(12) UK Patent App'lCathn (19) GB (1) 2466442 (13)A

(43) Date of A Publication 23.06.2010

(21)

Application No: 0823071.6 (51) INT CL:
GO1IN 21/65 (2006.01)  AG61B 5/00 (2006.01)
GO1J 3/44 (2006.01)

(22) Date of Filing: 18.12.2008
(56) Documents Cited:
US 5945674 A US 5660998 A
(71) Applicant(s): US 20080192246 A1
Dublin Institute of Technology
(Incorporated in Ireland) (58) Field of Search:
143-149 Rathmines Road, Dublin 6, Ireland INT CL A01B, GO1J, GOIN
Other: ONLINE: WPI, EPODOC, TXTE
(72) Inventor(s):
Fiona Lyng
(74) Agent and/or Address for Service:
Hanna Moore & Curley
13 Lower Lad Lane, Dublin 2, Ireland
(54) Title of the Invention: A diagnostic instrument for cervical cancer screening
Abstract Title: A system to analyze a sample on a slide using Raman spectroscopy on an identified area of
interest
(57) A system to analyze a sample on a slide. The system

suitably comprises a controller, stage for receiving the fo ;

slide, a microscope for viewing the slide and a Raman - ngggéﬁ'\g% I R ;
spectroscopy device. The Raman spectroscopy device ‘
shares the central optical axis of the microscope. The P :
controller is adapted to cause the stage to move an
identified area of interest on the slide to be in line with
the central optical axis and to cause a spectrum to be
obtained by the Raman spectroscopy device for the
area of interest. An analysis module is then used to
determine whether the spectrum falls within one or
more predefined classes of cell. The system may
include a graphical user interface comprising of a
window and allowing a user to use a pointer to identify
the area of interest. The analysis module may be Figure 1
configured to perform image analysis on an image

acquired by the microscope to identify areas of interest.

The sample may be a PAP smear for cervical cancer

screening.
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Title

A DIAGNOSTIC INSTRUMENT FOR CERVICAL CANCER SCREENING
Background

Cancer is a class of diseases in which a group of cells display uncontrolled
growth and is responsible for approximately 13% of all deaths. As early
detection of cancer results in improved survival rates and less drastic

treatments, significant research has been conducted in the area of diagnosis.

The most common method of diagnosis involves performing a biopsy. A
biopsy involves the removal of cells or tissues for examination, typically by
means of a scalpel or a needle. The biopsy is an extremely localised test
since the person taking the sample is targeting a specific area. As a result, it
is clear what cells are contained within the biopsy. In addition, the tissue has a
very defined architecture which is well known to the histopathologist. Once a
sample has been taken it undergoes a series of steps including fixation,
embedding, sectioning using a microtome and finally staining, before the
samples are viewed (typically with an optical microscope). This work is
typically carried out by histopathologists. Since a biopsy is in effect a surgical
procedure, biopsies are a relatively low throughput system. In addition, the
number of different identifiable cell types\structures is relatively low (3 or so).

Existing diagnosis methods are low throughput. As a result, less accurate but
higher throughput methods are employed for screening purposes. Thus in the
case of cervical cancer, which is the second most deadly cancer in women,
the currently preferred screening method is the smear test (Papanicolaou
smear). In a smear test, samples are collected from the outer opening of the
cervix using a spatula and then visually inspected. The sample is stained as
unstained cells may not be visualized with light microscopy. The cells are
placed on a glass slide and checked for abnormalities in the laboratory.
Automated, computer image analysis systems have been developed for
screening although these all operate with human oversight, whereby the
automated system performs an initial pass to be followed by a human
operator viewing the images in situations where the image analysis indicates

a potential abnormality. However, even then the screening process is also
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labour intensive requiring visual inspection of each slide. Smear tests in
contrast to biopsies are intended to be for mass screening. A significant
difference between a biopsy and a smear test sample is the significant
number of different cells and potential contaminants present in a smear test
by virtue of the non-targeted approach to collection of the sample. Obviously,
the more complicated the mix, the more complicated the analysis. As a result,
current smear tests are prone to sampling / reading errors and false negatives
|/ positives are common. Where a smear test is identified as abnormal, it is
followed by colposcopic examination, biopsy and histological confirmation of
the clinical diagnosis. This involves the visual examination of histological
sections by highly trained personnel. The grading characteristics are quite
subjective and pre-malignancy may not be visually perceptible at all.
Moreover, the smear test has a false negative error rate of 15-59% resulting in

significant unnecessary further investigations.

