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Abstract The difference in time-resolved fluorescence
spectrum between the cortical sarcoma and the adjacent nor-
mal tissue was studied in both experimental and theoretical
ways. The Clinical data were obtained in vivo using a time-
resolved fluorescence spectrometer employing a single fiber-
optic probe for excitation and detection. Tissue was modeled
as s-180 sarcoma tumor surrounded with normal muscle and
was mediated by the Palladium-porphyrin photosensitizer
(Pd-TCPP). The emitted fluorescence was considered as
arising from the tumor tissue or the normal muscle, due
to the presence of the photosensitizer. A computational code
which could simulating time-resolved fluorescence emission
was presented and applied to comparing fluorescence de-
cay of photosensitizer in different stages of tumor growth.
In this code the different stages of the tumor was modeled
through changing the time t, the delay of the fluorescence
photon emission and zp,x, the thickness of the tumor. It
was found in the in vivo experiment that the fluorescence
from tumor tissue decayed more quickly than from the ad-
jacent normal muscle. For the ten rats in the first experi-
ment day, the mean decay constant of tumor 7 and normal
tissue T, were 554 and 526 us, respectively. And T in-
creased with the tumor growth, from 554 us in the first day
to 634 us in the eighth day while T kept steady. It was
believed that the more adequate oxygen supplied by the nor-
mal tissue can more effectively quench the fluorescence and
in the normal tissue the photosensitizer lifetime is smaller.
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As a result the simulated time-resolved fluorescence spec-
trum of normal tissue showed more quickly decay. And the
thickness of the tumor can also delay the fluorescence de-
cay. Both the experimental and simulated results indicated
that the germination of the tumor would increase the decay
constant of the time-resolved fluorescence spectrum. So de-
cay constant of the tumor tissue spectrum should be larger
than that of adjacent normal tissue for the reason of hy-
poxia and overgrouth. This fact could be of use in the tumor
diagnoses.
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Introduction

Fluorescence spectroscopy is an optical method that can pro-
vide rapid differentiation between tumor and normal tissue
in a variety of epithelial organ systems. When tissue is il-
luminated with specific wavelengths light, fluorescent bio-
logical molecules will absorb the energy and emit it as flu-
orescent light at longer wavelengths. Furthermore, there are
nonfluorescent light absorbers and scatterers in tissues that
modulate the tissue fluorescence intensity at the excitation
and emission wavelengths. Diffuse reflectance spectroscopy
is another optical method that provides direct measurement
of light absorption and scattering. The fluorophores can be
either endogenous to the tissue or exogenous in the form
of an injectable fluorescent molecule. The advantage of us-
ing exogenous fluorophores is that the photophysical and
pharmacokinetic properties can be selected and are known.
Furthermore, higher fluorescence intensity and longer fluo-
rescence lifetime can be obtained than that from endogenous
fluorophores. So much work has been done for the tumor di-
agnoses with the frequency-domain fluorescence spectrum
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in the fields of expanded skin [1, 2], lung [3], mammary
gland [4], gastrointestinal tract [5], gullet [6], and brain [7],
etc. While those fluorescence measurements are relatively
simple to implement clinically and appear to provide useful
diagnostic information, there are certain limitations intrinsic
to the steady-state spectral technique. Limitations to spec-
trally resolved fluorescence measurements arise from the fact
that these steady-state measurements integrate the emitted
fluorescence signal over time, thus ignoring the dynamics
of the fluorescence decay and losing an additional dimen-
sion of information. Fortunately, these limitations may be
addressed by using time-resolved detection, which provides
complementary information. Time-resolved techniques cap-
ture the transient decay of the fluorescence intensity in time,
which reflects the fluorescence lifetime. The fluorescence
lifetimes, which depend on both radiative and nonradia-
tive decay mechanisms, are known to be extremely sensitive
to the local biochemical environment [8]. Further, because
spectrally resolved measurements are inherently intensity
dependent, variations in intensity resulting from optical loss
in the experimental system or optical absorption in complex
media may affect the line shape of the steady-state emis-
sion spectrum in unpredictable and unquantifiable ways [8].
This is an important issue to consider when applying fluores-
cence spectroscopy in vivo, since intensity losses attributed
to hemoglobin absorption in tissue are routinely observed in
vivo [5, 9]. Because the fluorophore lifetime does not change
with variations in excitation intensity or optical losses from
hemoglobin absorption, time-resolved measurements are in-
tensity independent [8]. Until recently, time-resolved fluo-
rescence spectroscopy had been employed exclusively for
in vitro diagnosis of tissue specimens and in this paper we
used it to study the difference of the cortical sarcoma and the
adjacent normal tissue.

