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BACKGROUND: The clinical potential of Raman spectroscopy is well established but has yet to become established in routine
oncology workflows. One barrier slowing clinical adoption is a lack of evidence demonstrating that data taken on one spectrometer
transfers across to data taken on another spectrometer to provide consistent diagnoses.

METHODS: We investigated multi-centre transferability using human oesophageal tissue. Raman spectra were taken across three
different centres with different spectrometers of the same make and model. By using a common protocol, we aimed to minimise
the difference in machine learning performance between centres.

RESULTS: 61 oesophageal samples from 51 patients were interrogated by Raman spectroscopy at each centre and classified into
one of five pathologies. The overall accuracy and log-loss did not significantly vary when a model trained upon data from any one
centre was applied to data taken at the other centres. Computational methods to correct for the data during pre-processing were
not needed.

CONCLUSION: We have found that when using the same make and model of spectrometer, together with a common protocol,
across different centres it is possible to achieve system transferability without the need for additional computational instrument

correction.
BJC Reports; https://doi.org/10.1038/s44276-024-00080-8

BACKGROUND

Raman spectroscopy (RS) is a technique that is able to detect the
vibrational modes of a molecule. A Raman spectrum is unique to
the inelastically scattered photons from a given molecule and can
be used to identify the biochemical constituents of a biomedical
sample. Unfortunately, biomedical samples are highly complex,
resulting in many overlapping Raman signals, requiring computa-
tional methods to interpret the underlying biochemical features.
This must be done in the presence of various sources of non-
Raman signals emanating from the laser-sample interaction, from
cosmic rays and components of the instrument itself. These can
overwhelm the relatively weak Raman effect. Improvements to
Raman spectrometers and computational methods have made
this task tractable, and many proof-of-concept studies demon-
strate that RS can be applied to cancer samples in order to; classify
cancers from tissue or other biological samples (e.g. serum) [1-3],
to detect pre-cancerous changes [4, 5] and to detect tumour
edges during surgery [6, 7]. Oesophageal cancer diagnostics is a
setting that could gain much from the clinical translation of RS.
Oesophageal cancers are often diagnosed late, resulting in high

mortality rates. Pre-cancerous lesions are difficult to identify
during endoscopy and the histopathological reliability of excised
tissue is known to be problematic [8, 9]. In particular, diagnoses
based on morphological information are known to be limited, with
kappa statistics of agreement amongst pathologists as low as 0.28
[10]. There are a number of complementary techniques, such as
immunohistochemistry (IHC), which can increase this agreement.
However, this technique is not without its drawbacks. For instance,
p53 immunostaining, a strong prognostic marker in oesophageal
cancers, is only interpretable in approximately 80% of cases [10].
There is evidence that RS may be able to further augment such
information. A recent meta-analysis found that ex vivo applica-
tions of RS to diagnose oesophageal cancers had a pooled Area
Under the Receiver Operating Characteristic (AUROC) curve of 0.99
[11]. Such results establish the potential of RS to discriminate
between healthy and cancerous samples. However, there are a
number of issues hindering its ability to generalise to the clinical
setting, including small sample sizes, biased validation strategies,
simpler binary datasets, and sub-optimal pre-processing [3]. In
particular, these studies were performed at single centres and the
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transferability of a model developed at one centre to unseen
clinical settings has yet to be established.

This issue occurs because Raman spectrometers are high-
precision instruments, and slight variations in any of their
components can result in deviations in Raman wavenumber and
intensity values [12, 13]. There are a number of components that
contribute to these deviations, including the excitation source,
wavelength selector, detector, and optics [14]. In addition,
datasets may be obtained under different conditions, such as
differing acquisition times or laser powers, resulting in hetero-
geneous datasets. These variations are especially problematic in
biomedical samples which often only manifest marginal differ-
ences between disease classes. Additionally, machine learning
(ML) approaches which utilise wavenumber selection are particu-
larly prone to poor generalisation due to their sensitivity to shifts
in the wavenumber axis [15].

The attempt to make a model trained on one spectrometer
applicable to other instruments has been called model transfer. To
this end, two main subdivisions have been described in the
literature: spectral standardisation and model updating [15]. The
former adjusts datasets to make them more similar by, for
instance, calibrating their wavenumber axes to align with
prominent Raman peaks. It can also include instrument response
correction to remove the effect of detection efficiency varying
with wavenumber. Such perturbations are known to deteriorate
ML performance [16]. Spectral standardisation methods have been
shown to ameliorate between-system deviations [17, 18]. Model
updating seeks to make the ML models themselves robust to
variations between datasets. This can be achieved by training
models with data from multiple instruments, thus forcing a model
to be robust against dataset variations. It could also be achieved
by selecting shared and invariant features between datasets.
Model updating by training traditional ML models, such as Partial
Least Squares, on data from multiple instruments has been found
to be ineffective [15]. However, the recent utilisation of deep
learning (DL) in RS applied to oncology samples may provide a
solution [3, 19, 20]. Convolutional neural networks (CNN), first
developed in the context of image recognition, are known to be
able to learn invariance to a number of input perturba-
tions: regardless of the position of an object in an image, even
if rotated, the model can still accurately recognise the object. In
the context of biomedical RS, invariance to translation, stretching,
and intensity may make a model robust to model transfer.

