
 Open access  Posted Content  DOI:10.1101/2020.05.20.20108209

A new method to triage colorectal cancer referrals using serum Raman
spectroscopy and machine learning — Source link 

Cerys A Jenkins, Susan Chandler, Rhys A Jenkins, Kym Thorne ...+15 more authors

Institutions: Swansea University, Abertawe Bro Morgannwg University Health Board

Published on: 23 May 2020 - medRxiv (Cold Spring Harbor Laboratory Press)

Topics: Triage

Related papers:

 
Development of an algorithm to identify urgent referrals for suspected cancer from the Danish Primary Care
Referral Database.

 Implications of new colorectal cancer screening technologies for primary care practice.

 Pilot of decision support to individualize colorectal cancer screening recommendations.

 Promoting colorectal cancer screening: A scoping review of screening interventions and resources

 Screening for Colorectal Cancer and Evolving Issues for Physicians and Patients: A Review.

Share this paper:    

View more about this paper here: https://typeset.io/papers/a-new-method-to-triage-colorectal-cancer-referrals-using-
2wdofuscxq

https://typeset.io/
https://www.doi.org/10.1101/2020.05.20.20108209
https://typeset.io/papers/a-new-method-to-triage-colorectal-cancer-referrals-using-2wdofuscxq
https://typeset.io/authors/cerys-a-jenkins-5ank90rxll
https://typeset.io/authors/susan-chandler-iox4rgazsk
https://typeset.io/authors/rhys-a-jenkins-20r788pdf5
https://typeset.io/authors/kym-thorne-329pixpk1q
https://typeset.io/institutions/swansea-university-3ewlygnd
https://typeset.io/institutions/abertawe-bro-morgannwg-university-health-board-3h5lf6zz
https://typeset.io/journals/medrxiv-3o5ewbzz
https://typeset.io/topics/triage-3k40v1v2
https://typeset.io/papers/development-of-an-algorithm-to-identify-urgent-referrals-for-1ugrrpsa8f
https://typeset.io/papers/implications-of-new-colorectal-cancer-screening-technologies-zc9mfyw4xf
https://typeset.io/papers/pilot-of-decision-support-to-individualize-colorectal-cancer-1h8dropvop
https://typeset.io/papers/promoting-colorectal-cancer-screening-a-scoping-review-of-e3drikiqk0
https://typeset.io/papers/screening-for-colorectal-cancer-and-evolving-issues-for-1zy1fc72vd
https://www.facebook.com/sharer/sharer.php?u=https://typeset.io/papers/a-new-method-to-triage-colorectal-cancer-referrals-using-2wdofuscxq
https://twitter.com/intent/tweet?text=A%20new%20method%20to%20triage%20colorectal%20cancer%20referrals%20using%20serum%20Raman%20spectroscopy%20and%20machine%20learning&url=https://typeset.io/papers/a-new-method-to-triage-colorectal-cancer-referrals-using-2wdofuscxq
https://www.linkedin.com/sharing/share-offsite/?url=https://typeset.io/papers/a-new-method-to-triage-colorectal-cancer-referrals-using-2wdofuscxq
mailto:?subject=I%20wanted%20you%20to%20see%20this%20site&body=Check%20out%20this%20site%20https://typeset.io/papers/a-new-method-to-triage-colorectal-cancer-referrals-using-2wdofuscxq
https://typeset.io/papers/a-new-method-to-triage-colorectal-cancer-referrals-using-2wdofuscxq


A new method to triage colorectal cancer referrals using serum Raman spectroscopy and 

machine learning 

  

Authors: Cerys A Jenkins1, Susan Chandler2, Rhys A Jenkins1, Kym Thorne2,3, Freya Woods1, 

Andrew Cunningham2, Kayleigh Nelson3, Rachel Still4, Jenna Walters4, Non Gwynn4, Wilson 

Chea5, Rachel Harford6, Claire O’Neill2,3, Julie Hepburn7, Ian Hill7, Heather Wilkes8, Greg 

Fegan2,3, Peter R Dunstan1, Dean A Harris5* 

 

Affiliations and addresses:  
1Physics Department, College of Science, Centre for Nanohealth, Swansea University, SA2 

8PP  
2Swansea University Medical School, Swansea University, SA2 8PP  
3Swansea Trials Unit, Swansea University, SA2 8PP  
4Department of Laboratory Medicine, of Medical Biochemistry, Swansea Bay University 

Health Board, SA6 6NL 
5Department of Colorectal Surgery, Swansea Bay University Health Board, Morriston Hospital, 

SA6 6NL  
6Research and Development Department Swansea Bay University Health Board, Institute of 

Life Science 2, Swansea University, SA2 8PP  
7Public Involvement Community, Health and Care Research Wales, Cardiff, CF11 9AB 
8Briton Ferry Primary Care Centre, Neath, SA11 2FP  

 
*Corresponding author – Prof Dean A Harris 

Email - dean.a.harris@wales.nhs.uk 

Telephone - 01792 285459 (secretary) 

Address: Department of Colorectal Surgery, Swansea Bay University Health Board, Morriston 

Hospital, Swansea SA6 6NL  

 

All rights reserved. No reuse allowed without permission. 
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. 

