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Abstract

Raman-based diagnostics has been an effective optical diagnostic and surgical technique of early cancer
detection. Raman spectroscopy is used as a complement to traditional histopathology and radiology by
examining intrinsic molecular vibrations in real-time biochemical fingerprints without using labels. The
recent advances in the precedence of most widespread forms of cancer like skin, brain, lung, breast and
liver cancer and in biofluids such as serum, saliva, urine and cerebral-spinal fluid is highlighted in this
review. Performance In certain research of choice, sensitivities and specificities have already been up to
8595% where the first FDA-approved intraoperative modalities are already available on brain tumors.
Artificial intelligence, deep learning and explainable Al used in MI have increased the diagnostic power
and confidence of the clinicians. These problems continue to exist: autofluorescence and noise,
interlaboratory variability, absence of multicenter validation, regulatory and reimbursement systems.
Other challenges that should be overcome to make it go viral include affordability and equal distribution
across the globe. With the synchronisation of validation and standardisation activities, the Raman-based
diagnostics will be in the offing to become a promising research instrument into a modality of oncology
practise at the front line throughout the world.

Keywords: Raman spectroscopy, early cancer detection, sers, resonance raman, fiber-optic probes, liquid
biopsy

1. Introduction

One of the most acute issues in the world regarding health concerns is cancer in the 21 st
century. Globally Cancer Observatory (GLOBOCAN) reported the last statistics with the
incidence rate of 20 million and 9.7 million cases and deaths respectively or almost one out of
six deaths in the world in 2022. It is likely to rise considerably in the coming decades
particularly in low- and middle-income regions where screening and diagnostic centers are
currently not accessible. The economic burden of cancer is huge and world cancer costs are in
excess of US1 trillion/per annum, in addition to its terrible human cost. It is also important to
note that the survival rates largely depend on the stage: the patients diagnosed with APRN at
the earliest stages have much higher prognoses and, thus, it is essential that the instruments of
high quality will be implemented, helping to identify them at the earliest stages ™ 2. The
conventional diagnostic procedures, although required in cancer, are proven to be extremely
feeble. Computed tomography (CT), magnetic resonance imaging (MRI) and positron
emission tomography (PET) are applicable in determining anatomy and functional information
though they are costly, may expose patients to radiations and lack biochemical specificity
which is necessary when identifying early stages of cancer. These limitations recall a
diagnostic inadequacy and result in the creation of non-invasive, rapid and bio-chemically
sensitive technologies [ 4. In this respect, optical spectroscopy has grown of increased
concern. The fluorescence spectroscopy is sensitive and usually requires exogenous dyes and
is prone to diffuse emission bands and is not specific. IR spectroscopy may give the
information concerning vibrations but cannot penetrate turbid tissues. By contrast, Raman
spectroscopy (RS) has unique advantages: it is capable of studying intrinsic molecular
vibrations by inelastic light scattering in order to generate highly specific spectral fingerprints
of proteins, lipids and nucleic acids. RS is inherently label-free and minimally invasive and it
has the ability to give real-time biochemical detection without the use of contrast agents [ 61,
One such biomedical application of Raman spectroscopy has been developed during several
decades. The situation changed with the introduction of near-infrared laser excitation (e. g. 785
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nm) and sensitive charge-coupled device cameras in the
1990s, making it plausible to conduct more robust studies on
tissues and biofluids. Subsequently, RS has been applied to
numerous types of malignant tissues with a steady trend of
screening healthy and malignant tissues in response to
biochemical profiles [ 3. Recent technological advances have
improved its clinical potential. The surface-enhanced Raman
spectroscopy (SERS) technique has been noticed by Sergeant
Serraica et al. (2018) to enhance the weak signals and trace
biomarkers. The cellular and nanoscale level can be studied
with the help of coherent anti-Stokes Raman scattering
(CARS) and tip-enhanced Raman spectroscopy (TERS).
Complex spectra have now been automated classified and the
precision of the diagnosis further enhanced through the
incorporation of machine learning (ML) and artificial
intelligence (Al). It should be noted that, several pre-clinical
research on the application of the Raman-based systems as
real-time margin assessment in breast and skin surgery and
endoscopic lung cancer diagnosis have been conducted at an
early stage ™ 1. Despite this positive development, there are
still challenges on the way of allowing Raman spectroscopy
to gain mass application in clinical settings. The issues lie in
the background of fluorescence, spectral noise, inter-
instrument and non-standard acquisition and analysis
protocols. In addition, studies with small number of
participants are employed in many studies limiting their scope
to generalize their findings. The laboratory research-clinical
translation gap requires the use of large-scale trials that are
multicentric in nature to ensure that regulations are verified as
well as to seamlessly integrate with the existing healthcare
operations © 4. This review is therefore directed at providing
a critical and descriptive study of Raman spectroscopy in
early cancer detection. We present the physical principles of
the technique and thereafter talk of the latest development of
the different types of cancer. We also take into account the
technological developments, perceived weaknesses and
prospects of clinical translation. Integrating both the technical
and clinical perspectives, in this article, the opportunities and
the challenges that define the role of Raman spectroscopy in
the modern oncology are described [+ 20,

