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Abstract. Large phase Il trials of fluorescence and reflec-
tance spectroscopy using a fiber optic probe in the screen-
ing and diagnostic settings for detecting cervical neoplasia
have been conducted. We present accrual and histopathol-
ogy data, instrumentation, data processing, and the prelimi-
nary results of interdevice consistencies throughout the pro-
gression of a trial. Patients were recruited for either a
screening trial (no history of abnormal Papanicolaou
smears) or a diagnostic trial (a history of abnormal Papani-
colaou smears). Colposcopy identified normal and abnor-
mal squamous, columnar, and transformation zone areas
that were subsequently measured with the fiber probe and
biopsied. In the course of the clinical trial, two generations
of spectrometers (FasttEEM2 and FastEEM3) were designed
and utilized as optical instrumentation for in vivo spectro-
scopic fluorescence and reflectance measurements. Data
processing of fluorescence and reflectance data is explained
in detail and a preliminary analysis of the variability across
each device and probe combination is explored. One thou-
sand patients were recruited in the screening trial and 850
patients were recruited in the diagnostic trial. Three clinical
sites attracted a diverse range of patients of different ages,
ethnicities, and menopausal status. The fully processed re-
sults clearly show that consistencies exist across all device
and probe combinations throughout the diagnostic trial.
Based on the stratification of the data, the results also show
identifiable differences in mean intensity between normal
and high-grade tissue diagnosis, pre- and postmenopausal
status, and squamous and columnar tissue type. The mean
intensity values of stratified data show consistent separation
across each ofthe device and probe combinations. By ana-
lyzing trial spectra, we provide more evidence that bio-
graphical variables such as menopausal status as well as
tissue type and diagnosis significantly affect the data. Under-
standing these effects will lead to better modeling param-
eters when analyzing the performance of fluorescence and

reflectance spectroscopy. © 2007 Society of Photo-Optical Instrumen-
tation Engineers. [DOI: 10.1117/1.2750332]
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1 Introduction

Fluorescence spectroscopy can be utilized to quantify rela-
tionships between abnormal and normal tissue in vivo, thus
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providing a means to detect pathological lesions in real time.
The intensity and line shape of the emitted light is a function
of both the excitation and emission wavelength due to the
presence of chromophores within tissue. Fluorophores such as
NADH, FAD, keratin, tryptophan, elastin, and collagen are
present in tissue and their concentration changes with
disease.'™ Tissue fluorescence can be characterized by acquir-
ing an excitation-emission matrix (EEM), which contains the
intensity as a function of both the excitation and emission
wavelength.

Diffuse reflectance spectroscopy can also be used to dis-
tinguish and characterize normal and abnormal tissue. In re-
flectance spectroscopy, light transmitted into the tissue under-
goes a combination of elastic scattering and absorption.
Differences in tissue refractive index affect scattering, thus
providing insight into tissue characteristics such as the shape,
structure, size, and scattering particle concentration. Mean-
while, absorption properties of tissue are mainly affected by
hemoglobin concentration and oxygenation levels.* ™ Re-
flected light is also dependant on the source detector separa-
tion (SDS) between the excitation and collection fibers. Each
SDS can target specific depths of tissue, such as the epithe-
lium and stroma, and provide spatially resolved information.’
When reflectance data are combined with fluorescence spec-
troscopy, the diagnostic capabilities have been shown to
improve.*

Several groups are studying fluorescence and reflectance
spectroscopy to discriminate normal and precancerous tissue
in the lung,10 bladder,” oral cavity,12 esophagus,8 skin,13 gas-
trointestinal tract,” and ovary.14 The cervix has also been stud-
ied extensively with fluorescence and reflectance spectros-
copy using different techniques to image small or entire areas
of the cervix."”™'® Polartechnics and our group have used a
point probe to evaluate normal and abnormal areas of the
cervix in phase I and II trials.'”** Medispectra and SpectRx
use an approach that visualizes the entire cervix and have
reported phase II clinical ﬁndings.l6’2]

Over the course of our spectroscopy research from pilot
studies to the current phase II trial, three devices (FastEEMI,
FastEEM?2, and FastEEM3) were designed to measure fluo-
rescence and diffuse reflectance spectroscopy of cervical tis-
sue in vivo. The FastEEM systems are spectrographic devices
that illuminate the tissue via a fiber optic point probe. The
consensus histopathology diagnosis of the biopsy from each
illuminated site provides the gold standard for interpreting the
imaging data. FastEEM1 was used only in the laboratory and
has been previously described in detail.” One FastEEM?2 de-
vice was developed at the beginning of the phase II trial,
while three FastEEM3 devices were developed for each clini-
cal site as the trial progressed. In total, four devices and four
probes have been constructed.