One area that has been investigated for use in diagnosis is that of
spectroscopy, of which a first type is fluorescence spectroscopy. In
fluorescence spectroscopy, photons of light are absorbed. By analysing the
different frequencies of light emitted in fluorescence spectroscopy, information
on the molecular structure being examined may be obtained. Another form of
spectroscopy is Raman spectroscopy. Raman spectroscopy is a
spectroscopic technique (vibrational spectroscopy) which relies on Raman
scattering by a sample of monochromatic light from a laser. A defined amount
of energy is transferred from the photon to the molecule in which a vibrational
mode is excited. The exact energy required to excite a molecular vibration
depends on the masses of the atoms involved in the vibration and the type of
chemical bonds between these atoms and may be influenced by molecular
structure, molecular interactions and the chemical microenvironment of the
molecule. Therefore, the positions, relative intensities and shapes of the
bands in a Raman spectrum carry detailed information about the molecular
composition of the sample. Thus changes in spectral response from different
patient samples may be used to characterise disease. Whilst the results of

Raman spectroscopy have been promising in terms of disease diagnostics,
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the equipment commonly employed is very large in size and also expensive

(approx. €250,000). It is also complicated to use requiring specialised training.

Some research has been developed which combines the use of both
fluorescence and Raman spectroscopy techniques. In particular, the
University of Texas have published research primarily directed at developing a
fibre optic probe which might be inserted internally to examine a particular cell
site to investigate whether the cells at that site were cancerous or not (as
disclosed in WO9748329, US6258576 and US5697373 for example) which
discuss the possibility of employing Raman spectroscopy in combination with
fluorescence spectroscopy in which the screening process is primarily carried
out using fluorescence spectroscopy to identify normal tissue and low and
high grade lesions and Raman spectroscopy to identify inflammation and

metaplasia.

The present application seeks to improve the performance of existing smear

techniques.

Summary

The present application seeks to improve the performance of existing smear
techniques using low resolution, low cost RAMAN spectroscopy. As it is
believed that there would be significant reluctance in the medical community
to the complete replacement of existing techniques, a first embodiment
provides a system which may be employed to automate the elimination of
definite negatives from a set of specimens, thus providing a skilled user with
more time for the analysis of possible positives. In particular, this first
embodiment provides a diagnostic instrument comprising an optical
microscope for viewing a sample comprising cells, an interface for receiving a
user input identifying an area of the sample for further investigation, a Raman
spectroscopy device to obtain a spectral signature for the identified area, a
library of known signatures for predefined classes of cell, a classifier for
comparing the obtained signature with the known signatures to classify the

cell within one of the predefined classes.
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Description of Drawings

Figure 1 is an exemplary block diagram of a system according to the present
application,

Figure 2 is a first mode of operation of the system of Figure 1,

Figure 3 is a second mode of operation of the system of Figure 1,

Figures 4A illustrates high resolution Raman spectra of normal epithelial
tissue (bottom) and invasive carcinoma (top) and Figure 4B illustrates a PCA-
LDA plot showing differentiation between normal epithelial tissue (N), invasive
carcinoma (T) and CIN tissue (C).