In this study, we expand upon the work of Isabelle et al.,, who
investigated the system transferability of an oesophageal dataset
taken across three centres [21]. They found that although
instrument calibration methods resulted in a demonstrable
concordance of data across three centres, this did not translate
to an improvement in binary classification performance when
transferring models between systems. Here we expand the sample
size and the number of classes while also exploring a greater
range of modelling techniques, namely Principal Component
Analysis - Linear Discriminant Analysis (PCA-LDA), Support Vector
Machine (SVM), and CNN.

METHODS

Sample collection and preparation

Samples were obtained from patients with a scheduled endoscopy for
Barrett's surveillance or from patients who had surgery for oesophageal
cancer (Fig. SI1). Barrett's oesophagus involves metaplastic changes to the
columnar mucosa and can predispose individuals to oesophageal cancer
[22]. 66 FFPE samples from 51 patients were taken from the histopathology
archive at Gloucestershire Hospitals NHS Foundation Trust, from which
patients had given informed consent for their tissues being used for future
research. These procedures were performed under local (endoscopic
resection) or general (oesophageal resection) anaesthetic in accordance
with an approved ethical proposal [Gloucestershire Local Research Ethics
Committee]. Routine histopathology reports were used to assist with

sample selection, while clinical data managers helped identify representa-
tive regions with one distinct pathology, identifying one of five clear
histologies: normal squamous (NSQ), intestinal metaplasia (IM), low and
high-grade dysplasia (LGD and HGD) and adenocarcinoma (AC). Being fully
accredited by UKAS, all samples adhered to 1SO15189 standards. 8 um
tissue sections were cut and mounted onto stainless steel slides as
described in detail in SI2. Three contiguous sections were collected from
each sample and one was sent to each of the three participating centres
(Biophotonics Research Unit, Gloucestershire Hospitals NHS Foundation
Trust, Gloucester, UK; University of Exeter, Exeter, UK; and University
College London, London, UK). Standard H&E slides of adjacent tissues were
also taken to identify regions of interest and to confirm pathologies. One
consultant and one registrar histopathologist outlined regions of interest
and confirmed diagnosis.

Each centre used the same make of benchtop spectrometer; prototype
Renishaw RA816 Biological Analyser (Renishaw plc, Wotton-under-edge,
UK). These are configured for pathology use with a 785 nm laser excitation,
a 50x NA 0.8 objective, a 1500 mm ' grating, and a motorised XYZ stage.
Data was collected in StreamLine™ mode over the fingerprint region
400—2200cm™", using a 10 um grid and an integrated exposure time of
6 seconds per point. Data was collected over spatial regions exhibiting a
homogenous pathology, with map sizes varying from 11 x 18 to 75 x
93 spectra. All three centres followed the same protocol for taking the
Raman maps. Regions of interest were matched between all centres to that
identified by the histopathologists so that all centres mapped approxi-
mately the same regions: this was not exact as the slides were taken from
adjacent sections of the same tissue. Samples that breached the protocol
at any centre were removed from the downstream analysis, leaving
61 samples from 51 patients.

Preprocessing

Cosmic rays were removed using 3 x 3 spatial median filtering across
adjacent spectra. Saturated spectra were automatically flagged by the
manufacturer’s software and removed. This resulted in 560819 spectra,
unevenly distributed over the five classes (Fig. SI3). Each spectrum was
standard normal variate normalised.

Machine learning and cross-validation strategy

Model development. PCA-LDA is a common modelling technique in
biomedical applications of RS for cancer diagnostics [3]. In particular, it has
been applied for the detection of oesophageal cancer by several groups
[13] and therefore provides a useful measure of baseline performance for
this study. PCA is used to reduce the dimensionality of a dataset and LDA
then constructs a decision boundary in PC space to classify spectra as
belonging to one of the five classes. SVMs also construct a decision
boundary, but are able to do so in a non-linear fashion by projecting the
data into a higher dimensional space. This is achieved using a kernel
function: we use the radial-basis function (RBF). These represent
"traditional’ ML models in contrast to ‘deep’ learning models.

One type of DL architecture, the CNN, has seen great success in several
domains of medical imaging [23], and has become popular in oncological
applications of RS [3]. They are able to construct non-linear decision
boundaries, allowing them to capture pertinent features from data. It has
even been suggested that they negate the need for several pre-processing
steps in RS [24]. However, their suitability to medical applications of RS is
debated, as the technique typically requires large amounts of data which is
often prohibitively expensive to collect in the medical domain and can
consume extensive computational resources for training. In the context of
DL, this study has very few samples - although there are a copious number
of spectra, they are derived from relatively few independent samples. With
such a large parameter space that characterises such models and a small
sample size, over-fitting becomes a significant risk. It is unclear in this
situation whether DL would provide any benefit compared to the
traditional ML models.

To assess this, we developed a custom CNN. Although more performant CNNs
exist, we constructed a relatively simple CNN to reduce the risk of overfitting,
using Python version 3.10 and the Pytorch framework [25]. Model details in SI4.
The Scikit-learn library was used for the PCA-LDA and SVM models [26].

