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Fluorescence spectroscopy for cervical precancer
detection: Is there variance across the menstrual cycle?
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Abstract. This study assesses one possible cause of inter-patient varia-
tion in fluorescence spectroscopy of the cervix: the menstrual cycle.
Ten patients with no history of an abnormal Pap smear were seen
daily throughout 30 consecutive days of their cycle. Fluorescence
excitation-emission matrices were measured from three cervical sites
on each patient. Principal component analysis was used to determine
which spectral regions varied with the day of the cycle. Classification
was performed to assess the influence of menstrual cycle on precan-
cer diagnosis. Variations in the principal component scores and the
redox ratio values show that the fluorescence emission spectra at
340–380 nm excitation appear to correlate with the cell metabolism
of the cervical epithelium throughout the menstrual cycle; these
changes do not affect diagnostic classification. The menstrual cycle
affects intra-patient variation but does not appear to cause a signifi-
cant level of inter-patient variation. It does not need to be controlled
for in optical detection strategies based on fluorescence spectroscopy.
© 2002 Society of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1509753]
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1 Introduction
Optical technologies provide a promising new approach to
real-time, in vivo diagnosis of epithelial precancers, in both
the screening and diagnostic settings. A number of group
have examined novel optical approaches, including fluores
cence spectroscopy,1–5 reflectance spectroscopy,6–8 Raman
spectroscopy,9 confocal imaging,10,11 and optical coherence
tomography.12 Of these, the largest clinical experience has
been reported using fluorescence spectroscopy.

Fluorescence spectroscopy for the screening and diagnos
of cervical precancer has demonstrated promising results
Clinical trials show a sensitivity and specificity of 86% and
74% in the diagnostic colposcopy clinic13 and 75% and 80%
in the screening setting.14 In both diagnostic and screening
settings, peak fluorescence intensity varies by more than a
order of magnitude from one patient to another. In an attemp
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to further improve the sensitivity and specificity of real-tim
diagnosis, it is necessary to understand and control for
sources of this inter-patient variability. Figure 1 shows ho
fluorescence intensity can vary in squamous normal tissu
the cervix from one patient to another. Plotted here is
fluorescence intensity at 340 nm excitation, 440 nm emiss
from a previous series of 50 squamous normal sites from
patients.13 Patients are listed in the order of increasing a
and the age of the patients ranges from 18 to 60. In gene
the intra-patient variation is less than the inter-patient va
tion. However, the biological basis for these variations is n
well understood. Previous work15 has shown that race an
smoking do not account for these variations, while age a
menopausal status may play a role. In Figure 1, patients
24, and 25 show a large increase in fluorescence inten
compared to the rest of the patients. It is interesting to n
that the patients have ages 49, 50, and 60, respectively,
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Fig. 1 Fluorescence intensity measured in vivo from squamous epi-
thelium of the cervix at 340 nm excitation, 440 nm emission from 25
patients from a previous study. Multiple sites from a single patient are
linked with lines. The patients are listed in the order of increasing age.
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that patients 24 and 25 are postmenopausal. We are condu
ing large clinical trials in the diagnostic and screening settings
to examine the influence of age on fluorescence spectroscop
However, it is unknown whether the phase in the menstrua
cycle may also play a role.

A more thorough understanding of the correlation between
the menstrual cycle and fluorescence spectroscopy of the ce
vix is necessary to explore the inter-patient variation. The
goal of the clinical study described in this paper was to ex-
amine the variations in the fluorescence spectra throughou
the menstrual cycle and to determine the range of effect th
menstrual cycle had on the fluorescence of the cervix.

2 Material and Methods
2.1 Materials
The study protocol was reviewed and approved by the Insti
tutional Review Boards at the University of Texas M. D.
Anderson Cancer Center and the University of Texas at Aus
tin. Eligible patients included those over the age of 18 who
were not pregnant, who had a history of normal menses, an
no history of an abnormal Pap smear. After signing informed
consent, all patients underwent a demographic interview, ris
factor questionnaire, complete history and physical exam an
pan-colposcopy of the vulva, vagina, and cervix; 6% acetic
acid was applied during pan-colposcopy. Initially, each patien
underwent a urine pregnancy test, chlamydia and gonorrhe
cultures, and a Papanicolaou smear. Both the pan-colposco
and the Papanicolaou smear were performed prior to the firs
day of the measurement period. Additionally, patients under
went Virapap testing~DiGene, Bethesda, MD! as well as hu-
man papilloma virus DNA and mRNA sampling. Initially,
each patient had blood drawn for FSH, estradiol, and proges
terone levels. The last menstrual period and menstrual histor
were asked of each patient.

