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Abstract

Optical fiber technology is becoming essential in modern radiation therapy, enabling precise,
real-time, and minimally invasive monitoring. As oncology moves toward patient-specific
treatment, there is growing demand for adaptable and biologically compatible sensing
tools. Fiber-optic systems meet this need by integrating into clinical workflows with highly
localized dosimetric and spectroscopic feedback. Their small size and flexibility allow
deployment within catheters, endoscopes, or treatment applicators, making them suitable
for both external beam and internal therapies. This paper reviews the fundamental princi-
ples and diverse applications of optical fiber sensing technologies in radiation oncology,
focusing on dosimetry, spectroscopy, imaging, and adaptive radiotherapy. Implementations
such as scintillating and Bragg grating-based dosimeters demonstrate feasibility for in vivo
dose monitoring. Spectroscopic techniques, such as Raman and fluorescence spectroscopy,
offer real-time insights into tissue biochemistry, aiding in treatment response assessment
and tumor characterization. However, despite such advantages of optical fiber sensors,
challenges such as signal attenuation, calibration demands, and limited dynamic range
remain. This paper further explores clinical application, technical limitations, and future
directions, emphasizing multiplexing capabilities, integration and regulatory considera-
tions, and trends in machine learning development. Collectively, these optical fiber sensing
technologies show strong potential to improve the safety, accuracy, and adaptability of
radiation therapy in personalized cancer care.
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1. Introduction
Radiation therapy remains a cornerstone of cancer treatment, used in approximately

50% of all cancer cases, either as a standalone modality or in combination with surgery and
chemotherapy [1]. Its fundamental aim is to eradicate malignant cells while preserving the
function of surrounding healthy tissues. Over the past few decades, radiation oncology has
witnessed profound technological innovation with the emergence of highly sophisticated
modalities such as intensity-modulated radiation therapy (IMRT) [2], stereotactic body
radiotherapy (SBRT) [3], image-guided radiotherapy (IGRT) [4], proton and heavy-ion
therapies [5,6], and adaptive radiotherapy [7]. These advances have allowed clinicians to
shape radiation beams with sub-millimeter precision and escalate doses to tumors with
greater confidence. Despite advances in beam delivery and anatomical imaging, treatment
effectiveness still faces limitations due to the biological heterogeneity of tumors and the
lack of real-time functional feedback during therapy. These limitations hinder the ability
to adapt treatment plans to spatially varying and temporally evolving tumor responses,
increasing the risk of underdosing resistant regions or overdosing healthy tissue.
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To address this gap, there has been a growing movement toward the integration of
physiological and molecular data into the radiation therapy workflow [8,9]. Traditional
imaging modalities, such as computed tomography (CT) and magnetic resonance imaging
(MRI), provide structural or positional information with limited insight into the cellular
responses of tissues. The introduction of positron emission tomography (PET)/CT imaging
has provided functional or biological insights into tumor hypoxia and proliferation for
modification of treatment target volumes [10,11]. However, due to its low signal-to-noise
ratio and restricted resolution, micro disease may go undetected [12]. As a result, adaptive
radiation therapy (ART) [13], which adjusts parameters in a treatment plan over the course
of treatment based on observed changes in anatomy or tumor characteristics, is gaining
attention. This technique requires tools capable of dynamic, in vivo monitoring of both
radiation dose and biological markers, an area where optical fiber technologies could show
significant promise.

Optical fibers offer a range of characteristics that make them ideal for clinical use in
radiation oncology. Their miniature size allows for easy integration into treatment devices
such as catheters, brachytherapy applicators, or even wearable sensors [14–16]. They are
inherently biocompatible and exhibit strong resistance to electromagnetic interference,
making them particularly suitable for use in high-field environments like MRI-guided
radiotherapy [17]. Additionally, they can transmit light for sensing, imaging, and data
acquisition over long distances with minimal signal loss. These properties enable optical
fibers to support continuous, real-time monitoring of parameters such as radiation dose
distribution, temperature fluctuations, and molecular changes in irradiated tissues [18].
Furthermore, optical fiber systems are uniquely compatible with emerging radiobiological
monitoring approaches. Techniques such as Raman spectroscopy [19–21] and fluorescence
sensing [22–24] can be implemented through fiber-optic probes [25], enabling biochemical
assessments at the cellular level and differentiation of cancerous vs. normal tissues, without
the need for invasive biopsies or exogenous contrast agents. Such information can provide
early indicators of treatment efficacy or toxicity, allowing clinicians to adapt therapy plans
on a patient-specific basis. By combining dosimetric accuracy with biological insight,
optical fiber technologies stand to enhance the precision, responsiveness, and safety of
radiation therapy, ultimately contributing to more personalized and effective cancer care.

2. Optical Fiber Dosimetry
Optical fiber-based dosimetry has emerged as a significant advancement in the real-

time monitoring of radiation dose delivery. Unlike conventional dosimeters, such as
ionization chambers, which are widely used for reference dosimetry due to their accuracy
and reproducibility, fiber-optic dosimeters (FODs) offer unique advantages. For example,
while ion chambers serve as the gold standard in clinical settings, they are also relatively
large, fragile, and require high-voltage power supplies, which limit their application for
in vivo or high-resolution spatial measurements. In contrast, FODs are miniaturized,
immune to electromagnetic interference, flexible, and capable of remote sensing with low
signal loss. A variety of FODs have been developed, utilizing these fiber properties, to
facilitate measurement of the radiation dose [18,26,27]. Compared to ionization chambers,
which offer excellent absolute dose measurement accuracy (~2% uncertainty) but limited
spatial resolution (typically >2 mm), scintillating fiber dosimeters have demonstrated
sub-millimeter spatial resolution (as low as ~0.5 mm) and dose linearity within ~2%,
depending on the scintillator and readout method used [28–31]. Similarly, fiber Bragg
gratings can detect temperature changes with ~0.1 ◦C sensitivity and resolve strain changes
at the microstrain level, while Raman probes have demonstrated high signal-to-noise ratios
(SNRs) in selected spectral bands (for example, SNR > 20 in the 1440 cm−1 band) [32–34].
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These quantitative benchmarks suggest that while optical fiber systems may not yet replace
ion chambers for reference dosimetry, they are well suited for high-resolution, real-time
in vivo measurements in complex geometries or under MRI-guided conditions.

