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Abstract 

Background: Radiotherapy is an essential component for the treatment of skull skull-base tumours. 

However, radiation-induced brain injury (RIBI) appearing on magnetic resonance imaging (MRI) as 

pseudoprogression, radiation-induced contrast enhancement (RICE), radiation necrosis, and other 

contrast-enhancing brain lesions—remains an important late toxicity which is not very well 

characterized. Clarifying adult-specific patterns, the role of positron emission tomography (PET), and 

differences between proton and photon therapy is clinically relevant. Methods: Narrative review of 

peer-reviewed literature to 1 October 2025 focused on adult chordoma, chondrosarcoma, 

meningioma, adenoid cystic carcinoma, pituitary adenoma, craniopharyngioma, undifferentiated 

carcinoma of nasopharyngeal type (UCNT), and germinoma. Results: Radiation-induced brain injury 

(RIBI) may range from early transient brain oedema/enhancement to late necrosis. Lesions cluster in 

temporal and frontal lobes after skull-base irradiation. Proton therapy generally reduces high-dose 

exposure versus photons and is associated with fewer severe necrotic events, though asymptomatic 

RICE is common. Advanced MRI (diffusion, perfusion, spectroscopy, ASL, amide proton transfer) 

and positron emission tomography (PET) with Fluorodeoxyglucose (FDG) and amino-acid tracers 

aid distinction between treatment effect and progression. Risk reflects dose–volume metrics, prior 

irradiation, and patient comorbidities. Conclusions: MRI/PET alterations after skull-base 

radiotherapy vary by modality, dose, and tumor context. Integrating multimodal imaging with 

clinical factors should guide surveillance and management; prospective validation is needed. 

Keywords: skull-base tumor; radiation indued brain injury (RIBI); radiation-induced contrast 

enhancement (RICE); proton therapy; relative biological effectiveness; radiation necrosis 

 

1. Introduction 

Epidemiology and treatment of skull-base tumours 

The skull base represents one of the most intricate anatomical regions in the human body, 

serving as the structural floor of the cranial cavity and the roof of the aerodigestive tract [1]. It 

encompasses the clivus, jugular foramen, temporal bone, petrous apex, and the sellar and parasellar 

regions. This confined space is traversed by critical neurovascular structures, including the cranial 

nerves, the internal carotid arteries, the brainstem, and the optic apparatus [2]. Consequently, 

tumours arising in this region present a significant challenge for local control and functional 

preservation due to their close proximity to critical neural structures. 
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The spectrum of skull-base pathology is broad. Primary bone malignancies such as chordomas 

and chondrosarcomas are locally aggressive, arising from notochordal remnants and cartilaginous 

precursors, respectively. Benign or borderline neoplasms, including meningiomas, pituitary 

adenomas, and craniopharyngiomas, often compress vital structures, necessitating intervention 

despite their non-malignant histology [3,4]. Furthermore, malignant epithelial tumours like adenoid 

cystic carcinoma (ACC) of the minor salivary glands and undifferentiated carcinoma of 

nasopharyngeal type (UCNT) frequently invade the skull base via perineural spread, tracking along 

cranial nerves into the cavernous sinus and Meckel’s cave. Although individual skull-base tumour 

types are rare, their cumulative burden on the healthcare system and patient quality of life is 

significant. The proximity of these tumours to eloquent neural structures necessitates high-precision 

therapies that can deliver tumouricidal doses while respecting the tolerance of the adjacent brain 

parenchyma. Although individual skull-base tumour types are rare, their cumulative burden on the 

healthcare system and patient quality of life is significant. The proximity of these tumours to eloquent 

neural structures necessitates high-precision therapies that can deliver tumouricidal doses while 

respecting the tolerance of the adjacent brain parenchyma. 

Radiotherapy (RT) is critical in the management of skull-base tumours,. It is used as sole therapy 

for unresectable disease or as an adjuvant treatment following subtotal resection. The technological 

evolution of RT has been driven by the imperative to maximize the therapeutic ratio [5]. 

Modern photon techniques, such as intensity-modulated radiotherapy (IMRT) and volumetric-

modulated arc therapy (VMAT), utilize computer-optimized multi-leaf collimators to shape the 

radiation dose to the target volume [6]. While these techniques achieve high conformality, photons 

inevitably exit the patient, depositing an “exit dose” along their path. In skull-base irradiation, this 

results in a “bath” of low-to-intermediate dose radiation delivered to the temporal lobes, frontal 

lobes, and brainstem, potentially contributing to late cognitive toxicity and secondary malignancies. 

Proton-based therapy (PBT) has emerged as a superior alternative for many skull-base 

indications. Protons exploit the Bragg peak phenomenon, where charged particles deposit the 

majority of their energy at a specific depth before coming to a rapid halt [7,8]. This unique physical 

property allows for the elimination of exit dose, significantly reducing the integral dose to the brain 

and sparing organs at risk for complications (OARs) such as the cochlea, hippocampus, and temporal 

lobes. For radioresistant tumours like chordomas, which often require doses in the range of 60–74 Gy 

RBE (Relative Biological Effectiveness), Thus, PBT enables radiatiodose escalation that would be 

unsafe with photons [9]. 