The copyright holder for this preprintthis version posted May 23, 2020. ; https://doi.org/10.1101/2020.05.20.20108209doi: medRxiv preprint 

NOTE: This preprint reports new research that has not been certified by peer review and should not be used to guide clinical practice.

https://doi.org/10.1101/2020.05.20.20108209


Abstract 

Suspected colorectal cancer (CRC) referrals based on non-specific symptoms currently lead to 

large numbers of patients being referred for invasive investigations and poor yield in cancer 

detection. Secondary care diagnostics, particularly endoscopy, struggle to meet the ever-

increasing demand and patients face lengthy waits from the point of referral. Here we 

propose a blood test utilising high-throughput Raman spectroscopy and machine learning as 

an accurate triage tool. We present results from the first mixed methods clinical validation 

study of its kind, evaluating the ability of the test to perform in its target population of primary 

care patients, and its acceptability to those administering and receiving the test. The test was 

able to accurately rule out cancer with a negative predictive value of 98.0%. This performance 

could reduce the number of invasive diagnostic procedures in the cohort by at least 47%. 

Collectively, our findings promote a novel, non-invasive solution to triage CRC referrals with 

potential to reduce patient anxiety, accelerate access to treatment and improve outcomes. 
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Introduction 

Colorectal cancer (CRC) is the second largest cause of cancer related death worldwide.1 The 

majority (54%) of cases of CRC in the UK are diagnosed through patients presenting to primary 

care with bowel symptoms.2 Patients have to satisfy strict referral criteria in line with NICE 

guidance to be referred along the ‘Urgent Suspected Cancer’ (USC) pathway.3,4 The USC 

pathway was introduced to standardise referrals and investigations for suspected cancer to 

reduce time to diagnosis. The pathway recommends that patients see a specialist 

within two weeks and receive their first treatment for cancer within 62 days.  

 

However, the symptoms for CRC are non-specific and are shared by a number of benign 

conditions such as irritable bowel syndrome and haemorrhoids. The USC pathway is based on 

a positive predictive value (PPV) for cancer of only 3%. The lack of specificity leads to large 

numbers of patients being referred along the pathway and needing investigation. Increasing 

referral rates have contributed to demand for colonoscopy (the gold standard diagnostic test 

for CRC) doubling over the last five years with numbers set to increase further.5   

 

Prompt recognition and reporting of symptoms by the public has been advocated for CRC, 

but has only succeeded in further increasing referral rates for investigation, with no impact 

on rates of earlier disease diagnosis and little overall reduction in CRC mortality.5,6 The current 

USC pathway has failed to have a significant effect on the ability to detect CRC earlier and 

change the outcomes of CRC.7,8 A blood test combining high-throughput serum Raman 

spectroscopy (RS) and machine learning analysis could transform the CRC referral pathway. 

Our development of a blood test to improve triage of referrals on the USC pathway is timely 

as shown by the top three research priorities of The Detecting Cancer Early Priority Setting 

Partnership namely, (1) what simple, non-invasive, painless, cost-effective, and convenient 

tests can be used to detect cancer early? (2) can a blood test be used to detect some or 

all cancers early, and how can it be included into routine care? and (3) would increasing access 

to tests to diagnose cancer within General Practices improve the number of cancers detected 

early, and is it cost effective?9   

 

RS is a vibrational spectroscopic technique that provides rapid, cost-effective analysis of 

biological samples. RS simultaneously measures a range of molecular species (proteins, 

nucleic acids, lipids, etc) within biological samples to produce a spectrum or ‘biochemical 

fingerprint’ unique to the sample (Figure 1). The spectrum can be considered a snapshot of a 

patient’s health or disease status at a given time. Spectral data can be coupled to machine 

learning to develop discriminatory or identification models10,11. Applications of RS for the 

detection of diseases in tissue and biofluid samples have previously been reported for a wide 

range of diagnostic applications including breast cancer, 12 brain tumours,13 bladder cancer,14 

oral cancer15  and CRC16. Whilst the results are promising, approaches differ and studies to 

date have been largely limited to pilot studies.17,18 

 

Our application to CRC has developed a high-throughput (HT) Raman spectral measurement 

platform that can be applied to liquid serum samples.16 The ability to measure samples in a 

liquid state holds an advantage over other vibrational spectroscopic methods such as Fourier 

transform infrared (FTIR) spectroscopy studies where serum samples must be dried prior to 

analysis.19 This allows Raman spectral measurements to be collected and analysed in a rapid 

timeframe without the need to wait for sample preparation.  
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The HT Raman platform was used to collect data from a retrospective cohort of 100 patients 

with known clinical outcomes of CRC or non-cancer (control). The data from these patients 

(training set) were used to develop the machine learning based Raman-CRC model.  

