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ABSTRACT

Fluorescence spectroscopy offers an effective, nonin-
vasive approach to the detection of precancers in mul-
tiple organ sites. Clinical studies have demonstrated
that fluorescence spectroscopy can provide highly sen-
sitive, specific and cost-effective diagnosis of cervical
precancers. However, the underlying biochemical
mechanisms responsible for differences in the fluores-
cence spectra of normal and dysplastic tissue are not
fully understood. We designed a study to assess the
differences in autofluorescence of normal and dysplas-
tic cervical tissue. Transverse, fresh tissue sections
were prepared from colposcopically normal and ab-
normal biopsies in a 34-patient study. Autofluorescence
images were acquired at 380 and 460 nm excitation.
Results showed statistically significant increases in ep-
ithelial fluorescence intensity (arbitrary units) at 380
nm excitation in dysplastic tissue (106 6 39) relative
to normal tissue (85 6 30). The fluorophore responsible
for this increase is possibly reduced nicotinamide ad-
enine dinucleotide. Stromal fluorescence intensities in
the dysplastic samples decreased at both 380 nm (102
6 34 [dysplasia] vs 151 6 44 [normal]) and 460 nm
excitation (93 6 35 [dysplasia] vs 137 6 49 [normal]),
wavelengths at which collagen is excited. Decreased re-
dox ratio (17–40% reduction) in dysplastic tissue sec-
tions, indicative of increased metabolic activity, was
observed in one-third of the paired samples. These re-
sults provide valuable insight into the biological basis
of the differences in fluorescence of normal and pre-
cancerous cervical tissue.
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INTRODUCTION
One century ago the mortality associated with cervical can-
cer exceeded that of any other malignancy in U.S. women
(1). Despite the introduction of screening programs based on
the Papanicolaou’s (Pap)† smear over the past 50 years cer-
vical cancer still poses a significant worldwide health threat.
Cervical cancer is the second most common malignancy in
women today (2). More than 471 000 cases are diagnosed
each year, predominantly among women in the developing
countries (2). Because of the high costs of screening pro-
grams and the lack of trained health-care providers in de-
veloping areas cervical cancer often remains undetected. In
the United States more than $6 billion per year is spent on
treating and evaluating low-grade precursor lesions, many of
which are not likely to progress to cancer. New technologies
are needed to address the needs of cancer-screening and de-
tection programs in both developed and developing nations.
Ideally, these technologies would improve and automate the
screening and detection process while reducing health-care
costs.

Interest in the use of optical technologies to detect pre-
malignant lesions has grown in recent years. Optical tech-
nologies offer the ability to noninvasively diagnose and
monitor precancers in vivo. For many precancers and early
cancers the current standard of care relies on histopathologic
assessment of directed biopsies in order to obtain a final
diagnosis. With optical technologies diagnosis can be
achieved in real time, using automated techniques and with-
out removing tissue. This reduces the required clinical ex-
pertise, reduces unnecessary biopsies and, in certain instanc-
es, permits diagnosis and treatment to be accomplished in a
single visit to a health-care provider. Fluorescence spectros-
copy is an emerging optical technology that offers particular

†Abbreviations: CCD, charge-coupled device; FAD, flavin adenine
nucleotide; H&E, hematoxylin and eosin; HGSIL, high-grade
squamous intraepithelial lesion; LGSIL, low-grade squamous in-
traepithelial lesion; MMP, matrix metalloproteinase; NAD, nico-
tinamide adenine dinucleotide; NADH, reduced nicotinamide ad-
enine dinucleotide; Pap, Papanicolaou’s; PBS, phosphate-buffered
saline.
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Figure 1. Representative images
from paired normal and dysplastic
fresh tissue sections. The top row
shows images from a squamous
normal biopsy; the bottom row
shows images from an abnormal bi-
opsy (pathology: LGSIL). In each
row the images from left to right are
as follows: brightfield image, 380
nm excitation image, 460 nm exci-
tation image ([35 year–old]). The
size of the fluorescence and bright-
field images shown in all the figures
is approximately 1 3 1 mm2. Inten-
sities at 380 nm excitation and 460
nm excitation are not directly com-
parable.

