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Synopsis. Gliomas are the most common primary brain tumour, whose staging depends on the IDH and 1p/19q status and is reflected in different prognoses and clinical management. CEST is a highly sensitive MRI technique detecting amide-and amine-containing mobile proteins. The CEST amides/amines ratio has been proposed as a measure of pH in stroke. We show that CEST amides/amines ratio is much more sensitive than separate amides and amines CEST in differentiating gliomas with the best prognosis (IDH-mutant 1p/19q-retained) from those with the worst prognosis (IDH-wildtype). The different shapes in CEST asymmetry spectra could also potentially help in glioma staging.

Introduction. Gliomas account for almost 30% of all primary brain tumours and 80% of all malignant tumours [1]. Gliomas can be differentiated based on the status of the isocitrate dehydrogenase genes mutation (IDH-mutant or IDH-wildtype) and on the chromosomal combined 1p/19q status (1p/19q-retained or 1p/19qcodeleted). Three glioma groups can be identified: IDH-wt, IDH-mut 1p/19q-ret and IDH-mut 1p/19q-codel. More than 90% of glioblastomas are IDH-wt and have the worst prognosis, whilst the IDH-mut 1p/19q-codel are oligodendroglioma and have the best prognosis, with better response to radiotherapy and alkylating agent chemotherapy, longer progression free survival and prolonged overall survival [START_REF] Eckel-Passow | Glioma groups based on 1p/19q, IDH, and TERT promoter mutations in tumors[END_REF][START_REF] Cancer | Comprehensive, integrative genomic analysis of diffuse lower-grade gliomas[END_REF]. Acidification of the tumour microenvironment corresponds to increased tumour aggressiveness, enhanced invasion, and resistance to various therapies [1]. Amide chemical exchange saturation transfer (CEST amides = CEST at 3.5 ppm) and amine CEST (CEST amines = CEST at 2 ppm) have so far been studied separately and have been shown to help differentiating IDH-wt from IDH-mut gliomas and 1p/19q-ret from 1p/19q-codel gliomas [START_REF] Jiang | Predicting IDH mutation status in grade II gliomas using amide proton transfer-weighted (APTw) MRI[END_REF][START_REF] Yao | Metabolic characterization of human IDH mutant and wild type gliomas using simultaneous pH-and oxygensensitive molecular MRI[END_REF]. CEST amines has been shown to be sensitive to decreased extracellular pH, transverse relaxation rate, and amino acid concentration [START_REF] Yao | Metabolic characterization of human IDH mutant and wild type gliomas using simultaneous pH-and oxygensensitive molecular MRI[END_REF]. The ratio CEST amides /CEST amines (CEST amides/amines ) has been proposed as a measure of pH in stroke [START_REF] Mcvicar | Quantitative tissue pH measurement during cerebral ischemia using amine and amide concentrationindependent detection (AACID) with MRI[END_REF]. In addition, in recent studies the presence of T2/FLAIR mismatch (high signal on T2-weighted images, and relatively low signal on FLAIR in more than 50% of the tumour) identified with 100% positive predictive value the IDH-mut 1p/19q-ret gliomas [START_REF] Patel | T2-FLAIR mismatch, an imaging biomarker for IDH and 1p/19q status in lower-grade gliomas: a TCGA/TCIA project[END_REF][START_REF] Lasocki | MRI features can predict 1p/19q status in intracranial gliomas[END_REF][START_REF] Broen | The T2-FLAIR mismatch sign as an imaging marker for non-enhancing IDH-mutant, 1p/19qintact lowergrade glioma: a validation study[END_REF][START_REF] Batchala | Neuroimaging-Based Classification Algorithm for Predicting 1p/19q-Codeletion Status in IDH-Mutant Lower Grade Gliomas[END_REF], whilst some tumors in the same group do not show this mismatch. In this study, we assess whether the CEST amides/amies ratio is a powerful marker for glioma staging, especially for differentiating the gliomas with the best prognosis from those with the worst prognosis. CEST data were processed with a prototype software created by Olea Medical R for the Horizon 2020 project GLINT (number 667510).

Methods

After B0 [START_REF] Stancanello | Development and validation of a smoothing-splines-based correction method for improving the analysis of CEST-MR images[END_REF] and B1 [START_REF] Windschuh | Correction of B1-inhomogeneities for relaxation-compensated CEST imaging at 7 T[END_REF] inhomogeneity correction, the CEST maps were computed as the area under the MTRasym(ω) curve [START_REF] Terreno | Methods for an improved detection of the MRI-CEST effect[END_REF] in the range ∆ω= [1.5,2.5] ppm for the amines and ∆ω= [START_REF] Cancer | Comprehensive, integrative genomic analysis of diffuse lower-grade gliomas[END_REF][START_REF] Jiang | Predicting IDH mutation status in grade II gliomas using amide proton transfer-weighted (APTw) MRI[END_REF] ppm for the amides. The tumour signal was normalised by subtracting the WM: AUC ∆MTRasym=AUC MTRasym(∆ω,ROI T )-AUC MTRasym(∆ω,ROI WM ). Statistics: after normality test, a Kruskal Wallis test was followed, when significant, by Dunn's pairwise comparison with Holm-Sidak adjustment for multiple comparisons. p<0.05 was considered statistically significant.

