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Abstract

:

Simple Summary


Radiotherapy is one of the most important treatment options against cancer. Irradiation of cancerous tissue either directly destroys the cancer cells or damages them such that they cannot reproduce. One side-effect of radiotherapy is that tumor-surrounding normal tissue is inevitably also irradiated, albeit at a lower dose. The resulting long-term damage can significantly affect cognitive performance and quality of life. Many studies investigated the effect of irradiation on normal-appearing brain tissues and some of these correlated imaging findings with functional outcome. This article provides an overview of the examination of radiation-induced injuries using conventional and enhanced MRI methods and summarizes conclusions about the underlying tissue changes. Radiation-induced morphologic, microstructural, vascular, and metabolic tissue changes have been observed, in which the effect of irradiation was evident in terms of decreased perfusion and neuronal health as well as increased diffusion and atrophy.




Abstract


Radiotherapy is part of the standard treatment of most primary brain tumors. Large clinical target volumes and physical characteristics of photon beams inevitably lead to irradiation of surrounding normal brain tissue. This can cause radiation-induced brain injury. In particular, late brain injury, such as cognitive dysfunction, is often irreversible and progressive over time, resulting in a significant reduction in quality of life. Since 50% of patients have survival times greater than six months, radiation-induced side effects become more relevant and need to be balanced against radiation treatment given with curative intent. To develop adequate treatment and prevention strategies, the underlying cause of radiation-induced side-effects needs to be understood. This paper provides an overview of radiation-induced changes observed in normal-appearing brains measured with conventional and advanced MRI techniques and summarizes the current findings and conclusions. Brain atrophy was observed with anatomical MRI. Changes in tissue microstructure were seen on diffusion imaging. Vascular changes were examined with perfusion-weighted imaging and susceptibility-weighted imaging. MR spectroscopy revealed decreasing N-acetyl aspartate, indicating decreased neuronal health or neuronal loss. Based on these findings, multicenter prospective studies incorporating advanced MR techniques as well as neurocognitive function tests should be designed in order to gain more evidence on radiation-induced sequelae.
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1. Introduction


Radiotherapy (RT) is an indispensable part of the treatment of the majority of primary and metastatic brain tumors [1,2,3,4]. Several hundred thousand patients undergo radiotherapy to the brain every year [5], while 50% survive longer than six months [6]. In order to capture the expansion of infiltrative tumor and compensate for positioning uncertainties and physical limitations of the radiation technique, irradiation of tumor-surrounding normal brain tissue is unavoidable. Such irradiation of normal tissue can lead to radiation-induced brain injuries, which are categorized into acute, early delayed, and late delayed effects [7,8]. Acute and early delayed changes are usually transient and reversible, while late delayed effects are often irreversible and progressive [6,7,8,9,10,11,12]. Especially for patients surviving longer than six months, the long-term side effects can result in cognitive dysfunction and a lower quality of life [6,13,14,15,16]. To develop effective treatment and alongside prevention strategies counteracting these side effects, the underlying causes need to be understood [17,18]. Tissue changes following radiation treatment, such as contrast enhancement and T2 hyper- and hypo-intensities, are commonly observed in follow-up imaging. However, the discrimination between treatment-related changes and tumor progression remains one of the most challenging questions in brain tumor treatment [19,20]. Consequently, many studies have focused on normal-appearing brain tissue to detect and understand radiotherapy-induced tissue changes. To enable the specific determination and an early observation of radiation-induced alterations of normal brain tissue, advanced MRI techniques are often used [21,22,23,24]. Morphological changes can be investigated by evaluating conventional anatomical MR images, while changes on vasculature, microstructure, and metabolism can be detected with functional MRI methods such as perfusion-weighted imaging, diffusion-weighed imaging, and MR spectroscopy, respectively [25,26,27,28]. The aim of this paper is to review the current state of studying radiation-induced side-effects with advanced MRI techniques, in particular evaluating the effect of radiation to normal-appearing brain tissue, and to summarize the findings inferred from the MRI results regarding the underlying biologic changes.




2. Determination of Anatomical/Morphological Changes in Normal-Appearing Tissue after Radiotherapy


Quantitative volumetric MRI measurements have been used to observe radiation-induced anatomical differences. Several studies focused on volumetric changes of the whole brain (WB), white matter (WM), and grey matter (GM) [29,30,31,32,33,34,35,36,37], while other studies evaluated volume changes in specific brain structures such as the hippocampus [38,39,40,41,42,43,44], amygdala [44,45], corpus callosum [46], subregions of the cerebral cortex [47,48,49,50], and cerebellum [51,52]. Additionally, in some studies, the correlation of brain volume loss with cognitive decline [31,33,34,52], aging or patient age at radiation [30,32,33,36,37,42,45,46,50,51,52] was investigated. Throughout all the studies, the tissue response to radiation was always a volume decrease and never an increase. Table 1 provides an overview of the publication focusing on anatomical changes in normal tissue after radiation.



Petr et al. [36] examined volume changes within the normal-appearing hemisphere of 57 glioma patients with unilateral glioblastomas. Forty-one patients were treated with photons and showed a significant volume decrease of WM (−1.2%) and GM (−2.2%) three months after radiotherapy. Additionally, the authors examined volume changes after proton therapy in 16 patients, showing no significant decrease for the whole brain GM and WM volume, but a significant difference between low- and high-dose areas. The mean dose in the healthy hemisphere (0.9%/10 Gy), time after treatment (0.25%/month), and patient age correlated with volume loss, while no effect of gender, body mass index, clinical target volume, and duration of chemotherapy was seen. The observation of dose-dependency combined with the differences after photon and proton therapy led to the conclusion that the volumetric changes were radiation-induced. The radiation-induced GM decrease was much higher than the normal age-dependent GM loss of 0.26% to 0.39% per year in adults (aged 17 to 84 years) [53,54]. In a longitudinal MR study, Prust et al. [37] examined volume changes in the WB, GM, and WM in eight glioblastoma patients. WB and GM showed a progressive decrease, reaching significance after 27 and 23 weeks after radiotherapy respectively, independent of age, gender, and tumor volume. Contrary to Petr et al. [36], WM volume did not change. They suggested that the discrepancy to the results of Prust et al. [37] could be explained by inaccuracies in the GM and WM classification caused by segmenting the whole brain volume including abnormal tumor tissue [36]. Gommlich et al. [35] detected a significant WM volume decrease one and two years after photon irradiation of 84 glioma patients. No significant changes were found in GM and WB volumes. However, the authors acknowledge the limitations of their study, with inconsistent MR image data acquired at different scanners, field strengths, and resolution as well as differences in patient characteristics and treatment.



Several studies of the St Jude Children’s Research Hospital in Memphis focused on volume loss of normal-appearing brain tissue of medulloblastoma patients who received radiotherapy during childhood [29,30,31,32,33,34]. These studies reported no effect on GM volume, but a decreased WM volume after radiotherapy when comparing irradiated patients with healthy children [32] and with age-matched low-grade astrocytoma patients treated with surgery alone [29]. In 26 medulloblastoma patients, Reddick et al. [30] detected a correlation between WM loss and time after RT. Age-dependency was reported by Reddick et al. [32] since stronger radiation-induced WM atrophy was measured in children, who received radiotherapy at the age of six years, than in children irradiated at the age of 12 years. The underlying cause was hypothesized to be halted myelination in younger patients. For a cohort of 42 childhood medulloblastoma survivors, Mulhern and co-workers [33] associated decreased normal-appearing WM with worse neurocognitive performance, which was correlated with RT at a young age. Normal-appearing WM decrease was shown to correlate with decline in full-scale intelligence quotient (IQ), factual knowledge, verbal and nonverbal thinking, attention, and learning [31,34]. Limitations of the above publications [29,30,31,32,33,34] were problems with the partial volume effect due to the slice thickness and a stronger sensitivity to position and tilt variation as only a single transversal slice was evaluated.



Liu et al. [47] found cortical thinning in posterior parts of the brain of nine children (average age at diagnosis: 8.9 ± 3.3 years) with medulloblastoma after an average interval of 2.8 ± 2.4 years from diagnosis, independent of radiation dose. The children underwent surgery, radiotherapy, and chemotherapy. Comparing the areas of tissue changes of the medulloblastoma patients with the same areas in nine age-matched healthy controls showed that radiation-induced volume reduction occurred more often in regions of normal age-related thinning. Therefore, the authors conclude that areas undergoing age-dependent development during normal maturation might be more sensitive to the effect of radiotherapy. As no significant cortical thinning was detected in high-dose regions, the authors suggest that the cortical thinning does not primarily depend on the radiation dose. Similarly, Palmer et al. [46] examined a cohort of 35 children with medulloblastoma and reported significant radiation-induced atrophy of the corpus callosum in areas where the highest volume growth rate in normal-developing children is expected [55,56]. However, the corpus callosum was only evaluated in a single sagittal slice. The greatest volume decrease was measured in posterior subregions of corpus callosum, the isthmus and the splenium. Nagel et al. [38] detected posterior hippocampal volume reductions in 25 children with medulloblastoma one year after treatment, followed by a return to normal maturation after two to three years. They interpreted this result as an indication that the ability of neural stem cells to produce hippocampal neurons is not destroyed but disrupted by radiation.