2.1. Scintillating Fiber Dosimeters

Scintillating fiber dosimeters (SFDs), as shown in Figure 1a, are an extensively studied
class of FODs designed to measure ionizing radiation in real time [35]. These systems utilize
scintillating materials, such as plastic scintillators [30,36,37] or inorganic materials [38] like
Bismuth Germanate (BGO) [39], Lutetium Yttrium Orthosilicate (LYSO) [40], or Gadolinium
Oxysulfide (Gd2O2S) [41], that emit photons in the visible spectrum when exposed to
ionizing radiation. The emitted scintillation light is then transmitted via an optical fiber to
a photodetector located outside the irradiation zone, where the measured light intensity is
proportional to the absorbed dose.

(a) Scintillating Fiber Dosimeter

Optical fiber ,,,-

Photodetector 

Working Principle 

Scintillating material emits light 
when exposed to ionizing radiation 

Operational Condition 

Real-time dosimetry 

(b) Optically Stimulated Luminescence

Fiber Dosimeter 

Optical fiber 

Stimulation/ 
read-out device 

Secondary light 

Doped luminescent material 
(Al2O3:C, etc.) 

Working Principle 

OSL material stores energy from ionizing 
radiation, re-emiting it as light upon later 

optical stimulation 

Operational Condition 

Retrospective dosimetry 

Figure 1. Optical fiber-based dosimetry. Setup, working principle, and operation condition of:
(a) Scintillating Fiber Dosimeter; (b) Optically Stimulated Luminescence Fiber Dosimeter. To illustrate,
relative sizes of scintillating and luminescent materials to optical fibers are exaggerated. SFD enables
real-time readout, and OSL fiber dosimeter involves retrospective readout by light stimulation.

These high-resolution, real-time dosimeters are especially advantageous when steep
dose gradients and dynamic delivery protocols require accurate and immediate feed-
back. Their compact and flexible design enables easy integration into narrow applicators,
catheters, or confined anatomical regions, supporting in vivo dosimetry in procedures such
as brachytherapy and pediatric radiotherapy [42,43]. Unlike electronic detectors, they are
immune to electromagnetic interference, allowing for safe use in MRI-guided radiother-
apy. Furthermore, fibers can be multiplexed or arranged in arrays to provide spatially
distributed, two or three-dimensional dose measurement in complex field settings [44,45].
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Despite such advantages, SFDs also face certain limitations, most notably, Cherenkov
radiation contamination (the “stem effect”) [17,18]. This effect arises from the generation of
broadband light within optical fiber when high-energy charged particles travel faster than
the speed of light in the medium, producing a background signal that can interfere with
accurate dose readings. In practice, Cherenkov contamination can result in overestimation
of absorbed dose by up to 20% in plastic scintillators if left uncorrected [46]. To mitigate
this, dual-channel detection schemes, which subtract Cherenkov-only signal from the
total light, can suppress unwanted signal in clinical beam conditions [47,48]. Similarly,
spectral filtering has been demonstrated to reduce stem effect contributions by more than
80%, depending on the overlap between the emission spectrum of the scintillator and the
Cherenkov background [49]. Time-gated acquisition further improves measurement fidelity
to ~74–90% by rejecting early Cherenkov photons, and enables isolation of scintillation
light in nanosecond-resolved systems [35,50,51]. These methods can reduce residual dose
readout error to below 5–10%, enabling clinical-grade dosimetry under high-energy beams.
Current research is also improving scintillator materials, fiber designs, and signal processing
to enhance performance [48]. As these advancements progress, SFDs are better positioned
to support high-precision, adaptive, and personalized radiation therapy.

2.2. Optically Stimulated Luminescence Fiber Dosimeters

Another FOD technique employs optically stimulated luminescence (OSL), as shown
in Figure 1b, where specially doped fiber materials store radiation energy and later release
it as light when stimulated by a secondary light source [52]. In these dosimeters, the
optical fiber is doped with luminescent materials, commonly aluminum oxide (Al2O3:C)
and other rare-earth-doped compounds, that can trap energy when exposed to ionizing
radiation [53–55]. Upon later stimulation by a typically blue or green light source, the
stored energy is released as luminescent light, with intensity proportional to absorbed
dose. This feature allows for flexible, retrospective dosimetry, making OSL FODs useful
in scenarios where real-time monitoring is not required or where stored-dose analysis
is advantageous, such as environmental or personal monitoring, quality assurance, and
treatment verification.

A significant benefit of OSL FODs lies in their potentially high signal stability, reusabil-
ity, and wide dynamic range of detection (this term refers to the dosimeter’s ability to
measure doses from sub-cGy levels to tens of Gy without saturation, offering compati-
bility with both low-dose and high-dose clinical scenarios). Unlike thermoluminescent
dosimeters (TLDs), which require heating for readout, OSL systems can be optically stimu-
lated without affecting the physical integrity of the dosimeter [56]. This makes them more
suitable for repeated use and longitudinal measurements. Moreover, when coupled with
fiber-optic transmission, OSL systems can be deployed in remote or sensitive anatomical
locations and interrogated post-irradiation with minimal patient discomfort [57]. Their
robustness and resistance to environmental perturbations also make them ideal for use in
conditions where electronic detectors may be compromised, such as in MRI-compatible
treatment rooms or high-dose environments.

Conventional OSL dosimeters (OSLDs), such as the widely used Landauer Luxel
and Al2O3:C Dot detectors, are well-established in radiation oncology clinics for patient
dose verification and personnel monitoring [58]. However, OSL fiber dosimeters offer
added flexibility in geometry and integration. Their cylindrical form and bendability allow
better conformity to irregular surfaces or internal cavities, enabling 3D dose mapping in
phantoms or catheters, where planar badge-style OSLDs are difficult to deploy spatially.

