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Metabolic imaging of the relative amounts of reduced NADH and
FAD and the microenvironment of these metabolic electron carriers
can be used to noninvasively monitor changes in metabolism,
which is one of the hallmarks of carcinogenesis. This study com-
bines cellular redox ratio, NADH and FAD lifetime, and subcellular
morphology imaging in three dimensions to identify intrinsic
sources of metabolic and structural contrast in vivo at the earliest
stages of cancer development. There was a significant (P < 0.05)
increase in the nuclear to cytoplasmic ratio (NCR) with depth within
the epithelium in normal tissues; however, there was no significant
change in NCR with depth in precancerous tissues. The redox ratio
significantly decreased in the less differentiated basal epithelial
cells compared with the more mature cells in the superficial layer
of the normal stratified squamous epithelium, indicating an in-
crease in metabolic activity in cells with increased NCR. However,
the redox ratio was not significantly different between the super-
ficial and basal cells in precancerous tissues. A significant decrease
was observed in the contribution and lifetime of protein-bound
NADH (averaged over the entire epithelium) in both low- and
high-grade epithelial precancers compared with normal epithelial
tissues. In addition, a significant increase in the protein-bound FAD
lifetime and a decrease in the contribution of protein-bound FAD
are observed in high-grade precancers only. Increased intracellular
variability in the redox ratio, NADH, and FAD fluorescence lifetimes
were observed in precancerous cells compared with normal cells.
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he electron transport chain is the most efficient means of
energy production in cells. The electron transport chain
produces energy in the form of ATP by transferring electrons to
molecular oxygen. The metabolic coenzymes FAD and NADH
are the primary electron acceptor and donor, respectively, in
oxidative phosphorylation. Neoplastic cells have an increased
metabolic demand relative to normal cells because of rapid cell
division (1), and neoplastic metabolism is associated with
changes in the relative concentrations of NADH and FAD (2-4).
Many enzymes bind to NADH and FAD in the metabolic
pathway (5), and, as favored metabolic pathways shift with
cancer progression, the distribution of NADH and FAD binding
sites also change (6). Thus, metabolic imaging of the relative
amount of NADH and FAD, and their microenvironment (such
as binding sites and/or the presence of local quenchers) can shed
light on metabolic changes associated with carcinogenesis.
The metabolic coenzymes NADH and FAD are autofluores-
cent and can be monitored nondestructively and without exog-
enous labels, using optical techniques. The most common optical
method for metabolic imaging is the “redox ratio,” which is the
ratio of the fluorescence intensity of FAD and NADH (7). This
optical redox ratio provides relative changes in the oxidation-
reduction state in the cell. The redox ratio is sensitive to changes
in the cellular metabolic rate and vascular oxygen supply (1-3,
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7). A decrease in the redox ratio usually indicates increased
cellular metabolic activity (8), as is typically observed in cancer
cells. The redox ratio has been extensively evaluated in ex vivo
normal and neoplastic tissues (2-4, 9). To date, we have found
no previous studies that investigated changes in the redox ratio
with precancer development in three dimensions with cellular
resolution in vivo.

The fluorescence lifetime, which probes the time that a
molecule remains in its excited state before decaying back to the
ground state, is sensitive to fluorophore microenvironment, and
provides a method for discriminating free and protein-bound
components (and the relative amounts of the free and protein-
bound components) of NADH and FAD. NADH has a short and
long lifetime component, respectively, depending on whether it
is in a free or protein-bound state (10), and FAD has a short and
long lifetime component, respectively, depending on whether it
is in a protein-bound or free state (11). The shorter fluorescence
lifetimes of both protein-bound FAD and free NADH are due
to dynamic quenching by the adenine moiety (12, 13). The
fluorescence lifetime of protein-bound NADH depends on the
enzyme to which it is bound (14), and this suggests that changes
in NADH binding with cancer development can be probed by the
lifetime of this fluorophore. The fluorescence lifetime of pro-
tein-bound FAD decreases in the presence of NAD+ because of
increased intramolecular dynamic quenching in the presence of
NAD+ (13). This suggests that the lifetime of protein-bound
FAD is sensitive to changes in NAD+ levels. Changes in the
lifetimes of free NADH and FAD could also reflect changes in
quencher concentrations, such as oxygen, tyrosine, or trypto-
phan, or changes in local temperature and pH (12, 15, 16).