promise for the diagnosis of disease in part because of a
large number of endogenous biological fluorophores. Some
of the more common tissue fluorophores include the aro-
matic amino acids (tryptophan, tyrosine and phenylalanine),
the cofactor reduced nicotinamide adenine dinucleotide
(NADH), flavins, porphyrins, collagen and elastin (3). Be-
cause fluorescence spectroscopy offers a means of assessing
both the structural and the biochemical progression of the
disease, interest in its use to detect precancers has been in-
creasing. Clinical studies have achieved promising results in
multiple organ sites including the breast, lung, oral cavity,
gastrointestinal tract and cervix (see Richards-Kortum and
Sevick-Muraca [3] for a recent review of clinical studies
involving fluorescence spectroscopy). Several studies have
investigated the use of fluorescence spectroscopy to diagnose
cervical neoplasia, including a 95-patient, in vivo study of
cervical-tissue fluorescence excited at 337, 380 and 460 nm
(4,5). A fluorescence spectroscopy–based algorithm devel-
oped to classify normal and precancerous cervical tissue in
a diagnostic setting outperformed colposcopy and alternative
approaches (Pap smear, cervicography and human papillo-
mavirus testing) (6).

Although it has been shown that fluorescence spectra mea-
sured from normal and dysplastic cervical tissue show con-
sistent differences that can be exploited for tissue diagnosis,
there has been little work to elucidate the biological basis of
the differences, which could provide insight valuable to im-
proving the technique’s diagnostic performance. The analy-
sis of the spectra from cervical tissues is complicated by the
tissue’s distinct two-layer structure: an epithelial layer com-
posed of several layers of cells and an underlying stroma
consisting largely of structural proteins and the supporting
vasculature. Some of the constituents of both the tissue lay-
ers are fluorescent, including the structural proteins collagen
and elastin, found in the stroma, and the metabolic indicators
NADH and flavin adenine dinucleotide (FAD), found pre-
dominantly within the mitochondria of cells.

Because the pyridine nucleotides and flavins play an in-
tegral role in cellular metabolism, it is possible to assess a
tissue’s metabolic status by monitoring the changes in the
concentrations of these electron carriers. The reduced form
of nicotinamide adenine dinucleotide (NAD), i.e. NADH,

and the oxidized form of FAD are fluorescent, whereas the
oxidized electron carrier NAD1 is only very weakly fluores-
cent, and the reduced electron carrier FADH2 is nonfluores-
cent. Thus, fluorescence measurements provide a useful
method for noninvasively monitoring the changes in metab-
olism (7). A tissue’s metabolic state is sometimes described
by calculating the ‘‘redox ratio,’’ a quantity obtained by di-
viding the fluorescence of FAD by the sum of the fluores-
cences of FAD and NADH. The redox ratio, which typically
decreases in cancer, is sensitive to changes in the metabolic
rate and vascular oxygen supply (8).

We have investigated the use of fresh tissue sections as a
model for in vivo cervical-tissue fluorescence and have dem-
onstrated the feasibility of this model by imaging fluores-
cence from normal cervical samples (9). The fresh tissue
sections are prepared using a microtome, developed by
Krumdieck et al. (10), designed to prepare fresh tissue slices
rapidly with minimal tissue trauma. Results from an initial
31-patient study showed an age-dependent pattern of auto-
fluorescence (9). In contrast to the results obtained with fro-
zen–thawed sections significant epithelial fluorescence was
observed in the images. However, the epithelial contribution
decreased with increasing patient age. Stromal fluorescence
was also noted and increased with patient age. Understand-
ing the autofluorescence patterns of normal cervical tissue
provided important new data regarding the biological basis
of the clinically measured spectra. In this paper we expand
upon our previous work by considering the autofluorescence
of paired normal and dysplastic biopsies.