Figures 5A illustrates Raman spectra of normal cervical tissue and Figure 5B
illustrates invasive carcinoma (figure 5B) at high resolution (A, C) and low
resolution (B, D),

Figure 6A illustrates Raman spectra of a normal cervical smear sample and
Figure 6B illustrates an abnormal (CIN Ill) smear sample at high resolution (A,
C) and low resolution (B, D)

Figure 7A illustrates multivariate analysis of the data showing differentiation
between normal epithelial tissue (1), invasive carcinoma (2) and CIN tissue (3)
and Figure 7B illustrates normal (negative), negative / reactive changes,
inflammation, borderline nuclear abnormalities and CIN Ill smear samples,
Figure 8 is an exemplary graphical user interface for use with the system of
Figure 1, and

Figure 9 is a process flow diagram including an exemplary analysis technique

for use within the present application

Detailed Description of Drawings

The present inventors have realised that low resolution instruments may be
employed with suitable modification to provide an extremely powerful
diagnostic tool for cervical smear samples. This realisation has led to the
development of a low cost, versatile instrumentation, ideally suited for clinical
applications. By low resolution, a spectral resolution of worse than 10

wavenumbers is meant.
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An exemplary system is now described which is practical for a hospital
laboratory and is intended to resemble existing microscope based optical
diagnostic systems as would be familiar to those skilled in the art. The system,
as illustrated in Figure 1, comprises a Raman microscopy system which has
been adapted to include a graphical user interface viewable on a display, an
analysis module for analysing the spectrum provided by the Raman
microscopy system, a controller and a controllable stage. The system allows a
user to point and click on an area of interest, record a Raman spectrum or a

number of spectra from individual cells.

The Raman microscopy system comprises an optical microscope integrated
with a low resolution Raman spectrometer. As would be typical in such
systems, the optical microscope and Raman spectrometer desirably, for
alignment purposes, have a common objective lens. A moveable mirror or
similar feature is provided to switch the optical path between that of the
viewing optics of the microscope and those of the Raman spectrometer. The
mirror is switched in response to a signal from the controller. The Raman
spectrometer is configured such that the area of measurement corresponds to
a central region of the viewable area of the microscope. A movable stage is
provided below the objective lens and is suitably configured to receive a slide.
This may be, for example, by means of a recess in the shape of the slide or
guides on the surface. The movable stage is responsive to the controller to
effect motion of the stage and thus the area of the slide under the collection

optics.

The stage is effectively a device which may be operated to move in an x-y
axis, the stage may use stepper motors or similar to ensure the stage moves
to a required position as provided by the controller. The controller may
operate the stage in response to a user input for example, by means of a
joystick or similar device, or in an automatic fashion as will be described in

greater detail below.

A switchable light source is provided for illuminating the sample on a slide.
The light source may be switchable directly in response to an input from the



10

15

20

25

30

controller to illuminate the slide or not. Alternatively, a mechanical or
electronic shutter responsive to the controller may be employed to switch
on‘off the illumination of the slide as required by blocking\unblocking the
optical path between the slide and the light source.

Suitably, the user may view the sample through either the eyepieces of the
optical microscope or within a window on the display screen (where the image

is acquired by a digital camera or similar imaging device).

The operation of the system will now be described with reference to two
exemplary modes of operation.

In a first mode of operation, shown in Figure 2, a user places a slide on the
stage. The optics are switched such the user is able to view the sample under
the microscope, for example within a window on the display. Initially, in this
mode, the controller operates the stage in response to the user input for
example by means of a joystick. This allows a user to view different areas on
the slide. As the user views a particular area, they may consider that a
particular area within the frame, e.g. a cell is suspicious and worthy of further
investigation. The user can position a cursor on the area of interest within the
window displaying the microscope view. Once the cursor is positioned, the
user can click a mouse button to activate the analysis steps. Once activated,
the controller determines the distance both x and y that the stage is required
to move the slide to present the area of interest in the center of the optical
axis of the Raman microscope. This information is the fed to the stage as a
control signal to cause the area of interest to be positioned centrally. The light
is then switched off, the optics switched to the Raman spectrometer and the
laser activated. The spectrum of the area of interest is then taken. The
controller then causes the stage to return to its previous position. The analysis
module performs an analysis on the acquired spectrum to compare it with a
large library of pre-recorded spectra from a wide sample base including all
grades of cervical intraepithelial neoplasia (CIN I, Il and Ill). An algorithm, as
will be described below, then classifies the spectra into the most appropriate
group and an identification of the classification result is returned via the
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graphical user interface. An advantage of this is that a conventionally trained
user may rapidly eliminate possible cells using a simple point and click

process without any knowledge of spectroscopy.

