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1 Introduction

Lung cancer is the most common cancer in the world, and it is

Abstract. Time-resolved measurements of tissue autofluorescence
(AF) excited at 405 nm were carried out with an optical-fiber-based
spectrometer in the bronchi of 11 patients. The objectives consisted of
assessing the lifetime as a new tumor/normal (T/N) tissue contrast
parameter and trying to explain the origin of the contrasts observed
when using AF-based cancer detection imaging systems. No signifi-
cant change in the AF lifetimes was found. AF bronchoscopy per-
formed in parallel with an imaging device revealed both intensity and
spectral contrasts. Our results suggest that the spectral contrast might
be due to an enhanced blood concentration just below the epithelial
layers of the lesion. The intensity contrast probably results from the
thickening of the epithelium in the lesions. The absence of T/N life-
time contrast indicates that the quenching is not at the origin of the
fluorescence intensity and spectral contrasts. These lifetimes (6.9 ns,
2.0 ns, and 0.2 ns) were consistent for all the examined sites. The fact
that these lifetimes are the same for different emission domains rang-
ing between 430 and 680 nm indicates that there is probably only
one dominant fluorophore involved. The measured lifetimes suggest
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Therefore, approaches using fluorescence from exogenous

and endogenous fluorophores have been undertaken in our
. . . 8—12 . . e

and other institutions in order to improve the sensitivity

responsible for more deaths in the developed countries than
any tumors of other organs.' Five-year survival rates after
diagnosis fluctuate between 8% and 12% in Europez’3 and are
less than 15% in North America.* One cause of this low sur-
vival rate is the fact that the disease is often already in an
advanced stage when symptoms occur. However, screening
studies in high-risk patients with low-dose computer tomog-
raphy have shown that early detection of the disease can dra-
matically increase the survival rate.>® White-light bronchos-
copy is the diagnostic method of choice to detect and biopsy
endobronchial cancer. However, only about 30% of the carci-
noma in situ (CIS) and two thirds of the microinvasive carci-
nomas are visible under standard white-light endoscopy.7
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and specificity of standard white-light endoscopy. Above all,
the approach of using fluorescence of the endogenous fluoro-
phores, i.e., the autofluorescence (AF), is very appealing, as it
does not require the administration of a contrast agent. Autof-
luorescence bronchoscopy (AFB) is based on the visualization
of the spectral and intensity contrasts of the bronchial AF
between the healthy mucosa and preneoplasia or neoplasia.
This application has proven to be highly sensitive to early,
noninvasive preneoplastic and microinvasive neoplastic le-
sions that may remain occult with conventional white-light
bronchoscopy.'*”  Commercially available AFB systems
mostly utilize blue-violet light for the AF excitation and de-
tect the AF intensity contrast in the green part of the
spectrum.lz’m’lg’22 Optimal contrast can be achieved with ex-
citation wavelengths around 405 nm (Ref. 23). However, al-
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though the sensitivity of AFB for preneoplasia and microin-
vasive neoplasia is high, its specificity remains limited.'>!>1¢
In addition, the mechanisms that are at the origin of the con-
trasts between healthy mucosa and lesions are not clearly
identified at the present time.

The steady-state approach employed by the AFB systems
integrates the emitted AF signal over time, ignoring the dy-
namics of the AF decay and losing an additional dimension of
information. Time-resolved spectrofluorometric measure-
ments capture the decay of the AF intensity in time and thus
provide further information about the characteristics of spe-
cific fluorophores and their microenvironment. Indeed, time-
resolved fluorescence spectroscopy for tumor detection is of
interest for numerous reasons: (1) The AF from biological
tissues stems from several endogenous fluorophores with
overlapping spectra. If the relative concentration of these
fluorophores varies, a lifetime contrast can be expected. (2)
Quantitative measurements of the AF intensity are difficult to
perform during endoscopy, whereas fluorescence lifetime
measurements are independent of the signal intensity. (3) The
fluorescence lifetime of several endogenous fluorophores is
sensitive to the physicochemical properties of their microen-
vironment and may thus be an indicator of biochemical varia-
tions occurring already in the early phases of preneoplastic
changes.

