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For the past few decades, fibre-optic dosimeters (FODs) have been a focus of research for dosimetry with LINACs, owing to a unique set of advantageous qualities: compact dosimeter sizes, an all optical composition (i.e. no wires or electronics around their sensitive volume), real-time response proportional to the absorbed dose-rate in their sensitive volumes and direct water equivalence. Such a set of qualities makes FODs “near-correctionless” for dosimetry with LINACs, such that they have been recommended as in vivo dosimeters and small field dosimeters. Further, their scintillation and luminescence response mechanisms are not affected by magnetic fields. Given this set of qualities, FODs are attractive candidates for dosimetry with MRI-LINACs. This mini-review aims to provide an overview of FODs to the wider medical physics community, and present the current challenges and opportunities for FODs given previous investigations into MRI-LINAC dosimetry.
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INTRODUCTION
In recent years, the combination of diagnostic magnetic resonance imaging (MRI) scanners with therapeutic linear accelerators (LINACs) has presented a new opportunity for real-time image guidance during radiotherapy treatments, with the MRI scanner capable of imaging a patient’s soft tissues in high contrast [1–6]. This new modality referred to as MRI-LINACs is capable of real-time adaptive radiotherapy, which offers improved treatment efficacies and patient outcomes. However, this combination of technologies presents new challenges that need to be solved in order to ensure that treatments are delivered accurately. One such challenging aspect is dosimetry in the presence of strong magnetic fields. The MRI scanner’s magnetic field imparts a Lorentz force on the charged particles traversing through the magnetic field, causing them to follow curved trajectories [2,7,8]. This effect is significant as it alters the dose distributions delivered at a macroscopic level, and can perturb the response of many dosimeters [2,9,10]. The dosimeter perturbations depend on several factors, including orientation of the LINAC’s photon beam to the MRI scanner’s magnetic field [7], magnetic field strength [11], beam quality [12,13], field size [14], dosimeter density [15], the presence of air gaps around a dosimeter [16,17], dosimeter geometry [15] and the dosimeter’s orientation with respect to the photon beam [12]. Many dosimeters have been thoroughly investigated to determine whether they are affected by such perturbations. Fibre-optic dosimeters (FODs) have not received as much attention in the MRI-LINAC dosimetry literature, however they are attractive in the scope of MRI-LINAC dosimetry as many FODs are theoretically immune to many of the potential dosimeter perturbations. This potential immunity arises from their unique combination of dosimetric properties that often includes direct water equivalence, compact sizes, angular independence, their all-optical compositions (i.e. no electronics or wires around their sensitive volumes) and an insensitivity of the luminescence mechanism to magnetic fields [18–20]. This mini-review will provide an overview of FOD dosimetry with LINACs, detail the current literature pertaining to MRI-LINAC dosimetry with FODs and discuss challenges and potential applications for FODs with MRI-LINACs.
OVERVIEW OF FIBRE-OPTIC DOSIMETERS
Principle of Operation and Dosimetric Properties
FODs are point-dosimeters comprised of a scintillator material sensitive volume that is coupled to an optical fibre, and a photodetector connected to the opposite end of the optical fibre. When irradiated, the scintillator emits photons that can be collected by the optical fibre and measured by the photodetector [21–23]. This scintillation response is produced promptly and in real-time, providing FODs with high temporal resolution, real-time responses [22,23]. For high energy photons and electrons, the number of emitted scintillation photons is proportional to the energy deposited in the scintillator. For dosimetry with LINACs, the FOD’s scintillation response is generally independent of most irradiation conditions such as irradiation angle and dose-rate [22,23]. Properties such as energy dependence, water equivalence and temperature dependence are related to the chemical compositions of their scintillator, hence the scintillator material can be chosen to suit specific beam qualities. Plastic scintillators are frequently employed when the FOD is used for dosimetry with LINACs as plastic scintillators are highly water equivalent for photons and electrons with energies greater than approximately 125 keV [21,24]. Properties such as spatial resolution and sensitivity are tied to the size and geometry of their scintillator sensitive volume. Typically, the scintillator is manufactured to be small in size e.g. dimensions of the order of millimetres and smaller [25]. These small, water equivalent scintillator volumes provide FODs high spatial resolutions whilst minimising the perturbation of the radiation beam in water. Given such a set of advantageous dosimetric properties, FODs using plastic scintillators are near-correctionless for dosimetry with LINACs [23]. Further, a number of studies have determined that the FOD’s scintillation mechanism is not affected by magnetic fields [18–20], making FODs potentially attractive candidates for MRI-LINAC dosimetry.
