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Abstract. Fluorescence spectroscopy is a promising technology for
detection of epithelial precancers and cancers. While age and meno-
pausal status influence measurements in the cervix, other variables do
not significantly affect the diagnosis. In this study we examine probe
pressure as a variable. A fiber optic probe to measure fluorescence
spectra at different calibrated levels of pressure was designed and
tested. A pilot study was conducted measuring fluorescence excitation
emission matrices in 20 patients at light, medium, and firm pressure.
Spectroscopic data were pre-processed and analyzed to compare
mean peak intensities as a function of pressure. Further statistical
analyses tested for differences in intensities at each excitation/
emission wavelength pair. Four providers made measurements from
41 sites; 33 yielded good quality spectroscopic data (22 squamous
normal, 7 squamous abnormal, 3 columnar normal, 1 transformation
zone) from 17 of 20 patients. At all pressure levels, abnormal tissue
showed less fluorescence intensity than normal tissue, and post-
menopausal patients showed higher fluorescence intensity than pre-
menopausal patients, consistent with previous analyses. A permuta-
tion analysis suggests that pressure does not significantly affect
fluorescence intensity or lineshape. While other studies are needed to
confirm these findings, this study suggests that fluorescence spectros-
copy is a robust technology likely not influenced by fiber optic probe
pressure. © 2004 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1695562]

Keywords: fluorescence spectroscopy; probe pressure; pilot study; cervix; squa-
mous intraepithelial lesions; technology assessment.
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1 Introduction

Many groups1–3 have demonstrated the clinical utility of fluo-
rescence spectroscopy, and industry is avidly pursuing thi
technology for clinical implementation. Our group is studying
fluorescence spectroscopy for the detection of cervical cance
hoping to decrease the costs of screening and detection in th
developed world, as well as lessen the need for infrastructur

Address all correspondence to Michelle Follen, UT-MD Anderson Cancer Cen-
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in the developing world. Fluorescence spectroscopy has d
onstrated a sensitivity and specificity of 86% and 74% in
diagnostic colposcopy clinic and 75% and 80%4–7 in the
screening setting, showing its potential for improved diagn
sis. However, additional validation studies are required
demonstrate the reliability of its diagnostic capability. It h
been shown that factors including smoking, race,8 and men-
strual cycle9 do not account for differences in fluorescen
intensity within and between patients, while age, menopau
status,8 and histologic diagnosis10 do cause changes in fluo
rescence intensity and lineshape.
Journal of Biomedical Optics d May/June 2004 d Vol. 9 No. 3 523
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Downloade
Frequently, in vivo fluorescence spectroscopy measure
ments are made using a fiber optic probe which is placed i
gentle contact with the tissue. The amount of pressure exerte
by the operator can vary. The effect of varying pressure of the
fiber optic probe on the cervix must be evaluated to determin
whether it accounts for any of the intra-patient and inter-
patient variations in fluorescence spectroscopy measuremen
Although the effect of probe pressure on intensity readings
was found to be insignificant in Raman spectroscopy on th
gastrointestinal tract,11 it may play a role in cervical fluores-
cence spectroscopy. A possible scenario is that increase
probe pressure will force blood away from the site measured
decrease hemoglobin content, and therefore blood absorptio
of incident light, thus increasing the fluorescence intensity o
this site. This increase in intensity due to probe pressur
would cause unnecessary and problematic variability. If probe
pressure is a significant variable, then pressure will need to b
measured and taken into consideration in algorithm develop
ment. If the variability due to pressure is insignificant, how-
ever, compared to that due to tissue abnormality, menopaus
state, and columnar/squamous tissue type, then the variabili
will not pose problems to diagnosis. In this study, we explore
the impact of probe pressure as a variable affecting fluores
cence spectroscopic measurements in cervical tissue.