 

For a disruptive technology such as Raman-CRC to translate to the proposed clinical setting it 

is crucial that it gains acceptance with patients and end-users (General Practitioners; GPs). To 

ensure patient relevance two former patients from the Public Involvement Community (JH 

and IH) were involved in the design of the study to ensure the study was relevant to patient 

needs. Clinical attitudes towards the test were explored via a qualitative evaluation of 

attitudes of the service end-users (GPs), exploring the use of Raman-CRC as a triage tool and 

the potential of Raman-CRC fitting into multiple areas of the clinical pathway. 

 

Here, we present preliminary results of the first application of the Raman-CRC model to 

Raman spectra of serum samples from the largest prospective cohort to date (n=535).  This 

study presents results from the first mixed methods approach for this indication including a 

nested qualitative study (Figure 2). It considers both the utility of a Raman-CRC blood test to 

streamline the referral pathway for suspected cancer patients and explores its potential to 

translate into a clinical setting through end user focus groups. 
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Results 

Development of the Raman-CRC diagnostic model with retrospective patient cohort 

Data from a previously recruited retrospective cohort of 100 patients with known clinical 

diagnosis (CRC or control) was used to develop the Raman-CRC blood test model. Patients 

were age and sex matched where possible (Table 1). Serum samples from the cohort were 

analysed using a HT Raman platform to provide 5 biological repeat spectra from each patient. 

In total this provided 500 spectra (250 CRC; 250 control) for analysis. When coupled to 

machine learning this data was used to train classification models to detect the spectral 

differences between CRC and control blood sera and then predict the disease status of 

unknown samples. The results from the training and testing (blind test set) of a random forest 

(RF) classification are presented (Figure 3). The accuracy and receiver operator characteristic 

(ROC) curve for the diagnostic model was calculated from a 20% blind holdout validation 

patient set. The holdout set were excluded from model building and tested against the 

random forest algorithm which was trained with the remaining 80% (whereby patients can 

only appear in either the training or cross validation set). The Raman-CRC model showed a 

good area under the curve (AUC) of 0·84 and performed with a sensitivity and specificity of 

84.0% and 78·0% respectively, indicating the ability to distinguish patients with and without 

CRC within the prospective cohort (Figure 3).  
 

Prospective validation study 

Following promising results from the Raman-CRC model development, analytic researchers 

next tested the prospective USC GP patient samples against the trained model to perform 

analysis representative of the target end-use of Raman-CRC.   

 

The study captured a wide variance of cases within the total 535 patients from primary care 

including patients with non-cancer diseases, pre-cancerous polyps and other cancer types 

(Table 2). In accordance with prevalence in a GP population 29 patients (5%) were diagnosed 

with CRC through the traditional referral pathway. Patient ages were comparable between 

the CRC and the non-CRC group. A predominance of male patients was observed in the CRC 

group consistent with its known distribution. Data capture from the prospective cohort 

allowed a comparison of the symptomatic presentation of the patients (Table 3). Minimal 

difference in symptom frequency or routine blood results (haemoglobin, ferritin) between 

cancers and non-cancers was observed highlighting the lack of clinical specificity.  

 

After patient exclusions (detailed in supplementary information Figure 1), 408 patients 

remained whose CRC or non-CRC diagnosis was based upon an initial investigation of 

colonoscopy or CT colonography. Raman spectra from these patient samples were collected 

via the HT data collection platform. Data were then analysed, with the researcher blinded to 

patient diagnosis, using the Raman-CRC model on a spectrum by spectrum basis. This 

produced a probability for each spectrum of being cancer which was converted to a patient-

wise result by averaging the results to produce an overall probability of a patient having 

cancer. The output from the model prediction for each patient was then compared to their 

final diagnosis to produce performance metrics for the test when compared by patient initial 

investigation (Figure 4).  
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The negative predictive value (NPV) for the cohort of 98% can be considered excellent and 

within a GP setting gives the power to ‘rule out’ CRC. The PPV figure of 11.8% is a marked 

improvement on the current symptomatic pathway that has a PPV of just 3%.3 

 

Prospective recruitment and detailed patient data capture has contributed to a better 

understanding of the variability of illnesses within the target population variance for the 

Raman-CRC test and will now inform future model development that encapsulates patients 

from different groups including pre-cancerous polyps. The patient comorbidities and tumour 

site in relation to the Raman-CRC result was also investigated in the colonoscopy cohort. 