The patients were then followed with fluorescence spec
troscopy throughout one cycle. Three colposcopically norma
sites were chosen by one of the investigators~M.F.! and fluo-
rescence EEMs were measured daily from these three sites.
was noted whether these sites corresponded to squamous
596 Journal of Biomedical Optics d October 2002 d Vol. 7 No. 4
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columnar epithelium. Because of the variation between sq
mous and columnar epithelium and the relatively small nu
ber of columnar sites investigated here, in this work we rep
only results from squamous normal sites. Menstrual bleed
was asked of the patient daily, noted daily by a research nu
and verified by the nurse practitioner or physician making
measurements. These dates were assigned to the men
phase of the cycle. Ovulation was assumed to occur at c
day 14, with dates preceding the day assigned to the pr
erative phase and dates following the day assigned to
secretory phase of the cycle.

2.2 Instrumentation
The spectroscopic system used to measure fluorescence E
has been described in detail previously.16,17Briefly, the system
measures fluorescence emission spectra at 16 excitation w
lengths, ranging from 330 to 480 nm in 10 nm increme
with a spectral resolution of 5 nm. The system incorporate
fiber optic probe, a xenon arc lamp coupled to a monoch
mator to provide excitation light, and a polychromator a
thermoelectrically cooled charge coupled device camera
record fluorescence intensity as a function of emission wa
length.

2.3 Measurements
As a negative control, a background EEM was obtained w
the probe immersed in a nonfluorescent bottle filled with d
tilled water at the beginning of each day. Then a fluoresce
EEM was measured with the probe placed on the surface
quartz cuvette containing a solution of Rhodamine 610~Ex-
citon, Dayton, OH! dissolved in ethylene glycol~2 mg/mL! at
the beginning of each patient measurement.

To correct for the nonuniform spectral response of the
tection system, the spectra of two calibrated sources w
measured at the beginning of the study; in the visible a N
tional Institute of Standards and Technology traceable c
brated tungsten ribbon filament lamp was used and in
ultraviolet a deuterium lamp was used~550C and 45D, Op-
tronic Laboratories Inc, Orlando, FL!. Correction factors were
derived from these spectra. Dark current subtracted EE
from patients were then corrected for the nonuniform spec
response of the detection system. Variations in the intensit
the fluorescence excitation light source at different excitat
wavelengths were corrected using measurements of the in
sity at each excitation wavelength at the probe tip made w
a calibrated photodiode~818-UV, Newport Research Corp.!.

Before the probe was used it was disinfected with Me
cide ~Metrex Research Corp.! for 20 min. The probe was then
rinsed with water and dried with sterile gauze. The disinfec
probe was guided into the vagina and its tip positioned flu
with the cervical epithelium. Acetic acid, which enhances t
fluorescence and the reflectance differences between no
and dysplastic tissue,18 was not applied to the cervical epithe
lium prior to the placement of the probe. In an initial pilo
period, acetic acid was applied daily prior to fluorescen
measurement; however after applying for three days, pati
experienced discomfort, and significant inflammation was
served colposcopically. When noticeable bleeding is
served, the blood was removed from the measurement
using an alcohol swab immediately before the optical m
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Fluorescence Spectroscopy for Cervical PreCancer Detection . . .
surement. Then fluorescence EEMs were measured from thre
predetermined cervical sites. Measurement of each EEM re
quired approximately 2 min.

2.4 Data Analysis
Multidimensional data, such as the EEMs recorded in this
study, represent a challenge in biostatistical analysis. To ana
lyze this high dimensional data set, we explored a dimensio
reduction strategy called principal component analysis~PCA!.
In PCA, the primary goal is to build linear combinations of
the variables that account for as much of the total variance a
possible. Successive, uncorrelated linear combinations of th
variables are then extracted, which account for successive
smaller amounts of the total variance.19

