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Abstract

:

Rationale and Objectives: Advanced adjuvant therapy of diffuse gliomas can result in equivocal findings in follow-up imaging. We aimed to assess the additional value of dynamic susceptibility perfusion imaging in the differentiation of progressive disease (PD) from pseudoprogression (PsP) in different molecular glioma subtypes. Materials and Methods: 89 patients with treated diffuse glioma with different molecular subtypes (IDH wild type (Astro-IDHwt), IDH mutant astrocytomas (Astro-IDHmut) and oligodendrogliomas), and tumor-suspect lesions on post-treatment follow-up imaging were classified into two outcome groups (PD or PsP) retrospectively by histopathology or clinical follow-up. The relative cerebral blood volume (rCBV) was assessed in the tumor-suspect FLAIR and contrast-enhancing (CE) lesions. We analyzed how a multilevel classification using a molecular subtype, the presence of a CE lesion, and two rCBV histogram parameters performed for PD prediction compared with a decision tree model (DTM) using additional rCBV parameters. Results: The PD rate was 69% in the whole cohort, 86% in Astro-IDHwt, 52% in Astro-IDHmut, and 55% in oligodendrogliomas. In the presence of a CE lesion, the PD rate was higher with 82%, 94%, 59%, and 88%, respectively; if there was no CE lesion, however, the PD rate was only 44%, 60%, 40%, and 33%, respectively. The additional use of the rCBV parameters in the DTM yielded a prediction accuracy for PD of 99%, 100%, 93%, and 95%, respectively. Conclusion: Utilizing combined information about the molecular tumor type, the presence or absence of CE lesions and rCBV parameters increases PD prediction accuracy in diffuse glioma.
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1. Introduction


The differentiation of diffuse gliomas by their histologic and molecular characteristics enables targeted adjuvant therapeutic management and a better estimation of prognosis. However, classical MR imaging tools such as T2 signal and contrast enhancement (CE) are often insufficient for the initial differentiation between tumor subtypes and in the post-therapeutic evaluation. Therapy-related changes include radiation necrosis (RN), pseudoprogression (PsP), and pseudoresponse (PR) [1]. PR can be detected as regressing edema and CE in the context of anti-VEGF therapy. In RN, the intense local tissue changes such as necrosis are radiotherapy (RT)-associated with a longer delay of up to 12 months and usually do not completely subside. In PsP, the increasing edema and disrupted blood-brain barrier in the radiation field is facilitated by the additional chemotherapy, may appear within the first 3–6 months after radiochemotherapy (RCT), and will regress over time. While PsP and RN are often confused, the latter should be reserved for persisting but stable lesions in patients without preceding chemotherapy [2]. The diagnosis of RN and PsP require follow-up imaging and cannot be differentiated reliably at the first imaging from progressive disease (PD) by conventional magnetic resonance imaging (MRI) [2,3]. The Response Assessment in Neuro-Oncology (RANO) group currently recommends clinical and/or imaging follow-ups to differentiate PD from PsP [4,5,6]. However, to detect PD earlier in order to enable a timely change in the therapeutical approach, it would be desirable to define imaging parameters to differentiate between PD and PsP. Dynamic susceptibility perfusion imaging (DSC-MRI) is a robust functional imaging tool assessing elevated vasculature in brain tumors by quantifying the contrast agent influx [7]. The neo-angiogenesis in glioma varies depending on the molecular characteristics, and isocitrate dehydrogenase (IDH) mutation status correlates with regional cerebral blood volume (rCBV) parameters [8]. As the presence of an IDH mutation correlates with better prognoses and better response to therapy [9], it is important to also tailor the diagnostics on the molecular subgroups. DSC-MRI´s utility to differentiate PsP and PD has been shown in prior studies; however, its added value to conventional imaging is still under debate [10,11,12,13,14,15,16] Many of these studies either require multiple follow-ups or a special radiomics platform with hundreds of rCBV parameters, limiting their applicability in everyday practice. Thus, there remains the need for an easily applicable diagnostic approach allowing for the estimation of PD probability by reviewing a few imaging parameters.



Our study aimed to estimate the value that DSC-MRI adds to conventional MR imaging for the differentiation between PD and PsP in different glioma molecular subtypes, by using a multilevel classification and a machine learning-based analysis of nine rCBV histogram parameters in two tumor VOIs.




2. Materials and Methods


2.1. Patients


Patients were recruited from the hospital’s imaging database in a retrospective manner; the hospital’s local review board approved the retrospective study design and waived written informed consent. All patients who received a multimodal MRI with DSC-MRI on one scanner in our institution between 08/2015 and 12/2017 were reviewed. 104 patients with the imaging indication to discriminate between PD vs. PsP after treatment were included. Subsequently, patients with previously defined histopathological diagnosis (conform to the 2016 CNS WHO criteria [17]) were reviewed and only those with astrocytic tumors (IDH wild type (Astro-IDHwt) or IDH mutated (Astro-IDHmut)) and oligodendrogliomas (IDH-mutant, ATRX-wildtype, and 1p/19q-codeletion) were included (n = 95). Finally, patients with incomplete imaging or missed follow-up were excluded, leading to a final patient number of 89 (Figure 1).



For the definition of PD and PsP in these patients, clinical data and histopathology (as available) were used as reference standards by retrieving the patients’ electronic health records within 6–9 months from the time of the analyzed MRI. Clinical data included the disease’s further course, clinical examination notes and follow-up imaging. Therapy regimes preceding the DSC-MRI examination (radiotherapy, chemotherapy, or immunotherapy within the previous two years) were also noted. The individual outcome for both high grade and low grade glioma was defined in accordance with the RANO [5] and if applicable, the iRANO [6] criteria [18,19,20].