There was no clear correlation between patient comorbidities and medication against the 

performance of the Raman result. Raman-CRC performed well across all colonic areas, with a 

pickup rate for cancer of 100·0% from the caecum to the sigmoid colon. It was less accurate 

at detecting rectal cancers with a 69·2% pick up rate (Supplementary table S.5).  

 

To explore the potential economic benefit of using Raman-CRC as a triage tool for secondary 

care testing a preliminary cost analysis was conducted. With reference to patients 

investigated initially by colonoscopy, if the Raman-CRC test had been used, 49.8% of 

investigations could have been avoided on the USC pathway. In England, UK the cost of a 

diagnostic colonoscopy is ~£485.20 Initial cost analysis has estimated Raman-CRC at a cost of 

£40 per test and if it was performed on all patients in the cohort referred on the USC pathway 

receiving colonoscopy (n=251), Raman-CRC could have a direct cost saving of £50,585. A full 

health economic assessment is planned to evaluate future cost-effectiveness for the Raman-

CRC test as a triage tool for symptomatic patients in primary care.  

 

Acceptability of a Raman blood test in primary care 

It is important for adoption that any new diagnostic be acceptable to the end-users. To 

explore the acceptability of the Raman-CRC test a qualitative analysis was conducted, by focus 

group meetings across six primary care practices, involving 24 GPs. The mean meeting 

duration was 45 minutes (range 35-55 minutes) and followed a semi-structured interview 

format. Following analysis of the transcripts and discussion of data saturation, four key 

themes were identified from the discussions; perceptions of the current referral pathway, 

utility of Raman-CRC as a triage tool, utility of Raman-CRC as a diagnostic tool, and GP 

acceptability of Raman-CRC. Each key theme from the focus group discussions were then 

summarised (Figure 5).  

 

When considering the perceptions of the current referral pathway focus group GPs agreed 

that they carefully considered appropriateness of USC referrals and were conscious of current 

capacity issues within secondary care. They highlighted patients often experiencing long waits 

for ‘urgent’ referrals and as such would try to “shoehorn” (GP 2, practice 5) patients into the 

USC pathway to fulfil their duty of care in a timely manner. While most GPs thought the 

current referral guidelines were positive, they thought the criteria very rigid. “It doesn't allow 

for atypical presentations does it? Sometimes you do just have that gut feeling when you see 

someone and there is no leeway to get that through.” (GP 2, practice 4). The rigidity of the 

current pathway made it difficult to refer patients who did not meet the criteria but for whom 

the GP had clinical concerns. “I don't always refer to the guidelines every time because I feel 

that if I did I would be knocking more out than in.” (GP 2, practice 1).  
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GPs welcomed the Raman-CRC test as a useful tool to help triage patients being referred and 

make more appropriate referral decisions. They highlighted that the test might reduce the 

number of unnecessary referrals. “…So if there was a test like the Raman test and they are 

available it would add that reassurance./.../You may not need to do any further 

investigations.” (GP 2, practice 2).  

 

GPs also highlighted other potential uses for the test and all agreed that it would be most 

useful in helping to provide an evidence base for, and enabling better management of, 

patients who had suspect symptoms but did not meet the referral criteria. “It’s another tool 

in your box. If you think it’s barn door then it doesn't matter what a blood test shows does 

it?... but for those nebulous areas [it’s useful].” (GP 1, practice 2). It was also thought the test 

would go some way to helping GPs removing barriers to earlier diagnoses as evidence to refer 

patients “It would be worth it to have a bit more supportive evidence if needed” (GP 3, practice 

4).  

 

The test showed a high NPV of 98.0% showing an excellent ability to rule out cancer. It was 

viewed as an acceptable method to reassure patients and GPs awaiting investigative 

procedures and reduce anxiety in patients. “It’s very good at saying you haven't got cancer so 

you can be reassured.” (GP 2, practice 1). The test was thought to be preferable for some 

patients particularly when compared to faecal based tests. 

 

GPs also highlighted that the test has potential as a diagnostic tool in populations where 

invasive testing is not appropriate e.g. frail patients potentially providing a diagnosis without 

invasive diagnostic procedures causing harm or distress to patients. GPs on the whole felt 

comfortable using it as a screening tool because of the high NPV and iterated they would be 

comfortable providing the results to patients.  