The goals of the current study were two-fold: first, to use
fresh tissue sections to qualitatively and quantitatively char-
acterize the autofluorescence of normal and dysplastic cer-
vical tissue; and second, to determine whether variations in
the metabolism of normal and dysplastic tissue are evident
in redox images of the tissue sections. This study demon-
strates that changes in the intensity of fluorescence in both
the cervical epithelium and the underlying stroma can be
correlated to the presence of dysplasia. Observed differences
in epithelial fluorescence are attributed to increased cellular
metabolism in dysplastic tissue. The observed decrease in
the intensity of stromal fluorescence in dysplastic tissue is
attributed primarily to changes in the collagen biochemistry.
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Figure 2. a: Average intensity in the epithelium (squamous normal
vs dysplasia) and the stroma (normal vs dysplasia) at 380 nm. b:
Average intensity in the epithelium (squamous normal vs dysplasia)
and the stroma (normal vs dysplasia) at 460 nm. c: Comparison of
the ratio of fluorescence intensity in the epithelium and stroma
(squamous normal vs dysplasia) at 380 and 460 nm excitation. Error
bars represent 2 SD. Intensities at 380 and 460 nm excitation are
not directly comparable.

MATERIALS AND METHODS
Slice preparation. Cervical biopsies (2 3 4 3 1 mm3) were ob-
tained, with written consent, from women seen in The University of
Texas M.D. Anderson Cancer Center Colposcopy Clinic and the
Lyndon B. Johnson Hospital (LBJ) Colposcopy Clinic. These wom-
en were referred for colposcopy because of abnormal cytology or
were being treated for cervical dysplasia with the loop electrosur-
gical excision procedure. Acetic acid (6%) was applied to the cervix
of each woman during colposcopy prior to biopsy. When possible,
biopsies were obtained from one colposcopically normal area and
one colposcopically abnormal area. All normal biopsies were ob-
tained from the squamous sites. The biopsies were immediately
placed in chilled (48C) culture medium (Dulbecco modified Eagle

medium without phenol red) and were then embedded in 4% agarose
for slicing. The Krumdieck tissue Slicer (MD1000-A1, Alabama Re-
search and Development, Munford, AL) was used to obtain fresh
tissue slices (200 mm thick) which were cut perpendicular to the
epithelial surface. Fluorescence images were obtained from tissue
slices within 1.5–5 h of biopsy. Control experiments showed that
the fluorescence intensities varied less than 10% when imaged at a
time beginning immediately following preparation and ending 5.5 h
after preparation.

Fluorescence microscopy. An Axiophot 410 inverted fluorescence
microscope (Carl Zeiss, Thornwood, NY) was used to examine the
unstained tissue slices under brightfield and fluorescence conditions.
Neofluar optics (Carl Zeiss) were used to provide high transmission
for wavelengths from 360 nm. Areas with recognizable epithelium
and stroma were identified under brightfield. Autofluorescence im-
ages were then collected from these areas at 380 and 460 nm ex-
citation, using the 100 W mercury lamp of the microscope and a
filter cube with filter sets I (BP380 exciter filter, FT410 dichroic
mirror, 420 long-pass filter) and II (BP455 exciter filter, FT470 di-
chroic mirror, GG495 filter). All the filters were obtained from Ome-
ga Optical (Brattleboro, VT). The average power delivered to the
tissue surface was 750 mW at 380 nm excitation and 930 mW at 460
nm excitation. The microscope was coupled to a liquid nitrogen–
cooled charge-coupled device (CCD) camera (Photometrics Series
200) with 12-bit resolution and 512 3 512 pixels. The CCD camera
was operated cooled to approximately 21208C. Image acquisition
was computer controlled using the Iplab image-processing software.
For each fluorescence image the appropriate dark-current image and
the temperature of the camera were recorded. Corresponding bright-
field images of each tissue slice were acquired over the same field
as the fluorescence image. A rhodamine calibration standard was
used to assess the day-to-day variations in system response.