2 .The principles of Raman Spectroscopy (Expanded and
Finalized)

Raman spectroscopy is a spectroscopic technique of
vibrational spectroscopy which offers the unique molecular
information by inelastically scattering photons. During
interaction of monochromatic light often of a laser source
with matter, the majority of photons are scattered off
elastically (Rayleigh scattering). One interaction is the energy
shift of a small fraction of photons - about 1/10 million
photons - as a result of the photon interacting with the
molecular vibrations. This was initially observed by C. V.
Raman in 1928 and leads to the appearance of Raman spectra,
biochemical fingerprints of the sampled biochemist 1,

2.1 Fundamental Principles

During the Raman scattering, the incident photon interacts
with vibrations in the molecules, resulting into two possible
possible scenarios: Stokes scattering where the photon
scattered possesses lower energy than that of the incoming
photon, and anti-Stokes scattering, where the photon scattered
possesses more energy. The characteristic positions of the
Raman bands (quantified in numbers of wavenumbers, cm -1)
are associated with discrete vibrations of chemical bonds, and
the strength of these bands is proportional to the relative
abundance of molecular species. The fingerprint range
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(6001800 cm minus) is a specific region that is very abundant
in biochemical information useful in cancer diagnostics.
Certain sub-regions have been associated with particular
biomolecular classes: 10001200 cm -1: Vibrations of
carbohydrates and C -C stretching in proteins. 12501350 cm -
1: Amide I bands, protein backbone conformations (alpha-
helix, 8 -sheets). 14401465 cm -1: CH2/CH3 bending modes,
lipid and protein content. 16001700 cm -1: Amide I. Any
changes in these bands have been used as diagnostic markers
used to differentiate normal and malignant tissues. An
example of a change in nucleic acid-associated peaks (~785
cm -1 and 1095 cm -1) and amide | (~1650 cm -1) are
reproducibly observed in cancer studies [ 101,121,

2.2 Instrumentation

An example of a modern day Raman system will consist of a
laser (usually 532, 633 or 785 nm), a microscope or fiber-
optic probe to illuminate the sample, a spectrograph to
separate the scattered light and a charge-coupled device
(CCD) detector to record the signal. The wavelength of
excitation is also vital: these wavelengths can give a higher
Raman signal (e.g. 532 nm), however, they are also more
prone to fluorescence interference. The excitation at near-
infrared wavelength of 785 nm has thus become a norm in the
biomedical practice because it reduces the background of
fluorescence, but does not affect the signal intensity [ 12,
More recently excitation at 1064 nm using indium gallium
arsenide InGaAs detectors has been examined that minimizes
further the effects of autofluorescence in highly pigmented or
complex biological tissues. These systems are not sensitive
enough as CCD-based detectors yet are increasingly finding
clinical uses in areas where autofluorescence suppression is a
factor. Endoscopy also provides the ability to interrogate
tissues in real-time particularly in surgical and endoscopic
procedures, which can be performed in vivo due to the
development of fiber-optic probe designs [0 4,