Fiber-optic OSL dosimeters have shown promising performance in phantom and
bench-top settings. For example, a miniaturized fiber dosimeter (125 µm optical fiber) was
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developed in 2019 coupling scintillator to the fiber end, and showed linear signal response
with an SNR as high as 190 under 6 MV irradiation in air [14]. This demonstrates that com-
pact fiber probes can maintain linearity in clinically relevant photon fields. In the domain
of fiber-coupled OSL, fiber-coupled Al2O3:C with 15 m fiber cables was studied to find
that delay of 1 h before readout introduces only ~0.5% variation in OSL signal, indicating
system stability over typical treatment times [59]. Furthermore, BeO OSL detectors were
characterized showing linearity comparable to ionization chambers over a clinical dose
range and favorable temperature and angle behavior [60]. While none of these systems
yet shows extremely wide dynamic ranges (e.g., >103) or long reuse cycles (>50), these
studies offer concrete benchmark metrics (linearity, SNR, readout stability) that should
guide future development of OSL-based fiber dosimeters.

Recent demonstrations in live and clinical settings are trending to support the trans-
lation of fiber-optic dosimetry toward in vivo use. For instance, in 2023, a ruby-based
fiber optic probe was developed for real-time dose-rate measurement during internal
β-radiation therapy (e.g., selective internal radiation therapy, SIRT). It achieved linear dose-
rate response across a range of exposures, and after applying optical filtering to suppress
Cherenkov/stem signals, the residual stem contribution was limited to 2.3% ± 1.1% [61].
Similarly, in 2023, a fiber-optical dosimetry sensor was proposed for radiation measure-
ment in biological applications, demonstrating radioluminescence response under gamma
irradiation with a compact geometry suitable for biological environments [62]. Another
relevant study in 2024 investigated the biocompatibility of a fiber-optic dosimeter in bi-
ological media, which assessed sensor response stability, radiation-induced damage in
surrounding media, and long-term operation in physiologic conditions [15]. While human
in vivo trials remain sparse, optical-fiber-based real-time dosimeters have been used in
phantom and catheter-mounted settings [63]. These results collectively suggest that fiber-
based optical dosimetry is transitioning from proof-of-concept toward in situ deployment
in biological environments.

Despite their advantages, the practical deployment of OSL fiber dosimeters still
presents several challenges. The need for post-irradiation optical stimulation introduces
logistical constraints in certain clinical workflows, particularly where immediate dose veri-
fication is essential [64]. Energy dependence of Al2O3:C is another consideration, especially
in kilovoltage photon beams where the response can vary significantly with beam qual-
ity [58]. Additionally, while dose linearity is generally good over a broad range, nonlinear
response may appear at very low doses or in ultra-high dose-rate settings, necessitating
careful calibration. Moreover, the spatial resolution can be limited by the uniformity and
geometry of the doped fiber materials [14]. However, recent advances in material science,
such as the development of nanocrystalline OSL compounds and enhanced fiber doping
techniques, are addressing these limitations [18]. Current research also explores integrating
OSL sensing with fiber Bragg gratings (FBGs) for simultaneous measurement of dose, tem-
perature, and mechanical stress, and utilizing multiplexed fiber arrays for spatially resolved
dosimetry [16,18]. With continued innovations, OSL-based FODs are expected to play an
increasingly important role in comprehensive, multi-parametric radiation monitoring for
both clinical and research purposes.

2.3. Other Types of Fiber Dosimeters

In addition to scintillating and optically stimulated luminescence dosimeters, several
other types of FODs have been developed to expand the capabilities of radiation monitoring.
TLD fibers, for instance, incorporate traditional TLD materials [65], such as LiF or CaSO4:Dy,
at the tip or along the length of optical fibers. These materials store radiation energy and
emit light upon heating, with the emitted light transmitted through the fiber to a remote
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detector, improving the spatial precision of conventional TLD systems. Another emerging
class involves Cherenkov fiber dosimeters, which measure the Cherenkov light generated
directly in the fiber when high-energy charged particles travel faster than the speed of
light in the medium [66,67]. While typically considered background noise in scintillating
systems, Cherenkov light can be isolated and quantified as a surrogate for dose distribution
when combined with time-gated detection and spectral filtering. However, due to the
inherently low light yield and the need for sophisticated time-resolved and spectrally
resolved detection systems, Cherenkov fiber dosimeters are not yet used routinely in
radiation oncology clinics. Additionally, radioluminescent fiber dosimeters using rare-
earth-doped materials, such as europium or terbium, offer enhanced radiation sensitivity
and stability for high-precision applications [18,47,48]. Each of these dosimeter types brings
unique benefits and trade-offs in terms of temporal resolution, sensitivity, and compatibility
with various clinical workflows, and they continue to contribute to the expanding FOD
toolkit in radiation therapy.

Currently, these diverse FOD types have undergone validation primarily in experimen-
tal and preclinical studies, with only a subset of SFDs, OSLDs and TLDs being routinely
implemented in clinical radiation oncology. Typically, these systems are investigated for
specific applications such as real-time beam monitoring, in vivo verification, and quality
assurance in challenging environments (e.g., MRI-guided therapy or high-gradient fields).
The main limitations for broader clinical deployment include the need for specialized
readout equipment, signal stability under varying conditions, and lack of standardized pro-
tocols for integration into clinical workflows. However, the provided advantages of FODs,
such as high spatial resolution, remote readout capabilities, and multi-parameter sensing,
make them attractive candidates for future adaptive radiation therapy and biologically
guided treatment paradigms.

As summarized in Table 1, main features of FODs vary with their types, with dif-
ferent principles, dose sensitivities, materials, advantages/disadvantages, and clinical
suitability. Overall, FOD technologies are rapidly evolving, and continued validation, both
technical and clinical, is needed to fully establish the role of FODs in routine radiation
therapy practice.

Table 1. Main features of common type FODs and their comparisons.

