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Abstract

Background

Mucosal healing (MH) is a key treatment target in the management of inflammatory bowel
disease (IBD) and is defined in endoscopic terms by the newly published PICaSSO score.
Raman Spectroscopy (RS) is based on the scattering of inelastic light giving spectra that are
highly specific for individual molecules. We aimed to establish spectral changes before and
after treatment and whether Raman Spectroscopy is able to accurately differentiate
between inflammation and MH.

Methods

Biopsies were taken for ex vivo RS analysis alongside biopsies for histological analysis from
IBD patients undergoing optical diagnosis endoscopic assessment. We compared pre- vs.
post-biological treatment in IBD patients and healthy controls and active vs. MH in UC and
CD. For spectral analysis, we used supervised self-organising maps for separation and
classification.

Results

A total of 23 patients (14 IBD, 9 HC) were recruited for comparison of pre- vs. post-biologic
treatment and 74 IBD patients were included for the assessment of MH in IBD, giving 9700
Raman Spectra. Spectral differences were seen between pre- and post-treatment which
were observed comparing MH vs. active inflammation. Reductions in intensity at 1003cm™
and 1252cm™ when a reduction in inflammation was seen post-treatment and when MH
was present. MH was associated with an increase in intensity at 1304cm™. The trained neu-
ral network differentiated MH from active inflammation with a sensitivity, specificity, PPV,
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NPV and accuracy in UC of 96.29% (sd 0.94), 95.03% (sd 1.52), 94.89% (sd 1.59), 96.33
(sd 0.97) and 95.65 (sd 0.99) and 96.19% (sd 1.46), 88% (sd 4.20), 86.60% (sd 5.39),
96.55% (sd 1.32) and 91.6% (sd 2.75) in CD respectively.

Conclusion

We demonstrated RS can demonstrate biochemical changes following treatment of IBD and
accurately differentiates MH from active inflammation in IBD and might be a future tool to
personalise therapeutic management in IBD.

Introduction

The current recommended treatment strategy of inflammatory bowel disease (IBD) is “treat to
target”, whereby clinicians aim to achieve clearly defined outcomes [1, 2]. A key target is that
of mucosal healing (MH) [1, 2], since clinical remission in isolation is no longer considered a
reliable measure of response to therapy and prognosis. MH is associated with improved patient
outcomes with fewer episodes of hospitalisation, surgical intervention and corticosteroids [3].

However, MH is poorly defined, the assessment of which is open to debate. Endoscopic
remission has traditionally been used to define MH, but inflammatory activity at histologic
level can remain [4]. It is increasingly recognised that histological remission (HR) also predicts
better outcomes [5, 6], therefore definitions of MH is starting to incorporate endoscopic and
histological remission. The recently published PICaSSO (The Paddington International Vir-
tual Chromoendoscopy Score) score was developed to better define subtle mucosal and vascu-
lar changes of UC and for the first time introduced endoscopic findings of MH by using
virtual electronic chromoendoscopy (VEC) [7-9]. This is an evolving field, which enables
endoscopic assessments of subtle inflammatory changes.

Despite apparent endoscopic MH (Mayo Endoscopic Score (MES) 0) [10], up to 9.4% of
patients relapse within 6 months [11]. It is likely that there are subtle molecular changes pres-
ent in those patients that suffer early relapse, which have yet to manifest at the endoscopic
level. Raman Spectroscopy (RS) is one technology that describes the molecular constituents of
biological tissue and is the phenomenon when light strikes a tissue causing vibrational energy
change of individual molecules [12]. The frequency difference between incident and scattered
light characterises the molecule vibration, which are indicative of chemical bonds or groups of
bonds which is manifested in the form of a spectrum highly specific for individual molecules
thereby giving a “biomolecular fingerprint” allowing immediate analysis of the “make-up” of
biochemical tissue. Its application in differentiating CD and healthy control with an accuracy
of 83.6% using plasma has been demonstrated recently [13]. The potential of subtle biomolecu-
lar signals of low-grade inflammation before mucosal defects appear, to predict relapse is a key
objective but the threshold at which subtle inflammation can be detected has first to be estab-
lished. However, a consistent drawback of RS is that, due to its weak signal, the signal is com-
plex making analysis challenging [14]. Traditional methods of analysing RS data relied upon
PCA (principal component analysis), which has several limitations [15]. A novel method utilis-
ing self-organising maps, the Self-Optimising Kohonen Index Network (SKiNET), was devel-
oped which has shown promising results in studies involving eye tissue [14] and has the
potential to revolutionise the clinical application of RS.
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The aim of this pilot study was by using a multi-step process and using SKiNET, for the
first time assess the ability of RS to differentiate between active IBD and MH defined in histo-
endoscopic terms and establish spectral changes following successful biological treatment.

Materials and methods
Patients

Patients with IBD were prospectively enrolled in a non-selective manner meeting inclusion
criterion below from a single tertiary centre, University Hospitals Birmingham NHS Founda-
tion Trust between August 2018 and October 2019, who underwent colonoscopy. In order to
better define spectral changes associated with MH a sub-group of patients who underwent
colonoscopy before and 12-16 weeks following biological therapy were also included. Inclu-
sion criteria included a proven diagnosis of IBD and age 18-80. Exclusion criteria included
inability to consent, coagulopathy and pregnancy/breast-feeding. Finally, patients without IBD
who underwent colonoscopy for non-IBD polyp surveillance were recruited to provide a
healthy control group and were excluded if macroscopic or microscopic inflammation was
present.