Herein, we report patient recruitment data and histopathol-
ogy results from large screening and diagnostic phase II trials
with 1000 and 850 patients, respectively. We also describe the
instrumentation used throughout the trial along with the data
processing. We explored interdevice consistencies and simi-
larities using fully processed spectroscopic data. While in-
tradevice and interdevice variability has been analyzed in a
previous study, we are identifying consistencies across all de-
vice and probe combinations in the phase II trial. > Variables
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Fig. 1 Diagrams of (a) FasttEM2 and (b) FastEEM3 used to measure
fluorescence and diffuse reflectance.

that lead to differences in fluorescence and spectra are also
explored.

2 Materials and Methods
2.1 Patients

After Internal Review Board approval at each site, the trials
were conducted at three clinical sites: the University of Texas
M. D. Anderson Cancer Center, Houston, Texas (MDA); the
Lyndon Baines Johnson Harris County Hospital District Hos-
pital, Houston, Texas (LBJ); and the British Columbia Cancer
Center, Vancouver, British Columbia (BCCA). Each site at-
tracts patients of different ethnicities and educational back-
grounds, enhancing our ability to generalize the findings of
the study to many populations of women. Patients were re-
cruited from the colposcopy clinics of all three sites for the
diagnostic study. Each patient was referred with an abnormal
Papanicolaou smear. In the screening trial, patients were self-
referred and had a history of only normal Papanciolaou
smears. Patients in both studies underwent a history and com-
plete physical exam, repeat Papanicolaou smears, Virapap
testing (DiGene, Bethesda, Maryland), chlamydia and gonor-
rhea cultures, human papillomavirus (HPV) DNA and mes-
senger RNA (mRNA) sampling, and colposcopy of the vulva,
vagina, and cervix. Colposcopically normal and abnormal
sites were identified by the provider, either nurse practitioner
or physician. Two abnormal and two normal sites were iden-
tified, measured with spectroscopy, and biopsied. Both squa-
mous and columnar epithelia were sampled.
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Table 1 Specifications of each spectroscopic device developed and utilized in the clinical trial for cervical tissue measurement.

FastEEM2

FastEEM3

Light Source

Excitation light
coupling
planoconvex lenses (reflectance).

Excitation filters
(fluorescence)

150-W ozone free Xe arc lamp (Spectral Energy Corp.,
Westwood New Jersey) with a spherical rear reflector

Condensor lenses couple light to monochromator

(flourescence). Light passes through quartz

Monochromator (Spectral Energy) with ion-etched
holographic grating (ISA, Edison, New Jersey; 240-nm

75-W Xenon arc lamp with an ellipsoidal
reflector (Ushio, London, Ontario)

Collimating lens converts the lamp output to a collimated

beam that is then reflected at 90 deg from a cold mirror.

Bandpass interference filters on three filter wheels
that rotate to wavelength specifications

blaze, 1180 grooves/mm, dispersion = 3.3 nm/mm).
A controlled stepper motor drives the monochromator.

Excitation filters
(reflectance)

Excitation fiber
arrays

white light port (reflectance).

Collection filter

wheel

Spectograph Chromex 250 IS (Albuquerque, New Mexico) with 380-nm
grating at 150 grooves/mm (5-nm resolution).

CCD camera Thermoelectrically cooled CCD camera (Spectrasource

HPC-1, Westlake Village, California). Chip dimensions;
13.8X9.2 mm: pixels; 15361024

Fluorescence positive Rhodamine

standards
Fluorescence negative Frosted cuvette, distilled water
standards

Fluorescence calibration
standards

Reflectance positive
standards
Reflectance negative Distilled water
standards

Reflectance calibration Powermeter
standards

Five position illumination filter wheel with three long-pass
filters (50% transmission at 295, 515, and 715 nm).