2.3 Raman Modalities

Diverse modified Raman modalities have been prepared to
surmount the inherently poor signal: Resonance Raman
Spectroscopy (RRS): Several orders of magnitude of signal
are amplified when the excitation wavelength coincides with
an electronic absorption band of the target molecule.
Chromophores such as hemoglobin and cytochromes have
been most studied with RRS and RRS has a use in the
determination of the states of tumor oxygenation.
Indicatively, the SERS-based assays have been used to detect
the presence of the circulating tumor DNA and exosomes in
blood plasma. Coherent anti-Stokes Raman scattering
(CARS): It is a nonlinear form of Raman technique, which
requires the use of multiple beams of laser in order to enhance
the frequency of signal so that the rapid imaging of lipids and
proteins in living cells could be achieved. This has been
applied during surgery tracking of the tumor margins. Tip-
enhanced Raman spectroscopy (TERS): Raman scattering
scans are sampled by microscopy and used to offer a spatial
resolution of nanoscale, enabling single organelles or
membrane-enclosed constituents of cancer cells to be
examined. The modalities enhance the use of Raman
spectroscopy as a fundamental biochemical characterisation
of complicated diagnostic and intraoperative measures 10 121,

3. Late Development of cancer detection

3.1 Lung Cancer

The lung cancer is considered as one of the leading causes of
the cancer related deaths in the entire world and the diagnosis
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of the disease greatly depends on the early diagnosis of the
disease. On a very large scale, the Raman spectroscopy has
proven to be capable of differentiating the malignant and
normal lung tissues basing on the spectral changes in it. The
associated nucleic acids (~785 and 1095 cm -1), proteins
(amide | at -1650 cm -1, amide Il at -1260-1300 ¢cm -1) and
lipids (~1440 -1460 cm -1) in relation to peaks are commonly
found to be discriminative markers 22, Clinical experiments
also demonstrated that fiber-optic Raman probes could be
applied when performing bronchoscopy and that one may also
interrogate tissues in vivo, without invasive biopsies. Raman
analysis of a sputum and serum sample diagnostic studies of
diagnostic percentage has been found to exhibit diagnostic
potential of over 8590 percent in conjunction with
multivariate statistical analysis. Non-invasive liquid biopsy
strategies have been finally achievable with most recent
surface-enhanced Raman spectroscopy (SERS), which has
been shown to detect the existence of circulating tumor DNA
and exosomes in blood and saliva. These advancements
suggest that Raman spectroscopy can be applied alongside or
even supplant the current techniques of screening the presence
of lung cancer in the initial stages [*> 2,

3.2 Skin Cancer

Raman spectroscopy has also been used in clinical
applications in skin cancers including; melanoma, basal cell
carcinoma (BCC), squamous cell carcinoma (SCC).
Melanoma is infamously characterized by the low possibility
of being diagnosed in the initial stage through a visual
examination and, therefore, it is easily misdiagnosed. The
distinction between melanoma and non-melanoma lesions can
be achieved by the high specificity of biochemical
fingerprints that can be obtained with the help of Raman
spectroscopy 2% 22, The significant discriminative attributes
are the alterations of lipid-related bands (~1440 cm -1) and
protein amide bands (~1650 cm -1) and melanin-related
signals in resonance Raman. The opportunities of the method
have been clarified through clinical trials with Raman probes
in vivo which focus on the capability of the method to
measure margins at real time, and the diagnostic accuracy has
been stated to be 90-95. This has been highly beneficial in the
management of it being useful in the excision of entire

malignant tissue without leaving behind the healthy skin &7
19].

3.3 Other Cancers (Breast, Liver, Kidney, Brain)

Breast Cancer: Raman spectroscopy in intraoperative margin
has been widely used. Various studies have demonstrated it to
minimize the incidence of re-excision as well as the precision
has been indicated to be more than 90 percent in
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distinguishing between the malignant and normal tissues.
Liver Cancer; SERS and resonance Raman spectroscopy
(RRS) have as well shown potential of detecting
hepatocellular carcinoma biomarkers in blood and tissue at a
very an early stage with high probability of being used to
screen non-invasively. Kidney Cancer: Raman spectroscopy
is demonstrated to have the capability to specific the subtypes
of renal carcinoma that may be extended to the sphere of
oncology precision. Intraoperative Handheld Raman probes
have been utilized to determine the edges of glioblastoma
between healthy brain tissue and diseased tissue, and, most
importantly, several Raman-based instruments have already

been approved by the FDA (2019) to work in a clinical setting
[17, 23]