Of the 89 included patients (mean age 49 ± 13 years, 39 female), 42 had Astro-IDHwt (31 WHO grade IV), 27 had Astro-IDHmut (5 WHO grade IV), and 20 had oligodendroglioma (Table 1). 61/89 (69%) patients had PD and 28/89 (31%) patients PsP. Histopathological confirmation was obtained in 22 of the 61 PD cases (36%).




2.2. MRI Examinations


MRI examinations were acquired using a 3T MRI scanner (Biograph mMR, Siemens Healthineers, Erlangen, Germany) according to the standardized brain tumor imaging protocol, including DSC-MRI [21]. DSC-MRI was performed with 3 min delay after contrast preloading with 0.25 mmol/kg Gadobutrol (Gadovist, Bayer Healthcare, Leverkusen, Germany), during the first pass of the bolus injection of 0.1 mmol/kg Gadobutrol (injection rate 3 mL/s). CBV was calculated from DSC-MRI with syngo® perfusion (Siemens Healthcare, Erlangen, Germany) with an automatic definition of the arterial input function and model-based post-processing leakage correction. For rCBV histogram analysis, we used an in-house Matlab®-based software (Matlab 2014b, MathWorks Natick, MA, USA), as described in [7]. Two board-certified radiologists with >5 years of neuroradiology experience analyzed the images in consensus, both blinded to the outcome. The presence or absence of new or progressive contrast enhancement (CE) in tumor-suspect lesions was documented. A three-dimensional multi-slice volume of interest (VOIflair) was defined on the FLAIR images encompassing all of the tumor-suspect signal alterations but excluding necrotic and hemorrhagic areas―which would compromise the evaluation of the CBV maps―by inspecting the corresponding pre- and post-contrast T1-weighted (T1w) images. On the post-contrast T1w images, a CE VOI (if present) was defined similarly (VOIce).



After automatic distortion corrected transfer of the VOIs to the CBV maps, we normalized all CBV values to a VOI in the contralateral normal-appearing white matter, resulting in relative CBV values (rCBV) and retrieved nine parameters from the corresponding rCBV histogram: the mean, minimal, and maximal rCBV, the standard deviation, skewness, and kurtosis, as well as the 25th, 50th, and 75th percentiles.




2.3. Statistical Analysis


We used the Fisher exact test to assess if the presence of a CE lesions (binary non-parametric variable) could identify PD vs. PsP (binary dependent variable). Univariate logistic regression was used for the continuous variables of mean and maximal rCBV. For the combined assessment of all rCBV parameters in both VOIs we used a machine learning-based approach with a decision tree model (DTM, 18 input parameters, minimal leaf size = 2, 10-fold cross-validation), where the input parameters were the presence of a CE lesion and the corresponding nine rCBV histogram parameters (2 × 9 parameters). We included missing rCBV values as a separate category representing the absence of CE as input information. We evaluated the diagnostic imaging performance by receiver operating characteristics (ROC) analysis, including calculation of the 95%-confidence intervals. Statistical calculations were performed with the software JMP 13.0 (SAS, Cary, NC, USA) and on statpages.org. A p-value of less than 0.05 was considered statistically significant.





3. Results


Multilevel Classification by Tumor Subtype and Imaging Parameters


The rate of PD (as defined in the Methods section using a clinical or histopathologic reference standard) was 69%. PD occurred in 86% (36/42) in the Astro-IDHwt subgroup (+17% compared to the whole group), in 52% in the Astro-IDHmut subgroup (−17%), and in 55% in the oligodendroglioma subgroup (−14%). Astro-IDHwt tumors had a higher prevalence of PD when the MGMT promoter was unmethylated (92% compared to 81% in methylated MGMT promotors).



CE lesions were present in 63% of all patients, with the most common type being Astro-IDHwt (74%), followed by Astro-IDHmut (63%), and oligodendroglioma (40%). The presence of a CE lesion raised PD probability in the whole cohort to 82% vs. the initial 69% (+13%), more so in oligodendroglioma (88% vs. 55%, i.e., +33%) than in Astro-IDHwt (94% vs. 86%, i.e., +8%) and in Astro-IDHmut (59% vs. 52%, i.e., +7%). A significant association between the presence of a CE lesion and a higher prevalence of PD was found in Astro-IDHwt (p = 0.0214) and oligodendroglioma (p = 0.0281) with the highest accuracy in Astro-IDHwt (Table 2). The data of the VOIce of one patient with Astro-IDHwt was technically compromised, and we only analyzed the data of the VOIflair of this patient.



The easily derivable rCBV histogram parameters mean and maximal rCBV predicted PD more accurately if there was a CE lesion, but they also yielded a reasonable accuracy in the VOIflair in the Astro-IDHmut and oligodendroglioma subtypes (Table 3).



The DTM, where the presence or absence of a CE lesion and nine rCBV histogram parameters were included as input information, yielded an excellent diagnostic performance with high validity in Astro-IDHwt glioma and good performance with lower validity in Astro-IDHmut glioma and oligodendroglioma (Table 4). The results of the multilevel classification are demonstrated in Figure 2, where each level represents the additional information resulting in the change of the probability of PD. The addition of each parameter (tumor type, CE lesion, rCBV) increases diagnostic security. The combination of all parameters in the DTM reaches the highest accuracy for detecting PD in all groups.





