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Brief Report

Fibre-based fluorescence-lifetime imaging microscopy: a
real-time biopsy guidance tool for suspected lung cancer
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Abstract: Lung cancer is the most common cause of cancer-related deaths worldwide. Early detection
improves outcomes, however, existing sampling techniques are associated with suboptimal diagnostic yield
and procedure-related complications. Autofluorescence-based fluorescence-lifetime imaging microscopy
(FLIM), a technique which measures endogenous fluorophore decay rates, may aid identification of optimal
biopsy sites in suspected lung cancer. Our fibre-based fluorescence-lifetime imaging system, utilising 488 nm
excitation, which is deliverable via existing diagnostic platforms, enables real-time visualisation and
lifetime analysis of distal alveolar lung structure. We evaluated the diagnostic accuracy of the fibre-based
fluorescence-lifetime imaging system to detect changes in fluorescence lifetime in freshly resected ex vivo
lung cancer and adjacent healthy tissue as a first step towards future translation. The study compares paired
non-small cell lung cancer (NSCLC) and non-cancerous tissues with gold standard diagnostic pathology to
assess the performance of the technique. Paired NSCLC and non-cancerous lung tissues were obtained from
thoracic resection patients (N=21). A clinically compatible 488 nm fluorescence-lifetime endomicroscopy
platform was used to acquire simultaneous fluorescence intensity and lifetime images. Fluorescence lifetimes
were calculated using a computationally-lightweight, rapid lifetime determination method. Fluorescence
lifetime was significantly reduced in ex vivo lung cancer, compared with non-cancerous lung tissue [mean
+ standard deviation (SD), 1.79+0.40 vs. 2.15£0.26 ns, P<0.0001], and fluorescence intensity images
demonstrated distortion of alveolar elastin autofluorescence structure. Fibre-based fluorescence-lifetime
imaging demonstrated good performance characteristics for distinguishing lung cancer, from adjacent non-
cancerous tissue, with 81.0% sensitivity and 71.4% specificity. Our novel fibre-based fluorescence-lifetime
imaging system, which enables label-free imaging and quantitative lifetime analysis, discriminates ex vivo
lung cancer from adjacent healthy tissue. This minimally invasive technique has potential to be translated as

a real-time biopsy guidance tool, capable of optimising diagnostic accuracy in lung cancer.
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Introduction

Lung cancer is the most common cause of cancer-related
deaths worldwide (1). Low-dose computed tomography
screening reduces lung cancer mortality by 20-24% through
early detection and treatment (2,3), therefore, it is likely
that national screening initiatives will be implemented in the
future. Confirmatory histological diagnosis is recommended
prior to commencing radical treatment (4). Recent
advances in bronchoscopic techniques, such as navigation
bronchoscopy (5) and robotic-assisted bronchoscopy
(6,7), mean it is now possible to access the majority of
peripherally-located pulmonary lesions. The combined
application of multiple bronchoscopic techniques, including
navigation bronchoscopy and radial endobronchial
ultrasound (EBUS), delivers a higher diagnostic yield
than each method alone (8). Multimodal bronchoscopy,
which integrates real-time image guidance tools, optimises
diagnostic accuracy in peripheral pulmonary lesions (8,9) by
confirming proximity to target lesion prior to biopsy tool
deployment.

Fibre-based optical techniques, which are deliverable
via existing endoscopic platforms and add ~10 minutes
to conventional procedures (10), have the capability to
augment targeted conventional biopsies in lung cancer and
mesothelioma (11,12). Fibre-based optical endomicroscopy
(OEM) enables high-resolution imaging of distal lung
alveolar structure through the autofluorescence of
elastin (10,13), which represents 50% of peripheral lung
connective tissue fibres (14). Label-free fibre-based OEM,
in conjunction with navigation bronchoscopy, has been used
to access and identify solitary pulmonary nodules in vivo
(13,15). However, benign and malignant nodules are often
indistinguishable, as both demonstrate abnormal elastin
fibre architecture.

