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I - INTRODUCTION 

1.1 Le concept de pseudo-progression 

Les glioblastomes (GBM) sont les tumeurs cérébrales primitives les plus fréquentes de l’adulte. Le traitement 

standard consiste en une résection chirurgicale maximale suivie d'une radiochimiothérapie concomitante par 

témozolomide. Dans les 6 mois suivant la fin de la radiochimiothérapie, près de 30 % des patients développent de 

nouvelles lésions ou une majoration de lésions pré-existantes secondaire à l’irradiation. Ce phénomène qui imite une 

progression tumorale précoce (PP) a été appelée pseudo-progression (Psp). Il serait consécutif à augmentation de la 

perméabilité de la barrière hémato-encéphalique responsable d’une majoration de l'œdème et des prises de contraste. 

En IRM conventionnelle, la Psp ne peut pas être distinguée de la PP. Le gold-standard est une nouvelle analyse 

histologique nécessitant une nouvelle chirurgie. Toutefois même à l’échelle histologique, le diagnostic demeure 

difficile car des plages de radionécrose et des cellules tumorales coexistent sur les pièces opératoires. En cas de 

suspicion de Psp, il est par conséquent recommander, en pratique clinique, de poursuivre le témozolomide et de 

conclure à une Psp sur l’IRM de suivi si le bilan d’imagerie s’améliore ou se stabilise et à une PP si l’aggravation se 

poursuit. A l'heure actuelle, la distinction entre Psp et EP ne peut être faite qu'a posteriori, ce qui a des implications 

importantes pour le traitement individuel. 

1.2 Caractéristiques connues de la pseudo-progression 

Par rapport à la Psp, plusieurs caractéristiques sont plus souvent associées à la PP dont une prise de contraste 

subépendymaire, des valeurs inférieures du coefficient de diffusion apparent (ADC) en diffusion (DWI), un volume 

sanguin cérébral relatif (rCBV) plus élevé en IRM de perfusion T2*, une perméabilité capillaire (Ktrans) plus élevée 

en IRM de perfusion T1 et des rapports choline/N-acétylaspartate supérieurs en spectroscopie protonique. L'imagerie 

métabolique par tomographie par émission de positrons (TEP) aux acides aminés dont la 11C-méthionine, la 18F-

Fluorodopa et la 18F-Fluoro-éthyltyrosine s'est également avérée intéressante. Au niveau moléculaire, la présence d'un 

promoteur MGMT méthylé et d'une mutation de l'IDH sont associés à la Psp.  

1.3 Objectifs de l’étude 

Malgré ces caractéristiques, aucune méthode n’est actuellement validée pour le diagnostic différentiel et les 

études suggèrent qu’une combinaison de ces modalités diagnostiques permettrait une distinction de la PP et de la Psp. 

L'objectif de ce travail étude était d'identifier rétrospectivement les caractéristiques cliniques, radiologiques et 

moléculaires associées à la PP et à la Psp et de déterminer leur valeur diagnostique, seule ou en combinaison. 
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1.4 Résumé de l’article 

Introduction 

Actuellement, aucune modalité diagnostique unique ne permet de faire la distinction entre la progression 

précoce (PP) et la pseudo-progression (Psp) chez les patients atteints de glioblastome. L'objectif était 

d'identifier les caractéristiques associées à la PP et à la Psp, et d'analyser leur valeur diagnostique, seule 

ou en combinaison.   

Matériel et méthodes 

Nous avons examiné les caractéristiques cliniques, d’IRM conventionnelle et moléculaires (méthylation 

du promoteur MGMT, mutation IDH et amplification de l'EGFR) des patients atteints de glioblastome qui 

ont présenté une PP (n = 59) ou une Psp (n = 24) dans les 6 mois suivant une radiochimiothérapie au 

témozolomide. Nous avons analysé le volume sanguin cérébral relatif (rCBV) et la perméabilité relative 

des vaisseaux sanguins sur des cartes K2 (rK2) chez un sous-ensemble de 33 patients en utilisant l'IRM de 

perfusion T2*.  

Résultats 

Dans l'analyse univariée, la PP était associée à une détérioration neurologique, à des doses plus élevées de 

dexaméthasone, à l'apparition de nouvelles lésions réhaussées, à une prise de contraste sous-épendymaire, 

à des valeurs rCBV et rK2 supérieures. La Psp survenait plus tôt après la fin de la radiothérapie et était 

associée à la mutation R132H de l'IDH1 et à la méthylation du promoteur. Dans l'analyse multivariée, la 

méthylation du promoteur MGMT, le rCBV et le rK2 étaient associés indépendamment à la PP et à la Psp. 

Tous les patients présentant un promoteur méthylé de MGMT et un rCBV faible (< 1,75) ont été classés 

dans la catégorie Psp, tandis que tous les patients présentant un promoteur de MGMT non méthylé et un 

rCBV élevé (≥ 1,75) ont été classés dans la catégorie PP. Chez les patients présentant des caractéristiques 

discordantes de méthylation de la MGMT et de rCBV, des valeurs plus élevées de rK2 avaient tendance à 

être associées à la PP. 