In order to quantify changes between the fluorescence
of normal and dysplastic pathologies for a variety of ep-
ithelial tissues, previous researchers have employed the use
of Monte-Carlo simulations since the simulations provide
an accurate method to model light transport in turbid me-
dia [10, 11]. In this manuscript, we employ a Monte-Carlo
simulation to model time-resolved fluorescence collected in
vivo. Before doing that we have described how the tumor
tissue is modeled and discuss the effects of varying physical
properties of the tissue to explain the observed difference in
the in vivo experiment.

Materials and methods
Fluorophore preparation

Pd-meso-tetra(4-carboxyphenyl)porphyrin (Pd-TCPP) was
purchased from Porphyrin Products Inc in US and was made
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10 uM solution. The compound was dissolved in 0.5%
bovine serum albumin (BSA) as a stock solution for ad-
ministration to the animals.

Animal procedures

Ten Wistar rats weighted 200 + 10 g (Experimental Ani-
mal Center of PLA General Hospital, Beijing, China) were
obtained one week before the experimentation. They were
housed in a room with subdued lighting and fed with a stan-
dard pellet diet and water. Sarcoma tumor cell suspension
was transplanted into the right armpit of each mouse. The tu-
mors that grew to approximately 6—7 mm in size within about
5 days after transplantation were used in this experiment. The
animals were injected Pd-TCPP solution of 10 mg/mL di-
rectly into the tumor area at a dose of 2.5 mgkg~!. About 3 hr
later the rats were anaesthetized with 50 mg kg~! sodium
pentobarbital. The skins were slit and flooded with saline
and the time-resolved spectroscopy of the tumor area and
adjacent normal tissue were detected by a homemade in-
strument which would be introduced in the next paragraph.
Then the skins were sutured and the rats were housed. The
same procedures were performed per day in the following
7 days.

Experimental apparatus

The homemade instrument was based on exciting and detect-
ing time-resolved fluorescence using a single optical fiber. A
schematic of the apparatus is shown in Fig. 1. A frequency
doubling semiconductor laser (Biomedical Engineering
Department of Tianjin Medical university, Tianjin, China)
was used as a 532 nm excitation source. This laser can export
laser pulse with pulse width of 1 ms and pulse energy of 1 mJ.
The output light was was coupled into a mirror assembly
(ThorLabs, Newton, New Jersey) that separated fluorescence
from the excitation light using a thin dichroic mirror (Oriel,
Stratford, Connecticut). The mirror/lens assembly coupled
the excitation light into a single 200 mm optical fiber probe,
which was used to excite and detect the fluorescence. The
fluorescence collected by the probe was reflected from the
mirror into an optical fiber coupled to a photomultiplier
tube (R2228, Hamamatsu, Japan). The fluorescence was fil-
tered with 650 nm cut-on and 630—650 nm band-pass filters
(Oriel, Stratford, Connecticut) to reduce the signal from
scattered excitation light (from the mirror and the sample)
and to limit the spectral width of the detected fluorescence.
The pulse from the photomultiplier tube was amplified, time
delayed, and used as a “start” input to a time-correlated single
photon counting card (SPC-630, Becker&Hickl, Germany)
operated in reversed ‘“‘start-stop” mode. The “stop” input
was from an electronic synchronization pulse from the laser
driver.
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Fig.1 Experimental apparatus
for time-resolved spectrum
measurements. The dotted line
is the excitation path and the
solid gray line the fluorescence.
The single photon counting
(TCSPC) module was run in
reverse time mode, with the time
measurement started by the
detection of a photon

Retractable

Mirror

In vivo experiment

Fluorescence measurements were performed at tumor areas
and the adjacent normal tissues on the right armpit of the
rats. The dectect sites were shaved and then depilated with a
hair removal product. Fluorescence decay was measured in
the muscle (fiber embedded about 5 mm below the surface)
using the single optical fiber. An 18-gauge needle was used to
guide the fiber into the muscle, and was removed before com-
mencing the fluorescence measurement. The background for
the time-resolved system was the average of the signal mea-
sured with the fiber tip in water and in air. Time-resolved
data were fitted to a single exponential decay:

I()=10)e"/T + B (1)

where I() is the fluorescence intensity at time ¢, and T is the
decay constant of the time-resolved spectrum.

