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Fluorescence spectroscop y of the cervix has been shown to be an
effective noninvasive diagnostic tool for cervical intraepithelial neoplasia (precancer). To assess the effect of the menstrual cycle on
 uorescence spectroscopy, daily measurements were m ade on ten
subjects for the length of their cycle. These measurem ents were
analyzed to determ ine if there was a statistically signi cant signal
associated with the menstrual cycle. A signal was found for emission
wavelengths between 425 and 445 nm inclusive— near the m ain hemoglobin absorption band, the Soret band, at 420 nm. We suspect
that the slight displacement of the Soret band is due to the nearby
dominant NAD(P)H peak, which increases the signal-to-noise ratio
and affects statistical signi cance. The signal consists of a reduction
in  uorescence intensity for the  rst few days of the cycle. This
analysis indicates that hemoglobin absorption is the main menstrualcycle effect on the use of  uorescence spectroscopy on the cervix.
The effect is con ned to a small set of excitation/emission wavelengths and to approximately the  rst 8 days of the cycle. This
suggests that any problems from the menstrual cycle can be avoided
with a simple requirement that the device not be used during the
period of menstrual bleeding.
Index Head ings: Fluorescence spectroscop y; Cerv ical intraepithelial
neoplasia; Menstrual cycle; Analysis of variance; Randomization
tests; Multiple comparisons.

INT RODUCTIO N
Fluorescence spectroscopy (FS) has been shown to be
effective for diagnosing cancerous and precancerous lesions. 1–7 Each value in an FS measurement is associated
with an excitation wavelength that excites the  uorophores in the tissue and an emission wavelength corresponding to the emitted light. This gives a two-dimensional array of data known as an excitation emission matrix (EEM). Our research group has demonstrated that FS
is a promising tool for detecting cervical intraepithelial
neoplasia (CIN).8–10 Because the biological basis for the
success of FS in cancer detection is not well understood,
there is a concern that natural biological variability m ay
present dif culties for this technology. Indeed, it appears
that age and perhaps other factors do have a large effect.11
Of particular concern for the application of FS to the
cervix are changes that take place during the menstrual
cycle. To assess the effect of the m enstrual cycle on FS,
ten patients were m easured daily throughout approximately 30 consecutive days of their cycle.
These data have been analyzed in a separate m anuReceived 10 October 2001; accepted 28 August 2002.
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script.12 There, a principal component was derived that
appeared to show a strong correlation with the menstrual
cycle. Also, the redox ratio (a ratio of FS intensities at
two wavelength combinations) seemed to have a relationship with the menstrual cycle. However, these results
were not tested for statistical signi cance.
In this article we subject the data to a rigorous analysis
to determine if there is a statistically signi cant effect.
The primary analysis is on the individual  uorescence
intensity measurem ents at each excitation/emission wavelength combination, although the redox ratio and overall
intensity are analyzed as well. A nonparam etric technique
was used and corrections for the multiple comparisons
were included. Examination of the wavelength combinations where a signi cant signal was found revealed that
they form ed a region of contiguous pixels in the EEM.
This region is near a hemoglobin absorption band, and
the estimated signal in the region showed a lower intensity during the early part of the menstrual cycle. This
suggests that the predominant signal of the m enstrual cycle is associated with hemoglobin absorption during the
 rst few days of the cycle when the patient has blood
present on the cervix. This is potentially an important
result for the m edical application of the device, since any
adverse effect this m ay have on using FS for diagnostic
purposes can be eliminated by specifying that FS not be
used when the patient may have menstrual bleeding.
M ATERIAL S AND M ETH ODS
Subjects. The Institutional Review Board at the University of Texas M.D. Anderson Cancer Center and the
University of Texas at Austin reviewed and approved the
study protocol. Eligibility was limited to patients over the
age of 18 who were not pregnant, had a history of normal
menstrual cycles, and no history of abnorm al Pap sm ears.
Patients underwent a number of interviews and tests detailed elsewhere 12 and were asked particularly about their
menstrual history and the date of their last menstrual period.
One of the investigators, Dr. Michele Follen, chose
three colposcopically normal sites on each patient, and
 uorescence EEMs were measured daily on these three
sites for at least one full menstrual cycle. Both squamous
and columnar epithelia were m easured. But since relatively few columnar sites were m easured (three, one each
on patients 2, 6, and 10)— and since they react differently
to FS and the horm onal changes of the menstrual cycle—
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F IG . 1. Plot of day of cycle (DOC) by day of m easuremen t for patients
1 through 10. The proliferative phase of the m enstrual cycle is indicated
by a circle (non-bleeding day) or an asterisk (a day when bleeding was
observed) and the secretory phase by a cross. For instance, the  rst
measu rement day of patient 1 was the eleventh DOC, which was in the
proliferative phase and there was bleeding, and a new cycle began on
the nineteenth measu rement day.