3.4 Biofluids and Non-Invasive Diagnostics

Besides tissue-based diagnostics, Raman spectroscopy is also
reported to be applied to biofluids such as urine, saliva,
serum, plasma and cerebrospinal fluid (CSF). This method of
a liquid biopsy would be far more helpful because of the
potential of repeated monitoring and the minimum
invasiveness of the technique. The SERS-based platforms, in
particular, have been demonstrated to be highly sensitive to
the detection of circulating tumor DNA, exosomes, and small
metabolites and have a diagnostic capability similar to tissue
biopsies. These mechanisms have the potential to screen the
population, and longitudinal follow-ups on the cancer patients
and, therefore, are one of the most promising frontiers in
Raman oncology 24,

3.5 Interaction with Artificial Intelligence and Machine
Learning

Raman spectral data are highly dimensional and complex
hence the most appropriate to machine learning analysis.
More traditional multivariate methods such as principal
component analysis (PCA), linear discriminant analysis
(LDA) as well as support vector machines (SVM) have been
effectively deployed with extremely high classification
percentages in the majority of applications (over 90%).
Subsequently, direct research of raw spectra has become
straightforward under deep learning procedures, notably
convolutional neural networks (CNNs) (which reduces the
preprocessing effort and improves its resilience) 2> 261, One of
the latest advances is the use of explainable Al (XAIl) to
decide the spectral features that drive the performance of the
classification to enhance the level of diagnostic transparency
and physician trust. This is an Al-combined Raman
spectroscopy that is not only growing increasingly precise,
but also accelerating the path to automated and real-time
oncology diagnostics [27-301,

Table 1: Summary of Raman Spectroscopy Applications in Cancer Detection

Cancer Type Sample Type Key Raman Peaks (cm™) Diagnostic Approach Reported Accuracy/Sensitivity
Tissue, Sputum, 785 (DNA), 1095 (PO:™ stretch), 1260-1300 (Amide Conventional RS, Fiber-optic ono o i
Lung Cancer | o Saliva 111), 1440-1460 (Lipids), 1650 (Amide I) probes, SERS (liquid biopsy) | 22207 (Up 0 95% with ML)
Skin Cancer 1N Vivo tissue 1440 (Lipids), 1650 (Amide I), melanin-related bands Conventlona'l RS, In vivo probes, 90-95%
(Resonance Raman) Margin assessment
Breast Cancer Tissue (intraoperative| 1000-1200 (Carbohydrates/Proteins), 1440 (Lipids), Conventional RS, Fiber-optic probes >90%

margins) 1650 (Amide 1)

Liver Cancer Serum, Tissue

(Amide I)

785 (DNA), 1095 (Nucleic acids), 1450 (Lipids), 1660,

SERS, RRS 80-90% (experimental)

Kidney Cancer Tissue

1440 (Lipids), 1650 (Amide 1)

Conventional RS ~80-85% (pilot studies)

Brain Cancer

Tissue 1000-1100 (Nucleic acids), 1450 (Lipids), 1650

Handheld Raman probes, RS-guided| >90% (FDA-approved device

(intraoperative) (Amide 1) surgery for glioma margin detection)
Biofluids  |Urine, Saliva, Plasma, . - SERS (liquid biopsy), ML Q5o
(multi-cancer) CSE 785 (DNA), 1095 (Nucleic acids), 1440 (Lipids) integration 85-95%
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A summary of applications of Raman spectroscopy in
cancerous type in the major types has been summarized in
table 1. The Raman peaks of interest, sample types, diagnostic
techniques including reported accuracy are all important and
are presented in this summary and give the reader a local
point of reference in relation to the narrative discussion above
-3 All this proves the suitability of the Raman
spectroscopy on the different kinds of cancers, as well as the
different kinds of samples. With the ability to scan tissue as
well as biofluid and with its use in conjunction with the
newest Al solutions, Raman spectroscopy is slowly leaving
out of the research laboratories to the normal clinical
diagnostic instruments [37-401,