Instrument calibration and corrections. The reproducibility of wavenumber
calibration between the three instruments was estimated to be within
0.5cm™" across the analysis region, while the reproducibility of system
response was estimated to be within 14% before calibration and 5% after
(SI5.1). Response calibration data was collected every six months through
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the manufacturer's software by employing a NIST SRM 2242 response
calibration standard. Data was not response calibrated at source, but
instead was optionally applied post-collection so that its effect on model
performance could be investigated. All instruments had nominally
identical Nikon TU Plan Fluor 50X objectives. Though these were selected
to minimise objective contribution to the Raman signal, it remains a
significant signal component when collecting in a low signal regime such
as tissue sections. Objective reference spectra were collected for all
systems while focused on a stainless-steel slide and showed up to 30%
difference in shape across the analysis region (SI5.2). The observed
maximum objective contribution over the wavenumber region was at
1350 cm™". The median objective signal was estimated to contribute 12%
to the signal in this region. Correction for the objective function was
performed by including objective spectra for the system in question as a
reference component in the extended multiplicative signal correction
(EMSC) processing of the data. These are standard instrument correction
techniques [27]. To assess the effect of instrument variation on model
performance, cross-validation (CV) was performed for all three ML models,
with and without response calibration plus objective correction (hence-
forth referred to as instrument correction).

Cross-validation strategy. Overfitting is a well-known problem in ML, in
which a model fits so well to the training set that it is modelling random
perturbations as opposed to learning real features [3]. This is increasingly
becoming recognised in the medical ML literature as a key reason for the
‘performance gap’, whereby excellent research results fail to generalise to
clinical settings [28]. A less well-known form of overfitting can occur at the
second level of inference: over-optimising model hyperparameters [29, 30].
Hyperparameters are choices that researchers make regarding certain
characteristics of a model; for instance, the number of PCs to retain in PCA-
LDA, the degree of decision boundary curvature in SYM-RBF, or the learning
rate for a CNN. A search for the best-performing hyperparameters risks finding
those values which happen to give good performance on the test data, but fail
to generalise [31]. This is exacerbated by low sample sizes, as methods to
ameliorate this effect, such as nested cross-validation, are only effective when
the sample is of sufficient size to allow the validation set to remain
representative of the target population. We circumvent this by selecting model
hyperparameters based on findings from previous work [32]. As the
hyperparameter space was not systematically searched we are gaining
generalisability as there can be no overfitting at the second level of inference
[31] at the cost of perhaps not finding the optimal model (underfitting). The
purpose of this study is to assess how well data were taken at one centre
transfers across to other centres. This addresses the problem of how data taken
at a single clinical site might be used to construct models that are clinically
relevant to other sites. Therefore, we trained our models iteratively one centre
at a time, leaving out two centres for testing. For each training centre we
performed 3-fold CV. This provides three estimates of performance,
sequentially using two-thirds of the data for training and one-third for testing.
This was repeated five times, each time with a different random seed so that
the training/test splits were different. This process resulted in a total of 15
estimates of model performance. We report the mean. Unfortunately, it is
difficult to construct confidence intervals as the data between folds is not
independent. We therefore only report the standard deviation. This simulates
the process of internal validation, in which performance metrics are obtained
by using portions of the existing dataset in lieu of independent (external)
datasets. This provides an estimate for how the model will generalise across to
the data taken at the other centres. Once this estimate is obtained we then
train the entire centre-level dataset and test against the two left-out centres. In
this way, we simulate the acquisition of external datasets, albeit from
ostensibly identical samples. Additionally, we trained each model on the all-
centre dataset, ignoring the centre-level structure, using the same 5 x 3 CV
strategy used for the single centres (Fig. SI6). We stratified all CV splits such that
class proportions were approximately preserved. It has been shown that when
splitting Raman data with a hierarchical structure the split should be
performed at the highest level, else spectra from the same sample will be
present in both the training and test sets, which artificially inflates performance
estimates [3, 33]. Hence, the data was split at the patient level. Additionally, any
pre-processing performed using global statistics was done after the data was
split to avoid data leakage. The average number of spectra per sample was
3065. In this application, we are interested in the overall sample label, as
opposed to the label of individual spectra (unlike margin detection which
would require demarcation of the individual spectra within each Raman map).
Thus we classified a sample based on a simple consensus amongst all spectra
from a sample. In this manner, all spectra are used for model construction, and
a single classification per sample is obtained.
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Results are reported as accuracy and AUROC. Accuracy is a simple and
intuitive metric, but lacks nuance. The AUROC is commonly used in medical
diagnostics studies, showing the trade-off between sensitivity and specificity,
although it is only defined in binary terms, necessitating a one vs all other
classes approach to multiclass classification. Both of these metrics require
choosing a threshold above which a sample belongs to one class and below to
another class. Such classification metrics are described in the statistical
literature as ‘improper’ in the sense that they do not capture the predictive
‘confidence’ of a model - a value close to the threshold and a value far from it
gives the same prediction [34]. The log loss is a ‘proper’ scoring metric that is
able to capture these subtleties, resulting in a more subtle, though less
intuitive, performance metric [35].

Model sensitivity to instrument perturbations

Deliberately perturbing ML inputs during testing is becoming an increasingly
recognised method to assess modes of failure, which helps assess the
suitability of a model to the clinical setting [28]. Wavenumber perturbation
(peak shifting) and instrument differences induced by the objective lenses
and instrument response are some characteristics deemed important during
model transfer between Raman instruments [17]. These have been explored
in the context of traditional ML techniques [16]. To assess the extent to which
perturbations to these components contribute to degrading model
performance we performed three in silico experiments.