Vertical lines at the exit slit of monochromator

(flourescence). One single illumination fiber from

Eight position long-pass filter wheel

Roomlight mercury, powermeter, tungsten

Teflon, microspheres, 99% reflective spectralon

Long-pass filter as well as three different neutral
density filters of 50, 30, and 10% transmission

Linear translation stage contains shiftable array
of fiber connectors, each one containing the fibers
used for excitation positions.

12 long-pass filter positions
ISA Triax 320 with 320-mm grating at
150 grooves/mm (4-nm resolution)
Thermoelectrically cooled evacuated CCD camera
(Andor Technologies DV420, Belfast, Ireland). Chip
dimensions; 26.6x 6.7 mm: pixels; 1024 X256

Rhodamine, Coumarin 480, Exalite 400E

Frosted cuvette, distilled water

Mercury lamp, powermeter, tungsten

Same as FastEEM2

Distilled water, 2% reflective spectralon

Powermeter

2.2 Clinical Measurements

After the application of acetic acid, the provider identified
imaging sites on the cervix with a colposcope. The point
probe was then placed flush at each site and measured with
fluorescence and reflectance spectroscopy. In a previous study
(data not shown), we determined that the placement of the
probe either before or after the application of acetic acid does
not result in statistically significant variances of the fluores-
cent measurements. Biopsies of every measured cervical site,
including colposcopic normal sites, were collected and taken
to pathology for histopathologic review.

2.2.1

Each sample was reviewed by the pool of clinical cytologists
or histopathologists at the two cancer centers: the MDA and

Histologic measurements
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the BCCA. This review was followed with a blinded review
by the study pathologists at each site; each site had one expert
in cytology and one expert in cervical histopathology. A third
review was conducted if there was disagreement between re-
views 1 and 2. Approximately 20% of biopsies went on to
third review, while for 80% there was agreement between the
first and second reviews. The final consensus diagnosis was
used as the gold standard for each spectroscopy measurement.
We conducted multiple analyses of the interpathologist and
intrapathologist readings as well as the interinstitutional and
intrainstitutional readings. Clinical comparisons are often
made using the kappa statistic for which there is a clinical
scale. The kappa statistic demonstrates agreement above the
level of chance. The kappa scale shows values: 0 agreement
due to chance alone, 0 to 0.2 slight agreement, 0.2 to 0.4 fair
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Fig. 2 (a) FastEEM2 device at MDA and the FastEEM3 device at (b) BCCA, (c) MDA, and (d) LBJ.

agreement, 0.4 to 0.6 moderate agreement, 0.6 to 0.8 substan-
tial agreement, and 0.8 to 1.0 almost perfect agreement. Kap-
pas can be calculated using exact agreement (unweighted
kappa) and agreement within a well-defined diagnosis above
and below the exact diagnosis (weighted kappa). We also con-
ducted studies of randomly selected slides, and had them re-
viewed at the other cancer center and by an outside expert
pathologist at the Brigham and Women’s Hospital in Boston.
The summary of these data shows substantial agreement be-
tween institutions (0.658). Each study pathologist, when com-
pared to themselves, also had moderate to substantial agree-
ment (0.652, 0.571, and 0.464 unweighted kappas; 0.718.
0.731, and 0.653 weighted kappas). Further detailed results of
the histopathologic review and detailed assessment of agree-
ment among the study pathologist readings can be found in
Malpica et al.**

2.3 Spectrographic Instrumentation

The components of both the FastEEM2 and FastEEM3 for in
vivo measurement of fluorescence and reflectance spectros-
copy vary slightly in design and differ on the mechanism of
the illumination and collection of light. Table 1 outlines the
specifications of each system, Fig. 1 shows diagrams of each
device, and Fig. 2 displays the systems at each clinical site.
Comparison between the two systems was made possible
through analysis done by Bueeler to optimize design
speciﬁcations.2

2.3.1 Illumination components

In both FastEEM systems, an arc lamp provides quasimono-
chromatic light for fluorescence measurements and broadband
excitation light for reflectance measurements. Xenon arc
lamps were used as the light source because a xenon light can
produce wavelengths that range from 250 to 700 nm. Shutters
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control the exposure time of light that is directed toward the
tissue. Reflectance spectra were measured after fluorescence
spectroscopic measurements were acquired.

