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ARTICLE INFO ABSTRACT

Keywords: A method of rapidly differentiating lung tumor from healthy tissue is extraordinarily needed for both the
Autofluorescence diagnosis and the intraoperative margin assessment. We assessed the ability of fluorescence lifetime imaging
Lifetime

microscopy (FLIM) for differentiating human lung cancer and normal tissues with the autofluorescence, and also
elucidated the mechanism in tissue studies and cell studies. A 15-patient testing group was used to compare FLIM
results with traditional histopathology diagnosis. Based on the endogenous fluorescence lifetimes of the testing
group, a criterion line was proposed to distinguish normal and cancerous tissues. Then by blinded examined 41
sections from the validation group of other 16 patients, the sensitivity and specificity of FLIM were determined.
The cellular metabolism was studied with specific perturbations of oxidative phosphorylation and glycolysis in
cell studies. The fluorescence lifetime of cancerous lung tissues is consistently lower than normal tissues, and this
is due to the both decrease of reduced nicotinamide adenine dinucleotide (NADH) and flavin adenine
dinucleotide (FAD) lifetimes. A criterion line of lifetime at 1920 ps can be given for differentiating human
lung cancer and normal tissues.The sensitivity and specificity of FLIM for lung cancer diagnosis were determined
as 92.9% and 92.3%. These findings suggest that NADH and FAD can be used to rapidly diagnose lung cancer.
FLIM is a rapid, accurate and highly sensitive technique in the judgment during lung cancer surgery and it can be
potential in earlier cancer detection.

Lung tissues
Rapid and sensitive diagnosis
Cancer metabolism

1. Introduction tion, which still needs the staining process and takes about 20-30 min

[5].

Lung cancer is one of the leading causes of cancer deaths worldwide
[1,2]. Despite undergone pneumonectomy, the overall 5-year survival
rate of patients is less than 14% [3,4]. Complete surgical resection is
crucial to increasing the survival rates. The methods of rapidly
differentiating tumor from healthy tissue would be extraordinarily
beneficial to both the diagnosis and the intraoperative margin assess-
ment. The haematoxylin and eosin (H & E) stained histopathology is the
current gold standard to assess and diagnose disease, but can't to be
used in the operating room as the long test time (up to one week).
Intraoperative frozen section examination could be used to aid the
surgeon to distinguish tumor and normal tissues during tumor resec-

The endogenous fluorophores in cells and tissues, such as reduced
nicotinamide adenine dinucleotide (NADH) and flavin adenine dinu-
cleotide (FAD), play a pivotal role in cellular energy metabolism [6,7].
Compared to normal cells, many tumor cells have an increased
metabolic demand and an elevated rate of aerobic glycolysis for rapid
cell division [8]. which usually associates with changes of endogenous
fluorophores and can be monitored by fluorescence. Recent studies
have revealed the potential of autofluorescence imaging [9-11] and
spectroscopy [12,13] as diagnostic methods, including oral [8] cervical
[14,15] and breast [16] cancers. Since the irregular tissue surface or
endogenous absorbers in tissues, the quantitatively measurement of
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fluorescence intensity remains a challenge [17]. On the other hand, the
fluorescence lifetime of a fluorophore is independent on its concentra-
tion or excitation power, and is highly sensitive to its surrounding
microenvironment, such as molecular binding, pH, ion concentration
and oxygen concentration [12]. Therefore, fluorescence lifetime ima-
ging microscopy (FLIM) can provide clear information of the metabolic
difference between tumor and normal tissue.

In this study, we present a novel diagnose method for lung tumor by
FLIM. The lifetime images of differentiated lung tumor and normal lung
tissue were obtained, and correlated with the diagnoses by H&E
stained method. Our results show a rapid, accurate and highly sensitive
technique in the judgment during lung cancer surgery and it can be
more potential in earlier cancer detection. Moreover, the fundamental
of the fluorescent differences between tumor and normal tissue was also
studied in vitro.