For the biopsies from the first 17 patients the tissue slices were
kept in chilled culture medium during the imaging, and an image of
a field of medium was collected as a control. After the first 17
patients we altered the sample-preparation technique in order to im-
prove image sharpness and to eliminate the need to subtract back-
ground fluorescence from the culture medium. For the remaining
patients the tissue slice was removed from the culture medium im-
mediately prior to imaging, rinsed with phosphate-buffered saline
(PBS) and placed on a quartz slide. PBS was added to the slide to
prevent the tissue slice from drying out. The tissue slices obtained
from one biopsy were observed using both sample-preparation tech-
niques to ensure that the change in procedure did not alter the ob-
served fluorescence.

All the fluorescence images were collected using a 103 objective
(model 440331, Carl Zeiss). The objective had a working distance
of 5.6 mm and a numerical aperture of 0.3. For both wavelengths a
5 s exposure time was used in all cases except for two biopsies. For
these two biopsies, a 1 s exposure time was used to avoid image
saturation, and counts were scaled appropriately. A series of exper-
iments in which slices were repeatedly imaged using a 5 s exposure
was performed to confirm that photobleaching was not a concern in
the obtained images. Fluorescence intensities obtained after 20 re-
peated 5 s exposures were approximately 90% of the intensity mea-
sured after a single 5 s exposure.

Image analysis. For slices imaged in culture medium the back-
ground fluorescence of the medium was subtracted from each fluo-
rescence image. For the remainder of the slices the appropriate dark-
current image was subtracted from each fluorescence image. An av-
erage intensity of fluorescence from the epithelium and fluorescence
from the stroma was calculated for each image. Large rectangular
regions were chosen to cover as much of the epithelium or stroma
as possible while avoiding features in the images such as holes. The
boundaries of the epithelial and stromal layers were determined by
comparing the fluorescence images to the corresponding brightfield
images and, when necessary, to the matching histology slides. No
image areas without tissue were included. The average intensities in
the epithelium and stroma and their ratio (epithelium/stroma) were
calculated for each image. To enhance the visualization of tissue
fluorescence in the images presented in this paper, pseudocolor was
added after the image analysis was completed.

Tissue metabolism. Redox images were created for the imaged
slices by dividing the 460 nm excitation image by the sum of the
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380 and 460 nm excitation images. Correction factors based on the
rhodamine standard were used to account for the wavelength-depen-
dent features of the excitation portion of the experimental setup.
Correction factors for the emission path were calculated using mea-
sured transmission curves for the dichroic mirror and long-pass filter
and the quantum efficiency curve provided by the camera’s manu-
facturer. Pseudocolor was added to enhance visualization.

Histological staining. Following fluorescence microscopy the tis-
sue slices were fixed in 10% formalin, embedded in paraffin, and 4
mm sections were made for histological evaluation. A standard he-
matoxylin and eosin (H&E) protocol was used to stain the sections
from each tissue slice. The stained sections were used to correlate
the fluorescent areas to the histological features of the tissue. A
pathologist with expertise in gynecologic pathology, who was blind-
ed to the fluorescence images, read the H&E slides and provided a
diagnosis of the particular tissue imaged (I.B., A.M.).

RESULTS

Thirty-four patients were enrolled in the study. The patients
ranged from 21 to 61 years in age (mean patient age was 33
6 11 years). Because of the fresh tissue’s fragility and the
tendency of the epithelium to become detached from the
stroma, in particular for the dysplastic samples, the process
used to create fresh tissue sections was not always success-
ful. For 20 patients both colposcopically normal and colpo-
scopically abnormal biopsies were obtained, sliced and suc-
cessfully imaged. In an additional six patients either the col-
poscopically normal or the colposcopically abnormal biopsy
was sliced and imaged. In the remaining eight patients nei-
ther the normal nor the abnormal biopsy was successfully
sliced and imaged. After imaging the slices H&E were cre-
ated using standard techniques. In some cases the intact tis-
sue slices did not survive the H&E-generation process. In
17 patients with both colposcopically normal and colpo-
scopically abnormal biopsies H&E of both biopsies were
made. In 12 of these 17 patients the clinical impression at
colposcopy was confirmed histologically for both the normal
and the abnormal tissue. Of the 12 patients with histologi-
cally confirmed normal and abnormal tissue slices seven pa-
tients had low-grade squamous intraepithelial lesions
(LGSIL) and five patients had high-grade squamous intra-
epithelial lesions (HGSIL). Among the five patients for
whom the colposcopic impression did not match the histo-
logic findings, the tissue which appeared abnormal at the
time of colposcopy was later classified as either inflamma-
tion (three patients) or normal (two patients) upon histo-
pathologic examination. In this study normal tissue is de-
fined as tissue classified pathologically as squamous normal
or inflammation. Abnormal tissue included both LGSIL and
HGSIL.