Proton therapy exploits the Bragg peak to reduce exit dose, offering better sparing of normal 

tissues. Carbon-ion therapy offers high relative biological effectiveness (RBE) but may increase 

necrosis risk.  While modern techniques improve tumour control, radiation-induced brain injury 

remains a serious complication. Skull base osteoradionecrosis specifically is a rare but potentially 

devastating complication of radiotherapy for head and neck malignancies, characterized by 

hypovascularity, hypoxia, and necrosis [10]. The severity of this condition stems from the skull base’s 

proximity to vital neurovascular structures, where progressive bone destruction can lead to 

catastrophic sequelae such as cranial nerve palsies, meningitis, or fatal carotid artery hemorrhage. 

Adult patients often require high doses (60–74 Gy_RBE) for chordomas, and re-irradiation is common 

in recurrent meningiomas or pituitary adenomas, further increasing the complication risk. 

Understanding MRI alterations and their clinical significance in the adult population is crucial for 

early detection and management. 

Anatomically, skull-base tumours are surrounded by eloquent neural structures. Tumours of the 

clivus about the medial temporal lobes and brainstem, whereas jugular foramen tumours lie near the 

cerebellum and lower cranial nerves. Lesions such as adenoid cystic carcinoma may track along 

cranial nerves into the cavernous sinus and Meckel’s cave. Achieving tumouricidal dose while 

sparing the temporal lobes and optic pathways requires meticulous planning. Proton therapy and 

advanced IMRT allow steep dose gradients, but uncertainties in proton range and daily anatomical 

changes can lead to unexpected dose to critical tissues [11,12]. For example, anatomic alterations 
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during treatment, such as the resolution of post-operative edema or daily variation of the sinus 

mucous may reduce the density of tissue the beam traverses. Without adaptation, this allows the 

beam’s high-dose Bragg peak to penetrate deeper than planned, potentially overdosing the adjacent 

neurological structures. 

Thus, clinicians must be familiar with expected imaging changes and maintain vigilance during 

treatment planning and follow-up. Awareness of tumour-specific anatomy also informs risk 

assessment; for example,  radiation therapy for pituitary adenoma rarely leads to temporal lobe 

injury but may can cause optic nerve enhancement mimicking tumour recurrence, and potential 

mismanagement. 

Proton range uncertainties and daily anatomical changes can significantly alter dose delivery to 

critical structures like the brainstem, particularly when using anterior beams for skull base tumors. 

Specific examples that could drastically affect end ranging and dose to critical structures could 

include weight loss, sinus filling, and tissue density variations which can all directly impact proton 

beam attenuation and range. When patient separation decreases due to weight loss, the water 

equivalent path length  (WEPL) to the target shortens, potentially causing the Bragg peak to 

overshoot the intended target and deposit high doses in structures beyond it, such as the brainstem 

when using anterior beams [13]. This is particularly problematic because the distal edge of the Bragg 

peak, which may abut critical neurological structures, has been measured to have RBE values as high 

as 6.0 in vitro, though in clinical practice an RBE of 1.1 is commonly calculated and has not shown 

toxicities expected at that magnitude [14]. Another example that may affect skull base proton therapy 

includes sinusitis or inconsistent filling of mucous of sinuses if there is an anteriorly located beam. 

This is problematic because when the  nasal cavity or sinuses fill with mucus during upper 

respiratory infections or sinusitis, the tissue density along the beam path increases. This increased 

density causes the proton beam to lose energy more rapidly, resulting in a shortened range the Bragg 

peak, potentially underdosing the intended target. Conversely, when air cavities are present (normal 

state), the beam travels further [15]. This is one of the reasons anterior proton fields are generally 

avoided. 

Increased body mass index with thicker necks and variable neck skin folding can create 

unintended bolus effects that alter the beam’s entrance characteristics and range. Tissue folds or 

increased subcutaneous tissue effectively increase the WEPL to deeper structures, potentially causing 

the beam to stop short of the target or shifting high-dose regions posteriorly toward the brainstem. 

This is compounded by the fact that proton therapy can result in significant entrance dose with loss 

of skin-sparing effects, especially for targets requiring significant beam modulation.   Complex 

treatment planning, quality assurance CT established at an acceptable frequency every 1-2 weeks, 

highly trained physics and therapy staff, with replanning capability multiple times during treatment 

is a must in any of these cases. Treatment planning should involve choosing shortest beam paths 

possible, avoiding surgical or dental hardware, and minimizing traversing of hollow organs [14]. 

This review aims to summarise MRI alterations in adult patients with skull-base tumours treated 

with proton and photon radiotherapy, delineate pathophysiological mechanisms and clinical risk 

factors, compare outcomes between modalities, and highlight advanced MRI and PET techniques for 

differentiating radiation injury from tumour recurrence. Emphasis is placed on chordomas, 

meningiomas, chondrosarcomas, adenoid cystic carcinoma, pituitary adenoma, craniopharyngioma, 

UCNT and germinoma, but data from other skull-base tumours are included when relevant. Only 

adult patients (>18 years) are considered, as paediatric responses differ significantly. 