Fluorescence lifetime imaging microscopy (FLIM) of NADH
and FAD remains relatively unexplored as an in vivo metabolic
imaging technique. Previous studies of NADH lifetimes in cell
culture (17-19) and tissue slices (20) have revealed that the
fluorescence lifetime of free and protein-bound NADH, and the
contribution of protein-bound NADH decrease with hypoxia.
The fluorescence lifetime of protein-bound NADH and its
relative contribution has also been shown to decrease with low-
and high-grade precancers in the hamster cheek pouch model of
oral cancer in vivo (19). However, to our knowledge, no previous
studies have investigated changes in the contribution and lifetime
of protein-bound and free FAD with neoplastic development.
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Fig. 1. Invivo three-dimensional multiphoton images of the redox ratio (fluorescence intensity of FAD/NADH) (a—c), the mean NADH lifetime (a1 X 71 + ay X
72) (d-f), and the mean FAD lifetime (g—i) from tissues diagnosed as normal (a, d, and g), low-grade precancer (b, e, and h), and high-grade precancer (c, f, and
i). The numbers in the corner of each image indicate the depth below the tissue surface in um, and each image is 100 X 100 um. There are a different color bars
fora-c(in calibrated units), d-f, and g—i. The redox images were created by merging the calibrated blue NADH image (800-nm excitation with a 490-nm short-pass

filter) with the calibrated red FAD image (890-nm excitation) into an RGB image for the purposes of this figure only.

The goal of this study was to simultaneously image and
quantify the cellular redox ratio, NADH and FAD lifetimes, and
subcellular morphology in an in vivo model of epithelial pre-
cancer. Although these sources of contrast have been explored
individually, to our knowledge there has been no previous work
that combines these four approaches to track the earliest stages
of cancer development, which is clinically important. All in vivo
images were collected with multiphoton microscopy (21), be-
cause the near infrared excitation used in multiphoton micros-
copy allows for greater penetration depths (22) and improved
tissue viability (23) compared with single-photon excitation. The
hamster cheek pouch model of oral cancer was used for this
study, because it allowed for multiple disease states to be eval-
uated in vivo, and it has been shown to mimic the development
of squamous epithelial cancer in the human oral cavity (24).

Results

Pathology Results. Of the 22 cheek pouches imaged (1 per
animal), 6 were diagnosed as normal, 4 with mild dysplasia, 4
with moderate dysplasia, 4 with severe dysplasia, 3 with carci-
noma in situ (CIS), and 1 with squamous cell carcinoma (SCC).
For statistical analyses, tissue samples were divided into normal
(n = 6), low-grade (mild and moderate dysplasia, n = 8), and
high-grade precancer (severe dysplasia and CIS, n = 7). The SCC
sample was not included in the analysis.

In Vivo Multiphoton Microscopy Images and Statistical Analyses of
Image Parameters. Shown in Fig. 1 are in vivo three-dimensional
multiphoton image stacks of the redox ratio (Fig. 1 a—), mean
NADH lifetime (the weighted average of free and protein-bound
components) collected at 800-nm excitation (Fig. 1d-f), and
mean FAD lifetime collected at 890-nm excitation (Fig. 1 g—)
from three tissues diagnosed as normal (Fig. 1 a, d, and g),
low-grade precancer (Fig. 1 b, e, and h), and high-grade pre-
cancer (Fig. 1 ¢, f, and i). The redox ratio of the normal tissue
shows second harmonic generation (SHG) from fibrillar colla-
gen (19) in the deepest image slice (Fig. 1a). The redox ratio of
the high-grade precancerous cells appears to be higher in the
perinuclear region than the rest of the cytoplasm (Fig. 1c, 35-55
wpm). Note that the mean lifetime of FAD in the normal sample
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(=~0.30 ns, Fig. 1g) is much shorter than the mean lifetime of
NADH (=1.0 ns, Fig. 1d) in the same sample.