Indeed, time-resolved AF spectroscopy and imaging have
been previously investigated for diagnosis in the colon,*
skjn,25’26 breast,27 head and neck,28 as well as the urinary
bladder,” among others. Consequently, the decision was
made to study the AF lifetime in order to determine whether
the AF decay parameters could be used as a novel means of
establishing a contrast between healthy bronchial mucosa and
preneoplastic or microinvasive neoplastic lesions [in the fol-
lowing, referred to as (pre-)neoplasia]. An instrument en-
abling in vivo point measurements on the bronchial mucous
membrane during endoscopy30 was developed for this pur-
pose. This instrumentation was used in parallel with the
steady-state AF imaging device built by our group,'’ and this
combination enabled the localization of suspicious sites by the
imaging device and, subsequently, the point-measurements of
the fluorescence lifetimes at these locations.

The purpose of the time-resolved fluorescence measure-
ments was not merely to answer the question of whether the
AF lifetime might be a parameter providing a reliable contrast
between healthy mucosa and (pre-)neoplasia, but also to shed
new light on the query regarding the origin of the AF contrast
observed with imaging systems.23’31’32 Several hypotheses are
generally evoked to explain the spectral contrasts observed
between endobronchial (pre-)neoplasia and their healthy
counterpart: (1) A decrease in concentration of the fluoro-
phores in the (pre-)neoplastic lesion. (2) A quenching of the
fluorescence by a change of the physicochemical environment
in the lesion, e.g., the pH and/or pO, values. (3) An architec-
tural effect, i.e., a thickening of the epithelium in the lesion
due to abnormal cell proliferation. Since most of the AF
seems to originate from the submucosa,32 this could induce a
decrease in AF intensity measured on the surface of the mu-
cosa. (4) An increased concentration of light absorbers such as
hemoglobin. Time-resolved fluorescence measurements can
reveal whether the fluorescence quenching plays a significant
role. Last, it should be noted that these AF lifetime measure-
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ments must be carried out in vivo due to some of the endog-
enous fluorophores such as reduced nicotinamide adenine di-
nucleotide (NADH) and flavins being known to exhibit
various spectral properties depending on their redox state or
to photobleach rapidly.*>** In addition, blood content also
changes in resected specimens.3 132 1t is worth noting that
most studies aimed at characterizing biological tissues by AF
lifetime have been conducted on ex vivo salmplezs,zs’27’28 and
reports on in vivo studies are scarce.”*

2 Materials and Methods
2.1 Time-Resolved Fluorescence Measurements

The instrumentation for the time-resolved spectroscopic fluo-
rescence measurements has been described in detail
elsewhere.” Briefly, the excitation light pulses (typical pulse
duration about 500 ps, repetition ratio 10 Hz) of a nitrogen
laser-pumped dye laser emitting at 405 nm (MSG 803TD,
LTB GmbH, Berlin, Germany) were injected into a
550-um-core-diam optical fiber using a UV-coated lens and a
dichroic long-pass filter (cutoff wavelength 450 nm, 45-deg
arrangement). The fiber could be easily inserted into the
working channels of conventional flexible bronchoscopes, and
its flat distal cut-end was applied in direct gentle contact with
the lesions or normal respiratory mucous membrane. This ge-
ometry, combined with the limited penetration depth of violet
(405 nm) light, defines a probed volume of typically
0.1 mm?. The laser light delivered by the fiber excited the
mucosa AF that was collected by the same fiber. The fluores-
cence signal was transmitted through the dichroic filter and
injected into a spectrograph (250IS, Chromex, Albuquerque,
New Mexico). An additional 430-nm long-pass filter posi-
tioned in front of the spectrograph removed the remaining
backscattered excitation light, and an entire time-resolved
spectrum could thus be acquired by means of a streak camera
(C4334, Hamamatsu Photonics K.K., Hamamatsu City, Japan)
that was operated in the analog mode in the 20-ns time win-
dow. The spectral resolution was approximately 15 nm, and
the temporal resolution was 280 ps. Each individual measure-
ment consisted of the integration of 150 acquisitions (see the
following below). The entire setup was installed on a trolley
for transport to the procedure room.

