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Abstract

Background—In 10% to 15% of individuals, inflammatory bowel disease (IBD) is difficult to
classify as ulcerative colitis (UC) or Crohn’s disease (CD). Previous work has demonstrated that
probe-based elastic scattering spectroscopy (ESS) can produce spectra, informed by parameters
like tissue ultrastructure and hemoglobin content, capable of differentiating pathologies. This
study investigates whether ESS is an in vivo optical biomarker for the presence, activity, and type
of IBD in the colon.

Methods—Pilot study, a retrospective data analysis. ESS spectra of endoscopically normal and
inflamed colon were obtained from 48 patients with IBD and 46 non-IBD controls. Measurements
from patients with IBD were categorized as CD or UC based on clinical diagnosis. Spectra were
analyzed using high-dimensional methods. Leave-one-patient-out cross-validation was used to
obtain diagnostic performance estimates.

Results—Patients with IBD were distinguishable from non-IBD controls with a sensitivity of
0.93 and specificity of 0.91 based on readings from endoscopically hormal mucosa, and 0.94 and
0.93 from inflamed mucosa. In patients with IBD, histologically normal and inflamed colon were
distinguishable with per-class accuracies of 0.83 and 0.89, respectively; histologically normal
from inactive inflammation with accuracies of 0.73 and 0.89, respectively; and inactive from
active colitis with accuracies of 0.87 and 0.84, respectively. The diagnosis of CD versus UC was

Reprints: Satish K. Singh, MD, Department of Medicine, Section of Gastroenterology, Boston University School of Medicine, Suite
504, 650 Albany Street, Boston, MA 02118 (singhsk@bu.edu).

The authors have no conflicts of interest to disclose.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rodriguez-Diaz et al.

Page 2

made with per-class accuracies of 0.92 and 0.87 in normal and 0.87 and 0.85 in inflamed mucosa,
respectively.

Conclusions—ESS, a simple, low-cost clinically friendly optical biopsy modality, has the
potential to enhance the endoscopic assessment of IBD and its activity in real time and may help
to distinguish CD from UC.

Keywords

spectrum analysis; spectroscopy; endoscopy; inflammatory bowel disease; Crohn’s disease;
ulcerative colitis; biomarker

Inflammatory bowel disease (IBD) is a spectrum of disorders that leads to inflammation of
the intestinal mucosa, classified clinically as ulcerative colitis (UC) or Crohn’s disease (CD).
UC involves the large intestine and causes inflammation in a continuous pattern from the
rectum to the cecum. CD, however, can involve the large or small intestines, generally spares
the rectum, and can lead to fistulas, abscesses, and/or strictures. In the United States, it is
estimated that between 1 million and 1.5 million people have IBD.1=3 There is no gold
standard for classifying IBD as UC or CD, although this is crucial for prognostic and
therapeutic reasons. In the majority of cases, UC can be distinguished from CD using
clinical features, laboratory testing, routine white light endoscopy with associated biopsy
histopathology, and radiological imaging. However, in approximately 10% to 15% of
patients with disease limited to the colon, a definitive diagnosis can be difficult.# IBD
restricted to the colon that cannot be further classified as CD or UC is termed as IBD
unclassified (IBD-U).> Laboratory markers, such as fecal markers and serological antibody
testing, may be used to aid in the diagnosis of IBD,%7 and, in cases of IBD-U, to help and
distinguish between IBD subtypes and identify high-risk individuals, which may have
treatment implications.8: Although serological biomarkers alone are not useful in
diagnosing 1BD,19:11 they may have an adjunctive role in cases of IBD-U and in stratifying
those at high-risk for disease-related complications.

Optical spectroscopy has been suggested as a promising tool for the management of
IBD.12-14 Flyorescence spectroscopy has been reported to differentiate normal colon from
IBD ex vivo in murine models® and to increase the detection of invisible flat intraepithelial
neoplasia.1® Recently, Raman spectroscopy has been proposed as an optical biomarker for
distinguishing CD from UC in vitro in ex vivo tissue samples from patients with IBD.17

Elastic scattering spectroscopy (ESS) and related reflectance spectroscopies have shown
promise in vivo in the gastrointestinal tract for detecting neoplasia in the colon,18-22
dysplasia in the esophagus,?1:23-27 and colitis and dysplasia in patients with IBD.18:19 ESS
has also been used to distinguish pathologies in other epithelially lined hollow organs, such
as the urinary bladder,28 and in cystic and solid tissues, including breast and associated
lymph nodes, 2930 pancreas,3! and thyroid.32:33