The system may also be used in a second mode which is a substantially
automated mode of operation in which the whole cervical smear may be
scanned and abnormal areas identified, highlighted and classified for

subsequent review.

In the second mode of operation, shown in Figure 3, the light source is
activated by the controller to illuminate the sample. The entire area of the
sample is then captured by the digital camera as a series of frames to provide
a digital image of the sample. The frames may be analyzed individually as
they are acquired or as a single process on the entire digital image. The digital
image may be stored for subsequent viewing by a user. The digital
image/individual frames are analyzed using image analysis to identify cells
and other features of potential interest within the image. It will be understood
that techniques for performing this type of image analysis would be familiar to
those skilled in the field and may include, for example, the use of edge and
boundary detection techniques. More advanced techniques may also be
employed to limit the identification to suspect cells. Where a cell or other
feature is identified as being of interest, its position is recorded. This process
is repeated for the entire digital image. Once this step is completed, the
controller moves the stage to center the first identified location on the optical
axis, the light is switched off, the optics switched to the Raman spectrometer
and the laser activated. A spectrum of the area of interest is then taken and
analyzed as described previously with respect to the first mode and in greater
detail below. The result of the analysis is then stored with the location. This
process is then repeated for all of the identified locations. Once the
measurements and analysis for each location have been completed, the
controller may check to determine whether any locations were identified as
being cancerous in nature. If not, the system may request the removal of the
slide and insertion of the next. More advantageously, an automated feed
system may be provided to feed slides in succession. In the event that the
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system identifies one or more areas as being within a particular cell
classification of concern, e.g. cancerous, then a warning or alert may be
provided to a user, for example in the form of a message on the display or an
audible warning. The interface may then present the user with a sequential
view of the identified areas from the digital image to allow the user to confirm

the result.

The advantage of using Low Resolution Raman Spectroscopy (LRRS) is that
in contrast to previous research high spectral resolution is not required, thus
allowing an instrument to be provided employing low cost lasers and miniature
spectrometers thus lowering the size, weight and cost of instrumentation by

an order of magnitude.

An in built algorithm for classification of unknown samples compares the
spectra to a large database of normal, invasive carcinoma and CIN I, Il and IlI
samples and allocates the spectra to the most similar group.

A simple user interface which may be used by a non-specialist allows spectra
to be recorded rapidly and easily and the classification may be given as one of
five different types: normal / invasive carcinoma /CIN I/ CIN 11/ CIN lll.  No
expertise in spectroscopy is required as spectra are not analysed by the user,
but simply fed into the analysis module employing an in built algorithm. This
aspect makes the technology ideal for a busy and demanding hospital setting

as no new skills would be required and the process would be extremely rapid.

The algorithm techniques described above will now be discussed with
reference to Figure 9. Following the acquisition of Raman measurements from
a cervical smear sample, a range of data pre-processing techniques
(smoothing, normalization, derivatisation) may be applied to the data in order
to reduce experimental variance before progressing to multivariate statistical

analyses.

Exemplary multivariate statistical techniques that may be employed fall under
two main categories, supervised and unsupervised. Unsupervised techniques

such as principal component analysis (PCA) assume no prior knowledge of
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the data under consideration. Mathematical transformation of the spectra
allows the data to be described in terms of the co-variations within each
spectra permitting closer investigation of the spectral regions resulting in
separation between groups. In this application, the use of principal component
analysis is primarily applied to reduce the computational intensity required to
develop supervised pattern recognition models. An additional benefit of PCA
is that noise can be removed from the spectra as the technique reorganises
the data with respect to the principal components of variance and therefore
the majority of the information contained in the original data is now present in
a lower number of vectors, vectors with a low level of variance from the
original dataset can be removed with minimal loss of information. A third
advantage arising from using PCA is the ability to reveal outliers within a
spectral dataset and to remove them, thus increasing the final accuracy of the
system. PCA may be used as an initial step in the present application when
analyzing data. It may be omitted but this would increase the complexity and

time required to conduct the second step considerably.