Three potential sources of between instrument perturbations were
simulated, each simulated perturbation being systematically increased. It is
expected that at increasing levels of perturbations, model performance will
worsen. This can help assess whether any particular model is more robust
to such perturbations and gives an estimation of the degree of
perturbation that can be tolerated for inter-instrument model transfer.

For all in silico experiments the data from Centre 1 was used, subject to
the above-described 5 x 3 CV strategy. Additionally, for every fold, the test
data was perturbed in one of three separate ways (detailed below). Thus
the training data was a subset of that empirically derived from Centre 1
without any instrument correction. The test data, however, had varying
degrees of perturbations induced to simulate the effect of being taken
from a different instrument. Note that the purpose of these in silico
experiments was not to accurately model instrumental effects, but rather
to estimate the extent of different instrument perturbations the ML models
may be able to tolerate.

Simulating wavenumber perturbation. Wavenumber shifting was induced
in the test set by shifting each spectrum by a fixed number of data points.
Simulations were performed for shifts of up to 5 data points in either
direction. Each data point shift corresponds to approximately 2 cm ™', hence

the equivalent wavenumber shift range was approximately —10 to 10cm™".

Simulating objective lens perturbation. The objective lens difference
spectra between instruments were observed to be complex functions of
several broad peaks across the analysis region. To simulate the variation of
objective contribution between instruments, a decaying sinusoid was
added to the test set (Fig. SI5.3). The amplitude of the sinusoid at its
greatest extent was obtained from the observed objective lens contribu-
tion of centre 1. This was then scaled between —100% and 100% in
increments of 20%. The maximum observed difference in objective
contribution was between centres 2 and 3 at 30%.

Simulating response perturbation. The response factor is a multiplicative
factor applied to the data during response calibration. Instrument response
was observed to be approximately linear over the range 400-1800cm™".
The response perturbation was simulated to be a line passing through 1 at
the centre of the wavenumber region and varying by between 1-p/200 at
one end of the region and 1+p/200 at the other, where p is the percentage
variation across the data, which varied in the range —100% to 100%. Thus,
a series of lines were created to emulate this process with varying degrees
of slope in order to simulate the effect of greater and lesser response
contributions. The maximum observed difference in response was
between centres 1 and 3 with a slope factor of approximately 15%.

RESULTS

Data description

Fig. 1a shows the average spectrum per class across all centres.
Fig. 1b shows the average spectrum per centre. It is difficult to
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Fig. 1 Average spectra for the unnormalised and uncorrected data. a Average spectrum by class. b Average spectrum by centre. Right hand

panels show 1 SD.
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Fig.2 Perturbation accuracy of the test sets using PCA-LDA (green), SVM (red), and CNN (blue) via three separate perturbation methods.
a Effect of applying wavenumber shift perturbation (cm ™). b Effect of applying the objective perturbation, given as a percentage of the total
estimated objective contribution that was added. c Effect of applying the response perturbation (%), given as the percentage change induced

across the data. Mean accuracies are reported +/— 1SD. Black dotted
between the three instruments (detailed in SI5).

draw conclusions from these graphs alone, but it is apparent that
the three intermediary pathologies of IM, LGD, and HGD have, on
average, a greater intensity than the more distinct groups of NSQ
and AC. Similarly, spectra collected from centre 3 has a generally
higher intensity. This effect disappears during normalisation.

Wavenumber perturbation results

The maximum wavenumber shift measured between the three
study instruments was 0.5cm ™. Fig. 2a shows that the CNN and
PCA-LDA models are robust to wavenumber perturbation within
this observed range. The CNN performance remains robust
beyond these limits. The SVM performance is particularly sensitive
to this source of perturbation.

Objective lens perturbation results

Varying the additive contribution of a simulated objective lens largely
results in a gradual and smooth deterioration of performance over the
simulated range. The maximum observed difference in objective
signal contribution between the three centres in this study was
approximately 30%. This is indicated in Fig. 2b as black dotted lines.
Beyond this range, the performance of all the models deteriorates,
but again the SVM performance is particularly precipitous.

Instrument response perturbation results

Varying the multiplicative contribution of a simulated instrument
response also gives a gradual and smooth deterioration of
performance over the simulated range (Fig. 2c). The black dotted
lines show the range of estimated perturbations observed
between the three study instruments. Within that range, all
models are reasonably robust.

lines correspond to the maximum response perturbation observed

Simulated perturbations

Overall, the simulated perturbation results suggest that these
models are robust over some range of contributions from these
three sources of instrumental differences. For all simulations, this
range is greater than the measured instrument-to-instrument
differences, and therefore no significant impact on model
performance is expected when transferring between instruments.
The extent to which these perturbations can be tolerated is
model-dependent. The trends from the results suggest the SVMs
are more sensitive, especially with larger perturbations, consistent
with the findings of Sattlecker et al. [16]. The CNN is more robust
across a larger range of perturbations for all perturbation types.
This is consistent with the invariance property of CNNs. However,
the overlap in performance between CV folds, evident in the large
standard deviations, necessitates caution in this interpretation. It
may be possible to further exploit this property by inducing these
perturbations in the training set in a process known as data
augmentation, which was not explored here.