Fluorescence-lifetime imaging microscopy (FLIM) is
an emerging modality for detecting malignancy (16). This
functional imaging technique senses changes in the cellular
microenvironment by measuring endogenous fluorophore
decay rates. FLIM can generate highly-resolved images
by assigning each pixel a colour according to its lifetime
value, thereby enabling accurate localisation of abnormal
tissue (17). Traditionally, fluorescence lifetime techniques
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have been relatively slow, however, this has been overcome
by recent advances in sensor technology enabling high-
throughput FLIM imaging (18,19), thereby making this
technology very attractive for translation into the clinical
setting. Fibre-based FLIM has shown great promise in
discriminating cancer from adjacent healthy tissue (20,21).
Indeed, fibre-based FLIM has been integrated into robotic
surgery platforms to augment the surgical field of view (22)
and deliver real-time feedback, enabling rapid intra-
procedure margin assessment in head and neck surgery (23).
The application of bench-top FLIM demonstrates
excellent sensitivity and specificity for detection of human
lung cancer using frozen or paraffin-embedded tissue
sections, however, tissue processing techniques affect both
fluorescence intensity and lifetime (24,25).

We propose that a fibre-based FLIM system, which
enables rapid fluorescence lifetime calculation and
visualisation when using a computationally lightweight
approach (26) can discriminate between ex vivo cancerous
and non-cancerous lung tissue as the basis for clinical
translation. This minimally invasive, label-free technique
is deliverable via existing endoscopic platforms, thereby
permitting access to the distal lung parenchyma. As a
step towards future translation, we demonstrate proof-of-
concept of fibre-based FLIM in freshly resected ex vivo
human lung cancer. We show that rapid FLIM analysis
enables differentiation between cancerous and adjacent non-
cancerous lung tissue. We present this article in accordance
with the STARD reporting checklist (available at https://
tler.amegroups.com/article/view/10.21037/tler-23-638/rc).

Methods
Ex vivo lung tissue

Patients were identified through regional thoracic surgery
centre (Royal Infirmary of Edinburgh) if they were
scheduled for resection between October 2018 and August
2019. Patients were deemed eligible if they had suspected
or confirmed cancer due for surgical resection with primary
tumours >3 cm and formed a convenience series. The
ground truth of the samples for the purpose of referencing
was performed by a diagnostic pathology laboratory. This is
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Figure 1 Fluorescence lifetime imaging system and representative images. (A) Fluorescence lifetime imaging platform. (B) Representative

fluorescence lifetime imaging of healthy tissue. (C) Representative imaging of cancerous tissue. (D) Corresponding histology images

(haematoxylin and eosin stained).

the gold standard method.

Paired fresh cancerous and adjacent non-cancerous lung
tissues (>5 cm from tumour margin) were obtained from
patients undergoing thoracic resection for lung cancer. The
study was approved by NHS Lothian Bioresource Research
Ethics Committee (NHS Lothian, reference 15/ES/0094).
All study participants gave written informed consent, and
the study was conducted in accordance with the provisions
of the Declaration of Helsinki (as revised in 2013).

Fibre-based FLIM system

Imaging was performed prospectively using a FLIM
microendoscopy platform, which incorporates a confocal
laser scanning system and 512 spectral channel time
correlated single photon counting sensor capable of “on-
chip” histogramming in each channel (27) (Figure 1A).
This clinically compatible system, which is based upon
a benchtop, full-spectral FLIM platform [as described
previously (28)], uses a supercontinuum laser (SuperK
EVO, NKT Photonics, Denmark) filtered to 488 nm
excitation wavelength and has a spectral detection range
of 500-760 nm. To increase imaging frame rate, reduce
data burden and increase signal to noise, the sensor was
binned to two spectral channels (500-580 and 610-760
nm) before transmission to the computer. An approved-for-
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clinical-investigation coherent fibre imaging bundle (29)
was placed in direct contact with each tissue sample and at
least three regions of interest were evaluated. Fluorescence
intensity and lifetime video sequences (50 frames) were
simultaneously recorded using 128x128 pixel images (350 pm
x 350 pm field of view) matching the optical fibre bundle
characteristics with an average fibre core oversampling of
4x. The spectral emission range of 500-580 nm was selected
for optimal fluorescence lifetime analysis of lung tissue
autofluorescence. Lifetime decays were calculated using a
rapid lifetime determination method (26), which assumes a
single exponential decay, and enables real-time imaging at
three frames per second.