2 Materials and Methods
2.1 Instrumentation
The spectroscopic system used to measure fluorescence ex
tation emission matrices~EEMs! has been described in detail
previously.12 Briefly, the system measures fluorescence emis
sion spectra at 19 excitation wavelengths, ranging from 300 t
480 nm in 10-nm increments with a spectral resolution of 5
nm. The system incorporates a fiber optic probe, a xenon ar
lamp coupled to a monochromator to provide excitation light,
and a polychromator and thermoelectrically cooled charge
coupled device~CCD! camera to record fluorescence intensity
as a function of emission wavelength. The fiber optic probe
consists of 25 illumination fibers and 12 collections fibers
~200 mm diameter with 0.2 numerical aperture! arranged at
random. They are placed on a 15-mm-thick quartz mixing
element~2 mm diameter, 0.2 numerical aperture!. The outer
diameter of the probe is 5 mm. At the distal tip of the probe,
the fibers are placed in contact with a short piece of quartz
core optical fiber, which serves as an optical shield. The shiel
is placed in contact with the sample surface and ensures th
the area, which is illuminated, is the same as that from which
fluorescence is collected.

2.2 Probe
A spring-loaded device~Fig. 1! was mounted at the proximal
end of the fiber optic probe to deliver consistent pressure o
the measurement site. The device consists of an inner slee
that attaches directly onto the probe, a handle that slides ove
the inner sleeve, a coiled spring to deliver the translationa
force from handle to the tip of the probe, and a fixture on the
probe. The inner sleeve has a pressure scale that is calibrat
at three pressure levels, as described in the next section. A
the operator slides the handle over the inner sleeve, a propo

1083-3668/2004/$15.00 © 2004 SPIE
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tional level of force is exerted onto the fixture through
coiled spring~Small Parts Inc. CS-51!, which is then deliv-
ered to the measurement site at the tip of the probe.

2.3 Pre-Clinical Methods: Probe Pressure
Measurement
Prior to the clinical study, a quantitative standard for ligh
medium, and firm levels of probe pressure was calibra
based on measurements from each provider~three nurse prac-
titioners and one physician!. A commercial weight scale~Soe-
hnle 8041! with 2-g resolution was placed vertically in orde
to acquire pressure measurements from a setup that simu
the cervix. A slice of chicken breast was glued on the wei
scale to reproduce the elasticity of cervical tissue. The sc
was adjusted to a height comparable to that of the cer
during spectroscopic measurements. Each provider placed
fiber optic probe on the chicken breast specimen using lig
medium, and firm levels of pressure, as normally perform
in clinic. The readings from the weight scale at each press
level were recorded. Five sets of measurements were acqu
from each provider. Provider A had made thousands of m
surements over 12 years. Providers B and D had made
measurements over 10 years. Provider C was new to the
tem. The average force exerted at each pressure level
standard deviation bars is shown in Fig. 2~a!, with A, B, C,
and D representing different providers. The three pressure
els used in the study were to be set at these average va
and markings were set at the spring compression values
responding to these settings. A decision was made to calib
to Provider A after looking at the data. Prior to using t
pressure device, once calibrated, some patients complaine
pain. After the calibration, no patients complained of pa
This experience was like that of all previously perform
studies; that is, no patients ever complained of the probe
ing painful. Thus, the investigators reassured that provide
who had measured thousands of measurements over tw
years, had the most consistent method of measurement.

The effectiveness of the device in ensuring a constant re
ing for each pressure level was then tested. Providers pre
on the chicken breast using the probe with pressure dev
pushing the gauge to the appropriate pressure marking l
for each measurement. This was repeated five times suc
sively for each provider. Figure 2~b! shows the average of th
five measurements for each provider~A,B,C,D! with standard
deviation bars. An arm support was also tested for effecti
ness in helping providers maintain a constant pressure le

Fig. 1 Photograph of the distal tip of the probe, showing the sleeve
covering the end of the probe used to deliver three calibrated levels of
pressure to the tissue.
of Use: http://spiedl.org/terms
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Downloade
Fig. 2 (a) Average force values measured by four different providers
(A,B,C,D) when asked to press with low pressure, medium pressure,
and hard pressure on a piece of chicken breast tissue using the fiber
optic probe without the pressure calibration sleeve. (b) Average force
values measured by the same four providers, using the pressure cali-
bration sleeve to deliver three calibrated levels of pressure. (c) Aver-
age force values measured by same four providers using the same
pressure device and an arm rest.
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The arm support, however, was shown to lessen the abilitie
of providers to consistently apply the correct level of pressure
and was therefore not utilized in clinical measurements, a
shown in Fig. 2~c!. The providers underwent a training ses-
sion using the probe with pressure device over several se
sions in clinic with SC.