System transferability

Tables 1 and 2 compare the uncorrected and instrument-
corrected dataset performances. In order to more easily visualize
how these compare, the change in performance from the 5 x 3 CV
score per centre to the two held-out test centres is shown in Fig. 3.
These show there is no appreciable drop in the training accuracy
to that of the test centres as would be expected if transferability
was problematic. This is consistent with the simulation results, in
which the range of perturbation which adversely affects
performance was greater than that observed between the
instruments. Additionally, according to the accuracy, there is little
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Table 1. Uncorrected data results per model.

5x3CV Centre 1 Centre 2 Centre 3 5x3CV
one centre All centres
PCA-LDA Centre 1 63.8% +/— 8.0 72.1% 63.9% 78.7% 64.2% +/— 6.9
Centre 2 62.5% +/— 6.4 63.9% 70.5% 63.9%
Centre 3 62.7% +/— 6.2 65.6% 60.6% 68.9%
SsVmMm Centre 1 66.5% +/— 8.4 75.4% 63.9% 83.6% 63.9% +/— 11.2
Centre 2 67.1% +/— 9.3 63.9% 77.0% 63.9%
Centre 3 66.5% +/— 10.7 67.2% 63.9% 75.4%
CNN Centre 1 66.5% +/— 13.2 100% 67.2% 60.7% 68.4% +/— 5.6
Centre 2 63.1% +/— 6.4 65.6% 90.2% 63.9%
Centre 3 64.2% +/— 12.6 75.4% 65.6% 91.8%

Top line per centre represents accuracy (%) +/— 1SD, bottom line represents log loss +/— 1 SD. Italicised entries indicate the training results and so are not

indicative of performance.

Table 2. Corrected data results per model.

5x3CV Centre 1 Centre 2 Centre 3 5x3CV
one centre All centres
PCA-LDA Centre 1 62.7% +/— 4.3 70.4% 70.5% 73.7% 62.2% +/— 11.2
Centre 2 64.4% +/— 8.3 67.2% 75.4% 68.9%
Centre 3 63.4% +/— 9.7 68.9% 67.2% 73.8%
SsVmMm Centre 1 64.1% +/— 13.7 80.3% 63.9% 75.4% 66.6% +/— 8.8
Centre 2 64.0% +/— 12.9 62.3% 80.3% 68.9%
Centre 3 65.1% +/— 12.1 62.2% 65.6% 78.7%
CNN Centre 1 63.0% +/— 11.1 100% 54.1% 78.7% 68.2% +/— 9.6
Centre 2 61.4% +/— 11.3 62.3% 100% 65.6%
Centre 3 61.1% +/— 11.8 68.9% 59.0% 93.4%

Top line per centre represents accuracy (%) +/— 1SD, bottom line represents log loss +/— 1 SD. Italicised entries indicate the training results and so are not

indicative of performance.

to distinguish the performance of the three models on either
dataset. The log loss, however, suggests possible superiority of the
CNN, giving marginally lower scores, and with much narrower
variability, indicating the model gives a more robust estimate of
performance (Table SI7.1).

Model performance

As there is no discernible difference in performance between the
uncorrected and instrument-corrected data we proceed in the
most parsimonious manner; with the uncorrected data. Due to the
unintuitive interpretation and relative lack of use of the log loss in
biomedical studies, we focus on AUROC in the proceeding
discussion. A meta-analysis of RS applied to ex vivo oesophageal
cancers found a pooled AUROC of 0.99 when distinguishing
between malignant and benign tissues, indicating that RS has
potential for use in distinguishing malignant oesophageal
pathologies [11]. Our results accord with this (Table 3). SVM and
CNN clearly have superior performance. SVM is better at
discriminating AC samples (AUROC of 0.97 vs 0.91), but this
comes with a trend of less discriminatory power over the
intermediate classes of IM, LGD, and HGD. Which model is
preferable depends upon the clinical consequences of such
misclassifications. Unfortunately, histopathological definitions vary
worldwide, as do clinical pathways [36]. In LGD, molecular
architecture is largely preserved with only subtle morphological
changes, making it difficult to distinguish from non-dysplastic
tissue [37]. HGD displays more marked atypical features and hence
different morphological features. However, there is no clear
demarcation between the two, leading to high inter and intra-
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rater variability [8, 38]. The distinction between grades is clinically
important as their management options vary. LGD is managed via
endoscopic surveillance with endoscopic resection as needed, or
potentially with radiofrequency (RFA) ablation. Patients with HGD
undergo more intensive surveillance with options including RFA
+/— endoscopic mucosal resection and surgical resection. The
clinical relevance of IM is less clear. IM is characterized by the
presence of goblet cells, normally present in the intestine. It is
associated with a risk of progressing to LGD [37]. However, its
clinical relevance is dependent upon its location in the
oesophagus [37]. This is further complicated by the fact that IM
can be further subdivided into three types, one of which is not
deemed a risk factor for gastric cancer, and the remaining two
having an association with developing cancer, but with an unclear
causal pathway [39]. There is debate in the community regarding
the necessity of the presence of IM for the diagnosis of Barrett's
oesophagus [40].