Main
Feature

Scintillating Fiber
Dosimeter

Optically
Stimulated

Luminescence Fiber
Dosimeter

Thermoluminescent
Dosimeter Fiber

Cherenkov Fiber
Dosimeter

Detection
Principle

Scintillation upon
radiation exposure

Traps radiation
energy, later released

by optical
stimulation

Traps radiation
energy, released

upon heating

Detects Cherenkov
light emitted by

high-energy charged
particles

Real-time Readout Yes No (Delayed) No (Delayed) Yes

Radiation Type

Photons, electrons,
protons, neutrons

depending on
scintillator

Mainly photons,
some sensitivity to

electrons

Wide spectrum
depending on

dopant

High-energy charged
particles (e.g.,

electrons, photons)

Sensitivity High (depending on
material) Moderate to high High Low to moderate

Key
Materials

Plastic scintillator,
LYSO, BGO, Gd2O2S

Al2O3:C, rare-earth
doped materials LiF, CaSO4:Dy

Optical fiber itself
(e.g., PMMA or

silica)
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Table 1. Cont.

Main
Feature

Scintillating Fiber
Dosimeter

Optically
Stimulated

Luminescence Fiber
Dosimeter

Thermoluminescent
Dosimeter Fiber

Cherenkov Fiber
Dosimeter

Advantages

Real-time, high
sensitivity, flexible

integration and
geometries

Retrospective
readout, reusable,

simple
structure

Established material
base, thermal

readout

Real-time, no added
material needed,

directly tied to dose
delivery

Disadvantages

Cherenkov
contamination (stem

effect),
fragility

Requires stimulation
source, no real-time

monitoring

Requires heating,
mechanical setup,

sensitivity to
environmental noise

Low signal intensity,
needs

high-sensitivity
detectors

Clinical Suitability
In vivo dosimetry,

real-time monitoring
during RT

QA, retrospective
dose verification,
environmental

dosimetry

QA, treatment
verification

Dose verification
during LINAC,

superficial
monitoring

3. Optical Fiber Spectroscopy
Optical spectroscopy has become a pivotal tool in radiation oncology for non-invasive,

real-time assessment of biochemical and physiological changes in tissues exposed to ioniz-
ing radiation [68]. By capturing molecular signatures and metabolic alterations without the
need for contrast agents or biopsies, these techniques offer a means of dynamic treatment
monitoring that complements anatomical imaging. Among the primary modalities used
are Raman spectroscopy [69], fluorescence spectroscopy [70,71], diffuse reflectance spec-
troscopy (DRS) [72], and Cherenkov luminescence imaging [73]. All of these are compatible
with fiber-optic systems for in vivo integration, as shown in Figure 2 and summarized in
Table 2.

Figure 2. Optical fiber spectroscopy in radiation oncology. Several examples shown here are: (a) Ra-
man Spectroscopy, (b) Fluorescence Spectroscopy, (c) Diffuse Reflectance Spectroscopy, (d) Cherenkov
Luminescence Imaging, and (e) Radiation-Induced Attenuation Spectroscopy. Optical spectroscopy
has become pivotal tools in radiation oncology for non-invasive, real-time assessment of biochemical
and physiological changes.
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Table 2. Comparison of major optical fiber spectroscopy and imaging techniques.

Technique Principle Target
Information Advantages Limitations Fiber

Compatibility

Raman
Spectroscopy

Inelastic scattering of
monochromatic light

reveals vibrational
modes

Molecular
composition (DNA,

proteins, lipids)

Label-free;
high chemical

specificity;
detects biochemical

changes

Weak signal;
fluorescence
interference;

slow acquisition

Excellent
(single-mode

fibers)

Fluorescence
Spectroscopy

Emission from
intrinsic or extrinsic
fluorophores upon

excitation

Metabolic activity
(e.g., NADH, FAD);

redox state

High sensitivity;
real-time metabolic

imaging

Requires
fluorophores;

photobleaching;
limited depth

Excellent
(multi-mode

fibers)

Diffuse
Reflectance

Spectroscopy

Measured absorption
and scattering of
broadband light

Blood volume,
oxygenation,

scattering coefficients

Simple, low-cost;
physiological

parameters in real
time

Indirect
measurements;

limited depth and
resolution

Excellent

Cherenkov
Luminescence

Imaging

Light emitted by
high-energy particles
exceeding light speed

in tissue

Dose deposition,
real-time beam
visualization

Direct correlation
with radiation

delivery; no added
contrast needed

Shallow depth; weak
signal; needs

intensified/time-
gated cameras

Moderate
(collection
via fiber)

Radiation-Induced
Attenuation
Spectroscopy

Ionizing radiation
causing wavelength-

dependent
attenuation in fiber

Dose distribution,
radiation field

mapping

Passive; label-free;
works in

high-radiation fields;
distributed sensing

Requires careful
calibration;

irreversible in some
fiber types

Excellent
(especially for

distributed sensing)

Optical
Coherence

Tomography

Low-coherence
interferometry for

cross-sectional
imaging

Tissue microstructure
and morphology

High-resolution;
depth-resolved

structural imaging;
non-contact

Limited penetration
(~1–2 mm); less

chemical specificity

Excellent
(fiber bundles

or probes)

Photoacoustic
Imaging

Light-induced
acoustic signal via

thermoelastic
expansion

Optical absorption
contrast (e.g.,
hemoglobin)

Functional +
structural imaging;

deeper than
optical-only methods

Requires laser source
and ultrasound

detector

Good
(hybrid probes)

Laser Speckle
Contrast Imaging

Analysis of dynamic
speckle patterns from

moving RBCs

Microvascular blood
flow

Label-free; fast
acquisition; sensitive
to perfusion changes

Limited to surface
vasculature; sensitive

to motion artifacts

Good
(endoscopic probes)

3.1. Raman Spectroscopy

Raman spectroscopy, as shown in Figure 2a, uses inelastic scattering of monochromatic
laser light to detect vibrational modes of biomolecules [74,75]. This produces a unique
Raman spectrum, essentially a molecular fingerprint, that can differentiate tissue types
and pathological states based on their biochemical composition. In radiation therapy,
Raman spectroscopy enables detection of critical molecular changes such as DNA strand
breaks, protein unfolding, and lipid peroxidation [76]. These changes manifest as altered
intensities or shifts in characteristic Raman peaks, such as those associated with nucleic
acids (~785 cm−1) or amide bonds in proteins (~1650 cm−1) [77]. Monitoring these shifts
during or after irradiation provides insight into cellular damage mechanisms and can
support adaptive treatment strategies by identifying radioresistant tumor subregions.