2. Materials and Methods 

A literature search was performed up to 1 October 2025 using PubMed, Scopus and Web of 

Science. Search terms included combinations of “skull base tumour”, “radiation-induced brain 

injury”, “radiation necrosis”, “pseudoprogression”, “contrast-enhancing brain lesion”, “proton 

therapy”, “photon therapy”, “MRI”, “PET”, and each tumour type. Reference lists of selected articles 

were hand-searched. Eligible studies reported on adult patients treated with radiotherapy for skull-
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base tumours and included imaging data on radiation-induced brain injury. Both prospective and 

retrospective series, case reports and review articles were considered. Emphasis was placed on peer-

reviewed sources with accessible full texts from the connected environment. When direct access to 

an article was not possible due to dynamic content or paywalls, data were synthesised from accessible 

reviews or abstracts. Citations from previous windows of the connected environment were used; 

direct quoting of search results was avoided. 

3. Results 

3.1. Pathophysiology of Radiation-Induced Brain Injury 

Radiation injury results from complex interactions between endothelial damage, glial cell injury, 

inflammation, and impaired repair mechanisms. The initial insult involves free radical generation 

and DNA damage leading to vascular endothelial apoptosis. Cerebral vessels develop hyalinisation, 

capillary loss, and blood–brain barrier breakdown [16]. Cytokines such as vascular endothelial 

growth factor (VEGF), tumour necrosis factor-α and interleukins are released, promoting oedema, 

neovascularisation and demyelination. In chronic phases, progressive vascular occlusion and 

hypoxia cause coagulative necrosis [16]. The severity depends on total dose, dose per fraction, 

irradiated volume, and tissue sensitivity. 

3.2. Categories of Injury 

Radiation-induced brain injury can be categorised by timing and imaging features 

3.2.1. Acute Injury (Within Hours to Days) 

Rare in high-precision skull-base radiotherapy because the brain receives fractionated doses. 

When present, it reflects blood–brain barrier disruption with vasogenic oedema and T2/FLAIR 

hyperintensity. It usually resolves spontaneously and seldom causes lasting deficits [17]. 

3.2.2. Early Delayed Injury (1–6 Months) 

Characterized by demyelination and transient oligodendrocyte damage. MRI shows diffuse 

T2/FLAIR hyperintensity in white matter with minimal or patchy contrast enhancement; involvement 

of deep temporal lobes is typical after skull-base irradiation. Pseudoprogression, defined as transient 

new or enlarged enhancing lesions within months of therapy, belongs to this category. It occurs in 

20–30% of patients, particularly when concurrent chemotherapy (e.g., temozolomide) is used [18]. 

Pseudoprogression tends to peak around three months and resolves over subsequent months. 

3.2.3. Late Delayed Injury (>6 Months) 

Includes RICE and radiation necrosis. RICE encompasses new contrast-enhancing lesions that 

may or may not have clinical symptoms; lesions often appear as small nodular enhancements or rim-

like patterns in the temporal or frontal lobes and may improve or resolve spontaneously [19]. 

Radiation necrosis represents irreversible parenchymal destruction with cavitation and “soap-

bubble” or ring enhancement [20]. Necrosis often occurs 12–36 months after therapy, though cases 

have been reported up to 10 years. The LENT-SOMA (Late Effects in Normal Tissues—Subjective, 

Objective, Management and Analytic) classification grades injury from Grade 1 (radiological changes 

without symptoms) to Grade 4 (severe necrosis requiring surgical intervention)[[21]. 

3.3. MRI Alterations in Skull-Base Tumours 

3.3.1. Pseudoprogression and RICE 

 Pseudoprogression and RICE are forms of early or intermediate radiation injury that mimic 

tumour progression [22]. They present as new or enlarging contrast-enhancing lesions with T2/FLAIR 

hyperintensity and mass effect. In prospective proton therapy cohorts, RICE incidence is 15%, with 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 January 2026 doi:10.20944/preprints202601.0677.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.0677.v1
http://creativecommons.org/licenses/by/4.0/


 5 of 16 

 

onset at median 11.8 months and resolution over nine months [19]. High dose to small volumes (D1% 

≥ 57.6 Gy_RBE), prior radiation and diabetes mellitus increase risk [19].  In addition to diabetes 

mellitus, classical vascular risk factors including older age, hypertension, and smoking 

independently increase the risk of RICE in patients undergoing proton therapy to the skull base [23]. 

Another proton cohort reported asymptomatic RAIC (radiation-associated image changes) in 

17.3% of patients; 45.5% of lesions resolved or improved, and the 3-year actuarial rate was 14.3%[24]. 

Lesions occurred predominantly in the temporal (14/127), frontal (6/127) and cerebellar (2/127) lobes 

and were small (median 0.5 cc)[24]. 

3.3.2. Radiation Necrosis 

Radiation necrosis is the most severe late effect, representing irreversible tissue destruction. MRI 

typically shows ring-enhancing lesions with central necrosis and surrounding oedema. 