In this study, PCA was applied to the data from the squa
mous normal sites of each patient. Prior to analysis, emissio
spectra at each excitation wavelength were cropped to disca
the noisy tails and the area under each cropped spectrum w
normalized to unity. Then the emission spectra of the EEM
matrix were concatenated into a single vector. For each pa
tient, an input data matrix was assembled where the conca
enated vector from each squamous normal site at each da
was placed as a row. The eigenvectors of the correspondin
covariance matrix were then calculated, yielding the principa
components for each patient. Principal component score
were computed by projecting the concatenated vectors from
each day and each site onto the principal components of th
respective patient. Since 2–3 sites were measured from ea
patient for 30 days, this amounts to a total of 60–90 principa
component scores from a principal component of each patien
We calculated two sets of principal components and corre
sponding principal component scores from different regions
of the EEM: one set was calculated from the emission spectr
at 340–380 nm excitation, and the other set from those a
410–470 nm excitation, as these two areas correspond to flu
rophores associated with epithelial cells, the cofactors NADH
and FAD, as well as emission from stromal collagen and elas
tin. In each set of principal components, we examined the five
principal components accounting for the largest portion of the
variance and their principal component scores as a function o
cycle day.

2.5 Classification
A diagnostic algorithm was previously developed for the clas-
sification of squamous intraepithelial lesion~SIL! and normal
cervical tissues based on fluorescence spectra at 340, 380, a
460 nm excitation using Bayesian classifiers.20 Briefly, the
algorithm is a two-step algorithm where squamous norma
and columnar normal samples, respectively, are classified
each step based on thea posteriori probability of principal
component scores. To investigate the effect of the menstrua
cycle on diagnostic classification, we trained the algorithm
using a data set from a previous study,20 which is composed of
190 samples from squamous normal tissues, 32 samples fro
columnar normal tissues, 119 samples from SIL. Then the
data from the present study were tested with the algorithm.

3 Results
Ten patients enrolled in and completed the study. The patien
ranged in age from 26 to 45. All ten patients were pre-
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menopausal as determined by FSH levels, and nine of ten
ovulatory bleeding by medical history and by estradiol a
progesterone levels. One patient~patient 2! had an anovula-
tory cycle. Nine out of the ten patients had normal P
smears. One of the ten patients~patient 10!, who had a previ-
ous history of normal Pap smears, had stage 1 cervical
traepithelial neoplasia~CIN 1!/HPV-associated atypia. Eigh
of the ten patients participated in a second study and un
went colposcopically directed biopsies on two of the me
sured sites at the end of the trial. One of these patients
played colposcopic abnormality and biopsies of all thr
measured sites were obtained at the end of the trial. Out of
eight patients, seven patients had normal cervical biops
The patient who had CIN 1/HPV-associated atypia on her P
smear had the diagnosis of low grade SIL confirmed in
three biopsies. Each patient underwent fluorescence E
measurements daily of three sites. For three patients~patient
2, 6, 10!, one site was columnar epithelium and two sites w
squamous epithelium. For seven other patients, all three s
were squamous epithelium.

Figure 2 shows a typical fluorescence EEM from a norm
squamous site on cycle day 7. The fluorescence EEM is p
ted as a topographical map, with excitation wavelength on
ordinate and emission wavelength on the abscissa. Con
lines connect points of equal fluorescence intensity. Sev
excitation-emission maxima are present; the peak at 350
excitation, 450 nm emission is consistent with emission of
cofactor NADH as well as collagen cross-links. A shoulder
370 nm excitation, 525 nm emission is consistent with em
sion of the cofactor FAD. The peak at 450 nm excitation, 5
nm emission is consistent with the cofactor FAD as well
structural protein fluorescence. Fluorescence of endogen
porphyrins is present with excitation maxima at 410 nm a
emission maxima at 630 nm. Tissue vascularity can influe
fluorescence spectra, when hemoglobin absorbs fluores
light at 420, 540, and 580 nm, producing valleys in the EE
parallel to the excitation and emission wavelength axes.

Figure 3 shows how the fluorescence intensity at 340
excitation, 440 nm emission varies in ten patients da
throughout the cycle. On average, the fluorescence inten