ESS, mediated by application-specific fiberoptic probes with specialized optical geometries,
is sensitive to the absorption spectra of major chromophores (e.g., oxy-/deoxy-hemoglobin)
and, more importantly, to the scattering spectra related to micromorphological features of
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tissues that are in contact with the tip of the probe. ESS spectra derive from the wavelength-
dependent optical scattering efficiency (and the effects of changes in the scattering angular
probability) caused by optical index gradients because of cellular and subcellular structures.
Thus, unlike Raman and fluorescence spectroscopy, ESS provides largely microstructural,
not biochemical, information. As such, ESS is sensitive to structural features such as nuclear
size, crowding, chromaticity, and chromatin granularity, as well as to mitochondrial and
organellar size and density. Such features are, to varying degrees, components of a
histopathological assessment. ESS, however, is a real-time, point-source measurement that
senses these types of morphological changes semiquantitatively without actually rendering a
microscopic image, per se. In addition, because of its inherent simplicity and
miniaturizability, ESS is extremely low cost, clinically robust, and impacts procedure flow
minimally, especially when integrated into standard endoscopic biopsy tools.?1

In this article, we investigate whether ESS has utility as an in vivo real-time endoscopic
reporter of disease activity and an optical biomarker for distinguishing CD from UC.

METHODS

Instrumentation

The ESS system and probes have been described previously.2921 Briefly, the ESS optical
biopsy forceps consists of 2 identical adjacent fibers with 200 um cores (one for illumination
and the other for detection) with a numerical aperture of 0.22 in air. The center-to-center
separation between the fibers is approximately 250 um. With this probe configuration, a
tissue depth of approximately 350 pm and a tissue volume <0.2 mm? is interrogated. Biopsy
forceps were constructed with a hollow central channel extending into the space between the
jaws (ESCO Medical Instruments, Stony Brook, NY) capable of accommodating a 0.470
mm outer diameter of a hypotube encasing our probe (Fig. 1). As in previously described
ESS designs, the forceps is connected to the ESS system, which consists of a broadband
(320-850 nm) light source (pulsed Xenon arc lamp, LS-1130-3; Perkin Elmer, Waltham,
MA), built-in computer with custom software, spectrometer (52000; Ocean Optics, Inc.,
Dunedin, FL), microcontroller board, and power supply, all housed in a clinically friendly,
compact enclosure (Optimum Technologies, Inc., Southbridge, MA) (Fig. 2). Immediately
before each procedure, the ESS forceps and spectrometer were calibrated for system
response by measuring a reflectance standard (Spectralon; Labsphere Inc, North Sutton,
NH), a spectrally flat, diffuse-reflector, enabling correction of total system response, which
includes effects of spectral variations in the light source, spectrometer, fiber transmission,
and fiber coupling. It should be noted that all the endoscopes used have a continuous wave
light source (Olympus 100 series with EVIS EXERA | & I1 systems, Olympus America,
Melville, NY) that does not interfere with ESS readings because background light is
measured separately and subtracted from the ESS measurement and all measurements
occurring in less than 200 milliseconds. This step is sufficient to eliminate interference from
background illumination in all widely available endoscopes, most of which use continuous
wave illumination light sources.
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Clinical Measurements

Data collection was performed as part of IRB approved clinical studies at Boston Medical
Center, Boston, MA. Patients used as controls were enrolled from our existing colorectal
cancer screening pool and had no history or clinical diagnosis of IBD. Patients with IBD
enrolled in the study were undergoing colonoscopy for clinical evaluation or surveillance of
IBD. All endoscopic examinations and tissue sampling were clinically indicated for a given
patient and were performed as scheduled by 1 of 3 operators (C.S.H., S.K.S., FA.F). In
patients with IBD, a diagnosis of UC or CD was assigned based on clinical, radiographical,
and histological information by an experienced IBD clinician (F.A.F.). In both control and
IBD patients, noninvasive optical ESS readings of the mucosa were acquired by placing the
optical forceps in gentle contact with the mucosa in question. Five ESS measurements were
taken in rapid succession in at least 10 different random sites across all colonic segments.
These ESS readings were labeled according to clinical diagnosis (control, CD, UC) for
subsequent analysis. Patients with an indeterminate clinical IBD diagnosis were excluded
from the analysis. In a subset of patients with IBD, several ESS readings were immediately
followed by a pinch biopsy, using the optically integrated forceps and correlated to histology
as assessed by two gastrointestinal pathologists (S.R.C., M.J.0.) and labeled as normal
colon, inactive colitis, or active colitis. Data from 94 patients, including 46 controls and 48
patients with IBD (30 with CD, 18 with UC) were analyzed. Patient demographics are
summarized in Table 1.