Differentiating necrosis from tumour recurrence is challenging because both exhibit contrast 

enhancement. Particle therapy series suggest lower necrosis rates than photon therapy. In a study of 

skull-base chordoma and chondrosarcoma treated with proton or carbon therapy, 21.5% experienced 

temporal-lobe reactions and 13.9% developed necrosis [25]. Median onset was 20 months, and lesions 

occurred at median doses of 63.8 Gy_RBE [25]. Univariate analysis showed that larger irradiated 

volumes (V_60–70), higher D_max and older age increased necrosis risk [25]. 

Photon therapy for nasopharyngeal carcinoma and other head-and-neck cancers has long been 

associated with temporal-lobe necrosis. Classic series using two-dimensional techniques reported 

necrosis rates of 2–10%. IMRT reduces but does not eliminate risk; rates range from 2–5%. Proton 

therapy further lowers high-dose volumes. In a mixed head-and-neck cohort receiving at least 40 

Gy_RBE to the brain, RAIC occurred in 17.3%, mostly asymptomatic, with 3-year incidence 14.3%; 

high brain doses (V_70Gy>0.17 cc) strongly predicted RAIC [25]. In a prospective PBT study, 

symptomatic RICE accounted for 4.5%, and previous in-field irradiation predicted symptoms [19]. 

Another PBT series found temporal-lobe injury in 10.4% of patients receiving 63–74 Gy_RBE, with 

correlation between high-dose volume and injury but no definite dose threshold [26]. 

Clinical manifestations of necrosis depend on lesion location. Temporal-lobe injury may cause 

memory impairment, psychomotor slowing, or seizures; such as temporal-lobe epilepsy [27]. Cranial 

nerve deficits and brainstem symptoms occur with lesions near the cavernous sinus or pontine 

region. Management includes corticosteroids, anti-epileptics, bevacizumab, hyperbaric oxygen, and, 

in severe cases, surgical resection. The 2019 particle-therapy review emphasised that protons have 

lower necrosis incidence (17% for protons vs 64% for carbon ions) and shorter latency than carbon 

ions [28]. 

3.3.3. Contrast-Enhancing Brain Lesions (CEBL) and RIBI Spectrum 

The term CEBL is increasingly used to capture heterogeneous lesions with contrast enhancement 

on MRI after radiotherapy. These include pseudoprogression, RICE, necrosis and small vascular 

malformations. As imaging and survivorship improve, recognition of subtle CEBL becomes more 

common. Lesions may appear years after therapy and can wax and wane. The LENT-SOMA system 

provides guidance on severity, but standardised nomenclature across institutions is lacking. For 

research, RIBI can be graded by size, symptoms and necessity of intervention. 

3.4. Tumour-Specific Considerations 

3.4.1. Chordoma and Chondrosarcoma 

Chordomas and chondrosarcomas arise from remnants of the notochord or cartilaginous skull 

base. They are locally aggressive and require high-dose radiation. Proton therapy is often combined 

with surgical resection. In a prospective analysis of chordoma/chondrosarcoma patients (n = 144) 

receiving protons or carbon ions, 21.5% developed temporal-lobe reactions and 13.9% had necrosis 

[29]. Chondrosarcoma patients had slightly lower rates (18% reactions, 12% necrosis) with median 
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latency 14 months [29]. Univariate analysis identified D_max, D_mean, volumes receiving ≥70 

Gy_RBE and patient age as significant risk factors. Another review noted that the probability of 

temporal-lobe necrosis in chordoma patients is ~8% at two years and 13% at five years; MRI shows 

T2 hyperintensity in the anterior temporal lobe with cortical atrophy [30]. 

3.4.2. Meningioma 

High-grade or recurrent meningiomas often require adjuvant radiotherapy or re-irradiation [31]. 

Proton therapy can deliver escalated doses while sparing normal tissues. Data on radiation-induced 

brain injury in meningioma is limited; however, high-dose volumes and prior irradiation increase 

risk. Because meningiomas are often adjacent to the temporal lobe or cavernous sinus, caution is 

needed when planning. 

3.4.3. Adenoid Cystic Carcinoma and UCNT 

Adenoid cystic carcinoma of the skull base originates from minor salivary glands and often 

exhibits perineural spread. Photon radiotherapy with IMRT or proton therapy is commonly used. 

Pseudoprogression and RICE may be mistaken for perineural tumour spread. 

UCNT/nasopharyngeal carcinoma has historically been treated with photons, leading to high rates 

of temporal-lobe necrosis, particularly in endemic regions. The introduction of IMRT and, more 

recently, proton therapy has significantly decreased necrosis risk. Reports indicate that RAIC after 

proton therapy is largely asymptomatic and resolves over time [25]. However, long-term 

comparative data for adenoid cystic carcinoma and UCNT are scarce. 

3.4.4. Pituitary Adenoma and Craniopharyngioma 

Pituitary adenomas and craniopharyngiomas lie close to the optic apparatus and hypothalamus. 

Stereotactic photon radiotherapy or proton therapy is used when surgery is incomplete. Radiation-

induced injury may affect adjacent temporal lobes, optic tracts or hypothalamus. Pseudoprogression 

may occur in the optic chiasm or hypothalamic region and must be distinguished from tumour 

enlargement [19]. Because these tumours typically receive lower doses than chordomas (~45–54 Gy), 

significant necrosis is rare; however, re-irradiation increases risk. 