Measurements performed on a reference sample (quartz
cuvette for optical spectroscopy containing 3 ml of
rhodamine 6G, 10 uM in water) were carried out prior to the
endoscopic analysis in order to compensate for the variations
of the excitation light intensities, optical alignment, and de-
tector performance. The AF intensities were subsequently nor-
malized by the signal intensity of this reference and expressed
in relative units (r.u.). This procedure allowed a comparison
of the fluorescence intensities from different patients. This
reference sample was also used to validate our fluorescence
lifetime measurement system and data analysis procedure. As
reported in detail by Glanzmann et al.,” the lifetime measured
on this reference sample was compatible with the literature. In
addition, a mono-exponential decay was obtained with an ex-
cellent reproducibility (variations on the order of 2%) on this
sample. Our group also performed measurements on reference
samples containing a mixture of rhodamines. The individual
fluorescence lifetimes could be identified with a higher than
20% precision using our fluorescence lifetime measurement
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system and data analysis procedure. Last, it should be noted
that similar measurements were performed on various lumi-
nescence standards exhibiting luminescence lifetimes ranging
between 0.175 and 3700 ns. The excellent agreement between
these measurements and the literature indicate that the re-
sponse of our instrument is reliable within this time range.3o
However, it is worth noting here that the shortest measured
lifetimes, the component 7; defined below, were inferior to
the width of the excitation laser pulse and were thus likely to
be biased. For this reason, these shortest lifetimes were not
taken into account in the comparison, presented here, of the
results from the spectrometric and imaging studies.

2.2 The AF Imaging Device

The AF imaging device has been described in detail
elsewhere.'? Briefly, it consisted of a filtered endoscopic light
source and a filtered 3 CCD endoscopic camera (both from
Richard Wolf GmbH, Knittlingen, Germany). The light source
contained a 300-W xenon lamp and was equipped with a
flip-flop filter holder containing (1) a custom-made blue-violet
bandpass filter (390 nm to 460 nm) for AF excitation, and
(2) a grid for conventional white-light (WL) endoscopy. The
light was led to the endoscope optics via a liquid light guide,
and the endoscopic image (WL and AF) was detected by the 3
CCD camera. A 490-nm long-pass filter in the camera objec-
tive rejected all blue-violet excitation light. When the light
source was employed in the AF mode, i.e., emitting blue-
violet light, the blue color channel of the camera was sup-
pressed. Thus, the AF images obtained with this system con-
tained only the green (500 nm to 590 nm) and red
(>600 nm) color information. The camera head could be
clipped to conventional rigid bronchoscopes or to a dedicated
bronchofiberscope. The bronchoscopic images were displayed
on a video monitor (Sony, Japan) and recorded with a video
recorder to enable their subsequent analysis by a computer
after digitization. This procedure provided quantitative infor-
mation regarding the green and red AF intensities. Due to the
spectral and intensity changes mentioned earlier, healthy
bronchial mucosa appeared greenish (AF negative), whereas
(pre-)neoplastic lesions presented a brown-reddish color (AF
positive).

2.3 In Vivo Measurements

Eleven high-risk lung cancer patients undergoing conven-
tional white-light bronchoscopy (WLB) and diagnostic AFB
were included in the present study. A total of 14 broncho-
scopies, referred to in the following as a case, were performed
on these patients. The inclusion criteria were positive sputum
cytology, positive resection margins following previous lung
cancer surgery, and routine follow-up bronchoscopy. Both
WLB and AFB were performed with the AF bronchofiber-
scope described earlier, and the locations of AF-positive as
well as AF-negative, i.e., healthy, sites were identified. For the
time-resolved measurements, the optical fiber of the spectrof-
luorometer was inserted into the working channel of the bron-
choscope and placed in gentle contact with the mucous mem-
brane under visual control. The acquisition time was
approximately 15 s. For each measurement, two acquisitions
were performed on a single spot without moving the fiber,
with the aim of verifying whether the contact with the mucosa
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Fig. 1 A 3-exponential least-square deconvolution fit of an AF decay
in the range of 510 to 550 nm. Upper panel: The dashed line depicts
the excitation pulse at 405 nm, whereas the black solid line and the
gray patterned line represent the decay data and fit function, respec-
tively. The lower figures display the autocorrelation function as well
as the residuals.

had been established through the entire duration of the mea-
surement. The two acquisitions were considered void if they
were not identical. Whenever possible, measurements were
repeated on the same site after slightly displacing the fiber in
order to account for intrapatient variations due to local het-
erogeneities of the bronchial mucosa. Measurements were
performed on all lesions identified with the AFB imaging sys-
tem. Additional measurements on the healthy mucosa were
carried out at various locations in the bronchial tree so as to
assess the anatomy-dependent intra- and interpatient varia-
tions. More precisely, measurements were performed on the
carina, the walls of the main bronchi, as well as on the spurs
of the upper-and lower-lobe bronchi. Biopsies were taken
with WLB or AFB on suspect sites, and the presence or ab-
sence of (pre-)neoplasia was evaluated by subsequent histo-
pathological analysis. The whole procedure was recorded on
video. In histopathologic analysis, the specimens were classi-
fied into the following three categories: (1) reactive change
including basal cell hyperplasia and squamous metaplasia; (2)
preneoplasia without invasion of the basement membrane, in-
cluding mild, moderate, and severe dysplasia, as well as CIS;
and (3) neoplasia, including microinvasive carcinoma and in-
vasive squamous cell carcinoma.