2.4 Clinical Measurements
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. Patients 18 years and older, not pregnant, and referred
the colposcopy clinic with an abnormal Pap smear were eli
gible. All patients signed an informed consent and underwen
a history, complete physical exam, Pap smear, cultures, pa
colposcopy, and colposcopically-directed biopsies. Patient
d From: http://biomedicaloptics.spiedigitallibrary.org/ on 04/03/2014 Terms 
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were compensated $50.00 for participation in the study
they were asked to stay in clinic for additional time; da
collection for three EEMs required approximately 2 min.

Fluorescence spectra were measured from up to three
per patient: one squamous normal site, one abnormal site,
if colposcopically visible, one columnar normal site. At ea
site, spectroscopic measurements were obtained using
three pre-calibrated pressure levels~light, medium, firm! of
probe pressure. At each site, the probe was applied for 2 m
with a 30-sec interval between pressure measurements.
spectroscopic device with excitation wavelengths rang
from 300 to 480 nm in 10-nm intervals is a non-significa
risk device by FDA standards. However, in order to minimi
UV exposure due to repeat measurements and to reduce
measurement time, fluorescence excitation wavelengths
tween 320 and 470 nm at 30-nm intervals were used; emis
wavelengths spanned 330 to 700 nm in increments of 5 n

2.5 Device for Clinical Pilot Study
Before use, the fiber optic probe was disinfected with Me
cide ~Metrex Research Corp.! for 20 min. The probe was then
rinsed with water and dried with sterile gauze. Acetic ac
which enhances the difference in fluorescence between
mal and dysplastic tissue,13 was applied to the cervical epithe
lium prior to the placement of the probe.

The disinfected probe was guided into the vagina and
tip positioned flush with the cervical epithelium. When notic
able bleeding was observed, the blood was removed from
measurement site and the probe tip using an alcohol s
immediately before the optical measurement. Fluoresce
excitation-emission matrices were obtained from one to th
sites of the cervix for 20 patients. For histopathologic diagn
sis, biopsies were taken from each of the sites that underw
spectroscopic measurement.

As a negative control, a background EEM was obtain
with the probe immersed in a nonfluorescent bottle filled w
distilled water at the beginning of each day. Prior to ea
patient’s measurement, a fluorescence EEM was taken
the probe placed on the surface of a quartz cuvette contai
a solution of Rhodamine 610~Exciton, Dayton, OH! dis-
solved in ethylene glycol~2 mg/mL!. This measurement is
used as a standard to calibrate the device for each pa
measurement.

To correct for the non-uniform spectral response of t
detection system, the spectra of two calibrated sources w
measured at the beginning of the study; in the visible sp
trum, a National Institute of Standards and Technology tra
able calibrated tungsten ribbon filament lamp was used an
the ultraviolet spectrum, a deuterium lamp was used~550C
and 45D, Optronic Laboratories Inc, Orlando, FL!. Correction
factors were derived from these spectra. EEMs with dark c
rent subtracted were then corrected for the non-uniform sp
tral response of the detection system. Variations in the int
sity of the fluorescence excitation light source at differe
excitation wavelengths were corrected. This correction w
made with the excitation light intensity measured from ca
brated photodiode~818-UV, Newport Research Corp.! placed
at the probe tip.
Journal of Biomedical Optics d May/June 2004 d Vol. 9 No. 3 525
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Table 1 Participants, age, menopausal status, and histopathologic diagnosis of sites measured.

Patient
Number

Included
in the Analysis?