2. Methods
2.1. Patients eligibility criteria

Between June 2015 and October 2016, thirty-one patients diag-
nosed as lung cancer and undergoing lung surgery involved in this
study. The patients were from Department of Chest, Huashan hospital,
Fudan University. This work was under the approval of Institution
Review Board in Huashan Hospital. All patients were suspected of lung
cancer and staged as I to Illa, whose performance function scores were
between 0 and 2, undergoing chest CT scan, MRI of brain and bone
nucleic scan, blood test including blood routine and tumor markers
(carcinoma embryo antigen, CEA; neuron-specific enolase, NSE; cyto-
keratin 19 fragment, CY211). All scan and blood test examinations were
prior to any treatment.

2.2. Study design and lung tissue sections preparation

The thirty-one patients were randomly divided into two groups, a
testing group including 15 patients and a validation group including 16
patients. Frozen tissue sections or paraffin-embedded tissue sections
were obtained during the surgeries with the standard procedures by
pathologists [18]. To evaluate the ability of FLIM for lung cancer
diagnosis, we first compared FLIM results with H&E stained histo-
pathology for the testing group (n = 15). For each patient of this group,
four section samples were obtained. Two adjacent sections were cut
from the center of tumor, and the other two sections were obtained at
5 cm away from the tumor margin and treated as normal lung tissues.
Among 15 patients, the sizes of 11 patients' tumors were large enough,
so that two extra sections could be obtained at the site between normal
and cancerous sections (noted as “middle”). The excised samples were
placed on glass slides. One section of each part (normal, cancerous and
middle) was imaged with FLIM. And the other tissue sections were
stained by H & E for pathological examination by a senior pathologist at
the Huashan Hospital. Based on the FLIM study of the testing group, a
criterion line was proposed to distinguish the normal and cancerous
tissues. We then examined frozen sections (n = 41) of the validation
group (the remaining 16 patients) with FLIM when we were blinded to
the histopathologic diagnosis. Finally, the sensitivity and specificity of
FLIM method were quantified through a comparison to the conven-
tional H & E histopathology.

2.3. Fluorescence lifetime imaging for tissue samples

Fluorescence lifetime images of tissue samples were acquired by a
single photon counting module on a laser scanning confocal microscope
(Olympus, FV300/1X 71, Japan) equipped with a 405 nm picosecond
laser (BDL-405-SMC, Becker & Hickl, Germany) and an oil immersion
objective (40 X, NA = 1.2). The autofluorescence signal was obtained
with a filter of 430 nm long-pass. Otherwise, band-pass filters of

BBA Clinical 8 (2017) 7-13

465-495nm and 545-580 nm were used to respectively acquire
fluorescence signals of NADH and FAD. The lifetime signal was detected
by a photomultiplier tube (PMC-100-1, Becker & Hickl) and processed
by a time-correlated single photon counting (TCSPC) system (SPC-150,
Becker & Hickl). Synchronized fluorescence lifetime data collection was
achieved on a pixel-by-pixel basis by using the x and y laser scanning
signals generated by the Confocal scan unit. Each FLIM image of
256 x 256 pixels was acquired in 2 min and at least six different areas
were imaged for each section. Every area was imaged only once to
avoid the photobleaching effect. All the images were obtained under
identical experimental conditions. For each FLIM image, time-decay
data of each pixel was fitted with multi-exponential decay models using
the SPCImage software (Becker & Hickl GmbH). In our study, the data
was fit with double or triple exponential function by assessing the
minimized %2 value during the fitting process and the data of all images
with %2 value below 1.3 indicated a good fit. Based on the fitting, the
weighted mean lifetime of each pixel is calculated. Then the distribu-
tion curve of one FLIM image can be obtained and displayed as a
histogram by the SPCImage software. The peak of the distribution curve
was analyzed for each FLIM image, and more than six images were
studied for each tissue section.