 

To have the confidence to use Raman-CRC routinely in primary care all agreed it needed to 

be adopted into local or national guidelines. Reasons for this were to minimise the risk of any 

formal patient complaints. “I think it would make a lot of difference if it was in the guidance, 

the difficulty is at the moment is that you have got the guidance that says USC referral and 

[Raman] isn't in it. /../ if it’s in the guidance you've got more confidence in not making a 

referral then.” (GP 2, practice 2). However, GPs agreed that if the test were available and 

within the guidance then it would be well utilised. “if a Raman blood test was available then 

I would do it, and I think you would find every GP would.” (GP 1, practice 3). 

 

 

 

 

 

 

 

 

 

 

All rights reserved. No reuse allowed without permission. 
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. 

The copyright holder for this preprintthis version posted May 23, 2020. ; https://doi.org/10.1101/2020.05.20.20108209doi: medRxiv preprint 

https://doi.org/10.1101/2020.05.20.20108209


Discussion  

We report the first prospective study to analyse blood serum with label-free RS combined to 

machine learning as a disruptive new technology to potentially transform the current USC 

pathway for CRC. The study was conducted in the intended target population for use, a 

symptomatic primary care population with low cancer prevalence. It shows early evidence 

that Raman-CRC has sufficient test performance for future utility as a symptomatic pathway 

triage tool in primary care. It demonstrates a good ability to exclude CRC with NPV of 98.0% 

and better performance than the USC pathway in predicting cancer likelihood (PPV 11.8% 

compared with 3%).  The application of this test as a triage tool in the USC pathway showed 

that is has potential to reduce the number of diagnostic investigations by up to 47%. This 

methodology would have further benefits by reducing waiting times for diagnostic 

investigations, reduce patient anxiety and allow faster treatment for those more likely to have 

CRC.  
 

Analysis of focus groups from primary care providers showed overwhelming support and 

highlighted the need for a blood test to triage primary care referrals. It gave insights into the 

likely clinical applications for patients missing the current criteria who they have concerns 

about CRC and its potential as a screening tool. GP attitudes were positive towards adoption 

and clinical utility for a blood-based diagnostic for CRC in primary care. The inherent 

reduction in patient anxiety was positively received. Test performance was considered 

acceptable even at this preliminary stage and would be used to influence referral behaviour 

if routinely available.  

  

The Raman-CRC test accuracy is based upon a subset of the overall test cohort with the early 

stage binary algorithm. There were no exclusions based on comorbidities or medication which 

may have influenced the test performance compared with the model training data. An 

improved algorithm encompassing more underlying conditions and including polyps is in 

development and has potential for superior performance.  

  

The International Cancer Benchmarking Partnership (ICBP) has reported the UK as having the 

lowest survival rates for colorectal cancer, in part through differences in diagnostic pathways 

and referral timelines.21,22There is interest in the use of faecal immunochemical testing (FIT) in 

symptomatic patients in primary care with NICE guidance (DG30) supporting its use in low risk 

populations and pilots running in the UK for high risk groups meeting the USC referral 

criteria.23 
 Studies show FIT is more accurate than the NG12 USC pathway for suspected lower 

gastrointestinal  cancer with an AUC for CRC of 0·85 compared with 0·65.24  Current 

uncertainties with widespread FIT implementation are: 1) what are the optimum cut-off 

levels? : 2) How acceptable a test it is to patients and GPs (with low compliance reported): 3) 

what its impact will be on endoscopy services, with a likely rise in demand not reduction. 

Unlike FIT (which detects haemoglobin) Raman-CRC has applicability to any lower GI 

symptom, in particular overt rectal bleeding which was the commonest presenting symptom 

in the ICBP study.21 

  

Other emerging technologies include detection of volatile organic compounds in breath, 

urine and blood, and circulating tumour (ct) cells or ctDNA. Although showing promising 

sensitivity and specificity in known cancers, these technologies are not yet validated in target 

clinical populations with low cancer prevalence and are not currently cost-effective for NHS 

use.25 Raman-CRC has discernible advantages through being a rapid, reproducible, high 
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throughput technology that is low cost (~£40 per sample) in comparison 

with ctDNA techniques (~£250 per sample).  

  

A larger cohort study evaluating Raman-CRC alone and in combination with FIT (CRaFT) is 

underway. The CRaFT study will further develop the current diagnostic model and measure 

individual and combined test accuracy with FIT. It will also capture symptomatic patients’ 

experiences and attitudes with Raman and FIT. Future work is planned to conduct a formal 

cost effectiveness analysis, impact analysis in terms of earlier detection and use of 

downstream resources and qualitative patient and clinician test acceptability.  