Normal stratified squamous epithelial tissues have highly
proliferative basal cells located on the basement membrane
[which separates the epithelium from the stroma (5)]. As the
basal cells divide and mature, they move upward through the
epithelium, become metabolically less active, and have a de-
creased nuclear-to-cytoplasmic ratio (NCR). The NCR and
redox ratio quantified from in vivo multiphoton microscopy were
used to determine whether the redox ratio reflects increased
metabolic activity in the basal layer compared with the super-
ficial layer within the epithelium. The percentage of change in
the NCR and the redox ratio between the top (superficial) and
bottom (basal) imaged plane of the epithelium within an animal
is shown in Fig. 2. The NCR increases and the redox ratio
decreases in the basal cell layer compared with the metabolically
less active superficial cells of normal animals (P < 0.05), as
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Fig. 2. Percentage of change in the nuclear-to-cytoplasmic ratio (NCR,
nuclear diameter/cell diameter) and redox ratio between the top and bottom
plane of the cellular epithelium within an animal, calculated from the mul-
tiphoton redox images. The mean and 95% confidence interval were calcu-
lated for animals diagnosed as normal (n = 36 bottom/top cell pairs), low-
grade precancer (n = 42 bottom/top cell pairs), and high-grade precancer (n =
33 bottom/top cell pairs). Paired Wilcoxon tests revealed a significant increase
in NCR and decrease in redox ratio for basal cells compared with superficial
cells in normal tissue (*, P < 0.05) but no change with depth in precancerous
tissues (P > 0.05).
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Fig.3. Meanand95% confidence interval of the volume-averaged NADH (a)
and FAD (b) lifetime variables. All values were obtained from in vivo mul-
tiphoton FLIM images, and variables were averaged for all image planes
within the epithelium of an animal for normal (n = 6), low-grade precancerous
(n = 8), and high-grade precancerous animals (n = 7). Significant differences
(P < 0.05) exist between normal vs. low-grade precancer and normal vs.
high-grade precancer (*). There were no significant differences between low-
and high-grade precancers (P > 0.05).

expected (5). The NCR and redox ratio were unchanged with
depth in the precancers (P > 0.05). Changes in the contribution
and lifetimes of protein-bound and free NADH and FAD with
depth within the epithelium of normal and precancerous tissues
were heterogeneous and did not show the consistent trends as
observed in the redox ratio (data not shown). There were also no
significant changes in the cellular coefficient of variation of the
redox ratio or lifetime variables between the first vs. last plane
of the epithelium in either normal or precancerous tissues (P >
0.05). The thickness of the normal epithelium was 25 = 3 um,
indicating that thickness measurements were consistent between
animals and consistent with our previous studies (19, 25). The
epithelial thickness in the low-grade (29 = 9 wm) and high-grade
(31 £ 9 um) dysplastic samples were determined by using the
same protocol. There were no significant differences in the
epithelial thickness of normal, low-grade, or high-grade precan-
cers in this study (P > 0.05).

The epithelial protein-bound NADH lifetime (volume aver-
aged over all image planes within the epithelium) and its
contribution (relative to free NADH) decreased with low- and
high-grade precancers compared with normal (P < 0.05, Fig. 3a).
There was also a decrease in the free NADH lifetime for
high-grade precancer only (P < 0.05). The protein-bound com-
ponent is also the most important component of the FAD
lifetimes for precancer discrimination. The volume-averaged
lifetime of protein-bound FAD increases and its contribution
(relative to free FAD) decreases for high-grade precancer only
(P < 0.05, Fig. 3b). Note that the short lifetime component of
FAD (protein-bound FAD) dominates the fluorescence decay.
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Table 1. Mean and standard error of the coefficient of variation
(cell standard deviation/cell mean) of the redox ratio obtained
from multiphoton redox images, in calibrated units

Tissue Redox ratio coefficient of variation
Normal 0.92 + 0.08

Low-grade 1.47 = 0.09*
High-grade 1.40 = 0.04*

Values were averaged for all cells within an animal for normal (n = 6),
low-grade precancerous (n = 8), and high-grade precancerous animals (n = 7).
Significant differences (P < 0.05) exist between normal vs. low-grade precan-
cer and normal vs. high-grade precancer (*). There were no significant differ-
ences between low- and high-grade precancers (P > 0.05).

There were no significant differences in the volume-averaged
NADH or FAD lifetime variables between low- and high-grade
precancers (P > 0.05).

The error bars shown in Fig. 3 reflect the sum of the
variabilities due to different animals, different scan areas within
an animal, different depth planes within a scan, different pixels
within a depth, and variability within a pixel due to the lifetime
fits. The uncertainty in the lifetime fits per pixel due to Poisson
noise was calculated by using simulated envelopes (see Materials
and Methods). The contribution of the variability within a pixel
to the “total” variability, represented by the error bars in Fig. 3,
can be computed by using Variance component analysis (26).
The standard deviation within a pixel of 7, 7, and a, was
computed to be =50 ps, =140 ps, and +2.5%, respectively, for
NADH and =5 ps, £40 ps, and =0.3%, respectively, for FAD.
The proportion of this “within a pixel” variability to total
variability reflected by the error bars in Fig. 3 for 7, m, and a,
was found to be 21 = 3%, 34 = 10%, and 12 * 1%, respectively,
for NADH and 6 = 8%, 8 = 3%, and 0.4 = 0.2%, respectively,
for FAD.