3.4.5. Germinoma and Other Germ Cell Tumours 

Intracranial germinomas often involve the suprasellar or pineal region. While proton therapy is 

increasingly used, adult germinoma data on radiation injury remain limited because of high cure 

rates and relatively low doses (36–45 Gy). Pseudoprogression can occur after chemoradiation but 

usually resolves. 

3.5. Comparative Evaluation of Proton versus Photon Therapy 

3.5.1. Dosimetric Advantages and Clinical Outcomes 

Proton therapy spares normal tissue by depositing most of its energy at the Bragg peak, resulting 

in lower integral dose to the brain. Comparative planning studies consistently show that protons 

reduce high-dose volumes to temporal and frontal lobes compared with photons for skull-base 

tumours. Clinically, this translates into lower rates of RIBI. In the prospective PBT study, RICE 

incidence was 15%, and symptomatic RICE 4.5%; dose to 1% of the CNS (>57.6 Gy_RBE) significantly 

increased risk [19]. For head-and-neck cancers, RAIC occurred in 17.3% of proton patients but lesions 

were small and often resolved [32]. Conversely, carbon-ion therapy has higher RBE and may cause 

more necrosis; a review reported necrosis rates of 17% for protons versus 64% for carbon ions [33]. 

Photon therapy remains widely used. IMRT reduces temporal-lobe doses compared with older 

techniques but still exposes larger volumes to intermediate doses. Nasopharyngeal carcinoma series 

using photons report temporal-lobe necrosis rates of 2–5%, with risk increasing for total dose >70 Gy 

and concurrent chemotherapy. Re-irradiation or brachytherapy further elevate risk. In chordoma 
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patients, photon therapy may require large margins because of proximity to brainstem, leading to 

more frequent necrosis. Consequently, proton therapy is considered standard for many skull-base 

tumours. 

3.5.2. Dose–Volume Risk Factors 

Across modalities, the risk of MRI alterations correlates with high-dose volumes. Significant 

metrics include Dmax (maximum point dose), V60–70Gy (volume receiving ≥60–70 Gy_RBE), Dmean 

and dose to 1% of the CNS. In the chordoma/chondrosarcoma study, higher Dmax and V70 values 

predicted temporal-lobe reactions and necrosis [29]. Similarly, the prospective PBT study found that 

D1% > 57.6 GyRBE increased RICE risk [19]. Age and diabetes were additional risk factors. A head-

and-neck proton study demonstrated that V_70 ≥ 0.17 cc was associated with a 63% RAIC rate [25]. 

These findings support strict dose constraints to the temporal and frontal lobes. 

3.5.3. Clinical Risk Factors 

Clinical factors contribute to susceptibility. Older age correlates with reduced vascular repair 

and increased necrosis [34]. Diabetes and hypertension contribute to microvascular injury and may 

heighten risk [28]. Previous cranial irradiation predisposes to necrosis; in the PBT study, prior in-field 

radiation significantly increased symptomatic RICE [19].Tumour location influences injury pattern; 

clival tumours risk temporal-lobe injury, whereas jugular foramen tumours may affect the 

cerebellum. 

3.6. Advanced Imaging Techniques 

Standard MRI sequences (T1-weighted, T2/FLAIR and gadolinium-enhanced T1) provide 

excellent anatomical detail but may not reliably distinguish radiation injury from tumour recurrence. 

Advanced MRI techniques offer quantitative biomarkers. 

3.6.1. Diffusion-Weighted Imaging (DWI) 

DWI measures Brownian motion of water molecules. Radiation necrosis typically shows 

increased apparent diffusion coefficient (ADC) due to necrotic tissue and oedema, whereas recurrent 

tumour often exhibits lower ADC because of hypercellularity. However, overlap exists, particularly 

in pseudoprogression where ADC values may be intermediate. Diffusion tensor imaging (DTI) can 

detect white-matter tract disruption in temporal-lobe injury and may assist in planning re-irradiation 

[35–37]. 

3.6.2. Perfusion-Weighted Imaging (PWI) 

Dynamic susceptibility contrast (DSC) and dynamic contrast-enhanced (DCE) PWI measure 

relative cerebral blood volume (rCBV) and permeability. Recurrent tumour shows increased rCBV 

due to neovascularisation; necrosis and RICE demonstrate low rCBV. A threshold rCBV ratio <0.7 

differentiates necrosis from recurrence with high sensitivity in glioma literature, though skull-base 

data are sparse. Arterial spin labelling (ASL) provides non-contrast perfusion and may help in 

patients with renal impairment [38]. 

3.6.3. Magnetic Resonance Spectroscopy (MRS) 

MRS assesses metabolic profiles. Recurrent tumour typically exhibits high choline peaks and 

reduced N-acetylaspartate (NAA), whereas necrosis shows lipid and lactate peaks with low choline. 

In skull-base tumours, MRS can be challenging due to bone–air interfaces but remains valuable when 

feasible [39]. 

Amide proton transfer (APT) and chemical exchange saturation transfer (CEST) imaging. APT 

quantifies endogenous amide protons related to mobile proteins and peptides. Preliminary studies 

suggest that APT signal intensity is higher in tumour recurrence than in radiation necrosis. CEST 
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imaging may also detect pH changes in necrotic tissue. These techniques are investigational but hold 

promise for early detection [40]. 