  

Raman-CRC has shown potential to become a clinician decision-making aid in symptomatic 

patients at higher risk for underlying CRC. It has high NPV values and shows early indications 

of timeframe reduction to diagnosis and resource release. The clinical impact of Raman-CRC 

in primary care would be twofold: 1) rapid exclusion of CRC in symptomatic patients, reducing 

referrals on the USC pathway, allaying anxiety and releasing colonoscopy resources; 2) to 

upgrade patients with low risk symptoms to the USC pathway if the Raman-CRC was positive 

towards earlier detection, potentially translating into improved cancer mortality. A positive 

test would circumvent the traditional route of outpatient review and diagnostic request by 

dovetailing with a ‘Straight To Test’ pathway (Figure 6).26. As an accurate and acceptable test 

Raman-CRC has the ability to transform how we detect colorectal cancer in a symptomatic 

population.  
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Methods 

Study design   

A prospective cohort study to evaluate the performance of Raman-CRC in primary care to 

triage need for referral and diagnostic testing for CRC. This work was performed as a phase 2 

evaluation of clinical test performance (analytic validity in intended setting) in accordance 

with the CanTest framework.27  Results of Raman-CRC were compared to final patient 

diagnosis via the standard USC pathway to determine sensitivity, specificity, negative 

predictive value (NPV) and positive predictive value (PPV) in a symptomatic primary care 

population. The test results were blinded from the referring GP and patient so as to not affect 

the referral pathway or standard of care.  

   

The study was conducted within Abertawe Bro Morgannwg University Health 

Board now Swansea Bay University Health Board (SBUHB) and managed by Swansea Trials 

Unit. Patient demographics, current USC pathway timelines and final diagnosis were obtained 

from electronic patient records (Welsh Clinical Portal) and recorded in 

a REDCap database.28 Clinical records were scrutinised up to 9 months after diagnosis to 

ensure missed diagnoses were captured. Results were reported according to QUADAS-

2 standards.  

   

A nested qualitative study was performed and reported according to the consolidated criteria 

for reporting qualitative research (COREQ) checklist involving semi-structured focus group 

discussions with GP practices.29 This explored attitudes towards the current USC pathway 

and the potential uses of Raman-CRC in primary care. The overall study design is summarized 

in Figure 2.  

  

Ethical approval 

This study received a favourable ethical opinion by Wales REC6 (14/WA/0028). 

Written informed consent was obtained from all patient participants in the study and all focus 

group participants before interviews.  

   

Participants  

Eligible participants were aged 50 or over and had presented to their GPs with symptoms 

raising suspicion of CRC as per NICE guidelines (NG12).3 Exclusion criteria included patients 

unwilling or unable to consent and patients from vulnerable groups.  

   

Blood sample preparation    

Fasted venous blood samples were collected from patients (Vacutainer SST collection tubes 

BD, USA). Blood samples were centrifuged and serum aliquoted using standardised SBUHB 

hospital laboratory medicine workflows. Samples were aliquoted into 3 replicates and stored 

at -80 °C before batch analysis.   

 

  

Statistical analysis  

Sample size planning (GP population - symptomatic)  
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The study was designed to estimate test performance of the Raman-CRC model in a 

population with a cancer prevalence representative of its ultimate application. A sample size 

of at least 75-100 patients is required as an independent blinded test set.30 To provide a 

definitive sample size for precise determination of the performance of the analysis model 

assuming a 10% prevalence of CRC within the cohort fulfilling USC criteria,31 it was estimated 

that the study would require 600 recruited participants based on a specificity of 81% with 

absolute precision of 0.1.32,33 

  
 

Raman spectroscopy   

Serum samples were analysed using previously reported high throughput (HT) Raman 

methodology with modifications.16 Serum samples were thawed prior to analysis, liquid 

serum samples (200 µl) were placed into the HT platform and analysed with a 785 nm laser 

using a Raman microscope (InVia Renishaw, UK). All spectra were collected using the 

Renishaw WireTM software (version 4.1), repeat Raman spectra were obtained for each 

patient sample. Data collection time was between 12-15 minutes per sample.   

  

Raman-CRC machine learning model    

Following data collection all Raman spectra underwent data pre-processing prior to further 

analysis. This included wavenumber calibration, data binning, smoothing, background 

subtraction and normalisation performed using an R34 package or pre-processing and was 

developed in-house. A random forest (RF)35 based machine learning model was developed 

using a retrospective cohort of 100 patients with known clinical outcomes of CRC or non-

cancer control (Supplementary table S.1). CRC patients were confirmed to be positive for CRC 

by histology. Control patients in the training set were confirmed not to have CRC by 

colonoscopy. The RF algorithm training data used 5 repeat spectra from 50 control patients 

and 50 confirmed CRC patients totalling 500 spectra. The Raman-CRC model was internally 

cross-validated using a 20% leave-out of training data (avoiding spectra from the same patient 

appearing in both training and testing groups) to produce a preliminary AUC and sensitivity 

and specificity values.    