2.4 Lifetime Analysis

The fluorescence decays were analyzed using the Marquardt-
Levenberg iterative nonlinear least-squares reconvolution fit-
ting algorithm, assuming an a priori multiexponential decay
(Software HPD-TA-Fit 2.1.3, Hamamatsu Photonics Germany
GmbH, Herrsching, Germany). The signal-to-noise ratio of
the obtained decays enabled a fit with up to three exponen-
tials. The resulting curves of the weighted residuals as well as
the autocorrelation of the residuals versus channel number are
shown for graphical assessment of the goodness of fit (Fig. 1).
Good fits should yield randomly distributed residuals about
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zero. The presence of any pattern in the distribution of either
the residuals or the autocorrelation function is an indication
that the model used is inadequate to describe the data. Bad fits
provide low-frequency periodicity in an autocorrelation plot
that can be easily detected.”® The AF decays were analyzed
for two wavelength ranges 510 nm to 550 nm and
600 nm to 640 nm, corresponding to the green and red spec-
tral detection ranges, respectively, of the AFB imaging device.
Figure 1 shows the AF decay between 510 nm and 550 nm
on healthy bronchial mucosa together with the excitation
pulse and the curves of both the residuals and the autocorre-
lation function. As demonstrated in the figure, the fits with
three decay parameters gave rise to curves of both the residu-
als and the autocorrelation function. The slight modulation of
both curves as well as a weak odd-even effect was due to the
response characteristics of the streak camera. As can be seen
on the left part of the autocorrelation curve, the range of the
fit could not be extended all the way to the beginning of the
decay profile. This was probably the result of a slight differ-
ence in pulse and decay profile due to the nonlinearity of the
so-called cross talk of the streak camera. Nevertheless, the
fitted results were very stable, and the 3-exponential fits gave
rise to considerably enhanced residual curves as opposed to
their 2-exponential counterparts. The 4-exponential fits, on the
other hand, led to unstable results, and no improvement of the
residuals was obtained.

The relative photonic weight of each lifetime was calcu-
lated using the expression a;* 7;/(2;a;% 7;), where 7; is the
AF lifetime, and «; is a preexponential factor. In order to
characterize the speed of fluorescence decay with a single
parameter, the 10%-decay-time, designating the time period
during which the fluorescence decreased from its maximum
value to 10% of its intensity, was introduced. This approach
enabled, in typical conditions, a quantification of the differ-
ences in decay time at the center of the decay curve, since the
time-window of the streak camera was 20 ns, as can be seen
in Fig. 1.

2.5 AF Image Analysis

For each case, one WL and one AF image per spectroscopi-
cally measured and biopsied site were digitized in the 24-bit
RGB color scheme. The average intensity of the red (R) and
green (G) pixels of the biopsied lesion as well as of the pre-
sumably healthy surrounding mucosa (reference) were com-
puted together with their standard deviations. These values
were used to compute (1) the intensity ratios in the green and
the red color channels {ratio Réreen(md) between the green (red)
intensities on the lesion and the corresponding intensities on
the reference area [Eq. (1)]} and (2) the normalized red-to-
green color ratio R .. between the lesion and the reference
area [Eq. (2)]:

Ricsion Giesi
Rr/ed = e and Réreen = G feston > (1)

reference reference

Rl/mrm:RR’;ed :( Rlesion >< Glesion ) (2)

green Rreference Greference
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Fig. 2 Lifetimes and normalized photonic weights of the AF decays on
the healthy bronchial mucosa of 11 patients between 510 and 550 nm
at 405-nm excitation. (Each patient corresponds to one symbol.)

Equations (1) and (2) show the computation of the red and
green intensity ratios R’ [Eq. (1)] and of the normalized color
ratio R]’]orm? where Ricgon (Giesion) and Rieference (Greference)
represent the red (green) pixel intensities calculated from the

lesion and the reference area, respectively.