3.2. Fluorescence Spectroscopy

Fluorescence spectroscopy (Figure 2b), on the other hand, detects light emitted from
intrinsic fluorophores such as NADH and FAD or from externally introduced dyes [78].
These fluorophores serve as metabolic indicators, reflecting mitochondrial activity and
oxidative stress. Shifts in the fluorescence intensity or lifetime of these markers during
radiation exposure can reveal disruptions in cellular respiration and redox balance, helping
assess tumor response or early onset of tissue toxicity [79]. This method is particularly
valuable for guiding fractionated or adaptive radiation therapy, where real-time feedback
on tissue viability could inform mid-course treatment adjustments [80].
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3.3. Diffuse Reflectance Spectroscopy

Diffuse reflectance spectroscopy, as shown in Figure 2c, extends these capabilities by
evaluating the absorption and scattering of broadband light in tissues. It provides indirect
but robust data on physiological parameters such as oxygen saturation, blood volume,
and microvascular integrity [81]. The intensity and spectral characteristics of diffusely
reflected light after multiple scattering and absorption events allow for the estimation of
tissue optical properties and chromophore concentrations. Given the importance of tumor
oxygenation in determining radiosensitivity, DRS can identify hypoxic regions that may
require dose escalation or adjunctive therapy with radiosensitizers [82,83]. In preclinical
models, fiber-optic DRS has successfully monitored vascular reoxygenation trends in
radiation-sensitive versus radiation-resistant tumors following typical fractionated doses,
supporting its application in adaptive therapy [84,85]. DRS offers a practical solution for
minimally invasive and repeated bedside assessments throughout the course of therapy,
enabling functional tissue monitoring that complements anatomical imaging modalities.

3.4. Cherenkov Luminescence Imaging

Cherenkov luminescence imaging, as shown in Figure 2d, is a relatively recent but
promising addition to the suite of optical spectroscopy tools used in radiation therapy [73].
When high-energy photons or particles (such as in electron or photon beam therapy) exceed
the phase velocity of light in tissue, Cherenkov light is emitted. This faint, broadband
optical signal can be captured using time-gated or intensified cameras and is directly
correlated with the instantaneous radiation dose deposition. Because Cherenkov light
is produced only during treatment, it allows for real-time visualization of dose delivery
on the patient’s surface or within shallow tissue depths [86]. Fiber-optic sensors can be
used to collect this signal for localized monitoring, or imaging systems can track spatial
dose distribution across the treatment field. Moreover, Cherenkov-excited luminescence
and Cherenkov-induced fluorescence are being explored to enhance molecular imaging
sensitivity and depth profiling during therapy [87].

3.5. Radiation-Induced Attenuation Spectroscopy

Radiation-induced attenuation (RIA) spectroscopy has been developed as a power-
ful fiber-based technique, particularly for in vivo dosimetry and environmental monitor-
ing [88,89]. RIA occurs when ionizing radiation generates color centers or defects in optical
fibers, leading to a measurable increase in light attenuation at specific wavelengths. This
passive effect can be spectrally resolved and quantified using broadband light sources
and optical spectrum analyzers, enabling distributed dose measurements along the fiber
length [90]. RIA-based systems are compatible with harsh radiation environments, includ-
ing proton and photon beams, and offer high dynamic range, repeatability, and immunity
to electromagnetic interference [91,92].

Collectively, these optical spectroscopy techniques offer a layered view of radiation-
induced effects, from molecular changes to physiological and dosimetric parameters.
Their fiber-optic compatibility ensures minimally invasive implementation in vivo, even
in anatomically challenging or sensitive regions. As radiation oncology moves toward
biologically adaptive, precision-focused paradigms, the integration of Raman, fluorescence,
DRS, RIA, and Cherenkov-based optical tools offers the potential to monitor and interpret
radiation response in real time and at multiple biological scales [25,81]. Furthermore, the
growing use of AI and machine learning to interpret complex data may enable automated,
comprehensive decision-making, enhancing treatment accuracy and patient safety [93,94].
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4. Applications of Optical Fiber Sensors in Radiation Therapy
4.1. Adaptive Radiation Therapy

Adaptive Radiation Therapy (ART) represents a significant shift from conventional
static treatment paradigms to strategic, patient-specific protocols that adjust radiation
delivery based on anatomical, physiological, or biological changes over the course of
treatment [7,11]. While ART has traditionally relied on anatomical imaging modalities
such as cone-beam CT and MRI to guide replanning, these systems often lack the ability to
capture the molecular and metabolic alterations that underlie tumor response and treatment
resistance. PET imaging adds valuable biological insight, particularly into tumor hypoxia
and proliferation, but is limited by its low spatial resolution. Optical fiber technologies offer
a novel solution to this limitation by enabling continuous, minimally invasive monitoring
of biochemical and functional parameters during treatment, thereby enhancing the scope
and effectiveness of ART [18,48].

Fiber-optic sensors can be embedded directly within treatment applicators, catheters,
or patient-worn devices to monitor variables such as dose deposition, temperature, oxy-
genation, and metabolic activity with high temporal and spatial resolution [27]. For instance,
FBGs can be used to track local thermal shifts that may signal inflammation or vascular
disruption, while Raman and fluorescence probes can measure redox-related biomarkers
like NADH and FAD, which provide insight into tumor hypoxia or radiation sensitivity [81].
These biological signs offer an early indication of treatment response or toxicity, often before
anatomical changes become evident [95]. By integrating this real-time data into the ART
workflow, clinicians can adapt fractionation schedules, modulate dose intensities, or adjust
beam configurations with greater biological justification.

Moreover, the multiplexing capability of optical fibers allows multiple sensing points
along a single strand, enabling simultaneous monitoring of diverse parameters across
multiple tumor regions or organs at risk [27]. This feature is particularly advantageous in
complex treatment areas such as the head and neck or pelvis, where tumor motion and
organ deformation are common. When combined with artificial intelligence and machine
learning algorithms, the spectral and dosimetric data collected by optical fiber systems can
be rapidly analyzed to predict trends, identify deviations from planned responses, and
guide personalized adaptation strategies [93].

