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Abstract. Elastic scattering spectroscopy �ESS� may be used to detect
high-grade dysplasia �HGD� or cancer in Barrett’s esophagus �BE�.
When spectra are measured in vivo by a hand-held optical probe,
variability among replicated spectra from the same site can hinder the
development of a diagnostic model for cancer risk. An experiment
was carried out on excised tissue to investigate how two potential
sources of this variability, pressure and angle, influence spectral vari-
ability, and the results were compared with the variations observed in
spectra collected in vivo from patients with Barrett’s esophagus. A
statistical method called error removal by orthogonal subtraction
�EROS� was applied to model and remove this measurement variabil-
ity, which accounted for 96.6% of the variation in the spectra, from
the in vivo data. Its removal allowed the construction of a diagnostic
model with specificity improved from 67% to 82% �with sensitivity
fixed at 90%�. The improvement was maintained in predictions on an
independent in vivo data set. EROS works well as an effective pre-
treatment for Barrett’s in vivo data by identifying measurement vari-
ability and ameliorating its effect. The procedure reduces the com-
plexity and increases the accuracy and interpretability of the model
for classification and detection of cancer risk in Barrett’s esophagus.
© 2009 Society of Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.3194291�
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Introduction

he incidence of esophageal adenocarcinoma has increased
ramatically since the 1970s, and it is now the fifth common-
st cause of cancer death in the UK. The five-year survival
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44 �0� 207 679 9084; Fax: +44 �0� 207 813 2828; E-mail:
ing.y.zhu@ucl.ac.uk.
ournal of Biomedical Optics 044022-
rate for this cancer is less than 10%.1,2 Barrett’s esophagus
�BE� is a premalignant condition in which the normal squa-
mous epithelium of the esophagus is replaced by metaplastic
columnar epithelium,3 increasing the risk of developing ad-
enocarcinoma by 30 to 125 times4–7 when compared to the
general population. Systematic endoscopic surveillance of BE
has been shown to detect esophageal adenocarcinoma at an
early and curable stage.8 High-grade dysplasia �HGD� is the

1083-3668/2009/14�4�/044022/7/$25.00 © 2009 SPIE
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urrent most robust predictor of future cancer risk in patients
ith BE, with around 50% progressing to adenocarcinoma at
ve years if it is not treated.9,10

Endoscopic surveillance relies on regularly spaced, but es-
entially random, biopsies being taken from the four quad-
ants of the Barrett’s segment every 2 cm. It is time-
onsuming and labor intensive and has a low detection rate
or HGD, even when abnormalities exist.11,12 The challenge
or clinicians and scientists is to develop new technologies for
etecting patients at high risk of progression to cancer. Ide-
lly, this would be accurate, easy to use, and inexpensive and
ould provide results rapidly, preferably without the need to

emove tissue.
Elastic scattering spectroscopy �ESS� is an in vivo optical

oint measurement, which, using an appropriate optical ge-
metry, is sensitive to changes in the physical properties of
issue.13 The optical probe is passed through the working
hannel of an endoscope and is placed in direct contact with
issue. Short pulses of white light interrogate a small volume
f superficial tissue approximately 0.5 mm in diameter and
.5 mm deep. �See details in the following�. Results are avail-
ble within fractions of a second. Since the technology uses
hite light and produces a strong backscattered signal, com-
onents are inexpensive and the system is simple to manufac-
ure. It is also safe, because only light in the range
20 to 900 nm is used for illumination, with shorter-
avelength ultraviolet light being filtered out. Many of the

eatures that pathologists look for in diagnosing HGD have
lso been shown to affect light scattering, including the
uclear:cytoplasmic ratio �in Monte Carlo modeling14�; the
ellular packing density;15 and the nuclear size.16 The nuclear
hromatin content has also been shown to affect the spectra of
oth singly scattered light17,18 and high angle scatter in ESS.19

SS has been demonstrated clinically in a number of organ
reas and disease types.20

The problem is how to maximize the discrimination be-
ween ESS spectra taken from high- and low-risk sites in or-
er to accurately detect the patients at high future cancer risk.
he difficulty is that the spectral differences between normal
nd abnormal tissue can be subtle compared to major sources
f variation that are of little or no predictive value for the
etection of cancer risk.