Once this initial analysis is complete a second multivariate approach is
employed using supervised learning algorithms. These techniques would be
familiar to persons in the art. Such algorithms may be described as intelligent
systems, here we use the prior knowledge of the samples, specifically
cytologist grading of the sample, i.e. the system is initially trained using a
series of known results. Hence the patterns within the data may be “learned”
and predictive models formed to classify unknown samples. For the current
system a machine learning approach called support vector machines (SVM)
was utilized. In short, the technique locates the optimum linear or non-linear
decision boundary between two or more classes in multidimensional space.
The process of developing an SVM model began with a dataset containing
cytologist graded set of cervical smears measured using Raman. PCA may be
used to reduce the dimensions of the data, or the entire dimensionality of the
data can be used to train the SVM, although SVMs can operate on datasets of
large numbers of dimensions without increasing the complexity. The first
stage uses leave one patient out cross validation (LOPO-CV) procedure to
select the best settings for the SVM. Once the optimum settings have been
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selected the model is trained. In order to ensure confidence in the model an

independent test set validation is carried out.

Artificial neural network (ANN) classifiers such as the MLP may also be used
for this task. ANNs are loosely based on processes observed in the brain,
consisting of highly linked neurons. Each processing unit in the ANN has a
weight and bias associated with it in the training phase of the algorithm these
weights and biases are modified in order to produce the classification model.

The construction and evaluation of an ANN is identical to that of the SVM.

Once the model has been trained, sample results may be applied to the model
and a result comprising a classification of the sample obtained.

The medical community is generally considered to be slow to embrace new
technology so it is proposed that the first mode of operation would be
implemented first with the second mode as users became familiar with the
system. Both cervical smears and biopsied material (either fresh tissue

sections or dewaxed sections) may be analyzed.

Investigations by the inventors on normal and abnormal cervical tissue
sections, using Raman spectroscopy have shown that marked spectroscopic
differences between normal and abnormal tissue may be consistently
observed and excellent correlation with pathological diagnosis achieved as

illustrated in Figure 4.

With leave one out cross validation, a prediction accuracy of 98.8% has been
achieved. More importantly, in tests conducted on approximately 300 different
invasive carcinoma and CIN (pre-maligant) spectra applied to the discriminant
analysis by the inventors, not a single abnormal spectrum was misclassified

as normal.

Sensitivity and specificity are the most widely used statistics used to describe
a diagnostic test. Sensitivity refers to the probability of a positive test among
patients with disease, while specificity refers to the probability of a negative

10
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test among patients without disease. Excellent sensitivity and specificity
values were obtained (table 1) indicating that Raman spectroscopy coupled
with multivariate statistical analysis is an extremely reliable method for

cervical cancer diagnosis.

Sensitivity Specificity
Normal 99.5% 100%
Invasive carcinoma 98.5% 99%
CIN 99% 99.2%
Table 1 Sensitivity and specificity values for normal epithelial tissue,

invasive carcinoma and CIN tissue

As described above, the inventors have collected convincing evidence that
vibrational spectroscopy may be employed within a diagnostic tool for early
detection of cancer. Raman spectroscopy is a non-destructive and non-
invasive technique making it ideal for a hospital setting. This optical technique
is also easily adaptable to endoscopes, making it a versatile tool for a variety
of cancers.

The present instrument has been optimised so that spectral markers and/or
indicators of change to a sample may be identified, and the acquisition
procedure can be simplified using low resolution Raman systems. Thus the
high resolution and sensitivity of benchtop systems may be sacrificed for the
classification of samples which have been well characterised according to
spectroscopic markers or indicators, thus allowing for smaller, less expensive
systems and faster testing times. In particular, low resolution Raman
spectroscopy (LRRS) may be implemented with low cost lasers and miniature
spectrometers thus lowering the size, weight and cost of instrumentation by
an order of magnitude. Experimental work by the inventors has shown that the
techniques presented herein are more than adequate to resolve the spectral
differences previously identified in high resolution Raman studies (figure 5 and
6) performed by the inventors.