3.6.4. Radiomics and Artificial Intelligence 

Radiomics extracts quantitative features (texture, shape, intensity) from MRI. Machine-learning 

models integrating radiomic features and clinical data have shown good performance in 

differentiating necrosis from recurrence. Although data are limited for skull-base tumours, radiomics 

could improve risk stratification and guide follow-up intervals [36]. 

3.6.5. PET Imaging 

PET provides metabolic information complementary to MRI. 18F-FDG PET measures glucose 

metabolism; recurrent tumour generally demonstrates high uptake, whereas necrosis shows low 

uptake due to tissue death. However, high baseline brain glucose uptake in the temporal lobe reduces 

specificity. Amino-acid PET tracers such as 18F-fluoroethyl-L-tyrosine (18F-FET), 11C-methionine 

(11C-MET) and 18F-fluoro-L-dihydroxyphenylalanine (18F-FDOPA) offer better lesion-to-

background contrast because normal brain has low amino-acid uptake. Studies in gliomas indicate 

that FET-PET differentiates recurrence from radiation necrosis with sensitivity >80% [41]. In skull-

base tumours, FET- or MET-PET helps evaluate lesions adjacent to the cortex or skull base and may 

identify early pseudoprogression. 18F-FMISO PET assesses hypoxia and may predict necrosis risk by 

identifying hypoxic areas susceptible to radiation injury. Combining PET and MRI (PET/MRI) allows 

simultaneous structural and metabolic assessment and has potential to guide adaptive radiotherapy 

[42]. More prospective studies are needed. 

18F-FET has a half-life of 110 min and is widely available compared with 11C tracers that require 

on-site cyclotron. High lesion-to-background ratios (often >2) allow detection of small lesions. 18F-

FDOPA, originally developed for movement disorders, accumulates in catecholamine-producing 

tissues and has shown utility for head-and-neck tumours. In adenoid cystic carcinoma and 

nasopharyngeal carcinoma, FDOPA-PET may reveal perineural spread beyond the field of MRI. 18F-

FMISO and other nitroimidazole tracers accumulate in hypoxic cells; hypoxia predisposes to 

radioresistance and may predict areas at risk for necrosis when irradiated [36].Preliminary studies 

suggest that high FMISO uptake before radiotherapy correlates with subsequent necrosis, although 

data for skull-base tumours are limited. Hybrid PET/MRI scanners offer co-registration and reduced 

examination time, enabling longitudinal monitoring of metabolic changes alongside structural MRI. 

As PET tracers evolve (e.g., 18F-fluciclovine), their role in skull-base tumour imaging will likely 

expand. 

3.6.6. Evolution of Lesions over Time 

Radiation-induced lesions evolve dynamically. Pseudoprogression typically peaks within three 

months of therapy and resolves by six months [43]. RICE lesions may appear as small nodules or 

patchy enhancement at 6–18 months and often resolve by 12–24 months [36]. Radiation necrosis 

usually manifests 1–3 years post-therapy but can develop as late as 10 years; lesions may expand and 

then stabilise or regress. In proton cohorts, many RICE lesions improved or resolved spontaneously, 

highlighting the importance of watchful waiting [25]. However, symptomatic necrosis may progress, 

requiring intervention. 

3.7. Clinical Management 

Management depends on severity and symptoms. Observation is appropriate for small, 

asymptomatic RICE lesions because many regress. Corticosteroids reduce oedema but have systemic 

side-effects; they are used short-term for symptomatic pseudoprogression or RICE. Anti-angiogenic 

therapy with bevacizumab has been shown to reduce symptoms and radiological lesions by 

decreasing VEGF-mediated permeability.  Hyperbaric oxygen and pentoxifylline with vitamin E 
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have anecdotal benefits. Boswellia serrata extract, particularly its active component acetyl-11-keto-

β-boswellic acid (AKBA), shows preliminary evidence for reducing cerebral edema associated with 

brain radiotherapy, but there is insufficient evidence to support its use specifically for treating 

established radiation necrosis. Relevant clinical evidence comes from a small prospective, 

randomized, double-blind, placebo-controlled trial of 44 patients with primary or secondary 

malignant cerebral tumors receiving radiotherapy. Patients received either Boswellia serrata 4200 

mg/day or placebo during radiation treatment. A reduction in brain edema of >75% was found in 

60% of patients receiving BS compared to 26% receiving placebo (p=0.023), measured by T2-weighted 

MRI immediately after radiotherapy completion [44]. 

Surgical resection is reserved for life-threatening mass effect or when diagnosis is uncertain. The 

potential of proton therapy to decrease necrosis supports its use for re-irradiation when feasible. 