Conclusion 

L'analyse combinée de la méthylation MGMT, du CBV et de la perméabilité vasculaire sur les cartes K2 

semble utile pour distinguer PP et Psp. Une étude prospective est justifiée pour confirmer ces résultats.  
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II - ARTICLE 

2.1 Introduction: 

Glioblastomas (GBM) are the most frequent primary brain tumors in adults. Their treatment consists of 

maximal surgical resection followed by radiotherapy with concurrent and adjuvant temozolomide (TMZ) [1]. Within 6 

months after concurrent radiochemotherapy completion, up to 30% of patients develop new or worsening MRI 

contrast-enhancing lesions not resulting from early tumor progression (EP) but from radiation-induced changes [1]. 

This condition which mimics tumor progression has been termed pseudo-progression (Psp) and seems to be related to a 

radiation-induced increase of the permeability of the blood-brain barrier causing an increase in edema and contrast 

uptake [2,3]. Psp cannot reliably be distinguished from EP with conventional MRI [4]. The gold standard to 

differentiate EP and Psp is frequently considered to be new histological analysis. However, even at the 

neuropathological level, this distinction can be difficult because in a large proportion of patients with a suspicion of EP 

or Psp both tumor cells and post-radiation changes are found when a re-surgery is performed [5]. Therefore, the current 

recommendation in cases of suspected Psp is to continue TMZ and to conclude to a Psp on a follow-up MRI if the 

contrast-enhancement improves or stabilizes and to an EP if the contrast-enhancement worsens [5]. Thus, at present, 

the distinction between Psp and EP can only be made retrospectively, which has important implications for individual 

treatment. 

 Compared to Psp, several MRI characteristics have been associated with EP including more frequent 

subependymal contrast enhancement on conventional MRI [6,7], lower values of apparent diffusion coefficient (ADC) 

on diffusion weighted imaging (DWI) [7–10], higher relative cerebral blood volume (rCBV) on dynamic-

susceptibility-contrast MRI (DSC-MRI) [11–15], higher time-dependent leakage constant (Ktrans) on dynamic-

contrast-enhanced MRI (DCE-MRI) [16,17] and higher choline/N-acetylaspartate ratios on MR spectroscopy [18,19]. 

Metabolic imaging using positron emission tomography (PET) with 11C-methionine, 18F-Fluorodopa and 18F-Fluoro-

ethyltyrosine has also been shown to be of interest in the differential diagnosis of Psp and EP [20,21]. At the molecular 

level, the presence of a methylated MGMT promoter and of an IDH mutation, which are associated with increased 

chemosensitivity, has been shown to be associated with Psp [22–24]. Nevertheless, no single method has been 

validated for the differential diagnosis of EP or Psp, and it has been suggested that the optimal distinction between 

these conditions may be best achieved with the combination of several diagnostic modalities [25]. The aim of the 

present study was therefore to retrospectively identify clinical, radiological, and molecular characteristics associated 

with EP and Psp and to determine their diagnostic value, alone and in combination.  
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2.2 Methods: 

Patient selection: 

Our institutional ethics committee approved this study. Patients were retrospectively identified in the radiological 

database of our establishment. They were included if they had histological diagnosis of GBM according to WHO 2016, 

were aged > 18 years-old, received TMZ radiochemotherapy as initial treatment, had radiological and clinical follow-

up data available, and a radiological progression within 6 months after concurrent TMZ radiochemotherapy 

completion. Radiological progression was defined as any increase or new enhancement. Diagnoses of EP and Psp were 

made consensually by a neuro-oncologist and a radiologist blind to molecular profiles. EP and Psp were diagnosed 

according to histological analysis or on follow-up MRI in the absence of treatment change. EP was diagnosed if 

follow-up MRI demonstrated an ongoing contrast-enhancement progression within 6 months after initial MRI 

worsening and Psp was diagnosed based on follow-up MRI demonstrating contrast-enhancement stability or 

improvement within 6 months after initial radiological progression in the absence of treatment change. 

Clinical and molecular characteristics: 

The presence of a neurological deterioration (defined as the occurrence of any new neurological signs or the worsening 

of prior neurological signs), Karnofsky Performance Status (KPS), corticosteroid dosage at the time of Psp or EP, and 

date of death or last follow-up were collected from patients’ medical files blinded to the final diagnosis. MGMT 

promoter methylation, IDH1R132H mutation and EGFR amplification status were collected from patient medical files 

and assessed as previously described [26]. They were available in 73, 70 and 54 patients, respectively. 

MRI characteristics 

MRI were obtained using 1.5T and 3T magnets. All studies included at least pre-contrast T1-weighted, T2-weighted, 

and fluid attenuation inversion recovery (FLAIR) images followed by DSC-MRI data when available and post-contrast 

T1-weighted images. Standard doses of 0.1mmol/kg gadolinium were used for contrast-enhanced images. The same 

dose of contrast agent was administered for both 1.5T and 3T scans.  

DSC-MRI sequences were acquired using a gradient-echoplanner imaging (GE-EPI) technique during the first pass of 

a bolus of gadolinium contrast agent. The imaging parameters were as follows: time of repetition (TR) 2280 ms, time 

of emission (TE) 40 ms, flip angle 75°, matrix 212 x 136 mm slice thickness, no gap, 20 slices, field of view 224 mm, 

fat saturation, EPI factor 55. DSC-MRI were available in 33 patients (26 EP and 7 Psp).  MRI demonstrating 

worsening images were reviewed. 