Few oesophageal RS studies have attempted to distinguish
between pathology sub-types; those that have found performance
over the intermediary classes worse than NSQ vs all [41]. As RS
moves from proof-of-concept to clinical deployment, more studies
will need to focus on increasing the discriminative ability between
intermediary classes. DL architectures have elsewhere shown
potential to this end [3].

DISCUSSION
The single centre 5 x 3 CV training process simulates the process
of how data would be collected and trained: iterative subsets of
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the centre data would be used to train a model and the remaining
centre data would be used to estimate the ability of the model to
generalise to unseen data. As ML is a data-driven approach, it is
sensitive to the training data, which manifests in the variation of
performances across folds summarised by the standard deviation.
When the models are subsequently trained on the full centre data,
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Fig. 3 Uncorrected vs corrected accuracy comparison. Dots with
solid lines indicate single centre 5 x 3 CV mean accuracy +/— 1SD
with dashed lines to dots indicating test centre accuracies. Red
triangular dots indicate uncorrected data, and green circular dots
indicate corrected data. a Training on Centre 1. b Training on Centre
2. ¢ Training on Centre 3.

this simulates the process of model deployment. Finally, by testing
against the held-out centres, we simulated the process of testing
the model on unseen data. The caveat is that we used near
identical samples, thus we can be confident that any differences in
performance are due solely to (unwanted) instrument effects, as
opposed to being an artefact of the data. Any deviations due to
protocol interpretation by the different operators across the
centres were sufficiently minimal to allow the transfer. As the
centre level test results are within the expected range of
performance as estimated by the single centre level 5 x 3 CV,
we can conclude that our models trained on a single centre
transfer well across to data taken on the same make and model of
spectrometer when a common protocol has been followed.
Although this is a more limited arrangement than establishing
transferability across disparate spectrometers and protocols, it
establishes the possibility of developing RS models between
centres for targeted clinical applications. This would necessitate
the development of protocols suitable for each institution and
sufficient training of staff. By applying RS to FFPE tissues, we
largely adhered to current pathology pathways, only diverging by
taking an additional section for mounting onto stainless-steel
slides. Once an additional dewaxing step has been taken, the
sections are ready for Raman analysis. However, research work-
flows would need scaling up to facilitate clinical workflows and
high-through-put RS techniques may be necessary to meet clinical
demand.

A recent study exploring system transferability across a large
selection of spectrometers states that computational methods are
urgently needed to render RS models generalisable across settings
[16]. Our results suggest that transferability is not a concern
between different spectrometers of the same make and model
following a common protocol. The in silico simulations suggest
that CNNs could provide at least a partial solution, exploiting their
input invariance property to provide an alternative means to
achieve system transferability. The invariance property could be
further leveraged by inducing realistic artefacts during data
augmentation. This is a common method in DL which can help
models ignore irrelevant features. Although DL comes with its
own limitations, we have shown that CNNs are at least
competitive with traditional ML models even with relatively small
samples sizes.

Although we collected a large number of spectra, these came
from relatively few patients which are unlikely to be representative
of the entire population of interest. This limits the generalisability of
our work and would need to be conducted on a larger cohort to
ensure the results extend across the population.

CONCLUSIONS

The results from this study demonstrate that system transferability
can be achieved through instrument engineering with clinical
protocol adherence alone, bypassing the need for post-data-
collection corrections. Additionally, the advantage of CNNs over
PCA-LDA and SVMs is suggested and would likely manifest more
clearly with larger sample sizes. Although the performance metrics
are competitive with existing modalities for oesophageal cancer
diagnostics, this would require confirmation with a much larger
sample size.

Table 3. Uncorrected data: Class specific AUROC + /— 1SD by model.
NSQ IM
PCA-LDA 0.99 +/— 0.01 0.78 +/— 0.08
SVM 0.99 4 /— 0.01 0.87 4-/— 0.09
CNN 0.99 4 /— 0.00 0.90 +-/— 0.06

LGD HGD AC

0.69 +/— 0.11 0.51+/—0.10 0.74 +/— 0.08
0.89 +/— 0.08 0.89 + /— 0.08 0.97 +-/— 0.02
0.92 +/— 0.08 0.92 4 /— 0.04 0.91 +/- 0.08

BJC Reports



DATA AVAILABILITY

Availability of data and materials. The data is available at the Zenodo repository:
https://zenodo.org/records/10229090 The protocol is available at the Zenodo
repository: https://zenodo.org/records/10405264.

CODE AVAILABILITY
Code is available at GitHub: https://github.com/NBlake/Raman-System-Transferability.

REFERENCES

1. Stone N, Kendall C, Smith J, Crow P, Barr H. Raman spectroscopy for identification
of epithelial cancers. Faraday Discuss. 2004;126:141-57.

2. Lloyd GR, Orr LE, Christie-Brown J, McCarthy K, Rose S, Thomas M, et al. Dis-
crimination between benign, primary and secondary malignancies in lymph
nodes from the head and neck utilising Raman spectroscopy and multivariate
analysis. Analyst. 2013;138:3900-8.

3. Blake N, Gaifulina R, Griffin LD, Bell IM, Thomas GMH. Machine learning of Raman
Spectroscopy data for classifying cancers: a review of the recent literature.
Diagnostics. 2022;12:1491.