Several studies focus on radiation-induced volumetric changes in the hippocampus. Takeshita et al. [41] detected hippocampal volume loss after whole brain radiation therapy with a total dose of 30 Gy in 10 fractions in 20 adult patients with lung cancer. The hippocampal volume showed a reduction of 1.8%, 5.8%, and 9.2% after 0 to 3, 4 to 7, and 8 to 11 months, respectively. Hippocampal volume loss was significantly higher than in the cortex and WM, suggesting that the hippocampus might be more vulnerable to radiation therapy. The radiation-induced hippocampal volume reduction occurred more rapidly than the volume reduction caused by Alzheimer [57]. A significant hippocampal volume loss of −6% in high-dose areas >40 Gy was reported by Seibert and colleagues [42] in 52 primary brain tumor patients one year after radiotherapy. The hippocampal decrease was age- (−0.13%/year) and dose-dependent (−0.13%/Gy). For low-dose regions <10 Gy, no significant volume change was found. Examples of the dose-dependent hippocampal volume loss in specific patient measurements can be seen in Figure 1. Similarly, no significant hippocampal volume change in low-dose areas was also reported in 15 low-dose radiated head and neck cancer patients four to ten years after RT [43]. Interestingly, Shi et al. [40] found GM atrophy only in the left hippocampus, suggesting that the left side has a larger receptor surface as the granule cells show a larger amount of dendritic segments [58]. GM was also significantly lower in the right pulvinar and the right middle temporal gyrus. In an attempt to preserve the hippocampal volume, Hong and co-workers [39] studied the effect of hippocampus-sparing RT. They reported on a volume change of +0.16% for spared hippocampi and −7.81% for non-spared hippocampi after six months.



Changes in the amygdala were focused on by Huyngh-Le et al. [45]. In a cohort of 52 patients imaged one year after RT, the authors reported on a dose-dependent volume decrease of 0.17%/Gy. Atrophy of the amygdala was associated with deviant motor behavior, potentially related to anxiety and irritability in Alzheimer patients [59]. They reported aging not to be a significant predictor for amygdala volume change, which agrees with results of MR studies investigating tissue changes in normal aging [54,60]. Still, the result is contrary to previous studies reporting age-dependent tissue changes after RT [32,33,36,42,51,52]. Nagtegaal et al. [44] determined a significant radiation dose-dependent volume loss of 0.16%/Gy to 1.37%/Gy in several GM structures, such as the amygdala, nucleus accumbens, hippocampus, globis pallidus, putamen, and thalamus, evaluating 31 patients with grade II–IV gliomas one year after RT. The only evaluated region showing no radiation effect was the caudate nucleus. The radiation-induced hippocampal volume loss was compared in a nomogram of age-dependent hippocampal volume, resulting in a mean increase in hippocampal age of 11 years in all patients.



Another study evaluated the effect of region-specific sparing in the cerebral cortex [49]. The authors found a threshold of 28.6 Gy resulting in a 20% probability of cortical atrophy one year after irradiation. Region-specific dose avoidance showed a stronger decrease of atrophy probability than non-specific cortical sparing. Seibert et al. [48] evaluated whole cortex changes in 54 patients one year after radiation and found significant dose-dependent atrophy in cortex areas connected to memory (entorhinal cortex [61]) and attention (lateral inferior parietal cortex [62]), while visual and motor regions showed no changes. The radiation-induced atrophy in areas >40 Gy was twice as high as atrophy observed in Alzheimer patients [63] and ten times the rate of normal aging [64]. Dose-dependent thinning of the temporal and limbic cortex has previously been reported [50]. These areas also showed a tendency of atrophy in Alzheimer patients [65] and therefore might be more vulnerable to injuries [50].



Two studies focused on volume changes of the cerebellum after RT [51,52]. Raschke et al. [51] found cerebellar atrophy after RT in a cohort of 91 glioma patients and a mean observational period of 428 days. Cerebellar atrophy depended significantly on time after radiotherapy, mean dose × time, and patient age. The mean dose in the cerebellum was significantly lower in patients treated with proton beam therapy compared to those treated with photons. Gender, tumor grade, and type of radiotherapy or chemotherapy were not significant predictors of cerebellar atrophy. Another group identified cerebellar atrophy changes in 25 adult survivors of cerebellar childhood tumors, presuming that young age at treatment and radiotherapy is related with cerebellar volume loss [52]. The authors found a correlation between cerebellar atrophy and oral and written processing speed. Similar results were also reported by Palmer et al. [66] in a set of 126 medulloblastoma patients aged three to 27 years, where younger age at diagnosis was significantly correlated with decreasing processing speed.




3. Determination of Microstructural Changes in Normal-Appearing Tissue after Radiotherapy


Diffusion imaging allows the assessment of changes in the microstructure of brain tissue in vivo. Whereas diffusion-weighted imaging (DWI) provides basic information on the apparent diffusion coefficient (ADC), also referred to as mean diffusivity (MD), diffusion-tensor imaging (DTI) provides additional information about fractional anisotropy (FA), axial diffusivity (AD), and radial diffusivity (RD). Several studies focused on microstructural tissue changes in white matter structures after radiotherapy. The most prominent effects are decreasing FA [24,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81], increasing MD [24,68,70,72,77,78,79,80,81,82,83,84], and increasing RD [71,76,77,78,79,80,82,85,86,87]. AD was both measured as increasing [77,78,80,82] and decreasing [71,83,85,86,87,88,89] as a response to radiation. These diffusion changes are mostly interpreted as demyelination or axonal loss [77,80,82,83,90]. Decreasing FA and increasing MD have been interpreted as transient cerebral oedema and demyelination, whereas the inverse behavior is interpreted as recovery from oedema, oligodendrocyte regeneration, and remyelination [72]. Preclinical studies showed a correlation between RD increase and demyelination, while changes of AD indicate axonal degeneration and reactive astrogliosis [91,92]. The examined microstructural changes observed in normal-appearing tissue are summarized in Table 2.



Nagesh et al. [77] measured a smaller increase in AD than in RD within the normal-appearing genu and splenium in 25 patients treated with radiotherapy for low-grade, high-grade or benign tumors followed over a 45-weeks period. From their findings the authors conclude that demyelination is probably the dominant radiation-induced side-effect. The authors also recommended the examination of AD/RD ratio as a good indicator to distinguish between myelin dysfunction and axonal degradation, based on the results of preclinical studies [92,93]. Additionally, the authors reported on an increase of MD and a decrease of FA in genu and splenium. The alterations of MD and FA became significant 10 weeks after the start of RT in the genu and 19 weeks after the start of RT in the splenium. The percentage changes of MD and FA over time in both genu and splenium are shown in Figure 2a. Figure 2b displays FA maps showing the alterations in genu measured pre-RT and 10 weeks after therapy start. Xiong et al. [71] found microstructural and metabolic tissue changes in 55 nasopharyngeal carcinoma (NPC) patients within one year after radiotherapy. They published on a significant increase of RD within one year, returning to values not significantly different from pre-RT after one year. FA and AD both decreased after radiation. FA remained significantly lower than pre-RT values for all post-RT measurements and AD values were significantly decreased until nine months after treatment.



Contrary to commonly found results, the recent study by Raschke et al. [89] reported decreasing MD, RD, and AD in a cohort of 22 glioma patients and a follow-up period of between three and 24 months after the end of radio(chemo)therapy. Even though FA increased slightly, the measure for anisotropy q did not change. Stable values in proton density indicated that resolving oedema was not a likely cause for the decrease in diffusion. Likewise, quantitative T1 values did not change significantly; thus, changes in myelin are also an unlikely cause. A possible explanation for decreasing diffusion would be axonal swelling, similar to acute stroke [94], only at a much smaller scale. Due to reduced T2* values, Raschke et al. [89] also suggested a possible link to alterations in vascularity and tissue oxygenation based on previously reported perfusion changes in GM after radiotherapy [95]. In a follow-up study, Dünger et al. [96] could reproduce the dose- and time-dependent reduction of MD values in white matter using an independent patient cohort consisting of 70 glioma patients and clinically obtained DWI data. Decreasing RD and AD values were also observed by Zhu et al. [88] in several WM bundles of 33 patients. The degree of diffusion decrease was similar in magnitude to the values found by Raschke et al. [89] and Dünger et al. [96]. Zhu et al. [88] also found a reduction in RD and AD in nine different WM tracts following radiotherapy and, based on preclinical results [91], suggested this to be a sign for re-myelination connected with RD decrease and astrogliosis correlated with AD decrease. They examined that the change in RD and AD was significantly affected by the maximum dose to the specific WM tracts, age, and gender.