Figure 1 shows representative images of the most com-
mon pattern of fluorescence observed when comparing squa-
mous normal and dysplastic tissue from the same patient.
The size of the fluorescence and brightfield images shown
in the figures throughout this paper is approximately 1 3 1
mm2. In these images it is evident that fluorescence intensity
increases in the epithelium of the dysplastic tissue relative
to the normal tissue, whereas the fluorescence in the stroma
significantly decreases. When the brightfield and fluores-
cence images of the squamous normal biopsy are compared
it is apparent that the top portion of the epithelium in the
normal tissue is almost totally nonfluorescent. In the bottom
third of the epithelium in the abnormal biopsy, a region of

histologically confirmed dysplasia, the fluorescence is
brighter in portions of the 380 nm image relative to the cor-
responding 460 nm image. It should be noted that epithelial
fluorescence patterns may vary significantly from patient to
patient. A detailed study of the epithelial fluorescence pat-
terns of normal cervical tissue is described by Brookner et
al. (9).

After the intensity data (in arbitrary units) were quantified
for all the paired biopsies the normality of the data was
assessed with normal quantile–quantile plots and the Sha-
piro–Wilk statistic. The assumption of normality was ac-
cepted. The average epithelial fluorescence and average stro-
mal fluorescence of the normal and abnormal paired data at
380 nm excitation are shown in Fig. 2a. The average epi-
thelial fluorescence was increased in the dysplastic samples
(106 6 39) relative to the normal samples (85 6 30). The
means were found to be statistically different using a paired
two-tailed Student’s t-test (P , 0.025). In contrast, the av-
erage stromal fluorescence was markedly reduced in the dys-
plastic samples (102 6 34) relative to the normal samples
(151 6 44). Between the normal and the abnormal groups
the intensities of fluorescence in the stroma were statistically
different (P , 0.001 using a paired two-tailed Student’s t-
test).

Figure 2b shows the same samples as Fig. 2a but at 460
nm excitation. At 460 nm excitation the average epithelial
fluorescence was slightly decreased in the dysplastic samples
(98 6 43) relative to the normal samples (110 6 61) but not
in a statistically significant manner. The average stromal
fluorescence was reduced in the dysplastic samples (93 6
35) relative to the normal samples (137 6 49). Between the
normal and the abnormal groups the intensities of fluores-
cence in the stroma were statistically different (P , 0.005
using a paired two-tailed Student’s t-test).

The ratio of the mean epithelial fluorescence to the mean
stromal fluorescence was computed for all the paired sam-
ples at 380 and 460 nm excitation (Fig. 2c). For 380 nm
excitation the average ratios were found to be 0.59 6 0.23
and 1.04 6 0.23 for the normal and the abnormal samples,
respectively. Using a paired Student’s t-test these ratios were
found to be statistically different (P , 0.002). For 460 nm
excitation the average ratios were found to be 0.83 6 0.35
and 1.10 6 0.32 for the normal and the abnormal samples,
respectively. Using a paired Student’s t-test these ratios were
found to be statistically different (P , 0.05).