3.8. Future Directions 

Despite advances, several gaps remain. Standardised terminology for radiation-induced lesions 

(e.g., pseudoprogression, RICE, RAIC, CEBL) is needed to facilitate comparisons. Prospective 

registries capturing detailed dose–volume metrics, imaging findings, and clinical outcomes across 

tumour types and modalities will clarify risk factors. Integration of advanced MRI, PET and 

radiomics into surveillance protocols could enable earlier detection and personalised follow-up 

intervals. New systemic therapies (e.g., immune checkpoint inhibitors) may interact with radiation, 

altering pseudoprogression incidence; understanding these interactions in skull-base tumours 

warrants investigation. Finally,  exploring the role of carbon-ion therapy with improved dose 

painting techniques may reduce necrosis while maintaining high control rates [45]. 

Table 1. Categories of radiation-induced brain injury and their MRI characteristics. 

Category Typical onset MRI features Example incidence and notes 

Acute injury Hours to days 

Diffuse T2/FLAIR 

hyperintensity 

representing vasogenic 

oedema 

Rare with fractionated skull-base 

radiotherapy 

Early delayed 

injury 
1–6 months 

Diffuse T2/FLAIR 

hyperintensity with 

minimal or patchy 

enhancement; reflects 

demyelination and 

oligodendrocyte damage 

Often resolves spontaneously; may 

transition to pseudoprogression 

Pseudoprogression 

Weeks to 

months (peak 

≈3 months) 

New or enlarging 

contrast-enhancing 

lesions with T2/FLAIR 

hyperintensity and mass 

effect 

Occurs in ~20–30% of patients, 

particularly with concurrent 

chemotherapy 

RICE / RAIC 

6–18 months 

(median onset 

≈11.8 months) 

Small nodular or patchy 

contrast-enhancing 

lesions (usually <1 cc), 

most commonly in 

temporal or frontal lobes 

RICE incidence ≈15% in prospective 

proton cohorts; RAIC reported in 

17.3% of head-and-neck patients 

with a 3-year actuarial rate of 14.3%. 
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Many lesions resolve over ~9 

months 

Radiation necrosis 

>6 months 

(typically 12–

36 months; 

reported up 

to 10 years) 

Ring-enhancing lesions 

with central necrosis 

(“soap-bubble” 

appearance) and 

surrounding oedema 

In chordoma/chondrosarcoma 

cohorts, 13.9% developed necrosis; 

photon IMRT series report ~2–5%, 

older techniques 2–10%; incidence 

substantially higher with carbon 

ions (up to 64%) 

RICE: Radiation-Induced Contrast Enhancement, RAIC: Radiation-Associated Image Change. 

Table 2. Dose–volume metrics and clinical risk factors. 

Factor (type) Association with injury Supporting evidence 

High radiation 

exposure to brain 

tissue (peak dose, 

mean dose, or large 

irradiated volumes) 

(Dosimetric) 

Very high focal doses (“hotspots”), 

higher average brain dose, or large 

brain volumes exposed to ≥60–70 Gy 

are associated with a substantially 

increased risk of temporal-lobe injury 

and radiation necrosis. 

Dose–volume analyses 

consistently identify excessive 

focal or volumetric brain exposure 

as a principal predictor of 

temporal-lobe toxicity. 

Excessive dose to small 

brain subvolumes 

(>57.6 Gy RBE to ≥1% 

of the CNS) 

(Dosimetric) 

Even limited high-dose exposure to a 

small proportion of brain tissue 

markedly increases the risk of 

RICE/RAIC, with symptomatic injury 

more likely beyond this threshold. 

Prospective proton-therapy 

cohorts demonstrate that >57.6 Gy 

RBE to ≥1% of the CNS is an 

independent predictor of RICE. 

Very high-dose 

exposure to very small 

volumes (≥70 Gy RBE 

to ≥0.17 cc) 

(Dosimetric) 

When ≥0.17 cc of brain tissue receives 

≥70 Gy RBE, the probability of 

developing RAIC rises sharply, 

approaching ~63%. 

Head-and-neck proton-therapy 

series report RAIC incidences of 

approximately 63% when this 

dose–volume constraint is 

exceeded. 

Older age (Patient) 

Age-related microvascular fragility 

and diminished repair capacity 

increase susceptibility to delayed 

radiation necrosis. 

Clinical series consistently report 

higher rates of necrosis and 

symptomatic injury in older 

patients. 

Pre-existing 

comorbidities 

(diabetes, 

hypertension) (Patient) 

Chronic vascular disease exacerbates 

endothelial injury and increases 

vulnerability to radiation-induced 

brain injury. 

Patients with metabolic or 

hypertensive disorders experience 

higher rates of RICE and necrosis 

across multiple cohorts. 

Prior cranial 

irradiation (Patient) 

Previous radiation exposure markedly 

increases the risk of necrosis and 

symptomatic RICE/RAIC during re-

irradiation. 

Proton-therapy studies show 

significantly higher injury rates in 

previously irradiated brain 

regions. 
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Concurrent 

chemotherapy (e.g., 

temozolomide) 

(Treatment) 

Systemic therapy potentiates 

inflammatory and vascular responses, 

increasing the likelihood of 

pseudoprogression. 

Combined chemoradiotherapy 

regimens consistently 

demonstrate higher 

pseudoprogression rates. 

Tumour location 

(Anatomical) 

Injury patterns depend on anatomical 

proximity: clival tumours commonly 

affect temporal lobes, whereas jugular-

foramen lesions may involve the 

cerebellum or brainstem. 