4. Discussion


With the increase of treatment options for diffuse gliomas resulting in an expansion of survival, the diagnostic dilemma of differentiating PD from PsP in the post-treatment evaluation is and will be more and more prevalent [22,23]. Clinical decision-making needs the support of neuroimaging, but using only conventional MRI its utility remains limited [5,24,25]. While DSC-MRI is increasingly available, its value in this context is still debated [26,27]. A recent review of the current strategies of glioma surveillance [28] includes a useful overview of the current literature and a pertinent discussion of the topic. It has been shown that observing rCBV changes over time is useful for PsP detection [13,29]; however, this still leaves the clinician with the need for multiple follow-ups. A radiomics approach [14] has been shown to differentiate accurately between PsP and PD; more recently, deep learning algorithms utilizing data from multiparametric MRI data were also shown to be useful in this indication [30,31]; however, as long as such a tool is not widely available for the imaging community, there remains need for an easily applicable diagnostic approach, where new suspicious imaging findings can be matched to a PD probability. The novelty of our study is that it provides a simple way to assess PD probability at the first imaging of a patient with the diagnostic question of PD vs. PsP.



The rate of PsP (31%) in our cohort was comparable with the literature [3,5]. We found a lower PsP rate (and thus a higher prevalence of PD) in Astro-IDHwt (14%) compared to Astro-IDHmut (48%) and oligodendroglioma (45%), in agreement with prior reports [32,33].



Also, the presence of a CE lesion had a predictive value for PD, as has been described previously [34,35]. The RANO criteria evaluate imaging changes with and without CE separately and according to other criteria for defining potential tumor progression [5]. Therefore, we included a separate no CE-lesion analysis, as previously suggested [36].



Our results confirmed previous findings of the predictive value of mean and maximal rCBV―parameters that are easily obtainable in the clinical routine. We found that rCBV performed better within the CE lesion (if present) than in the whole suspect FLAIR area, which aligns with the hypothesis that elevated rCBV reflects vessel sprouting with an impaired vascular function (concomitant with blood-brain barrier breakdown) within tumor infiltration zones in PD rather than ischemia-related scar tissue or immune-response related hypercellularity seen in PsP [27]. In the VOI comprising the whole suspect area (VOIflair), gliosis and edema may additionally intertwine with these pathophysiologic processes. In pretreatment imaging, oligodendrogliomas were shown to have higher and Astro-IDHmut lower rCBV values than Astro-IDHwt [37,38]. These findings were not replicated in post-treatment imaging. The DTM, combining 10 imaging parameters, had a superior performance for PD detection, similarly to the results of a radiomics based study with 310 features [14].



The multilevel classification with associated probabilities (Figure 2) might serve as a straightforward guidance tool to identify patients with PD in everyday clinical practice in addition to the RANO criteria. In summary, in Astro-IDHwt, PD probability is per se high and increases by the presence of a CE lesion; rCBV does not add much information. In Astro-IDHmut, with a chance of 52% for PsP, the presence of a CE lesion is of minor importance but an elevated rCBV speaks highly in favor of PD. In oligodendrogliomas, the presence of a CE lesion or an elevated rCBV raises the probability of PD from 45% to >80%. Cases without a CE lesion or a high-CBV-lesion are more challenging in all subgroups. However, DTM yields very high accuracy even in these groups, reflecting the added value of all rCBV histogram parameters. It is known that Astro-IDHwt have an inherently worse prognosis than Astro-IDHmut, part of which is that these tumors tend to recur rather than show PsP. It has also been shown that Astro-IDHmut glioma consistently demonstrated less aggressive imaging features than Astro-IDHwt [39]. We hypothesize that the Astro-IDHwt tumors behave a priori more malignantly, their worse prognosis resulting partly from their high PD rate, which is ascertained by the presence of a CE lesion, more so if hyperperfused. On the other hand, Astro-IDHmut tumors behave less malignantly, with a lower rate of PD, and their lesions are less prone to the disruption of the blood-brain-barrier, and even if they do enhance, this does not equate PD. However, if their lesions are hyperperfused, this indicates a more malignant behavior―thus being the scenario where functional imaging with DSC-MRI plays a relevant role in the discrimination of PD.



Our results interpretability is inherently limited by the retrospective design of the study with inhomogeneous data. We included both patients who were directly post-treatment, as well as patients with treatment more than 2 years ago; while most PsP occur in the months directly after treatment, there are reports of late onset PsP [40,41], supporting our choice to extend the time frame. Another limitation may be including only the molecular glioma characteristics regardless of WHO grades. It has been demonstrated that the survival differences between WHO grade II and grade III Astro-IDHmut are not significant, while the rare WHO grade IV Astro-IDHmut still have a significantly worse outcome [42]. Also, it is now the understanding that “low-grade Astro-IDHwt” does probably not exist and should be designated as “molecular glioblastoma” [43]. In our cohort, 73% of Astro-IDHwt were WHO grade IV and 18% of Astro-IDHmut were WHO grade IV tumors, which is a good representation of the generally known distributions. It has also been shown that IDH mutation status―along with other factors such as MGMT methylation, overexpression of p53 and 1p/19q codeletion―has a predictive value for PsP, with IDH-mutant tumors being more prone for PsP, which could also be reproduced in our cohort (14% PsP-rate in Astro-IDHwt vs. 48% in Astro-IDHmut and 45% in oligodendroglioma). MGMT methylation has also been shown to correlate with a higher occurrence of PsP [44], which could also be reproduced in our cohort; however, further subgroup analysis according to the MGMT status was omitted due to the lack of statistical power resulting from too small subgroups. These studies, however, have mainly been conducted on cohorts containing only high-grade gliomas. In summary, it might be assumed that the tumor’s molecular subtype has more to do with the probability of PsP than WHO grades. We omitted a separate or a co-analysis by WHO grades for clarity and statistical power. Another confounding factor may be our patients’ heterogeneous prior therapeutic history, also somewhat representing everyday clinical practice; subgroup analyses were not possible due to the small number of patients. Lastly, an overfitting of the DTM due to the small sample size―which was compensated for by implementing multiple cross-validation―may limit its validity.