Endoscopic procedure

All procedures were performed by an endoscopist (MI) experienced in optical diagnosis and
IBD using Pentax 7010 processor (Pentax, Tokyo, Japan) and Olympus 290 series endoscopes
(Olympus, Tokyo, Japan). Colonic mucosa was inspected, and precise assessments of inflam-
matory activity took place using high-definition white light endoscopy and Virtual Electronic
Chromoendoscopy (Optical Enhancement iScan mode/Narrow-Band Imaging (NBI)) with
and without magnification (Fig 1A-1C). Inflammatory activity was graded using the MES
[10], Ulcerative Colitis Endoscopic Index of Severity (UCEIS) [16] and the PICaSSO score [7,
9] in patients with UC and SES-CD in patients with CD [17]. Using these advanced endoscopic
technologies and novel scores such as the PICaSSO score [9], targeted biopsies of inflamed/
healed areas, which best reflected the overall inflammatory activity irrespective of colonic seg-
ment, were taken for ex vivo RS analysis and histological analysis at the same site. One site per
patient was selected. Biopsies taken for RS were placed in an empty aliquot and immediately
snap frozen in liquid nitrogen and kept at -80°C.

Study definitions

Response to biological therapy was described as a reduction in endoscopic inflammatory activ-
ity score and in histological inflammatory score. The following stringent criteria were used to
define patients with MH: MES [10] <1, UCEIS (Ulcerative colitis endoscopic index of severity)
score [16] <1, PICaSSO score [7, 9] <3 in addition to histological remission defined as RHI
(Robarts Histological Index) score <3 without neutrophils in the epithelium and Lamina Pro-
pria [18] for UC. The following criteria were used to define MH in CD patients: SES-CD (Sim-
ple endoscopic score for Crohn’s disease) [17] <2 and a modified Riley score 0 in CD [19].
Patients who did not meet these criteria were classified as having active inflammation.

Raman spectroscopy measurement protocol

Biopsies were placed on aluminium foil covered glass slides and analysed at room temperature.
Measurements were collected using an InVia Qontor (Renishaw plc, Wotton-under-Edge,
UK) with a 785nm (10mW) laser, 1s acquisition, 10 accumulations for each point on a 10x10
surface map scan, resulting in 100 spectra per patient. The spectrometer was calibrated prior
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Fig 1. Endoscopic assessment of IBD. Colonic mucosa was examined using high-definition white light and virtual
electronic chromoendoscopy demonstrating vascular and mucosal architecture of healing using a) iScan 1 b) iScan 2 c)
iScan Optical Enhancement.

https://doi.org/10.1371/journal.pone.0252210.9001

to each use with a silicon wafer (520.7cm™). A 50x Leica objective, 1200/mm grating were
used for all scans in the range 550-1670cm ™. Wire 5.1 (Renishaw plc) software was used to
process the measurements, subtract baseline and remove cosmic rays to all spectra. Fig 2 illus-
trates the process of RS and data analysis.

Self-organising maps and self optimising Kohonen Index Network

The RS measurement protocol was completed prospectively following patient enrollment. At
the end of recruitment, artificial neural networks (Self-organising maps-SOM) and a super-
vised learning model were developed to demonstrate spectral differences and build predictive
modelling [14]. A class was defined as a group of data to identify and discriminate, for exam-
ple: MH vs. active inflammation and pre-biologic vs. post-biologic. To define a classification
model, we use a pool of training data where we know the class of the data to “teach” a machine
(80% of data), which is pulled at random. This process has been established and previously
published [14]. The model was validated by presenting test data (20% of data) that the model
has not seen before. RS is multi-dimensional and has a high degree of intra- and inter-class
variability for complex samples, such as tissue [20]. The Self-organising map (SOM) is a
method that can reduce the hyper-dimensional nature of RS to a two-dimensional model. A
SOM represents an artificial neural network arranged as a map of hexagonal neurons [21].
Each neuron activates for certain inputs (spectra) and not others. Neurons that activate on
similar inputs to their neighbours, and therefore clustering occurs when multiple neurons
group together when activated by the same characteristic, similar to a human brain [14]. A
self-organising map discriminant index (SOMDI) [14] is extracted from this process, which
allows us to understand which features of the training data causes the spatial clustering and
separation of classes observed in the SOM. The magnitude in the SOMDI relates to how
strongly a variable is considered a discriminator for a given class. This results in a representa-
tion similar to a spectrum, where we can compare SOMDI for each group, and identify Raman
bands that are more important to one class from another. We exploited the newly developed
SKiNET (Self Optimising Kohonen Index Network) approach, which provides a means of
supervised learning to further optimise the result [14].

Statistical analysis

The model was optimised by 10-fold stratified cross-validation and oversampling to account
for class imbalance in the training data. Since the present study was a pilot study, using for the
first time SKiNET [14] in IBD, a sample size calculation was not possible. In order to further
confirm the difference between classes we ran the analysis 10 times and took an average sensi-
tivity, specificity, PPV, NPV and accuracy plus standard deviation.
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Fig 2. Overview diagram demonstrating the process of sample acquisition and preparation for Raman Spectral measurement and data
analysis.

https://doi.org/10.1371/journal.pone.0252210.9002

Ethical approval

Ethical approval was granted by the Office for Research Ethics Committees Northern Ireland
(17/N1/0148) and the South West-Frenchay Research Ethics Committee (19/SW/0010). Writ-
ten informed consent was obtained for all participants.

Results
Assessment of mucosal healing in IBD

A total of 74 patients were included (42 UC and 32 CD) (Table 1) with 7400 Raman Spectra
acquired overall. The median age of patients recruited was 41.2 years (+ 13.4, range 19-66),
and 34 (45.9%) of patients were male.
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Table 1. Demographics of patients included in the analysis of mucosal healing vs. active inflammation.