Table 1 shows the mean and standard error of the cellular
coefficient of variation of the redox ratio. The cellular coefficient
of variation (cell standard deviation/cell mean) is a measure of
intracellular variability (27). Increased intracellular variability in
the redox ratio was observed with both low- and high-grade
precancers compared with normal (P < 0.05, Table 1). Precan-
cerous protein-bound NADH lifetimes also had increased intra-
cellular variability compared with normal (P < 0.05, Fig. 4a).
Finally, the protein-bound FAD lifetime showed increased in-
tracellular variability in high-grade precancers only (P < 0.05,
Fig. 4b). There were no significant differences in intracellular
variability between low- and high-grade precancers (P > 0.05).

Discussion

This study reports several important positive outcomes. Mor-
phological changes consistent with standard histopathology were
observed in the in vivo images. There was a significant increase
in the NCR with depth within the epithelium in normal tissues,
but not in precancerous tissues. The redox ratio significantly
decreased in the less differentiated basal epithelial cells com-
pared with that in the more mature cells in the superficial layer
of the normal stratified squamous epithelium, indicating an
increase in metabolic activity in cells with increased NCR.
However, neither the redox ratio nor the NCR were significantly
different between the superficial and basal cells in precancerous
tissues. A significant decrease was observed in the contribution
and lifetime of protein-bound NADH (averaged over the entire
epithelium) in both low- and high-grade epithelial precancers
compared with normal epithelial tissues. In addition, signifi-
cantly increased intracellular variability in the redox ratio and
NADH fluorescence lifetimes were observed in precancerous
cells compared with that in normal cells.

Skala et al.
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Fig.4. Meanand95% confidence interval of the coefficient of variation (cell
standard deviation/cell mean) of the NADH (a) and FAD (b) lifetime variables.
Allvalues were obtained from in vivo multiphoton FLIM images, and variables
were averaged for all cells within an animal for normal (n = 6), low-grade
precancerous (n = 8), and high-grade precancerous animals (n = 7). Significant
differences (P < 0.05) exist between normal vs. low-grade precancer and
normal vs. high-grade precancer (*). There were no significant differences
between low- and high-grade precancers (P > 0.05). c.u., calibrated units.

The volume-averaged redox ratio did not show significant
differences between normal and precancerous tissues (P > 0.05,
data not shown), likely due to large interanimal variability.
Variance component analysis, using restricted maximum likeli-
hood estimation (SAS statistical software), showed that the main
source of variability in the volume-averaged redox ratio (37-67%
of the volume-averaged redox ratio) was between animals within
the same tissue type, rather than between depths or between
cells within an animal. The large interanimal variability in the
redox ratio is likely attributed to differences in tissue absorption
and scattering at the two excitation and emission wavelengths,
which are difficult to account for. Changes in tissue absorption
and scattering and excitation energy flux do not influence the
fluorescence lifetime images as they do fluorescence intensity
images. Studies have also shown inconsistent changes in the
redox ratio with dysplasia (2, 3).

The lifetimes of free and protein-bound NADH and their
relative contributions measured in vivo in normal tissues are
consistent with previous work in cell culture (17, 18) and in vivo
(19). The fluorescence lifetime of protein-bound NADH and its
contribution decreased with precancer development in vivo (Fig.
3a), consistent with the results of a previous study (19). Studies
have found that the lifetime of free and protein-bound NADH
and the relative contribution of protein-bound NADH decrease
with hypoxia in cell culture (17-19) and tissue slices (20). Under
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hypoxic conditions, cells favor glycolysis over oxidative phos-
phorylation for ATP production. Neoplastic cells also favor
glycolysis over oxidative phosphorylation (1, 28), so the mea-
sured decreases in NADH lifetimes and the contribution of
protein-bound NADH with precancer are consistent with the
increased levels of glycolysis that are expected in neoplastic cells.
Changes in the distribution of NADH enzyme binding sites
associated with preferred metabolic pathways in neoplastic
tissues (6) may be responsible for the change in protein-bound
NADH lifetime with precancer. The decrease in the lifetime of
free NADH with high-grade precancer may reflect an increase
in dynamic quenching (12).