3 Results
3.1 Intra- and Interpatient Variations of the Lifetime
Parameters

The intrapatient variations of the AF lifetime due to mucosa
heterogeneities and changes in the anatomical structure were
assessed from 14 cases, including 11 patients as described in
Sec. 2. Figure 2 compares the calculated AF lifetimes mea-
sured from healthy mucosa at various locations of the tracheo-
bronchial tree during the 14 exams against their normalized
relative photonic weight. All lifetimes extracted from decays
measured during a single exam are indicated with the same
sign. This renders it possible to compare the intra- and the
interpatient variation.

The mean values of three AF lifetimes, 7y, 75, and 73, were
0.17%=0.07 ns, 2.02+0.13 ns, and 6.84 =0.39 ns, respec-
tively, with variations on the order of 39%, 6.4%, and 5.7%,
respectively. The corresponding variations for the photonic
weights were 17.9%, 4.0%, and 5.9%, respectively. Approxi-
mately 50% of the fluorescence stems from the long lifetime
73, about 40% from the intermediate lifetime 7, and close to
10% from the short lifetime 7.

The mean intrapatient variations in the fluorescence life-
times were on the order of 17.3% (range 6.5% to 35.4%) for
the shortest lifetime 7, and approximately 4% (range 1.5% to
7%) for the longer lifetimes 7, and 73. The corresponding
intrapatient variations of the photonic weights ranged from
3.5% to 7.7%. Although the measurements of the individual
patients were somewhat grouped, the interpatient variations
were no more pronounced than their intrapatient counterparts.
As already stated, the intrapatient variations result partially
from mucosa heterogeneities, but also from changes in the AF
of the tissues related to the anatomical structure of the bron-
chi.

The variations in AF lifetime due to mucosa heterogene-
ities are illustrated by the open triangles and open diamonds
in Fig. 2, representing seven and five measurements, respec-
tively, conducted at neighboring spots on the healthy carina of
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Fig. 3 Photonic weights versus AF lifetimes measured on healthy mu-
cosa on (1) the main carina (squares); (2) superior spurs (open
circles); (3) inferior spurs (circles); and (4) the walls of the stem bron-
chi (triangles). Figure 3(a) shows the results for the green spectral
region (510 nm to 550 nm), whereas Fig. 3(b) displays those for the
red spectral region (600 nm to 640 nm).

two patients. These intrapatient variations were on the order
of 35%, 3.8%, and 3.9% for the lifetimes 7y, 7», and 73, re-
spectively.

Figures 3(a) and 3(b) show the distribution of the AF life-
times from healthy bronchial mucosa for the green
[510 to 550 nm?; Fig. 3(a)] and red [600 to 640 nm; Fig.
3(b)] spectral regions, respectively. The figures represent data
from a subgroup of eight patients for which data in both spec-
tral regions were available. The mean AF lifetimes computed
for the fluorescence decays in the red spectral region (7q:
0.25+0.08 ns, 75: 2.06+0.20 ns, 73: 6.98 = 1.08 ns) were
relatively similar to those in the green spectral region (7q:
0.15%+0.06 ns, 75: 2.04+0.19 ns, 75: 6.97 = 0.41 ns). [95%
confidence interval (CI) and p-value of the "red-green” life-
times populations differences: 7;: (0.065 to 0.135; p<<0.05),
7. (=0.076 to 0.116, p>0.05), 75: (—0.392 to 0411, p
>(0.05).] In addition, the figures show the correlation be-
tween the AF lifetime and the anatomic localization of the
measured site. No dependence on the location in the bronchi
of either the AF lifetimes or the relative photonic weight was
observed in either of the spectral regions. Moreover, the
changes in the AF lifetimes originating from measurements
performed at various locations in the bronchi were compa-
rable to the AF lifetime variations due to the heterogeneity of
the mucosa response, as shown in Fig. 2.

Due to the similarity of the principal AF lifetimes in the
green and the red spectral regions, all data presented in the
following paragraphs refer exclusively to the green spectral
region. This approach could also be justified by the fact that
the decrease in intensity observed in spatially resolved
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Fig. 4 Lifetimes and normalized photonic weights (wavelength range
500 nm to 590 nm) of the autofluorescence decays on three severe
dysplasia, two microinvasive carcinoma, and healthy mucosa mea-
sured in five cases. Each symbol corresponds to one measurement.
Solid symbols depict measurements on TP lesions, whereas open sym-
bols refer to measurements on surrounding healthy mucosa.

8,23,32 11,12,16

spectrofluorometry and imaging was most impor-
tant in the green spectral region and was thus the principal
cause for the AF contrast.