Characteristics Patients
Age, median + sd (yrs) 412+134
Gender
Male (%) 34 (45.9%)
Female (%) 40 (54.1%)
IBD type
UC (%) 42 (56.8%)
CD (%) 32 (43.2%)
Therapy, n (%)
ucC
NSAIDs 6 (14.3%)
5-ASA 37 (88.1%)
Steroids 26 (61.9%)
Thiopurine 28 (66.7%)
Biologic 15 (35.7%)
CD
NSAIDs 6 (18.8%)
5-ASA 5(15.6%)
Steroids 18 (56.3%)
Thiopurine 22 (68.8%)
Biologic 17 (53.1%)

https://doi.org/10.1371/journal.pone.0252210.t001

Active inflammation vs. MH in UC. A total of nine (21.4%) UC patients had evidence of
MH whilst 33 (78.6%) had active inflammation. Fig 3a demonstrates the SOM, showing the
MH (blue) vs. active inflammation (red) groups are well separated. The key spectral differences
from the SOMDI (Fig 3b) are presented in Table 2 (cross-validation accuracy 0.95). The
trained artificial neural network was able to differentiate between MH and active inflammation
in 20% of the testing dataset with a sensitivity, specificity, positive predictive value (PPV), neg-
ative predictive value (NPV) and accuracy of 96.29% (sd 0.94), 95.03% (sd 1.52), 94.89% (sd
1.59), 96.33 (sd 0.97) and 95.65 (sd 0.99) respectively (S1 Table).

Active inflammation vs. MH in CD. A total of ten (31.3%) CD patients had evidence of
endoscopic and histological healing and 22 (68.8%) active inflammation. The separation
between MH CD (blue) and active inflammation CD (red) is demonstrated by the SOM in Fig
4a. The spectral differences presented in SOMDI (Fig 4b) are demonstrated in Table 3. The
artificial neural network was able to differentiate the remaining 20% of the data with a sensitiv-
ity, specificity, PPV, NPV and accuracy of 96.19% (sd 1.46), 88% (sd 4.20), 86.60% (sd 5.39),
96.55% (sd 1.32) and 91.6% (sd 2.75) respectively (S2 Table).

Biochemical changes following response to biological therapy

A total of 23 patients were included (6 UC, 8CD and 9 HC) in the exploratory analysis compar-
ing spectral features in patients with IBD before and after biological therapy with patients
without IBD (Table 4). The median age of patients in this analysis was 44.0 (+/- 14.8, range
25-79), nine were male (39.1%) and all UC patients all but one CD patients (7 out of 8) were
biologic naive.

Pre- vs. post-treatment in UC and healthy controls. The separation between pre- (red)
vs. post-biologic (blue) in UC patients and healthy control (black) is shown by the SOM in
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Fig 3. UC active inflammation (red) vs. UC mucosal healing (blue). a) Self-organising Map (SOM) demonstrates the grouping. Each dot on the map represents a
neuron, and each neuron represents a spectrum. Each new neuron will be drawn to its nearest vector, thereby causing clustering of neurons that have similar
characteristics. The colour of the hexagon represents the heaviest weighting of neurons b) Self-organising Map Discriminant Index (SOMDI) providing a visual
representation of the SOM data, highlighting the differences in spectra.

https://doi.org/10.1371/journal.pone.0252210.9003

Fig 5a and the spectral differences are shown in the SOMDI in Fig 5b. The key spectral differ-
ences that differentiate the 3 groups are presented in Table 5 (cross-validation 0.95).

Pre- vs. post-treatment in CD and healthy controls. The separation of pre-biologic CD
(red), post-biologic CD (blue) and HC (black) is presented in the SOM in Fig 6a, and SOMDI
demonstrating the spectral features is shown in Fig 6b (cross-validation 0.83). The spectral dif-
ferences that differentiate the groups taken from the SOMDI are presented in Table 6. This

Table 2. Relative intensity of Raman shifts between UC MH vs active inflammation taken from SOMDI.

Raman Shift (cm™) UC Active inflammation (Intensity) UC Mucosal Healing (Intensity)
1003 3.30 2.69
1252 1.44 1.11
1304 1.27 1.54
1449 3.92 3.73
1657 1.93 1.83

https://doi.org/10.1371/journal.pone.0252210.t002
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Fig 4. CD active inflammation (red) vs. MH (blue). a) SOM demonstrates the groupings of MH vs active inflammation and b) SOMDI highlighting the spectral
differences from the SOM.

https://doi.org/10.1371/journal.pone.0252210.g004

exploratory analysis provided us information on the spectral features to focus on in the differ-
entiation between MH and active inflammation in IBD.

Biomolecular findings

The Raman band at 1003cm ™ is associated with the amino acid phenylalanine [22, 23], and
our results show a relative reduction at this band in MH and when there is a reduction in

Table 3. Relative intensity of Raman shifts between CD healing vs non-healing taken from SOMDI.

Raman Shift (cm™) CD Active inflammation (Intensity) CD Mucosal Healing (Intensity)
1003 3.60 2.63
1252 1.40 1.40
1304 1.30 1.46
1449 4.11 3.30
1657 2.32 1.30

https://doi.org/10.1371/journal.pone.0252210.t003
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Table 4. Demographics of patients included in the exploratory analysis of pre- vs. post-biologic therapy and

patients without IBD (healthy control).

Characteristics Patients
Age, median * sd (yrs) 44.0 + 14.8
Gender
Male (%) 9 (39.1%)
Female (%) 14 (60.9%)
IBD type
UC (%) 6(26.1%)
CD (%) 8 (34.8%)
Non-IBD 9 (39.1%)
Therapy, n (%)
UuC
NSAIDs 1(16.7%)
5-ASA 6 (100.0%)
Steroids 4 (66.7%)
Thiopurine 3 (50.0%)
Biologic 0 (0.0%)
CD
NSAIDs 1(12.5%)
5-ASA 1 (12.5%)
Steroids 6 (75.0%)
Thiopurine 7 (87.5%)
Biologic 1(12.5%)

https://doi.org/10.1371/journal.pone.0252210.t1004

inflammatory activity and a lower level in healthy controls. We found a higher intensity at
Raman band 1252cm™ in UC when inflammation is present compared with MH, which may
represent amide III [22-24] and lower intensity was seen in healthy controls. An increase in
intensity at 1304cm™, seen in both UC and CD when MH is present, likely corresponds to
phospholipids [23, 25, 26]. A reduction in intensity at 1657cm™" in UC and CD patients in
MH, following treatment with biological therapy and healthy controls which could be attrib-
uted to C = C stretching in lipids [23, 26, 27].

