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Abstract

Cervical cancer is the second most common malignancy among women worldwide, with over
490000 cases diagnosed and 274000 deaths each year. Although current screening methods have
dramatically reduced cervical cancer incidence and mortality in developed countries, a “See and
Treat” method would be preferred, especially in developing countries. Results from our previous
work have suggested that Raman spectroscopy can be used to detect cervical precancers; however,
with a classification accuracy of 88%, it was not clinically applicable. In this paper, we describe
how incorporating a woman's hormonal status, particularly the point in menstrual cycle and
menopausal state, into our previously developed classification algorithm improves the accuracy of
our method to 94%. The results of this paper bring Raman spectroscopy one step closer to being
utilized in a clinical setting to diagnose cervical dysplasia.

Posterior probabilities of class membership, as determined by MRDF-SMLR, for patients
regardless of menopausal status, and for pre-menopausal patients only
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1. Introduction
Cervical cancer is the second most common malignancy among women worldwide, with
over 490000 cases diagnosed and 274000 deaths each year [1]. In the US, it is estimated that
3,870 deaths will occur and 11070 new cases of invasive cervical cancer will be diagnosed
in 2008 [2]. Due to the introduction of early detection methods, incidences of clinically
invasive cervical cancer have been shown to decrease by 78% and mortality to decrease by
72% [3]. Early identification of cervical precancers is the key for successful treatment of the
disease and for decreasing mortality from it.

The normal cervix is covered by two types of epithelia: squamous and columnar. Their
interface is called the squamo-columnar junction. Over time, the columnar epithelium is
replaced by squamous epithelium, causing the squamo-columnar junction to move towards
the os or the opening of the ectocervix. This transitional epithelium is termed squamous
metaplasia [4]. Virtually all squamous cervical neoplasms begin at the squamo-columnar
junction. The extent and limit of their precursors coincide with the distribution of the
transformation zone [5].

There are a variety of clinically normal abnormalities that can result in an atypical cervix.
Cervicitis, or inflammation, which may be infectious or non-infectious, is usually the
response of tissue to injury and is a byproduct of its natural repair mechanism [5]. As
described above, the transitional epithelium or squamous metaplasia is a normal abnormality
that occurs in the cervix. Pregnancy is another normal state that causes a variety of
biochemical and functional changes to occur in cervical connective tissue [6]. This process
of cervical ripening results in the softening, dilation, and effacement of the cervix, a normal
process during pregnancy that drastically changes the makeup of the cervix [7]. A woman's
menstrual cycle can also lead to normal changes in the cervix. During the cycle, a woman's
hormonal level fluctuates as levels of estrogen and progesterone peak during and after
ovulation, respectively. Although these changes are small compared to those found during
pregnancy, they do impact the biochemical makeup of the cervix [8]. Menopause, the
permanent cessation of the menstrual cycle, may also affect the cervix due to hormonal
changes. Peri-menopause is defined as the transitional period from normal menstrual periods
to no periods at all, often taking up to 10 years.

Clinically speaking, cervical lesions can be divided into low grade squamous intraepithelial
lesions (LGSIL) and high grade squamous intraepithelial lesions (HGSIL). This distinction
is important, as patients with low grade lesions are usually followed but not treated, while
patients with high grade lesions are usually treated immediately with extended follow-up.
Patients with specific strains of human papillomavirus (HPV) are typically placed in the
same category as patients with low grade lesions and are treated as such. Certain strains of
HPV may be involved in the early stages of cervical cancer, while other strains may aid in
the progression of the disease [9]. These viruses infect skin and mucosal membranes to
produce characteristic epithelial proliferation, which can have the capacity to undergo
malignant transformations [5].