The lifetimes and relative contributions of free and protein-
bound FAD measured in vivo in normal tissues are consistent with
those reported in solutions (11, 29) and in the eye (30). The
protein-bound FAD lifetime increased and the relative contribution
of protein-bound FAD decreased with high-grade precancer only
(Fig. 3b). The increase in the protein-bound FAD lifetime in
high-grade precancers could indicate decreased NAD+ levels
in high-grade precancers compared with normal (13).

The intracellular variability of the redox ratio increased with
precancer compared with normal. Studies have reported heter-
ogeneities in the fluorescence redox ratios and mitochondrial
membrane potentials within MS57-8T carcinoma cells, and
heterogeneous fluorescence redox ratios with a homogeneous
distribution of mitochondrial calcium within MCF-7 carcinoma
cells (31). The protein-bound NADH lifetime intracellular vari-
ability also increased with precancer compared with normal (Fig.
4a), consistent with the results of a previous study (19), and the
protein-bound FAD lifetime intracellular variability increased
with high-grade precancers (Fig. 4b). Heterogeneous mitochon-
drial function has been attributed to both functional specializa-
tion of mitochondria and diverse mitochondrial microenviron-
ments in previous studies (31-33). The protein-bound NADH
and FAD lifetimes and the redox ratio are associated with the
mitochondria (34); so, together, their increased intracellular
variability could indicate heterogeneous mitochondrial function
and/or microenvironments with precancer development. The
combination of fluorescence redox ratio and lifetime imaging at
high-resolution could potentially provide a noninvasive tool for
understanding the source of mitochondrial heterogeneities in
cell culture and in vivo.

The contribution and lifetime of protein-bound NADH, vol-
ume averaged over the entire epithelium showed significant
differences between normal tissues and precancers. A similar
comparison of the redox ratio, volume-averaged over the entire
epithelium did not show significant differences between normal
and precancerous tissues. However, the redox ratio and the NCR
were found to be significantly different between the top and
bottom planes of the epithelia in all normal tissues. This phe-
nomenon was not observed in low- and high-grade precancers.
These findings indicate that the advantage of lifetime imaging is
that it does not require depth-resolved imaging. In addition,
lifetime measurements are considerably less sensitive to the
effects of tissue absorption and scattering, and they are not
susceptible to intensity calibration issues.

In this study, multiphoton redox and lifetime imaging combine
structural (cellular morphology in three dimensions) and func-
tional (metabolic mapping) information to unravel the early
stages of cancer development. These findings could guide the
design and development of practical time-gated and steady state
fluorescence schemes for the clinical detection of human pre-
cancers and cancers. Second, this study demonstrates experi-
mentally the attributes of multiphoton redox and lifetime imag-
ing for high-resolution metabolic mapping in vivo. Multiphoton
redox and lifetime imaging also have broad applicability in the
study of diseases other than cancer where metabolism is altered,
such as Alzheimer’s disease and for the study of metabolism in
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development and aging. Moreover, these processes can be
studied with multiphoton redox and lifetime imaging in vivo and
do not require contrast-enhancing dyes.

Materials and Methods

DMBA-Treated Hamster Cheek Pouch Model of Oral Cancer. A total of
16 DMBA-treated and 6 control male Golden Syrian hamsters
were evaluated in this study (155 = 15 g). This study was
approved by the institutional animal use and care committee and
meets National Institutes of Health guidelines for animal wel-
fare. For each hamster, the right cheek pouch was either treated
chronically with 0.5% DMBA in mineral oil (DMBA-treated
animals) or mineral oil only (control animals) for 16 weeks. The
treatment procedures were established from previous studies
(19, 25, 35). At 16-21 weeks after the commencement of
treatment, the cheek pouch of each animal was imaged by using
multiphoton microscopy.