Connor et al. [80] investigated the dose- and time-dependent changes of whole brain white matter in 15 glioma patients, as they measured MD, AD, and RD increase and FA decrease appearing earlier in areas receiving higher radiation doses. On average, in white matter irradiated with low doses of 10 to 20 Gy significant radiation-induced diffusion changes appeared 9 to 11 months after RT, while in areas that received > 30 Gy, the changes became significant four to six months after RT. The percentage changes of MD, FA, RD, and AD over time and in different dose regions is shown in Figure 3. Additionally, the authors measured diffusion changes using different b-values, which shows that MD, AD, and RD increased stronger for lower b-values, while the magnitude of FA decrease was greater for high b-values. From the stronger alterations for lower b-values, the authors suggested that the biological changes are prominently in the extracellular environment and are possibly caused by increased vascular permeability and neuroinflammation. Consequently, they recommended the future investigation of extracellular diffusion by measurements with different b-values. Dose-dependent normal-appearing WM changes were also identified by Hope et al. [82], where MD, AD, and RD were significantly increased in regions > 41 Gy compared to dose-regions < 12 Gy. In line with this, Haris et al. [83] reported that decreasing FA correlated with increasing MD only in highly radiated dose areas receiving > 50 Gy. Contrary to this, Raschke et al. [89] measured radiation-induced WM changes also in low-dose regions of 10 to 20 Gy. Nagesh et al. [77] reported a dose-dependent RD and AD increase, while Chapman et al. [86,87] did not see any correlation of tissue changes with radiation dose, gender, or age.



Connor and colleagues [79] evaluated radiation-induced changes in different white matter structures, by performing linear mixed-model analyses of the relationship between mean and maximum radiation dose, and DTI parameters. Most prominent dose-dependent changes were found in the corpus callosum, cingulum bundle, and fornix, with FA showing the strongest decrease. Several other studies reported on high radiation-induced diffusion changes in the corpus callosum, cingulum bundle, and fornix [67,76,78,82]. Two publications by the same group did not detect any changes of MD after radiotherapy of NPC patients; thus, they assumed that MD has a lower sensitivity to diffusion changes than FA [69,71]. In a small cohort of five patients, Haris et al. [83] reported an increase in MD three months after radiotherapy followed by recovery to baseline after eight months.




4. Determination of Vascular Changes in Normal-Appearing Tissue after Radiotherapy


4.1. Perfusion-Weighted Imaging


Radiation-induced vascular changes can be detected with perfusion-weighted imaging (PWI) methods such as dynamic susceptibility contrast (DSC), dynamic contrast enhancement (DCE), and arterial spin labeling (ASL). Most PWI studies found a perfusion decrease after radiotherapy, characterized by decreasing cerebral blood volume (CBV) [84,97,98,99,100], decreasing cerebral blood flow (CBF) [36,84,95,98,101], and increased Ktrans (volume transfer constant between blood plasma and extravascular extracellular space (EES)), ve (volume of EES) and vp (fractional plasma volume) [102,103]. Table 3 summarizes the results of the studies focusing on vascular changes of normal-appearing brains after irradiation.



Using DSC, Wenz et al. [97] found a reduction in CBV in normal-appearing WM from 4.4 mL/100 g to 3.1 mL/100 g and in normal-appearing GM from 9.2 mL/100 g to 6.3 mL/100 g fifteen months after whole brain radiation with a dose ranging between 20 Gy and 40 Gy. In a second cohort receiving conformal radiotherapy, they reported less of a decrease in perfusion in the 30% isodose volume compared to the whole brain radiation cohort. From the same group, Fuss et al. [100] reported reduced CBV in 25 fibrillary astrocytoma patients for GM and WM within the 40 to 100% isodose volumes (mean dose 45 Gy) and a similar but not significant reduction in areas below the 40% isodose (<24 Gy). Twenty-four months after radiotherapy, CBV decreased up to 30% in high-dose areas, whereas for low-dose regions, the decrease was up to 23%, albeit non-significant. Similarly, Price et al. [98] reported on a 21% decrease in relative CBV (rCBV) and 16% decrease in relative CBF (rCBF) within the 60 to 90% dose region of WM three months after radiotherapy and no significant changes in areas outside the 60% (32 Gy) dose region. Dose-dependency appeared earlier for rCBV decrease than for rCBF decrease. The mean transit time (MTT) did not change in normal-appearing tissue. In a cohort of 17 glioblastoma patients, Fahlström et al. [101] reported a regional and global rCBV and rCBF decrease in both WM and GM until, on average, 34.4 days after RT, followed by a tendency to recover at an average of 103.3 days after RT. A correlation of the perfusion changes with dose was only detected in WM.



Contralateral GM perfusion changes using ASL were assessed by Petr et al. [95] in a cohort of 24 glioma patients with unilateral gliomas imaged three months after radio(chemo)therapy. CBF decreased in normal-appearing GM with a more pronounced decrease of 16.8% in high-dose areas > 50 Gy and a weak decrease of 2.3% in low dose volumes < 10 Gy, even so suggesting damages to the capillary bed or supplying artery. The hypothesis of radiation affecting tissue even in low-dose regions is supported by the results of Nilsen and co-authors [84], who measured decreasing vascular function with DSC after stereotactic radiosurgery (SRS) of brain metastases from non-small cell lung cancer and malignant melanoma in 40 patients. They reported decreasing CBV, CBF, and vessel density even in low-dose areas < 10 Gy at three to nine months post-SRS. In high-dose areas, the response showed similar behavior with larger variations between the patients. After 18 months, the perfusion parameter returned to pre-SRS level. Lee et al. [99] analyzed the recirculation in the time course of DSC data of 22 glioma patients before and after radiotherapy. The recirculation parameter showed a significant increase in regions above 15 Gy two months after RT. Changes of the first passage of the bolus were connected with a reduction in vascular density, while the changes in recirculation phase may indicate vessel permeability or heterogeneity increase and tortuosity [99].



As opposed to the results of most studies, Jakubovic et al. [104] reported on a significant rCBV increase in 19 metastases patients one month after SRS with the largest increase in volumes receiving 5 to 10 Gy. Relative CBF increased significantly in GM regions receiving > 10 Gy and in WM areas having undergone 5 to 16 Gy. The authors explained this early perfusion increase by early vessel dilation followed by capillary collapse or occlusion due to endothelial cell death. A perfusion increase in high-dose regions during RT has also been measured by Price et al. [98], which turned into a decrease at the end of RT.



Using DCE, Fahlström et al. [102] analyzed Ktrans and ve in WM and GM after irradiation in 17 glioblastoma patients over a period of up to 185.7 days. While global Ktrans in WM and GM did not change significantly, ve showed a significant increase in GM 101.6 days after RT. For both parameters, no dependency on the radiation dose was found. The authors interpreted the increase in ve as an indicator for decreasing cell density after RT. Cao et al. [103] calculated Ktrans and vp to be significantly increased during and after RT in the cerebral tissue of 10 patients with low-grade gliomas, meningioma, cranopharyngeoma, and benign tumors. vp showed a significant increase of 11% at week six during RT in high-dose areas > 40 Gy and a decrease after RT. In intermediate dose volumes of 20 to 40 Gy, the maximal increase was measured one month after RT, also followed by a decrease six months after RT. The authors interpreted the initial increase in vp with fast vessel dilation during radiation [90,105,106] and the following decrease with vascular regression, such as capillary breakdown and occlusion due to endothelial cell loss, thrombus generation, or vessel renormalization [90,105,107]. Ktrans increased significantly by 39% in medium-dose regions and 52% in high-dose regions in week six during RT. In both dose regions, Ktrans recovered to pre-RT values six months after RT. Both parameter alterations correlated with the dose at the times of scans until one month after irradiation.