In many cases, invasive placement of optical fiber systems into solid tumors can be
clinically challenging. The development of non-invasive or minimally invasive strategies,
such as surface-mounted or endoscopically guided delivery, will be critical. Implantable
fiber sensors have also been explored in preclinical or interventional oncology settings.
Future work must focus on robust, biocompatible integration methods for clinical deploy-
ment, possibly in combination with existing applicators or anatomical cavities, to extend
sensing into deeper tissues without compromising treatment delivery. As the field moves
toward biologically guided radiotherapy, the integration of optical fiber sensing into ART
protocols has the potential to significantly improve treatment precision, reduce unnecessary
toxicity, and enhance patient outcomes through truly responsive, data-driven intervention.

4.2. Real-Time Monitoring and Imaging

Real-time intrafraction monitoring during radiation therapy is important to ensure
accurate and safe dose delivery. Optical fiber technology enables immediate detection of ad-
verse tissue responses [63,96], with real-time sensing of clinically relevant parameters such
as radiation dose, tissue temperature, and physiological indicators like oxygenation [27].
In treatments involving thermal modulation [97], such as hyperthermia therapy or thermal
ablation, precise thermal control is crucial for therapeutic effectiveness and minimizing
collateral damage. Fiber-optic temperature sensors, commonly based on FBGs or rare-
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earth doped fibers, provide accurate and stable temperature readings with sub-degree
sensitivity [18,64].

Beyond sensing, optical fibers are also widely used in real-time imaging modalities,
as summarized in Table 2. Endoscopic fiber bundles allow for the delivery and collection
of light in narrow or curved anatomical regions. They support modalities like optical
coherence tomography (OCT), which provides high-resolution cross-sectional images of
tissue microarchitecture using low-coherence interferometry [98]. One emerging modal-
ity is photoacoustic imaging (PAI), which combines optical excitation with ultrasonic
detection to visualize tissue structures based on optical absorption contrast [99]. In this
approach, pulsed laser light delivered via optical fibers induces thermoelastic expansion
in chromophore-rich tissues, generating ultrasound waves that are detected and recon-
structed into functional images. PAI is particularly advantageous for visualizing vascular
structures and monitoring tissue oxygenation, which is critical for radiotherapy planning
and response assessment. Another complementary technique is Laser Speckle Contrast
Imaging (LSCI), which analyzes dynamic speckle patterns formed by coherent laser light
scattered from moving red blood cells to assess microvascular blood flow in tissue [100].
When integrated into fiber-optic probes, LSCI allows for minimally invasive, real-time
mapping of perfusion changes, which is particularly valuable in identifying regions of
ischemia or radiation-induced vascular disruption.

These monitoring and imaging techniques can enhance real-time intraoperative or
interventional visualization and have the potential to improve the precision of tumor local-
ization, margin assessment, and adaptive planning in procedures where spatial accuracy is
critical. As fiber-based imaging technologies continue to evolve, as shown in Figure 3, their
role in guiding and optimizing therapeutic interventions is expected to expand significantly.

Figure 3. Applications, technical challenges, and future directions of optical fiber sensors in radiation
therapy. Optical fiber sensors offer advantages to potentially support adaptive radiation therapy,
enable real-time monitoring and imaging of biochemical and physiological changes, and become
integrated into the existing workflow with minimally invasive procedures and high compatibility.
Meanwhile, fiber sensor technologies are evolving rapidly to address current technical limitations.
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4.3. Clinical Integration and Workflow Advantages

Integration of fiber optic systems into clinical radiation therapy offers transfor-
mative potential for improving workflow efficiency, treatment precision, and patient
safety [18,48,64]. Thanks to their small diameter, mechanical flexibility and biocompat-
ibility [15], optical fibers may be embedded into applicators, catheters, endoscopes, or
surgical instruments, enabling real-time, in vivo monitoring during both external beam
radiation therapy and brachytherapy [43,68]. Moreover, their non-metallic composition
and immunity to electromagnetic interference allow safe operation within MRI-guided
radiation therapy environments [17], where electronic components may fail due to the
strong magnetic fields or radiofrequency noise. These features make fiber-optic sensors
advantageous to deploy in anatomically constrained or sensitive sites, such as the prostate,
cervix, oral cavity, and gastrointestinal tract, where traditional dosimeters may be too bulky
or invasive.

Fiber-optic sensors also support distributed sensing, in which multiple sensing ele-
ments (e.g., FBGs or scintillating tips) can be arranged along a single fiber strand to monitor
parameters such as dose deposition, temperature, oxygenation, and tissue response across
multiple spatial locations simultaneously [18,27]. This capability is particularly advanta-
geous in adaptive radiotherapy, where tumors and organs-at-risk may move or deform
over time (e.g., in the head and neck or pelvic regions), and dynamic treatment planning
may be required [101]. In these scenarios, fiber multiplexing may support spatially resolved
measurements without adding significant hardware complexity.

Clinically, optical fiber dosimetry and sensing systems have been implemented in a
variety of radiation therapy settings where real-time, in vivo, and minimally invasive mon-
itoring is essential [48]. For example, in proton therapy, fiber-optic sensors have been used
to track Bragg peak positions and range shifts in vivo by embedding sensors in phantoms
or endoscopic probes, reducing range uncertainties and improving dose accuracy [102].
Fiber sensors have also been explored more extensively for dosimetric use in prostate
cancer [64]. They have been applied in low dose rate (LDR) brachytherapy [63], high
dose rate (HDR) brachytherapy [103], and external beam radiotherapy [104] across various
source and applicator configurations [105,106]. Use of fiber sensor may provide us with
real time in vivo monitoring of on entrance and exit dose during treatment while minimiz-
ing invasiveness, utilizing existing brachytherapy procedures or biopsy channels. These
applications demonstrate the versatility of fiber-optic sensors across radiation treatment
modalities and clinical scenarios.