Time-resolved spectrum simulating

The traditional Monte Carlo algorithm developed by Wang
etc. [12] was improved to take into account the struc-
tural characters and oxygen status of the tumor area. The
weight array w; was set according to the time series.
The size of step s; is converted into flight time in the tissue.
The total time of every flight corresponded to one of the bins
of time series. And the weight of the photon in this flight is
recorded into the corresponding bin of the weight array when
the flight direction d, < 0 and the point coordinate z < 0. To
simulate fluorescence emission, before each scattering event
of an excitation photon, a random number (between 0 and 1),
1, is generated and compared to a fluorophore absorption
threshold value, x, where x =exp( — [LufSi), and puys is the
coefficient of fluorophore absorption. If ¢ is less than «, the
excitation photon is tagged a fluorescence photon. The final
weight of the photon, which had been regarded as a fluores-
cence photon, was recorded in the bins of time series. The flu-
orophore lifetime, 7, is the average amount of time electrons
spend in the excited state. Electrons that decay radiatively

YAG Laser [-------
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emit fluorescence photons that the simulation delays in time
by a variable factor #4, where ¢4 is given by 4 = — t In(¢>)
and ¢, is a random number between 0 and 1. Time the pho-
tons spent in the tissue was composed of the flight time and
the emitting decay time, 74. The optical-transport coefficients
and fluorophore’s optical properties was list in Table 1, re-
ferring some former studies [13—15].

In this simulation, the different stages of the tumor was
modeled through changing the time 7, the delay of the flu-
orescence photon emission and Zzn,x, the thickness of the
tumor. It was believed that the delay of the fluorescence
photon emission of normal tissue is smaller than that of tu-
mor because it could supply adequate oxygen which can
effectively quench the fluorescence. As a result the simu-
lated time-resolved fluorescence spectrum of normal tissue
showed more quickly decay. In the in vivo experiment we
can not measure the tumor thickness and think empirically
that the tumor thickness increase with the tumor growth.

Results

The time-resolved fluorescence spectrum for representative
normal (dashed line) and tumor tissue (solid line) detected
in the first day by the homemade instrument are shown in
Fig. 2. As is discernible by eye, the normal decay is faster
compared to the sarcoma tissue. Analyzing the fluorescence
decay traces shown in the Fig. 2 using Eq. (1), the decay
constant of the normal tissue and the sarcoma tissue is 529 us
and 564 us. Decay constant of all the ten rats are obtained
by this way and the mean decay constant, 75 and T, in
the first day are 554 us and 526 us respectively. It can
be concluded statistically that the decay constant of sarcma
tissue is obviously larger than that of adjacent normal tissue
(p =0.026). The mean decay constants in the eight days
are record in Fig. 3. For two rats die in the seventh day and
one rat dies in the eighth day, the datas in those two days
are the mean values of 8 and 7 dates respectively. The tumor
growth seems to enlarge T while has little influence on T5.
Starting at a mean decay constant of 554 us, T changes to
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Table 1  Values of Some Optic . . .
Parameters in the Simulation Scatter Absorption Anisotropy Fluorescence  Normal tissue Tumor
Program. coefficient coefficient factor absorption refractive refractive
coefficient index index
240 cm™! 1.0cm™! 0.8 2.0 cm™! 1.37 1.48

be 634 us after 7 days of tumor growth. While T, changes
little and there is not obviouse difference between the first
and the eighth day.

Figure 4A shows the simulated time-resolved fluores-
cence with varying tumor thickness and the same photosensi-
tizer lifetime. The tumor thickness is varied as z,x = 1 mm,
Zmax =2 mm and zp,,x =4 mm and the photosensitizer life-
time is fixed at T =550 ws. The simulated T are 535 us,
582 us, and 604 us respectively. Figure 4B shows the time-
resolved fluorescence with varying photosentitizer lifetime
and the fixed tumor thickness. The lifetime is varied as
T =550 us, T =600 s and T = 650 s and the tumor thick-
ness is fixed at zj,x =2 mm. The simulated T are 582 us,
643 us, and 691 us respectively. The increase of both the
tumor size and the photosensitizer lifetime can increase the
decay constant of the time-resolved fluorescence spectrum.