A 200-count threshold was applied, which equated to
a signal to noise ratio of 4:1, below which the lifetime
data was discarded. Fluorescence lifetime images were
processed with a transparency weighted by the fluorescence
intensity to modulate pixel saturation and optimise visibility
of structurally related detail (28). For each fluorescence
lifetime video sequence, a distribution histogram of
all pixels in the final frame was generated and mean
fluorescence lifetime value was calculated using offline
MATLAB R2019a (RRID:SCR_001622; MathWorks Inc.,
Natick, USA). For differentiation of tissue type, a global
fluorescence lifetime cut-off value was determined based on
the receiver operating characteristic (ROC).
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Table 1 Demographics of patients with non-small cell lung cancer

(N=21)

Characteristics Value
Age (years) 68 [63-79]
Sex
Male 11 [52]
Female 10 [48]
Smoking
Never 2[10]
Ex-smoker 16 [76]
Current smoker 3 [14]
Histology
Adenocarcinoma 11 [52]
Solid pattern 5 [45]
Acinar 3 [27]
Lepidic 3 [27]
Squamous cell carcinoma 6 [29]
Mixed 3[14]
Pleomorphic carcinoma 11[5]
Pathologic stage
[ 3[14]
I 11 [52]
11l 5[24]
v 2[10]

Data are presented as N [%] or median [range].

Statistical analyses

Data are presented as mean = SD. A paired Student’s #-test
was performed to compare patient-matched non-cancer and
lung cancer tissue samples. For comparisons among three
or more groups, one-way analysis of variance (ANOVA) was
performed. Homogeneity of variation among the groups
was evaluated using Brown-Forsythe test, prior to applying
ANOVA. Exact P values were computed, all P values were
two-tailed and P value of <0.05 was considered statistically
significant. GraphPad Prism Version 8 (GraphPad Software,
Boston, USA) was used for statistical analyses.

Results

Fibre-based FLIM was performed on 21 fresh ex vivo lung
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resection specimens, from patients with stage IB-IVA
NSCLC. Patient characteristics are presented in Table 1.
Fluorescence intensity images of adjacent non-cancerous
lung tissue demonstrated normal human alveolar structure,
characterised by network of elastin fibres encircling alveolar
ducts (Figure 1B). Whereas fluorescence intensity images of
lung cancer, confirmed with histopathology, demonstrated
disorganisation of the elastin fibre architecture with
increased elastin fibre thickness and density (Figure 1C,1D).

Real-time fluorescence lifetime images were acquired
simultaneously, with corresponding histograms of
fluorescence lifetime distribution across the whole image.
Fluorescence lifetime was significantly reduced in lung
cancer, compared with non-cancerous lung tissue (mean
+ SD, 1.79£0.40 vs. 2.15£0.26 ns, P<0.0001), using
fibre-based FLIM. Furthermore, mean fluorescence
lifetimes of paired non-cancerous and cancerous lung
tissue samples demonstrated a universal downward trend
(Figure 2A4). There was no significant difference in lung
cancer fluorescence lifetimes with respect to lung cancer
histological subtype, analysed using a one-way ANOVA
(P=0.80). ROC analysis demonstrated the optimal global
fluorescence lifetime cut-off value for differentiating cancer
from adjacent non-cancerous lung tissue, using fibre-
based FLIM, was 2.14 ns (sensitivity 81.0% and specificity
71.4%), with area under the curve 0.79 (95% confidence
interval: 0.65-0.93) (Figure 2B).