5. Conclusions


Utilizing combined information about molecular tumor subtype, the presence of a contrast-enhancing lesion and multiple perfusion imaging parameters can increase diagnostic certainty in the differentiation of tumor recurrence vs. pseudoprogression in diffuse gliomas. DSC-CBV is especially helpful for the prediction of pseudoprogression in IDH-mutated glioma and oligodendroglioma.
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	Astro-IDHmut
	astrocytic tumor with isocitrate dehydrogenase mutation



	Astro-IDHwt
	isocitrate dehydrogenase wildtype astrocytic tumor



	CBV
	cerebral blood volume



	CE
	contrast enhancement



	CNS
	central nervous system



	DSC-MRI
	dynamic susceptibility perfusion imaging



	DTM
	decision tree model



	FLAIR
	fluid-attenuated inversion recovery



	IDH
	isocitrate dehydrogenase



	MGMT
	O6-methylguanine-DNA methyl-transferase



	MRI
	magnetic resonance imaging



	PD
	progressive disease



	PPV
	positive predictive value



	PsP
	pseudoprogression



	RANO
	Response Assessment in Neuro-Oncology



	ROC
	receiver operating characteristics



	rCBV
	relative cerebral blood volume



	SD
	standard deviation



	VOIce
	contrast-enhancing disease-specific volume of interest



	VOIflair
	volume of interest with suspicious disease-specific signal alterations in the FLAIR
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	World Health Organization







References


	



Zikou, A.; Sioka, C.; Alexiou, G.A.; Fotopoulos, A.; Voulgaris, S.; Argyropoulou, M.I. Radiation Necrosis, Pseudoprogression, Pseudoresponse, and Tumor Recurrence: Imaging Challenges for the Evaluation of Treated Gliomas. Contrast Media Mol. Imaging 2018, 2018, 6828396. [Google Scholar] [CrossRef]

	



Delgado-Lopez, P.D.; Rinones-Mena, E.; Corrales-Garcia, E.M. Treatment-related changes in glioblastoma: A review on the controversies in response assessment criteria and the concepts of true progression, pseudoprogression, pseudoresponse and radionecrosis. Clin. Transl. Oncol. 2018, 20, 939–953. [Google Scholar] [CrossRef]

	



Rowe, L.S.; Butman, J.A.; Mackey, M.; Shih, J.H.; Cooley-Zgela, T.; Ning, H.; Gilbert, M.R.; Smart, D.K.; Camphausen, K.; Krauze, A.V. Differentiating pseudoprogression from true progression: Analysis of radiographic, biologic, and clinical clues in GBM. J. Neurooncol. 2018, 139, 145–152. [Google Scholar] [CrossRef] [PubMed]

	



Wen, P.Y.; Macdonald, D.R.; Reardon, D.A.; Cloughesy, T.F.; Sorensen, A.G.; Galanis, E.; Degroot, J.; Wick, W.; Gilbert, M.R.; Lassman, A.B.; et al. Updated response assessment criteria for high-grade gliomas: Response assessment in neuro-oncology working group. J. Clin. Oncol. 2010, 28, 1963–1972. [Google Scholar] [CrossRef]

	



Ellingson, B.M.; Wen, P.Y.; Cloughesy, T.F. Modified Criteria for Radiographic Response Assessment in Glioblastoma Clinical Trials. Neurotherapeutics 2017, 14, 307–320. [Google Scholar] [CrossRef] [PubMed]

	



Okada, H.; Weller, M.; Huang, R.; Finocchiaro, G.; Gilbert, M.R.; Wick, W.; Ellingson, B.M.; Hashimoto, N.; Pollack, I.F.; Brandes, A.A.; et al. Immunotherapy response assessment in neuro-oncology: A report of the RANO working group. Lancet Oncol. 2015, 16, E534–E542. [Google Scholar] [CrossRef]

	



Brendle, C.; Hempel, J.M.; Schittenhelm, J.; Skardelly, M.; Reischl, G.; Bender, B.; Ernemann, U.; la Fougere, C.; Klose, U. Glioma grading by dynamic susceptibility contrast perfusion and (11)C-methionine positron emission tomography using different regions of interest. Neuroradiology 2018, 60, 381–389. [Google Scholar] [CrossRef]

	



Kickingereder, P.; Sahm, F.; Radbruch, A.; Wick, W.; Heiland, S.; Deimling, A.; Bendszus, M.; Wiestler, B. IDH mutation status is associated with a distinct hypoxia/angiogenesis transcriptome signature which is non-invasively predictable with rCBV imaging in human glioma. Sci. Rep. 2015, 5, 16238. [Google Scholar] [CrossRef]

	



SongTao, Q.; Lei, Y.; Si, G.; YanQing, D.; HuiXia, H.; XueLin, Z.; LanXiao, W.; Fei, Y. IDH mutations predict longer survival and response to temozolomide in secondary glioblastoma. Cancer Sci. 2012, 103, 269–273. [Google Scholar] [CrossRef]