Fig. 2 A typical fluorescence EEM from a squamous normal site on the
cervix. NADH/CC, FAD/SP, FAD, P represent peak positions of
NADH/cross-linked collagen, FAD/structural protein, FAD and por-
phyrin, respectively. Dotted lines represent positions for hemoglobin
absorption. Scale bar for the intensity values is shown on the right.
Journal of Biomedical Optics d October 2002 d Vol. 7 No. 4 597
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Fig. 3 Fluorescence intensity from squamous epithelial cells of the
cervix at 340 nm excitation, 440 nm emission daily throughout the
cycle in all ten patients. The plots are the mean fluorescence intensity
of the three sites measured each day for each patient, and the error
bars represent the maximum and the minimum values of the three
sites. Blue, green, and red dots represent menstrual, proliferative, and
secretory phases of the cycle, respectively. Note that data are plotted
against the day of the cycle, which is not necessarily the same as the
measurement day.
598 Journal of Biomedical Optics d October 2002 d Vol. 7 No. 4
Fig. 4 Principal component scores daily throughout the cycle in all
ten patients. The plots are the mean of the three sites at each day, and
the error bars indicate the minimum and maximum values among the
three sites. Blue, green, and red dots represent menstrual, prolifera-
tive, and secretory phases, respectively. Dotted vertical line indicates
the day of ovulation (day 14 of the menstrual cycle). Note that data
are plotted against the day of the cycle, not necessarily the same as
the measurement day.



Fluorescence Spectroscopy for Cervical PreCancer Detection . . .
Fig. 5 The second principal component weighted by the principal
component scores of patient 9 at each day in the cycle. The principal
component corresponding to emission spectrum at 360 nm excitation
is shown. Blue, green, and red plots represent menstrual, proliferative,
and secretory phases, respectively. Mean emission spectrum at 360
nm excitation, scaled by 10, is also shown in black.
Fig. 6 Redox ratio daily throughout the cycle in all ten patients. The
plots are the mean of the three sites at each day, and the error bars
indicate the minimum and maximum values among the three sites.
Blue, green, and red dots represent menstrual, proliferative, and secre-
tory phases, respectively. Dotted vertical line indicates the day of ovu-
lation (day 14 of the menstrual cycle). Note that data are plotted
against the day of the cycle, not necessarily the same as the measure-
ment day.
Journal of Biomedical Optics d October 2002 d Vol. 7 No. 4 599
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varies by approximately a factor of 2 within each patient
throughout the menstrual cycle. This is much less than th
inter-patient variation observed in Figure 1, which reaches a
factor of 10. Furthermore, visual examination of the raw data
in Figure 3 does not show any obvious correlation between
fluorescence intensity and cycle date within a single patient
although the expected level of interpatient variation was
present.

We explored data reduction strategies, which break the
data down into linearly independent factors, and then exam
ined whether variation in any of these individual factors cor-
related with cycle date. Data reduction, using PCA, was car
ried out in two excitation wavelength regions: 340–380 and
410–470 nm excitation. In the area at 340–380 nm excitation
the strongest correlations were observed. In particular, th
scores from the second principal component were visually
correlated with the day of the cycle for many of the patients.
In one patient~patient 9!, this correlation was especially
strong, indicating that the corresponding principal componen
described a portion of the EEM that was most strongly corre
lated with variations in the cycle. For this patient, the second
principal component accounted for approximately 16% of the
total variance. Using this second principal component, we cal
culated the corresponding principal component score at eac
cycle day for each patient. We then explored visual correlation
with the day of the cycle. Results are shown in Figure 4. To
facilitate the visualization of data, their sequence has bee
reordered. Data from all the patients are presented from th
first day of the menstrual phase to the last day of the measur
ment. Then, the data from the first day of the measurement t
the day before the first day of the menstrual phase is conca
enated at the end.

In order to investigate inherent patterns in the plots, regres
sion analysis was performed using a third order linear fit to
the average plot. The linear fit is shown as dark gray curves i
each plot of Figure 4. TheR2 value, which measures the
goodness of each fit, is shown in Table 1. In general, the
second principal component score is lowest during the men
strual phase of the cycle, increases throughout the prolifera
tive phase of the cycle, and plateaus during the secretor
phase.

Figure 5 shows the second principal component of patien
9 multiplied by the principal component score at each day o
the cycle. For simplicity, the figure shows the principal com-
ponent corresponding to the emission spectrum at 360 nm
excitation. The mean emission spectrum at 360 nm excitation
which is scaled by a factor of 10, is also shown. Note tha
there are two opposing peaks in the principal component: on
peak is in the emission wavelength region from 450 to 480
nm and the other is in the emission wavelength region abov
500 nm. The first wavelength region is consistent with the
fluorescence peak of the cofactor NADH at 360 nm excitation
and 450 nm emission, while the second is consistent with th
peak of the cofactor FAD at 360 nm excitation and 525 nm
emission.