Petr et al. [36] compared the perfusion in normal-appearing GM between proton therapy and photon therapy in 19 and 47 glioblastoma patients, respectively. Three months after radio(chemo)therapy, a significant CBF decrease of −10.1% was measured in the normal-appearing hemisphere of photon-therapy patients. For proton therapy patients, the decrease of CBF was of comparable magnitude but did not reach statistical significance. Additionally, the authors could not find any correlation between perfusion decrease and radiation modality or dose.




4.2. Susceptibility-Weighted Imaging


Few studies have assessed radiation-induced microvascular changes by visualizing microbleeds with susceptibility-weighted imaging (SWI). In a longitudinal study over 20 years, Lupo et al. [108] detected microbleeds appearing as a response to radiation in 19 glioma patients. Large numbers of microbleeds were detected. They started to appear two years after RT in high-dose regions with the majority lying within the 90% isodose region where T2-hyperintensities were detected. The number of microbleeds increased over time. After three years, microbleeds also appeared outside the T2-hyperintese areas within normal-appearing tissue. As can be taken from Figure 4, the appearance of microbleeding correlated to the time after therapy. In a second study, Lupo et al. [109] tested the effect of anti-angiogenic therapy on the appearance of radiation-induced microbleeds by observing a cohort of 17 patient with high-graded glioma between eight months to 4.5 years after RT. Results revealed a significant reduction of the initial microbleed appearance due to anti-angiogenic therapy slowing down the process. In this study, the initial onset occurred between eight and 22 months and showed a time-dependent four-fold increase after two years. Once formed, the microbleeds would not disappear again. The authors suggest that the characterization of the lesion formation in normal brain will be important to determine the vulnerability to radiation dose of different brain parts. By observing seven children between four and 62 months after radiotherapy, Peters et al. [110] showed an even faster and earlier appearance of dot-like SWI lesions in children compared to adults. The lesion appearing earliest was detected four months after RT. The authors found no correlation between the total number of SWI lesions or an increase in the number of SWI lesions over time with the radiation dose on the one hand or the patient age at the time of treatment on the other hand. Furthermore, they were unable to detect a distinct distribution of either the number of lesions or their location.





5. Determination of Metabolic Changes in Normal-Appearing Tissue after Radiotherapy


Magnetic resonance spectroscopy (MRS) allows for non-invasive detection of metabolic changes in the brain, and thus holds potential to quantify radiation-induced neurotoxicity. The metabolites N-acetyl aspartate (NAA), a marker for neuronal health and density; choline (Cho), a marker of membrane integrity and proliferation; and creatine (Cr), a bioenergetic metabolite [111,112], have mainly been evaluated. Some studies also investigated changes in lactate (Lac), as a marker for anaerobic metabolism [111,112], and lipids (Lip), associated with cell membrane disintegration [113,114,115]. Both the absolute metabolite values [116,117,118,119,120,121,122] and ratios between the metabolites [68,69,71,117,119,121,122,123,124,125,126,127,128] were considered. NAA/Cho mainly decreased in normal tissue after radiation [69,71,117,121,122,123,124], with a few exceptions of NAA/Cho increase [126,127] and no radiation-induced changes [128]. NAA/Cr showed a decrease [68,69,71,81,117,122,124,127,128] or no changes [121,125,126]. The behavior for the Cho/Cr ratio was less consistent, as some studies detected an increase [68,121,122,123], a decrease [126,127], or no radio-induced changes after RT [69,71,125,128]. An overview of the examined publication on metabolic changes following radiotherapy is supplied in Table 4.



Kaminaga et al. [116] reported NAA decrease in the early delayed phase in 20 patients with multiple brain metastases cancer 3.6 months after RT. Even if the underlying biological changes for the NAA decrease is unclear, the authors suggest that the decrease shows the toxic effect of radiation on neurons, as most NAA is thought to be localized in neurons and axons [129,130]. NAA decrease has previously been measured correlated to carotid stenosis, cerebellitis, epilepsy, and brain injuries [131,132,133,134]. Additionally, Cho increase was detected, which could be explained by a treatment-induced damage of oligodendrocytes resulting in the breakdown or increased turnover of myelin and cell membrane [90] containing Cho-rich phospholipids [135]. A relation between degenerated myelin sheets and oligodendrocyte injury was also suggested in an animal study after detecting demyelination in irradiated areas in histopathology [136].



Early radiation-induced metabolic changes were observed by Movsas et al. [120] three to four weeks after the end of irradiation in eight lung cancer patients who underwent whole brain irradiation. The whole brain NAA decline in patients was 10% compared to a 3% fluctuation in healthy controls. A difference in NAA decrease between prophylactic (radiation dose 30 Gy) and therapeutic (radiation dose 35 to 37.5 Gy) therapy was not detected. Chawla et al. [68] evaluated four patients with brain metastases and three patients with lung cancer and determined early metabolic changes in highly radiosensitive brain structures one month after RT. They reported significantly increasing Cho/Cr and a trend toward decreasing NAA/Cr in the hippocampus, as well as increasing Cho/Cr values in the genu of corpus callosum.



In several studies, a recovery of the metabolic alteration was reported. Esteve and colleagues [117] investigated metabolic changes in the contralateral normal brain hemisphere in a cohort of 11 glioma patients (grade II–IV). They detected NAA/Cr, NAA/Cho and NAA decrease and Cho increase during the first four months after RT. Eight months after RT, the metabolic changes recovered. As NAA was involved in all alterations, the authors suggested NAA decrease as the main effect of radiotherapy. Additionally, the transient NAA/Cho and NAA/Cr decrease may indicate temporary neuronal disfunctions [117]. Similar metabolic changes have been found in a comparison of 48 NPC patients with 24 healthy controls [69]. The authors measured decreased NAA/Cr and NAA/Cho and constant Cho/Cr. NAA/Cho showed the strongest decrease in the early delayed phase (<six months after RT), which was consistent with other studies for NPC patients [137,138]. NAA/Cho and NAA/Cr partially recovered after six months, not reaching the ratios of the control cohort 12 months after RT. A possible explanation for the constant Cho/Cr ratio given by the authors could be a simultaneous Cho and Cr increase, as proliferation of glial cell causing Cho increase, but repairing of the injured cells accelerates the metabolism, leading to a Cr increase [69]. In agreement with this, Xiong et al. [71] also evaluated 55 NPC patients and detected decreasing NAA/Cho and NAA/Cr ratios during a one-year observation in the bilateral temporal lobe WM. The greatest decrease was seen three months after RT and followed by an increase 12 months after RT, albeit not fully recovering to normal values. The time-dependent alterations of NAA/Cr and NAA/Cho are presented in Figure 5b. Figure 5a also shows the spectrum displaying the metabolic changes measured before and two months after radiotherapy. The authors suggest that the NAA decrease could be caused by a shutdown of NAA synthesis [139]. As NAA did not completely recover and as neurons cannot regenerate [140], the authors proposed that a small number of neurons probably underwent cell death.



Dose-dependent metabolic changes and recovery in the first six months following radiation were detected by Lee et al. [122] in normal-appearing WM of 10 glioblastoma patients. In this study, NAA/Cho decreased significantly in low- and medium-dose areas (0 to 25 Gy, 25 to 50 Gy) two months after RT and in high-dose areas (>50 Gy) until four months after RT, followed by a dose-dependent recovery. Cho/Cr increased two months after therapy in all dose regions and declined below pre-RT values for low and medium doses. NAA/Cr fell monotonical and dose-dependent in medium and high-dose areas and showed an increase after six months in the high-dose region. Cho increase and NAA decrease was stronger in high than in low-dose regions, while Cr showed no dose-dependency. Pronounced metabolic recovery was observed by Matulewicz et al. [123] measuring oscillating metabolic changes over two years in the normal-appearing white matter of 100 patients. Three to four months after, RT NAA/Cho reached the first minimum and Cho/Cr the first maximum, followed by recovery. This process repeated every eight months. After 20 months, the ratios were close to pre-RT values. The authors proposed an early BBB disruption due to radiation followed by its repair as a possible explanation [141], which indicate that MRS could provide information about BBB permeability.



Contrary to the previous results, Sundgren et al. [127] measured decreasing Cho/Cr values in 11 patients with either low-grade glioma or benign tumors. The Cho/Cr as well as a NAA/Cr decrease already appeared in the third week of RT, while a NAA/Cho increase was detected one month after RT followed by a trend of recovering six months after RT. The metabolic changes did not show dose-dependency, but Cho/Cr correlated with the product of the dose volume receiving a dose >40 Gy and the received radiation dose. This led to the suggestion that the effect of radiation increases with the size of the volume receiving high doses.