Imaging Instrumentation. All multiphoton images were collected
with the optical workstation (36) at the University of Wisconsin.
The source was a titanium sapphire laser (Spectra Physics;
Tsunami). The excitation and emission light were coupled
through an inverted microscope (Nikon; Eclipse TE300) with a
X 40 oil-immersion objective (Nikon, PlanApo, N.A. 1.3). Exci-
tation wavelengths of 800 nm and 890 nm were used, and the
average power incident on the sample was ~15 mW. A dichro-
matic mirror (BG39; Schott) allowed the excitation light to reach
the sample, and wavelengths between 400 and 600 nm to reach
the detector. At 800-nm excitation, a 490-nm short-pass emission
filter (TFI Tech) was also used to selectively collect NADH
fluorescence. Fluorescence intensity and lifetime data were
collected sequentially with a GaAsP PMT (Hamamatsu; H7422).
Time resolved fluorescence emission was collected via time-
correlated single-photon counting electronics (Becker and
Hickl; SPC-730). Previous multiphoton microscopy lifetime
studies (37) and our own spectroscopy results from the hamster
cheek pouch (35) confirm that the main fluorophores at 800-nm
(with a 490 short-pass filter) and 890-nm excitation are NADH
and FAD, respectively.

In Vivo Multiphoton Redox and Fluorescence Lifetime Imaging. Before
imaging, each hamster was anesthetized with an intraperitoneal
injection of a mixture of 2.5 mg/kg acepromazine, 200 mg/kg
ketamine, and 5 mg/kg xylazine, and the mucosa of the cheek pouch
was secured flush against the coverslip for imaging (19).

A fluorescence intensity image z-stack and then an FLIM
image z-stack were collected from the same tissue volume at 800
nm, and then identical stacks were collected at 890-nm excita-
tion. The x—y stage was then moved for another set of fluores-
cence intensity and FLIM image z-stacks within the biopsy site.
The fluorescence intensity and FLIM image z-stacks were
generated with a pixel dwell time of ~11.5 us, using 2-um and
10-um z-step sizes, respectively. The scan area at each image
plane of the stack was 256 X 256 pixels (165 X 165 um). The scan
time per intensity image was ~1 s. Single photon counting for
FLIM measurements was performed at a rate of ~5 X 10*
photons per s (by adjusting the power incident on the sample).
The integration time for the FLIM images was 60 to 120 s. There
was no change in the photon count rates during image acquisi-
tion, ensuring that photobleaching did not occur.

Each intensity image was calibrated with Rhodamine B (Sigma;
115H3423) standard intensity images (average of three separate
images) (5.8 X 1073 g/ml Rhodamine B in distilled water) collected
under conditions identical to those of the in vivo data.

The instrument response function (IRF) measured with a
second harmonic signal from a B-BaB,Oy crystal (38) was used
in the lifetime fit model. The IRF had a full width at half
maximum of 0.313 ns. The lifetime of Fluoresbrite YG micro-
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spheres (Polysciences) were imaged at the beginning of each day
of the in vivo experiments to ensure that the lifetime measure-
ments were consistent from day to day. The microsphere lifetime
decay curves were fit to a single exponential decay, resulting in
a lifetime of 2.19 = 0.02 ns (n = 12), consistent with previous
studies (17, 19, 39).

Pathology. After in vivo imaging, one biopsy was taken from the
imaged sites with a 3-mm diameter dermal biopsy punch, placed
in buffered formalin, and submitted for histopathology. The
tissue biopsies were prepared and read by a certified pathologist
(A.G.-F.). Diagnosis was based on established criteria (40). The
diagnosis assigned to each image stack was based on the most
severe diagnosis of the entire corresponding biopsy sample,
consistent with our previous multiphoton microscopy studies in
this animal model (19, 25).

Quantification of the Lifetime and Contribution of Protein-Bound and
Free NADH and FAD. SPCImage software (Becker and Hickl) was
used to analyze the fluorescence lifetime decay curves, with
methods identical to those reported by our group in ref. 19. The
lifetime decay curve of each pixel was fit to a double-exponential
decay model (19), where the free parameters are the short and
long lifetime components (7; and m, respectively), and the
relative contributions of the lifetime components (o and s,
where o + an = 100%). The presence of two distinctly different
lifetimes for free and protein-bound NADH (10, 18), and for free
and protein-bound FAD (11, 29) indicates that NADH and FAD
fluorescence decay curves are best fit to a double-exponential
decay model. When the scattering contribution was fixed at zero,
the x? value of the fit was minimized. This offers experimental
evidence that the contribution of scattered light to the decay
curve was minimal. The x? value for all in vivo hamster cheek
pouch images was 1.03 = 0.02, indicating good fits.