One main challenge is faced when applying FODs for dosimetry with LINACs. When the optical fibre is irradiated by high energy photons and electrons, the optical fibre generates its own photon emissions (referred to as the stem signal), which can then be measured by the photodetector, perturbing the FOD’s response [22,23]. For dosimetry with LINACs, this stem signal mainly arises due to the Cerenkov effect, in which a charged particle travels through an optical medium (e.g. the optical fibre) at a speed greater than the local speed of light allowed in that optical medium [26,27]. When this occurs, the charged particle emits photons to decelerate; these photon emissions are referred to as Cerenkov radiation. For common plastic optical fibre materials such as polymethyl methacrylate (PMMA), photons and electrons with energies of the order of hundreds of keV can generate Cerenkov radiation [28], thus stem signals will be generated in plastic optical fibres during LINAC dosimetry. Cerenkov radiation is emitted with a significant directional dependence and a continuous energy distribution [27]. The intensity of the stem signal also depends on the volume of optical fibre that is irradiated, being independent of the dose deposited in the scintillator volume [27]. Given this combination of factors, dedicated stem correction methods must be used to correct a FOD’s response when applying FODs for dosimetry with LINACs [22,23].
A number of stem correction techniques have been developed, each with their own advantages and disadvantages. The most common corrections are detailed below, including the Background Subtraction and Chromatic Removal. The reader is referred to studies by Lambert et al. [29] and Darafsheh et al. [30] in which stem signals are avoided through the use of air-core optical fibres, and Archer et al. [31] and Madden et al. [32,33], where stem signals are corrected through temporal analysis.
It should be noted that stem correction is particularly challenging when the stem signal’s magnitude is much greater than that of the scintillation signal [34]. This can occur when maximal lengths of the optical fibre are irradiated and the scintillator volume is positioned outside the primary radiation field as may occur for the out of field regions in off axis profiles [34,35]. In these conditions, there is the potential for inflation of the FOD’s relative uncertainties, though inflations in the absolute uncertainty have been reported to be near negligible in magnitude provided that the stem correction remains accurate [35]. Alternatively, the stem signal may dominate scintillation when the FOD is orientated with its central axis is aligned at an oblique angle with respect to the photon beam [36,37], though FODs are typically orientated with their central axis orthogonal to the photon beam to circumvent such a challenge [23].
Stem Correction Methods
In Background Subtraction, a bare optical fibre (no scintillator attached) that has matching materials and geometry to the FOD’s optical fibre and a second photodetector that matches the FOD’s photodetector are applied to estimate the stem signal produced in the FOD [38]. In this method, the bare optical fibre is aligned parallel to the FOD, placed abreast to the FOD and positioned tip to tip with the FOD so that equal lengths of optical material are irradiated by the LINAC’s primary radiation beam. Theoretically, in fields with low spatial dose gradients, the bare optical fibre produces an identical stem signal to that of the FOD, hence the FOD’s scintillation is corrected through the subtraction of the bare optical fibre’s signal. It should be noted that the accuracy of Background Subtraction is degraded when this method is used in radiation fields with high spatial dose gradients [39].
The gold standard stem correction method, Chromatic Removal, applies spectral analysis to measured optical signals [34,40]. In Chromatic Removal, a bifurcated optical fibre is used to produce two identical optical signals from the FOD. These two optical signals are then optically filtered using significantly different filtration schemes and measured by two matching photodetectors. Prior to dosimetry, the two photodetectors are calibrated by measuring the FOD’s optical signals in two different measurement conditions. Typically one of these measurements sets up the FOD so that a maximum intensity of stem signal is produced, and the other measurement condition sets up the FOD so that the luminescent material volume is positioned in the primary field and a minimal length of optical fibre is irradiated by the primary radiation beam. Once calibrated, measured stem signals can be analysed so that the scintillation can be decoupled from the accompanying stem signal. The accuracy of Chromatic Removal methods are not prone to degradations in radiation fields with high spatial dose gradients, and the accuracy of such spectral methods are superior to Background Subtraction [39].