Discussion

An emerging key target in IBD is MH given the association with favourable outcomes for
patients [1, 2]. Endoscopic assessments of MH can be inaccurate, particularly using older scor-
ing systems such as the MES [4]. Using a multi-step process and using novel spectral analysis
software, we established Raman spectral changes before and after biological therapy in IBD for
the first time and compared MH vs. active inflammation in UC and CD. We have identified
relative Raman spectral changes in keeping with MH in CD and UC, defined in histological
and endoscopic terms-so-called endo-histological MH. We demonstrated that an artificial
neural network is able to differentiate between MH and active disease with high accuracy in
both UC and CD.

The discrepancy between endoscopic and histological assessment of MH is subject of con-
siderable controversy. Significant proportions of patients who appear in endoscopic remission
still have evidence of microscopic inflammation and suffer early relapse [28]. Whilst histologi-
cal assessment of inflammation is considered gold standard and may help predict prognosis
[29-31], it is reliant upon accurate biopsy sampling and incurs significant healthcare costs. RS
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Fig 5. UC pre- (red) vs. post-biologic therapy (blue) vs. healthy control (black). a) Self-organising Map (SOM) b) Self-organising Map Discriminant Index
(SOMDI) highlighting the spectral differences from the SOM.

https://doi.org/10.1371/journal.pone.0252210.g005

has been emerging as a candidate technique to provide the crucial missing information since it
is known to be able to give a rapid assessment of the biochemical “make-up” of biological
molecular tissue. The in vivo use could provide optical diagnoses without the need for biopsies
[26, 27], which would be safer for patients as well as offering significant cost benefits. RS does
not require specialist tissue preparation, labelling, is non-destructive and provides an overview
of biochemical composition rather than an individual biomarker [32, 33].

Table 5. Relative intensity of Raman shifts between UC pre biologic and post biologic and HC taken from SOMDI.

Raman Shift (cm-1) UC Pre Biologic (Intensity) UC Post Biologic (Intensity) Healthy control (Intensity)
1003 2.85 2.72 2.32
1252 1.13 1.04 0.99
1304 1.17 1.10 1.16
1449 3.42 3.24 291
1657 1.84 1.68 1.32

https://doi.org/10.1371/journal.pone.0252210.t005
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Map Discriminant Index (SOMDI) highlights the spectral differences from the SOM.

https://doi.org/10.1371/journal.pone.0252210.g006

The main aim of this study was to explore the most important differences in spectra
between MH and active inflammation. Therefore, we focused on the tallest peaks, since the
higher the peak, the more important the corresponding wavelength is in differentiating the
classes. The RS distribution were very similar between CD, UC and HC, but subtle differences
in intensities of various Raman bands is noted between inflammation and healing, which is
consistent with previous work [13].

The reduction in Raman band at 1003cm™, which is associated with the amino acid
phenylalanine [22, 23], in MH and following successful treatment with biological therapy is

Table 6. Relative intensity of Raman shifts between CD pre-biologic and post-biologic and HC taken from

SOMDI.

Raman Shift (cm-1) CD Pre Biologic CD Post Biologic Healthy control
1003 3.38 2.49 2.29
1252 1.32 1.24 0.98
1304 1.10 1.05 1.27
1449 3.66 2.90 2.87
1657 1.89 1.84 1.17

https://doi.org/10.1371/journal.pone.0252210.t006

PLOS ONE | https://doi.org/10.1371/journal.pone.0252210  June 2, 2021 11/16


https://doi.org/10.1371/journal.pone.0252210.g006
https://doi.org/10.1371/journal.pone.0252210.t006
https://doi.org/10.1371/journal.pone.0252210

PLOS ONE

Raman spectroscopy differentiates healing from non-healing in inflammatory bowel disease

consistent with previous work by Addis et al. [34]. We found increases at Raman band
1003cm™' when inflammation is present in both UC and CD. Higher levels of Phenylalanine
has been reported to be associated with immune activation and inflammation [35], therefore
when there is active inflammation present in both UC and CD and pre-biological therapy
treatment there are greater infiltration of inflammatory cells thereby increasing the quantity of
phenylalanine, which is reflected in the results of this study. Likewise, when there is reduced
inflammatory activity or healing present, there is less inflammatory cell infiltrate, as reflected
by histological scores, thereby reducing the quantity of amino acids such as phenylalanine.
The reduction at this band following biological therapy, brought intensities that were more in
line with healthy control patients. The higher intensity at Raman band 1252cm™, which is
likely a constituent of haem [22, 24], is consistent with inflammatory activity [24]. However,
this was not found when comparing active inflammation and MH directly in CD. This lack of
consistency may reflect the fact that UC is a mucosal disease and is associated with bleeding
when inflammation is present on mucosal surface, more so than CD. The increase in intensity
at 1304cm’’, seen in both UC and CD when MH is present, likely corresponds to phospholip-
ids, which are key to the integrity of the bowel wall [25, 26]. There was an increase at
1304cm™, in both UC and CD, when MH was present, which as likely relates to phospholipids
[23, 26]. This has potential clinical significance, as it demonstrates a potential positive bio-
marker suggesting MH is present. Given the limitations of endoscopic and histological evalua-
tions of MH, this may provide an additional measure to confirm the presence of MH.

The hyper-spectral nature can make RS analysis challenging. Traditionally principal com-
ponent analysis (PCA) has been used, however this has several limitations [15]. With the aid of
SKiNET [14], subtle differences can be detected. This has a potential application in clinical
practice when assessing response to treatment, particularly when considering de-escalation of
biological therapy. Stopping therapy in IBD in order to minimise long term side effects and
risks of treatments, the “Exit strategy”, is a hot topic in IBD management [36] and is a difficult
decision for clinicians largely due to a lack of robust guidance [37]. The risk of relapse within 1
year of biological cessation is as high as 38-44% [38]. In those patients who are at risk of short-
term relapse, it is probable that biochemical changes are present which have yet to manifest as
mucosal changes, and RS could have a role in identifying those patients.