Two radiologists blinded to the final diagnosis identified the following signs on conventional sequences: 

a p p e a r a n c e  o f  a  new enhanced lesion; marginal enhancement around the surgical cavity; nodular enhancement; 

callosal enhancement; subependymal enhancement; meningeal enhancement; necrosis or cystic change; increased T2 

peri-tumoral abnormality; decreasing of enhancement intensity; increasing cystic or necrosis change [6]. 

DSC-MRI were post-processed using Olea Sphere 3.0 software (Olea Medical. La Ciotat, France). Three, fixed-

diameter (50-100 mm2), regions of interest (ROI) were placed consensually by two radiologists in maximum areas for 

each CBV map and K2 map on tumor sites as previously described [27,28] and on healthy tissue in corona radiata to 

determine corrected rCBV and relative K2 (rK2) values. The ROI of maximum value was then selected for further 

analysis. 
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Statistical analysis: 

Descriptive analysis was conducted using Fischer’s exact test. Logistic regression was applied to determine odds ratio 

(OR) of each variable in univariate and multivariate analysis. The multivariate model was built based on the analysis 

of all 33 patients with both DSC-MRI data and MGMT promoter methylation status available. For conventional MRI 

data, inter-rater agreement was determined by calculating Kappa coefficients following Landis and Koch guidelines. 

For DSC-MRI data, rCBV threshold was set at 1.75 because this is the most commonly accepted [13–15]. Optimal cut-

off of rK2 was determined using receiver operation curve (ROC) by maximizing the Youden index. Overall survivals 

(OS) were determined from the date of the first surgery. They were computed using the Kaplan-Meier method and 

compared using the Log-rank test. 

A diagnostic score combining rCBV ≥ 1.75, rK2 optimal threshold, and MGMT promoter status was constructed. 

Combination score was calculated for each patient with complete data (n= 33). The area under curve (AUC) of rCBV ≥ 

1.75, rK2 optimal threshold, MGMT promoter status and the combined diagnostic score were computed and compared 

using the DeLong test. Statistical significance was set at p< 0.05. All analyses were conducted using R software (R 

Core Team (2016). R: A language and environment for statistical computing. R Foundation for Statistical Computing, 

Vienna, Austria.). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

BANI SADR 
(CC BY-NC-ND 2.0)



 

 26 

2.3 Results: 

From January 2005 to July 2016, we retrospectively identified 168 GBM patients who received TMZ 

radiochemotherapy and for whom radiological follow-up was available (the STARD diagram is shown in Figure 1). Of 

these patients, 105 (62%) showed radiological progression within 6 months after concurrent TMZ radiochemotherapy 

completion which corresponded to an EP in 59 patients (35%) and to a Psp in 24 patients (15%). In 22 patients, the 

distinction between EP and Psp was not possible because of early treatment change and these patients were excluded 

from further analysis. EP was diagnosed based on histological analysis obtained at the time of resurgery in 4 patients 

and in 55 patients based on follow-up MRI. Psp was diagnosed based on MRI follow-up in all patients. The median OS 

was statistically significantly longer (p< 0.001) in patients with Psp (39.5 months, 95% CI [36.4; 43.2]) than in those 

with EP (16.1 months, 95% CI [14.6; 17.3]; Figure 2). 

Characteristics of assessable patients and univariate analysis results can be found in Table 1 and in the 

supplementary Table. In univariate analysis, EP was associated with neurological deterioration (OR= 1.30, 95% CI 

[1.08; 1.58]), higher dose of dexamethasone (OR= 1.02, 95% CI [1.01; 1.03]), appearance of a new enhanced lesion 

(OR= 1.32, 95% CI [1.09; 1.60]), subependymal enhancement (OR= 1.29, 95% CI [1.07; 1.56]), higher rCBV (OR= 

1.24, 95% CI [1.10; 1.41]), and higher rK2 (OR= 1.01, 95% CI [1.01; 1.02]) values. Psp occurred earlier after 

radiochemotherapy completion compared to EP (2.02 vs. 3.22 months, p= 0.012). Among Psp patients, the radiologic 

progression occurred within three months after radiochemotherapy completion in 18 out of 24 (75%) patients. Psp was 

associated with IDH1 R132H mutation (OR= 2.04, 95% CI [1.08; 3.85]) as well as with the presence of a methylated 

MGMT promoter (OR= 1.59, 95% CI [1.32; 1.92]). Optimal cut-off of rK2 was found at 27. The three characteristics 

with the highest diagnostic value were an rCBV ≥ 1.75 (sensitivity of 92.3% and specificity of 71.4% for the diagnosis 

of EP) an rK2 ≥ 27 (sensitivity of 76.9% and specificity of 85.7% for the diagnosis of EP) and a methylated MGMT 

promoter (sensitivity of 100% and specificity of 78% for the diagnosis of Psp). 