Discussion

The search coverage in the experiment is the sarcoma tissue
at the right armpit of rats and the adjacent normal tissue.
We find that the time-resolved fluorescence spectrum of sar-
coma tissue decays more slowly than that of the adjacent
normal tissue. We explore the mechanism through an im-
proved Monte Carlo simulation that consider the intensity
decay against time. It is concluded that the spectrum decay
constant is affected by the delay of the fluorescence photon
emission (the fluorophore lifetime) and the tumor thickness.
It is mentioned in some previoous studies that thick turbid
medium can delay the escape of flight photons by increasing
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Fig.2 Representative time-resolved fluorescence spectrum of the sar-
coma tissue and the adjacent normal tissue detected in the in vivo
experiment. The value T and T, are obtained by fitting the datas to
Eq. (1)
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the flight path and collision probability [16—18]. This is con-
sistent with the simulating result showed in Fig. 4A. As it is
not difficult to be aware that the tumor thickness increasing
with the tumor growing, we can think it well-founded that
tumor thickness is one of the impact factors that lead to the
experimental result showed in Fig. 3.

From Fig. 4B, it can be conclude that the lifetime of the
fluorophore can also delay the fluorescence photons emis-
sion. It is indicated in some studies the fluorophore lifetime
is strongly depend on the surround oxygen environment [19—
22]. The oxygen dependence of the fluorophore lifetime can
be described by the Stern—Volmer relationship:

T
?0=1+kq"50'[02] )

where 7 is the fluorophore lifetime in the absence of oxygen
and is decided by the characters of photosensitizer, & is the
fluorescence quenching constant. As the oxygen content of
tumor tissue is lower than that of the adjacent normal tissue
[23], the lifetime of fluorophore in tumor is longer than that
in normal tissue according to Eq. (2). As a result the decay
constant of time-resolved fluorescency spectrum is higher in
tumor than in the adjacent normal tissue. This can explain
the experimental result showed in Fig. 2. Furthermore, the
tumor oxygen decreases with the tumor growing [24, 25].
According to the logic described above, the decay constant

—B- Sacoma tissue

650 - —6— Normal tissue

8
e

610 -
590 -
570 -
550 =
530 -
510

Decay Constant (us)

3 4 5 6
Days

—
N =
~N -
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Fig.3 Changes of the decay constant with the growth of tumor. Datas
in 1-6 days are obtain from 10 experimental rats. The datas in the
other 2 days are the mean values of eight and seven rats, respectively.
For the normal tissue, it is proved by a Wilcoxon signed rank test
that there is no obvious difference in 7 between the first days (with
minimum mean 75 =526 us) and the seventh day (with the maximum
mean Ty = 544 ;1s)
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Fig. 4 Simulated time-resolved fluorescence decays for varying tumor thickness (A) and photosensitizer lifetime (B). Each simulation get all
parameters from Table I and the result T is calculated by fitting each simulated trace to Eq. (1)

of time-resolved fluorescency spectrum increases with the
tumor growth.

The exogenous fluorophores need to be of long lifetime
to distinguish the spectrum difference between the normal
and tumor tissue. Verteporfin (QLT Inc, Vancouver, Canada)
with a lifetime of 6 ns and pyrene butyric acid with a life-
time of 500 ns are used as photosensitizer in our in vivo
experiment. While we can not find well-regulated difference
in time-resolved fluorescence spectrum between the normal
and tumor tissue in that tries. For short lifetime photosensi-
tizer, the time that electrons stay on the excited state is com-
parative with the time that photons fly in the medium. Thus
in thousands of flight defined in one time of the Monte Carlo
simulation the time from the entrance of exciting photon to
overflow of the fluorescence photon distributes randomly and
we can not obtain consilient fluorescence spectrum in several
times of simulation. Despite the use of precise instrument the
correct spectrum can not be detected for the short lifetime
of photosensitizer. And the spectrum difference between the
normal and tumor tissue can not be observed as a result.
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