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1 Introduction

Cervical cancer is the leading cause of mortality in female
cancer and the second most common cancer in females

Abstract. A phase zero evaluation of a new fluorescence imaging
technique for diagnosing cervical intraepithelial neoplasia (CIN) was
performed. The fluorescence imaging prototype performed quantita-
tive imaging of Protoporphyrin induced by a topically applied ami-
nolevulinic acid using double ratio (DR) fluorescence imaging tech-
nique developed by our group. A total of 38 patients were in the
protocol, with 16 colposcopically selected for biopsy. Fluorescence
images of these 16 patients were taken, 19 sites were biopsied, and
the disease was staged histopathologically. DR fluorescence imaging
of the cervix using our general purpose prototype appeared to be
cumbersome but feasible. In four cases strongly localized fluorescent
hotspots were observed at the location where the disease was colpo-
scopically visible. In the other cases the fluorescence showed a more
diffuse multifocal image. The value of the DR determined at the site of
biopsy correlated in a statistically significant way with the histopatho-
logically determined stage of the disease [Spearman rank correlation,
r=0.881, p<0.001 (confidence interval 0.7044-0.9552)]. This sug-
gests that noninvasive staging of CIN using this technique is feasible.
We believe that the results of this study justify the development of a
dedicated device that combines regular white light colposcopy with
DR fluorescence imaging. © 2002 Society of Photo-Optical Instrumentation Engi-
neers. [DOI: 10.1117/1.1463045]
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the literature, for
histopathologist§**
Fluorescence imaging and spectroscopy are relatively

colposcopists as well as

for

new

worldwide! The introduction of new screening and treatment €XPerimental techniques for the detection of superficial epi-

modalities has led to a decrease in mortality from cervical
cancer over the last 50 ye@r$However, in the last two de-

cades nationwide screening programs have revealed an in-
crease in the incidence of cervical cancer. Hornung &t al.
estimated that mortality from cervical cancer will rise by 2

ing in vivo differences in fluorescence between normal

| thelial changes. Fluorescence diagnostics are based on detect-

and

cancerous tissues. Fluorescence is induced by the excitation
of fluorophores in the tissue, usually with blue or ultraviolet
0% (UV) light. The area of interest is then imaged by a sensitive

in the next decade unless improvements are made in curren@Mera or a point measurement is performed by spectroscopy.
The shallow penetration of the excitation light makes this tool

screening and detection techniques.

Colposcopy has proved to be a useful diagnostic tool for
identifying the most atypical site for biopsy of the cervik.

particularly suitable for superficial lesions. Differences

in

fluorescence between normal and cancerous tissue can be

When women with an abnormal Pap smear are referred for Present naturally due to different fluorescent molecules in nor-

colposcopy, diagnosis and treatment of cervical intraepithelia
neoplasia(CIN) requires several visits to the doctor. With
conventional colposcopy, using acetic acid staining to select
the most atypical site for taking a biopsy, only 53.6% of the
biopsies removed contain histological evidence of a dysplastic
proces<.In an overview of 14 papers made by Hopman et al.,
the positive predictive value of colposcopically directed bi-
opsy was poor for “no CIN” and it increased with an increase
in the stage of the diseadélso considerable interobserver
variability with regard to diagnosing CIN is reported in

evaluated and reviewed by Mitchell et al. They concluded

rently under study. 5-aminolevulinic ac{8ALA) is currently
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| mal and cancerous tissue or it may be due to different absorp-
tion or scattering in tissu¥'°The use of natural tissue fluo-
rescence spectroscopy for CIN screening was extensively

that

fluorescence spectroscopy performs better than colpos€opy.
Differences in fluorescence between normal and cancerous
tissue can also be enhanced by administration of a tumor lo-
calizing fluorescent drug that preferentially accumulates in
cancerous cells. Several fluorescent tumor localizers are cur-

a popular drug for photodynamic therapy. When administered
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topically it diffuses into the cells and converts into the fluo- 2.2 Application of ALA