A dose-dependent NAA/Cr decrease was reported by Rutkowski et al. [128] in 43 glioma patients nine months after RT. The NAA/Cr decrease appeared in all dose regions and was stronger for patients with total resection compared to partial or subtotal resection. They also reported Lac and Lip signal changes after RT. However, the authors used a conventional short echo-time PRESS sequence at 2T, which is highly unlikely to separate Lac and Lip signals at 1.3 ppm [142,143].



Proton (n = 10) and phosphorus (n = 13) MRS were evaluated in a cohort of 23 patients, mainly malignant gliomas, by Szigety and co-workers [121]. The sub-cohort of 10 patients showed an increase in Cho/Cr and a decrease in NAA/Cho two and four months after RT on the ipsilateral hemisphere in high-dose areas receiving 65% of the total radiation dose. The authors postulated a radiation-induced increase of Cho, but stable NAA and Cr levels. The evaluation with phosphorus MRS did not show any metabolic changes beyond the normal variation seen in healthy controls.



In addition to studies of acute and early delayed effects, other studies considered the long-term damage of radiation [118,119,125,126]. Virta et al. [126] compared late delayed metabolic changes in nine glioma patients 0.5 to 10.5 years after radiation to nine healthy controls of the same age. In normal-appearing WM, Cho/Cr was 24% lower and NAA/Cho 20% higher than in the patient cohort, while there was no difference for NAA/Cr. Metabolic differences of normal-appearing WM and hyperintense areas led to the suggestion of a 20 to 24% decrease for Cho and stable or similarly less affected values for NAA and Cr in the normal-appearing brain regions. A possible explanation given by the authors was radio-induced membrane damage in normal-appearing WM without axonal or neuronal injuries, which could result from low-dose radiation damaging myelin or myelin-producing oligodendrocytes [144]. Hypoperfusion and hypoxia resulting from endothelial radiation injury and capillary occlusion was named by the authors as another explanation, as the effect of hypoxia combined with impaired perfusion is stronger on myelin membranes than neurons [145]. Usenius et al. [119] also investigated the long-term effects in eight brain tumor patients 0.5 to 13 years after radiation. Contrary to Virta et al. [126], they only found metabolic changes in abnormal areas containing T2 hyperintensities that received a high dose, but not in medium-radiated normal-appearing brain tissue. Similar results were found by Chong et al. [118] 0.8 to 7.3 years after RT in a sub-cohort of four patients with normal imaging findings, wherein only NAA was significantly lower than in healthy controls.



Waldrop et al. [124] focused on the influence of radiotherapy and combined radiochemotherapy on the normal tissue of 70 children (mean age 10.9 years) with primary brain tumors compared to a healthy control cohort (mean age 10.4 years). They found significantly lower NAA/Cho and NAA/Cr values in grey and white matter voxel located in the right or left frontal lobe on the contralateral hemisphere in patients. A stronger NAA/Cr decrease was reported for children receiving chemotherapy as a part of the treatment, compared to no chemotherapy. Additionally, they found a stronger NAA/Cr and NAA/Cho decrease if chemotherapy was carried out before radiotherapy. Metabolic alterations were not affected by surgery but differed depending on the tumor type.




6. Conclusions and Summary


We summarized the current status of advanced MR imaging techniques for the assessment of the radiation-induced anatomical, morphological, and metabolic damage of normal-appearing brain tissue in primary brain tumor patients. Advanced MRI techniques offer the opportunity to visualize tissue changes not detectable with common T1- and T2-weighted MRI and highlight early tissue alterations. Anatomical and morphological damage was indicated by atrophy measured in both grey and white matter as well as in several substructures. Various studies reported on volume decrease after irradiation, which was more pronounced than that observed in normal aging or in patients with Alzheimer’s disease. Additionally, natural maturation of the brain in pediatric patients was hampered following irradiation. The effect of irradiation on the tissue microstructure was assessed using diffusion-weighted and diffusion-tensor imaging and revealed changes indicative of demyelination, axonal loss, and transient cerebral oedema. Perfusion-weighted imaging showed decreased cerebral blood flow and cerebral blood volume. Finally, metabolic changes assessed by MR spectroscopy indicated adverse effects on neuronal health, the cell membrane, and myelin.



Based on the reviewed results, future studies of normal tissue examination after irradiation may incorporate a few improvements. First, when assessing radiation damage to the brain, increased attention should be paid to the impact on the patient’s neurocognitive functioning and quality of life by implementing adequate tests and correlating results with imaging findings. Second, future studies may benefit from evaluating multiple MR contrasts in the same patient cohort, since the combination of diverse information allows more detailed conclusions on the underlying tissue alterations. Third, to improve future publications on irradiation-induced MR changes and their inter-comparability, we strongly suggest a more comprehensive description of the used methodology. In particular, it is necessary to clearly describe the exclusion criteria for abnormal tissue, especially whether and how abnormal tissue was censored at various timepoints. Fourth, multicenter studies including larger numbers of patients and obtaining data on different scanners will increase the clinical relevance of the received results. Finally, to avoid the influence of infiltrating tumor cells on the surrounding normal-appearing brain, cohorts of patients with benign brain tumors or preferably head–neck cancers may be assessed, since tissue changes of the brain can be assumed to solely stem from irradiation.



In the era of highly conformal photon beam techniques, as well as the worldwide increasing availability of proton and particle beams, advanced MRI may serve as an objective measure for the selection of brain tumor patients. This review shows the potential of MRI for normal tissue response assessment, and thus, it should be included in future prospective clinical trials.




7. Review Criteria


The literature search was based primarily on PUBMED combined with the consideration of secondary literature of the studied publications and google inquiries. The development of the literature collection was completed by December 2020. The data is based on research papers, while review articles were studied and consulted for further publications. Special attention by collecting publications was paid to the exclusion of abnormal tissue and the focus on normal-appearing tissue. The following shows a partial selection of the keywords used: Radiation-induced changes/injuries/alterations in brain/CNS; early and late/longitudinal radiation effects; response to radiotherapy/irradiation; cognitive impairment; normal-appearing brain tissue; conventional MRI; functional/quantitative MRI; microstructural/vascular/anatomical/morphological/metabolically changes in normal brain; Whole brain/white matter/grey matter volume change/loss/decrease; atrophy; diffusion tensor/weighted imaging; microstructure; diffusivity; demyelination; WM damage; perfusion-weighted imaging; susceptibility-weighted imaging; dynamic susceptibility contrast; dynamic contrast enhancement; arterial spin labeling; relative/absolute blood flow/volume; intra and extracellular space transition; histopathological changes; vessel dilatation; permeability; microbleeds; SWI lesion; MR spectroscopy; metabolism; NAA, neuronal marker; choline, cell membrane synthesis; creatine, energy metabolism; and several more. MR technique-specific keywords were combined with tissue alterations due to irradiation damage and the requirement for normal tissue observation with AND/OR research functions on PUBMED. Abnormal tissue changes due to irradiation were partially excluded.
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Figure 1. Hippocampal volume loss segmented in yellow for two cases (A,B). Comparison between measurements before radiotherapy (pre-RT) and one year after radiotherapy (post-RT) shows the different level of volume decrease for high- and low-dose irradiation. Reprinted from Seibert et al. [42] with permission from Elsevier. 
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Figure 2. (a) Percentage changes of MD (here called <D>) and FA relative to pre-RT values in both genu and splenium during and after RT. (b) FA maps before RT (top) and 10 weeks after the start of RT (bottom) show decreasing FA in genu (outlined in white) after irradiation. Reprinted from Nagesh et al. [77] with permission from Elsevier. 
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Figure 3. Percentage changes from baseline in MD, FA, AD (λ‖), and RD (λꞱ) over the time for dose-bins and different b-value measurements. All parameters show time- and dose-dependent changes. For MD, AD, and RD, the changes are most pronounced for measurements with small b-values, whereas for FA, the changes are most prominent at high b-values. Hollow points: non-significant changes, filled points: significant changes, *** p < 0.001, ** p < 0.01, * p < 0.05. Reprinted from Connor et al. [80] with permission from Elsevier. 
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Figure 4. Appearance of microbleeds after RT. Microbleeds did not appear until two years after RT and increased in number (quadruple) three years after radiotherapy. Reprinted from Lupo et al. [108] with permission from Elsevier. 
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Figure 5. (a) Metabolic changes before and two months after radiotherapy. The MRS evaluation results in a decrease of NAA/Cho and NAA/Cr two months post-RT. (b) The curves show the alterations of NAA/Cr and NAA/Cho over time for the whole cohort. Reprinted from Xiong et al. [71] with permission from Elsevier. 
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Table 1. Publications on anatomical/morphological changes in normal-appearing tissue after radiotherapy.