To determine whether the fluorescence images might con-
tain evidence of metabolic changes between normal and dys-
plastic tissue we calculated redox images by dividing the 460
nm excitation image by the sum of the 380 and 460 nm
excitation images. Figure 3 shows examples of redox images
obtained from two patients. In both cases the redox ratio is
fairly constant throughout the epithelium of the normal tis-
sue, while significant decreases in redox ratios are seen in
the regions of the image corresponding to dysplasia. The
dysplasia begins in the basal layers of the epithelium, and
the changes in redox are apparent here. Marked changes in
redox in the dysplastic tissue were observed in one-third of
the paired samples. In these cases the redox ratios in the
regions of dysplasia (;0.1–0.2) were 17–40% of the average
epithelial redox ratio of squamous normal tissue (;0.3–0.6).
Redox ratios were calculated only over the dysplastic and
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Figure 3. Representative redox im-
ages from two patients. Upper row
from left to right: patient A—redox
image of squamous normal tissue, re-
dox image of dysplastic tissue (pa-
thology: LGSIL); patient B—redox
image of squamous normal tissue, re-
dox image of dysplastic tissue (pa-
thology: LGSIL). Lower row: bright-
field images for each corresponding
redox image above. Red lines indi-
cate approximate position of the
basement membrane in brightfield
images.

corresponding normal regions of the tissue and are not mean
redox ratios for the entire epithelium.

DISCUSSION

Fluorescence spectroscopy may provide a clinically valuable
tool for the detection of precancers; however, the full poten-
tial of this technique will not be realized without a more
sophisticated understanding of the relationship between the
underlying tissue biochemistry and fluorescence spectra
measured in vivo. In this paper we demonstrate that fresh
tissue sections can provide a valuable model system for in-
vestigating the autofluorescence patterns of normal and dys-
plastic cervical tissue.

In this study significant epithelial fluorescence was ob-
served in most of the fresh tissue sections, and the fluores-
cence intensity increased at 380 nm excitation in dysplastic
samples relative to normal samples from the same patient.
Bright epithelial fluorescence was also observed in a previ-
ous 31-patient study of normal cervical tissue (9). NADH is
likely to be the source of this epithelial fluorescence. Sup-
porting this hypothesis the fluorescence measurements of ec-
tocervical cells from primary cultures and two cervical can-
cer cell lines showed fluorescence consistent with NADH
(9). Presuming that NADH is the dominant epithelial fluo-
rophore at 380 nm excitation the increased NADH fluores-
cence found in the dysplastic tissue suggests a higher met-
abolic rate in the areas of dysplasia. This would create an
increased concentration in the reduced electron carrier
NADH and a decreased concentration in the oxidized elec-
tron carrier FAD (11). An increase in NADH fluorescence,
apparent in the 380 nm excitation images, would be expected
to be coupled with a reduction in FAD fluorescence, seen in
the 460 nm excitation images. In this study the mean epi-
thelial fluorescence intensity for 460 nm excitation was re-
duced in the dysplastic samples; however, the difference was
not statistically significant.

Significant reduction in the stromal fluorescence was ob-
served for both 380 and 460 nm excitation in the dysplastic
tissue relative to the paired normal tissue. The stromal fluores-
cence is attributed primarily to collagen because the amount of
elastin in the cervical tissue of nonpregnant women is nearly
two orders of magnitude smaller than the amount of collagen

(12). The fluorescence of the stroma appears to be influenced
by the presence of dysplasia in the epithelium before invasion
of the stroma has occurred. This suggests that some form of
epithelial–stromal communication is occurring (13) and that au-
tofluorescence may provide a novel means of studying this
communication. It is known that neoplastic cells cultured in
collagen I express matrix metalloproteinases (MMP) (14) and
that MMP are involved in the breakdown of the extracellular
matrix (15). Furthermore, immunohistochemistry and in situ
hybridization studies have shown that significantly elevated lev-
els of MMP-9 expression accompany cervical intraepithelial
neoplasia (16). Our data demonstrates significant decrease in
stromal fluorescence in dysplastic samples, and it is known that
collagen fluorescence arises from crosslinks (17). We speculate
that MMP released from the epithelial cells may break down
the collagen crosslinks causing the collagen matrix to appear
less fluorescent. We are currently conducting the necessary ex-
periments to test this hypothesis. Increased blood volume due
to neovasculature could also play a role in the decreased stro-
mal fluorescence observed. However, because the slices are
only 200 mm thick and are maintained in culture medium until
the time of imaging, we do not believe that the measured stro-
mal fluorescence intensities are significantly impacted by he-
moglobin absorption.