	



Patel, P.; Baradaran, H.; Delgado, D.; Askin, G.; Christos, P.; John Tsiouris, A.; Gupta, A. MR perfusion-weighted imaging in the evaluation of high-grade gliomas after treatment: A systematic review and meta-analysis. Neuro Oncol. 2017, 19, 118–127. [Google Scholar] [CrossRef]

	



Prager, A.J.; Martinez, N.; Beal, K.; Omuro, A.; Zhang, Z.; Young, R.J. Diffusion and perfusion MRI to differentiate treatment-related changes including pseudoprogression from recurrent tumors in high-grade gliomas with histopathologic evidence. AJNR Am. J. Neuroradiol. 2015, 36, 877–885. [Google Scholar] [CrossRef] [PubMed]

	



Kim, H.S.; Goh, M.J.; Kim, N.; Choi, C.G.; Kim, S.J.; Kim, J.H. Which combination of MR imaging modalities is best for predicting recurrent glioblastoma? Study of diagnostic accuracy and reproducibility. Radiology 2014, 273, 831–843. [Google Scholar] [CrossRef]

	



Boxerman, J.L.; Ellingson, B.M.; Jeyapalan, S.; Elinzano, H.; Harris, R.J.; Rogg, J.M.; Pope, W.B.; Safran, H. Longitudinal DSC-MRI for Distinguishing Tumor Recurrence From Pseudoprogression in Patients With a High-grade Glioma. Am. J. Clin. Oncol. 2017, 40, 228–234. [Google Scholar] [CrossRef] [PubMed]

	



Elshafeey, N.; Kotrotsou, A.; Hassan, A.; Elshafei, N.; Hassan, I.; Ahmed, S.; Abrol, S.; Agarwal, A.; El Salek, K.; Bergamaschi, S.; et al. Multicenter study demonstrates radiomic features derived from magnetic resonance perfusion images identify pseudoprogression in glioblastoma. Nat. Commun. 2019, 10, 3170. [Google Scholar] [CrossRef]

	



Hu, X.; Wong, K.K.; Young, G.S.; Guo, L.; Wong, S.T. Support vector machine multiparametric MRI identification of pseudoprogression from tumor recurrence in patients with resected glioblastoma. J. Magn. Reson. Imaging 2011, 33, 296–305. [Google Scholar] [CrossRef]

	



Wang, S.; Martinez-Lage, M.; Sakai, Y.; Chawla, S.; Kim, S.G.; Alonso-Basanta, M.; Lustig, R.A.; Brem, S.; Mohan, S.; Wolf, R.L.; et al. Differentiating Tumor Progression from Pseudoprogression in Patients with Glioblastomas Using Diffusion Tensor Imaging and Dynamic Susceptibility Contrast MRI. AJNR Am. J. Neuroradiol. 2016, 37, 28–36. [Google Scholar] [CrossRef]

	



Louis, D.N.; Perry, A.; Reifenberger, G.; von Deimling, A.; Figarella-Branger, D.; Cavenee, W.K.; Ohgaki, H.; Wiestler, O.D.; Kleihues, P.; Ellison, D.W. The 2016 World Health Organization Classification of Tumors of the Central Nervous System: A summary. Acta Neuropathol. 2016, 131, 803–820. [Google Scholar] [CrossRef]

	



Leao, D.J.; Craig, P.G.; Godoy, L.F.; Leite, C.C.; Policeni, B. Response Assessment in Neuro-Oncology Criteria for Gliomas: Practical Approach Using Conventional and Advanced Techniques. AJNR Am. J. Neuroradiol. 2020, 41, 10–20. [Google Scholar] [CrossRef] [PubMed]

	



Lu, V.M.; Welby, J.P.; Laack, N.N.; Mahajan, A.; Daniels, D.J. Pseudoprogression after radiation therapies for low grade glioma in children and adults: A systematic review and meta-analysis. Radiother. Oncol. 2020, 142, 36–42. [Google Scholar] [CrossRef]

	



Chukwueke, U.N.; Wen, P.Y. Use of the Response Assessment in Neuro-Oncology (RANO) criteria in clinical trials and clinical practice. CNS Oncol. 2019, 8, CNS28. [Google Scholar] [CrossRef]

	



Ellingson, B.M.; Bendszus, M.; Boxerman, J.; Barboriak, D.; Erickson, B.J.; Smits, M.; Nelson, S.J.; Gerstner, E.; Alexander, B.; Goldmacher, G.; et al. Consensus recommendations for a standardized Brain Tumor Imaging Protocol in clinical trials. Neuro Oncol. 2015, 17, 1188–1198. [Google Scholar] [CrossRef]

	



Batash, R.; Asna, N.; Schaffer, P.; Francis, N.; Schaffer, M. Glioblastoma Multiforme, Diagnosis and Treatment; Recent Literature Review. Curr. Med. Chem. 2017, 24, 3002–3009. [Google Scholar] [CrossRef]

	



Audureau, E.; Chivet, A.; Ursu, R.; Corns, R.; Metellus, P.; Noel, G.; Zouaoui, S.; Guyotat, J.; Le Reste, P.J.; Faillot, T.; et al. Prognostic factors for survival in adult patients with recurrent glioblastoma: A decision-tree-based model. J. Neurooncol. 2018, 136, 565–576. [Google Scholar] [CrossRef]

	