Patient
Age

Patient
Menopausal

Status

Histopathologic Diagnosis

site 1 site 2 site 3

1 No 36 pre- squamous normal HPV CIN 1

2 No 29 pre- squamous normal squamous normal CIN 3

3 Yes 43 pre- HPV squamous normal

4 Yes 46 post- HPV

5 Yes 46 pre- squamous normal columnar normal

6 Yes 37 pre- squamous normal CIN 3

7 Yes 21 pre- squamous normal squamous normal

8 Yes 46 pre- columnar inflammation HPV

9 No 42 pre- squamous normal columnar normal

10 Yes 29 pre- CIN 1 CIN 2

11 Yes 70 post- squamous normal squamous normal

12 Yes 25 pre- transformation zone inflammation squamous normal

13 Yes 19 pre- CIN 1 squamous normal

14 Yes 28 pre- squamous inflammation squamous normal

15 Yes 44 peri- squamous normal squamous inflammation

16 Yes 64 post- squamous normal squamous normal

17 Yes 48 peri- squamous normal squamous normal

18 Yes 48 post- squamous normal squamous normal

19 Yes 55 peri- columnar normal squamous normal

20 Yes 28 pre- squamous normal squamous normal
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2.6 Data Analysis
Fluorescence intensity data were pre-processed at the Unive
sity of Texas at Austin spectroscopy laboratory. Statistica
analyses were performed with MATLAB~Version 6.5, The
MathWorks! at UT-MDACC, UT Austin, and Rice University.
Patient sites with incomplete data were removed.

Two different statistical analyses were performed to inves
tigate the effect of probe pressure on the spectroscopic me
surement. In the first analysis, average peak intensities of th
fluorescence emission spectra at different levels of probe pre
sure were calculated. Previous studies show that fluorescen
measurement is affected by the diagnosis of the measureme
site ~normal vs. dysplastic!,10 tissue type ~columnar vs.
squamous!,4–6 and menopausal status~pre- vs. post-
menopausal!8 of the patient. In order to isolate the effect of
probe pressure, normal and abnormal patients were separat
when average peak intensities were calculated. Pre
menopausal and post-menopausal patients were also inves
gated separately.

Two permutation analyses were performed using non
normalized and normalized spectral data. To determine i
526 Journal of Biomedical Optics d May/June 2004 d Vol. 9 No. 3
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there was a significant effect on mean intensity at a
excitation/emission wavelength pair, a nonparametric stat
cal analysis on non-normalized data was first performed.
null hypothesis at a given excitation/emission pair is th
probe pressure does not cause a systematic change in flu
cence intensity. Hence, if within each patient and within ea
site, the three pressures were switched randomly, the com
son between the pressure groups of the randomized
would remain the same as in the original data. Note that
effect from patient or site within patient is preserved as o
the pressure variable is randomized. To test this null hypo
esis, we used the one-way analysis of variance~ANOVA !
F-statistic with pressure as the factor~explanatory variable!
and fluorescence intensity as the response variable.14 The
F-statistic was computed for the original data and for rando
ized data~where the three pressure levels within patient a
site are randomly reassigned to the intensities!. We generated
15,000 different randomized data sets. A P-value is compu
as the proportion of randomized F values which are lar
than the real F-statistic. This was done at each of 3
excitation/emission pairs, so we expect about 5% of 325 or
of Use: http://spiedl.org/terms
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Fig. 3 Typical fluorescence emission spectra at 320-nm excitation
measured at three different pressures (light, medium, and firm). Data
are shown (a) before and (b) after normalizing the peak emission in-
tensity to unity.
-
r

Data
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re-,
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P-values below the 0.05 even if there is no effect from pres
sure at any excitation/emission wavelength pair. To correct fo
this multiple comparisons problem, we employed the method
of Westfall and Young.15 A new set of 15,000 randomized
d From: http://biomedicaloptics.spiedigitallibrary.org/ on 04/03/2014 Terms 
F-statistic values was designated as the ‘‘correction’’ s
These were converted to P-values using the original se
15,000 randomized F-statistic values exactly as was done
the original data~this latter operation consumes the mo
computer time!. The Westfall-Young procedure was then a
plied to the P-values of the correction set. The procedure
then repeated using the normalized data. The results of e
analysis are presented separately.

To summarize, the ‘‘Original Data’’ is a set 325 excitatio
emission pairs. The ‘‘15,000 pairs data set’’5‘‘Randomized
Data Set’’ is the Original Data Set randomized with differe
pressure labels. The ‘‘Randomized Data Set’’ is used to g
erate two analyses: the ‘‘Reference Set’’ that yields the F s
tistic and the P values and the ‘‘Correction Set’’ that yields t
data set for the multiple corrections test. This type of analy
allows the creation of a ‘‘distribution’’ of the data, gettin
around the problem of finding the appropriate test for the d
as it is distributed. This is a very difficult problem with larg
and cumbersome data sets such as these. While the first
in analysis are to look at the raw data, check the distributi
and then choose the appropriate statistical comparisons b
on the distribution, those steps are applied with more di
culty to data such as these. While examination of the raw d
is of interest, it is difficult to check the distribution of th
EEMs. Creating a distribution with a meaningful subset of t
data allows a robust exploration of the data. Additionally, w
data sets of this size, many relationships among pairs coul
significant based on the size of the data set alone. The m
tiple corrections test allows us to exclude these pairs and
cus on those that are not due to chance alone.