In the clinical setting, it is extremely difficult even for
xperienced endoscopists to accurately control all aspects of
SS spectral acquisition, especially with respect to the angle
nd pressure of the optical probe in relation to the tissue with
hich it is in contact. It is known that pressure affects the

pectra.21 Movement and other artifacts also occur and can
ffect the optical measurements collected. This is in part due
o the proximity of the esophagus to the heart and lungs in the

ediastinum, making it susceptible to coughing and breathing
rtifacts during endoscopy. If replicated spectra were to be
aken in rapid succession from the same site �typically four in
nder one second� an appropriate statistical pretreatment
ethod might be able to identify and reduce this intermea-

urement variability, thus helping in the construction of an
ffective diagnostic model.

In this work, we have employed a new statistical pretreat-
ent method called error removal by orthogonal subtraction

EROS�, which was introduced in an earlier paper.22 EROS
ses replicated measurements to learn the structure of the
ournal of Biomedical Optics 044022-
measurement variability and an orthogonal projection matrix
to subtract it mathematically from the spectra.

2 Materials and Methods
2.1 Elastic Scattering Spectroscopy System
The ESS system consists of a pulsed xenon arc lamp, an op-
tical probe, a spectrometer, and a computer to control these
components and record the spectra. The arc lamp, spectrom-
eter, and power supply are housed in a portable, briefcase-
sized, unit to which the laptop computer is connected. Short
pulses of white light �320 to 920 nm� from the xenon arc
lamp �Perkin Elmer, Inc., Fremont, California� are directed
through a flexible optical fiber, with the probe tip touching the
tissue to be interrogated. Ultraviolet B and C
�100 to 315 nm� light is filtered out to avoid risk to patients.
A collection fiber �200 �m diameter�, with a fixed separation
distance of �350 �m �center-to-center� from an illumination
fiber �400 �m diameter�, collects backscattered light from the
upper layers of the tissue and conveys it to the spectrometer
�S2000 Ocean Optics, Dunedin, Florida�. The spectrometer
outputs the spectrum to the computer for recording and fur-
ther analysis �Fig. 1�. The fiber assembly is housed in a plastic
sheath �outer diameter 2.0 mm�, which can pass into the
esophagus via the biopsy channel of a standard endoscope.
Collection and recording of a single spectrum takes approxi-
mately 200 ms.

2.2 Laboratory Experiment

2.2.1 Purpose of experiment
Two potential sources of significant measurement variability
when collecting data in vivo are variations in the pressure of
the probe on the tissue and in the angle at which the probe is
held to the tissue.23,24 These factors are difficult to control
during measurement under typical clinical conditions. In the
experiment reported here, they were deliberately varied in a
controlled fashion in order to investigate their effects on the
spectra.

2.2.2 Materials, instruments, and methods
Two different types of tissues, squamous-cell-lined pig
esophagus and columnar-cell-lined pig stomach, were re-
sected, using a portion of approximately 4 cm2 of each tissue,
extended on a small piece of cork and fixed with pins. This
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Fig. 1 Schematic diagram of elastic scattering spectroscopy �ESS�
system.
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reparation was placed on an electronic balance, as illustrated
n Fig. 2. All measurements were carried out with a 2.5-mm
outer diameter� optical biopsy probe, which contains both the
lluminating and collecting fibers. As described earlier, these
bers had a center-to-center separation of 350 �m.25 Data
ere collected at six random sites for each tissue. At each site,
0 replicate measurements were taken under the conditions of
ll possible combinations of four pressures �0 kPa, 10 kPa,
0 kPa, 30 kPa� and four angles to the vertical �0 deg,
5 deg, 30 deg, 45 deg�. Thus, the total number of spectra
easured for each tissue was 960. To achieve the conditions,

he probe was fixed to a micromanipulator at the desired angle
nd pushed downward until the balance gave the desired read-
ng. The force measured by the balance was converted to a
ressure using an approximate contact area of 5 mm2 for the
robe tip.

.3 In Vivo Spectral Acquisition
his study was approved by the joint University College
ondon/University College London Hospitals �UCLH� Ethics
ommittee. During routine endoscopy, optical measurements
ere taken, followed immediately by biopsy from the same

ites. A total of 152 matched optical and histological biopsy
ites were collected from 81 patients referred to our tertiary
eferral center between 2000 and 2003 for the management of
igh-grade dysplasia �HGD� or early cancer in BE. Informed
onsent was obtained from all patients prior to their partici-
ation in the study.