Early studies aiming to differentiate active from inactive UC give insight into the potential
of RS. Addis et al. included 39 patients with UC and identified Raman band differences
between active and healed UC however this study was limited by single scan measurements on
each biopsy and by the use of the MES [10] as a definition of healing [34]. Ding et al. recruited
18 patients with UC and found a machine-learning algorithm is able to differentiate between
inactive UC from inflamed UC with an area under the curve of 0.83 [26]. Whilst the healing
patients were identified using the modified Riley score, there was no endoscopic scoring of
inflammatory activity.

To our knowledge, we have demonstrated for the first time that RS can be highly accurate
in differentiating between active inflammation and MH, using robust endoscopic and histo-
logical definitions, in both UC and CD. By including 97 patients (88 IBD, 9 HC), measuring
100 spectra per patient (giving 9900 spectra in total), the present study is the largest in terms of
patient number and spectra in IBD [24, 26, 39]. This study is also the first to demonstrate spec-
tral changes following treatment of IBD and compare MH and active inflammation in CD. A
further strength of the present study is in using the latest optical enhancement endoscopic
technology, we ensured accurate assessments of inflammatory activity. A limitation to the
study is that results were acquired in the ex vivo setting, thereby laying an important founda-
tion for further in vivo application. For this purpose, laser power, total acquisition time and
auto fluorescence issues will need to be carefully considered. Nevertheless, our aim was to
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explore spectral differences, and a potentially more focused map scan only including those
wavelengths of interest could take place in vivo, which would take less time. Each patient was
represented by 100 spectral maps in this analysis. Ideally these 100 maps would be averaged
and 1 spectra per patient would be analysed. However, large patient numbers would be
required for this otherwise would be subject to bias from outlier patients. A further limitation
is that one colonic segment and one RS biopsy was taken per patient, therefore we are unable
to assess whether similar results of healing vs. active inflammation can be seen within the same
patient if patchy inflammation is seen. Biopsies taken from mucosa in endoscopic remission
which later had evidence of histological activity were included in the active inflammation
groups. A further area of interest would be in identifying subtle spectral differences in patients
with endoscopic MH but histological inflammation from patients with endo-histological
remission, as this would help shape decision making in IBD.

Identitying fibrosis in CD, can be challenging, with regards to differentiating fibrotic from
inflammatory strictures using existing assessment modalities. It is probable the biochemical
make-up of fibrosis differs from inflammation and therefore RS could be a useful management
adjunct. RS probes that can be used via endoscopy channels are being designed for colono-
scopes and our study shows the basis for exploring further such probes for assessment of
response to therapy and mucosal healing at a molecular level in IBD.

Conclusion

Overall, we successfully established spectral changes before and after biological therapy in IBD
and differentiated between active inflammation and histo-endoscopic MH in UC and CD
using RS and SKiNET. RS may be able to give more detailed information to clinicians on the
presence or absence of MH. For many years the focus of IBD management has been on achiev-
ing endoscopic MH, and in more recent years the role of histological healing is increasingly
being recognised. This study provides insight into the potential role of an additional mode of
healing: molecular healing, which could further ensure robust assessment of healing. Further
multicentre studies in this field needs to take place before this can be used in everyday clinical
practice.

Supporting information

S1 Table. Example confusion matrix of the trained predictive model at differentiating MH
from active UC.
(DOCX)

S2 Table. Example confusion matrix of the trained predictive model at differentiating MH
from active CD.
(DOCX)

S1 Dataset. Healthy control.
(Z1P)

S2 Dataset. Export UC MH.
(Z1P)

$3 Dataset. Export UC active inflammation.
(ZIP)

S$4 Dataset. CD mucosal healing.
(Z1P)

PLOS ONE | https://doi.org/10.1371/journal.pone.0252210  June 2, 2021 13/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252210.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252210.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252210.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252210.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252210.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252210.s006
https://doi.org/10.1371/journal.pone.0252210

PLOS ONE

Raman spectroscopy differentiates healing from non-healing in inflammatory bowel disease

S5 Dataset. CD active inflammation.
(ZIP)

$6 Dataset. Post biologic CD.
(Z1P)

S$7 Dataset. Post-biologic.
(Z1P)

S8 Dataset. Pre biologic CD.
(Z1P)

S9 Dataset. Pre-biologic.
(Z1P)

Author Contributions

Conceptualization: Subrata Ghosh, Pola Goldberg Oppenheimer, Marietta Iacucci.

Data curation: Samuel C. L. Smith, Davide Zardo, Rosanna Cannatelli, Olga M. Nardone.
Formal analysis: Samuel C. L. Smith, Carl Banbury, Davide Zardo.

Methodology: Samuel C. L. Smith, Carl Banbury, Marietta lacucci.

Project administration: Samuel C. L. Smith.

Supervision: Subrata Ghosh, Pola Goldberg Oppenheimer, Marietta [acucci.

Writing - original draft: Samuel C. L. Smith.

Writing - review & editing: Samuel C. L. Smith, Carl Banbury, Davide Zardo, Rosanna Can-
natelli, Olga M. Nardone, Uday N. Shivaji, Subrata Ghosh, Pola Goldberg Oppenheimer,
Marietta Iacucci.

References

1. Peyrin-Biroulet L, Sandborn W, Sands BE, Reinisch W, Bemelman W, Bryant RV, et al. Selecting Ther-
apeutic Targets in Inflammatory Bowel Disease (STRIDE): Determining Therapeutic Goals for Treat-to-
Target. Am J Gastroenterol. 2015; 110(9):1324-38. https://doi.org/10.1038/ajg.2015.233 PMID:
26303131

2. Turner D, Ricciuto A, Lewis A, D’Amico F, Dhaliwal J, Griffiths AM, et al. STRIDE-II: An Update on the
Selecting Therapeutic Targets in Inflammatory Bowel Disease (STRIDE) Initiative of the International
Organization for the Study of IBD (IOIBD): Determining Therapeutic Goals for Treat-to-Target strategies
in IBD. Gastroenterology. 2021.