Currently, the primary screening tool for cervical precancer is the Papanicolaou (Pap) smear,
where cells scraped from the walls of the ecto- and endocervix are examined and diagnosed
[10]. The widespread application of the Pap smear as a screening tool has greatly decreased
the incidence of cervical cancer, especially in the US [11]. While the specificity of the Pap
smear is generally very high (95%) [11], its sensitivity can be as low as 20% to 50%
depending on the prevalence of the disease within the population [12]. Colposcopy usually
follows an abnormal Pap smear in the US and is used to direct the taking of biopsies [13].
After applying 4–6% acetic acid to the cervix to turn abnormal areas white, a colposcope is
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used to visualize these abnormal areas on the surface of the cervix. Multiple biopsies are
then taken using standard punch biopsy forceps, and these tissue samples are fixed in
formalin and sent for histological examination. Colposcopy has a sensitivity of 62% to 98%
in pin-pointing the presence and grade of lesions [14–16]. The result of the biopsy decides
treatment of the disease. This procedure requires extensive training, is time-consuming, and
its sensitivity is variable and limited, even in the hands of expert practitioners [17]. A “see
and treat” tool that can provide high sensitivity in diagnosing cervical cancer would be
optimal in addressing the limitations of colposcopy-guided biopsy.

Optical methods are prime candidates for “see and treat” procedures for the cervix because
they can provide automated, fast, and non-intrusive characterization of normal and abnormal
tissues in vivo. Choosing the right optical method depends on the particular requirements of
a given problem. For example, optical coherence tomography (OCT) can produce high-
resolution, cross-sectional images, but since its ability to detect disease depends on
visualizing changes in the tissue microstructure, it is difficult for OCT to detect early cases
of cervical precancer [18]. Fluorescence spectroscopy has been studied extensively for
screening and diagnosing cervical pre-cancers [19–23], but the results have had
unacceptably high false positive rates for detecting benign abnormalities such as
inflammation, hyperplasia, and metaplasia [24, 25]. Previous studies using infrared
microspectroscopy have shown differences in spectra due to the normal, cyclical changes of
cervical epithelium [26]. However, this application is limited because tissue must be
removed before spectra are acquired. For a tissue like the cervix, where many normal
changes occur, the optical technique applied must be able to discern among the various
conditions such as cervicitis, LGSIL, and HGSIL. Raman spectroscopy is a molecular
specific technique providing information about the biochemical composition of a tissue by
probing vibrational and rotational bond transitions in various biomolecules [27]. Our
previous work suggests that Raman spectroscopy combined with automated multivariate
statistical analysis can be used to detect changes in tissue associated with the progression of
cervical cancer [28]. With a sensitivity of 88%, our previous application cannot be applied
within the clinic since it does not provide sufficient improvement over traditional methods.
While this may be due to Raman spectroscopy's inability to be utilized in this capacity, we
believe that including small, normal variations like menopausal or hormonal status in our
classification algorithms will improve the sensitivity to over 90%.

The goal of this paper is to examine the effect of incorporating normal variations into our
classification algorithm prior to data analysis. Raman spectra were acquired from 145
patients undergoing either a routine Pap smear or biopsy guided by colposcopy. The effects
that hormonal status, particularly the point in the menstrual cycle and menopausal state, had
on Raman spectra gathered from normal cervix areas were examined. These effects were
then accounted for to improve the classification ability of a previously developed statistical
algorithm for detecting cervical precancer, highlighting the need to account for such
variation in any further analysis.

2. Materials and Methods
2.1. Clinical Study Design-Pap Smear Patients

A total of 102 patients undergoing a routine Pap smear were recruited to participate in the
study as approved by the Copernicus and Vanderbilt Institutional Review Boards (IRBs). To
be eligible for enrollment, the patient had to be undergoing a routine Pap smear, be between
the ages of 18–75, and still have a cervix. Informed consent was obtained from each patient
prior to the procedure. The cervix was exposed and visually examined by the attending
physician, and the Pap procedure was done according to standard clinical protocol. The
cervix was wiped clean with a dry cotton swab, after which Raman measurements were
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taken from three locations on the ectocervix. The spectra were considered normal if the Pap
smear was negative. The patient's age, date of last menstrual period, use of artificial
hormones, menopausal status, and any previous abnormal Pap smears were all noted upon
chart review.