Before any tissue spectra were taken, a white reference
pectrum was recorded from the spectrally flat diffuse reflec-
or �Spectralon, Labsphere, Inc., North Sutton, New Hamp-
hire�. This provided calibration of the overall system re-
ponse, to account for spectral variations in the light source,
pectrometer, fiber transmission, and fiber coupling. ESS
pectral data used in our analysis is the ratio of the spectral
ntensity of backscattered light from the tissue to that of the
tandard reference spectrum from Spectralon. Each spectrum
as made up of 1801 pixels from the detector, spanning the
avelength range 320 to 920 nm, although the actual spectral

esolution was about 3 nm ��9 pixels�.
Spectra were taken from one to three sites per patient, with

median of four spectra from each site �mean 3.3�. Of the 152
atched optical and histological biopsies �corresponding to

06 spectra�, 122 �corresponding to 413 spectra� were from
ow-grade dysplasia or no dysplasia �low risk� and 30 �corre-
ponding to 93 spectra� were from high-grade dysplasia or
ancer �high risk�. Each biopsy was assessed and assigned as
ither high or low risk by three pathologists, who met to gen-
rate a consensus in cases of disagreement. This data set was

ESS box

Laptop

10 g

Probe

Display

Tissue sample

Digital balance

Fig. 2 Schematic representation of the experimental setup.
ournal of Biomedical Optics 044022-
used to train classification rules, as described in Sec. 2.4.
A new data set with a total of 68 matched optical and

histological biopsies �corresponding to 276 spectra� was col-
lected from another 20 patients. These measurements were
made later in time than those in the training set and were not
looked at until after the diagnostic models had been selected
and trained. The set included 50 biopsies �corresponding to
202 spectra� from low-grade dysplasia or no dysplasia �low
risk� and 18 biopsies �corresponding to 74 spectra� from high-
grade dysplasia or cancer �high risk�. This data set was used
for prospective prediction, as described in Sec. 2.4.

All raw spectra were visually examined for any obvious
outliers caused by acquisition errors, poor contact of the op-
tical probe with the tissue, dirt/blood on the probe tip, or other
artifacts. These spectra, from 16 biopsy sites, were excluded
from subsequent analysis.

2.4 Statistical Analysis
Standard data preprocessing was carried out on the spectra to
improve signal quality.25,26 The spectra were first smoothed
using the Savitzky-Golay method,27 spanning a 7-point win-
dow below 620 nm and spanning a 20-point window above
620 nm, where noise was greater. To speed subsequent ma-
nipulation, the smoothed data were then reduced from the
1801 pixels, given the spectrometer resolution of 9 pixels, by
taking alternate points only. To remove the regions of the
spectra with low signal-to-noise ratios arising from the lower
system response, only the wavelengths between 370 and
800 nm, with 637 points, were used in the analysis. Using the
standard normal variate �SNV�28 method, the spectra were
then normalized by setting the mean intensity of each spec-
trum to zero and the variance to one.

To study the spectra from the laboratory experiment, a
principal component analysis �PCA� based on the pooled
within-site covariance matrix22 was carried out separately for
each type of tissue. The loadings for the first few principal
components describe how pressure and angle affect the ex-
perimental spectra. The results for the two types of tissue
being similar, the within-site covariance matrix was then
pooled over all 12 sites, and a further PCA carried out. A PCA
was also carried out on the pooled within-site covariance ma-
trix of the in vivo spectra. The loadings for the first few prin-
cipal components from this analysis describe the variability in
in vivo replicate measurements. The two sets of loadings, for
experimental and in vivo spectra, were compared.

A new spectral pretreatment method, error reduction by
orthogonal subtraction �EROS�, described in detail
elsewhere,22 was applied to the in vivo spectra. EROS deals
with problems related to measurement variability. It uses rep-
licated measurements from what is nominally the same site to
model the structure of the measurement variability, and then
subtracts this variability from the spectra. The modeling in-
volves a PCA of the pooled within-site covariance matrix of
the in vivo spectra, as described earlier. The result of this is a
set of principal component loadings that describe the mea-
surement variability. The subtraction is carried out by project-
ing the spectra onto the space orthogonal to that spanned by a
chosen number, k, of these principal components. This is
equivalent to subtracting from each spectrum the best fitting
July/August 2009 � Vol. 14�4�3
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in a least-squares sense� linear combination of the k selected
rincipal component loadings.