Shah, R.; Vattoth, S.; Jacob, R.; Manzil, F.F.; O’Malley, J.P.; Borghei, P.; Patel, B.N.; Cure, J.K. Radiation necrosis in the brain: Imaging features and differentiation from tumor recurrence. Radiographics 2012, 32, 1343–1359. [Google Scholar] [CrossRef]

	



Kumar, A.J.; Leeds, N.E.; Fuller, G.N.; Van Tassel, P.; Maor, M.H.; Sawaya, R.E.; Levin, V.A. Malignant gliomas: MR imaging spectrum of radiation therapy- and chemotherapy-induced necrosis of the brain after treatment. Radiology 2000, 217, 377–384. [Google Scholar] [CrossRef]

	



Welker, K.; Boxerman, J.; Kalnin, A.; Kaufmann, T.; Shiroishi, M.; Wintermark, M. American Society of Functional Neuroradiology MR Perfusion Standards and Practice Subcommittee of the ASFNR Clinical Practice Committee: ASFNR recommendations for clinical performance of MR dynamic susceptibility contrast perfusion imaging of the brain. AJNR Am. J. Neuroradiol. 2015, 36, E41–E51. [Google Scholar] [CrossRef] [PubMed]

	



Wan, B.; Wang, S.; Tu, M.; Wu, B.; Han, P.; Xu, H. The diagnostic performance of perfusion MRI for differentiating glioma recurrence from pseudoprogression: A meta-analysis. Medicine 2017, 96, e6333. [Google Scholar] [CrossRef] [PubMed]

	



Abdalla, G.; Hammam, A.; Anjari, M.; D’Arco, D.F.; Bisdas, D.S. Glioma surveillance imaging: Current strategies, shortcomings, challenges and outlook. BJR Open 2020, 2, 20200009. [Google Scholar] [CrossRef] [PubMed]

	



Steidl, E.; Müller, M.; Müller, A.; Herrlinger, U.; Hattingen, E. Longitudinal, leakage corrected and uncorrected rCBV during the first-line treatment of glioblastoma: A prospective study. J. Neurooncol. 2019. [Google Scholar] [CrossRef]

	



Lee, J.; Wang, N.; Turk, S.; Mohammed, S.; Lobo, R.; Kim, J.; Liao, E.; Camelo-Piragua, S.; Kim, M.; Junck, L.; et al. Discriminating pseudoprogression and true progression in diffuse infiltrating glioma using multi-parametric MRI data through deep learning. Sci Rep. 2020, 10, 20331. [Google Scholar] [CrossRef] [PubMed]

	



Akbari, H.; Rathore, S.; Bakas, S.; Nasrallah, M.P.; Shukla, G.; Mamourian, E.; Rozycki, M.; Bagley, S.J.; Rudie, J.D.; Flanders, A.E.; et al. Histopathology-validated machine learning radiographic biomarker for noninvasive discrimination between true progression and pseudo-progression in glioblastoma. Cancer 2020, 126, 2625–2636. [Google Scholar] [CrossRef]

	



Li, H.; Li, J.; Cheng, G.; Zhang, J.; Li, X. IDH mutation and MGMT promoter methylation are associated with the pseudoprogression and improved prognosis of glioblastoma multiforme patients who have undergone concurrent and adjuvant temozolomide-based chemoradiotherapy. Clin. Neurol. Neurosurg. 2016, 151, 31–36. [Google Scholar] [CrossRef]

	



Lin, A.L.; White, M.; Miller-Thomas, M.M.; Fulton, R.S.; Tsien, C.I.; Rich, K.M.; Schmidt, R.E.; Tran, D.D.; Dahiya, S. Molecular and histologic characteristics of pseudoprogression in diffuse gliomas. J. Neurooncol. 2016, 130, 529–533. [Google Scholar] [CrossRef]

	



Boxerman, J.L.; Zhang, Z.; Safriel, Y.; Rogg, J.M.; Wolf, R.L.; Mohan, S.; Marques, H.; Sorensen, A.G.; Gilbert, M.R.; Barboriak, D.P. Prognostic value of contrast enhancement and FLAIR for survival in newly diagnosed glioblastoma treated with and without bevacizumab: Results from ACRIN 6686. Neuro Oncol. 2018, 20, 1400–1410. [Google Scholar] [CrossRef]

	



Wen, P.Y.; Chang, S.M.; Van den Bent, M.J.; Vogelbaum, M.A.; Macdonald, D.R.; Lee, E.Q. Response Assessment in Neuro-Oncology Clinical Trials. J. Clin. Oncol. 2017, 35, 2439–2449. [Google Scholar] [CrossRef]

	



Pope, W.B.; Hessel, C. Response assessment in neuro-oncology criteria: Implementation challenges in multicenter neuro-oncology trials. AJNR Am. J. Neuroradiol. 2011, 32, 794–797. [Google Scholar] [CrossRef] [PubMed]

	



Latysheva, A.; Emblem, K.E.; Brandal, P.; Vik-Mo, E.O.; Pahnke, J.; Roysland, K.; Hald, J.K.; Server, A. Dynamic susceptibility contrast and diffusion MR imaging identify oligodendroglioma as defined by the 2016 WHO classification for brain tumors: Histogram analysis approach. Neuroradiology 2019, 61, 545–555. [Google Scholar] [CrossRef] [PubMed]

	



Xing, Z.; Zhang, H.; She, D.; Lin, Y.; Zhou, X.; Zeng, Z.; Cao, D. IDH genotypes differentiation in glioblastomas using DWI and DSC-PWI in the enhancing and peri-enhancing region. Acta Radiol. 2019, 60, 1663–1672. [Google Scholar] [CrossRef]