3. Shah SC, Colombel JF, Sands BE, Narula N. Systematic review with meta-analysis: mucosal healing is
associated with improved long-term outcomes in Crohn’s disease. Aliment Pharmacol Ther. 2016; 43
(3):317-33. https:/doi.org/10.1111/apt. 13475 PMID: 26607562

4. lacucci M, Fort Gasia M, Hassan C, Panaccione R, Kaplan GG, Ghosh S, et al. Complete mucosal heal-
ing defined by endoscopic Mayo subscore still demonstrates abnormalities by novel high definition colo-
noscopy and refined histological gradings. Endoscopy. 2015; 47(8):726—-34. https://doi.org/10.1055/s-
0034-1391863 PMID: 25826276

5. Park S, Abdi T, Gentry M, Laine L. Histological Disease Activity as a Predictor of Clinical Relapse
Among Patients With Ulcerative Colitis: Systematic Review and Meta-Analysis. Am J Gastroenterol.
2016; 111(12):1692-701. hitps://doi.org/10.1038/ajg.2016.418 PMID: 27725645

6. Christensen B, Hanauer SB, Erlich J, Kassim O, Gibson PR, Turner JR, et al. Histologic Normalization
Occurs in Ulcerative Colitis and Is Associated With Improved Clinical Outcomes. Clinical gastroenterol-
ogy and hepatology: the official clinical practice journal of the American Gastroenterological Associa-
tion. 2017; 15(10):1557—64.e1. https://doi.org/10.1016/j.cgh.2017.02.016 PMID: 28238954

PLOS ONE | https://doi.org/10.1371/journal.pone.0252210  June 2, 2021 14/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252210.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252210.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252210.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252210.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252210.s011
https://doi.org/10.1038/ajg.2015.233
http://www.ncbi.nlm.nih.gov/pubmed/26303131
https://doi.org/10.1111/apt.13475
http://www.ncbi.nlm.nih.gov/pubmed/26607562
https://doi.org/10.1055/s-0034-1391863
https://doi.org/10.1055/s-0034-1391863
http://www.ncbi.nlm.nih.gov/pubmed/25826276
https://doi.org/10.1038/ajg.2016.418
http://www.ncbi.nlm.nih.gov/pubmed/27725645
https://doi.org/10.1016/j.cgh.2017.02.016
http://www.ncbi.nlm.nih.gov/pubmed/28238954
https://doi.org/10.1371/journal.pone.0252210

PLOS ONE

Raman spectroscopy differentiates healing from non-healing in inflammatory bowel disease

7.

10.

11.

12
13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

lacucci M, Daperno M, Lazarev M, Arsenascu R, Tontini GE, Akinola O, et al. Development and reliabil-
ity of the new endoscopic virtual chromoendoscopy score: the PICaSSO (Paddington International Vir-
tual ChromoendoScopy ScOre) in ulcerative colitis. Gastrointest Endosc. 2017; 86(6):1118—-27 5.
https://doi.org/10.1016/j.gie.2017.03.012 PMID: 28322774

Trivedi PJ, Kiesslich R, Hodson J, Bhala N, Boulton RA, Cooney R, et al. The Paddington International
Virtual Chromoendoscopy Score in ulcerative colitis exhibits very good inter-rater agreement after com-
puterized module training: a multicenter study across academic and community practice (with video).
Gastrointest Endosc. 2018; 88(1):95-106 e2. https://doi.org/10.1016/j.gie.2018.02.044 PMID:
29548940

lacucci M, Smith SCL, Bazarova A, Shivaji UN, Bhandari P, Cannatelli R, et al. An International Multi-
center Real-Life Prospective Study of Electronic Chromoendoscopy Score PICaSSO in Ulcerative Coli-
tis. Gastroenterology. 2021. https://doi.org/10.1053/j.gastro.2020.12.024 PMID: 33347880

Schroeder KW, Tremaine WJ, listrup DM. Coated oral 5-aminosalicylic acid therapy for mildly to moder-
ately active ulcerative colitis. A randomized study. N Engl J Med. 1987; 317(26):1625-9. https://doi.org/
10.1056/NEJM198712243172603 PMID: 3317057

Barreiro-de Acosta M, Vallejo N, de la Iglesia D, Uribarri L, Baston I, Ferreiro-Iglesias R, et al. Evalua-
tion of the Risk of Relapse in Ulcerative Colitis According to the Degree of Mucosal Healing (Mayo 0 vs
1): A Longitudinal Cohort Study. J Crohns Colitis. 2016; 10(1):13-9. https://doi.org/10.1093/ecco-jcc/
jiv158 PMID: 26351390

Raman CV. A change of wave-length in light scattering. Nature. 1928; 121:619-.

Morasso C, Truffi M, Vanna R, Albasini S, Mazzucchelli S, Colombo F, et al. Raman analysis reveals
biochemical differences in plasma of Crohn’s Disease patients. Journal of Crohn’s & colitis. 2020.
https://doi.org/10.1093/ecco-jcc/jjaa080 PMID: 32343792

Banbury C, Mason R, Styles I, Eisenstein N, Clancy M, Belli A, et al. Development of the Self Optimising
Kohonen Index Network (SKINET) for Raman Spectroscopy Based Detection of Anatomical Eye Tis-
sue. Scientific reports. 2019; 9(1):10812. https://doi.org/10.1038/s41598-019-47205-5 PMID:
31346227

Cheriyadat A, Bruce LM. Why principal component analysis is not an appropriate feature extraction
method for hyperspectral data. Int Geosci Remote Se. 2003:3420-2.

