achievements such as discrimination between
cancerous and healthy tissues [20–22]. Fluorescence
spectroscopy is another key optical biopsy technique as it
allows the energy states of fluorophores to be studied.
This technique is often expanded upon by using time-
resolved detectors to investigate the excited state life-
times. Such time-resolved fluorescence spectroscopy
(TRFS) techniques have also been used to differentiate
between healthy and cancerous tissue [23, 24].

It is highly unlikely that any single optical biopsy
method will achieve 100% sensitivity and specificity in
clinical practice. This necessitates combined solutions of
complementary technologies, such that any limitations
inherent in one are overcome by the others. Recently sev-
eral such devices capable of multiple optical tissue char-
acterization methods have been reported [25–27].

Here we report the production and application-
oriented testing of a 1.4 mm diameter optical biopsy
probe that features three distinct optical fibers for OEM,
Raman spectroscopy, and TRFS. These three modalities
were chosen for their complimentary nature: OEM for
examining tissue architecture, cellular infiltration, and
molecular imaging; TRFS for investigating the autofluor-
escence of molecules such as NADH and FAD, and
aspects of their tissue's microenvironment such as

temperature and pH; and Raman spectroscopy to probe
the vibrational fingerprints of biomolecules.

We begin with a description of the probe's structure,
then the structure and function of each optical fibre com-
ponent, and their corresponding analysis setups. Follow-
ing this, we demonstrate the probe's performance in
extreme bending situations, then in an endoscopy simu-
lation, and finally on healthy ex vivo human lung tissue.
Because these datasets all originate from the same tissue
with millimeter precision, collecting and analyzing them
in conjunction during interventional procedures will
allow a critical level of redundancy, certainty, and speci-
ficity to be achieved.

2 | PROBE DESCRIPTION

2.1 | Probe structure

The central diagram in Figure 1 shows the overall struc-
ture of the 3-in-1 multifunctional optical fibre probe.
Starting from the proximal end, the three optical fibers
are individually FC/PC terminated and the end faces
polished for easy connection to their respective optical
setups. Clear, biocompatible Pebax® tubing protects the
first 0.9 m length of each fibre, at which point they meet
within a PVC 3-to-1 splitter. The three fibers emerge from
the single distal port of the splitter into a 1.4 m long,
1.2 mm diameter biocompatible multilayer polyimide
and Pebax® tube with a stainless-steel braid for structural
strength. The distal tip of the probe is reinforced with an
epoxy-filled, 4 mm long, 1.4 mm outer diameter stainless-
steel tube. The slight separation of the fibers means they
sample from different regions within a 1.2 mm boundary.
If one fibre detects a tissue abnormality, the device can
be repositioned. Figure 1E shows the probe's distal end
face, polished flat, and steel edge chamfered. A maximum
diameter of 1.4 mm allows us to guide the probe using
the working channels of commercial bronchoscopes and
enables access to the tiny bronchioles of the distal
human lung.

2.2 | Optical fibers

We fabricated all the probe's optical fibre components
using the drawing towers at the University of Bath's Cen-
tre for Photonics and Photonic Materials. Two kinds of
stock glass were used; the undoped silica tubes and rods
were Superasil F300 (Heraeus), and the germanium
doped silica was from OM1 performs with a core to clad-
ding ratio of 0.75, parabolic index profile, and 0.3 peak
numerical aperture (Draka, Prysmian). Both materials
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are mass-produced for the telecoms industry, supporting
cost-effective probe production, potentially as a single-
use medical product. This would subvert the need to
clean the probes between clinical procedures, reducing
workload, cross infection, and probe degradation.

Figures 1A-D are optical micrographs of the polished
or cleaved end faces of each fibre. Figure 1A shows the
imaging fibre for OEM, the design of which is a develop-
ment of our previously published square array fibre [28],
redesigned here for more efficient use of the cross-section
area. This new version provides 9425 cores and a 35%
larger field-of-view within a 450 μm diameter fibre that is
17% thinner than the previous version. We arrange the
cores such that no nearest neighbors have the same
diameter, minimizing core crosstalk to maximize image
quality [29]. Figure 1B shows the end face of the 35 μm
core diameter multimode fibre we use for TRFS. The
multimode endcap and the cleaved cross section of the
fibre used for Raman spectroscopy are shown in
Figure 1C,D, respectively. The Raman fibre is more fully
described and evaluated in [30, 31]. A central ring of air-
filled capillaries forms an open-boundary single-mode
negative-curvature hollow-core to deliver 785 nm excita-
tion light to the distal end. This reduces the Raman back-
ground signal from the glass by a factor of 104. The
surrounding ring of eight large multimode cores collect
and return the sample's Raman signal. By introducing
the multimode cores, we tripled the collection efficiency
of the system (without a significant increase to the silica
Raman background) compared to using a standard
negative-curvature fibre [31]. To prevent ingress of fluids

into the hollow structure, we splice a short piece of multi-
mode fibre onto the distal end and polish it back to a
window that is less than 0.3 mm thick, minimizing the
background signal it generates [30].