In multivariate analysis, only a rCBV ≥ 1.75 (OR= 1.44, 95% CI [1.16; 1.63), p< 0.001), a rK2 ≥ 27 (OR= 

1.25, 95% CI [1.07; 1.46], p= 0.006) and a methylated MGMT promoter (OR= 1.29 95% CI [1.10; 1.52], p= 0.002) 

were independently associated with EP and Psp. Among the 33 patients in whom these characteristics were available, 

all 4 patients (12%) with a methylated MGMT promoter and a low rCBV (< 1.75) were classified as Psp while all 16 

patients (48%) with an unmethylated MGMT promoter and a high rCBV were classified as EP. In the 13 patients 

(40%) in whom MGMT promoter methylation and rCBV were discordant (i.e. methylated MGMT promoter and high 

rCBV, or unmethylated MGMT promoter and low rCBV), 7 out of the 8 patients with a high rK2 (≥ 27) had an EP 

compared to 3 out of the 5 patients with a low rK2 (p= 0.5). Classification of these 33 patients with complete data can 

be found in table 2. Two examples illustrating potential interest of K2 maps can be found in figure 3. As shown in 

Figure 4, the AUC score of the combined analysis of rCBV, rK2 and MGMT promoter methylation (0.94, 95% CI 

[0.92; 1]) was significantly greater than individual AUC score of rCBV≥ 1.75 (0.82, 95 CI [0.68; 0.86]), MGMT 

promoter methylation alone (0.77, 95% CI [0.67; 0.87]) and rK2≥ 27 (0.74, 95% CI [0.69; 0.80]). The AUC score of 

the combined analysis of rCBV, rK2 and MGMT promoter methylation was also better than the AUC score of the 

combined analysis of rCBV and MGMT promoter methylation status only (0.90, 95% CI [0.76-0.98]). 
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2.4 Discussion 

Despite significant efforts to develop diagnostic tools, there is currently no validated method to distinguish EP 

from Psp, and the interpretation of MRI within 6 months after radiotherapy completion remains an everyday problem 

in the treatment of GBM patients. The present study suggests that combining the analysis of MGMT methylation with 

DSC-MRI, two widely available diagnostic methods in the clinical setting, could be helpful and warrants prospective 

evaluation. 

Given that there is no gold standard to distinguish EP from Psp and that only few patients in our series 

underwent pathological confirmation, we cannot exclude that, based on MRI follow-up alone, we misclassified some 

patients. However, the much longer OS observed in Psp compared to EP patients, strongly supports that our 

classification of Psp and EP patients was valid in most cases. In agreement with previous studies we found that EP and 

Psp were associated with different clinical, radiological, and molecular characteristics (Table 3). EP has been 

associated with neurological deterioration [29], subependymal contrast-enhancement [6,7], higher rCBV values [11–

15], and higher vessel permeability [16,17]. In contrast, Psp was associated with MGMT methylation, IDH mutation, 

shorter delay after radiochemotherapy completion and longer OS [22–24]. 

Although several studies have focused on specific molecular and imaging characteristics, only a few have 

sought to identify the characteristics associated independently with these conditions [6,30] and, to our knowledge, no 

study has thoroughly analyzed their clinical, radiological, and molecular characteristics. Herein, based on a complete 

analysis of EP and Psp characteristics, we found that MGMT methylation, rCBV and rK2 had a higher diagnostic value 

than clinical or conventional MRI characteristics and were independently associated with EP and Psp. The independent 

diagnostic value of MGMT methylation and perfusion imaging parameters is consistent with two previous studies 

indicating that the predictive value of rCBV varied with MGMT methylation [31] and that the combination of MGMT 

methylation with perfusion parameters may improve the diagnostic accuracy for Psp [12]. In the present study, the 

combination of MGMT methylation and rCBV analysis successfully classified patients in whom these characteristics 

were consistent; all patients with a methylated MGMT promoter and low rCBV values were classified as Psp, while all 

patients with an unmethylated MGMT promoter and high rCBV values were classified as EP. However, nearly half of 

patients had discordant characteristics (MGMT methylation and high rCBV, or absence of MGMT methylation and low 

rCBV) and could not be accurately classified. Consistent with these results, in a recent study based on DCE-MRI, 22 

out of 23 patients (96%) with a methylated MGMT promoter and low normalized CBV values were classified as Psp 

while all 17 patients (100%) with an unmethylated MGMT promoter and high normalized CBV values were classified 

as EP [12]. In this study, the rate of discordance between MGMT methylation and rCBV characteristics was 60% [12] 

and in this situation, as herein, EP and Psp could not be accurately predicted. These findings suggest that, although 

combining MGMT methylation and rCBV analysis seems promising, additional information is needed to classify 

patients with discordant status. 