It is worth noting that although the lifetimes did not de-
pend on the localization of the measurement spot within the
bronchial tree, the fluorescence intensities did. At wave-
lengths ranging from 510 nm to 550 nm, the fluorescence in-
tensities measured on the spurs of the upper and lower bron-
chi were twofold lower (relative intensities I,,;=42.6 £ 15.8
and 33.6 £ 19.6, respectively) than those measured on the ca-
rina (Iy=81%=37.2) and on the wall of the main bronchi
(I,4=79.5 *+38.8); data not shown.

3.2 AF Lifetimes of (Pre-)Neoplastic Lesions

A total number of eight lesions were detected by AF broncho-
scopy in 5 of the 11 patients. All lesions were invisible with
conventional  white-light bronchoscopy. Histopathologic
analysis of the biopsies taken from the lesions confirmed five
(pre-)neoplasia (three severe dysplasia and two microinvasive
carcinoma) and three reactive changes (squamous metapla-
sia). The former are here referred to as true positives (TP) and
the latter as false positives (FP). The photonic weights of the
various AF lifetimes detected in the green spectral region for
the TP lesions (solid symbols) and the surrounding healthy
mucosa (open symbols) are presented in Fig. 4.

Figure 4 does not demonstrate a systematic difference in
the photonic weight or AF lifetime computed for healthy mu-
cosa and (pre-)neoplasia, respectively. This was confirmed by
statistical analysis giving the 95% CI and the p-values for the
three lifetimes as follows: 7, (95% CI: —0.0285 to 0.085, p
>0.05), 7 (95% CI. —0.0282 to 0.1482, p>0.05), and 73
(95% CI: —0.0209 to 0.5609, p > 0.034). The results from the
AF lifetime measurements were compared to the color aspect
and intensity ratios computed from the AFB images. For four
of the five (pre-)neoplasias (two severe dysplasia and two
microinvasive carcinoma), a complete set of data, including
AFB and WLB images, as well as AF lifetime measurements
for both the lesion and its surrounding healthy mucosa, was
available for analysis. Figures 5(a) and 5(b) display the AF
lifetimes in the green spectral region versus the intensity ra-
tios R' and R/ Although the ratios computed from the

norm*

AFB images clearly show evidence of a spectral and intensity
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Fig. 5 AF lifetimes (wavelength range 500 nm to 590 nm) 7, and 73 of
four true positive (TP) lesions and three false positive (FP) lesions
found in two patients versus the intensity ratios as computed from the
AFB images. (a) AF lifetimes measured on the lesion versus the green
(R’, diamonds) intensity ratios between TP (solid symbols) and FP
(open symbols) lesions and healthy mucosa (gray circles). (b) AF life-

times measured on the lesion versus the normalized R/, intensity

ratio for TP (solid squares) and FP (open squares) lesions. The gray
circles depict the AF lifetime measured on healthy mucosa versus the

, .
R o for the same sites.

contrast between the lesions and their surrounding healthy
mucosa, no difference in the AF lifetimes measured on the
respective sites could be observed.

As mentioned earlier, it is worth noting here that the short-
est measured lifetimes 7; were inferior to the width of the
excitation laser pulse and were thus likely to be biased. For
this reason, the shortest lifetimes were not taken into account
in the comparison of the results from the spectrometric and
imaging study.

Figure 6 displays the relative peak AF intensities measured
between 510 nm and 550 nm as functions of the 10% decay

180
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140 °
120 - LA e
100 A > °

80 - +o
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40 - X Ea
20 A a .

u.]

Fluorescence Intensity [r.

6 7 8 9 10 1 12
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Fig. 6 The relative peak fluorescence intensity between 510 nm and

560 nm versus the 10% decay time measured on healthy bronchial
mucosa in 11 patients. (Each symbol corresponds to one patient.)
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time for 47 measurements performed on the healthy mucosa
of 11 patients. Each symbol depicts values measured at vari-
ous locations in the same patient. As described earlier, the
10% decay time permitted a characterization of the speed of
the AF decay by a single parameter.

The relative inter- and intrapatient variations in the AF
intensities were 56% and 40%, respectively. Furthermore, the
inter- and intrapatient variations of the 10% decay time were
on the order of 10% and 5.4% (range 7 ns to 11.5 ns), re-
spectively, and thus markedly smaller than the intensity varia-
tions. The measurements of the relative fluorescence intensity
with an optical fiber were extremely difficult to perform on
small spurs due to the patient’s heartbeats and the often com-
plex geometries in the bronchi. It was thus first believed that
the analysis conditions were at the origin of the significant AF
intensity variations. However, the measurements conducted at
the easily accessible carina of the same patient—shown in
Fig. 2 (open triangles)—demonstrated that the local heteroge-
neities in the bronchial wall in terms of intensities and decay
parameters were as high as the intrapatient variation resulting
from measurements on other, less accessible locations in the
bronchi. This contradicted the idea that poor measurement
conditions were responsible for the fluctuations observed. The
10% decay time and AF intensities from the measurements on
the carina are also displayed as open triangles in Fig. 6.