Data Analysis

All ESS spectra were preprocessed before analysis, whereby the 5 measurements taken at
each reading site were averaged, smoothed, and then cropped, resulting in spectra
encompassing 126 wavelength bands from 330 to 760 nm. These spectra were then
normalized to the intensity at 650 nm to enhance spectral shape, not relative intensities (Fig.
3). To classify measured spectra, we developed a diagnostic algorithm based on
multidimensional pattern-recognition/machine learning. Given the high-dimensional nature
of the data, we used a framework consisting of dimensionality reduction followed by
classification. Principal component analysis was used for dimensionality reduction,3*
followed by multidimensional classification using support vector machines.3%:36 |_eave-one-
patient-out cross-validation was used to obtain classification performance estimates. We
used sensitivity and specificity as a performance metric for tests involving classification
between disease and nondisease classes and per-class accuracy to report performance of tests
that distinguish disease states or subtypes. An algorithmic diagnosis for each individual was
made based on all spectra from 1 subject, averaging the individual spectral classifications
weighted by their distance from the decision boundary. Exact binomial confidence intervals
of 95% are provided with the reported performance estimates.

RESULTS

Our initial efforts were aimed at investigating whether ESS measurements could distinguish
patients with and without IBD. As summarized in Table 2, we analyzed over 900 ESS
spectra from 94 patients, encompassing 491 spectra from 46 controls (i.e., not diagnosed
with IBD), and 490 spectra from 48 patients with IBD. ESS measurements of endoscopically
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inflamed mucosa were obtained from 36 of the 48 patients with IBD (181 spectra) and
measurements of endoscopically normal mucosa from 41 of the 48 patients with IBD (309
spectra). Optical ESS readings from endoscopically normal appearing mucosa resulted in a
sensitivity of 0.93 and specificity of 0.91 for distinguishing patients with IBD from those
without IBD. As expected, endoscopic inflammation in patients with IBD was easily
distinguishable from normal mucosa in non-IBD controls, yielding a sensitivity of 0.94 and
a specificity of 0.93. When we limited the analysis solely to patients with IBD, not
surprisingly, we found that spectra from endoscopically normal colon could be distinguished
from endoscopic, visually inflamed mucosa with per-class accuracies of 0.83 and 0.89,
respectively (Table 3).

Next, we analyzed data from a subset of patients with IBD (38 patients), where all ESS
measurements were correlated with index histopathology. In this part of the study, we were
interested in assessing the capability of ESS for detecting colitis and classifying inactive
versus active inflammation. A total of 63 ESS measurements of distinct locations were
found to be inactive inflammation by histopathology, 31 as active inflammation and 211 as
normal colonic mucosa (Table 4). Inactive inflammation could be distinguished from active
inflammation with per-class accuracies of 0.87 and 0.84, respectively. In addition, we found
that normal colonic mucosa could be differentiated from inactive inflammation with per-
class accuracies of 0.73 and 0.89, respectively and from active inflammation with per-class
accuracies of 0.85 and 0.90, respectively, as summarized in Table 5.

Finally, we sought to assess whether ESS could serve as a biomarker for distinguishing CD
from UC in patients with IBD. This analysis was initially performed using the ESS
measurements of endoscopically inflamed mucosa collected from 36 of the 48 patients with
IBD (Table 2). Measurements were grouped based on each patient’s clinical diagnosis of CD
or UC. Using ESS measurements taken from areas of endoscopic inflammation, we were
able to classify patients with CD (23 patients) with a per-class accuracy of 0.87 and patients
with UC (13 patients) with a per-class accuracy of 0.85 (Table 6). Next, we restricted the
subanalysis to ESS measurements from endoscopically normal colon, acquired from 41 of
the 48 patients with IBD in our study. As seen in Table 6, as a result of this analysis, we
obtained a per-class accuracy of 0.92 for classifying patients with CD (26 patients) and of
0.87 for patients with UC (15 patients).

DISCUSSION

In this study, we sought to determine the feasibility of using ESS to identify the presence of
IBD activity, with results suggesting that ESS may be sensitive to differences in the colonic
mucosa of patients with IBD, independent of inflammation, compared with non-IBD
controls. Furthermore, in patients with IBD, we sought to determine if particular spectral
patterns could distinguish CD from UC. Our findings show that ESS may also serve as an
optical biomarker that discriminates CD from UC. The data-driven methods used to analyze
the spectral data relied on ESS measurements being associated with a corresponding “gold
standard” for algorithm training and evaluation purposes. The assigned gold standard was
obtained from the clinical diagnoses of IBD activity and subtype. As such, patients
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diagnosed as IBD-U were excluded from the analysis, given that their uncertain clinical
diagnosis was not concordant with the goals of this pilot feasibility study.