rescent Protoporphyrin IXPpIX). Selective accumulation in - The ALA was purchased from Medac GmtiHamburg, Ger-
certain cell types may be caused either by differences in the ,5py) in crystallized form. On the day of use it was dissolved
cellular enzyme level, or by differences in the accessibility t0 i 5 concentration of 1%wt/wt) in sterile saline solution with
ALA. 7" Hillemanns et al. used this approach for CIN he hy adjusted to 5.5 using sodium hydrogen carboRhte.
screening based on fluorescence imaging. They showed thalgierile gauzes drenched with 10 mL of this solution were
fluorescence imaging for CIN screening has results similar to applied to the cervix. The anticipated application time was 60

those of colposcopy. However by using a more quantitative min pyt in practice it ranged from 60 to 120 min.
method, fluorescence spectroscopy, with a fiber-optic probe at

a fixed distance, they found a significant improvement over 5 3 DR Fluorescence Imaging Prototype

colposcopy* The DR fi di |
Sinaasappel and Sterenborg described a more quantitative € uorescence camera we Used IS a general purpose

method for fluorescence measurements, the double (2Rp prototype de_veloped by our group. In_p_ractice it r_esembles an
measurement technig@&Two excitation wavelength@.; and operating microscope. Preliminary clinical experlment.s were
A;) and two detection fluorescence wavelength ran@ges perfor_med for neurosurgery an(_i d_ermatology. Th‘.a device uses
and\,) are used to generate four different fluorescence im- two violet wavelengths for excitation of the cervix, 405 and

ages from which a DR image is calculated. The DR algorithm 435 nm at intensities of about 100 and 200//cn, respec-

: . . : tively. These are not the optimum wavelengths for DR imag-
is designed to compensate for the color and light scattering of . o .
9 b g g g of PplX, but it is a compromise between the contrast and

ti nd pr nim that i ndent on the amourlf! . . B . .
oﬁﬁg ﬁugrgs%il:\fetzrior Ioigﬁze?onsﬁgepe dent on the amou signal to noise ratio. Excitation light is generated with a 200

W Hg—Xe lamp, two line filters, and a chopper that alternates
the two excitation wavelengths. Fluorescence of the cervix is

C detected with an image intensified caméRhilips IP 800
1+a— through a red and a green filtés50 nm, bandwidth 42 nm
DR= FimFjn _ CO' (1) and 675 nm, bandwidth 110 nm, respectiyely this manner
i,nTj,m four different fluorescence images are acquired. These are
1+ C_o processed into DR images by ratioing the two red and green

images and subsequently ratioing the two ratio images. A de-
tailed description of this imaging device and the theory be-
hind it can be found elsewhef&.?* For focusing and posi-
tioning a simple white ligh{monochromgimaging mode is
available.

whereF, , stands for the fluorescence obtained with excita-
tion wavelength\, detected at wavelength, and C stands

for the concentration of the photosensitizer. The parameters
andC, are unknown constants that are related to the fluores-
cence quantum yields of the autofluorophores and of PpIX. It 2.4 Procedure

can be showd? that « for PpIX in tissue has a value of ap- ) ) ) o
proximately 8. The DR is a smooth function 6/C,. At low At the time of colposcopy the moist gauze containing the
values ofC/C, it is proportional toC/Cy and at higher values ~ ALA IS removed. Then a regular colposcopic procedure is

it saturates at a value of. DR images therefore have a direct Performed, including acetic acid staining and photographic
relation to the PpIX distribution of the imaged area, and are documentation of the cervix. In case the decision is made to

not biased by the usual optical artifacts. take a biopsy, the location at which the biopsy will be taken is