2.4. Cell culture

Human bronchial epithelial cells (BEAS-2B) were obtained from the
cell bank of Shanghai Science Academy and cultured under the
standard protocols. Cells were plated on petri dishes for microscopic
study. To study the cellular metabolism, cells were incubated with
200 uM CoCl, (Sigma-Aldrich) or 300 uM 3-bromopyruvate (Sigma-
Aldrich) for 90 min before observation to inhibit oxidative phosphor-
ylation or glycolysis, respectively. The untreated cells were set as the
control group.

2.5. Two-photon fluorescence lifetime imaging for cell samples

The two-photon fluorescence lifetime imaging study was performed
using a Leica microscope (TCS SP8 FLIM) equipped with an oil
immersion objective (63 X, NA = 1.4) and a HyD SMD single molecule
detector (Leica). The excitation source was a mode-locked Titanium-
sapphire laser (Mai-Tai laser DeepSee, 80 MHz, ~90 fs) at 750 nm
wavelength. Band-pass filters of 435-485 nm and 545-595 nm were
used to acquire fluorescence images of NADH and FAD, respectively.
Fluorescence decay curves were also calculated using aforementioned
multi-exponential decay models for each image by using the available
TCSPC software (SymPhoTime 64, PicoQuant GmbH).

3. Results
3.1. Demographics of patients

The patients in this study include 21 adenocarcinoma, 4 squamous
carcinoma, 3 adenosquamous carcinoma, 1 small cell carcinoma, 1
atypical carcinoid and 1 large cell carcinoma. The ratio of man/woman
was 13/18, whose average age was 61.2 + 9.7 years old.

3.2. Imaging performance of FLIM

As we all know, the current gold standard for clinical diagnosis of
lung cancer is based on the H&E stain for paraffin-embedded tissue
sections. Fig. 1(a) demonstrated a representative H & E image of the
normal lung tissue paraffin-embedded section, which showed an air-
filled alveolar structure of human normal lung tissue and the alveoli
was composed of monolayer epithelial cells. For comparison, a FLIM
image of an unstained paraffin-embedded section at the same area was
shown in Fig. 1(b). It could be seen that the FLIM image exhibited the
cellular morphology features as exactly as H&E image. Fig. 1(c)
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Fig. 1. H&E (a) and FLIM images of normal lung tissue paraffin-embedded section (b) and frozen section (c); (d) fluorescence lifetime distribution curves of FLIM images (b) and (c). (e)
autofluorescence spectra of the tissues with paraffin-embedded and frozen sections (red line) and their background spectra (black line). Scale bar is 50 um.

showed the FLIM image of a normal tissue frozen section, in which the
tissue structure remained not so intact comparing to paraffin-embedded
sections. However, the paraffin itself is fluorescent and has influence on
the autofluorescence study. In addition, the paraffin-embedded process
usually takes several days, and the fluorescence of endogenous fluor-
ophores would decay with time. Fig. 1(d) showed two lifetime
distribution curves of the FLIM images 1(b) and 1(c), which demon-
strated that the lifetime of frozen section was distinct from paraffin-
embedded section, implying that the fluorescent components in paraf-
fin-embedded section has influence upon the fluorescence lifetime.
Otherwise, the components like paraformaldehyd and paraffin wax
strongly disrupt the weak endogenous fluorescence of tissues. Similar
results were also confirmed for lung cancer tissue sections (Supplemen-
tary data Fig. S1). Fig. 1(e) showed the spectra of paraffin-embedded
and frozen sections (red line), and the spectra of their background
(black line). It can be seen that the background signal of paraffin-
embedded section contributed 34.5% intensity to the total spectrum of
paraffin-embedded tissue while the background of frozen tissue con-
tributed little. To study the autofluorescence of lung tissues, frozen
sections were preferred than paraffin-embedded ones.

3.3. FLIM images of frozen lung tissues

The H & E-stained (Fig. 2(a) and (d)) or FLIM images (Fig. 2(b) and
(e)) of the frozen lung tissue sections of one typical patient were shown
in Fig. 2. The normal tissue represented longer fluorescence lifetime
(orange-yellow) than cancerous tissues (blue-green). Fig. 2(c) and (f)
were the corresponding average lifetime distribution curves of Fig. 2(b)
and (e). The peaks of the curves were 2.06 ns and 1.40 ns for normal
and cancerous tissues, respectively.