2.2. Clinical Study Design-Dysplasia Patients
A total of 43 patients undergoing colposcopy-guided biopsy were recruited to participate in
the study as approved by the Copernicus and Vanderbilt IRBs. To be eligible for enrollment,
the patient had to be undergoing a colposcopy-guided biopsy, be between the ages of 18–75,
and still have a cervix. After informed consent was obtained from each patient, the cervix
was exposed and visually examined by the attending physician. Acetic acid was applied to
the cervix to turn abnormal areas white for visualization, and spectra were acquired from
multiple areas of abnormal tissue and 1–2 visually normal areas. Aceto-white tissue was
then removed and placed in fixative solution for pathology examination. Based on
pathology, spectra were placed into four categories for analysis: normal, metaplasia, LGSIL,
and HGSIL.

2.3. Instrumentation
Raman spectra were collected from multiple sites in vivo using a portable Raman
spectroscopy system consisting of a 785 nm diode laser (Process Instruments, Inc., Salt Lake
City, UT), a beam-steered fiber optic probe (Visionex Inc., Atlanta, GA), an imaging
spectrograph (Kaiser Optical Systems, Inc., Ann Arbor, MI), and a back-illuminated, deep-
depletion, thermo-electrically cooled charge coupled device (CCD) camera (Roper
Scientific, Inc., Princeton, NJ), all controlled with a laptop computer. Details of the system
have been previously reported [30]. For each measurement, the fiber optic probe delivered
80mW of incident light onto the tissue for 3 seconds, and the overhead fluorescent lights
were turned off. Spectra were obtained from the surface of the cervix. As the penetration
depth is about 300 μm, information from both the epithelium and the stroma are present in
the spectra.

Spectral calibration of the system was performed each day using a neon-argon lamp and
naphthalene and acetaminophen standards to correct for system wavenumber, laser
excitation, and throughput variations. The spectra were processed for fluorescence
subtraction and noise smoothing using the modified polynomial fit method described
previously [29]. Following data processing, each spectrum was normalized to its mean
spectral intensity across all Raman bands to account for overall intensity variability. These
normalized spectra were categorized according to menopausal status and histopathological
classification as determined by the pathologist.

2.4. Statistical Analysis
The two-step multivariate analysis technique used in this paper has been previously
described [30]. In the first step, using maximum representation and discrimination feature
(MRDF), the processed data set undergoes a two-part, non-linear transform to extract
relevant features that provide the best class separation. The second step uses sparse
multinomial logistic regression (SMLR) for classifying the MRDF output features into
corresponding tissue categories. SMLR is a probabilistic multi-class model based on a
Bayesian machine-learning framework of statistical pattern recognition, which separates a
set of labeled input data into their classes by predicting the posterior probabilities of class
membership. An unbiased classification algorithm was developed using these two methods
and was tested using leave-one-patient-out cross-validation. The classification accuracy,
defined as the total number of spectra correctly classified divided by the total number of
spectra, is used to determine the validity of the method. The use of acetic acid should not
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affect the analysis because statistical comparisons were done with either the presence or
absence of acetic acid unless otherwise noted.