Results. The ∆MTRasym plots (Figure 1a) show a similarity in shape between the spectra of the two IDH-mut groups, with an approximately 30% higher intensity for the IDH-mut 1p/19q-ret gliomas. The shape of the IDH-wt spectrum shows a proportionally larger contribution in the amides range and a proportionally smaller contribution in the amines range with respect to the two IDH-mut groups. The ∆MTRasym spectrum of the IDH-mut 1p/19q-ret with T2/FLAIR mismatch has approximately 50% higher intensity than the spectrum of IDH-mut 1p/19qret without T2/FLAIR mismatch (Figure 1b). Representative images of the structural images and of the CEST maps are shown in Figure 2. When considering all subjects, CEST amines is significantly lower in the IDH-wt than in the IDH-mut 1p/19q-ret gliomas and CEST amides/amines is significantly higher in the IDH-wt than in both IDH-mut gliomas subgroups (Table 1, Figure 3). When considering a subset of IDHmut 1p/19q-ret with T2/FLAIR mismatch, in addition to the described significant differences, both the CEST amides and CEST amines are significantly higher in the IDH-mut 1p/19q-ret than in the IDHmut 1p/19q-codel gliomas (Table 1, Figure 4). The CEST amides/amines remains significantly higher in IDH-wt than in IDH-mut 1p/19q-codel gliomas also when considering a subset of IDH-mut 1p/19q-ret without T2/FLAIR mismatch.

Discussion and Conclusion.

Our results show that CEST amides/amines ratio is much more sensitive than CEST amides and CEST amines in differentiating IDH-wt from IDH-mut 1p/19q-codel gliomas. It is also as sensitive as CEST amines in differentiating IDH-wt from IDHmut 1p/19q-ret gliomas, whilst CEST amides and CEST amines separately are more sensitive than CEST amides/amines in differentiating IDHmut 1p/19q-ret from IDH-mut 1p/19q-codel gliomas. CEST amides/amines ratio, in the hypothesis of amides and amines belonging to the same molecule, has been shown to be a measure of pH [START_REF] Mcvicar | Quantitative tissue pH measurement during cerebral ischemia using amine and amide concentration-independent detection (AACID) with MRI[END_REF] whilst, if this hypothesis is not valid, it is also related to the concentrations of amides and amines and to the T1 relaxation times. The presence of T2/FLAIR mismatch (in 66% of the IDH-mut 1p/19q-ret in our cohort) strongly affects the CEST maps and needs further investigation in larger datasets. Our CEST maps have contributions also from the Nuclear Overhauser Effect and other confounding effects whose relevance can be assessed with more advanced acquisition and analysis protocols [START_REF] Deshmane | 3D gradient echo snapshot CEST MRI with low power saturation for human studies at 3T[END_REF]. Differentiating IDH-wt (worst prognosis) from IDH-mut 1p/19-codel (best prognosis) is highly clinically relevant.
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Table 1: Patient demographic and statistics of CEST metrics for glioma staging. 

Figure 1 :

 1 Figure 1: Tumour CEST asymmetry curve normalised by subtracting the contralateral WM signal. a) IDH-wt gliomas (red) have proportionally higher amides than amines signal with respect to the IDH-mut subgroups. IDH-mut 1p/19q-ret gliomas (light-blue) has approximately 30% more signal than IDH-mut 1p/19q-codel gliomas (dark blue). b) IDH-wt gliomas (red) and IDH-mut 1p/19q-codel gliomas (dark-blue) are the same curves as in a). The IDH-mut 1p/19q-ret gliomas with T2/FLAIR mismatch (light blue) have 50% more signal than those without T2/FLAIR mismatch (green).

Figure 2 :

 2 Figure 2: Representative examples of structural images and CEST maps. a) IDH-wt glioma, b) IDH-mut 1p/19q-codel glioma, c) IDHmut 1p/19q-ret glioma with T2/FLAIR mismatch, d) IDH-mut 1p/19q-ret glioma without T2/FLAIR mismatch. For each selected patient, images are: top left = T1-weighted, bottom left = post-Gd T1-weighted, top middle = T2-weighted, bottom middle = FLAIR, top right = CEST amides , bottom right = CEST amines .

Figure 3 :

 3 Figure 3: Violin plot of the CEST amides (blue), CEST amines (red) and CEST amides /CEST amines (green) for the three glioma groups IDHwt (left), IDH-mut 1p/19qret (middle) and IDH-mut 1p/19q-codel (right). CEST amines is significantly lower in the IDH-wt than in the IDH-mut 1p/19q-ret gliomas (p=0.015) and CEST amides /CEST amines is significantly higher in the IDH-wt than in both IDH-mut 1p/19q-ret (p=0.0061) and IDH-mut 1p/19q-codel (p=0.0015).

Figure 4 :

 4 Figure 4: Violin plot of CEST amides (blue), CEST amines (red) and CEST amides /CEST amines (green). From left to right: IDH-wt, IDHmut 1p/19q-ret with and without T2/FLAIR mismatch and IDH-mut 1p/19q-codel. CEST is lower in IDH-wt vs IDH-mut 1p/19q-ret (p=0.0005) and CEST amides /CEST amines is higher in IDH-wt vs both IDH-mut 1p/19q-ret (p=0.0029) and IDH-mut 1p/19q-codel (p=0.0018). In addition, CEST amides and CEST amines are higher in IDHmut 1p/19q-ret vs IDH-mut 1p/19q-codel gliomas (p=0.0032 and p=0.0015).
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