Fig. 3(a) showed the FLIM image of a “middle” lung tissue section,
in which the tumor border was marked with a red dash line. Fig. 3(b)
showed the lifetimes changed along the white dot line marked in
Fig. 3(a). It could be seen that the left part (Area 1 in Fig. 3(a)) has the
longer lifetime around 2.0 ns, while the lifetimes in the right part (Area
2 in Fig. 3(a)) decreased sharply at the tumor border then gradually
down to lower than 1.0 ns. It suggested that the lung cancer developed
from left to right in this case. Fig. 3(c) presented the lifetime
distribution of Area 1 (normal side) and Area 2 (cancer side) in
Fig. 3(a), in which their peaks were at 2.07 ns and 1.14 ns, respectively.

Thus, the average fluorescence lifetime was reduced as normal lung
tissues developed to cancerous tissues, which implies the cellular
metabolism and microenvironment altered.

3.4. Statistical analysis of lung tissue lifetimes

From the testing group, the average lifetimes of normal (n = 15),
middle (n = 11) and cancerous lung tissues (n = 15) were presented in
Fig. 4(a). Each scatter point was averaged with the weighted mean
lifetimes of at least six FLIM images for each section, and the error bars
showed the standard deviation due to different scan areas within a
section. For each patient, the lifetime of normal section (from 1.85 to
2.20 ns) was obviously longer than middle (from 1.50 to 1.84 ns) and
cancerous sections (from 0.99 to 1.67 ns). The heterogeneity between
different patients was 0.35, 0.34 and 0.68 ns for normal, middle and
cancerous groups, respectively. The larger variability of cancerous
groups indicated the variation of cellular metabolism and microenvir-
onment among patients became larger with cancer progression. The
average lifetimes for normal, middle and cancerous groups were
2.01 = 0.09ns, 1.68 + 0.12ns and 1.46 *= 0.21 ns, respectively.
The middle group partially overlapped with the cancerous group,
which revealed the middle group was abnormal or partially cancerous.
To determine the adequate tumor margins, a criterion line could be
drawn at 1.92 ns according to the average lifetime of the normal group,
which covered 93.3% (14 of 15) normal sections in this study. Based on
the criterion line, the tissues with lifetimes higher than 1.92 ns are
healthy, and the tissues with lifetimes lower than the line are generally
cancerous. The criterion line would be a crucial judgmental tool for
lung cancer diagnosis and intraoperative margin assessment.

To evaluate the proposed criterion line, we examined 41 frozen
sections of the validation group for the 16 patients when we were
blinded to the histopathologic diagnosis. In Fig. 4(b), 12 of 13 normal
sections and 26 of 28 cancer sections were correct according to the
criterion line at 1.92ns. Compared to the H&E histopathological
diagnosis, the sensitivity and specificity of the FLIM method was
quantified as 92.9% (26/28) and 92.3% (12/13) respectively. This
technique demonstrates high concordance with H & E stain for tumor
diagnosis.



M. Wang et al.

Normal

Cancer

Jt.=1 000-2500 (ps) |

BBA Clinical 8 (2017) 7-13

3000 } (c)
2000

1000

4000
3000
2000
1000

()

Photon counts Photon counts
o

0 1 2 3
Lifetime (ns)

Fig. 2. H&E (a, d) and FLIM (b, e) images of two lung tissue frozen sections: (a, b) normal lung, and (d, e) lung adenocarcinoma. Scale bar is 50 pm. (c) and (f) were the average lifetime

distribution curves of (b) and (e), respectively.
3.5. NADH and FAD lifetimes of lung tissues