Since the variations in the 10 % decay time were small and
very poorly correlated with the intensity, the intensity varia-
tions could not be attributed to fluorescence quenching, but
were rather believed to be due to changes in the concentra-
tions of fluorochromes and/or absorber or to variations in the
structure of the bronchial wall.

4 Discussion

The present work describes an investigation of the potential of
time-resolved in vivo spectrofluorometry for discriminating
preneoplastic or microinvasive neoplastic lesions and healthy
mucosa in the bronchi. To our knowledge, this study is the
first to explore the AF lifetime parameters of human bronchial
mucosa in vivo. Clinical studies performed by other groups in
the colon and on oral mucosa have shown a potential of AF
lifetimes to allow discrimination between tissues of different
histopathologies. In contrast to these preliminary results, our
time-resolved measurements revealed no differences in the
decay parameters obtained from healthy bronchial mucosa
and preneoplastic or neoplastic lesions. Although these results
were based on only a limited number of patients, the data
suggested that the difference in the lifetime parameters—if
present—should be small in comparison to the inter- and in-
trapatient variations of the AF on healthy mucosa.

There were two main reasons for the limited number of
lesions: first, the measurements with the optical fiber were
difficult to perform in accordance with clinical routine, thus
limiting the total number of patients included in the study;
second, the aim of the study was to investigate the properties
of flat, (pre-)neoplastic lesions that remain invisible with con-
ventional WL bronchoscopy. This type of lesion is typically
found in about 13% of the investigated patient population.”®
Nevertheless, despite the intra- and interpatient variations, the
data from the entirety of the measurements were consistent. It
was thus very unlikely that an increased amount of data would
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change the results and interpretations of the study.

The analysis of the AF variations in the mucosa permitted
conclusions to be drawn on the origin of the contrasts ob-
served with the AFB imaging system. Three types of varia-
tions could be distinguished: (1) intrapatient variations due to
local heterogeneities in the bronchial mucosa, (2) intrapatient
differences due to anatomical changes, and (3) interpatient
variations. Among these, the mucosa heterogeneities ac-
counted for most of the changes with regard to the lifetime
decay. When comparing the variations in the AF intensity
measured with the spectrofluorometer’s fiber in contact with
the mucosa to those observed in the AFB images, i.e., those
obtained at distances of several millimeters, it turned out that
the heterogeneity of the AF intensity was considerably less
pronounced on the images. Consequently, the heterogeneities
that were at the origin of the variations observed with the
spectrofluorometer must be confined to the surface. Further-
more, the investigations of the AF intensities measured with
the spectrofluorometer displayed differences of one order of
magnitude, while the variations of the decay time were less
than 10%. Consequently, a fluorescence quenching could not
be the main reason for these intensity and spectral variations
on the healthy mucosa. Rather, a local thickening of the
poorly fluorescing epithelium resulting in a decrease of the
detected AF could be evoked as a hypothesis. Additionally,
the subepithelial layers of the bronchial wall (lamina propria
and submucosa) contained nonhomogenously distributed, ab-
sorbing tissue structures, including blood vessels and smooth
muscle strings, which could have contributed to local varia-
tions in the detected AF intensities. Due to the different fluo-
rescence collection geometries, these irregularities could be
averaged out in the case of the distance measurements with
the imaging AFB system. Their impact on the fiber-based con-
tact measurements was, on the other hand, much more impor-
tant.

As already stated in the introduction, most AFB imaging
systems are based on the detection of the intensity contrast
observed in the green part of the spectrum between (pre-
)neoplastic lesions and their surrounding healthy mucosa. Al-
though these intensity contrasts could not, due to the reasons
explained earlier, be determined with our time-resolved spec-
trofluorometer, the analysis of the images obtained with our
AFB imaging system clearly demonstrated an intensity and
spectral contrast of the AF between all lesions that had also
been measured with our spectrofluorometer and their sur-
rounding healthy mucosa [Fig. 5(a)]. This was in agreement
with results obtained from fiber-based contact measurements
with a space-resolved spectrofluorometer on formalin-fixed
histopathologic samples, confirming the presence of the inten-
sity contrast between (pre-)neoplastic lesions and their sur-
rounding healthy mucosa.”” Such an intensity contrast is be-
lieved to be the result of a local thickening of the epithelial
layer in (pre-)neoplastic lesions, shielding the AF from
deeper-lying tissue layers.