Fluorescence excitation light for the FastEEM2 originated
from a 150-W xenon arc lamp where light output was focused
into a step driven monochromator. A monochromator relies on
a grating to disperse light spectrally, and a controlled stepper
motor selects the wavelength in 10-nm increments from 300
to 480 nm for fluorescence measurements. In the FastEEM2,
the lamp source housing has a separate port to direct white
into the illumination fiber and bypasses the monochromator to
take reflectance measurements. A shutter switches the port on
or off according to which spectroscopic measurement is taken.
The diffuse reflectance light passes through a rotating filter
wheel containing three long-pass filters that are coated to
transmit 50% of the broadband light intensity.

In the FastEEM3, a 75-W xenon arc lamp served as the
light source where the output was directed through bandpass
filters. Bandpass filters in the FastEEM3 are placed on a triple
filter wheel assembly in which each wheel is individually ro-
tated according to the excitation wavelength selected. Less
power was needed from the FastEEM3 light source because
bandpass filters were used to produce monochromatic light,
which increases light intensity approximately 6 times relative
to a monochromator. A cold mirror reflected 90 deg from the
lamp output ensures that unwanted IR light does not pass
through the filter wheel assembly. Excitation wavelength
ranging from 290 to 530 nm in increments of 10 nm are de-
livered through excitation fibers in the fiber optic probe. The
FastEEM3 light used for reflectance originates from the same
lamp as the fluorescence excitation light. In the reflectance
measurements, though, neutral density filters are also con-
tained in the filter wheel assembly that only allow a certain
percentage of light intensity to pass (10, 20, or 50%). The
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Fig. 3 Fiber optic probe schematic for (a) FasttEEM2 and (b) FastEEM3 and (c) the illuminated FastEEM3 probe.

fluorescence and reflectance illumination fibers are located on
a multiport translational stage, which moves with respect to
the fixed light source depending on the type of illumination.

2.3.2  Fiber optic probes

The fiber optic probe is used as a conduit for light to excite
and collect an area of tissue for both fluorescence and reflec-
tance spectroscopy.26 The probes used in these studies were
about the size of a pencil and illuminated an area of the cervix
that was approximately 2 mm in diameter. The fluorescent
illumination light travels through a bundle of excitation fibers,
which is coupled to a mixing element. A mixing element en-
ables uniform illumination and collection of light from the
same area, specifically, 1.8 mm in diameter, on the tissue sur-
face. The remitted light travels through the mixing element to
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the collection fibers. The excitation and collection fibers are
randomly distributed across the mixing element.

Reflectance measurements were made at different source
detector separations where the illumination fiber is located at
various distances from the collection fiber. Each fiber is
200 pum in diameter with a numerical aperture of 0.2, while
the entire probe is approximately 4 mm in diameter. The
probe is surrounded by stainless steel tubing that is approxi-
mately 20 cm long. A protective coating surrounds the fiber
bundle to guard against excessive bending and mechanical
damage. Figure 3 provides an illustration of the general char-
acteristics for each system probe.

In the FastEEM?2 probes, a fluorescence bundle is sur-
rounded by a circular arrangement of reflectance fibers. A

May/June 2007 = Vol. 12(3)
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Table 2 Patient recruitment data for each protocol within the clinical trial.