Studies by other groups investigating factors associated with IBD activity and differences
between CD and UC have produced outcomes that support our results and may lead to better
understanding of the underlying factors that result in differences in ESS spectra. Riley et al
found microscopic abnormalities in biopsies of endoscopically normal rectal mucosa in
patients with IBD compared with a non-IBD control group. These abnormalities included a
chronic inflammatory cell infiltrate, crypt architectural irregularities, epithelial surface
breaches, acute inflammatory cell infiltrates, crypt abscesses, and mucin depletion.3” Allison
et al38 described differences in the morphology and phenotypic expression of macrophage-
like cells in normal colon in non-IBD controls versus the inflamed colon in IBD, with
additional detectable differences between UC and Crohn’s colitis. Regarding the
microvasculature, Danese et al3® described an intense process of inflammation-dependent
angiogenesis that was not present in the histologically normal colon in both controls and
patients with IBD. It has been suggested further that the colonic mucosa is always abnormal
in CD even if macroscopic and histopathological examinations reveal an apparently normal
mucosa.*041 This was observed in rectal biopsies of patients with CD that spared the
rectum. McCormick et al*2 observed a significant difference in the mucosal gland content
among patients with UC compared with both non-IBD controls and patients with CD.
Finally, microbes are, in fact, microscale particles that can, in theory, affect scattering and
absorption signatures as well. To this point, intramucosal bacteria have been found more
frequently and in a wider distribution in patients with IBD compared with non-IBD, with the
bacteria mostly found apposed to the epithelial surface and within the crypt lumen.43:44

The manner by which ESS distinguishes between these 2 forms of IBD, even in the setting
of endoscopically normal mucosa, is not completely understood. The ESS spectrum itself is
informed by the scattering and absorption properties of the mucosa,*>-59 including
nanoscale features.51:52 These changes are likely because of differences in morphology
and/or function, which include micro- and nanoscale nuclear, organellar, and membrane
changes, as well as differences in chromophore absorption because of microvascular
structure, blood content, and/or blood flow. Because it relates to sensing IBD activity and
subtypes with ESS, reported changes in cell infiltrates, crypt architecture, mucin content,
macrophage morphology, microbiota, and angiogenesis could potentially affect the optical
scattering and absorption properties of the mucosa. One or more of these changes could
account for the differences observed in ESS measurements in endoscopically inflamed and
normal mucosa of patients with IBD, especially when compared with non-IBD controls and
may explain sensed differences in the measurements of CD and UC.

In summary, this study is the first to demonstrate that ESS may be an optical biomarker that
can, at the time of colonoscopy, identify patients with IBD based on mucosal readings from
both inflamed and normal appearing mucosa, and further classify inactive versus active
colitis. Furthermore, ESS seems to discriminate accurately between UC and CD. Our
overarching aim was to assess the feasibility of using ESS as an optical diagnostic
technology in the setting of IBD, and we believe that feasibility and usability have been
supported by these encouraging results. Nonetheless, our results should be observed in the
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context of a relatively small sample size and of the inherent limitations of the study design.
A data-driven approach was used to retrospectively analyze collected ESS spectra and, as
such, the approach will benefit from a larger cohort of patients, permitting algorithms to
better learn and then test diagnostic patterns prospectively. In this context, additional studies
will aim to build on the presently accrued number of subjects and move forward with a
prospective study design, beyond the retrospective approach to the classification presently
used. A future prospective study likely would include patients initially diagnosed as IBD-U
and later reclassified as either CD or UC. In addition, inclusion of the terminal ileum may
expand and improve the diagnostic capabilities of ESS in the setting of IBD. lleal
measurements were excluded from this study because this would introduce another epithelial
subtype requiring another separate large ESS data set for training and evaluation, which
would be beyond the scope of a pilot study. In addition, morphological and physiological
factors associated with IBD including cell infiltrates, mucosal microstructure, and
microbiota could be investigated to examine how each individually affects the ESS signal.
This work would lead to a better understanding of the features that inform ESS optical
diagnoses in IBD, customized instrumentation, expanded diagnostic algorithms, and
improved performance. Additionally, associating spectral signatures with other clinical
features like disease location, severity, fistulization, and treatment response may permit use
of ESS as a risk stratification and/or prognostic tool.