4. Challenges and Limitations

As much as impressive progress has been made in the
application of the Raman spectroscopy technique in cancer
diagnostics, it has had several challenges and limitations that
have adversely impacted its effective use in clinical practice.
These barriers cross technical, biological, analytical and
regulatory barriers and they need to be addressed so as to
facilitate reliable and repeatable adoption in healthcare [“1.
The background noise and autofluorescence was measured on
an oxiometer and reported in tabular format. Among the most
daunting issues of Raman spectroscopy of biological samples
concerns the fact that there exists a high degree of
autofluorescence background particularly when it comes to
the pigmented tissues e.g. skin and brain. There is also
acquisition confusion caused by noise that occurs because of
the sensitivity of the detector and environmental conditions.
Some of the strategies that have been studied to deal with
those issues are near-infrared excitation (785 or 1064 nm),
high-tech optical filtering (notch and edge filters), baseline
correction algorithms, and most recently time-gated Raman
spectroscopy. Despite the fact that all these techniques praise
the quality of signal, none of them could fully solve the
problem with any kind of tissue 42431,

4.2 Lack of Standardization between Labs

A lack of standardized protocols between research groups is
one of the issues that should be mentioned. Differences in
findings arise due to the inconsistencies in the studies in terms
of variable laser power, acquisition times, probe geometry,
preprocessing, and spectral normalization. Without the
harmonisation of the guidelines, it is difficult to formulate
universal diagnostic thresholds. An acute limitation is the
absence of global standards (e.g. 1SO, ASTM) on Raman-
based clinical protocols and this directly impacts negatively
on clinical translation 14,

4.3 Samples Reproducibility and Heterogeneity

The biological heterogeneity also leads to a major variability
even in the protocols consistency. At the intertumoral level,
the tumors are often heterogeneous, i.e. the biochemical
conditions of one area of a lesion are different than those in
another. The applicability of Raman results in other patient
groups and clinical environments must be proven hence in
large scale, in multi centers 151, The weakness of the clinical
use of Raman spectroscopy is that, there must be a balance
between the signal quality and the safety of a patient. The
improvement of spectral resolution with an increase in the
laser powers is at the expense of increasing risk of
photothermal and photochemical tissue damage. Safe levels of
exposure at 785 nm continuous illumination are 100mW of
Biomedical research but tissue best parameters. Moreover, the
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developed forms of Raman modes, such as the SERS and
TERS are bulky, costly and difficult technologically and not
easily compatible with normal activities. The miniaturization
of the acquisition parameters and optimization will be crucial
in the future in the usability of the application in the clinical
settings (461,

4.4 Data Analysis and Al Limitations

The reliability is limited by the quality and the size of datasets
though. When the datasets are small or unclearly annotated,
then overfitting becomes more likely and the generalizability
goes down. In addition, the black-box quality of most deep
learning models is also an issue when it comes to
interpretability in a clinical context. New explainable Al
(XAl) approaches are more transparent, but the
implementation needs standardized algorithms and a large-
scale validation to be broadly used in the clinic 171,

4.5 Economical and Legal impediments

Other obstacles include economic and regulatory barriers. The
instruments are also not very accessible particularly to the
low-resource healthcare settings due to the expense of the
instruments and the training of specialists. The process of
regulating the approval of the medical devices based on
Raman is not that ancient. Even though the FDA (2019) has
already approved some Raman-guided surgery systems to
perform intraoperative imaging of brain tumors, the adoption
of multi-cancer diagnostics will require enormous phase Il
and phase 11 clinical trials, powerful cost-efficiency studies
and globally accepted quality-control mechanisms [, In
general, Raman spectroscopy has a high potential in clinical
oncology, but its way to everyday practice is blocked by
technical challenges, protocol inconsistency, biologic
inconsistency, data-analysis constraints, and regulatory
hurdles. The mentioned barriers will  necessitate
standardization,  multicenter  validation, technological
advancement, and open Al integration as the way of
transforming Raman spectroscopy into a promising research
tool into a consistent clinical diagnostic modality 41,

5 .Clinical Translation and Future Prospects

Although the research was huge, and initial clinical trials had
a great success, Raman spectroscopy requires technological
advancement, validation, regulations and healthcare delivery
to be translated into a routine practice. Some of the key
opportunities and obstacles to clinical integration are
identified in the subsections below [44 501,

5.1 POC and portable equipment

The portable and handheld Raman spectrometers can now be
used to generate significant clinical spectra not just within the
specialized laboratories. As an indication of the
experimentation, handheld Raman instruments have been
tested out in dermatology clinics and it has been found to
provide test results on the lesions within a quick test result of
more than 85 per cent. The diagnostics that require being
done with Raman in the point-of-care (POC) conditions must
involve simplified user-interfaces, automated preprocessing,
and integrated classification schemes, which are applicable in
the work of non-specialized clinician B,