MRI-LINAC DOSIMETRY
Changes to Dose Depositions Due to Magnetic Field
The potential perturbations and physical effects that arise during MRI-LINAC dosimetry are dependent on the orientation of the photon beam with respect to the magnetic field [8,10,42,43]. For MRI-LINACs with their photon beam aligned parallel to the magnetic field (referred to as in-line MRI-LINACs, parallel MRI-LINACs or longitudinal MRI-LINACs in the literature; shown in Figure 1A), the Lorentz force is imparted on charged particles with velocity components that are perpendicular to the magnetic field, orthogonal to the magnetic field and perpendicular component of velocity. As a result, the charged particles follow helical trajectories with the axis of gyration parallel to the magnetic field direction [4,8]. As these charged particles interact with matter and decrease in energy, their radius of gyration decreases. This leads to a decrease in the penetration depth of electrons, a reduction in lateral scattering of secondary electrons and a narrowing of the penumbras that becomes more severe as the density of the medium decreases. Additionally, with the in-line alignment of the magnetic field and photon beam, fringe fields from the MRI scanner can focus contaminant electrons from the LINAC and scattered electrons upstream of the patient towards magnetic isocentre [44,45].
[image: Figure 1]FIGURE 1 | Diagram showing the MRI-LINAC orientations. In (A), the in-line orientation is shown; in (B), the perpendicular orientation is shown. Figure adapted from MRI for radiotherapy by Whelan et al. [41].
The two current in-line MRI-LINAC systems, the Australian MRI-LINAC [4,46] and the Aurora-RT system (MagnetTx Oncology Solutions, Edmonton, Alberta, Canada) [3] are both preclinical systems, though the Australian MRI-LINAC has been commissioned and approved for use under a clinical trial. The Australian MRI-LINAC uses a 1 T open bore MRI scanner and a 6 MV LINAC fitted with a clinical multileaf collimator (MLC), with the LINAC and MLC mounted on rails to allow for variable source-isocentre distances. For the Australian MRI-LINAC, a significant fringe magnetic field permeates upstream of isocentre towards the LINAC. The focusing of contaminant electrons is significant, and leads to high entrance doses along the central axis [45,47,48]. The Aurora-RT system uses a 0.6 T bi-planar open bore MRI scanner and a 6 MV LINAC [3]. In the Aurora-RT system, an iron yoke magnetically shields the LINAC from the MRI scanner’s fringe fields, thereby reducing the focusing of contaminant electrons upstream of isocentre; increases in entrance doses have been reported for the Aurora-RT system [49,50], though these increases are much less severe than those that occur with the Australian MRI-LINAC.
For MRI-LINACs with the photon beam orientated perpendicular to the magnetic field (referred to as perpendicular MRI-LINACs or transverse MRI-LINACs in the literature; shown in Figure 1B), the Lorentz force is imparted orthogonal to both the photon beam and the magnetic field. As a result, the charged particles are focused laterally and tend to follow circular trajectories [1,51]. At the macroscopic level, this causes the off-axis dose distributions to become skewed asymmetrically, the dose kernel to shift laterally and the penetration depth to decrease. Additionally, there is the potential for increased doses at interfaces between low density media and high density media (such as air-tissue interfaces) [1]. This increase in dose occurs as the electrons can exit the high density media, gyrate 180° in the low density media and penetrate the high density media. This effect has been termed as the electron return effect (ERE).
The two current perpendicular MRI-LINAC systems, the Elekta Unity (Elekta Instrument AB, Stockholm, Sweden) [1,52] and the ViewRay MRIdian (ViewRay Inc., Oakwood, Ohio, United States) are both clinical systems [5,53,54]. The Elekta Unity consists of a 1.5 T wide bore MRI scanner and a 7 MV LINAC. Initial installations of the ViewRay MRIdian consisted of a 0.35 T split bore MRI scanner and 3 60Co sources [5]; more recently, newer installations of the ViewRay MRIdian system consist of a 0.35 T split bore MRI scanner and a 6 MV LINAC [54].
Dosimeter Perturbations
Dosimeter perturbations can arise from multiple sources. Many dosimeters experience changes in sensitivity in the presence of strong magnetic fields [7,55,56]. Dosimeters that have angular or orientation dependent sensitivities can be brought into effect by the curved trajectories followed by charged particles [57,58]. The characteristics and severity of such dependence and change in sensitivity are specific to each dosimeter, being influenced by sensitive volume size [14,15], geometry [11,13], density [14,15] and by any high Z extracameral components [14,15]. The physics responsible for the sensitivity dependence are influenced by experimental factors such as magnetic field strength [11,15], MRI-LINAC orientation [7,59], orientation of the dosimeter with respect to the photon beam [11,12,15], beam quality [12,13] and field size [14], hence the dosimeter’s sensitivity dependence also vary with these factors. Additionally, the presence of small air gaps around a dosimeter’s sensitive volume can cause non-negligible perturbations to the measured response, making the measured responses deviate from the expected dose in water [16,17,60]. Detector and setup specific correction factors are required to correct the calibration of dosimeters for reference dosimetry with MRI-LINACs [12,14,15,56,59].