	



Suh, C.H.; Kim, H.S.; Jung, S.C.; Choi, C.G.; Kim, S.J. Imaging prediction of isocitrate dehydrogenase (IDH) mutation in patients with glioma: A systemic review and meta-analysis. Eur. Radiol. 2019, 29, 745–758. [Google Scholar] [CrossRef] [PubMed]

	



Galante, J.R.; Rodriguez, F.; Grossman, S.A.; Strowd, R.E. Late post-treatment radiographic changes 3 years following chemoradiation for glioma: The importance of histopathology. CNS Oncol. 2017. [Google Scholar] [CrossRef]

	



Voss, M.; Franz, K.; Steinbach, J.P.; Fokas, E.; Forster, M.T.; Filipski, K.; Hattingen, E.; Wagner, M.; Breuer, S. Contrast enhancing spots as a new pattern of late onset pseudoprogression in glioma patients. J. Neurooncol. 2019, 142, 161–169. [Google Scholar] [CrossRef] [PubMed]

	



Shirahata, M.; Ono, T.; Stichel, D.; Schrimpf, D.; Reuss, D.E.; Sahm, F.; Koelsche, C.; Wefers, A.; Reinhardt, A.; Huang, K.; et al. Novel, improved grading system(s) for IDH-mutant astrocytic gliomas. Acta Neuropathol. 2018, 136, 153–166. [Google Scholar] [CrossRef] [PubMed]

	



Hasselblatt, M.; Jaber, M.; Reuss, D.; Grauer, O.; Bibo, A.; Terwey, S.; Schick, U.; Ebel, H.; Niederstadt, T.; Stummer, W.; et al. Diffuse Astrocytoma, IDH-Wildtype: A Dissolving Diagnosis. J. Neuropathol. Exp. Neurol. 2018, 77, 422–425. [Google Scholar] [CrossRef]

	



Zhou, M.; Niu, C.; Jia, L.; He, H. The value of MGMT promote methylation and IDH-1 mutation on diagnosis of pseudoprogression in patients with high-grade glioma: A meta-analysis. Medicine 2019, 98, e18194. [Google Scholar] [CrossRef] [PubMed]








[image: Jcm 10 00598 g001 550] 





Figure 1. Flow chart of patient selection. Abbreviations: DSC-MRI: dynamic susceptibility contrast MRI; PD: progressive disease; PsP: pseudoprogression; Astro-IDHwt: isocitrate dehydrogenase wild type astrocytic tumor; Astro-IDHmut: astrocytic tumor with isocitrate dehydrogenase mutation. 
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Figure 2. Multilevel classification for the differentiation of progressive disease vs. pseudoprogression: 1 The rate of progressive disease depends on the tumor type. 2 The positive predictive value for progressive disease is higher in the presence of a contrast-enhancing lesion in each tumor type, but not equally so. 3 Additional information about an elevated rCBV parameter (mean or max, above a cut-off value shown in Table 3) amends the positive predictive value especially in lesions without contrast enhancement. 4 The machine learning-based decision tree analysis including 2 × 9 parameters (see Methods) elevates prediction accuracy to 93% and above. 5 In this group, 7/8 patients had progressive disease, therefore further analysis was waived. Abbreviations: rCBV: regional cerebral blood volume; Astro-IDHwt: isocitrate dehydrogenase wild type astrocytic tumor; Astro-IDHmut: astrocytic tumor with isocitrate dehydrogenase mutation; PD: progressive disease; PsP: pseudoprogression; CE: contrast-enhancing; DTM: decision tree-based model. 
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Table 1. Characteristics and preceding therapies of the patient groups.
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Astro-IDHwt

	
Astro-IDHmut

	
Oligodendroglioma






	
Number of patients (n)

	
42

	
27

	
20




	
Age (mean ± SD)

	
53 ± 14

	
40 ± 9

	
50 ± 10




	
Sex (female/male)

	
13/29

	
14/13

	
12/8




	
Progressive Disease (n)

	
36

	
14

	
11




	
Tumor grade




	
WHO grade II (n)

	
4

	
13

	
13




	
WHO grade III (n)

	
7

	
9

	
7




	
WHO grade IV (n)

	
31

	
5

	
0




	
MGMT promoter




	
Methylated (n)

	
16

	
11

	
20




	
Unmethylated (n)

	
25

	
8

	
0




	
Not known (n)

	
1

	
8

	
0




	
Preceding therapy




	
Radiochemotherapy (n)

	
27

	
15

	
10




	
Immunotherapy (n)

	
11

	
4

	
1




	
None within 2 years (n)

	
4

	
8

	
9








Abbreviations: Astro-IDHwt: isocitrate dehydrogenase wild type astrocytic tumor; Astro-IDHmut: astrocytic tumor with isocitrate dehydrogenase mutation; MGMT: O6-methylguanine-DNA methyl-transferase.
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Table 2. Predictive value of contrast enhancement for progressive disease.
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	Astro-IDHwt
	Astro-IDHmut
	Oligodendroglioma





	Prevalence of CE lesion
	74% (31/42)
	63% (17/27)
	40% (8/20)



	PD Rate in the Presence of a CE Lesion
	94% (29/31)
	59% (10/17)
	88% (7/8)



	p-value
	0.0214 *
	0.4401
	0.0281 *



	Accuracy
	0.81

(0.66–0.91)
	0.59

(0.39–0.78)
	0.75

(0.51–0.91)



	Sensitivity
	0.83

(0.67–0.94)
	0.71

(0.42–0.92)
	0.63

(0.31–0.89)



	Specificity
	0.67

(0.22–0.96)
	0.46

(0.19–0.75)
	0.89

(0.52–1)







Abbreviations: CE: contrast-enhancing lesion; PD: progressive disease; Astro-IDHwt: isocitrate dehydrogenase wild type astrocytic tumor; Astro-IDHmut: astrocytic tumor with isocitrate dehydrogenase mutation. 95%-confidence intervals are shown in brackets after the parameters of diagnostic performance; *: statistical significance.