The aim of this clinical pilot study was threefold. First, we Marked on the photograpfa Polaroid that was taken to
test our general purpose fluorescence imaging prototype in adocument the colposcopy procedure. Subsequently, the colpo-
clinical setting. Second, we evaluate the feasibility of using SCOP€ iS removed and the fluorescence imaging device is po-
the ALA-DR approach as a fluorescence guide for taking bi- sitioned ar_u_j focused. Positioning the device took 1-5 min-
opsies. Third, we test whether this quantitative fluorescence Ut€S, acquiring the fluorescence images took approximately 60

imaging approach is capable of noninvasive staging of CIN. S- The resulting DR image was not available to the clinician
during the procedure. Next, the fluorescence imaging device

is removed and the colposcope is used to take the biopsy. The
biopsy is then subjected to standard histopathological evalua-
. tion.
2 Materials and Methods
2.1 Patient Selection 2.5 Data Analysis

Women with an abnormal Pap smear, routinely referred to the There were two blind steps in the procedure to avoid bias.
clinic for colposcopic examination, were asked to participate First, as mentioned above, the clinician has not seen any fluo-
in this study. Pregnant or lactating women were excluded. A rescence image before the biopsy is taken. Second, the results
total of 30 volunteers enrolled in this study. Their ages varied of the histopathologic evaluation of the biopsies were not
between 19 and 45 years with a mean age of 30 years. Weavailable to us at the time of data processing. Defining the
excluded six volunteers with a history of previous surgery that location of the biopsy site in the DR image was not simple
had caused unknown changes to the epithelium. Another eightsince it involved matching two different images taken with
volunteers were colposcopically unsuspect for CIN and con- different devices(i.e., the colposcope and the fluorescence
sequently no biopsies could be taken. Finally, 19 biopsies imaging deviceé Without these two blind steps possible bias
from 16 volunteers were available for our analysis. could have occurred.
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Table 1 Distribution of the histopatologically determined stage over
the 19 biopsies.

Stage Number

No CIN 3
CINI 7
CINII 3
6

CINI

3 Results
3.1 General

Although the prototype functioned properly in the technical
sense, its use in this particular clinical field proved to be very

Localization and Staging

3.3 Localization of CIN With DR Fluorescence

Imaging

In four cases a region with clear boundaries could be recog-
nized in the DR image. In all four cases this region matched
the location where the biopsy was taken. The four lesions that
showed localized fluorescence were all classified as CIN Il
An example of this is shown in Figurgd. In the other 15
cases larger areas with unclear boundaries showed elevated
DR values. An example of a more diffuse fluorescence image
is given in Figure ). In these cases the location with the
highest DR never coincided with the location where a biopsy
was taken.

3.4 Staging of CIN With DR Fluorescence Imaging

Figure 3 shows the DR value averaged ovet6x 16 pixel

square located at the location at which the biopsy was taken
versus the histopathological stage. Although some outliers are
clearly present, there appears to be a significant correlation

cumbersome. Positioning and focusing the device was espe-between the DR value and the histopatholf§gearman rank

cially difficult and time consuming. A typical example of a set
of images is given in Figure(d). The speculum, visible on
the right side of the white light image, often caused severe
artifacts in the fluorescence image that were not easy to avoid
These artifacts were related to reflections of excitation and

fluorescence light on the stainless steel surface that were not.1

completely blocked by detection filters. In addition, the wall
of the vaginathat part not covered by the speculumwas out

correlation,r =0.881,p<<0.001(confidence interval 0.7044—
0.9552].

4 Discussion
Localization

Fluorescence images were obtained of a total of 16 cervices.
In 13 of these we have histopathological confirmation of in-

of focus and usually fluoresced intensely. In the fluorescencetraepithelial neoplasia. In 4of these 13 a clearly localized
image this area is painted black, so only the fluorescence onjesion was visible in the fluorescence image at a location co-

the cervix remains visible.

DR fluorescence images were taken of 16 patients, on
whom a total of 19 biopsies were obtained and resulted in
various different stages of ClTlable 1.