Table 1. Publications on anatomical/morphological changes in normal-appearing tissue after radiotherapy.





	Reference
	Number of Patients
	Patient Age [yr]
	Disease (WHO Grade)
	Radiation Dose
	Timing of Radiological Follow-Up
	Magnetic Field Strength [T]
	MRI Sequence(s)
	Tissue Assessed
	Main Findings/Alterations





	Nagtegaal et al., 2021 [44]
	31
	50 ± 15
	G (II–IV)
	50.4–60 Gy
	≥one follow-up 270–360 d post-RT
	3
	T1w
	GM structures
	Atrophy in all GM structures except caudate nucleus



	Raschke et al., 2020 [51]
	91
	52.3 ± 14.5
	G (I–IV)
	54 Gy or 60 Gy
	3, 6, 9, 12, 15, 18, 21 mo post-RT
	3
	T1w
	Cerebellum
	Cerebellar atrophy



	Takeshita et al., 2020 [41]
	20
	66.2 ± 9.7
	MB
	30 Gy/10 fractions
	0–3 mo, 4–7 mo, 8–11 mo post-RT
	3
	T1w
	Hippocampus
	Hippocampal atrophy



	Huynh-Le et al., 2019 [45]
	52
	19–77
	G (III–IV)
	50.4 Gy to 60 Gy
	1 y post-RT
	3
	T1w
	Amygdala
	Amygdala atrophy



	Gommlich et al., 2018 [35]
	26
	24–74
	G (II, III)
	>54 Gy
	no uniform time intervals
	1.5 and 3
	T1w
	WM, GM
	WM atrophy, unchanged GM volume



	Petr et al., 2018 [36]
	57
	54.3 ± 14.2
	GBM
	60 Gy
	3 mo and 6 mo post-RT
	3
	T1w
	WM, GM
	GM and WM atrophy



	Shi et al., 2018 [40]
	40
	49.3 ± 11.6
	NPC
	12 Gy (WB)

max. 72 Gy (partially)
	≥12 mo post-RT
	3
	T1w
	GM
	Cortical GM atrophy in left hippocampus, right pulvinar, and right middle temporal gyrus



	Seibert et al., 2017 [42]
	52
	19–77
	primary BT
	54–60 Gy
	9–15 mo post-RT
	3
	T1w
	Hippocampus
	Hippocampal atrophy



	Seibert et al., 2017 [48]
	54
	19–77
	BT
	54–60 Gy
	9–15 mo post-RT
	3
	T1w
	Cerebral cortex
	Cortical atrophy in entorhinal and interior parietal ROIs, not in primary cortex



	Ailion et al., 2016 [52]
	25
	9 ± 5
	Cerebellar T
	n.a.
	15 ± 5 yr post-RT
	3
	T1w
	Cerebellum
	Cerebellar atrophy



	Karunamuni et al., 2016 [49]
	15
	40–77
	G (HG)
	59.4–60 Gy
	1 y post-RT
	3
	T1w
	Cortex
	RT dose above 28.6 Gy results in >20% probability of cortical atrophy



	Karunamuni et al., 2015 [50]
	15
	40–77
	G (HG)
	59.4–60 Gy
	1 y post-RT
	3
	T1w
	Cortex
	Cortical atrophy, strongest in temporal and limbic cortex



	Hong et al., 2015 [39]
	20
	27–83
	MBM
	30 Gy/10 fractions
	6 mo post-RT
	n.a.
	n.a.
	Hippocampus
	Hippocampal avoidance can minimize hippocampal atrophy



	Prust et al., 2015 [37]
	8
	35–70
	GBM
	60 Gy
	weekly during CRT,

monthly until 6 mo pre-RT
	3
	T1w
	WB, GM, WM,

anterior lateral ventricle,

hippocampal volume
	WB and GM atrophy, unchanged WM and hippocampal volume, anterior lateral ventricle volume increase



	Olsson et al., 2012 [43]
	15
	31–65
	HNC
	1.5–9.3 Gy
	4–10 yr post-RT
	1.5
	T1w, T2w
	Hippocampus
	No hippocampal atrophy compared to healthy controls



	Liu et al., 2007 [47]
	9
	5.4–13.9
	MB
	54 Gy
	1.0–8.2 yr post diagnosis
	1.5
	T1w
	Cortex
	Cortical thinning



	Reddick et al., 2005 [32]
	52
	3.5–20.0
	MB
	35–40 Gy
	0.2–7.9 yr post-RT
	1.5
	T1w, T2w, PD
	WM
	Less developed normal appearing WM volume compared to healthy controls



	Nagel et al., 2004 [38]
	25
	4.8–13.0
	MB
	23.4 Gy (average risk)

36–39.6 Gy (high risk)
	0.56 yr interval post-RT
	1.5
	radiofrequency-spoiled, fast low-angle shot, 3D sequence
	Hippocampus
	Right and left hippocampal atrophy



	Reddick et al., 2003 [31]
	40
	1.7–14.8
	pediatric BT
	35.2 Gy (WB)

53.1–70.2 Gy (local)
	2.6–15.3 yr post-RT
	1.5
	T1w, T2w, PD
	WM
	Association between WM atrophy and reduced IQ and attentional ability



	Palmer et al., 2002 [46]
	35
	3.2–17.2
	MB
	23.4 Gy (average risk)

36–39.6 Gy (high risk)

55.8 Gy (posterior fossa boost)
	year 1–2: 3 mo interval,

year 3–8: 6 mo interval
	1.5
	T1w
	Corpus callosum
	Decline of corpus callosum areas



	Mulhern et al., 2001 [33]
	42
	<21
	MB
	49–54 Gy
	≥1 yr post-RT
	1.5
	T1w, T2w, PD
	WM
	WM atrophy, young age at CRT associated with worth neurocognitive performance



	Reddick et al., 2000 [30]
	26
	3.2–16.2
	MB
	36 Gy (conventional)

23.4 Gy (reduced)
	mean 18.7 mo post-RT

min. 4 MR examination
	1.5
	T1w, T2w, PD
	WM
	WM atrophy



	Mulhern et al., 1999 [34]
	18
	<21
	MB
	23.4–36 Gy CRT

49–54 Gy (posterior fossa boost)
	3.8 ± 2.6 yr post-RT
	1.5
	T1w, T2w, PD
	WM
	WM atrophy after RT may partially explain changes in IQ and cognitive function



	Reddick et al., 1998 [29]
	15
	5.6–21
	MB
	25–55 Gy (WB)

55–65 Gy (focal posterior fossa)
	1.2–10.6 yr post-RT
	1.5
	T1w, T2w, PD
	WM, GM
	WM atrophy, unchanged GM volume







Abbreviations: Brain metastasis (BM), Brain tumor (BT), Chemoradiotherapy (CRT), Glioma (G), Glioblastoma multiforme (GBM), Grey matter (GY), high grade (HG), Head-neck cancer (HNC), Intelligence quotient (IQ), Lung cancer (LC), low grade (LG), Melanoma (M), Medulloblastoma (MB), Melanoma brain metastasis (MBM), Mean diffusivity (MD), Nasopharyngeal carcinoma (NPC), Proton density (PD), Radial diffusivity (RD), Radiotherapy (RT), T1-weighted (T1w), T2-weighted (T2w), Tumor (T), White matter (WM), Whole brain (WB). Unit: day (y), month (mo), year (yr), Gray (Gy), Tesla (T).
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Table 2. Publications on microstructural changes in normal-appearing tissue after radiotherapy.






Table 2. Publications on microstructural changes in normal-appearing tissue after radiotherapy.