they were deleted from the analysis. A research nurse
asked each patient daily whether she had any menstrual
bleeding, and the nurse practitioner or physician m aking
the measurements veri ed the patients’ answers. Each
date was assigned to a menstrual day of the cycle (DOC).
Ovulation was assumed to occur at DOC 14; preceding
days were assigned to the proliferative phase and following days to the secretory phase of the cycle. A graphical
summary of the menstrual cycles by patient is shown in
Fig. 1. The m ean length of cycle observed for the ten
68
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patients was 29.8 days, with a minimum of 23 days and
a maximum of 38 days. Seven patients had 30-day cycles
and one had a 27-day cycle. The patient with the 23-day
cycle was determined to be anovulatory.
Instrum entation and M easurements. The spectroscopic system used to m easure  uorescence EEMs is described in more detail elsewhere.12 Brie y, the system
measures  uorescence emission spectra with a resolution
of 5 nm at 16 excitation wavelengths, ranging from 330
to 480 nm in 10 nm increments. The system incorporates
a  ber optic probe, a Xenon arc lamp coupled to a monochromator to provide excitation light, and a polychromator and thermo-electrically cooled charge-coupled device (CCD) camera to record  uorescence intensity as a
function of emission wavelength. The initial and  nal
emission wavelengths varied across the excitation wavelengths, and each spectrum had a total of 703 excitation/
emission wavelength combinations where measurements
were made.
Between uses, the probe was sterilized for 25 m in in
a Cydex solution, rinsed with water, and wiped with a
sterile alcohol wipe. The probe was guided into the vagina and its tip was positioned  ush with the cervical
epithelium. Acetic acid is normally used during a colposcopic examination because it enhances the optical differences between normal and dysplastic tissue.14 But an
initial investigation determined it would be too irritating
to the patients for daily application, and it was not used
in this study.
The m easured EEM s were subjected to a rigorous quality assurance inspection by three separate investigators.
Only those EEM s determined to be the result of a faulty
measurem ent process were excluded. The primar y cause
of a faulty measurem ent process is probe slippage. This
is frequently detected by the provider m aking the measurements, and those observations were redone at the
time. However, there were a number of EEM s where the
provider did not note slippage, but it looked as if slippage
had occurred. The typical feature of an EEM where slippage has occurred consists of a clearly anomalous emission spectrum for 1 or 2 contiguous excitation wavelengths. There were a ver y sm all number of EEM s that
were clearly anomalous for unknown reasons, and they
were deleted. Also, 83 EEM s that were from columnar
tissue sites were deleted from the analysis. A total of 765
EEM s were included in the analysis presented here. The
median EEM (i.e., the median  uorescence intensity at
each excitation/em ission w avelength com bination) is
shown in Fig. 2.
Data Analysis. The data were  rst preprocessed and
then statistical inference was perform ed. The preprocessing incorporated the following steps:
(1) A few EEMs in the analysis had exact zeros. As
we intended to take logarithms, these were removed by replacing a zero with one half of the
smallest observed positive value of intensity.
(2) Each  uorescence intensity was normalized by dividing by an estimate of the peak value for that
individual EEM. Norm alization has several advantages, such as correcting for the tendency of  uorescence intensity to increase with patient age as
previously observed.11 We have found that such

F IG . 2. Plot of the median EEM. The x-axis is emission wavelength
in nanometers and the y-axis is excitation wavelength in nanometers.
The high peak in the lower left is the result of the  uorophore NAD (P)H
and collagen crosslinks.