3 Results
Fluorescence EEMs were measured from a total of 41 site
20 patients in the study. The age and menopausal statu
each patient as well as the diagnostic classification of e
biopsy are listed in Table 1. Measurements from eight site
three patients~patients 1, 2, and 9! were not used for further
analysis because of poor spectroscopic measurements.
were available for analysis, therefore, from a total of 33 si
in 17 patients.

The patients ranged in age from 19 to 70 years, were p
peri-, and post-menopausal, and all were good candidate
Table 2 Providers and colposcopically identified tissue type sampled.

Total (Squamous, Columnar, Transformation Zone) Number of Colposcopic Sites in Each Group
by Provider

Total/Included in Analysis Provider 1 Provider 2 Provider 3 Provider 4 Total

Pre-menopausal Normal (and Inflammation) Sites 11 11 6 2 2 1 0 0 19 14

Pre-menopausal Abnormal Sites 1 1 5 4 3 1 0 0 9 6

Post-menopausal Normal (and Inflammation) Sites 2 2 8 8 0 0 2 2 12 12

Post-menopausal Abnormal Sites 1 1 0 0 0 0 0 0 1 1

Total Sites Measured 15 19 5 2 41

Total Sites Included in Analysis 15 14 2 2 33
Journal of Biomedical Optics d May/June 2004 d Vol. 9 No. 3 527
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Fig. 4 Mean peak intensity at all three pressure (light, medium, and firm) levels for 22 squamous normal sites and 7 squamous abnormal sites at (a)
320-nm excitation, (b) 380-nm excitation, and (c) 470-nm excitation.
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cervical biopsy in that the squamo-columnar junction, squa
mous epithelium, and columnar epithelium could be identi-
fied. Not all patients have all sites visible. Most patients do
not have columnar epithelium accessible for biopsy. Sites
were measured from the squamous epithelium, columnar ep
thelium, and transformation zone. Table 2 lists the sites mea
sured and tissue types obtained from colposcopically directe
and histologically verified biopsies. Since this was a pilot
study, some providers had only a few measurements; one pr
vider made two measurements in one patient while anothe
provider measured 19 sites in 9 patients.

Figure 3~a! displays spectra measured from a squamou
normal site at all three pressures at 320-nm excitation from
patient 13, site 2. Note that light, medium, and firm pressure
are not even in the count order. While the fluorescence spect
differ in overall intensity, they have similar fluorescence line-
shape. In order to further investigate the changes in spectr
shape, fluorescence spectra were normalized to their max
mum intensity, as shown in Fig. 3~b!. Differences can be ob-
served at emission wavelengths between 420 to 450 nm. Th
528 Journal of Biomedical Optics d May/June 2004 d Vol. 9 No. 3
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wavelength range corresponds to the Soret absorption b
due to hemoglobin.16

Figure 4 shows mean peak intensity of the 22 squam
normal and 7 squamous abnormal sites at all three pressur
320-nm excitation@Fig. 4~a!#, 380-nm excitation@Fig. 4~b!#,
and 470-nm excitation@Fig. 4~c!#. Error bars indicate plus and
minus one standard error. For these analyses, biopsies s
ing inflammation were included with normal tissue, and bio
sies showing human papillomavirus~HPV! and cervical in-
traepithelial neoplasia~CIN! were classified as abnormal. O
average, the mean fluorescence intensity of abnormal tiss
lower than that of normal tissue, as previously demonstra
in many clinical studies.4,17–19 This is not a statistically sig-
nificant difference. This suggests that pressure variability m
not interfere with the diagnostic capability of spectrosco
but that finding will need to be confirmed in a larger study