3.2 DR Fluorescence Images of No CIN

Figure Xa) shows the white light image and the correspond-
ing DR image of the cervix of a patient who was colposcopi-
cally diagnosed as having no CIN. Although some speckles
are visible, DR values close to 1 are found throughout the
cervix, suggesting very minimal PplX production. A similar
situation is depicted in Figurgli), where the main difference

is that this cervix is severely inflamed. Nevertheless, the DR
image shows a uniform low value, suggesting low PpIX levels
throughout the cervix.

5

4. * o
2 .
53 $
o - +
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K :
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0 1 i 1
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Fig. 3 DR value calculated at the location where the biopsy was taken
vs the histopathological staging performed on the biopsy. Data from
19 biopsies.

inciding with the (previously determingdiocation of the bi-
opsy. The biopsies from these sites were all classified as CIN
lll. In the other nine cervices the fluorescence images showed
multiple hotspots of varying intensity or more diffuse eleva-
tion of the fluorescence DR. This suggests a more multifocal
nature of the disease in these cases.

4.2 Staging

The strong correlation between the DR value and the histo-
pathological classification shown in Figure 3 is quite striking.
This might suggest that there is a relation between the amount
of PpIX that accumulates and the stage of the disease. How-
ever, we believe that a different mechanism is behind this
phenomenon. In the derivation of E(.) a semi-infinite ho-
mogeneous medium with a homogeneous PplIX distribution is
assumed. The clinical situation is obviously a lot more com-
plex. In the case of topically applied ALA on a mucosal sur-
face a PplX containing layer may have a thickness of up to a
few hundred micrometers of the order of, or less than, the
penetration depth of the violet excitation light. Furthermore,
an epithelial tumor originates from the boundary between the
stromal and epithelial layers and then progresses towards the
top surface, into the monitored tissue volume. This will in-
crease the average porphyrin concentration in this volume. As
a consequence, we must seriously doubt the validity of the
assumption of a semi-infinite homogeneous distribution of
PpIX.

To gain more insight into the dependence of the DR on the
layered clinical situation, we performed Monte Carlo simula-
tions for which we defined a two-layered structure that repre-
sented the epithelial layer and an underlying stromal layer.

Journal of Biomedical Optics * April 2002 « Vol. 7 No. 2 217



Bogaards et al.

Fig. 1 White light image and DR fluorescence images for two cases in
which clinically no CIN was detected and consequently no biopsy
was taken. (a) Normal cervix, fluorescence intensity is low, although
some speckles are present. (b) Inflamed cervix. The DR values are
close to 1, indicating relatively low PpIX levels.

Fig. 2 White light images and corresponding fluorescence images of
two cases histopathologically confirmed as CIN [ll. The locations
where the biopsies were taken are indicated by a square, and the
ellipse indicates the position of the portio in the fluorescence image.
In (a) a clearly localized spot is visible in the fluorescence image and
it corresponds to the location where the biopsy was taken. In (b) a
more diffuse increase in the DR is observed.
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Localization and Staging

5 blind” approach was used in this procedure, it remains the
45 “Achilles heel” of the study. This problem could very simply
4 P be avoided by using an integrated device thereby performing
35 paE both photographic documentation and DR imaging through
%z.z / : the same optics. Technically this should not be a major prob-
e, /! ! lem, and the preliminary results obtained in this study cer-
15 / i : tainly warrant such a development.
L cn;\u‘cw n‘cn'u n
0.5 i . +
o — 5 Conclusions
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 DR fluorescence imaging of ALA induced PplX of the cervix
Thickness of fluorescent layer (mu) using our general purpose prototype appeared to be feasible.
In four cases strongly localized fluorescent hotspots were ob-