Screening

(1000 patients)

Diagnostic
(850 patients)

Clinical site
MDACC
LBJ
BCCA
Age
MDACC

LBJ

BCCA

Menopausal status
Pre

Peri

Post

Missing

Histopathology (Bethesda
classification)

Normal

Atypia

Low-Grade (LGSIL)
High-Grade (HGSIL)
Cancer

No diagnosis possible

586 (58.6%)
259 (25.9%)
155 (15.5%)

Mean: 43.7
Standard deviation:11.7
Range: 18 to 80
Median: 43
Mean: 41.8
Standard deviation:12.2
Range:18 to 77
Median: 41
Mean: 49.7
Standard deviation:11.8
Range: 23 to 76

Median: 51

568 (56.8%)
131 (13.1%)
300 (30.0%)

1(0.1%)

629 (62.9%)
210 (21.0%)
117 (11.7%)
19 (1.9%)
0 (0%)

25 (2.5%)

380 (44.7%)
143 (16.8%)
327 (38.5%)

Mean: 38.1
Standard deviation:12.6
Range:18 to 85
Median: 36
Mean: 38.4
Standard deviation:11.9
Range:19 to 73
Median: 37
Mean: 33.9
Standard deviation:10.3
Range:18 to 73

Median: 32

707 (83.2%)
24 (2.8%)
119 (14.0%)

0 (0%)

227 (26.7%)
144 (16.9%)
199 (23.4%)
222 (26.1%)
5 (0.6%)

53 (6.2%)

total of eight reflectance collection fibers at four different
SDSs are located away from one illumination fiber. The sepa-
rations are notated as 0, 1, 2, 3 and are located 0.25, 1.16,
2.13, and 3.02 mm, respectively, away from the illumination

fiber. Epoxy glue stabilizes the fibers at the four SDSs. The
fluorescence bundle fibers are located inside of the reflectance
assembly and are collectively glued with optical grade epoxy
to a quartz mixing element.
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In the FastEEM3 probe design, a fiber disk composed of
stainless steel precisely aligned the reflectance fibers and the
fluorescence bundle, thereby diminishing the necessity for ep-
oxy glue at the distal end of the probe. The metal disk also
provides protection for the mixing element and reflectance
fibers in case of mechanical impact. For diffuse reflectance
spectroscopy in the FastEEM3, many illumination fibers at six
source detector separations surround one collection fiber. In
between the 0 and 1 positions, two additional source detector
separations (a,b) were added in the FastEEM3 probe and are
located 0.5 and 0.74 mm away from the detector fiber,
respectively.

2.3.3 Collection components

The remitted light from fluorescence measurements travels
through the collection fibers of the fiber optic probe and
passes through long-pass filters. Long-pass filters enable
wavelengths above a chosen cut-on wavelength to be trans-
mitted, depending on the excitation wavelength selected. They
remove the excitation light and enable the fluorescent light to
continue to the camera. These filters are located on a wheel
that is placed in front of the imaging spectrograph. Long-pass-
filtered light is then sent into an imaging spectrograph, where
it is dispersed by a grating. The long-pass filters we used had
cut-on wavelengths of approximately 30 nm longer than the
excitation light; wavelengths are selected between 300 and
800 nm. The imaging spectrograph is coupled to a CCD cam-
era, which records light intensity. In general, the camera was
thermoelectrically cooled to approximately —30°C to reduce
dark current noise from thermally generated electrons. Reflec-
tance light remitted from the tissue is collected in the equiva-
lent manner as fluorescence emission, except that light travels
through reflectance collection fibers of the fiber optic probe
and did not pass through long pass filters.

The main difference in the collection subsystem between
the two FastEEM devices was the imaging spectrograph. In
FastEEM2, the imaging spectrograph contains a movable dif-
fraction grating to maximize the area of illumination on the
CCD. The FastEEM3 utilizes a fixed grating in the spec-
trograph because the moving grating in the FastEEM2 was
subjected to wear from heat and age, potentially reducing the
accuracy of the wavelength calibration.

2.4 Calibration Standards

Timely measurements of a comprehensive set of standards
ensure that the data are properly calibrated for intensity, opti-
cal transfer, and Wavelength.27 The standard measurements
also provide a means to correct for the different systems that
were used throughout the study as well as to minimize varia-
tions that may have arisen within each system.