When performing dosimetry, the introduction of a dosimeter into a water volume perturbs the electron fluence in water at the volume occupied by the dosimeter [15]. The severity of such electron fluence perturbations depends on the dosimeter’s size, its physical and electron densities, and its photonic and electronic interaction coefficients [15]; electron fluence perturbations are also setup specific [14,15]. Such perturbations are problematic given dosimeters are typically calibrated for absorbed dose to water no magnetic field present [61], and contributes to a dosimeter’s energy dependence with MRI-LINACs. Dosimeters comprised of water equivalent materials with matching densities and interaction coefficients to those of water, such as entirely plastic FODs are theoretically immune to such perturbations [15].
The strong magnetic fields influence the trajectories of charged particles, causing dosimeters to experience a shift in their effective point of measurement (EPOM) compared to their EPOM with no magnetic field present [12,43,57,62]. In perpendicular magnetic fields, dosimeters experience EPOM shifts that are directed both laterally and depth-wise [43]; in in-line magnetic fields, dosimeters experience EPOM shifts that are directed depth-wise only [43]. The magnitude of such shifts increase as sensitive volume density decreases. Consequently, dosimeters with sensitive volumes that are less dense than water (e.g. ionisation chambers) experience more severe EPOM shifts than those theoretically experienced by equivalent volumes of water [43,57]. Conversely, dosimeters with sensitive volumes that are more dense than water (e.g. semiconductor and diamond detectors) experience less severe EPOM shifts than those theoretically experienced by equivalent volumes of water [43,57]. As a result, non water-equivalent dosimeters measured dose distributions can deviate from the expected dose distributions deposited in water [43,57].
Fibre Optic Dosimeter Studies With MRI-LINAC
Numerous studies have investigated the magnetic field dependence of many plastic scintillators with radioactive sources in the scope of hadron calorimetry. Bloemker et al. [18] irradiated three plastic scintillators with 25 MeV protons, 5.9 keV X-rays and UV light for magnetic fields with strengths up to 0.45 T. Increases in light output were observed independent of the magnetic field direction and orientation; a 3.3% increase in light output was observed for a polyvinyl toluene and polystyrene based scintillators, and a greater increase in response was reported for a PMMA based scintillator. Green et al. [19] and Bertoldi et al. [20] irradiated several plastic scintillators with 226Ra α sources, 137Cs β sources and 60Co γ sources in magnetic fields with strengths up to 20 T. All scintillators exhibited increasing light outputs up to 2 T ranging between 6% and 8%, and a plateau in light output above 2.0 T; this was dependent on the plastic scintillator’s base material and independent of radiation source [19,20]. The authors concluded that the scintillation mechanism was not affected by strong magnetic fields, and that the increased light output per unit absorbed dose arose from changes in the spatial distribution of energy depositions at a microscopic level [19,20].
Several groups have characterised how the response of FODs were affected by magnetic fields using conventional LINACs and external magnets. Stefanowicz et al. investigated two in-house FODs using a conventional LINAC and a perpendicular magnetic field and reported asymmetric behaviour that could not be explained [63]. In their study, they reported a maximum 7% increase in relative response at +0.8 T (relative to the response in the 0 T field), and a maximum 3.8% increase in relative response at −0.8 T (relative to the response in the 0 T field). It should be noted that the stem correction method employed assumed that the ratio of stem signal to luminescence remained constant, independent of magnetic field strength. Therriault-Proulx et al. investigated an in-house FOD and a commercial FOD using a conventional LINAC and perpendicular magnetic field [64], similar to Stefanowicz et al. [63]. In this study, the FOD’s stem corrected responses were compared against their raw, uncorrected responses. With the stem signals corrected by Chromatic Removal, a maximum increase of 2.4% was reported for a 1.5 T field (relative to the corrected response at 0 T). The authors concluded that this behaviour had arisen with an increase in the dose deposited in the scintillator, caused by the electron’s curved trajectories. With no stem correction applied, the FOD’s raw responses experienced a maximum increase of 20% relative to the raw response at 0 T. The authors suggested that the asymmetric behaviour reported by Stefanowicz et al. [63] had arisen as their stem correction method was not suitable for use in the perpendicular MRI-LINAC setup.