4. Hiremath G, Locke A, Sivakumar A, Thomas G, Mahadevan-Jansen A. Clinical
translational application of Raman spectroscopy to advance Benchside bio-
chemical characterization to bedside diagnosis of esophageal diseases. J Gas-
troenterol Hepatol. 2019;34:1911-21.

5. Haskell J, Hubbard T, Murray C, Gardner B, Ives C, Ferguson D, et al. High
wavenumber Raman spectroscopy for intraoperative assessment of breast
tumour margins. Analyst. 2023;148:4373-85.

6. Horsnell JD, Smith JA, Sattlecker M, Sammon A, Christie-Brown J, Kendall C, et al.
Raman spectroscopy-a potential new method for the intra-operative assessment
of axillary lymph nodes. Surgeon. 2012;10:123-7.

7. Hubbard TJE, Shore A, Stone N. Raman spectroscopy for rapid intraoperative
margin analysis of surgically excised tumour specimens. Analyst. 2019;
144:6479-96.

8. Kerkhof M, Van Dekken H, Steyerberg E, Meijer G, Mulder A, De Bruine A, et al.
Grading of dysplasia in Barrett's oesophagus: substantial interobserver variation
between general and gastrointestinal pathologists. Histopathology. 2007;50:920-7.

9. Dam AN, Klapman J. A narrative review of Barrett's esophagus in 2020, molecular
and clinical update. Ann Trans| Med. 2020;8:1107.

10. Kinra P, Gahlot GP, Yadav R, Baloda V, Makharia GK, Gupta SD, et al. Histological
assessment & use of immunohistochemical markers for detection of dysplasia in
Barrett's esophageal mucosa. Pathol-Res Pract. 2018;214:993-9.

11. Hao J, Chen C, Jin H, Chen N, Zhou J, Zhu Y, et al. The efficacy of Raman
spectroscopy in the diagnosis of esophageal cancer: a systematic review and
meta-analysis. Transl Cancer Res. 2020;9:4750.

12. Fearn T. Standardisation and calibration transfer for near infrared instruments: a
review. J infrared Spectrosc. 2001;9:229-44.

13. Shahbazikhah P, Kalivas JH. A consensus modeling approach to update a spec-
troscopic calibration. Chemom Intell Lab Syst. 2013;120:142-53.

14. Lin YC, Sinfield JV. Characterization of Raman Spectroscopy system transfer
functions in intensity, wavelength, and time. Instruments. 2020;4:22.

15. Guo S, Heinke R, StANockel S, RANosch P, Bocklitz T, Popp J. Towards an
improvement of model transferability for Raman spectroscopy in biological
applications. Vib Spectrosc. 2017;91:111-8.

16. Sattlecker M, Stone N, Smith J, Bessant C. Assessment of robustness and trans-
ferability of classification models built for cancer diagnostics using Raman
spectroscopy. J Raman Spectrosc. 2011;42:897-903.

17. Guo S, Beleites C, Neugebauer U, Abalde-Cela S, Afseth NK, Alsamad F, et al.
Comparability of Raman spectroscopic configurations: a large scale cross-
laboratory study. Anal Chem. 2020;92:15745-56.

18. Picot F, Daoust F, Sheehy G, Dallaire F, Chaikho L, BALegin T, et al. Data con-
sistency and classification model transferability across biomedical Raman spec-
troscopy systems. Trans| Biophotonics. 2021;3:e202000019.

19. Hollon TC, Pandian B, Adapa AR, Urias E, Save AV, Khalsa SS, et al. Near real-time
intraoperative brain tumor diagnosis using stimulated Raman histology and deep
neural networks. Nat Med. 2020;26:52-8.

20. Wang Z, Han K, Liu W, Wang Z, Shi C, Liu X, et al. Fast real-time brain tumor
detection based on stimulated raman histology and self-supervised deep learn-
ing model. J Imaging Inform Med. 2024;37:1-7.

21. Isabelle M, Dorney J, Lewis A, Lloyd G, Old O, Shepherd N, et al. Multi-centre
Raman spectral mapping of oesophageal cancer tissues: a study to assess system
transferability. Faraday Discuss. 2016;187:87-103.

22. Souza RF, Spechler SJ. Mechanisms and pathophysiology of Barrett oesophagus.
Nat Rev Gastroenterol Hepatol. 2022;19:605-20.

BJC Reports

N. Blake et al.

23. Esteva A, Robicquet A, Ramsundar B, Kuleshov V, DePristo M, Chou K, et al. A
guide to deep learning in healthcare. Nat Med. 2019;25:24-9.

24. Lee W, Lenferink AT, Otto C, Offerhaus HL. Classifying Raman spectra of extra-
cellular vesicles based on convolutional neural networks for prostate cancer
detection. J Raman Spectrosc. 2020;51:293-300.

25. Paszke A, Gross S, Massa F, Lerer A, Bradbury J, Chanan G, et al. PyTorch: An
Imperative Style, High-Performance Deep Learning Library. In: Advances in
Neural Information Processing Systems 32. Curran Associates, Inc; 2019. p.
8024-35.

26. Pedregosa F, Varoquaux G, Gramfort A, Michel V, Thirion B, Grisel O, et al. Scikit-
learn: Machine learning in Python. J Mach Learn Res. 2011;12:2825-30.