Standards of known optical response are referred to as
positive standards and are compared with the measured out-
put. Standards with little expected optical signals are referred
to as negative standards and are primarily used to check for
instrumentation autofluorescence in the probe as well as light
leakage and contamination. The positive, negative, and cali-
bration standards are outlined for each device in Table 1.
Briefly, the positive standards for the fluorescence measure-
ments include coumarin, exalite, and rhodamine. The negative
standards for fluorescence include a frosted quartz cuvette and
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doubly distilled deionized water. Reflectance positive stan-
dards include Teflon, 99% reflective Spectralon, and a suspen-
sion of polystyrene microspheres. Negative standards for re-
flectance include 2% reflective Spectralon along with the
distilled water. Standards for both systems such as powerme-
ter, mercury, and tungsten were used for calibration. Marin et
al.”’” examined in detail the use and analysis of standards for
fluorescence spectroscopy, and Utzinger et al." discussed the
processing of reflectance standards.

2.5 Quality Assurance and Data Processing

Data from standards and in vivo tissue measurements were
collected using a series of quality assurance procedures. The
standards significantly improved the ability to identify and
address equipment and operator problems on a timely manner
as the trials developed. This was done with software that au-
tomates the collection of positive and negative standards, tis-
sue measurement, data processing, and tissue analysis. Both
FastEEM systems use LabView software (National instru-
ments, Austin, Texas) and MATLAB (Math Works, Natick,
Massachusetts) for acquisition and processing standards data,
respectively.

The acquired patient data are processed to subtract back-
ground noise, compensate for probe output power, and cali-
brate for wavelength and system response. Correction factors
are applied to standardize the data for all machine and fiber
optic probe combinations. Once data has been processed,
blinded analysis of the spectra is reviewed for artifacts or
errors.

2.5.1 Fluorescence quality assurance and data
processing

Fluorescence data from each measurement is reported as an
EEM that represents fluorophores such as NADH, FAD, col-
lagen, elastin, and hemoglobin. These fluorophores change in
concentration as lesions advance from normal to low-grade to
high-grade to cancer. Biologic plausibility studies confirm that
not only is neoplasia important, but also biographical vari-
ables (such as menopausal status) and tissue type (the cervix
has both columnar and squamous tissue). Each EEM under-
went 10 reviews by the two senior engineers, the senior stat-
isticians, and the principal investigator over a 2-y period. A
forthcoming paper will describe agreement among these re-
views. Approximately 5000 spectra were reviewed from both
studies, and 20% were eliminated due to autofluorescence of
one probe. We are working to restore those measurements,
thus we show these data as a preliminary analysis in which we
hope to demonstrate that each device/probe combination is
able to separate those categories that influence the EEM such
as neoplasia, tissue type, and menopausal status. These mul-
tidimensional data are reduced through a principal component
analysis followed by binary classification using Mahalanobis
distance. Further analyses using other statistical methods are
ongoing at the time of this paper.

2.5.2 Reflectance quality assurance and data
processing

Each reflectance matrix was similarly quality assured in the
aforementioned process. The data from each source detector
separation can be represented by a matrix containing cali-
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Fig. 4 Mean intensity values of measurements made in the cervix for which the consensus read histopathology showed normal (N) and high grade
(HQ) lesions. This figure is limited to only squamous tissue in (a) fluorescence and (b) reflectance measurements. The spectrometer-fiber optic
probe combinations, for which there are five (described in Sec. 3.4), is given above each plot with the sample size of sites measured for each
diagnosis given in the upper corner. The excitation wavelength for the fluorescence data is 340 nm, while the reflectance source detection

separation is T mm normalized to the spectra of a solid Teflon block.

brated reflectance intensity as a function of the emission
wavelength and the SDS distance. While less biologic plausi-
bility studies have been performed on the reflectance data,
mathematical modeling and analyses of patient data demon-
strate differences among hemoglobin absorption, oxygen satu-
ration, strength of stromal scattering, spectral shape of stromal
scattering, collagen absorption, collagen concentration, kera-
tin concentration, NADH concentration, FAD concentration,
and epithelial scattering coefficients. In this analysis, we ex-
amine only SDS 1 or 1 mm. Chang et al.” discusses the data
processing and analysis of both fluorescence and reflectance
data in more detail.