   

The area under the receiver operator characteristic curve (AUC) for the model training was 

calculated within R from the cross validation set. The sensitivity, specificity, 

NPV and PPV values for Raman-CRC for the GP population were calculated within Microsoft 

Excel from confusion matrices comparing the final diagnosis to the Raman-CRC prediction 

(Supplementary tables S.2-4).  

 

Prospective clinical validation study  

35 GP practices within SBUHB were invited to take part in the study of which 27 took part 

(77%). To capture patients from non-participating GP practices patients were also recruited 

at specialist clinics within secondary care following USC referral. Nine patients declined study 

participation leaving 595 patients that provided blood samples at time of consent. 

(Supplementary Figure 1 – STROBE diagram).  

 

Analytic researchers were blinded to clinical information and final diagnosis for all Raman 

analysis of the prospective cohort data.  Following pre-processing, spectra were analysed by 

the Raman-CRC model on a spectrum by spectrum basis. This generated a probability of 
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CRC/control for each spectrum. The average probability for all spectra from each patient was 

then aggregated to produce an overall predicted probability for a patient to be positive for 

CRC. Any patient with a probability of greater than or equal to 0.5 was classified as CRC, and 

less than 0.5 non-cancer. 
 

Reference standard    

The resultant decision for each patient produced by Raman-CRC was compared to final 

diagnosis as confirmed following colonoscopy or CT colonography with histological 

verification. Patients who did not undergo reference standard tests or had data missing from 

diagnostic results were excluded from analysis due to lack of reference for test performance 

calculations. Colonoscopy was used as the primary reference standard. The results were 

analysed per investigation and were separated because CT colonography is known to have a 

lower accuracy, with reduced ability to detect small polyps and flat cancers.36,37 Patients who 

were investigated with flexible sigmoidoscopy were excluded from analysis due to the whole 

colon having not been visualised.  
 

 

Primary care interviews  

Semi structured focus groups were carried out at 6 primary care practices across the South 

Wales region (for selection criteria, demographics and identification 

numbers see Supplementary 2). The focus groups aimed to explore the attitudes of GPs 

towards current NICE guidelines, discuss the current access to diagnostic tests, level of test 

confidence needed in Raman-CRC before test introduction and education needs prior to test 

launch. Scenarios were presented during the focus groups to explore attitudes toward test 

application for different clinical situations with data on RS performance based on a previous 

pilot study in secondary care. The focus groups were conducted face to face at GP practice 

sites (one via video conferencing), and all GPs at each site were invited to join. GPs who 

participated were given the information sheet and interviews were carried out by DAH. The 

focus groups were audio recorded and transcribed verbatim before analysis.   

  

Qualitative analysis   

Following checked transcription NVivo software (Version 12, QSR International Pty Ltd.) was 

used to code and analyse the transcripts. 3 researchers (one male, two female) independently 

coded the interviews to identify potential themes and the independent analyses were 

merged into a final coding scheme, Supplementary 2 contains the coding tree.38 Subthemes 

were generated based on consensus.   

 

Data availability 

The datasets generated and/or analysed during the current study are available within the 

article and supplementary information files and available from the authors upon 

reasonable request. 
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Figure 1: A typical liquid serum Raman spectrum collected with 785 nm laser excitation. Spectrum was collected using 
Renishaw WireTM (version 4.1) from 200 𝜇l of serum using high-throughput substrate platform. 16 Equipment: Renishaw 
InVia Raman spectrometer.
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Figure 2: This mixed methods prospective clinical validation study incorporated a retrospective cohort analysis to build the Raman-
CRC model, the prospective study for clinical validation and a nested qualitative study for investigating attitudes of the test in primary 
care.
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Figure 3: Raman-CRC random forest model training and performance analysis. a
confusion matrix and ROC curve analysis of the model training CRC and control. 
All data refer to resampled and averaged test set predictions and b sensitivity, 

specificity, false negative rate and false positive rate for the Raman-CRC model.
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n, total Sensitivity Specificity PPV NPV

Investigations 

potentially 

avoided with 

Raman CRC   

n, (%)

Colonoscopy 251 82.6 54.8 15.6 96.9 125 (49.8)

CTC 157 100.0 44.4 6.7 100.0 67 (42.7)

Colonoscopy and CT 408 86.2 50.7 11.8 98.0 192 (47.1)

CRC 
detection

50.7% (192)

Specificity

False Positive Rate

49.3% (187)

False Negative Rate

13.8% (4)

Sensitivity

CRC 
detection

86.2% 
(25)

Figure 4: Disease prediction for the prospective validation cohort from secondary care USC 
referral patients. a overall sensitivity, specificity, false negative rate and false positive rate for the 
Raman-CRC model on a per-patient basis following blind analysis and b breakdown of the model 

performance according to initial diagnostic test, including NPV and PPV values calculated from 
confusion matrices (Supplementary tables S.2-4) and number of investigations that could have 

been avoided if Raman-CRC had been used to triage the referrals. 
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Discussion themes Focus group response Evidence summary 

Perceptions of the current referral pathway 

• Most GPs thought the current referral guidelines were positive, 

they thought the criteria very rigid. This made it difficult to refer 

patients who did not meet the criteria but for whom the GP had 

suspicions that something might be wrong. 