Our results also provide interesting information about the
main fluorochromes responsible for the bronchial mucosa AF.
Among the fluorophores reported to be found in human tis-
sues, flavins, NADH, elastin, and porphyrins are likely to be
excited at 405 nm (Ref. 16). The emitted AF in the blue part
of the spectrum (430 nm to 500 nm) could be due to NADH
and elastin, whereas the AF in the green-yellow part
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(500 nm to 600 nm) could result from flavins and elastin,
and the yellow-red part (=600 nm) could originate from elas-
tin, flavins, and possibly porphyrins. In vitro measurements
have been reported in the literature that attribute rather long
fluorescence lifetimes to elastin (0.5 ns, 2.6 ns, and 7.8 ns),
short lifetimes to NADH when bound to proteins (0.37 ns,
1.1 ns, and 2.4 ns), and intermediate lifetimes to oxidized fla-
vin adenine dinucleotide (FAD) (0.16 ns, 2.25 ns, and
4.6 ns). ¥

Most studies aiming at employing the AF lifetime for di-
agnostic purposes focus on the excitation and detection of
NADH and FAD fluorescence. Indeed, both molecules show
characteristic changes in their AF signature—excitation wave-
length, quantum yield, emission spectrum, and lifetime—
when their redox state is changed, i.e., when being involved in
metabolic processes. Moreover, it has been shown that the
relative concentrations of NADH and FAD, as well as their
metabolic variants in certain biological tissues, can be used as
a diagnostic tool for neoplasia and cancer.**¥!

Nevertheless, the calculated AF lifetimes presented in Figs.
2—4 match the reported lifetimes of elastin quite well. This is
in agreement with results recently published by Thiberville et
al.*? regarding an examination of the structure of the human
bronchial wall in vivo using a fibered confocal fluorescence
microscope. The authors concluded that the AF signal in the
proximal bronchi originates mainly from elastin situated in
the subepithelial layers. Moreover, a fibered fluorescing struc-
ture was observed, which became disorganized in the pres-
ence of (pre-)neoplastic lesions and was even absent in inva-
sive squamous cell carcinoma. These results correspond to
observations of Kobayashi et al.** who reported on a strong
correlation between the detected AF intensity and the density
of elastin in the examined areas on human bronchus samples
excited with light at around 400 nm. Indeed, recent genetic
studies have shown an increased interstitial transcription of
matrix metalloproteinase-12 (MMP-12), which is the mac-
rophage elastase, in pulmonary non-small-cell squamous cell
carcinoma. Interestingly, these transcripts were not increased
in the adjacent healthy mucosa.

The principal degradation products of elastin by MMPs are
amino acids such as glycine, alanin, and valin, among
others.* The excitation wavelengths for these amino acids are
all inferior to 295 nm (Ref. 39), and these molecules will thus
not contribute to the AF signal obtained with our spectrofluo-
rometer or the AFB system. Consequently, it is very likely
that the degradation of the elastin network in (pre-)neoplastic
lesions induces changes in the AF intensity and spectral
shape, as observed with the AFB systems, while leaving the
AF lifetimes measured with our systems unchanged. How-
ever, the destruction of the elastin network alone cannot ex-
plain the spectral and intensity AF contrasts observed with the
AFB imaging devices.

In summary, the present study has shown that the AF life-
time excited at 405 nm does not have the potential to dis-
criminate (pre-)neoplastic lesions from healthy bronchial mu-
cosa. More precisely, the presence of the AF contrasts
between lesions and healthy mucosa observed in the spectral
domain cannot be linked to induce measurable changes of the
AF lifetime. Nevertheless, our results have provided new in-
sights into the mechanisms that are at the origin of the AF
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spectral and intensity contrasts. Indeed, according to the mea- 16.

surements, fluorescence quenching in the upper layer of the

bronchial mucosa plays only a minor role, if any, in the gen-

eration of the AF contrasts. However, the AF from the elastin 17.

network in the submucosa provides the major fluorescence

signal with an excitation wavelength of around 405 nm. It is

thus likely that pathologic changes in the elastin network con-

tribute to the AF contrasts observed with the AFB imaging 18.

systems.
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