Travis SP, Schnell D, Krzeski P, Abreu MT, Altman DG, Colombel JF, et al. Developing an instrument
to assess the endoscopic severity of ulcerative colitis: the Ulcerative Colitis Endoscopic Index of Sever-
ity (UCEIS). Gut. 2012; 61(4):535—42. https://doi.org/10.1136/gutjnl-2011-300486 PMID: 21997563

Daperno M, D’'Haens G, Van Assche G, Baert F, Bulois P, Maunoury V, et al. Development and valida-
tion of a new, simplified endoscopic activity score for Crohn’s disease: the SES-CD. Gastrointestinal
endoscopy. 2004; 60(4):505—12. https://doi.org/10.1016/s0016-5107(04)01878-4 PMID: 15472670

Pai RK, Khanna R, D’'Haens GR, Sandborn WJ, Jeyarajah J, Feagan BG, et al. Definitions of response
and remission for the Robarts Histopathology Index. Gut. 2019; 68(11):2101-2. https://doi.org/10.1136/
gutjnl-2018-317547 PMID: 30366909

Rutgeerts P, Van Assche G, Sandborn WJ, Wolf DC, Geboes K, Colombel JF, et al. Adalimumab
induces and maintains mucosal healing in patients with Crohn’s disease: data from the EXTEND ftrial.
Gastroenterology. 2012; 142(5):1102—-11 e2. https://doi.org/10.1053/j.gastro.2012.01.035 PMID:
22326435

Butler HJ, Ashton L, Bird B, Cinque G, Curtis K, Dorney J, et al. Using Raman spectroscopy to charac-
terize biological materials. Nat Protoc. 2016; 11(4):664—-87. https://doi.org/10.1038/nprot.2016.036
PMID: 26963630

Kohonen T. Self-Organized Formation of Topologically Correct Feature Maps. Biol Cybern. 1982; 43
(1):59-69.

Krafft C, Knetschke T, Siegner A, Funk RHW, Salzer R. Mapping of single cells by near infrared Raman
microspectroscopy. Vibrational Spectroscopy. 2003; 32(1):75-83.

Talari ACS, Movasaghi Z, Rehman S, Rehman IU. Raman spectroscopy of biological tissues. Applied
spectroscopy reviews. 2015; 50(1):46—111.

Bielecki C, Bocklitz TW, Schmitt M, Krafft C, Marquardt C, Gharbi A, et al. Classification of inflammatory
bowel diseases by means of Raman spectroscopic imaging of epithelium cells. J Biomed Opt. 2012; 17
(7):076030. https://doi.org/10.1117/1.JBO.17.7.076030 PMID: 22894513

Omberg KM, Osborn JC, Zhang SLL, Freyer JP, Mourant JR, Schoonover JR. Raman spectroscopy
and factor analysis of tumorigenic and non-tumorigenic cells. Applied Spectroscopy. 2002; 56(7):813-9.

Ding H, Dupont AW, Singhal S, Scott LD, Guha S, Younes M, et al. In vivo analysis of mucosal lipids
reveals histological disease activity in ulcerative colitis using endoscope-coupled Raman spectroscopy.
Biomed Opt Express. 2017; 8(7):3426—39. https://doi.org/10.1364/BOE.8.003426 PMID: 28717578

PLOS ONE | https://doi.org/10.1371/journal.pone.0252210  June 2, 2021 15/16


https://doi.org/10.1016/j.gie.2017.03.012
http://www.ncbi.nlm.nih.gov/pubmed/28322774
https://doi.org/10.1016/j.gie.2018.02.044
http://www.ncbi.nlm.nih.gov/pubmed/29548940
https://doi.org/10.1053/j.gastro.2020.12.024
http://www.ncbi.nlm.nih.gov/pubmed/33347880
https://doi.org/10.1056/NEJM198712243172603
https://doi.org/10.1056/NEJM198712243172603
http://www.ncbi.nlm.nih.gov/pubmed/3317057
https://doi.org/10.1093/ecco-jcc/jjv158
https://doi.org/10.1093/ecco-jcc/jjv158
http://www.ncbi.nlm.nih.gov/pubmed/26351390
https://doi.org/10.1093/ecco-jcc/jjaa080
http://www.ncbi.nlm.nih.gov/pubmed/32343792
https://doi.org/10.1038/s41598-019-47205-5
http://www.ncbi.nlm.nih.gov/pubmed/31346227
https://doi.org/10.1136/gutjnl-2011-300486
http://www.ncbi.nlm.nih.gov/pubmed/21997563
https://doi.org/10.1016/s0016-5107%2804%2901878-4
http://www.ncbi.nlm.nih.gov/pubmed/15472670
https://doi.org/10.1136/gutjnl-2018-317547
https://doi.org/10.1136/gutjnl-2018-317547
http://www.ncbi.nlm.nih.gov/pubmed/30366909
https://doi.org/10.1053/j.gastro.2012.01.035
http://www.ncbi.nlm.nih.gov/pubmed/22326435
https://doi.org/10.1038/nprot.2016.036
http://www.ncbi.nlm.nih.gov/pubmed/26963630
https://doi.org/10.1117/1.JBO.17.7.076030
http://www.ncbi.nlm.nih.gov/pubmed/22894513
https://doi.org/10.1364/BOE.8.003426
http://www.ncbi.nlm.nih.gov/pubmed/28717578
https://doi.org/10.1371/journal.pone.0252210

PLOS ONE

Raman spectroscopy differentiates healing from non-healing in inflammatory bowel disease

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Pence IJ, Beaulieu DB, Horst SN, Bi X, Herline AJ, Schwartz DA, et al. Clinical characterization of in
vivo inflammatory bowel disease with Raman spectroscopy. Biomed Opt Express. 2017; 8(2):524-35.
https://doi.org/10.1364/BOE.8.000524 PMID: 28270965