5.2. Fiber-optic Probes and Intra-body Access

Fiber optic probes in the form of the Raman can be used in
vivo to examine the internal organs during bronchoscopy,
laparoscopy, and neurosurgery. The studies conducted on the
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piloting bases have proved that the sensitivity of the
bronchoscopic Raman probe can be more than 85 percent of
the malignancies of the lungs, and therefore, it is possible to
perform minimally invasive diagnostics. The integration with
the existing endoscopic systems decreases the workflow
disruptions and increases its usage in the clinical environment
1521

Multimodal integration (OCT, Fluorescence, Multiphoton) is
a procedure, which makes it possible to visualize the interior
of the endometrial cavity and assess the suitability of the
endometrial tissue and procedures before surgery. The higher
its use in combination with other techniques, the more
accuracy in diagnosis. Skin and breast cancer as a case was
experimentally tested using RamanOCT hybrid devices,
which enables biochemical and morphological
characterization. Similarly, Raman when used alongside
fluorescence or multiphoton imaging can also be applied in
surgery to monitor the surgical margins in real time and
identify the lesions 31,

5.4 Artificial Intelligence in Clinic

In the future of clinical practice, Raman will be a very
important tool that uses Al and machine learning. PCA, LDA,
SVM and CNN algorithm have been reported to achieve
diagnoses of more than 90 percent in controlled datasets. The
challenge lies in ensuring that it can be applied in other
groups B4,

5.5 Pathways and Clinical Trials Regulations

Though pilot investigations of less than 100 patients have
been shown to be practical in lung, breast and brain cancers,
multicentric phase Il and Il trials are required on a large
scale. Clinically significant outcomes such as earlier
diagnosis, fewer re-operations and healthcare expenditure
should have been shown in such tests. Regulatory
communication with FDA, EMA and other regulatory
authorities must be done early enough such that the study
designs are being structured in accordance to what is
permitted in approvals %1,

5.6 Cost, Reimbursement, and Health-Economic Evidence.
Successful technologies cannot be scaled unless there is a
clear reimbursement plans. The health-economic research
should be able to compare the cost-efficacy, monetary impact,
and the relative benefits in comparison with the procedures
that the incumbents provide. The correct implementation of
simple Raman devices that fit into resource-limited settings
can result in great advantages to the population, in case of
combining them with workflow simplification and cloud-
facilitated analytics [,

5.7 Longitudinal Monitoring and Personalised Medicine.
Raman is biochemically sensitive and can thus be utilized in
individual oncology. With the assistance of Raman, follow-up
of molecular changes of tissue and biofluids may be used to
assist in therapy decisions, treatment response, and minimal
residual disease. The longitudinal samples such as bio fluids
such as blood, saliva or urine are excellent and offer a non-
invasive method of tracking recurrence and identifying
adaptive treatment modalities 71,

5.8 Telemedicine, Data Sharing and Federated Learning
The innovation of standard data formats and safe pipelines
will accelerate the development of global Raman databases to
diagnose cancer 581,
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5.9 Reflections of Equity and Accessibility

The low- and middle-income countries should also be put in
development strategies to eliminate cost, infrastructure and
training barriers to bring them equitable access. Harder
portable platforms with on device Al, and training platforms
to educate the local clinicians, can democratize the access of
Raman diagnostics and eradicate the growth of inequalities in
healthcare systems [°. With the reality of trusted Al
integration, multimodal imaging and global data sharing,
Raman-based diagnostics could soon no longer be a
promising adjunct technique and reach the first-line
diagnostic modality in the field of oncology !,

6. Discussion

The potential of Raman based diagnostics in clinical
applications is noteworthy with a high degree of difference in
its progress in various forms of cancer, study design, and
readiness to be translated. The critical evaluation of these
differences will help determine the weaknesses of the
available evidence and the gaps that will be filled in the future
research [39 441,