Figure 5 shows the mean fluorescence intensity at e
pressure for the 17 squamous sites in pre-menopausal an
squamous sites in post-menopausal patients, at the same
excitation wavelengths: 320 nm@Fig. 5~a!#, 380 nm @Fig.
of Use: http://spiedl.org/terms
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Fig. 5 Mean peak intensity at all three pressure (light, medium, and firm) levels from 17 squamous sites in pre-menopausal women and 12
squamous sites in post-menopausal women at (a) 320-nm excitation, (b) 380-nm excitation, and (c) 470-nm excitation.
n
a
o

o

f
c
u

d

for-
the

find-

tric
.05
irs.
ach
nt
t at
are
re

rre-
m.
re-
ng
ne
ifi-
ex-
st

sity
5~b!#, and 470 nm@Fig. 5~c!#. Peri-menopausal patients were
grouped with post-menopausal patients in this analysis. O
average, the fluorescence intensity of post-menopausal p
tients is higher than that of pre-menopausal patients, similar t
results measured in other clinical studies.20 Again, this finding
is not statistically significant.

Figure 6 shows the average peak fluorescence intensity o
the squamous normal sites measured by each of the four pr
viders at 320-nm excitation@Fig. 6~a!#, 380-nm excitation
@Fig. 6~b!#, and 470-nm excitation@Fig 6~c!#. There is a great
deal of variability among the providers, though some of this
variability may be due to the differences between number o
sites measured by each provider and the types of sites ea
measured. Some providers’ measurement readings were infl
enced more by pressure than those of other providers.

Data from the four non-squamous sites were also analyze
to investigate changes in intensity due to tissue type as show
in Fig. 7 at 320-nm excitation@Fig. 7~a!#, 380-nm excitation
@Fig. 7~b!#, and 470-nm excitation@Fig. 7~c!#. As observed
previously,4–6 columnar tissue and tissue from the transforma-
tion zone have a lower fluorescence intensity than squamou
d From: http://biomedicaloptics.spiedigitallibrary.org/ on 04/03/2014 Terms 
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tissue. Trends in columnar tissue and tissue from the trans
mation zone due to pressure were difficult to assess due to
small number of sites measured in these groups. These
ings are also not statistically significant.

Using the non-normalized spectral data, the nonparame
statistical analysis indicated statistical significance at the 0
level for 107 of the 325 excitation/emission wavelength pa
Figure 8 shows a plot of the mean emission spectra for e
of the three pressure values; individually significa
excitation/emission wavelength pairs are indicated by a do
the bottom of the plot. Note that the six emission spectra
plotted side by side. Most of the significant differences a
found in the second, third, and fourth emission spectra co
sponding to excitation wavelengths of 350, 380, and 410 n
The effect is a somewhat higher intensity for the measu
ments at high pressure. After applying the Westfall-You
correction for multiple comparisons, data at only o
excitation/emission wavelength pair was found to be sign
cant, with a corrected P-value of 0.024. This occurred at
citation of 320 nm and emission of 625 nm, which is the la
emission wavelength in that emission spectrum. The inten
Journal of Biomedical Optics d May/June 2004 d Vol. 9 No. 3 529
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Fig. 6 Mean peak intensity at all three pressure (light, medium, and firm) levels for 13 squamous sites measured by provider A, 1 squamous site
measured by provider B, 13 squamous sites measured by provider C, and 2 squamous sites measured by provider D at (a) 320-nm excitation, (b)
380-nm excitation, and (c) 470-nm excitation.
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is very low at this point, and the majority of the values were
measured at 0. This particular measurement is of little practi
cal diagnostic utility.

A further nonparametric statistical analysis was performed
on normalized fluorescence emission spectra. Each EEM wa
normalized by dividing by the average of the intensities at 15
excitation/emission wavelength pairs that corresponded to th
15 highest intensity values in the average EEM of all the
samples. These 15 values included 5 values from the emissio
spectrum at 320-nm excitation and 10 values from the emis
sion spectrum at 350-nm excitation. Furthermore, the value o
this average was kept as a variable in the analysis~called the
‘‘Normalizing Value’’!. When the identical randomization
method was applied to the normalized data, 22 excitation
emission wavelengths showed statistical significance for a
effect due to pressure. Additionally, the normalizing value
was significant~p50.03!. Recall that we expect about 16 sig-
nificant variables out of 326 by chance alone even if there is
no effect from the pressure on any of the variables. When th
Westfall-Young correction for multiple comparisons was ap-
530 Journal of Biomedical Optics d May/June 2004 d Vol. 9 No. 3
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plied, none of the p-values remained significant after corr
tion. The method of using normalization to remove extrane
sources of variation in a diagnostic algorithm has been pro
useful in previous studies.4–6