	Reference
	Number of Patients
	Patient Age [yr]
	Disease (WHO Grade)
	Radiation Dose
	Timing of Radiological Follow-Up
	Magnetic Field Strength [T]
	MRI Sequence(s)
	Tissue Assessed
	Main Findings/Alterations





	Dünger et al., 2019 [96]
	70
	23–82
	GBM
	≤60 Gy
	3 mo intervals in 3–33 mo post-RT
	3
	DWI
	WM
	MD ↓



	Raschke et al., 2019 [89]
	22
	47.8 ± 13.9
	G
	54–60 Gy
	3, 6, 9,12,15, 18 mo post-RT
	3
	DTI, 2D FFE (T2*)
	WM
	MD ↓, RD ↓, AD ↓, T2* ↓



	Tringale et al., 2019
	22
	20–75
	primary BT
	50.4–60 Gy
	3, 6, 12 mo post-RT
	3
	DWI
	Medial temporal lobe regions
	MD ↑, FA ↓



	Connor et al., 2017 [79]
	49
	24–84
	G (LG, II–IV)
	40.5–60 Gy
	9–12 mo post-RT
	3
	DTI
	WM tracts
	MD ↑, RD ↑, FA ↓



	Makola et al., 2017 [76]
	14
	10.1 ± 4.1
	pediatric BT
	52.75 Gy
	3–12 mo post-surgery,

follow-up 2 yr later
	1.5 & 3
	DTI
	Corpus callosum
	RD ↑, FA ↓



	Chapman et al., 2016 [87]
	27
	26–71
	LG/benign T
	54 Gy
	pre-RT, during RT, end of RT
	3
	DTI
	Parahippocampal cingulum WM
	AD ↓, RD ↑



	Connor et al., 2016 [80]
	15
	40–84
	G (HG)
	40.05–60 Gy
	1 mo, 4–6 mo, 9–11 mo post-RT
	3
	DTI
	WM
	MD ↑, AD ↑, RD ↑, FA ↓



	Duan et al., 2016 [72]
	81
	19–65
	NPC
	66–74 Gy
	<6 mo, 6–12 mo,

>12 mo post-RT
	3
	DTI
	WM
	MD ↑, FA ↓



	Zhu et al., 2016 [88]
	33
	25–72
	LG/benign T
	54 Gy
	6 MRI until 18 mo post-RT
	1.5 & 3
	DTI
	WM fiber bundles
	AD ↓, RD ↓



	Chawla et al., 2015 [68]
	7
	47–76
	G (HG)
	25–40 Gy
	30.43 ± 9.02 d post-RT
	3
	DTI
	Hippocampus, genu corpus callosum
	MD ↑, FA ↓



	Hope et al., 2015 [82]
	18
	33–66
	G (HG)
	60 Gy
	every 2 w during RT,

2 w, 3 mo, 6 mo post-RT
	3
	DTI
	WM
	MD ↑, AD ↑, RD ↑



	Chapman et al., 2013 [86]
	14
	40–76
	metastases (primary: LC, M)
	30 Gy/37.5 Gy
	end of RT, 1 mo post-RT
	3
	DTI
	WM structures
	FA ↓, RD ↑



	Xiong et al., 2013 [71]
	55
	19–71
	NPC
	66–75 Gy
	0–3 mo, 3–6 mo, 6–9 mo,

9–12 mo, >12 mo post-RT
	3
	DTI
	WM
	AD ↓, RD ↑, FA ↓



	Chapman et al., 2012 [85]
	10
	25–71
	LG/benign T
	54 Gy
	week 3 & 6 during RT, 10, 30, 78 w post-RT
	1.5
	DTI
	Parahippocampal cingulum bundle & temporal lobe WM
	AD ↓, RD ↑



	Nazem-Zadeh et al., 2012 [78]
	12
	53.5
	BM
	30 Gy/37.5 Gy
	end of RT, 1 mo post-RT
	3
	DTI
	Fiber tracts limbic circuit
	MD ↑, FA ↓



	Wang et al., 2012 [69]
	48
	16–74
	NPC
	68–75 Gy
	<6 mo, 6–12 mo,

>12 mo post-RT
	3
	DTI
	temporal lobe
	AD ↓, FA ↓



	Haris et al., 2008 [83]
	5
	41.6 ± 11.8
	G (II)
	54 Gy
	3, 8, 14 mo pre-RT
	1.5
	DTI
	-
	MD ↑, FA ↓



	Nagesh et al., 2008 [77]
	25
	23–75
	G (HG & LG), benign T
	50–81 Gy
	3, 10, 19, 32, 45 w post-RT
	1.5
	DTI
	Genu & splenium corpus callosum
	MD ↑, AD ↑, RD ↑, FA ↓



	Welzel et al., 2008 [75]
	16
	45–67
	small cell LC
	30 Gy
	end of RT, 6 w post-RT
	1.5
	DTI, T2w
	Supra- & infratentorial WM
	FA ↓



	Qiu et al., 2007 [74]
	22
	8.1 ± 4.6
	MB
	50–55.8 Gy
	3.9 ± 2.9 yr post-RT
	1.5
	DTI
	Frontal & parietal lobes
	FA ↓



	Mabbott et al., 2006 [70]
	8
	7.5 ± 3.9
	MB
	55.4 Gy
	2.50 ± 0.72 yr post-RT
	1.5
	DTI
	WM
	MD ↑, FA ↓



	Kitahara et al., 2005 [81]
	8
	26–70
	BT, L
	30–60 Gy
	0–2 mo, 3–5 mo, 6–9 mo,

10–12 mo post-RT
	1.5
	DTI
	WM
	MD ↑, FA ↓



	Leung et al., 2004 [73]
	16
	8.8 ± 4.6
	MB
	50–55.8 Gy
	3.1 ± 1.8 yr post-RT
	1.5
	DTI
	WM
	FA ↓



	Khong et al., 2003 [67]
	9
	3–14
	MB
	50.4–54 Gy
	1–6 yr post-RT
	1.5
	DTI
	WM
	FA ↓







Abbreviations: axial diffusivity (AD), brain metastasis (BM), brain tumor (BT), diffusion tensor imaging (DTI), diffusion weighted imaging (DWI), fractional anisotropy (FA), gradient echo (FFE), glioma (G), glioblastoma multiforme (GBM), high grade (HG), lymphoma (L), lung cancer (LC), low grade (LG), melanoma (M), medulloblastoma (MB), mean diffusivity (MD), nasopharyngeal carcinoma (NPC), radial diffusivity (RD), radiotherapy (RT), T2-weighted (T2w), effective T2 (T2*), tumor (T), white matter (WM), decrease (↓), increase (↑). Unit: day (y), month (mo), year (yr), gray (Gy), tesla (T).
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Table 3. Publications on vascular changes in normal-appearing tissue after radiotherapy.






Table 3. Publications on vascular changes in normal-appearing tissue after radiotherapy.





	Reference
	Number of Patients
	Patient Age [yr]
	Disease (WHO Grade)
	Radiation Dose
	Timing of Radiological Follow-Up
	Magnetic Field Strength [T]
	MRI Sequence
	Tissue Assessed
	Main Finding/Alteration





	Nilsen et al., 2020 [84]
	40
	42–84
	MM, metastases from non-small cell LC
	15–25 Gy
	3, 6, 9, 12, 18 mo post-SRS
	3
	DSC
	GM, WM
	Microvascular CBF ↓,

microvascular CBV↓,

vessel density ↓



	Fahlström et al., 2018 [101]
	10
	55 ± 88
	GBM (III, IV)
	60 Gy
	3.1, 34.4, 103.3 d post-RT
	1.5
	DSC
	GM, WM
	WM, GM: rCBV ↓, rCBF ↓



	Fahlström et al., 2018 [102]
	12
	55.9 ± 10.8
	G (III, IV)
	60 Gy
	3.3, 30.6, 101.6, 185.7 d post-RT
	1.5
	DCE
	GM, WM
	Ktrans ↔, ve ↔



	Petr et al., 2018 [36]
	67
	54.9 ± 14.0
	GBM
	60 Gy
	3, 6 mo post-RT
	3
	ASL
	GM, WM
	GM: CBF ↓



	Lupo et al., 2016 [109]
	17
	25–66
	G (HG)
	n.a.
	8 mo–4.5 yr post-RT
	3
	SWI
	Brain
	Appearance of microbleeds



	Petr et al., 2016 [95]
	24
	54.3 ± 14.1
	GBM
	60 Gy
	3, 6, 9 mo post-RT
	3
	ASL
	GM
	CBF ↓



	Jakubovic et al., 2014 [104]
	19
	≥18
	BM
	16–24 Gy
	1 w, 1 mo post-SRS
	1.5
	DSC
	GM, WM
	WM, GM: rCBF↑, rCBV ↑



	Peters et al., 2013 [110]
	7
	13 ± 4
	MB
	29.5 Gy
	4–62 mo post-RT
	3
	SWI
	Brain
	SWI lesions



	Lupo et al., 2012 [108]
	25
	29–71
	G (II–IV)
	n.a.
	until 20 yr post-RT
	7
	SWI
	Brain
	Appearance of microbleeds



	Cao et al., 2009 [103]
	10
	25–71
	G (LG), MG, CP, benign T
	50.4–59.4 Gy
	week 3, 6 during RT,

1, 6 mo post-RT
	1.5
	DCE
	High-dose region brain
	vp ↑, Ktrans ↑



	Price et al., 2007 [98]
	4
	25–49
	AA (LG)
	54 Gy
	after 1st fraction, end of RT, 1, 3 mo post-RT
	3
	DSC
	Periventricular WM
	rCBV↓, rCBF ↓