3 Results
3.1 Clinical Sites

The trials were conducted at three clinical sites. Patients 18
and older were recruited. Selected patient demographics are
outlined in Table 2 and include age, menopausal status, and
hormonal use. The final histopathology classification pre-
sented in this paper was categorized according to the Be-
thesda system where biopsy samples are diagnosed as normal,
inflammation or atypia, low grade (encompasses the histo-
logic diagnosis of HPV associated changes and cervical in-
traepithelial neoplasia grade 1), high grade (encompasses the
diagnoses of cervical intraepithelial neoplasia grades 2 and 3
and the diagnosis of carcinoma in situ), or carcinoma (in-
cludes only invasive carcinomas of the squamous or ad-
enomatous types).
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3.2 Fluorescence and Reflectance Results

In this “per site” analysis, consistencies among the device and
probe combinations stratified by histopathologic diagnosis,
menopausal status, and tissue type were explored. Later
analyses will include “per patient” analyses, not described
here. Fully processed, quality assured fluorescence and reflec-
tance measurements were available from the diagnostic trial.
There were 4846 fluorescence measurements and 4844 reflec-
tance measurements that were quality assured. The final num-
ber of fluorescence measurements was 3612 and reflectance
was 3392; there were 2896 sites where both fluorescence and
reflectance were available.

The mean calibrated intensity was calculated and stratified
for each device and probe combination. Reflectance measure-
ments at 1-mm SDS were normalized by the solid Teflon
block standard, and the fluorescence measurements differed in
excitation wavelengths depending on the grouping of the data.

In each plot, the device and probe combination is denoted.
MDALI is representative of the measurements made using the
MDA FastEEM2 device with probe 1. MDA2 and MDA 3
denote the MDA FastEEM3 device with probes 2 and 3, re-
spectively, while the LBJ3 is the same FastEEM?2 device with
probe 3 at the LBJ clinical site. BCCA represents the BCCA
FastEEM3 device with the BCCA probe. The numbers in-
cluded in each plot may not be equal between the fluorescence
and reflectance measurements (all else equal) since the quality
control process was independent of the type of measurement
performed. The plots were organized so that fluorescence
measurements are displayed with their corresponding reflec-
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Fig. 5 Mean intensity values of measurements made in the cervix for which the consensus-read histopathology showed normal, squamous tissue
for pre-, peri-, and postmenopausal status as determined by the clinician in (A) fluorescence and (B) reflectance measurements. The spectrometer-
fiber optic probe combinations, a total of five, is given above each plot with the sample size for each site from patients in three phases of pre-, peri-,
and post menopause. The sample size for each site measured from the respective menopause phase is given in the upper corner. The excitation
wavelength for the fluorescence data is 450 nm, while the reflectance source detection separation is 1 mm normalized to the spectra of a solid

Teflon block.

tance measurements. Figures 4 to 6 display the results from
the analysis to show consistencies among all device and probe
combinations.

Figure 4 shows the differences between normal and high-
grade diagnoses mean intensities for the fluorescence mea-
surements at a 340-nm excitation wavelength and the reflec-
tance measurements at a I-mm SDS. All measurements in the
plots are of squamous tissue only. This figure clearly denotes
the consistencies across all device and probe combinations
where the normal diagnosis has a higher intensity than the
high-grade dysplasia diagnosis. These findings agree with all
our previously published results from pilot and phase I studies
as well as fresh tissue slices that were analyzed.

Figure 5 displays the mean intensity differences based on
the pre-, peri-, and postmenopausal statuses for fluorescence
measurements at a 450-nm excitation and reflectance mea-
surements at a 1-mm SDS. Only normal, squamous tissue was
used in these plots. Again, it is consistent across all device
and probe combinations that premenopausal status is always
at a lower intensity than the postmenopausal status. The in-
tensity for the perimenopausal images fluctuates between pre-
and postmenopausal status, which may be due to a small
sample size. Overall, intensity separation between pre- and
postmenopausal status may be attributed to tissue levels of
estrogen, yet more work must be done to separate the effects
of age and menopausal status. These findings agree with our
analyses of biographical variables from pilot and phase I stud-
ies and with data obtained in fresh tissue slices.
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Figure 6 displays the mean intensities of normal squamous,
normal columnar, and normal mixed (squamous and colum-
nar) tissue types for fluorescence measurements at a 400-nm
excitation and reflectance measurements at a l-mm SDS.
Squamous tissue always has a higher intensity than columnar
tissue across all the combinations. Mixed tissue types have
intensity levels that are between the squamous and columnar
intensities. We are currently categorizing the mixed classifi-
cation to include the relative amounts of squamous and co-
lumnar tissue. Columnar tissue intensity has been shown to be
low, and these measurements could be confounded with the
diagnosis of high-grade dysplasia, making the tissue type im-
portant in the diagnostic algorithm. These data agree with
findings published as pilot and phase I studies from our group
and other groups.