3. Results
3.1.Variations in Menopausal Status

The Raman spectra in Figure 1 are shown stratified by menopausal status into four groups:
pre-menopausal proliferative phase (days 1–14 of the menstrual cycle) or pre-menopausal
before ovulation (PBO); pre-menopausal secretory phase (days 15–28+ of the menstrual
cycle) or pre-menopausal after ovulation (PAO); peri-menopausal (PERI); and post-
menopausal (POST). These terms are defined in Table 1. Some spectra were thrown out due
to slipping of the probe or if mucus was present on the cervix. From the spectra that
remained, there were subtle but consistent differences according to location within the
menstrual cycle and menopausal status, especially at the 1250 cm–1 peak, typically
associated with collagen, and the 1300–1320 cm–1 region, typically associated with cellular
features [31]. As seen in the confusion matrix in Table 2, the spectra were classified into
their respective hormonal and menopausal groups by the MRDF-SMLR algorithm with an
overall accuracy of 98%. The number along the diagonal of the confusion matrix represents
the number of spectra that were classified correctly. In this case, only three spectra were
misclassified.

3.2. Dysplasia Study
Average spectra from cervical tissues categorized as LGSIL, HGSIL, normal, and
metaplasia are displayed in Figure 2. These spectra were obtained before colposcopy-guided
biopsy. The most prominent spectral differences among the classes are seen in the region
between 1230 cm–1 and 1300 cm–1, where a number of biological molecules contribute to
the spectral features. Using the MRDF-SMLR algorithm, the overall classification accuracy
was 88%, with a sensitivity of 86% and specificity of 97% for separating diseased from non-
diseased tissues [32]. These results are somewhat undesirable for use in the clinic, especially
in the LGSIL category, where the misclassification rate was 19%. Based on the results of the
above study, the spectra were further stratified by menopausal status with only pre-
menopausal spectra used. Table 3 shows the confusion matrix comparing Raman diagnosis
to histopathology diagnosis using the following four classes: normal, metaplasia, LGSIL,
and HGSIL. In this analysis, only six out of 95 spectra were misclassified – two LGSIL and
four normal. This stratification of spectra based on menopausal state results in an
improvement of overall classification accuracy from 88% to 94%. This result is shown in
Figure 3, which displays the posterior probabilities of class membership, as determined by
MRDF-SMLR, for all patients regardless of menopausal status (as published by Kanter et al.
[32]), and for pre-menopausal patients only. Besides the improvement in classification rate,
Figure 3 also shows an increase in the algorithm's confidence in its classification, as more
spectra receive probabilities of class membership closer to one.

3.3. Independent Validation
Based on the results of the previous study, a small independent validation was performed.
Spectra obtained from patients undergoing routine Pap smear that had resulted in an
abnormal diagnosis were classified using the above algorithm (from the dysplasia study).
When the spectra were taken, the location of the measurement on the cervix was noted. The
spectra were then run through the MRDF-SMLR algorithm developed for the dysplasia
classification using only the pre-menopausal data. A colposcopy was done as normal, and
those results were compared to the algorithm results, as shown in Table 4. Of the six spectra
that were analyzed in this manner, three were classified as LGSIL and three as normal. All
of the spectra came from a cervix that the Pap smear suggested may contain areas of LGSIL.
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In all areas that were classified by the algorithm as normal, no biopsies were taken, and the
colposcopic examination suggested that these areas were indeed normal. In the areas that
classified as LGSIL, two of these regions were biopsied and confirmed to be LGSIL. The
other region was not biopsied, but was noted in the examination as having a mosaic
appearance, meaning it may have had some disease, although there is no way to confirm
this.

4. Discussion
Raman spectroscopy can be used in the cervix, despite variations in both patient history and
physiology. This study brings Raman spectroscopy one step closer to clinical use by
improving its specificity in diagnosing cervical dysplasia. This improvement was
accomplished by incorporating variations in the normal cervix to differentiate LGSIL,
HGSIL, and metaplasia from normal tissues. Our results suggest that Raman spectroscopy is
sensitive enough to detect subtle changes in the cervix such as those that occur due to
hormonal or menopausal status as well as small changes that are associated with dysplasia.