Discussion

We report the application of a high-resolution fibre-based
FLIM system to discriminate freshly resected ex vivo lung
cancer, from adjacent non-cancerous tissue, with high
sensitivity and good specificity. This novel microendoscopy
platform enables both tissue visualisation, through
endogenous elastin autofluorescence, and lifetime analysis of
lung cancer, which was characterised by abnormal alveolar
structure and significantly shorter fluorescence lifetime,
compared with non-cancerous lung tissue. The outcomes
of this study demonstrate the advanced tissue imaging
capabilities of fibre-based FLIM, which has the potential to
augment conventional biopsies in patients with suspected
lung cancer, by confirming lesion localisation prior to
biopsy tool deployment and increasing the biopsy “hit-rate”.
We envisage the application of this technology particularly
for peripheral lung nodules or masses to provide real time
feedback that the lesion has been reached and where tools
such as EBUS are typically not used. Furthermore, there is
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Figure 2 Discrimination of non-cancerous and cancerous tissue by fluorescence lifetime. (A) Fluorescence lifetime trend between non-

cancerous and cancerous tissue (****, P<0.0001). (B) Receiver operator characteristic curve for discrimination of lung cancer from non-

cancerous tissue. AUC, area under the curve.

potential for the use of the tool to assess the margins of a
lesion following resection when coupled with an appropriate
bronchoscopy navigation tool.

To date, exogenous fluorescent contrast agents, such as
fluorescein and methylene blue, have been used to enhance
cellular structure imaging in fibre-based OEM to aid the
detection of lung malignancy (11,30). However, there
are inherent challenges in the clinical implementation
of exogenous fluorophores, such as the requirement for
bespoke excitation wavelengths (30), suboptimal target site
delivery of topical agents, and adverse reactions associated
with systemic administration (31).

We have harnessed the potential of 488 nm excitation
to enable label-free dual modality optical fingerprinting
of human lung cancer. This fibre-based FLIM system
integrates high-resolution autofluorescence confocal
imaging with rapid fluorescence lifetime analysis, which
enables real-time visualisation of disorganised fluorescent
alveolar structure and altered lifetime associated with
lung cancer. Furthermore, this flexible, minimally invasive
technique is deliverable via existing endoscopic platforms to
enable access to small peripherally-located lung lesions.

This proof-of-concept study characterises fluorescence
lifetime properties of ex vivo human lung tissue, however,
optical signatures may be influenced by physiological
features of the in vivo environment, such as perfusion and
ventilation. FLIM has been demonstrated as an in-vivo
tool for distinguishing cancer from non-cancerous tissue
by Hassan ez al. for the oropharynx (21) with Marsden et 4.
demonstrating fluorescence lifetime trends of healthy and
cancerous oral tissue iz vivo are unchanged, compared
with freshly resected ex vivo tissue samples, and superior
tissue classification performance was observed in vivo (20).
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This suggests that ex vivo human tissue lifetime data are
consistent with 7z vivo fluorescence lifetime signatures, and
inter-patient variability in fluorescence lifetime values may
be less pronounced iz vivo. Furthermore, in clinical practice,
it is envisaged that non-cancerous tissue (in a separate lobe)
would be evaluated initially, as a reference measure, and the
fluorescence lifetime threshold would be adjusted during
the procedure with respect to the individual, which has the
potential to further optimise diagnostic accuracy.

In conclusion, our novel fibre-based FLIM system,
enabling label-free high-resolution imaging and quantitative
fluorescence lifetime analysis, distinguishes lung cancer,
from healthy adjacent tissue ex vivo with good performance
characteristics. Therefore, this minimally invasive technique,
which permits access to distally-located lesions via existing
endoscopic platforms, has potential as a real-time biopsy
guidance tool, with the capability to optimise diagnostic
accuracy and avoid repeated procedures in patients with
early-stage lung cancer.
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