Bryant RV, Winer S, Travis SP, Riddell RH. Systematic review: histological remission in inflammatory
bowel disease. Is ‘'complete’ remission the new treatment paradigm? An IOIBD initiative. J Crohns Coli-
tis. 2014; 8(12):1582-97. https://doi.org/10.1016/j.crohns.2014.08.011 PMID: 25267173

Narang V, Kaur R, Garg B, Mahajan R, Midha V, Sood N, et al. Association of endoscopic and histologi-
cal remission with clinical course in patients of ulcerative colitis. Intest Res. 2018; 16(1):55-61. https://
doi.org/10.5217/ir.2018.16.1.55 PMID: 29422798

Kanazawa M, Takahashi F, Tominaga K, Abe K, Izawa N, Fukushi K, et al. Relationship between endo-
scopic mucosal healing and histologic inflammation during remission maintenance phase in ulcerative
colitis: a retrospective study. Endosc Int Open. 2019; 7(4):E568—e75. https://doi.org/10.1055/a-0869-
7619 PMID: 30957007

Calafat M, Lobaton T, Hernandez-Gallego A, Manosa M, Torres P, Canete F, et al. Acute histological

inflammatory activity is associated with clinical relapse in patients with ulcerative colitis in clinical and

endoscopic remission. Dig Liver Dis. 2017; 49(12):1327-31. https://doi.org/10.1016/.dld.2017.08.041
PMID: 28958412

Pence I, Mahadevan-Jansen A. Clinical instrumentation and applications of Raman spectroscopy.
Chem Soc Rev. 2016; 45(7):1958-79. https://doi.org/10.1039/c5cs00581g PMID: 26999370

ShiH, Chen SY, Lin K. Raman spectroscopy for early real-time endoscopic optical diagnosis based on
biochemical changes during the carcinogenesis of Barrett’'s esophagus. World J Gastrointest Endosc.
2016; 8(5):273-5. https://doi.org/10.4253/wjge.v8.i5.273 PMID: 26981179

Addis J, Mohammed N, Rotimi O, Magee D, Jha A, Subramanian V. Raman spectroscopy of endo-
scopic colonic biopsies from patients with ulcerative colitis to identify mucosal inflammation and healing.
Biomed Opt Express. 2016; 7(5):2022—35. https://doi.org/10.1364/BOE.7.002022 PMID: 27231640

Murr C, Grammer TB, Meinitzer A, Kleber ME, Marz W, Fuchs D. Immune activation and inflammation
in patients with cardiovascular disease are associated with higher phenylalanine to tyrosine ratios: the
ludwigshafen risk and cardiovascular health study. Journal of amino acids. 2014; 2014:783730. https://
doi.org/10.1155/2014/783730 PMID: 24660059

Doherty G, Katsanos KH, Burisch J, Allez M, Papamichael K, Stallmach A, et al. European Crohn’s and
Colitis Organisation Topical Review on Treatment Withdrawal [‘Exit Strategies’] in Inflammatory Bowel
Disease. Journal of Crohn’s and Colitis. 2017; 12(1):17-31.

Doherty G, Katsanos KH, Burisch J, Allez M, Papamichael K, Stallmach A, et al. European Crohn’s and
Colitis Organisation Topical Review on Treatment Withdrawal ['Exit Strategies’] in Inflammatory Bowel
Disease. J Crohns Colitis. 2018; 12(1):17-31. https://doi.org/10.1093/ecco-jcc/jjx101 PMID: 28981623

Gisbert JP, Marin AC, Chaparro M. The Risk of Relapse after Anti-TNF Discontinuation in Inflammatory
Bowel Disease: Systematic Review and Meta-Analysis. Am J Gastroenterol. 2016; 111(5):632—47.
https://doi.org/10.1038/ajg.2016.54 PMID: 27002797

Wood JJ, Kendall C, Hutchings J, Lloyd GR, Stone N, Shepherd N, et al. Evaluation of a confocal
Raman probe for pathological diagnosis during colonoscopy. Colorectal Dis. 2014; 16(9):732-8. https:/
doi.org/10.1111/codi.12664 PMID: 24836008

PLOS ONE | https://doi.org/10.1371/journal.pone.0252210  June 2, 2021 16/16


https://doi.org/10.1364/BOE.8.000524
http://www.ncbi.nlm.nih.gov/pubmed/28270965
https://doi.org/10.1016/j.crohns.2014.08.011
http://www.ncbi.nlm.nih.gov/pubmed/25267173
https://doi.org/10.5217/ir.2018.16.1.55
https://doi.org/10.5217/ir.2018.16.1.55
http://www.ncbi.nlm.nih.gov/pubmed/29422798
https://doi.org/10.1055/a-0869-7619
https://doi.org/10.1055/a-0869-7619
http://www.ncbi.nlm.nih.gov/pubmed/30957007
https://doi.org/10.1016/j.dld.2017.08.041
http://www.ncbi.nlm.nih.gov/pubmed/28958412
https://doi.org/10.1039/c5cs00581g
http://www.ncbi.nlm.nih.gov/pubmed/26999370
https://doi.org/10.4253/wjge.v8.i5.273
http://www.ncbi.nlm.nih.gov/pubmed/26981179
https://doi.org/10.1364/BOE.7.002022
http://www.ncbi.nlm.nih.gov/pubmed/27231640
https://doi.org/10.1155/2014/783730
https://doi.org/10.1155/2014/783730
http://www.ncbi.nlm.nih.gov/pubmed/24660059
https://doi.org/10.1093/ecco-jcc/jjx101
http://www.ncbi.nlm.nih.gov/pubmed/28981623
https://doi.org/10.1038/ajg.2016.54
http://www.ncbi.nlm.nih.gov/pubmed/27002797
https://doi.org/10.1111/codi.12664
https://doi.org/10.1111/codi.12664
http://www.ncbi.nlm.nih.gov/pubmed/24836008
https://doi.org/10.1371/journal.pone.0252210