Furthermore, as modern treatment platforms increasingly employ robotic guidance,
motion tracking, and adaptive feedback control, the real-time output from fiber-optic
sensors can be integrated into these systems to dynamically adjust beam delivery based
on patient-specific anatomy [101]. For example, in a urethral dose brachytherapy clinical
trial, a maximum of 9% deviation between in vivo measured dose from the planned dose
was primarily attributed to small changes in patient anatomy [103]. Such deviations may
be corrected using real-time measured values to better reflect the actual dose distribution.
When paired with machine learning algorithms that analyze dosimetric or spectral trends,
these data streams can possibly support automated decision-making, identifying deviations
from expected responses and prompting timely plan adaptation [93,107,108]. In summary,
fiber-optic sensing platforms hold great promise for real-time, in vivo, high-resolution,
and spatially distributed dosimetric and spectroscopic monitoring in diverse radiation
therapy scenarios. The continuously growing deployment of fiber sensors across various
clinical settings demonstrates their substantial potential to enhance biological adaptability,
treatment precision, and workflow integration in radiation oncology.
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5. Challenges and Future Directions
5.1. Fiber-Optic Dosimetric Technical Challenges

Despite their many advantages, fiber optic sensors face a number of technical and clini-
cal barriers that must be addressed before widespread adoption in radiation therapy [47,48].
On the technical front, one major limitation is signal contamination. In scintillating fiber
systems, Cherenkov light generated within the fiber itself (or the “stem effect”, as reviewed
in Section 2.1) can obscure the true scintillation signal, compromising dose accuracy [109].
Although dual-channel detection schemes and spectral filtering techniques have been
developed to separate these signal components, their complexity limits scalability and ease
of implementation in standard clinical settings.

Also, an important technical constraint lies in signal attenuation, particularly in fibers
longer than 1–2 m or when bent near tight anatomical curves. Optical loss in silica fibers
is typically <0.2 dB/km at 850–1550 nm, but radiation-induced defects (color centers)
can increase attenuation significantly, especially under high-dose or pulsed-beam condi-
tions [88]. RIA spectroscopy has been proposed not only as a sensing method but also as a
tool to monitor these losses. Recent experimental data show that irradiation at elevated
temperatures can reduce near-infrared RIA by up to a factor of four to six compared to
room temperature, depending on wavelength and thermal conditions [89]. Phosphosilicate
fibers, Ce-co-doping strategies, and alternative core compositions such as Al-doped fibers
have been shown to stabilize RIA responses, mitigate temperature effects, and extend the
usable dose range for distributed dosimetry [91,92]. Additionally, fiber fragility, especially
in pure-silica or minimally shielded systems, can lead to mechanical failure after repeated
clinical use. Development of polymer-clad or stretchable fibers is ongoing to improve
long-term durability under bending and sterilization stress.

Calibration drift is another non-trivial concern in both fiber dosimetry and spec-
troscopy. Repeated thermal cycling, light exposure, and material-specific sensitivity
changes can introduce calibration drift on the order of several percent in both TL and OSL
systems, especially when annealing or re-setting steps are imperfectly controlled [26,56].
For example, temperature sensitivity in Al2O3-based dosimeters can shift light output by
−0.2% to +0.6% per ◦C if uncorrected [110]. Active correction strategies now include dual-
wavelength referencing, temperature-compensated algorithms, and internal calibration
pulses integrated into the readout system [93]. Furthermore, signal normalization using
reference scintillators or FBG-based thermal monitoring has shown promise in reducing
environmental-induced uncertainty to <2% in clinical testing scenarios. Moreover, consis-
tency remains a persistent challenge [108]. Environmental influences such as temperature,
humidity, and ambient light may further complicate signal interpretation. Finally, the
limited measurable range of some fiber-based sensing systems constrains their utility in
high-dose-rate scenarios or in heterogeneous tissues with complex optical properties.

5.2. Fiber-Optic Spectroscopic Technical Challenges

Despite their sensitivity and molecular specificity, optical spectroscopic methods face
several intrinsic technical limitations that could have hindered broad clinical adoption.
Raman spectroscopy, for instance, suffers from inherently weak signal strength due to low
scattering cross-sections (~10−6–10−10 of incident photons), which requires long acquisition
times or high-powered lasers, raising safety concerns [111]. Similarly, autofluorescence
from endogenous molecules (e.g., collagen, NADH) can obscure target-specific fluorescence
signatures, particularly in the 400–600 nm range [112].

Photobleaching and phototoxicity (loss of fluorophore signal and tissue damage from
prolonged light exposure) are also critical concerns during fluorescence-guided radiother-
apy, especially in repetitive imaging scenarios. This limits the number of usable frames
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or timepoints within a fraction [113]. Moreover, the three spectroscopic techniques, Ra-
man, fluorescence, and diffuse reflectance, are typically constrained to penetration depths
~< 3 mm, unless advanced fiber-based probes or time-resolved gating systems are used,
which may further complicate the clinical workflow [68].

Compared to PET or MRI, which offer deep-tissue, tomographic, and often quantitative
information on metabolism and anatomy, optical spectroscopy is currently best positioned
as a complementary intraoperative or surface-level monitoring tool. For example, PET
hypoxia tracers provide robust oxygenation maps [114] but lack the spatial and temporal
resolution for real-time intra-fractional feedback. Conversely, Raman or fluorescence
signals, while spatially localized and rapid, remain largely confined to accessible surfaces
or inserted fiber regions. Hybrid approaches, such as integrating optical imagers into
PET-compatible platforms, may have advantages to bridge this gap [115,116].

5.3. Clinical Translation and Adoption Challenges

Beyond engineering limitations, several clinical challenges remain [43]. One of the
major challenges in clinical translation is the invasive placement of optical sensors for
deep-seated tumors. While surface dosimetry and endoscopic access are relatively straight-
forward, interstitial applications (e.g., prostate, cervix) require specialized delivery mech-
anisms. Integration of optical fibers into HDR brachytherapy applicators, catheters, or
biopsy channels has been explored, with some systems demonstrating sub-millimeter
placement reproducibility and successful dose readout during clinical fractions [42,48].
These hybrid devices reduce insertion time and minimize patient discomfort but remain
underutilized due to customization requirements and sterilization logistics.

The cost of specialty optical fibers, particularly rare-earth-doped variants (e.g., Ce-
doped silica), is also a limiting factor, with individual sensor cost often restricting single-
use deployment. Ongoing work in lower-cost polymer scintillating fibers, sol–gel–based
doped preforms, and reusable probe architectures is aimed at reducing per-sensor ex-
pense [117,118]. Vendors are also exploring modular plug-and-play systems that allow
routine sterilization and recalibration.