2.3 | Optical systems

By terminating the proximal fibre ends with FC/PC con-
nectors we can easily and robustly couple them to their
respective benchtop optical systems, and quickly swap to
a new probe if the need arises. In this section we provide
an outline of these optical systems, which are described
in greater detail in their respective references.

We used a widefield fluorescence imaging system
based on a 470 nm LED excitation source and a CMOS
camera (GS3-U3-41C6NIR-C, FLIR, Point Grey) to pro-
duce high-resolution fluorescence endomicroscopy
videos [32]. We packaged an equivalent system into an
aluminum casing that is mounted on one level of a medi-
cal cart (Parity Medical's MedStore Plus Cart) for clinical
use [32].

For time-resolved fluorescence sensing we coupled
the multimode fibre to a system similar to that published
in [33]. This consisted of three parts: (a) a 485 nm pulsed
laser with a 20 MHz repetition rate and 200 μW average
power, (b) an optical coupling and collection system
based on an epi-fluorescence microscope, (c) a time-
resolved spectrometer based on an array of CMOS single
photon avalanche diodes (SPADs). All 512 pixels of the
array record histograms of photon arrival times via the

FIGURE 1 A structural diagram of the probe, including cross section images of each of the component optical fibers. The proximal end

(left) of each fibre is terminated in an FC connector and protected along its length by a 0.9 m long clear Pebax tube to where they meet

within the plastic 3-to-1 splitter (center). From here to the distal tip (right) the three-fibre bundle is protected within a 1.4 m long multilayer

braided tube of 1.2 mm outer diameter, shown in orange. At the distal tip the fibers are glued within a thin 1.4 mm diameter stainless-steel

ferule to allow the end face to be finely polished. (A) Imaging fibre. (B) Multimode fibre for time-resolved fluorescence spectroscopy. (C) The

end cap used to seal the Raman fibre. (D) Fibre for Raman spectroscopy, including a central hollow core surrounded by solid multimode

signal collection cores. (E) The distal end face of the probe.
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on-chip system [34]. For the data presented in this paper
we used a time bin width (resolution) of 800 ps, which
allows a 25.6 ns wide window to be recorded. We use a
grating to obtain spectral information by dispersing the
light across the detector.

We coupled the Raman fibre to a spectroscopy setup
based on the one described by Yerolatsitis et al. [30]. For
excitation we used a continuous wave 785 nm 20 mW
diode laser source, filtered to 1 nm bandwidth. We fil-
tered the returning light to the Stokes scattered wave-
lengths using 785 nm long-pass and dichroic filters
before analyzing it with a commercial Raman spectrome-
ter (QEPro Raman, Ocean Insight).

3 | EXPERIMENTAL
DEMONSTRATION

3.1 | Minimum bend radius

Anatomical constraints impose a critical limit on the
probe's minimum functional bend radius. This performance

criterion is determined not only by mechanical character-
istics, but also by optical effects such as bend loss. There-
fore, each fibre's optical characteristics were investigated
with incrementally tighter loops in the middle of the
probe's distal length (containing all three fibers), down
to its structural limit of 10 mm radius, as shown in
Figure 2A.

To evaluate the imaging fibre, we first used a photodi-
ode to monitor the intensity of the blue light emitted
from the distal end during bending. No intensity change
was measured, so we moved on to checking for image
degradation. For this purpose, we chose a 1951 USAF test
target backed by a green fluorescent slide as the imaging
standard. Element 3 of group 7 (3.1 μm spacing) was
equally visible at all tested bend radii (see Figure 2C),
and no reduction in contrast was observed.

We immersed the distal tip of the probe in a 1 μM
aqueous solution of fluorescein sodium to test the perfor-
mance of the TRFS system during bending. As Figure 2D
shows, we recorded no loss of returning fluorescent light.

Because hollow-core fibers typically have higher bend
loss than solid core fibers [35, 36] we anticipated that the

FIGURE 2 Data showing the performance of the probe at small bends. A, A photo of the probe bent into a loop of 10 mm minimum

radius. The loop was started at 50 mm radius and made incrementally smaller while recording data using each of the three fibers. B, Raman

spectra of cyclohexane using the Raman fibre and a 1 s acquisition with the probe loop radii listed in the inset. The additional peak at

1557 cm�1 is due to the molecular oxygen within the hollow-core fibre. C, A 1951 USAF resolution test target backed onto a fluorescent

slide, imaged using the OEM fibre while the probe was in 10 mm radius loop. D, Plots of the TRFS and Raman fibre transmissions with the

probe in loops of radii indicated on the bottom axis. The grey area around the curve indicates the standard deviation of 3 sets of results
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Raman fibre would be the first to fail optically under
extreme bending. We began investigating its performance
using a photodiode at the distal end to measure the bend
loss of transmitted excitation light. We observed a sharp
drop in transmission with bends smaller than 17.5 mm in
diameter, but no long-term loss once the probe was
unbent, as shown in Figure 2D. The slight rise in trans-
mitted power at the 10 mm structural bend limit is likely
due to resonant bend loss as bends perturb the propaga-
tion constants of modes in the hollow core fibre's capil-
lary cladding [35, 36].