To the best of our knowledge, the present study is the first to analyze the diagnostic value of DSC-MRI vessel 

permeability K2 maps for the distinction between EP and Psp. The reference perfusion MRI technique to assess vessel 

permeability in brain tumors is DCE-MRI [32]. Unlike DSC-MRI which is based on the first pass of a bolus of contrast 

media, DCE-MRI relies on the acquisition of serial T1-weighted images before, during, and after injection [33]. The 
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resulting signal intensity-time curve reflects tissue perfusion, vessel permeability, and interstitial space. From this data, 

the transfer constant, Ktrans can be derived [33]. In brain tumors, Ktrans has been shown to confidently reflect vessel 

permeability and to be an interesting tool to monitor treatment efficacy, namely after radiochemotherapy completion 

[16,17,32]. However, DCE-MRI image acquisition and post-processing is more complex than DSC-MRI and is 

therefore not easy to use in routine. K2 maps have been developed to allow the assessment of vessel permeability using 

DSC-MRI and K2 has been shown to correlate with Ktrans in gliomas [34]. Herein, consistent with DCE-MRI studies 

that have reported higher vessel permeability was predictive of EP [16,17] we observed that higher rK2 predicted EP, 

although with a lower sensitivity and specificity than rCBV. Interestingly, we found that rK2 diagnostic value was 

independent of rCBV, suggesting that the assessment of vessel permeability may further improve the diagnostic 

accuracy DSC-MRI. As suggested in the present study, K2 maps may be helpful in patients with discordant MGMT 

and rCBV status given that in these patients we observed that all but one patient with high K2 values were classified as 

EP. DSC-MRI has the advantage to be a widely available technique. However, an issue in daily practice is quite a high 

variability of rCBV assessment. In order, to limit this issue in the present study, rCBV measurements were made by 

two operators on a consensual basis. This strategy however prevented the analysis of inter-rater agreement for rCBV 

and rK2 analysis. 

The present study has several limitations. In addition to its retrospective design, the number of patients with an 

available DSC-MRI was small and therefore the number of patients included in the multivariate analysis was limited. 

Furthermore, the distribution of Psp and EP patients included in the multivariate analysis was asymmetric. Although, 

DSC-MRI post-processing was centralized, one cannot exclude that MRI acquisition on 1.5T and 3T magnets may 

have resulted in bias in the subsequent analysis and radiological analysis included only conventional MRI, rCBV, and 

rK2. 

Furthermore, molecular analysis did not include TERT promoter mutation which may modulate the prognostic value of 

MGMT methylation [35]. In line with previous reports, we found IDH1 R123H mutation to be associated with Psp but 

these results should be considered with caution as this mutation was only present in two patients, both in the Psp group 

[22, 23].  

Beside these limitations, our study provides evidence that combined analysis of MGMT methylation and DSC-

MRI may be a promising and simple strategy to better distinguish EP from Psp. A prospective study is warranted to 

confirm these results. 
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2.5 Figures and Tables 

Figure 1: STARD diagram. 

STARD diagram reporting flow of participants through the study. 
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Figure 2: Survival of patients with early progression or pseudoprogression. 

Survival of patients with early pseudoprogression are displayed in Kaplan-Meier curves. Survival was significantly 

longer for patients with pseudoprogression (p-value < 0.001). 
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Table 1: Univariate analysis 

 
Psp EP OR [95% CI] 

p-
value* 

Kappa 
coefficient 

Clinical characteristics           

Age (year) 58.83 ± 9.64  54.83 ± 12.43 1.00 [0.99; 1.01] 0.120   

Sex     1.09 [0.89; 1.34] 0.391   

   Female 11 (45.83%) 21 (35.59%)      

   Male 13 (54.17%) 38 (64.41%)     

Extent of surgery           

   Biopsy 10 (41. 67%) 27 (45. 77%) 1.03 [0.85; 1.26] 0.737  

   Subtotal resection 7 (29. 16%) 11 (18.64%) 0.88 [0.69; 1.12] 0.297  

   Gross total resection 7 (29. 16%) 21 (35.59%) 1.06 [0.86; 1.31] 0.580  

Delay after radiochemotherapy 
completion (months) 

2.02 ± 1.74 3.22 ± 2.42 1.21 [1.14; 1.26] 0.012  

Karnofsky Performans status 76.3 ± 9.7 74.1 ± 12.8 0.99 [0.99; 1.02] 0.453   

Doses of dexamethasone (mg/d) 3.9 ± 6.1 6.9 ± 4.8 1.02 [1.01;1.03] 0.034   

Neurological deterioration 5 (20.83%) 31 (52.54%) 1.30 [1.08; 1.58] 0.008   

Conventional MRI characteristics           

New enhanced lesion 10 (41.67%) 43 (72.88%) 1.32 [1.09; 1.60] 0.007 0.92 

Marginal enhancement 13 (54.17%) 29 (49.15%) 0.97 [0.80; 1.19] 0.787 0.97 

Nodular enhancement 19 (79.17%) 55 (93.22%) 1.34 [0.99; 1.84] 0.063 0.84 

Callosal enhancement 5 (20.83%) 20 (33.89%) 1.14 [0.92; 1.41] 0.245 0.88 

Subependymal enhancement 6 (25.00%) 33 (55.93%) 1.29 [1.07; 1.56] 0.010 0.90 

Meningeal enhancement 9 (37.50%) 25 (42.37%) 1.04 [0.85; 1.27] 0.687 0.94 

Necrosis or cystic change 17 (70.83%) 50 (84.75%) 1.22 [0.96; 1.54] 0.103 0.93 

Increased of T2 peri-tumoral 
abnormality 

18 (75.00%) 52 (88.14%) 1.23 [0.94; 1.61] 0.139 0.88 

Decrease of enhancement intensity 1 (4.17%) 2 (3.39%) 1.34 [0.54; 3.30] 0.527 0.48 