Previous fluorescence studies have shown that there is a statistical difference between pre
and post-menopausal fluorescence data and that the post-menopausal women have a higher
average fluorescence signal [33] which may need to be considered when using fluorescence
spectroscopy for disease detection. Another study suggests that fluorescence spectroscopy is
predominantly affected by hemoglobin absorption and these effects can be avoided if
measurements are not taken during the first eight days of the cycle [34], indicating that
fluorescence spectroscopy is not sensitive to subtle, hormonal changes in the cervix.
Fluorescence spectroscopy is capable of distinguishing HGSIL from normal, however in one
study, the sensitivity and specificity of detecting squamous normal cervix tissue and LGSIL
of the cervix in 161 patients are only 55% and 63%, respectively [35] and thus fluorescence
spectroscopy cannot be used to find early indicators of disease. Raman spectroscopy at first
glance seems to have similar results to fluorescence spectroscopy. But since Raman is very
sensitive to biochemical changes, it should be able to discriminate small changes associated
with disease and small changes associated with other factors. Therefore, it is necessary to
account for such changes, such as menopausal status, when using Raman to detect early
disease where only a few disease-related biochemical changes have occurred.

This new approach was necessary because hormonal changes, such as menopausal status and
location in the menstrual cycle, have the potential to change the composition of the
ectocervix [36]. The ectocervix consists primarily of collagenous connective tissue, which is
approximately 15% smooth muscle, a small amount of elastic tissue, and a ground substance
of mucopolysaccharides. During the menstrual cycle, the cervix becomes softer and more
elastic as the level of estrogen increases. After ovulation, this process is reversed and the
cervix loses some of its elasticity. During peri-menopause, the layer of epithelial cells thins
and the vascularity and cellular content of the cervix is erratic, but the spectra remain
consistent. The most variable and therefore the hardest group to classify is the post-
menopausal group. The absence of ovarian estrogen and progesterone causes the cervix to
change, leading to both dryness and atrophy, although these conditions are considered
normal in a woman who has gone through menopause. The cervical Raman signatures vary
significantly depending on location within the menstrual cycle and with the onset and
completion of menopause. These spectral differences are shown in Figure 1; the most
notable differences occur around 1250 cm–1, 1300 cm–1, and 1320 cm–1, most likely due to
changes in protein levels, especially elastin and collagen, for reasons noted above. The 98%
classification accuracy provided by the MRDF-SMLR algorithm for discriminating spectra
into PBO, PAO, PERI, and POST categories indicates the validity and necessity of including
hormonal variations when analyzing cervical Raman spectra.
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As shown in Figure 2, changes in Raman spectra due to cervical dysplasia are different than
those associated with hormonal variations. The largest difference when comparing LGSIL
Raman spectra to normal Raman spectra is in the 1230–1300 cm–1 region. This peak range
is usually associated with proteins (amide III), DNA (guanine), and lipids (CH
transformations) [31]. It is expected that there will be variations in the protein and lipid
content when dysplasia occurs, as well as an increase in the ratio of nucleus to cytoplasm
due to increased DNA content in dysplastic cells. Another expected change is a reduction in
glycogen peaks that occur around 1300 cm–1 [37]. This difference is expected to be minimal
in LGSIL because the disease affects only a small portion of the epithelium. As the disease
progresses towards HGSIL, this drop in the glycogen peak is expected to become more
drastic.

As indicated in Figure 3, restricting the dysplasia diagnostic algorithm to only pre-
menopausal spectra resulted in improving the overall accuracy for discriminating among
normal, metaplasia, LGSIL, and HGSIL from 88% to 94%. Although there were insufficient
numbers of PERI and POST spectra to achieve statistical significance, it is expected that
such analyses would achieve similar results. Due to the large effect of hormonal and
menopausal status on the spectra, the optimal strategy for future clinical implementation
would first stratify by hormonal/menopausal status before applying a separate diagnostic
algorithm for each hormonal/menopausal category.