6.1 .The analysis of comparative performance in the
various type of cancer

The clinical uses of the skin and brain have been the most
developed. Raman-based intraoperative devices have already
been approved by the FDA (2019) that have been shown to be
capable of marking the tumor margins in real time and have
been proven using more than 200 patients./*’ >/ Conversely,
cancer is intermediate in both lungs and the breast.
Sensitivities and specificities of Raman studies of pilot
bronchoscopic trials of 50-80 patients in breast margin
assessment trials were around 85 percent and over 80 percent,
respectively, but restricted to single-center cohorts. The use in
liver, kidney, and biofluids remains in the early stages of
proof-of-concept and in most instances the sample sizes of all
models themselves do not exceed 30 patients, which explains
the need to use a large multicenter validation 7],

6.2 The strength of the clinical evidence of this treatment
is strong

Most of the published literature is single-institution feasibility
studies. Very few of them have been developed to multicenter
or randomized clinical trials. This limits the generalization
and forbids the decisive findings on diagnostic value. Phase 11
data on brain cancer on several hundred patients have been
generated, as an instance, compared to the pilot stage of
research in lung and liver trials. The variation in the
percentage of the study highlights how immature Raman-
based diagnostics had become compared to oncology 52 221,

It is noted that solid tumors such as breast and liver are very
biochemically heterogeneous which leads to non-uniform
Raman signature in such tumors in different patients. Biofluid
based diagnostics is further varied by metabolism-related
variations, and samples preparation methods. These issues
indicate the urgent need to globally harmonized protocols of
acquisition and preprocessing that is yet to be accomplished
[62, 33]

Histopathology is diagnostic gold standard, and it is always
invasive, time consuming and dependent on the expertise of
interpretation. The other types of imaging such as CT and
MRI can only provide anatomical data and are not molecular-
specific. Comparatively, Raman-based diagnostics are label
free, real-time and minimally invasive and can deliver fast
biochemical information (at least in endoscopy or surgery)
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with these procedures. However, as long as head to head
clinical trials are not conducted that would directly compare
Raman to any other established modality, the incremental
value of it in improving patient outcome has not been
quantified 158 611,

A number of ethical and practical concerns are present in a
mixture of the concept of Raman spectroscopy and Al. Large
scale spectral data when linked to clinical metadata raises
privacy and security issues. Also, in case artificial intelligence
models are trained on disproportionate datasets, the quality
may decline with underrepresented groups, which reinforces
the existing healthcare inequalities. The federated learning
models will be the answer to these risks, as they will ensure
data confidentiality, and also fair trial recruitment to reflect
patients in a diverse way % 83, Multiple gaps in research are
also evident: Phase II/111 trials to demonstrate clinical efficacy
and versatility, and standardized protocols to acquire and
preprocess data to ensure inter-laboratory consistency, and
scaling up of hybrid diagnostic systems, an integration of
Raman and OCT, fluorescence, or Al-based real-time
decision support, and health-economic studies needed to
claim cost-effectiveness and aid in facilitating reimbursement
systems, and finally also ethical issues of global data sharing
and reliable Al implementation in clinical diagnostics 7 69 |t
is against these endeavors that Raman spectroscopy can
become not a promising research tool but a first line clinical
modality in the oncology field 49 &1,

7. Conclusion

One of the most viable optical techniques of cancer
diagnostics and monitoring is Raman-based diagnostics. The
highest clinical evidence is in the skin and brain cancers
where the in vivo handheld probe and intraoperative guidance
systems are already very precise and the latter has been
sanctioned by the FDA. Though these advances have been
made, their use is largely limited to the treatment of different
imperative necessities. Besides, the diagnostic potential of the
biofluid analysis which is rather attractive because of the non-
invasive nature still lacks in the variability of metabolism and
poor reproducibility and stronger methods are needed. The
second step will be also based on demonstrating cost-
efficiency and practicability particularly in a healthcare
facility where the resources are scarce. Having no economic
value, Raman-based diagnostics may struggle to get
reimbursement and introduce its application at a large scale in
clinical practice. Raman spectroscopy can become a front line
diagnostic modality in the future with the help of artificial
intelligence and explainable machine learning, and
multimodal images platforms. Combined with data-sharing on
the cloud, Al-based interpretation can also aid in assisting
real-time decision-making, along with making the
underserved population groups more accessible. Last,
researchers, clinicians, engineers, policymakers, and industry
stakeholders will be required to collaborate to make sure
Raman spectroscopy can be effectively clinical translated.
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