27. Dehghani-Bidgoli Z. Computational method for removing instrument response
effect from Raman spectra. J Appl Spectrosc. 2015;82:293-8.

28. Liu X, Glocker B, McCradden MM, Ghassemi M, Denniston AK, Oakden-Rayner L.
The medical algorithmic audit. Lancet Digit Health. 2022;4:e384-e397.

29. Varma S, Simon R. Bias in error estimation when using cross-validation for model
selection. BMC Bioinforma. 2006;7:1-8.

30. Wainer J, Cawley G. Nested cross-validation when selecting classifiers is over-
zealous for most practical applications. Expert Syst Appl. 2021;182:115222.

31. Cawley GC, Talbot NL. On over-fitting in model selection and subsequent
selection bias in performance evaluation. J Mach Learn Res. 2010;11:2079-107.

32. Blake N, Gaifulina R, Griffin LD, Bell IM, Rodriguez-Justo M, Thomas GM. Deep
learning applied to Raman Spectroscopy for the detection of microsatellite
instability/MMR deficient colorectal cancer. Cancers. 2023;15:1720.

33. Guo S, Bocklitz T, Neugebauer U, Popp J. Common mistakes in cross-validating
classification models. Anal Methods. 2017;9:4410-7.

34. Merkle EC, Steyvers M. Choosing a strictly proper scoring rule. Decis Anal.
2013;10:292-304.

35. Gneiting T, Raftery AE. Strictly proper scoring rules, prediction, and estimation. J
Am Stat Assoc. 2007;102:359-78.

36. Takubo K, Vieth M, Aida J, Sawabe M, Kumagai Y, Hoshihara Y, et al. Differences in
the definitions used for esophageal and gastric diseases in different countries.
Digestion. 2009;80:248-57.

37. Maitra |, Date RS, Martin FL. Towards screening Barrett's oesophagus: current
guidelines, imaging modalities and future developments. Clin J Gastroenterol.
2020;13:635-49.

38. Montgomery E, Bronner MP, Goldblum JR, Greenson JK, Haber MM, Hart J, et al.
Reproducibility of the diagnosis of dysplasia in Barrett esophagus: a reaffirmation.
Hum Pathol. 2001;32:368-78.

39. Abrams JA, Quante M. Adenocarcinoma of the stomach and other gastric tumors.
In: Sleisenger and Fordtran’s Gastrointestinal and Liver Disease. 11th ed. Elsevier;
2020. p. 901-20.

40. Zhang L, Sun B, Zhou X, Wei Q, Liang S, Luo G, et al. Barrett's esophagus and
intestinal metaplasia. Front Oncol. 2021;11:630837.

41. Kendall C, Stone N, Shepherd N, Geboes K, Warren B, Bennett R, et al. Raman
spectroscopy, a potential tool for the objective identification and classification of
neoplasia in Barrett's oesophagus. J Pathol: A J Pathol Soc Gt Br lIrel.
2003;200:602-9.

ACKNOWLEDGEMENTS

This work was funded and supported by Innovate UK - ‘SMART: Stratified Medicine
through Advanced Raman Technologies’.We thank Renishaw plc for system support
and development. We thank Hugh Barr in Gloucestershire Royal Hospital for his
clinical expertise and insight. We thank the histology staff at Cheltenham Hospital
pathology department who helped with the sectioning, H&E staining, and pathology
review, especially Hannah Lowes, Joanne Motte, and Sarah Brown. This project was
funded by Innovate UK award 38659-281182. N.B. was funded by EPSRC Ph.D.
Studentship, grant number EP/R513143/1, M.R-J. is partly funded by UCLH/UCL BRC.

AUTHOR CONTRIBUTIONS

Conception and design: MI, CK, NSt, GT, protocol development: KL, MI, CK,
development of methodology: KL, NB, data acquisition: RG, AL, GL, JD, SO, MR-J,
NSh, data analysis, and model development: CK, NB, IB, funding acquisition: MI, CK,
NSt, GT, manuscript writing NB, IB, GT.

COMPETING INTERESTS
IB is a current employee of the instrument manufacturer (Renishaw plc.). MI, SO, and
KL are former employees of the same company.


https://zenodo.org/records/10229090
https://zenodo.org/records/10405264
https://github.com/NBlake/Raman-System-Transferability

N. Blake et al.

ETHICS APPROVAL

This study was approved by Gloucestershire Local Research Ethics Committee.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s44276-024-00080-8.

Correspondence and requests for materials should be addressed to Nathan Blake or
Geraint Thomas.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© Crown 2024

BJC Reports


https://doi.org/10.1038/s44276-024-00080-8
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	System transferability of Raman-based oesophageal tissue classification using modern machine learning to support multi-centre clinical diagnostics
	Background
	Methods
	Sample collection and preparation
	Preprocessing
	Machine learning and cross-validation strategy
	Model development
	Instrument calibration and corrections
	Cross-validation strategy

	Model sensitivity to instrument perturbations
	Simulating wavenumber perturbation
	Simulating objective lens perturbation
	Simulating response perturbation


	Results
	Data description
	Wavenumber perturbation results
	Objective lens perturbation results
	Instrument response perturbation results
	Simulated perturbations
	System transferability
	Model performance

	Discussion
	Conclusions
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGMENTS
	Ethics approval
	ADDITIONAL INFORMATION