Increasing necrosis or cystic change 14 (58.33%) 43 (72.88%) 1.04 [0.84; 1.29] 0.688 0.65 

DSC-MRI characteristics**           

rCBV≥ 1.75 2 (28.57%) 24 (92.31%) 1.89 [1.44; 2.48] < 0.001   

rK2≥ 27 1 (14.28%) 20 (76.92%) 1.57 [1.22; 2.03] < 0.001   

rCBV 1.71 ± 0.47 2.95 ± 0.92 1.24 [1.10; 1.41] 0.002   

rK2 19.26 ± 10.01 37.03 ± 14.53 1.01 [1.01; 1.02] 0.004   

Molecular characteristics***           

Methylated MGMT promoter 18 (81.82%) 14 (27.4%) 0.63 [0.52; 0.76] < 0.001   

IDH1 R132H mutation 2 (9.09%) 0 (0.00%) 0.49 [0.26; 0.93] 0.032   

EGFR amplification 8 (36.36%) 17 (54.8%) 0.99 [0.79; 1.25] 0.940   

* p-value estimated using logistic regression. 
Notes. Unless otherwise indicated, continuous data are displayed by their means ± standard deviation and binary data 
are displayed by count numbers and frequencies (%). MGMT promoter methylation, IDH1R132H mutation and EGFR 
amplification status were available in 73, 70 and 54 patients, respectively. 
Abbreviations: EP= early progression, Psp= pseudoprogression, OR= odds ratio, DSC-MRI= dynamic-susceptibility-
contrast MRI, rCBV= relative cerebral blood volume, rK2= relative K2. 
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Figure 3: Illustrative examples of potential interest of K2 maps in discrimination of early and pseudoprogression. 

The top example demonstrates a case of early progression. On post-radiochemotherapy T1-weighted MRI (A2), this 42-

year old man presented a nodular enhancement on contact with post-surgical cavity not found on a previous T1-weighted 

MRI performed before the radiochemotherapy (A1). This nodular enhancement exhibited slight elevation of CBV (A3, 

arrow) and a sharp increase of K2 (A4, arrowhead). On the follow-up T1-weighted MRI realized eight weeks later (A5), 

progression was indisputable. 

The bottom example illustrates a case of pseudoprogression. On a T1-weighted MRI performed two months after 

radiochemotherapy completion (B2), this 35-year old woman presented a major worsening of a right frontal 

enhancement comparatively to pre-radiochemotherapy T1 weighted MRI (B1). CBV map (B3) was difficult to analyze 

because of the proximity with cortical vessels. There was no obvious increase of K2 (B4). On the follow-up MRI 

performed 9 weeks later, this right frontal lesion decreased. 
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Table 2: Classification of patients with complete data according to their characteristics (rCBV≥ 1.75, rK2≥ 27 and 

MGMT promoter methylation). 

Pseudoprogression (n) Early Progression (n) 

MGMT methylated and rCBV < 1.75 4 0 

MGMT methylated and rCBV > 1.75 

or MGMT unmethylated and rCBV < 

1.75 

rK2< 27 2 3 

rK2≥ 27 1 7 

MGMT unmethylated and rCBV high 0 16 

 

Abbreviations: ROC: receiving operating characteristics, rCBV: relative Cerebral Blood Volume, rK2: relative K2. 
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Supplementary data: Performance of all analyzed parameters for the diagnosis of pseudoprogression 

 
Sensitivity  Specificity  Accuracy p* 

Clinical characteristics     

Neurological deterioration 52.5 [39.1-65.7] 79.2 [57.9-92.9] 60.2% [48.9-70.8] 0.013 

Conventional MRI characteristics         

New enhanced lesion 72.9% [59.7-83.6] 58.3% [36.6-77.9]  68.7% [57.6-78.4] 0.007 

Marginal enhancement 72.5% [56.1-85.4] 30.2% [17.2-46.1] 50.6% [39.4-61.2] 0.787 

Nodular enhancement 93.2% [83.5-98.1] 20.8% [7.1-42.2] 72.3% [61.4-81.2] 0.063 

Callosal enhancement 33.9% [22.1-47.4] 79.2% [57.9-92.9] 46.9% [35.9-58.3] 0.245 

Subependymal enhancement 55.9% [42.4-68.8] 75.0% [53.3-90.2] 61.5% [50.1-71.9] 0.010 

Meningeal enhancement 42.4% [29.6-55.9] 62.5% [40.6-81.2] 48.2% [37.1-59.4] 0.687 

Necrosis or cystic change 84.8% [73.0-92.8] 29.1% [12.6-51.1] 68.7% [57.6-78.4] 0.103 

Increased of T2 peri-tumoral 

abnormality 

88.1% [77.1-95.1] 25.0% [9.8-46.7] 69.9% [58.8-79.5] 
0.139 

Decrease of enhancement intensity 1.7% [0.05-9.1] 91.7% [73.0-98.9] 27.7% [18.5-38.6] 0.527 

Increasing necrosis or cystic change 72.9% [59.7-83.6] 41.7% [22.1-63.4] 63.9% [52.6-74.1] 0.688 