To investigate the effects of bending on the returning
Raman signal, we immersed the probe's distal end in
cyclohexane and took 10 s spectral acquisitions under the
same range of bending conditions as before. The raw
spectra produced are shown in Figure 2B, with the inset
indicating the corresponding probe bend radius. Three of
cyclohexane's characteristic Raman peaks at roughly
1030, 1260, and 1450 cm�1, and one attributed to the
molecular oxygen in the hollow core at 1557 cm�1, are
clear down to bend radii of 17.5 mm. As a functional
bend limit, this does not preclude access to any branch of
the adult human respiratory airway tree.

3.2 | Bronchoscopy simulation

Progressing towards the intended application in interven-
tional pulmonology, we performed a bronchoscopy pro-
cedure using the working channel of a commercial
bronchoscope (BF-H109, Olympus) to navigate our probe
through a bronchoscopy training model that accurately
represents human lung architecture (LM-092, Koken CO,
Japan). This presented our probe with the same com-
pound bends it would face in a clinical bronchoscopy
procedure, passing into the oral cavity, intubating the tra-
chea, and through the progressively narrower branching
airways.

We began by navigating the more straightforward
paths to the lower lung lobes, evaluating the probe's per-
formance, then moving on to the more challenging upper
lobes. In each instance we pushed the 5.4 mm diameter
bronchoscope until it wedged, then slid our probe out of
the 2.2 mm diameter working channel to progress,
unguided, further into the distal bronchioles. Our probe
easily passed through even the smallest lumen tested.
Once it emerged from the open-ended rubber bronchi-
oles, we presented it with the same test samples as in the
minimum bend radius experiments.

The most tortuous path was to the apical segment of
the right upper lobe [37], the results from which we pre-
sent in Figure 3. With our probe positioned as in
Figure 3A, we sequentially obtained the test target OEM

image in Figure 3B from a live video feed, the TRFS data
in Figure 3C,D from 6 s and 6 ms acquisitions, respec-
tively, and the Raman spectra in Figure 3E from 10 s
acquisitions. Element 1 of group 7 of the USAF test target
is still visible (3.91 μm line width), indicating consistent
imaging performance throughout the experiment. The
fluorescence spectra and lifetime plots of the fluorescein
solution show small changes compared to previous
results, likely due to the inconsistency in placing the fluo-
rescein sodium solution on the end of the probe while it
was inside the lung model. The Raman spectra retain
cyclohexane's three characteristic peaks and the molecu-
lar oxygen peak, demonstrating its ability to collect data
from any lung lobe.

Critically, we observed no significant reduction in sig-
nal from any fibre in any of the paths, even in the apical
segment of the right upper lobe.

3.3 | Human lung tissue optical biopsy

We used a whole ex vivo lobectomy specimen, as shown
in Figure 4, to demonstrate the clinical compatibility and
potential of our optical biopsy probe. The sample was
obtained from a patient undergoing thoracic re-
section surgery for suspected lung cancer (NHS Lothian
BioResource, Scotland Research Ethics Service, reference
15/ES/0094).

By inserting a 20-gauge spinal needle deep into the
lung parenchyma, we were able to pass the probe down
the needle bore until in direct contact with internal tis-
sue. We then collected data with each of the optical fibre
components sequentially at five different locations within
the tissue per modality (15 total), the results of which are
summarized in Figure 5. Figure 5A is a series of still
images from the OEM videos, Figure 5B shows the
Raman spectra, and Figure 5C is the time-resolved fluo-
rescence intensity data and lifetimes. The full OEM
videos and raw datasets are provided in the supplemen-
tary information and at [38].