Workflow interruptions caused by manual sensor placement, alignment drift, and
repeated probe insertions have been widely identified as barriers to clinical adoption of
fiber-based dosimetry and optical readout systems. As a partial workaround, several groups
have explored surface surrogate sensing, for example, skin-mounted fiber Bragg gratings
or Cherenkov-emission imagers, to infer dose trends at depth when direct in vivo insertion
is impractical [119,120]. Although accuracy depends strongly on anatomic geometry and
calibration methodology, these approaches have demonstrated clinically relevant agreement
with dose distributions in select scenarios [121,122].

Finally, data interpretation and integration into treatment planning systems remains
underdeveloped, and the raw spectral or dosimetric data often require post-processing
algorithm correction to become clinically actionable [26,93]. Recent reviews also highlight
that coupling fiber-optic sensors with denoising models and algorithms reduces processing
time and enhances predictive diagnostics [108]. To address these limitations, ongoing
research is focused on real-time machine-learning-assisted signal analysis [123,124]. All
these developments aim to make fiber dosimetry more clinically practical, scalable, and
informative across diverse treatment modalities and anatomical sites.

5.4. Future Directions and Developments

The future of optical fiber technology in radiation oncology lies in its continued
evolution toward multifunctionality, robustness, and intelligent integration with clinical
systems [18]. Multiparameter sensors capable of simultaneously tracking radiation dose,
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temperature, biochemical markers, and tissue perfusion are under active development [125].
These hybrid sensors could offer comprehensive real-time feedback, allowing clinicians
to adapt treatment plans based not only on anatomical changes but also on the tumor’s
biological behavior and the patient’s physiological response [126,127]. For example, in
head and neck cancer patients, embedded optical sensors could monitor redox-active
species such as NADH and FAD, which reflect metabolic activity and radiation sensitivity
in hypoxic tumor regions. This could allow clinicians to detect the early onset of treatment
resistance or mucosal injury and adapt dose distributions accordingly. Similarly, in cervical
cancer, fiber-based Raman and fluorescence spectroscopy might be used to detect pH shifts,
lactate levels, or oxygen saturation in the tumor microenvironment as key indicators of
hypoxia, acidosis, or necrosis, all of which are known to correlate with treatment resistance
and recurrence risks.

Beyond sensing, the development of “smart fibers” that integrate microelectronics,
nanostructures, or microfluidic channels into the fiber core offers exciting opportunities for
multifunctional sensing and targeted drug delivery [128,129]. At the same time, advances
in artificial intelligence and machine learning are enabling new approaches to spectral data
interpretation, real-time anomaly detection, and outcome prediction. For example, clas-
sification algorithms trained on Raman or fluorescence spectra could eventually support
automatic identification of tumor margins or early signs of toxicity [130,131]. However,
real-time AI-assisted interpretation of optical spectra remains largely preclinical, as most
current models are trained on curated datasets under controlled conditions [132–134], and
their clinical translation will require rigorous validation, generalization, and regulatory
approval. Likewise, smart fiber architectures that incorporate microfluidics or embedded
electronics are still at the prototype stage and have not yet undergone systematic clinical tri-
als [135–137]. While these emerging technologies hold significant promise, their integration
into routine clinical workflows will need substantial translational development.

Finally, personalized dosimetry guided by continuous in vivo feedback is another
emerging research area for precision oncology [69]. Such integration could help reduce
treatment-related toxicity, improve local control, and streamline radiation therapy work-
flows. Realizing these advances will require close collaboration between physicists, engi-
neers, oncologists, and regulatory experts to ensure patient safety, device reliability, and
clinical translational feasibility.

6. Conclusions
The integration of optical fiber technology into radiation oncology offers a promising

opportunity in the pursuit of precise, adaptive, and biologically informed cancer treatment.
These technologies, characterized by their miniaturization, flexibility, and immunity to elec-
tromagnetic interference, offer substantial advantages over traditional monitoring systems.
By enabling real-time measurement of critical treatment parameters, including radiation
dose, temperature, oxygen saturation, and biochemical changes, optical fibers facilitate
a more comprehensive and dynamic understanding of treatment delivery. Techniques
such as Raman spectroscopy, fluorescence imaging, and Cherenkov emission detection
extend the functional capabilities of optical fibers from conventional dosimetry to detailed
molecular-level diagnostics.

These capabilities are particularly relevant in the evolving context of personalized
and adaptive radiotherapy. As the field continues to shift from anatomically guided
treatments toward biologically adaptive protocols, the need for technologies that can
capture functional and metabolic responses in situ has become increasingly urgent. Optical
spectroscopy allows for the direct monitoring of radiation-induced biochemical alterations,
such as DNA strand breaks, protein denaturation, and redox imbalances, thereby offering
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predictive insight into tumor response and normal tissue toxicity. When coupled with
advanced data analytics and machine learning, these systems may enable automated,
data-driven treatment adaptation, enhancing both therapeutic efficacy and patient safety.

While the potential of optical fiber systems is considerable, several technical and
clinical barriers must be addressed to enable routine clinical adoption. Challenges such
as signal contamination from Cherenkov radiation, limited dynamic range, mechanical
fragility, and calibration complexity require ongoing refinement in sensor design and
signal processing methodologies. To better guide future comparative studies, standardized
evaluation metrics such as dosimetric accuracy (e.g., <5% error), reproducibility (e.g.,
>95% agreement in repeated measures), and validation against reference standards (e.g.,
ionization chambers, PET) should be adopted. Integration burdens (cost, sterilization,
system compatibility) are also vital for translational relevance. Current literature often lacks
consistent reporting in these areas, hindering cross-platform comparisons. We recommend
that future optical fiber sensing studies include these parameters in experimental protocols.
Nevertheless, researchers are making substantial progress in overcoming these limitations,
driven by interdisciplinary collaborations across engineering, physics, and clinical oncology.
As these innovations continue to mature, optical fiber technologies are well-positioned to
become an integral component of next-generation radiation therapy, contributing to more
effective, responsive, and patient-centered oncologic care.
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