Simiele et al. investigated the accuracy of several stem correction methods with an in-house FOD using a conventional LINAC and a perpendicular magnetic field (generated by an electromagnet) [65]. In their study, Background Subtraction corrected responses experienced asymmetric behaviour similar to that reported by Stefanowicz et al. [63]: the Background Subtraction responses experienced a maximum increase in response of 5.5% at +1.4 T and a maximum increase in response of 2.5% at -1.4 T (relative to the background subtraction corrected responses at 0 T). Symmetric behaviour was expected for their entirely plastic FOD given the FOD was positioned in the centre of the radiation field, its direct water equivalence and its symmetrical geometry. Theoretically, for the small, entirely plastic FODs set up along the central axis in a water phantom, the FODs should exhibit symmetric behaviour with respect to magnetic field polarity due to their direct water equivalence, minimal perturbation of radiation beam in water and their intrinsic angular independent response. Simiele et al. concluded that Background Subtraction was suboptimal for applications with perpendicular MRI-LINACs [65]. For Chromatic Removal, symmetric behaviour was reported, though there was a 4% maximum increase in the corrected response relative to their corresponding responses at 0 T. Simiele et al. concluded that Chromatic Removal methods were more suitable for application with perpendicular MRI-LINACs [65]. The aforementioned studies, as well as studies by Maraghechi et al. [66] and Simiele et al. [67] highlight that accurate stem correction methods are important in ensuring the FODs remain accurate for dosimetry with MRI-LINACs.
Yoon et al. investigated the angular and field size dependence of the commercial FOD, Exradin W1 (Standard Imaging, United States) for MRI-LINAC dosimetry with a 0.35 T perpendicular MRI-LINAC [68]. Chromatic Removal was applied to correct the stem signal for all measurements in this study. The Exradin W1 FOD had negligible angular dependencies, with all measurements within 1% of the response at 0° in the presence of the 0.35 T field. For square fields with side lengths ≤10.5 cm, negligible field size dependences were observed. However, for square fields with side lengths [image: image] 10.5 cm, there were deviations between the FODs’s response in the 0.35 T field and the corresponding response with no magnetic field present, up to a 3.1% difference in output factor. This deviation did not match the reference data measured following the AAPM TG51 reference dosimetry protocol. The source of these deviations could not be determined, and it was recommended that the Exradin W1 FOD not be used in fields with side lengths greater than 10.5 cm.
Madden et al. applied an in-house FOD (using a plastic scintillator) with the Australian MRI-LINAC to measure output factors along the central axis [69], beam profiles along the cross-plane axis [70] and percent depth dose distributions (PDDs) along the central axis [71]. For each set of measurements, the FOD was orientated perpendicular to the magnetic field, with a bare optical fibre downstream of the FOD. Background Subtraction was applied to correct the stem signals for all measurements. FOD measured output factors and beam profiles were generally within agreement of reference data. For depths beyond the classical depth of maximum dose, the FOD measured PDDs were generally within agreement of reference data. A systematic disagreement was reported between the FOD and reference PDD for the 2.6 cm × 2.6 cm field size that could not be explained, though there was the potential for detector misalignment in the small field. Unacceptable disagreements were reported between the FOD and reference PDDs in the entrance region of the PDDs, arising due to a combination of volume averaging and poor performance of the background subtraction stem correction method in the high spatial dose gradients in the entrance region of these PDDs. The collective results from this set of studies supported that FODs using plastic scintillators were generally well-suited for relative MRI-LINAC dosimetry in most measurement conditions, and it was recommended that a FOD should be investigated prior to clinical use to ensure that it remains accurate in the desired measurement conditions.
Cusumano et al. characterised a commercial FOD using an inorganic scintillator (DoseWire Series 2000, DoseVue, Belgium) for dosimetry with a 0.35 T perpendicular MRI-LINAC [72]. The commercial FOD’s relative response was demonstrated to be orientation independent, irradiation angle independent, stable with temperature, repeatable within 1% and stable during real-time measurements. The inorganic FOD’s output factors remained within 1% of reference measurements with field sizes between 0.83 × 0.83 cm and 12.45 × 12.45 cm. Additionally, the PDD measured at 3.32 × 3.32 cm remained within 1% of the reference PDDs. However, the inorganic FOD’s PDD deviated from the reference PDD in the 9.96 × 9.96 cm field, owing to an energy dependence of the inorganic FOD. The authors concluded that the DoseWire Series 2000 was particularly effective for small-field dosimetry and promising for in-vivo dose measurements.