It is known that NADH emits a fluorescence of 440-530 nm, and
FAD emits a fluorescence of 500-600 nm with 405 nm laser excitation
by spectral study. To collect the autofluorescence of the tissues as much
and fast as possible, the signals of FLIM study in Figs. 1-3 are all the
autofluorescence with wavelength longer than 430 nm. To figure out
the fundamental of our FLIM data, we examined the lifetimes of NADH
and FAD separately of normal and cancerous lung tissues with two
different filters. The lifetimes of NADH were 1.48 + 0.06 ns and
1.22 + 0.09ns and those of FAD were 2.82 * 0.11ns and
2.61 + 0.12ns for normal and cancerous lung tissues, respectively.
It seems the lifetimes of NADH and FAD both decreased in cancerous
lung tissues. Since the fluorescence of protein-bound FAD is very weak
[19] the lifetime of FAD in this study was mainly contributed by free
FAD whose lifetime was reported in the range of 2.28-3.13 ns [20,21].
The decreasing of FAD lifetime was caused by cellular micro-environ-
ment change in cancerous lung tissues. For NADH, both free and
protein-bound form NADH contributed to the autofluorescence. Free
NADH has a lifetime of 0.3-0.8 ns while protein-bound NADH has a
longer lifetime of 1.0-6.5ns [22]. Fig. 4(c) showed free NADH and
protein-bound NADH lifetimes of normal and cancerous lung tissues by
fitting the FLIM image of NADH with double-exponential decay models.
It can be seen that both the free and protein-bound NADH lifetimes
decreased in cancerous lung tissues. And the ratio of free to protein-
bound NADH increased in cancerous lung tissues. We supposed that the
decrease of both NADH and FAD lifetimes may be due to a shift from
oxidative phosphorylation to glycolysis, which was further studied by
cell models.

Normal——> Cancer

3.6. NADH and FAD lifetimes of BEAS-2B cells

Considering the predictions of neoplastic metabolism and the
Warburg effect that cancer favors glycolysis over oxidative phosphor-
ylation [23], we further investigated the NADH and FAD lifetimes of
BEAS-2B cells with inhibition of specific metabolic pathways. Fig. 5(a)
showed FLIM images of control cells (untreated), cells incubated with
CoCl, or 3-bromopyruvate, from which qualitative differences can be
easily seen. CoCl, inhibits oxidative phosphorylation and 3-bromopyr-
uvate inhibits glycolysis. As shown in Fig. 5, CoCl, decreased NADH
and FAD lifetimes while 3-bromopyruvate elevated them relating to
control group. The mutual shifts of metabolism pathways caused a
significant lifetime change on two treated groups. From the cell
experiment, we can demonstrate that the lifetimes of NADH and FAD
decreased with metabolic pathways shifting to glycolysis, which
reflected the distribution of NADH and FAD binding sites has changed
and gave an explanation of the lung tissue experimental results.

4. Discussion

We provide the first ex vivo human lung data to demonstrate the
ability of delineating tumor tissue from healthy tissue with FLIM. In our
study, the lifetime of cancerous lung tissues is consistently lower than
normal tissues, and this is due to the both decrease of NADH and FAD
lifetimes. A lifetime decrease in metabolic pathways with neoplastic
metabolism is also demonstrated in human bronchial epithelial cells
(BEAS-2B) by inhibiting specific metabolic pathways. In general, cancer
cells exhibit an elevated level of free NADH. And this is confirmed by
metastatic and nonmetastatic murine melanoma cell lines, which show
that the average lifetime of NADH is lower in metastatic cells than in
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Scatter plot of average lifetimes for 41 samples including 13 normal (blue triangle) and 28 cancerous sections (black square) from the validation group, which were diagnosed by H& E
histopathological examination. (c) Free and protein-bound NADH lifetimes, and their relative contribution ratio in normal and cancerous lung tissues.