4 Discussion
The effect of changing probe pressure on measurements m
have provided an obstacle to the use of fluorescence spec
copy in the development and implementation of these opt
technologies, had small changes in probe pressure prod
significant variations in the intensity and/or the line shape
fluorescence. In this pilot study, we see some evidence
higher pressures do result in overall higher fluorescence in
sity on the average, but our nonparametric statistical anal
did not show a clearly significant effect. While there are so
differences amongst providers in applying pressure, the o
all variability does not appear to be significant enough to
fect the diagnostic capacity of fluorescence spectroscopy.
statistical analysis based on the normalized data strongly
of Use: http://spiedl.org/terms
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Downloade
Fig. 7 Mean peak intensity at all three pressure (light, medium, and firm) levels for squamous normal, columnar normal, and transformation zone
tissue (a) 320-nm excitation, (b) 380-nm excitation, and (c) 470-nm excitation.
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gests that any effects from pressure variation are mitigated b
normalization of the spectra. This method has been shown t
reduce other sources of variation in the diagnostic algorithm

On average, abnormal tissue had lower fluorescence inten
sity than normal tissue, perhaps due to angiogenesis in th
abnormal tissue and a decrease in stromal collage
fluorescence.10 It is possible that at higher pressures, less he
moglobin would be present in the stroma. As we develop
probes capable of separating epithelial and stromal signal,
will be possible to sort out these effects. In addition, post-
menopausal patients had higher fluorescence intensities th
premenopausal patients, on average. This may be due to t
thinner epithelial layer of post-menopausal patients and in
creased stromal collagen fluorescence.20

A major limitation of this pilot study is sample size. A
larger sample size would allow a more thorough investigation
of potential dependencies on pressure and provider. Betwee
measurements of tissues, we allowed 30 sec for the tissue
recover from the previous measurement. This timing was
based on the visual observation that no impression from th
probe remained on the surface of the cervix. There may, how
d From: http://biomedicaloptics.spiedigitallibrary.org/ on 04/03/2014 Terms 
-
e

t

n
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ever, have been some residual changes in elasticity that c
not be seen with the eye, but could be measured with
probe. Future studies should take this into consideration.
type of statistical analysis we used, while sophisticated,
not take into account some of the advances made by o
investigators in cervical algorithms.21–23

Another limitation of the study is that it applies to th
probe that we used to make the measurements and may n
generalizable to other types of probes. Details of our pro
can be found in Ref. 24. What can be assumed is that th
pressures, which we believe are reproducible and resem
those used in these types of studies, probably do not a
blood flow sufficiently to be of concern. Again, a limitation o
this pilot study is that it measured only mean pressure. B
the order of pressure and variability of pressure need to
tested in further studies. Furthermore, larger numbers of m
surements at medium pressure need to be conducted in
normal and abnormal types of tissue to ensure the reliab
of these findings.

In addition, future studies should focus on repeated m
surements taken at one pressure at each site to show th
Journal of Biomedical Optics d May/June 2004 d Vol. 9 No. 3 531
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Downloade
Fig. 8 Average fluorescence emission spectra from all sites at the three pressures at 320- (left), 350-, 380-, 410-, 440-, and 470-nm excitation (right),
plotted as a function of emission wavelength. Dots at the bottom of the figure indicate those excitation-emission wavelength combinations at which
differences in the fluorescence intensity were statistically significant in the nonparametric permutation analysis before the correction for multiple
comparisons.
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identical spectrum can be obtained at that site. Repeated me
sures taken as routine measurements from larger clinical tria
will be of interest. Also, a study considering the application of
the different pressures in different orders would remove the
potential confounding of order of measurement with pressur
value.

Future studies should confirm that pressure is not an im
portant source of variability in the measurement of fluores-
cence spectroscopy in tissue. This being the case, pressu
sensitive probes, which are harder to sterilize, would be un
necessary and the issues that pressure presents would not n
to be included in development of any diagnostic algorithms
Currently, these devices are designated as low-risk devices b
the Food and Drug Administration,25 and we are hoping to
keep their design and construction as low-tech and cos
effective as possible. This would simplify the use of diagnos-
tic fluorescence spectroscopy in developing countries, wher
the potential for decreased mortality is the highest.
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