normalization is useful and apply it on a routine
basis. The nominal peak value for normalization
was taken as the average of the 19 intensity values
at the excitation/emission wavelength combinations where the median intensity in Fig. 2 exceeded 190. A picture of this peak area of 19 excitation/emission wavelength combinations is shown
in Fig. 3. There were many EEM s where the actual
peak was not in this region. Since the normalizing
value is the average of 19 intensities, it would never be the actual peak value in a given EEM (the
maximum intensity will be larger than an average
intensity), but it does reduce the noise somewhat
to take an average.
(3) This normalizing value (the average of the intensities at the 19 excitation/emission wavelength
combinations shown in Fig. 3) was kept as one of
the variables of the analysis. One other variable
that was added was the redox ratio.12 The redox
ratio R is the ratio of  uorescence intensity at 370
nm excitation, 530 nm emission (the approximate
location of a peak associated with the  uorophore
FAD) to the sum of intensities at 370 nm excitation, 530 nm emission (FAD) and 370 nm excitation, 450 nm emission (the approximate location
of the NAD(P)H peak). In symbols, R 5 FAD/
(FAD 1 NAD(P)H ).
(4) After norm alization, logarithms were taken. The
logarithmic transformation rem oves some of the
strong skewing in the histogram s of intensities at
a given excitation/emission wavelength com bination. Other transformations (square root, reciprocal, and no transformation) were tried, but we
judged that the logarithm gave the best results. We
denote the values used in the analysis by:
x wtij 5 logarithm of value (norm alized spectrum
value, norm alization value, or redox ratio);
w 5 index for excitation/emission wavelength

F IG . 3. Plot of the peak region used for normalization. The x-axis is
emission wavelength in nanometers and the y-axis is excitation wavelength in nanometers. The area shown in white corresponds to the median EEM values above 190 in Fig. 2. The areas shown in white or
gray correspond to the excitation/emission wavelength combinations actually used in the measured EEMs. The black area is not part of the
measu red EEM .