nonmetastatic cells. Specifically, nonmalignant cells exhibit average
lifetime ranging from 1.4 ns to 1.9 ns while malignant cells lifetime are
in the range of 0.5ns to 0.85ns [24,25]. Previous study of NADH
lifetime in human breast cells [26] indicated that a decrease in the
lifetime of both protein-bound NADH and free NADH is due to hypoxia.
Skala et al. used two-photon excited FLIM to study NADH and FAD in
the hamster cheek pouch model of oral cancer in vivo. They found a
significantly decreased lifetime in both protein-bound NADH and free
FAD with increasing cancer grade [27]. In another research of Skala
et al, they also demonstrated that the decrease in protein-bound NADH
lifetime with dysplasia is due to a shift from oxidative phosphorylation
to glycolysis in hamster cheek pouch model [28]. Our results of human
lung data are consistent with these recent FLIM studies in animal
models or cell lines.

Previous studies reported that high neutrophil: lymphocyte ratio
(NLR) value is associated with inflammation, poor survival and a higher
risk of distant metastasis [29,30]. We examined the pathological data of
NLR for all the patients before any treatment. There were 4 patients
among the total 31 patients having high NLR values (> 5). The
“normal” sections of the 4 patients with high NLR were examined by
FLIM. Interestingly, it was found that two patients of them (2/4, 50.0%)
showed lower lifetimes than other cases. The NLR values of patient
No.9 in the testing group and sample No.10 in the validation group
were 20.5 and 5.37. And the lifetimes of their “normal” sections were
1.85 = 0.04ns and 1.85 = 0.16 ns respectively (Fig. 4(a) and (b)),
which were lower than the proposed criterion line at 1.92 ns and may
indicate that the resection margin is still in the cancerous region.
Patients with positive margins may lead to second surgery, a higher risk
of recurrence and distant metastasis, associated with greater psycholo-
gical pressure and medical expenses. For the remaining 27 patients with
NLR values lower than 5, the average NLR value was 2.07 + 0.52. The
“normal” sections of all the 27 cases (100%) had lifetimes larger than

11

1.92 ns, which indicated that the sections were in the healthy region
based on the FLIM study. Owing to the limited number of patients with
high NLR value in this study, we were not able to study the interesting
result further. However, we presume that larger tumor margin and
surgery area might be more adequate for some patients with higher
NLR values.

Current assessment of safe resection margin during lung cancer
surgery is still based on the H&E imaging results of frozen sections
whose accuracy is highly depended on the pathological diagnosis
experience of pathologists. In recent years, several optical imaging
techniques such as laser-induced fluorescence imaging (LIF) [31],
multiphoton microscopy (MPM) [32], two-photon excited autofluores-
cence (TPEAF) [10,33], coherent anti-Stokes Raman scattering imaging
(CARS) and second harmonic generation (SHG) [11] have attracted
interests for lung cancer and many other diseases. However, these
imaging techniques still need experienced pathologists to analyze the
cellular structure by the obtained images. FLIM also has the advantages
of high-resolution, label-free, noninvasive and real-time imaging.
Furthermore, FLIM can provide metabolic information via lifetimes of
tissues with high sensitivity, which is objective and not dependent on
the image contrast. Therefore, we can distinguish tumor tissue and
normal lung tissue based on lifetime values. A criterion line of lifetime
at 1920 ps can be given as a supporting approach helping surgeons to
assess safe resection margin during the lung cancer surgery.

The FLIM data of the cell experiments are similar between one and
two-photons excitations. Although multiphoton FLIM would reach
deeper tissue, the excitation laser for one-photon FLIM is a picosecond
laser which is of modest cost and portable for the superficial epithelial
tumor like non-small cell lung cancer. FLIM without the need of tissue
fixation or staining can provide cellular structure images as clearly as
H & E images, and give lifetime results sensitively within 2 min, which
can dramatically save time comparing to the time-consuming process of
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H & E-staining. The development of miniaturized endoscopy and scan-
ning system will be necessary for clinical application of early cancer
detection. One-photon excited FLIM as a rapid and powerful tool for
diagnosis of lung cancer may ultimately be used either to aid surgeries
in intraoperative margin assessment or to improve non-invasive screen-
ing of lung cancer through endoscope.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbacli.2017.04.002.
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