Fig. 4 Interrelationships of the DR value, CIN grade, and layer thick- ; o .
ness predicted by the Monte Carlo simulations. served at the location where clinically the disease was colpo-

scopically visible. In the other cases the fluorescence showed
a more diffuse multifocal image. The value of the DR deter-
Both layers were assumed to autofluoresce, and only the epi-mined at the site of biopsy correlated in a statistically signifi-
thelial layer was assumed to produce PplIX fluorescence.cant way with the histopathologically determined stage of the
Fluorescence emerging from the surface was calculated fordisease. This suggests that noninvasive staging of CIN using
both excitation and detection wavelengths and a DR value this technique is feasible. We believe that the results of this
was calculated. By performing different simulations with vari- study justify the development of a dedicated device that com-
ous layer thicknesses we could assess the dependence of theines regular white light colposcopy with DR fluorescence
DR on the layer thickness. The input parameters for the cal- imaging.
culations were obtained from the literature and from personal
measurements. The technique and the methods are described
more in detail in the Appendix. Acknowledgments

The results of the simulations are depicted in Figure 4. In This work was funded by the Dutch Technology Foundation,

comparing these results to Figure 3 it is highly likely to link  Grant No. AGN 443413, and the European Commission, Con-
the stage of the disease to the thickness of the tumor. How-tract No. BMH4-CT 97-2260.

ever, the representation of tumor progression by a perfectly
smooth walled cube is far from a realistic situation. Moreover,
the optical properties of cervical tissue are not known and the Appendix

values used in the Monte Carlo simulation were, at best, a For the calculations. we adjusted a Monte Carlo program

guess. However, the values and the geometrical assumptionyaseqd on the code of Keijzer etZland adapted by Lucassen
used for the Monte Carlo simulation were used to investigate gt 4126 The program uses a variance reduction method that is

a concept that may give insight into the correlation between cgjled survival weighting. The photons are transported
the DR and the stage of the disease. The validity of this con- yough the medium with a certain weight. At each interac-
cept does not depend on the exact values of the input ParaMion, a fractionus/(ua+ ws) of the weight is deposited while

eters as long as the relative relations are reasonable. the remaining fraction continues. The program was adjusted
to enable fluorescence imaging simulation. First, the distribu-
4.3 Methodology tion of the excitation light is calculated using the source type

Tracing the location where the biopsy was taken on the fluo- and dimensions and the optical properties of the medium as
rescence image was done by hand. Two different imaging input parameters. Light that is absorbed in the medium is
devices were used and a topographical match between the twascored in a(z, r) matrix that is used to assign weight to the
images was made based on visual clues and landmarks, likefluorescence sources. A separate input file that contains the
the portio and the edge of the cervix. Although a “double distribution of the fluorophores is used as a source file for

= A

R ]

al @ bl = cC| [ d

Fig. 5 Different configurations of the top layer with a progressing “tumor” embedded.
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calculation of the fluorescent light distribution. The fraction of 11.

photons that escapes the medium from the top layer within a
certain escape angle is scored in a matrix.

Relative fluorescence levels are determined for semi-
infinite double layer geometriegepresenting the epithelial
layer and the stromal layewith embedded square geometries

representing neoplastic areas. For the simulations, the thick-13-

ness of the neoplastic area that originates at the boundary of

the two layers was varied. The epithelial layer is first set to 14

0.5 mnf. The “tumor” progresses from the boundary between
the two layers into the top laydFigures %a)—5(d)]. Some

simulations were also performed with an increase in the thick- 1°:

ness of the total epithelial layer from 0.5 to 1.3 niRigures
5(d)—5(f)] according to the findings of Abdul-Karim et &l.

To our knowledge, the optical properties of cervical tissue 16.

in the blue light range are not known. For the simulations of
excitation light we have chosen an absorption coefficient and

a scattering coefficient in the range of aorta tissue found by ,,
Keijzer et al’® Excitation optical propertiegz, : 15 cni * and

s 400 cm L,

The fluorescence optical properties were chosen to be in18.

the range found by Hornung et &llayer 1: u,: 0.15 cni?,
s 90 cmi'l, g: 0.9, n: 1.37, thickness: 500—13Q@m; layer
2 mg: Leml ug 150 cm'y, g 0.9, n: 1.37 thickness>5
cm.
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