combination (w , 704) or normalizing value (w 5 704), or the redox ratio (w 5 705);
t
5 m easurement day number, 1 # t # T i ,
where T i is the number of measurements
for patient i;
i
5 index for patient (1 # i # 10); and
j
5 index for site within patient (1 # j # 3).
(5) The next step is to center the data by the m ean for
each patient/site. This removes variability between
patients and between sites within patients but
leaves intact variability across time. Removing this
variability will give m ore power to detect any signal associated with the DOC. Thus, we work with
y wtij 5 x wtij 2 x w.ij ,
where the dot in the subscript x w.ij indicates that an
average has been taken over the particular subscript t.
(6) Next, we convert m easurement day to day in cycle.
It is necessary to put all patients on some kind of
standard ‘‘clock’’ for their cycle. As mentioned
above, a day in cycle (DOC) was assigned to each
measurement day for each patient. The majority of
patients had 30-day cycles. To simplify m atters,
the total cycle for each patient was binned into 15
equal width intervals. Let D ki denote the collection
of measurement days for patient i belonging to interval k of the DOC binning. Note that there are
typically two measurem ent days in each D ki , but
this varies because of some variability in the length
of cycle for different patients. Also, patient 4 had
two cycles beginning during the period of observation (see Fig. 1), so some of the DOC bins
would contain days from two cycles. M athematically, the assignment of measurem ent days t to D ki
was done by taking the DOC assigned to that t,
dividing by the total length of cycle for that patient, multiplying by 15, and rounding to the nearAPPLIED SPECTROSCOPY
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est integer. The number of bins is a more or less
arbitrary choice. Too few bins makes it more dif cult to detect rapid changes (except at the boundary points between bins) but means more observations are averaged within bins to compute the
ANOVA test statistic described below, thus reducing signal-to-noise ratio. Too many bins means that
there will not be enough obser vations averaged—
one could even have bins without any observations. We felt that bins of a width of about 2 days
of a cycle provided enough resolution and there
would be suf cient observations within each bin.
The number of observations within bins ranged
from 51 to 64.
To assess the statistical signi cance of any effect associated with the variable k (DOC bin), we computed a
standard one-way analysis of variance (ANOVA) F-Statistic15 for each value of w (de ned in step 4 above). In
the ANOVA, we treat the value y wtij as the response variable and the associated value k (binned DOC) as the
‘‘treatment’’ or explanatory variable. To describe the null
hypotheses being tested, we de ne m wk to be the (theoretical) m ean of the variables y wtij averaged over the population of patients i, sites j, and day t for t in DOC bin
D ik . For each w, we test the null hypothesis H 0 : m w1 5
m w2 5 . . . 5 m w15 . If the null hypothesis is true for a given
w, then there is no change in the mean associated with
binned DOC. Of course, we expect that there is correlation between observations over time within the same site
and between sites within the same patient, so the assumptions of ANOVA are seriously violated and one cannot use the standard tables to convert the F-statistic to a
P-value in order to assess statistical signi cance. To overcome this dif culty, we used a randomization procedure.
The null hypothesis (for each value of the index w) is
that there is not systematic variation associated with the
binned DOC. If this is true, then we can randomly vary
the starting DOC for each patient and obtain a data set
statistically equivalent to the original data set. Varying
the binned DOC m eans adding a random quantity and
taking rem ainder modulo 15 (since we binned the DOC
values to 15 bins). This randomization is done independently across patients but is the same for sites within a
patient so that any time drift associated with a particular
patient is not altered. Using this randomization procedure, we generated 10 000 values of the F-statistics for
each w, giving a 10 000 by 705 m atrix of randomized Fstatistic values. These are indeed generated under the null
hypothesis of no effect from binned DOC since by randomizing the starting value within a patient, any systematic effect associated with DOC will be lost. This initial
set of randomized F-statistic values will be referred to as
the reference values. The 705 F-statistic values from the
original observed data set were compared with these reference values and converted to P-values by computing
the proportion of randomized reference F-statistic values
greater than the observed F-statistic. Referring to the
10 000 by 705 matrix of randomized F-statistic values,
we see that the P-value for variable w is the proportion
of values in colum n w greater than the F-statistic for the
actual data set.
Now we consider the correction for m ultiple compar70
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isons. We are testing 705 null hypotheses of no menstrual
signal at each excitation/emission wavelength combination (or the peak value used for normalization when w 5
704 or redox ratio when w 5 705). If all the 705 null
hypotheses are true (i.e., absolutely no menstrual signal
anywhere in the EEM , which is consistent across patients), and if we use the standard 0.05 level of signi cance, we would expect to (falsely) reject about 0.05 3
705 ø 35 of the null hypotheses. In order to correct for
the multiple comparisons problem, we applied the procedure of Westfall and Young.16 This procedure produces
corrected P-values, which one can compare with a desired level of signi cance and use to control the fam ilywise error rate (FW ER), sometimes called the experiment-wise error rate. The FW ER is the probability of
rejecting a single true null hypothesis no matter what
subset of null hypotheses is true. To apply the Westfall
and Young method, we generated a second m atrix of
10 000 F-statistic values from data with randomized starting values for the (binned) DOC. This second set of randomized F-statistics is referred to as the correction set.
The correction set of F-statistic values was converted to
a correction set of P-values by comparing each F-statistic
in the correction set with the 10 000 corresponding Fstatistic values in the reference set, i.e., by repeating exactly the calculation that converted the F-statistic for the
observed data into a P-value. Given the reference P-values, the Westfall and Young procedure can then be applied to obtain corrected P-values for the obser ved data.
One rejects all null hypotheses for which the corrected
P-value is below the desired FW ER, which we took as
0.05.
RESULTS
The ages of the ten patients who completed the study
ranged from 26 to 45. All ten patients were pre-menopausal as determined by FSH levels, and nine of ten had
ovulatory bleeding by m edical history and estradiol and
progesterone levels. One patient (patient 2) had an anovulatory cycle. Nine of the ten patients had norm al results from the Pap sm ears taken as part of the study, and
the other patient (patient 10) had CIN I/HPV-associated
atypia. Eight of the ten patients participated in a second
study after the m enstrual-cycle study and underwent colposcopically directed biopsies on two of the measured
sites. One of these patients displayed colposcopic abnormality and biopsies of all 3 measured sites were obtained
at the end of the trial; the remaining seven patients had
normal cervical biopsies. The patient with CIN I/HPVassociated atypia diagnosed from the Pap smear had a
diagnosis of low-grade SIL (LG-SIL) con rm ed in all
three biopsies.
The results from the signi cance tests are shown in
Fig. 4. The dark gray pixels were not statistically significant. The lighter gray areas represent excitation/emission
wavelength combinations that were statistically signi cant at the 0.05 level without applying the correction for
multiple comparisons. There were 51 such wavelengths.
The norm alizing (peak) value and the redox ratio did not
have signi cant uncorrected P-values. The white area in
Fig. 4 indicates the 13 wavelength combinations that
were statistically signi cant at the 0.05 level after apply-