	Lee et al., 2005 [99]
	22
	26–73
	G (II, IV)
	60 Gy
	first 4 mo post-RT
	1.5
	DSC
	WM
	Recirculation phase ↓



	Fuss et al., 2000 [100]
	25
	28–59
	Fibrillary AA (II)
	60–66 Gy
	6 w post-RT, in 6 mo intervals
	1.5
	DSC
	GM WM
	GM/WM: CBV ↓



	Wenz et al., 1996 [97]
	13
	40–78
	Multiple intracerebral metastases,

small-cell LC (prophylactic RT)
	30–40 Gy
	during and until 79 mo post-RT
	1.5
	DSC
	GM WM
	GM/WM: CBV ↓







Abbreviations: astrocytoma (AA), arterial spin labeling (ASL), brain metastasis (BM), cerebral blood flow (CBF), cerebral blood volume (CBV), cranopharyngioma (CP), dynamic contrast enhanced (DCE), dynamic susceptibility contrast (DSC), glioma (G), glioblastoma multiforme (GBM), grey matter (GM), proton (1H), high grade (HG), volume transfer constant between blood plasma and extravascular extracellular space (Ktrans), lung cancer (LC), low grade (LG), medulloblastoma (MB), meningioma (MG), malignant melanoma (MM), radiotherapy (RT), susceptibility-weighted imaging (SWI), stereotactic radiosurgery (SRS), tumor (T), volume of extravascular extracellular space (ve), fractional plasma volume (vp), white matter (WM), decrease (↓), increase (↑), no change (↔). Unit: day (y), month (mo), year (yr), gray (Gy), tesla (T).
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Table 4. Publications on metabolic changes in normal-appearing tissue after radiotherapy.
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	Reference
	Number of Patients
	Patient Age [yr]
	Disease (Grade)
	Radiation Dose
	Timing of Radiological Follow-Up
	Magnetic Field Strength [T]
	MRS Sequence
	Tissue Assessed
	Main Findings/Alterations





	Chawla et al., 2015 [68]
	7 (4 BM, 3 LC)
	47–76
	BM & LC
	BM: WBRT 30–40 Gy

LC: PCI 25 Gy/10 fractions
	30.5 ± 9.2 d post-RT
	3
	3D EPSI
	Bilateral GM and WM substructures
	NAA/Cr ↓, Cho/Cr ↑



	Xiong et al., 2013 [71]
	55
	19–71
	NPC
	66–75 Gy
	0–3 mo, 3–6 mo, 6–9 mo, 9–12 mo, >12 mo post-RT
	3
	2D PRESS (LTE)
	ROI in WM of bilateral temporal lobes
	NAA/Cho ↓, NAA/Cr ↓



	Wang et al., 2012 [69]
	48
	16–74
	NPC
	68–75 Gy
	1 mo—7 yr, divided in <6 mo, 6–12 mo, >12 mo post-RT
	3
	2D PRESS (LTE)
	Three voxel regions in bilateral temporal lobe WM
	NAA/Cho ↓, NAA/Cr ↓



	Blamek et al., 2010 [125]
	2
	P1: 17

P2: 13
	P1: MB

P2: central region T
	P1: WBRT: 59.4 Gy (posterior fossa boost) & 30 Gy (craniospinal RT)

P2: WBRT: 45 Gy
	P1: 8 yr post-RT

P2: 20 yr post-RT
	n.a.
	SV PRESS (STE)
	P1: Voxels in cerebellum left and right;

P2: Voxels in frontal left, occipital left and right
	NAA/Cr ↔, Cho/Cr ↔



	Sundgren et al., 2009 [127]
	11
	25–71
	G (LG),

benign T
	50.4–59.4 Gy
	3, 6 w during RT,

1, 6 mo post-RT
	1.5
	2D PRESS (LTE)
	≥14 voxels in brain (no cerebellum or pons)
	NAA/Cho ↑, NAA/Cr ↓, Cho/Cr ↓



	Matulewicz et al., 2006 [123]
	100
	19–74
	G (I–IV)
	60 Gy
	one follow-up during 2 yr post-RT
	2
	SV PRESS (STE)
	Voxels in WM
	NAA/Cho ↓, Cho/Cr ↑



	Kaminaga et al., 2005 [116]
	20
	42–75
	LC, BC and malignant L
	40–50 Gy
	8.5 ± 4.6 d & 3.6 ± 0.5 mo post-RT
	1.5
	SV PRESS (multi-TE)
	ROI in occipital lobe cortex containing WM
	NAA ↓, Cho ↑



	Lee et al., 2004 [122]
	10
	54.7 ± 15.8
	G (IV)
	60.0 ± 6.9 Gy
	end of RT, 2, 4, 6 mo post-RT
	1.5
	3D PRESS (LTE)
	Voxels with >70% WM
	NAA/Cho↓, NAA/Cr ↓, NAA ↓, Cho/Cr ↑, Cho ↑



	Rutkowski et al., 2003 [128]
	43
	16–63
	primary glial T
	60 Gy
	9–12 mo post-RT
	2
	SV PRESS (STE)
	Voxel in low-, medium- and high-dose brain
	NAA/Cr ↓



	Chong et al., 2001 [118]
	18
	38–64
	NPC
	59.4–124.8 Gy
	3–9.6 yr post-RT
	2
	SV PRESS (STE)
	Voxels in temporal lobes
	NAA ↓, Cho ↔, Cr ↔



	Movsas et al., 2001 [120]
	8
	39–70
	LC
	30.0–37.5 Gy
	20–46 d between baseline and follow-up
	1.5
	WB MRS
	Average WB
	NAA ↓



	Virta et al., 2000 [126]
	9
	46–61
	G (AA II–III, ODG III, GBM)
	55.0–70.4 Gy
	0.5–10.5 yr post-RT
	1.5
	Multi-slice spin echo (LTE)
	ROI in WM
	NAA/Cho ↑,

NAA/Cr ↔, Cho/Cr ↓



	Esteve et al., 1998 [117]
	11
	44 ± 11
	G (II–IV),

metastatic T
	60 Gy (G),

30 Gy (WBRT after metastasectomy)
	1, 4, 8 mo post-RT
	1.5
	SV PRESS (LTE)
	VOI in contralateral hemisphere
	NAA/Cho ↓, NAA/Cr ↓, NAA ↓, Cho ↑



	Waldrop et al., 1998 [124]
	70
	2–22
	primary brain neoplasms
	40.0–67.2 Gy
	n.a.
	1.5
	SV PRESS (LTE)
	Voxels of right or left frontal lobe, containing WM and GM
	NAA/Cho ↓, NAA/Cr ↓



	Usenis et al., 1995 [119]
	8
	36–67
	BT
	59–62 Gy
	0.5–13 yr post-RT
	1.5
	SV PRESS (LTE)
	VOI in parietal, frontal, temporal, or cerebellar brain (high or medium dose)
	NAA ↔, Cho ↔, Cr ↔



	Szigety et al., 1993 [121]
	13 (31P)

10 (1H)
	24–55 (31P)

40 ± 11 (1H)
	G (HG & LG), Pituitary adenoma, ODG
	≤80 Gy
	end of RT, 2, 4, 8, 12, 24 mo post-RT
	1.5
	SV STEAM (LTE) (1H)

SV (31P)
	Brain parenchyma (each ipsilateral high-dose and contralateral low-dose area)
	NAA/Cho ↓, Cho/Cr ↑, Cho ↑







Abbreviations: astrocytoma (AA), breast cancer (BC), brain metastasis (BM), brain tumor (BT), chemical shift imaging (CSI), choline (Cho), creatine (Cr), echo planar spectroscopic imaging (EPSI), glioma (G), glioblastoma multiforme (GBM), grey matter (GM), proton (1H), high grade (HG), lymphoma (L), lung cancer (LC), low grade (LG), medulloblastoma (MB), magnetic resonance spectroscopy (MRS), N-acetylaspartate (NAA), nasopharyngeal carcinoma (NPC), oligodendroglioma (ODG), phosphor (31P), patient 1/2 (P1/P2), point-resolved spectroscopy (PRESS), radiotherapy (RT), stimulated echo acquisition mode (STEAM), single voxel (SV), echo time (TE), TE < 40 ms (STE), TE > 130 ms (LTE), tumor (T), whole brain (WB), whole brain radiotherapy (WBRT), white matter (WM), decrease (↓), increase (↑), no change (↔). Unit: day (y), month (mo), year (yr), gray (Gy), tesla (T).
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