No fluorescent markers were required for imaging as
we used the lung tissue's endogenous fluorophores, such
as elastin [39]. We processed this OEM data in real-time
to remove background light and interpolate over the
blank spaces between the cores [40]. This produced a live
video feed of the sample's healthy lung tissue structure,
shown in Figure 5A. Features of these images that indi-
cate the sample's good health include the clear bright
strands of elastin rich fibrous tissue, interspersed by gas
filled alveolar pores and ducts that appear as dark spaces
between the connecting tissue. Such techniques have pre-
viously been used to identify distal lung pathologies by
the associated disruption to the alveolar network [41].
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Strongly fluorescent tissue is not without its
challenges–it can easily overwhelm a weak signal such as
Raman scattered light. For this reason, we employed a
shifted excitation Raman difference spectroscopy
(SERDS) method in conjunction with our probe's Raman
system. In summary, by using two excitation sources with
slightly different wavelengths, a pair of spectra are

produced where the Raman signatures are shifted corre-
spondingly, but the fluorescence background remains
constant in both. By subtracting one from the other, the
fluorescence signal is cancelled while the original Raman
spectrum can be restored from the difference spectrum.
However, as the fluorescence contribution often varies in
the two raw spectra, additional processing steps are
required to get clean Raman signatures, these are more
fully described in [30, 42]. Here, we recorded spectra in
5 s long acquisitions, using two laser sources thermally
tuned to 784 and 785 nm. We applied the same proces-
sing pipeline as described by Yerolatsitis et al. [30],
except for the step to reconstruct the Raman spectrum
from the difference spectrum, where we instead applied
boxcar integration by summing the difference spectrum
at two neighboring sampling points. This process resulted
in Raman spectra as shown in Figure 5B. The sharp
molecular oxygen and nitrogen peaks are present in each
of the five spectra, as well as peaks at roughly 1005 cm�1

and 1300 cm�1 that are potentially attributed to elastin
and collagen [17, 18]. Due to variations between samples,
full characterization of the Raman spectra will require
extensive data sets from many different patients to accu-
mulate a list of significant peaks and their associated bio-
chemistry, supported by appropriate statistics.

FIGURE 3 The probe's performance in a simulated bronchoscopy. A, Picture of the Koken rubber lung model with the tip of the probe

(circled in red) emerging from the apical segment of the right upper lobe. The probe's path within the model and bronchoscope is traced by

the dashed black line. B, An OEM image of a 1951 USAF resolution test target on fluorescent backing, placed at the probe's tip while in the

position shown in a, and accompanying intensity profiles along groups 6 and 7. C, The fluorescence emission spectra of fluorescein sodium

(1 μM concentration in PBS) placed at the probe's distal end. D, Plot of the fluorescein sodium solution's fluorescence decay. E, Raman

spectra of cyclohexane and molecular oxygen using the probe

FIGURE 4 Image of an ex vivo human lung lobe being

characterized by our probe by inserting it through a 20-gauge

needle
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We used the TRFS system to interrogate the spectral
and temporal profiles of the tissue's autofluorescence.
The intensity/time/wavelength data we obtained were

summed across the wavelength range and fit with a sin-
gle exponential curve using a least-square method, pro-
ducing Figure 5C. This shows that the tissue at each

FIGURE 5 A, OEM images, B, Raman spectra, and C, TRFS spectra of an Ex vivo human lobectomy specimen characterized by our

probe. We used a 20-gauge spinal needle to insert the probe into the lobe and characterize the internal tissue using each technique in

sequence at different locations. The OEM data was processed in real-time to produce a live video of the tissue's structure, from which we

extracted the example images (a). The Raman spectra (b) were each obtained using two sequential 5 s acquisitions and the SERDS [30]

processing method to remove the fluorescent background. Using the TRFS system to extract the change in fluorescence intensity in time

produces the traces shown in (c), all indicating a fluorescent lifetime between 1.7 and 1.9 ns
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location shares similar fluorescent decay profiles and life-
times between 1.7 and 1.9 ns, consistent with previous
reported values [43, 44].

4 | CONCLUSION

We have a built a 1.4 mm diameter endoscopic probe that
provides three complementary optical datasets with sub-
millimeter co-location. To show that the probe is clini-
cally viable we have carried out extensive bend loss
experiments, model bronchoscopy procedures, and char-
acterized a fresh ex vivo human lung tissue sample. The
probe operated to a minimum bend radius of 17.5 mm,
was capable of the compound bends needed to navigate
human airways, and was sufficiently sensitive to retrieve
detailed imaging, fluorescence, and Raman data from
human tissue.

This probe platform is ready to be evaluated in larger
tissue banks including lung cancer samples and trans-
lated for clinical evaluation for safety and performance
evaluation in interventional pulmonology procedures.
The probe can also be adapted to suit other organs and
tissues by including other sensing or imaging fibers and
devices, capillaries for fluid delivery and extraction, or
micromechanical tools. Other organs may have more
strict outer diameter requirements, but by omitting the
imaging fibre the probe could be made thinner than one
millimeter [30], while still providing a full suite of chemi-
cally specific spectra.

This minimally invasive optical biopsy probe
provides rapid in situ structural and chemical
information, potentially augmenting the diagnostic yield
of existing endoscopic approaches by enabling real-time
optical biopsies and highly targeted conventional
biopsies.
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in the Supporting Information section at the end of this
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