Using the in vivo training data set described in Sec. 2.3,
lassification rules were derived from both the original spectra
nd the EROS pretreated spectra using principal component
iscriminant analysis �PCDA�: an initial PCA on the spectra,
ollowed by linear discriminant analysis �LDA� on the first q
C scores.22 EROS and PCDA were carried out for a grid of
alues of k and q, with k ranging from 0 �no dimensions
ubtracted� to 7 and q from 5 to 30. Leave-out-one-site
ross-validation22 trained the algorithm, i.e., carried out the
ROS pretreatment followed by the PCA and the LDA, on all

he data except one site, and the excluded site was then pre-
icted. This was used to assess the performance of the classi-
cation, as measured by sensitivity, specificity and AUC, the
rea under a receiver operating characteristic �ROC� curve
howing the sensitivity versus the false positive rate �1-
pecificity�, generated by varying the threshold canonical
core. In this per-site analysis, if any one of the spectra from
particular biopsy site was classified as a spectrum from a

igh-risk site, the whole biopsy site was regarded as a high-
isk one.

To test the robustness of the models, predictions were
ade for the separate Barrett’s test set described in Sec. 2.3.
he same spectral pretreatment procedures were implemented
n these data as mentioned earlier, followed by an application
f the classification rules derived from the training data de-
cribed in Sec. 2.3 using cutoffs also learned from the training
ata. All the computations and analyses were performed using
he R statistical language �www.r-project.org�. R is a free soft-
are environment for statistical computing and graphics.

Results
.1 Measurement Variability
xamination of the laboratory data, where pressure and angle
ave been deliberately varied, and comparison of these data
ith in vivo spectra showed that these factors do affect the

pectra and are probably responsible for much of the variabil-
ty in the in vivo spectra.

That pressure and angle affect the spectra is evident from
ig. 3, with a clear ordering of the mean spectra for the squa-
ous tissue being visible as each factor is varied. The picture

s similar for the columnar tissue. It is not surprising that these
actors affect the spectra, for they will affect the contact of the
robe and the density of the tissue beneath it. To demonstrate
he similarity between the spectral variability in the laboratory
nd in vivo situations, the first three principal component
oadings, based on the pooled within-site covariance matrix,
re plotted in Fig. 4 for both the experimental data and the in
ivo Barrett’s data. For each principal component, the experi-
ental and in vivo loadings are similar. The first component,

lmost a linear trend with wavelength, and the second, resem-
ling an inverted mean spectrum, suggest that variations in
aseline and scale are dominant in both systems. The third
omponent is harder to interpret, but still shows a broadly
imilar shape in the two cases. For the experimental data, the
ooled within-sample covariance captures the variation
aused by pressure and angle under controlled laboratory con-
itions. For the in vivo Barrett’s data, it describes the variabil-
ty between replicate measurements. The similarity in the
ournal of Biomedical Optics 044022-
loadings supports the contention that much of the variability
in the in vivo replicate measurements comes from differences
in pressure and/or angle.

3.2 Effect of EROS Pretreatment on In Vivo Spectra
The two panels of Fig. 5 show the mean spectra for low- and
high-risk sites, before and after pretreatment with EROS, in
which k=5 dimensions were removed. Differences between
the means are much more evident in the right-hand panel,
after pretreatment. What cannot be seen from the figure, be-
cause the spectra have been rescaled, is that the pretreatment
has removed 96.6% of the variability in the original spectra.

3.3 Effect of EROS on the Construction of a
Diagnostic Rule

The in vivo data were used to construct diagnostic rules for
the detection of HGD or cancer both with and without the use
of EROS, fixing the sensitivity at 90% in each case. Exami-
nation of plots that show how each wavelength contributes to
the discrimination revealed a reduction in noise and an im-
provement in interpretability when EROS was used.

Table 1 shows the leave-out-one-site cross-validation re-
sults for detection of HGD or cancer for various combinations
of k, the number of dimensions removed by the EROS pre-
treatment, and q, the number of principal components used in
the construction of the diagnostic rule. In deriving the rule,
the “cutoff” canonical score between the high-risk and low-
risk sites was chosen to give a sensitivity of 90% each time.
This high sensitivity comes at the expense of specificity, but it
was felt to be a greater omission to potentially “miss” patients
at high risk than to have to collect a few additional biopsies
�due to ESS false positives�. In the clinical model we envi-
sion, conventional biopsies would be taken only if the ESS
spectrum was indicative of dysplasia or cancer.