Spatial relationship between 

tumour targets and adjacent 

neural structures determines the 

distribution of radiation injury. 

 

Figure 1. Temporal evolution and radiographic characteristics of radiation-induced brain injury (RIBI) following 

photon versus proton therapy. 

4. Discussion 

This review synthesises current knowledge on MRI and PET alterations after proton and photon 

radiotherapy for adult skull-base tumours. Radiation-induced brain injury results from endothelial 

damage and inflammatory cascades leading to blood–brain barrier breakdown and necrosis [46]. MRI 

alterations manifest as pseudoprogression, RICE/RAIC and radiation necrosis, forming a continuum 

of injury. Pseudoprogression occurs early and often resolves spontaneously [43]. RICE/RAIC lesions 

appear months later and may regress; many remain asymptomatic [25]. Radiation necrosis is a severe 

late effect, presenting with ring enhancement and requiring intervention in symptomatic cases [36]. 

Proton therapy reduces high-dose exposure to temporal and frontal lobes compared with 

photons, resulting in lower incidence of necrosis. However, RICE/RAIC remains common (15–17%) 

and typically resolves without treatment [19]. Carbon-ion therapy offers greater biological 

effectiveness but has higher necrosis rates (up to 64%)[33]. In chordoma and chondrosarcoma, 

temporal-lobe reactions occur in ~22% and necrosis in ~14%, with risk strongly correlated with Dmax, 

V70 and patient age. Photon therapy for nasopharyngeal carcinoma and adenoid cystic carcinoma is 

associated with greater temporal-lobe necrosis due to larger high-dose volumes, though IMRT has 

lowered rates [47,48]. Risk factors across modalities include high doses to small brain volumes, prior 

irradiation, older age, diabetes and hypertension [49]. 
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4.1. Clinical Implications 

Understanding MRI alterations is critical for patient management. Early identification of 

pseudoprogression and RICE  avoids unnecessary biopsy or premature treatment changes. 

 Misinterpreting RICE as tumor progression can lead to several erroneous medical decisions, 

including unnecessary surgery, premature discontinuation of effective therapy, and initiation of 

inappropriate treatments that may worsen outcomes. The most common error is mistaking RICE for 

tumor recurrence or progression. Studies show that at initial RICE occurrence, 39% of cases were 

misinterpreted as tumor progression. When RICE is incorrectly diagnosed as progressive disease, 

patients may undergo unnecessary surgical interventions or biopsy procedures to confirm what is 

actually a benign treatment effect. This exposes patients to surgical risks without therapeutic benefit 

[50]. Many RICE lesions resolve spontaneously; thus, short-interval MRI follow-up (3–6 months) is 

recommended. Advanced MRI and PET improve differentiation between necrosis and recurrence. In 

uncertain cases, combining multiple modalities (e.g., DWI, PWI, MRS, FET-PET) increases diagnostic 

confidence. 

Dose constraints should be applied rigorously. Based on current evidence, limiting Dmax to the 

temporal lobe ≤63–66 GyRBE and V70 < 0.17 cc decreases RAIC risk [29]. For 

chordomas/chondrosarcomas, careful optimization of beam angles and robust planning are required 

to spare the medial temporal lobe. Diabetes, hypertension and previous irradiation should be 

considered when balancing tumor control and toxicity. When re-irradiation is needed, proton 

therapy is preferred to minimize additional brain dose. 

4.2. Limitations of Current Evidence 

Most data derive from retrospective series with small sample sizes, heterogeneous tumor types 

and variable follow-up. Definitions of RICE, RAIC, CEBL and necrosis differ across studies, limiting 

comparability. Many series include both adult and pediatric patients or combine skull-base and non-

skull-base tumors. Dosimetric parameters often vary because of differences in planning systems and 

RBE assumptions. Information on non-proton modalities (e.g., carbon ions) is scarce. Furthermore, 

many advanced MRI and PET studies focus on gliomas; direct application to skull-base tumors 

requires caution due to anatomical constraints and differences in tumor biology. 

4.3. Future Research 

Prospective multicenter studies with standardized imaging protocols and definitions are 

needed. Integration of radiomics and machine learning may identify early imaging signatures 

predictive of necrosis. Investigation of biomarkers (e.g., circulating endothelial cells, VEGF levels) 

could complement imaging. Studies should evaluate the impact of new systemic therapies (e.g., 

immunotherapy, targeted agents) on pseudoprogression rates. For carbon-ion therapy, exploring 

dose fractionation and biological optimization may reduce necrosis risk. PET/MRI scanners could 

enable comprehensive assessment of metabolism and structure in a single session, facilitating 

adaptive radiotherapy. 

5. Conclusions 

Radiation-induced brain injury remains a key late effect in skull-base tumor radiotherapy, 

representing a spectrum from pseudoprogression to necrosis. Advanced MRI and PET imaging aid 

differentiation from recurrence, while future work should harmonize definitions, integrate 

radiomics, and optimize dose constraints to reduce toxicity. AI and radiomics may enable us in the 

future to detect RICE at a very early stage and initiate preventive treatment to minimize the 

progression to radiation necrosis. 
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