The significance of the fluorescence from the cofactors
NADH and FAD in this second principal component suggests
that a simpler ratio of fluorescence intensities, known as th
redox ratio, may correlate with the day of the cycle. The redox
ratio, R, is the ratio of fluorescence intensity at 370 nm exci-
tation, 530 nm emission~FAD! to the sum of intensities at 370
600 Journal of Biomedical Optics d October 2002 d Vol. 7 No. 4
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nm excitation, 530 nm emission~NADH! and 370 nm excita-
tion, 450 nm emission~FAD!21

R5
FAD

FAD1NADH
.

Figure 6 shows the redox ratio throughout the cycle for all
patients. As in Figure 4, the sequence of data presented in
plots is reordered. Regression analysis using third order lin
fit of the average plot was also performed. TheR2 value of
each fit is shown in Table 1. Like the principal compone
score shown in Figure 4, the redox ratio is lowest during
menstrual phase of the cycle, increases during the prolif
tive phase, and then plateaus during the secretory phase

Ramanujam20 reports a sensitivity and specificity of 88%
and 68%, respectively, using a diagnostic classification al
rithm to discriminate SIL from squamous normal cervical t
sues. Another measure of algorithm performance is the a
under the receiver operator characteristic~ROC! curve.22 Us-
ing data from Ref. 20, Utzinger calculated an area under
curve of 0.71 for this algorithm.23 When the algorithm devel-
oped in the previous study was applied to the data from
study and the prior probability of disease was adjusted to
10.2%, consistent with the data from this study, specific
was 94.3%; this is higher than reported by Ramanujam. Th
are insufficient data points from biopsy proven SIL to calc
late a reliable sensitivity from this study. However, if we a
sume that all measurements from sites with biopsy proven
at the end of the study contained SIL throughout the en
study, we could calculate the area under the ROC curve.
found an area of 0.64, which is comparable to that fou
previously.23

4 Comment
The results of the PCA~Figure 4! and the analysis of the
redox ratio~Figure 6! imply that the metabolic activities o
the epithelial cells of the cervix are relatively high during th
menstrual and proliferative phases of the cycle and that t

Table 1 R2 values for the third order linear fits in Figures 4 and 6.

Patient
R2 value for

Figure 4
R2 value for

Figure 6

1 0.62 0.43

2 0.39 0.45

3 0.26 0.39

4 0.64 0.58

5 0.30 0.12

6 0.13 0.45

7 0.38 0.36

8 0.01 0.08

9 0.62 0.51

10 0.43 0.42
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Fluorescence Spectroscopy for Cervical PreCancer Detection . . .
are relatively low during the secretory phase.24 These results
are consistent with other findings. Ferenczy25 states that in
general estradiol 17B stimulates epithelial proliferation and
maturation, whereas progesterone prohibits upper midzon
maturation in the squamous epithelial cells of the cervix. He
also states that estrogen receptors show a relative increa
during the follicular phase compared to the luteal phase, sug
gesting that cell proliferation increases during the follicular
phase and decreases during the luteal phase. Gorodeski26,27

investigated the effect of sex steroids on the formation o
ectocervical epithelial envelopes, which are a layer of cross
linked protein that forms beneath the plasma membrane du
ing ectocervical cell terminal differentiation. He states that
estrogen increases ectocervical epithelial cell differentiation
whereas progestin decreases envelope formation in the ect
cervical epithelial cells.

Fluorescence spectroscopy for the screening and diagnos
of cervical precancer has already demonstrated promising re
sults, with sensitivities and specificities in the 75%–90%
range. It should be noted that variations in fluorescence inten
sity throughout the cycle do not account for the tenfold varia-
tion in fluorescence intensity observed between patients
Within a single patient, fluorescence intensity varies by ap
proximately a factor of 2 throughout the cycle. Only 8%–16%
of this variance appears to be correlated with day in cycle
When the data from the present study are applied to a diag
nostic classification algorithm, specificity is well above that
reported in literature. Thus, in developing algorithms for cer-
vical precancer based on fluorescence spectroscopy, it do
not appear necessary to control for cycle date. Patients can b
measured at any point in their cycle and the same diagnost
algorithms can be used.

Real-time diagnosis of cervical cancer using fluorescenc
spectroscopy would provide a great advance in the day-to-da
practice of medicine. For developed countries, optical tech
nologies will translate into more cost-effective care by reduc-
ing the number of visits and unnecessary biopsies. In deve
oping countries, optical technologies could enable screenin
programs to be implemented by less trained health care pro
viders.
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