In conclusion, our study indicates that ESS offers the potential to perform real-time
classification of endoscopically apparent (and inapparent) IBD as normal mucosa, active
colitis, or inactive colitis. Additionally, mucosal readings in patients with IBD, regardless of
the presence of inflammation, seem to distinguish CD from UC, a feature of particular value
as an additional biomarker in patients designated IBD-U. ESS has the potential to provide
real-time, in situ assessment of the colonic mucosa and may prove to be an essential tool for
the endoscopic diagnosis and classification of IBD. An optical diagnosis using ESS could
serve as an adjunct to current diagnostic protocols and may provide additional information
for the clarification of IBD-U.
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FIGURE 1.
A 2-dimensional representation of the optical forceps tip is depicted in (A). The optical

forceps is a modified traditional endoscopic jaw-type biopsy forceps (left) with a central
channel through which our fiberoptic probe is introduced for tissue measurements while the
jaws are held open (right). A photograph of a clinically usable unit (B) showing standard
biopsy forceps (left) next to our ESS integrated optical forceps (right).
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FIGURE 2.
Schematic diagram of the ESS system (A) and a photograph of the clinical ESS optical

biopsy box used for this study (B).
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FIGURE 3.

Representative ESS spectra for (A) non-IBD patients versus (+)IBD patients; (B) patients
with CD versus UC, measurements from endoscopically inflamed mucosa in (+)IBD
patients; (C) inactive versus active colitis in (+)IBD patients, measurements taken from areas
of endoscopic inflammation; (D) CD versus UC, measurements from endoscopically normal
mucosa in (+)IBD patients.
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Patient Demographics

Patient Demographics

Non-1BD patients
Age, median (min-max), yrs
Gender
Male (%)
Female (%)
Race/ethnicity
Caucasian (%)
African American (%)
Hispanic (%)
Other (%)
(+)IBD Patients
Age, median (min-max), yrs
CD
ucC
Gender
CD
Male (%)
Female (%)
ucC
Male (%)
Female (%)
Race/ethnicity
CD
Caucasian (%)
African American (%)
Hispanic (%)
Other (%)
ucC
Caucasian (%)
African America (%)
Hispanic (%)
Other (%)

46
56 (40-79)

24 (52)
22 (48)

10 (22)
21 (46)
10 (22)
5 (10)
48

36 (19-67)
50 (18-80)

13 (43)
17 (57)

9 (50)
9 (50)

25 (83)
3(10)
2(7)
NA

14 (78)
3(17)
NA
1(5)

NA, not applicable.
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Breakdown of ESS Mucosal Sites and Patients Used in the Analysis

TABLE 2

Patients ESSMucosal Sites
Non-IBD controls 46 491
(HIBD 48 490
(+)IBD, endoscopically inflamed mucosa 36 181
CD 23 117
ucC 13 64
(+)IBD, endoscopically normal mucosa 41 309
CD 26 192
ucC 15 117
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TABLE 3

Classification Performance of ESS Comparing Endoscopic Mucosal Appearance in Non-1BD Controls and
(+)IBD Patients

Accuracy (95% CI)

Non-IBD, endoscopically normal 0.91 (0.79-0.98)
(+)IBD, endoscopically normal 0.93 (0.80-0.98)
Non-IBD, endoscopically normal 0.93 (0.82-0.99)
(+)I1BD, endoscopically inflamed 0.94 (0.81-0.99)
(+)IBD, endoscopically normal 0.83 (0.68-0.93)
(+)IBD, endoscopically inflamed 0.89 (0.74-0.97)
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TABLE 4
Breakdown of Histopathology-correlated ESS Measurements in (+)IBD Patients (38 Patients in Total)

Histology ESS Mucosal Sites
Inactive colitis 63
Active colitis 31
Normal 211

Inflamm Bowel Dis. Author manuscript; available in PMC 2016 May 05.

Page 17



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Rodriguez-Diaz et al.

Classification Performance of ESS Measurements in (+)IBD Patients Correlated to Index Pathology

TABLE 5

Accuracy (95% CI)

Inactive colitis
Active colitis
Inactive colitis
Normal colon
Active colitis

Normal colon

0.87 (0.77-0.94)
0.84 (0.66-0.93)
0.89 (0.78-0.95)
0.73 (0.66-0.79)
0.90 (0.74-0.98)
0.85 (0.79-0.89)
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Classification Performance in Differentiating CD from UC Based on ESS Measurements of Endoscopically

TABLE 6

Inflamed and Endoscopically Normal Mucosa of (+)IBD Patients

Accuracy (95%, CI)

Endoscopically inflamed mucosa

CD
uc

0.87 (0.68-0.97)
0.85 (0.55-0.98)

Endoscopically normal mucosa

CD
uc

0.92 (0.75-0.99)
0.87 (0.60-0.98)
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