Without pretreatment by EROS �k=0 in Table 1�, the
choice q=30 gives the best results with sensitivity, specificity,
and AUC of 90%, 67%, and 0.82, respectively, comparable
with those reported in Ref. 25 for a related but slightly differ-
ent data set �92%, 60%, 0.85�. When at least k=3 dimensions
are removed by EROS, the number of components required to
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onstruct a good diagnostic rule falls substantially. In particu-
ar, the combination k=5, q=5 gives the best results, with
ensitivity, specificity, and AUC of 90%, 82%, and 0.86, re-
pectively.

Figure 6 compares the loadings for the LDA discriminant
unctions using k=0, q=30 �no EROS� in the left panel and
=5, q=5 in the right panel. These loadings show the contri-
ution at each wavelength to the linear diagnostic rule, and
hus permit interpretation of its spectral basis. With EROS,
nd thus using many fewer factors in the classification model,
he loading vector is much less noisy and can be related much

ore easily to features in the spectra. In the right-hand panel
f Fig. 6, the most obvious feature is a large positive LDA
oading in the region of 650 to 800 nm and peaking at around
60 nm, corresponding to clear differences between the mean
pectra. The peak at 760 nm is consistent with a lowered
xygen saturation of haemoglobin in dysplastic tissue, as has
een noted by various research groups.29,30 Two peaks in the
DA loading around 540 and 580 nm may be due to absorp-

ion dips of HbO2 at 542 and 577 nm in the spectra of high-
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risk cancer due to increased Hb presence. It is known that
cancers and precancerous tissues are characterized by in-
creased microvascular volume, and hence increased blood
content.31

3.4 Prospective Prediction
The two best models, those using k=0, q=30 �no EROS� and
k=5, q=5 �EROS�, were applied to the independent test set.
The EROS model gave better prediction results with sensitiv-
ity of 83% and specificity of 84%, compared with a sensitivity
of 78% and specificity of 66% without EROS. Both models
showed some loss of sensitivity compared with the 90% on
the training set, but the specificity was maintained in both
cases, which was the advantage of EROS.

4 Discussion
The importance of variations in pressure and angle at the time
of spectral measurement has been confirmed by a designed
experiment. Pretreatment with EROS was used to characterize

600 700 800

)

600 700 800

gth (nm)

400 500 600 700 800

(c)

−
0.

2
−

0.
1

0.
0

0.
1

P
C

3
lo

ad
in

g

400 500 600 700 800

Wavelength (nm)

Barrett’s data
Experimental data

variability of the pooled experimental data �dotted line� and in vivo

Normal
Cancer

−
0.

2
−

0.
1

0
0.

1
0.

2

In
te

ns
ity

400 500 600 700 800
Wavelength (nm)

(b)

. �a� With standard preprocessing only. �b� With standard preprocess-
500

(b

500

avelen

in-site
e� sites
July/August 2009 � Vol. 14�4�5



T
d
m
L

F
t

Zhu et al.: Elastic scattering spectroscopy for detection of cancer risk in Barrett’s esophagus…

Journal of Biomedical Optics 044022-
and remove this variability from in vivo spectral data before
developing a diagnostic rule. In this case, the diagnostic rule
employed PCA followed by LDA, but it would be perfectly
possible to combine EROS with other approaches to classifi-
cation. The resulting simplification of the spectral data has
two benefits. The removal of noise should lead to more robust
predictions, as demonstrated on the independent test set. This
is crucial for real-time clinical diagnostic application. In ad-
dition, simpler and smoother loadings for the classification
rule will facilitate interpretation of the spectral basis for the
rule. This interpretation of the LDA loading will be further
developed in future work. In conclusion, this work provides a
better understanding of how spectral changes are generated by
scattering and absorption and how they contributed to classi-
fication. EROS allows the development of a more accurate
and robust diagnostic algorithm system in which ESS acts as
a straightforward, reliable, and valuable technique for the
rapid and accurate early detection of cancer risk in Barrett’s
esophagus.
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