11
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The dimensionality of the data was reduced using principal component
analysis (PCA) as described above. The PCA analysis showed good
separation between the spectra of normal and abnormal cell and tissue types
(figure 7).

For the low resolution spectroscopy of the tissue sections, PCA-LDA was
used to classify unknown sections using the previously recorded spectra as a
calibration set. A prediction accuracy of 93.4% was shown. Sensitivity and
specificity values of 99.5% and 100% for normal tissue, 94.2% and 92.8% for
tumour tissue and 78.9% and 97% for CIN tissue were found. For the low
resolution spectroscopy of the smear samples, a support vector machine
(SVM) model was trained to allow automatic diagnosis of cells from smear
samples. Following rigorous model design and evaluation, the classification
model was found to be 100% accurate on unseen data with 100% specificity

and 100% sensitivity for normal and abnormal cell types.

Some the present results were obtained using LDA methods and are indeed
encouraging, but alternative analysis methods, which would be familiar to
those skilled in the art, including support vector machines (SVM) may prove
more beneficial as they have been shown to outperform LDA in a range of

applications.

In order to allow non specialist users to operate the classification algorithm, a
user friendly graphical user interface (GUI) has been developed as described
above and shown by example in Figure 8. The interface allows a user select
an area for acquisition of spectra from by the Raman microscope and
presents the classification of a selected area. As with other diagnosis
systems, the GUI may be connected to a secure relational database for model
and diagnosis results. As with other database systems, the clinician may also
be able to add patient data and specific sample notes and recommendations

for further actions to be taken.

12
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The competitive advantage of the technology is that the low resolution
analyser is a compact low cost system that can provide high speed, non
subjective diagnosis of cervical cancer and pre-cancer. The output of the
system may be a simple colour coded scale graded according to normal, CIN
[, Il or lll, malignant. Advantageously, the system is user friendly for the non
specialist user and will give higher specificity and sensitivity values than the
currently used cytological methods. Whilst the method\system has been
described with reference to pap smears, it will be appreciated that it may be

extended to similar tests including investigations of biopsies.

13



10

15

20

25

30

Claims

1.

A system for analyzing a PAP smear sample on a slide, the system
comprising:

a controller,

a stage for receiving the slide,

a microscope for viewing the slide, the microscope having a central optical
axis,

a Raman spectroscopy device sharing the central optical axis of the
microscope,

wherein the controller is adapted to cause the stage to move an identified
area of interest on the slide to be in-line with the central optical axis and to
cause a spectrum to be obtained by the Raman spectroscopy device for
the area of interest,

the system further comprising an analysis module for determining whether

the spectrum falls within one or more predefined classes of cell.

A system according to claim 1, further comprising a graphical user
interface comprising a window display the view from the microscope,
wherein the interface is configured to allow a user to use a pointer to
identify the area of interest.

A system according to claim 2, wherein the result of the determination of
whether the spectrum falls within one or more predefined classes of cell is

displayed within the graphical user interface.

A system according to claim 1, wherein the analysis module is configured
to perform image analysis on an image acquired by the microscope to

identify areas of interest.

A system according to claim 4, wherein the image analysis identifies cells

as areas of interest.

A system according to any preceding claim, wherein the system further
comprises a light source for illuminating the slide, wherein the controller is

14
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adapted to switch off the light source when operating the Raman

spectroscopy device.

A system according to any preceding claim further comprising a moveable
mirror for switching the optical path between the microscope and the
Raman spectroscopy device, wherein the moveable mirror is responsive

to the controller.

A system according to any preceding claim, wherein the one or more
predefined classes comprise one or more of the following:

a) normal

b) invasive carcinoma and

c) cervical intraepithelial neoplasia (CIN).

A system according to claim 8, wherein the CIN class is further delineated
into the classes of:

a)CIN |

b) CIN Il and

c) CINIIL.

10.A system according to any preceding claim wherein the Raman

spectroscopy device is a low resolution Raman spectroscopy device.

11.A system as described herein with reference to and as illustrated in the

accompanying drawings.

12.A method as described herein with reference to and as illustrated in the

accompanying drawings.

15
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