[image: Table] 





Table 3. Predictive value of mean and maximal rCBV in different tumor volumes for progressive disease.
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Parameter

	
Whole Tumor (VOIflair)

	
Contrast-Enhancing Lesion (VOIce)

	
Whole Tumor (VOIflair) in Tumors without Contrast-Enhancing Lesion




	
Mean rCBV

	
Maximal rCBV

	
Mean rCBV

	
Maximal rCBV

	
Mean rCBV

	
Maximal rCBV






	

	
Astro-IDHwt




	
Cut-off value a

	
0.81

	
1.7

	
0.77

	
1.18

	
1.03

	
2.06




	
Accuracy

	
0.64

(0.48–0.78)

	
0.62

(0.46–0.76)

	
1

(0.89–1)

	
1

(0.89–1)

	
0.7

(0.35–0.93)

	
0.7

(0.35–0.93)




	
Sensitivity

	
0.58

(0.41–0.75)

	
0.56

(0.38–0.72)

	
1

(0.88–1)

	
1

(0.88–1)

	
0.5

(0.12–0.88)

	
0.5

(0.12–0.88)




	
Specificity

	
1

(0.54–1)

	
1

(0.54–1)

	
1

(0.16–1)

	
1

(0.16–1)

	
1

(0.4–1)

	
1

(0.4–1)




	

	
Astro-IDHmut




	
Cut-off value a

	
0.98

	
1.82

	
1.03

	
1.93

	
1.31

	
2.34




	
Accuracy

	
0.81

(0.62–0.94)

	
0.74

(0.54–0.89)

	
0.82

(0.57–0.96)

	
0.76

(0.5–0.93)

	
0.6

(0.26–0.88)

	
0.7

(0.35–0.93)




	
Sensitivity

	
0.93

(0.66–1)

	
0.79

(0.49–0.95)

	
0.9

(0.56–1)

	
0.7

(0.35–0.93)

	
1

(0.4–1)

	
1

(0.4–1)




	
Specificity

	
0.69

(0.39–0.91)

	
0.69

(0.39–0.91)

	
0.71

(0.29–0.96)

	
0.86

(0.42–1)

	
0.33

(0.04–0.78)

	
0.5

(0.12–0.88)




	

	
Oligodendroglioma




	
Cut-off value a

	
0.87

	
1.55

	
no data b

	
0.81

	
1.55




	
Accuracy

	
0.75

(0.51–0.91)

	
0.8

(0.56–0.94)

	
0.75

(0.43–0.95)

	
0.83

(0.52–0.98)




	
Sensitivity

	
0.82

(0.48–0.98)

	
0.91

(0.59–1)

	
1

(0.4–1)

	
1

(0.4–1)




	
Specificity

	
0.67

(0.3–0.93)

	
0.67

(0.3–0.93)

	
0.63

(0.25–0.91)

	
0.75

(0.35–0.97)








Abbreviations: rCBV: regional cerebral blood volume; Astro-IDHwt: isocitrate dehydrogenase wild type astrocytic tumor; Astro-IDHmut: astrocytic tumor with isocitrate dehydrogenase mutation. a: cut-off value for identification of progressive disease in the receiver operating characteristic (ROC) analysis; b: all but one of the patients with contrast-enhancing lesions in oligodendrogliomas had a progressive disease, therefore further analysis was waived for this subgroup; 95%-confidence intervals are shown in brackets after the parameters of diagnostic performance.
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Table 4. Predictive value of the decision tree analysis using rCBV histogram parameters for progressive disease.
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	Astro-IDHwt
	Astro-IDHmut
	Oligodendroglioma





	r2
	0.87
	0.70
	0.72



	Cross-validated r2
	0.97
	0.32
	0.55



	Accuracy
	1.0

(0.92–1)
	0.93

(0.76–0.99)
	0.95

(0.75–1)



	Sensitivity
	1.0

(0.9–1)
	0.93

(0.66–1)
	1.0

(0.72–1)



	Specificity
	1.0

(0.54–1)
	0.92

(0.64–1)
	0.89

(0.52–1)



	Most Important rCBV Histogram Parameter a
	Mean rCBV

in VOIce
	Mean rCBV

in VOIflair
	Standard deviation of rCBV in VOIflair



	Further Important rCBV Parameters
	Skewness of rCBV in VOIflair
	Kurtosis of rCBV in VOIflair;

Minimal rCBV in VOIflair
	75th percentile of rCBV in VOIflair







Abbreviations: rCBV: regional cerebral blood volume; Astro-IDHwt: isocitrate dehydrogenase wild type astrocytic tumor; Astro-IDHmut: astrocytic tumor with isocitrate dehydrogenase mutation. a: Histogram parameter with the strongest influence on the decision tree analysis (DTM). 95%-confidence intervals are shown in brackets after the parameters of diagnostic performance.
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