The classification technique used in this paper, a non-linear multi-class algorithm, yields a
posterior probability of how likely the spectra are to fit into a particular tissue category. This
powerful tool quantifies the confidence with which a sample is classified correctly with
Raman spectroscopy. If the value is high, a biopsy may not be needed; if the probability is
low and the area is suspicious based on the doctor's observation, a biopsy could be taken as
is the current clinical protocol. Results from the small independent validation set provide
good examples of these ideas although this study has several limitations (biopsies cannot be
taken from normal subjects and the spot the measurement is taken from is approximate). In
patients with abnormal Pap smears, Raman measurements were taken from several areas of
the cervix, and the previously developed diagnostic algorithm successfully classified the
spectra in accordance with colposcopy and/or biopsy results. Since these patients had
LGSIL, the biopsies were ultimately unnecessary and could have been avoided based on
their Raman diagnoses.

This application of Raman spectroscopy would be particularly useful in developing
countries, where “see and treat” methods are optimal. One major problem with screening
alone is poor follow-up testing among women with abnormal Pap smears. Usually, an
abnormal Pap smear requires a follow-up biopsy and a return visit 3–6 months later
depending on the result, but an estimated 10–61% of women with abnormal Pap smears do
not show up for follow-up testing [38]. Additionally, only an estimated 19% of women in
developing countries have been screened for cervical dysplasia in the past five years,
compared with around 60% of women in developed countries [39]. In developing countries,
standard practice is for a nurse to photograph the cervix to send to a doctor for diagnosis, but
this time-consuming process also has a high error rate and level of ambiguity. Using Raman
spectroscopy would allow a nurse to find suspicious areas, take Raman measurements,
report an accurate diagnosis, and decide on appropriate treatment all on the same day. This
process could reduce the number of patients who are treated unnecessarily and ensure that
all patients receive the appropriate treatment. Besides developing countries, this technique
for cervical dysplasia diagnosis would greatly benefit rural communities and has to the
potential to reduce the number of cervical biopsies taken.
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Figure 1.
Average Raman spectra for post menopausal normal cervix (POST-29), peri menopausal
normal cervix (PERI-34), pre-menopausal after ovulation normal cervix (PAO-54) and pre-
menopausal before ovulation normal cervix (PBO-47).

Kanter et al. Page 13

J Biophotonics. Author manuscript; available in PMC 2014 March 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Average Raman spectra for normal ectocervix, metaplasia, LGSIL and HGSIL.
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Figure 3.
Posterior probabilities of classification as normal ectocervix (N), metaplasia (MP), LGSIL
(LG) and HGSIL (HG) from the entire data set (classification accuracy 88%) and the pre-
menopausal data only (classification accuracy 94%) [33].
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Table 1

Description of abbreviations for menopausal and hormonal status.

Category Abbreviation Age Time since last period

Pre-menopausal before ovulation PBO 18–45 5–14 days

Pre-menopausal after ovulation PAO 18–45 15–28 days

Peri-menopausal PERI 45–55 Variable periods

Post-menopausal POST 50+ 2+ years
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Table 2

Classification of different hormonal variations using MRDF and SMLR leave-one- patient-out cross-
validation.

Histological Classification

PBO PAO PERI POST

Raman Classification PBO 47 0 0 0

PAO 0 53 0 0

PERI 0 0 33 1

POST 0 1 1 28
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Table 3

Classification of pre-menopausal samples- normal, metaplasia, LGSIL and HGSIL using MRDF and SMLR
leave-one-patient-out cross-validation.

Histological Classification

Normal Metaplasia LGSIL HGSIL

Raman Classification Normal 27 0 2 0

Metaplasia 0 12 0 0

LGSIL 4 0 39 0

HGSIL 0 0 0 11
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Table 4

Results of the independent validation.

Raman Classification Pathology

LGSIL LGSIL confirmed by biopsy

LGSIL LGSIL confirmed by biopsy

LGSIL Unknown

Normal Suspected Normal

Normal Suspected Normal

Normal Suspected Normal
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