F IG . 4. Regions of the EEM that showed a statistically signi cant signal from the m enstrual cycle. The x-axis is emission wavelength in
nanometers and the y-axis is excitation wavelength in nanometers. The
lighter gray areas show the excitation/emission wavelength combinations that were signi cant without the correction for multiple comparisons but not signi cant after the correction. The white areas show the
wavelength combinations that were signi cant both before and after the
correction. The darker gray area shows the rem ainder of the measured
EEM . All signi cance levels are 0.05.

ing the correction for m ultiple comparisons. The 13 excitation/emission pairs are as follows: at excitation 340,
only emission 435; at excitation 350, emissions 425
through 445; at excitation 360, emissions 425 through
440; and at excitation 370, emissions 425 through 435.
To further investigate the nature of the menstrual signal, we have plotted the relative deviation from the mean
of the (logarithmically transformed) spectral values at the
13 wavelengths found signi cant after correction. This
appears in Fig. 5. Basically, we see low values near the
 rst few days of the cycle; there is approximately an 8%
decrease from the average over the entire cycle right at
the start. The values tend to increase until about DOC 15
when the values range from 1 to 9% above the mean. It
is interesting that there is a jump discontinuity from the
end of the cycle to the beginning, indicating that the effect of lower intensity occurs very suddenly at the beginning of the cycle and then trails off gradually.
CONCLUSION
The evidence strongly suggests that hemoglobin absorption at the start of menstruation and for a few days
thereafter is the dominant effect of the menstrual cycle
on  uorescence spectroscopy of the cervix. The Soret
band centered at 420 nm is the strongest absorption band
of hemoglobin.17 The emission wavelengths where there
is a statistically signi cant effect from the day of cycle
(Fig. 4) are between 425 and 445 nm inclusive. This is
slightly displaced from the m ain hemoglobin absorption
band at 420 nm. But the statistically signi cant emission
wavelengths tend to be at a higher intensity because they
are nearer the dominant NAD(P)H peak (Figs. 2 and 3).
Statistical signi cance is heavily dependent on the signalto-noise ratio, and we hypothesize that the higher signal
values near the NAD(P)H peak cause a shift in the sig-

F IG . 5. Plot of the signal for the 13 signi cant wavelengths (shown in
white in Fig. 4) after correction for m ultiple comparisons. The x-axis
is day of cycle scaled to a 30-day cycle. The y-axis is the average
(across patients and sites for a given DOC) relative change from the
mean (across time for a given site within a patient) for that excitation/
emission wavelength combination. Thus, on the  rst day of the cycle,
the values tend to be about 8% below their mean value and on the
twentieth day of the cycle, about 3% above their mean value.

ni cant emission wavelengths. If one includes the region
of uncorrected P-values below 0.05 (light gray pixels in
Fig. 4), there is a fairly distinct band of absorption wavelengths centered around 425 nm where there appears to
be an effect associated with the menstrual cycle. No signi cant effect is obser ved in excitation wavelengths
around 420 nm, but this is a fairly low-intensity part of
the spectrum (refer to Fig. 2), so the low signal-to-noise
ratio may m ake it dif cult to  nd an effect.
Furtherm ore, the detailed analysis of the signi cant
values in the EEM (Fig. 5) shows that there is a reduction
in intensity early in the cycle at these wavelength combinations. Because of absorption by the hemoglobin in
menstrual blood, this effect is expected if hemoglobin
absorption is the dominant effect. The plots in Fig. 5 are
also marked by an apparent discontinuity from the last
day of the cycle to the  rst, which is consistent with the
sudden onset of menstrual bleeding.
In a previous paper, it was noted that the redox ratio
displays a similar pattern. Our failure to  nd signi cance
for this hypothesis m ay result from the small sample of
10 patients. A larger sample might reveal other effects.
If our hypothesis that the predominant effect is from
hemoglobin absorption from m enstrual bleeding is correct, then any adverse effect this m ay have on the diagnostic use of FS can be ameliorated simply by requiring
that the procedure only be performed when the patient is
unlikely to be bleeding. This is an important  nding for
the intended medical applications of  uorescence spectroscopy.
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