• GPs also felt under pressure to get patients seen within USC 

pathway timeframes. 

Utility of Raman-CRC as a triage tool 

• GPs welcomed the test as a useful tool to help triage patients 

being referred. 

• The GPs agreed that the test would be useful in helping to make 

more appropriate referral decisions. 

Utility of Raman-CRC as a diagnostic tool 

• The Raman test was thought to be useful in helping GP’s triage 

referrals, but it was also potentially useful as a diagnostic tool, 

particularly in populations where invasive testing is not 

appropriate e.g. elderly frail patients or patients without mental 

capacity.

Potential utility of Raman as a screening tool 

• The GPs on the whole felt comfortable using it as a screening tool 

with a high negative predictive value and felt comfortable in giving 

the results to patients. 

Acceptability of the Raman-CRC test in practice

• The availability of Raman was viewed as being helpful in providing 

some reassurance to both patients and GP’s. 

• The test was viewed as an acceptable method to reassure patients 

awaiting investigative procedures but also to those whose 

symptoms did not meet the NICE referral criteria. 

• The test was thought to be preferable for some patients. 

• Focus group GPs agreed that to use the test routinely it needed to 

be embedded in local and/or national guidelines to minimise the 

risk of any formal complaints from patients.    

Figure 5: Evidence summary for primary care focus group themes. 
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Figure 6: Proposed new clinical pathway incorporating Raman-CRC testing as a triage tool in primary care. Symptomatic patients with a negative Raman-CRC test are reassured in primary 
care, relieving pressure on secondary care diagnostic services. The pathway could lead to earlier diagnosis and a reduction in time to treatment when a positive test is combined with a 
straight to test pathway. 
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Table 1: Retrospective cohort information 

  Colorectal cancer Control 

Total patients 50 50 

Mean Age (years), (SD) 67 (11) 64 (13) 

Female 25 26 

Male 25 24 

Control patients were confirmed not to have CRC following diagnostic colonoscopy. 
Sex, age and final diagnosis of the patients were matched wherever possible.  
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Table 2: Prospective primary care cohort with final diagnosis breakdown  
Tumour location Initial diagnostic test Total 

Colonoscopy CT 
colonogram 

 

Colorectal tumours 
 

 
Caecal/ 
ascending colon 

6 2 8 

 
Sigmoid 7 1 8  
Rectal 10 3 13 

Other tumours  
Pancreatic 1 3 4  
Prostate 2 1 3  
Lung 1 2 3  
Bladder 1 1 2  
Renal 0 1 1  
Peritoneal/ovarian  0 1 1  
Breast  1 1 2  
Heptocellular 0 1 1  
NET 0 1 1  
Anal SCC 1 1 2 

Non-malignant disease 
 

Colorectal polyps 90 12 102  
Colitis 4 0 4  
Ovarian Cyst 1 0 1 

Control 
 

228 151 379  
Total 535 
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Table 3: Prospective cohort information with presenting symptoms 
   

CRC diagnosis Non-CRC 
diagnosis  

Participants, n  29 506 
 

Male  23 241 
 

Female  6 265 
 

Median age (range)  71 (51-87) 70 (50-92) 

Presenting symptom:  
 

rectal bleeding  15 (52) 163 (32) 
 

change in bowel habit  19 (66) 414 (82) 
 

loose stool  11 (36) 282 (56) 
 

increased frequency  13 (45) 217 (43) 
 

urgency  4 (13) 82 (16) 
 

incomplete emptying  4 (14) 84 (17) 
 

constipation  6 (20) 162 (32) 
 

abdominal pain  9 (30) 195 (39) 
 

anal pain  2 (7) 23 (5) 
 

abdominal mass  1 (3) 21 (4) 
 

rectal mass  3 (10) 16 (3) 
 

anal mass  1 (3) 12 (2) 
 

loss of appetite  3 (10) 59 (12) 
 

weight loss  10 (33) 152 (30) 

Blood test markers 
 

Haemoglobin 
(median;range)  

125(71-161) 133 (63-207) 

 
Ferritin (median;range)  30 (6-617) 75 (4-2427) 

 
CEA (median;range)  6 (1-2385) 2 (1-1149) 

Values are n(%) unless otherwise stated. 
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