The validity of using a biexponential model with three free
parameters (71, T, and «y/az) was tested with simulations. The
simulations were carried out on a double-exponential decay
curve [1; = 300 ps, 7 = 2,000 ps, and a; ranges from 27% to 47%
in 1% increments, which are reported values for NADH (17,
20)]. These curves were fit to a double-exponential model for
cases where: (i) 7; was fixed, (ii) 7, was fixed, (iii) 71 and 7, were
fixed, and (iv) all were set as free parameters. Poisson noise was
added to each time bin of each decay curve, using a different seed
from a random number generator. The SNR was similar to that
in the measured data (100 counts at peak, with Poisson noise
equal to the square root of the number of counts). The x? value
and percentage difference between actual and calculated values
were comparable to within 13% for all possible combinations of
free and fixed variables. The validity of biexponential fit with
three free parameters were also evaluated by examining the
goodness of fit (y? value), using measured data at 800-nm and
890-nm excitation from one normal site. Again, the measured
results showed that a two-exponential fit with all parameters free
gives a result that is similar to a two-exponential fit with one or
two parameters fixed.

Simulated envelopes (41) were used to calculate the fitting
error due to the photon counting process (Poisson noise).
Poisson noise was added (as described above) to a simulated
fluorescence decay curve representative of NADH (1, = 325 ps,
7 = 2,356 ps, and oz = 36%) and FAD (7 = 106 ps, 2 = 2,068,
and o = 93%) in the normal hamster cheek pouch. This process
was repeated on each of the original decay curves 4,096 times.
Each new decay curve was then independently analyzed to obtain
a new set of fitted parameters.

Quantification of the Redox Ratio. The redox ratio was calculated by
dividing the fluorescence intensity at 890-nm excitation (FAD)
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by the fluorescence intensity at 800-nm excitation (NADH), pixel
by pixel, using ImageJ (National Institutes of Health).

Quantification of Morphological Variables. The epithelial layer was
defined as the volume between the first layer of cells (below the
acellular superficial layer) and the last layer of cells (above the
stromal collagen). The thickness of the epithelial layer was
determined from the total number of image planes (collected at
2-um separations) between the bottom of the acellular surface
layer (at which the epithelial cells were first visually identified)
and the epithelial/stromal interface (at which collagen was first
identified). The thickness measurements were averaged from
each of two 150 X 150 wm sites within each animal.

The NCR was defined as the diameter of the nucleus divided
by the diameter of the entire cell (along the same line, arbitrary
orientation). The NCR was defined along a line rather than over
an area or volume because the line-based NCR showed signif-
icant differences between categories of interest, and is the
simplest metric to quantify. The NCR measurements along one
arbitrary line (0.48 = 0.13) were found to be within the standard
deviation of the NCR measured along three different arbitrary
lines (0.47 *+ 0.11) within a cell. This was tested on three cells
each from normal, low-grade, and high-grade tissues (nine cells
total).

Statistical Analyses. Wilcoxon rank-sum tests were carried out to
determine whether there are significant differences in the redox
ratio, the NADH and FAD lifetime variables, and the thickness
of the epithelia between normal, low-grade, and high-grade
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tissues (unpaired comparison). Wilcoxon signed-rank tests were
carried out to determine whether there were significant differ-
ences in the redox ratio, lifetime variables, and the NCR between
the top and bottom epithelial planes within an image stack for
all normal, low-grade, and high-grade tissues (paired compari-
son). Finally, Wilcoxon rank-sum tests were performed on the
cellular coefficient of variation (standard deviation/mean) of the
redox ratio and lifetime variables between normal, low-grade,
and high-grade tissues. Nonparametric Wilcoxon tests (Matlab)
were chosen for the paired (Fig. 2) and unpaired (Figs. 3 and 4
and Table 1) comparisons because of the small sample size. Exact
P values were computed, all P values were two-sided, and a P
value <0.05 was considered significant.

All cells in the whole field of view of each image stack were
analyzed to compute the redox ratio and lifetime variables of the
epithelia for each site within each animal. Three individual cells
within an image plane were chosen for the redox ratio, lifetime
and NCR comparison between the top and bottom planes of the
epithelia, and the cellular coefficient of variation calculation,
because it is labor-intensive to manually determine the NCR and
the cellular coefficient of variation for all cells within each image
plane. The nuclei were excluded from both the whole field of
view, and individual cell analysis of the redox ratio and lifetime
variables by increasing the threshold value so that the much
darker nucleus was below the threshold.
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