4 Discussion

In this analysis, we explored the interdevice consistencies
from the entire diagnostic population set of our phase II clini-
cal trial. We are engaged in analyses of many variables that
could confound the spectroscopic findings. We are studying
the devices, the probes, their combinations, their performance
over time in years, their performance in repeated measures,
their performance over the course of 1 and 2 days, and re-
peated performance at the three sites. We have collected data
on many biographical features of the patients; some are the
well-established risk factors for cervical neoplasia and others
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Fig. 6 Mean intensity values of measurements made in the cervix for which the consensus-read histopathology showed of normal tissue for
squamous, columnar, and mixed tissue (containing both squamous and columnar) types in (a) fluorescence and (b) reflectance measurements. The
spectrometer-fiber optic probe combinations, totaling five, is given above each plot with sample size for each site measured from the tissue type
given in the upper corner. The excitation wavelength for the fluorescence data is 400 nm, while the reflectance source detection separation is

1 mm normalized to the spectra of a solid Teflon block.

are data on educational status, number of births, ethnicity,
age, and menopause. We hope to include and control for all
sources of variability in our algorithm.

Since the instrumentation has changed throughout the pro-
gression of the trial, systematic differences between the
FastEEM2 and FastEEM3 spectrographic devices along with
design differences among the system probes are explored. A
previous study by Lee et al.” established that each spectrom-
eter and the fiber optic probe contribute significantly to vari-
ability, yet data processing based on known optical standards
minimizes the variability. It was important to establish in this
analysis that consistencies can be identified throughout the
entire phase II trial despite the use of different devices and
probes. To identify consistencies, we grouped measurements
based on the diagnosis, tissue type, menopausal status, and
type of measurement (fluorescence or reflectance) across all
device and probe combinations used throughout the diagnos-
tic trial.

The results not only confirm that differences between di-
agnosis, tissue type, and menopausal status exist, but also that
instrumentation variability has been effectively minimized.
We showed that, all else being equal, normal tissue sites con-
sistently have a higher intensity than high-grade tissue sites. It
was also shown that intensity values are higher in squamous
tissue than in columnar tissue. The finding that seems to have
the most importance in this analysis is that spectroscopy can
also differentiate between pre- and postmenopausal status.
Tissue measurements from postmenopausal women were al-
ways higher in intensity than women who were premeno-
pausal when all else is equal. Intensity values from the mea-
surements of perimenopausal women jump between the pre-
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and postmenopausal status. In a study done on preliminary
data from this phase II trial, it was already shown that bio-
graphical variables such as menopausal status affect the fluo-
rescence spectra.z8 This analysis, though, encompasses the en-
tire diagnostic trial data set for both fluorescence and
reflectance, providing more evidence that menopausal status
should be considered when processing data and formulating
an algorithm.

Some difficulties have arisen in attempting to combine all
of the instrumentation while minimizing variability. We are
still identifying better methods to account for these differ-
ences such as the application of chemometrics as well as the
data-processing techniques. We are also exploring many
methods to determine the performance of both fluorescence
and reflectance spectroscopy. The analysis in this paper iden-
tifies consistencies across all device and probe combinations,
but it does not provide a statistical basis for the differences in
diagnosis, tissue type, and menopausal status. We must first
understand and evaluate instrumentation variability to fully
evaluate biographical variable and risk factor significance.
Such understandings will considerably enhance the modeling
of spectroscopy data and provide a more robust algorithm to
increase the sensitivity and specificity performance.
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