DISCUSSION: CHALLENGES AND OPPORTUNITIES
Challenges
Accurate stem correction is vital for ensuring that FODs are accurate with MRI-LINACs. In studies with perpendicular MRI-LINACs, Background Subtraction has been reported to be suboptimal as its requirement that the FOD and bare optical fibre receive matching irradiations cannot be ensured [65]. Chromatic Removal avoids such constraints and has been demonstrated suitable for use during MRI-LINAC dosimetry.
In response to low energy electrons, scintillators experience a decrease in scintillation output and under-estimate the dose deposited in the scintillator [73]. This effect is not typically significant during megavoltage photon and electron beam dosimetry with LINACs [73], however it may be significant in specific circumstances with MRI-LINACs. For perpendicular MRI-LINACs, measurements near air-phantom interfaces may be prone to significant fluences of low energy electrons due to the electron return effect. For in-line MRI-LINACs, near-surface measurements along the central axis are prone to significant fluences of low energy electrons due to the electron focusing effect [48]. Further measurements in these conditions are required to determine the degree to which FODs are affected, and whether or not corrections are required in the desired conditions.
Energy dependence is common for FODs using inorganic scintillators. The energy dependence of a scintillator is tied to the scintillator’s chemical composition, thus it is material dependent. Corrections for energy dependence are necessary for ensuring that inorganic scintillators are accurate in the measurement of absorbed dose to water, and must be characterised prior to the application of FODs using inorganic scintillators for MRI-LINAC dosimetry [72].
Opportunities
Ionisation chambers and calibrated dosimeters require correction factors to account for changes in their absolute dose sensitivity arising from the presence of the magnetic fields. From the studies investigating a plastic scintillator’s dependence on magnetic field strength, it appears as though the scintillation response is insensitive to magnetic fields and dependent only on the physical dose deposited in their volume provided the stem correction remains accurate. For FODs using plastic scintillators, their direct water equivalence, near-correctionless properties and insensitivity with respect to magnetic fields should allow for the direct measurement of detector specific correction factors with MRI-LINACs.
There are currently a lack of instruments capable of validating MR guided treatments with MRI-LINACs through in vivo dosimetry [74,75]; this includes suitable anthropomorphic phantoms and real-time dosimeters that do not distort the MRI’s magnetic field. Many common dosimeters are comprised of materials such as graphite or metals that distort the MRI’s magnetic field, inducing image artifacts [76,77]. Dosimeters comprised of non-ferromagnetic materials can reduce and eliminate such distortions, making them advantageous for in vivo verification of MR guided treatments. Entirely plastic FODs, i.e. FODs comprised of plastic scintillators and plastic optical fibres do not the distort the MRI’s magnetic field given their favourable chemical composition, typically small sizes, and passive optical response [78]. Further, the entirely plastic FODs inherit high temporal resolution and real-time responses from their scintillators. In previous studies, entirely plastic FODs have successfully been applied for time-resolved dosimetry in a dynamic thorax phantom during LINAC treatments [79–81] and for in vivo dosimetry in an anthropomorphic phantom [82]. Recently, two in-house, entirely plastic FODs were demonstrated accurate and successful for time-resolved dosimetric verification of gated MR guided treatments using a dynamic phantom [78]. Entirely plastic FODs are expected to be crucial in clinical dosimetric verifications of MR guided treatments. It is anticipated that other highly specialised dosimeters such as the MOSFET [83] and MoSkin detector [48] will also be suitable for in vivo measurements [83].
CONCLUSION
There has been increasing interest in the use of FODs for dosimetry with MRI-LINACs, owing to their unique combination of advantageous dosimetric qualities. Such a set of qualities makes FODs attractive for general dosimetry measurements with MRI-LINACs, as well as for the direct measurement of detector specific correction factors for other dosimeters. Given the FOD’s real-time responses in high temporal resolutions, entirely plastic FODs appear promising for time-resolved in vivo dosimetry with MRI-LINACs. Accurate stem correction remains imperative in ensuring that FOD’s responses are degraded by stem signals.
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