DSC-MRI characteristics         

rCBV≥ 1.75 92.3% [74.9-99.1] 71.4% [29.0-96.3] 82.1% [68.4-86.3] < 0.001 

rK2≥ 27 76.9% [56.4-91.1] 85.7% [42.1-99.6] 74.2% [69.1-80.3] < 0.001 

Molecular characteristics         

Methylated MGMT promoter  81.8% [59.7-94.8] 72.3% [58.3-84.1] 77.2% [67.5-87.2] < 0.001 

IDH1 R132H mutation 9.1 % [1.0-27.7%] 
100% [85.8-

100%] 
8.3% [1.0-27%] 0.096 

EGFR amplification 53.1% [34.7-70.9%] 
63.6% [40.7-

82.8%] 
57.4% [43.2-70.8%] 0.940 

* Calculated using a Fischer exact test two-tailed. 
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III – DISCUSSION : 

Malgré les efforts réalisés pour développer des outils diagnostiques, il n'existe actuellement aucune méthode 

validée pour distinguer la PP de la Psp, et l'interprétation de l'IRM dans les 6 mois suivant la fin de la radiothérapie reste 

un problème dans le suivi des patients GBM. Notre étude suggère que la combinaison de l'analyse du promoteur MGMT 

et de l'IRM de perfusion T2*, deux méthodes largement disponibles en milieu clinique, pourrait être utile.  

3.1 Combinaison du rCBV et du statut du promoteur MGMT: 

En l’absence de gold-standard et d’une faible proportion des patients inclus ayant bénéficié d’une preuve 

histologique, nous ne pouvons exclure que, sur la base du seul suivi IRM, certains patients aient été mal classés. 

Néanmoins, la survie globale beaucoup plus longue observée chez les patients classés Psp que chez les patients classés 

de PP appuie que notre méthodologie ait été valide dans la plupart des cas. En accord avec les études précédentes, nous 

avons constaté que la PP et la Psp étaient associées à des caractéristiques cliniques, radiologiques et moléculaires 

différentes. La PP était associée à une détérioration neurologique, à une prise de contraste subépendymaire, à des valeurs 

rCBV plus élevées et à une perméabilité capillaire accrue. A l’inverse, la Psp était associée à la méthylation du 

promoteur MGMT, à la mutation de l'IDH, à un intervalle post-radiochimiothérapie plus court et à une survie globale 

plus longue. 

Bien que plusieurs études se soient concentrées à identifier des caractéristiques moléculaires et d'imagerie spécifiques, 

peu d’entre elles ont cherché les caractéristiques associées indépendamment à la Psp et à l’EP. A notre connaissance, 

aucune étude n'a analysé les caractéristiques cliniques, radiologiques et moléculaires de manière combinée. Nos résultats 

suggèrent que le statut du promoteur MGMT, le rCBV et le rK2 avaient les valeurs diagnostiques les plus importantes 

comparativement aux caractéristiques cliniques et d’IRM conventionnelle. La valeur diagnostique indépendante des 

paramètres de méthylation MGMT et des paramètres d'imagerie de perfusion est conforme à deux études antérieures 

indiquant que la valeur prédictive du rCBV variait avec la méthylation MGMT et que la combinaison du statut du 

promoteur MGMT et des paramètres de perfusion améliorait la précision diagnostique. Dans notre étude, la combinaison 

du statut du promoteur MGMT et du rCBV permettait de classer correctement les patients ayant des caractéristiques 

concordantes. Tous les patients présentant un promoteur MGMT méthylé et de faibles valeurs de rCBV ont été classés 

dans la catégorie Psp, tandis que tous les patients présentant un promoteur MGMT non méthylé et de fortes valeurs de 

rCBV étaient classés PP. Néanmoins, près de la moitié des patients présentaient des caractéristiques discordantes 

(promoteur MGMT méthylé et rCBV élevé, ou absence de méthylation MGMT et rCBV faible) et ne pouvaient être 

classés avec précision. Similairement, dans une précédente étude récente basée sur l'IRM de perfusion T1, 22 des 23 

patients (96 %) ayant un promoteur MGMT méthylé et de faibles valeurs des paramètres de perfusion étaient classés 

dans la catégorie Psp alors que les 17 patients (100 %) ayant un promoteur MGMT non méthylé et de fortes valeurs des 

paramètres de perfusion ont été classés dans la catégorie PP. Dans cette étude, le taux de discordance entre la 

méthylation MGMT et les caractéristiques de perfusion était de 60 % et dans cette situation, comme dans notre étude, le 

diagnostic ne pouvait pas être prédit avec précision. Ces résultats suggèrent que, bien que la combinaison de la 
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méthylation MGMT et de l'analyse du rCBV soit prometteuse, des informations supplémentaires sont nécessaires pour 

classer les patients avec un statut discordant. 