Our results are in contrast to data collected in previous stud-
ies performed with frozen–thawed tissue. In a study of the fro-
zen–thawed sections of cervical tissue at 380 nm excitation
Mahadevan (18) found that the epithelium exhibited little au-
tofluorescence. Lohmann et al. (19) also imaged transverse cry-
osections of cervical tissue using 340–380 nm excitation and
reported that neither normal nor dysplastic tissue exhibited sig-
nificant fluorescence from the epithelial layer. It is likely that
the frozen–thawed tissue does not provide a realistic model of
in vivo fluorescence. The redox state may be altered by the
oxidation that occurs during cryosectioning or microscopic ex-
amination, causing NADH to be oxidized to NAD1 which is
nonfluorescent. Although our results are not consistent with the
fluorescence patterns observed in frozen–thawed tissue, they do
directly support the predictions of two previous inverse-mod-
eling studies based on fluorescence spectra measured in vivo.
These studies found that NADH fluorescence increased and
collagen fluorescence decreased as normal tissue became pre-
cancerous (20) or cancerous (21).
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Our findings suggest that there is clinically relevant infor-
mation in the fluorescence patterns of the two distinct layers of
the cervix. Current fiber-optic probe designs used in clinical
systems interrogate tissue volumes comprising both epithelial
and stromal tissue. Our results suggest that clinically measured
decreases in bulk fluorescence emission, as tissue becomes dys-
plastic, are partially explained by decreased collagen fluores-
cence in the stroma, which is modulated by a simultaneous
increase in epithelial fluorescence. Although studies have dem-
onstrated that algorithms can be developed to separate the spec-
tra from normal and precancerous tissue with sensitivity ex-
ceeding current detection methods (4,5), discrimination be-
tween normal and abnormal spectra could be significantly im-
proved if it were possible to decouple the epithelial and stromal
fluorescence signals. This could be achieved either by devel-
oping mathematical techniques to extract separately NADH and
collagen signals from measured tissue spectra or by designing
fiber-optic light delivery and collection geometries to probe in-
dividually the different layers of cervical tissue. Either of these
two approaches has the potential to increase markedly the di-
agnostic performance of in vivo fluorescence spectroscopy for
the detection of precancers.

In conclusion, we believe that improvements in the diagnos-
tic capabilities of fluorescence spectroscopy will depend on an
improved understanding of the relationship between the tissue
biochemistry and morphology and the fluorescence spectra
measured in vivo. A more detailed and accurate model of the
interaction between light and tissue, including the important
fluorophores, their distribution in the tissue and the changes in
fluorescence which occur during disease progression, should
permit more rational device design and the development of
algorithms with improved performance. Because fluorescence
spectra measured in vivo are strongly affected by scattering and
absorption within the tissue, it is difficult to ascertain the lo-
cation, quantity and identity of tissue fluorophores directly from
the measured spectra. Instead, a model system that accurately
represents the in vivo fluorescence patterns, while minimizing
the distortion caused by tissue scattering and absorption, is re-
quired. Fresh tissue sections provide a valuable experimental
system for fundamental investigations into the differences in
fluorescence patterns in normal and dysplastic tissue. Such in-
vestigations should ultimately lead to improvements in perfor-
mance vital to the clinical implementation of fluorescence spec-
troscopy. In addition, the discovery that dysplasia is associated
with significant alterations in collagen fluorescence suggests
that monitoring the native fluorescence signal from collagen
may provide a novel and nondestructive means of exploring
the biochemical changes in the stromal extracellular matrix pri-
or to invasion. Although this study has concentrated on appli-
cations to the cervix, the types of studies described in this paper
are readily extended to other organ sites.
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