3.2 Intérêt du rK2 : 

A notre connaissance, notre étude est la première à analyser la valeur diagnostique des cartes K2 de perméabilité 

capillaire pour la distinction entre PP et Psp. La technique d'IRM de perfusion de référence pour évaluer la perméabilité 

des vaisseaux dans les tumeurs cérébrales est l'IRM de perfusion T1. Contrairement à l'IRM de perfusion T2* qui est 

basée sur le premier passage d'un bolus de produit de contraste, l'IRM de perfusion T1 repose sur l'acquisition d'images 

série pondérées T1 avant, pendant et après injection. La courbe d'intensité du signal en fonction temps qui en résulte 

reflète la perfusion tissulaire et la perméabilité vasculaire. A partir de ces données, la constante de transfert Ktrans peut 

être dérivée. Dans les tumeurs cérébrales, il a été démontré que le Ktrans reflète la perméabilité des vaisseaux et est un 

outil intéressant pour monitorer l'efficacité du traitement, notamment après radiochimiothérapie. Cependant, l'acquisition 

et le post-traitement des images de la perfusion T1 sont plus complexes que la perfusion T2* et ne sont donc pas faciles 

à utiliser en routine. Des cartes K2 ont été développées pour permettre l'évaluation de la perméabilité des vaisseaux à 

l'aide de l'IRM de perfusion T2* et il a été démontré que le K2 et le Ktrans sont corrélés dans les gliome. Dans notre 

étude, conformément aux études d'IRM de perfusion T1 qui ont rapporté une perméabilité des vaisseaux plus élevée, 

nous avons observé qu'une valeur rK2 plus élevée prédisait la PE, bien qu'avec la sensibilité et la spécificité aient été 

plus faibles que celles du rCBV. Nous avons constaté que la valeur diagnostique de rK2 était indépendante de rCBV, ce 

qui suggère que l'évaluation de la perméabilité vasculaire pourrait améliorer la précision diagnostique de la perfusion 

T2* en association avec le rCBV. Comme le suggère nos résultats, les cartes K2 peuvent s'avérer utiles chez les patients 

présentant une discordance entre le statut du promoteur MGMT et le rCBV. Quasiment tous ces patients à l’exception 

d’un seul avaient des valeurs de rK2 élevés et étaient classés dans la catégorie PP.  

3.3 Limites : 

Notre étude comporte plusieurs limites. En outre du caractère rétrospectif, le nombre de patients pour lesquels nous 

disposions d'une IRM de perfusion T2* était faible et, par conséquent, le nombre de patients inclus dans l'analyse 

multivariée était limité. Bien que le post-traitement de la perfusion T2* ait été centralisé, les images ont été obtenues sur 

des aimants 1.5 et 3T et l’on ne peut pas exclure que ceci ait été responsable d’un biais dans l'analyse des séquences 

conventionnelles, du rCBV et du rK2. 

De plus, l'analyse moléculaire n'a pas inclus la mutation du promoteur TERT qui pourrait moduler la valeur pronostique 

de la méthylation de la MGMT. Conformément aux rapports précédents, nous avons trouvé que la mutation IDH1 

R123H était associée à la Psp, mais ces résultats doivent être considérés avec prudence car cette mutation n'était présente 

que chez deux patients, tous deux dans le groupe Psp.  

Au-delà de ces limites, notre étude suggère que l’analyse combinée du promoteur MGMT et des données de perfusion 

T2* pourrait constituer une stratégie simple et prometteuse pour mieux distinguer PP et Psp. 
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BANI-SADR Alexandre 
 
L'analyse combinée de la méthylation MGMT, du CBV et de la perméabilité vasculaire sur les 
cartes K2 semble utile pour distinguer progression précoce et pseudoprogression chez les patients 
suivis pour un glioblastome 
 
Combined analysis of MGMT methylation, rCBV and vessel permeability on K2 maps seems helpful to 
distinguish early progression from pseudoprogression in glioblastoma patients.

RESUME: 
Introduction Currently, no single diagnostic modality allows the distinction between early progression (EP) 
and pseudo-progression (Psp) in glioblastoma patients. Herein we aimed to identify the characteristics 
associated with EP and Psp, and to analyze their diagnostic value alone and in combination.   
 
Material and Methods: We reviewed the clinical, conventional MRI, and molecular characteristics (MGMT 
promoter methylation, IDH mutation, and EGFR amplification) of glioblastoma patients who presented an EP 
(n= 59) or a Psp (n= 24) within 6 months after temozolomide radiochemotherapy. We analyzed relative 
cerebral blood volume (rCBV) and relative vessel permeability on K2 maps (rK2) in a subset of 33 patients 
using dynamic-susceptibility-contrast MRI.  
 
Results: In univariate analysis, EP was associated with neurological deterioration, higher doses of 
dexamethasone, appearance of a new enhanced lesion, subependymal enhancement, higher rCBV and rK2 
values. Psp was occurring earlier after radiotherapy completion and was associated with IDH1 R132H 
mutation, and MGMT methylation. In multivariate analysis, rCBV, rK2, and MGMT methylation status were 
independently associated with EP and Psp. All patients with a methylated MGMT promoter and a low rCBV 
(< 1.75) were classified as Psp while all patients with an unmethylated MGMT promoter and a high rCBV (≥ 
1.75) were classified as EP. Among patients with discordant MGMT methylation and rCBV characteristics, 
higher rK2 values tended to be associated with EP. 
 
Conclusion: Combined analysis of MGMT methylation, rCBV and vessel permeability on K2 maps seems 
helpful to distinguish EP from Psp. A prospective study is warranted to confirm these results.  
 

MOTS-CLES: Glioblastoma; Radiation injuries; Perfusion magnetic resonance imaging; Chemoradiotherapy; 
Disease Progression 
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