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ABSTRACT 

Background: Differentiating glioma progression from treatment-related 

changes remains a major clinical challenge in neuro-oncology. Conventional 

MRI often lacks the specificity to reliably distinguish these entities, which 

can lead to delayed interventions or unnecessary treatments. 
 

 

Objective: To systematically review the diagnostic utility of advanced MRI 

techniques, including diffusion-weighted imaging (DWI), perfusion 

imaging, and magnetic resonance spectroscopy (MRS) in differentiating 

glioma progression from treatment-related changes. 
 

Methods: A comprehensive literature search of PubMed, Embase, and 

Cochrane databases was performed for studies published between 2002 to 

2025. Studies assessing advanced MRI techniques for differentiating tumor 

progression from treatment effects in glioma patients were included. 

Extracted data focused on diagnostic performance, technical parameters, and 

clinical outcomes. 

Results: Sixty-three studies comprising 4,287 patients met our inclusion 

criteria. Pooled sensitivity and specificity for DWI were 84.2% and 79.6% 

respectively. Perfusion imaging showed superior performance with a 

sensitivity of 91.3% and specificity of 85.7%, while MRS achieved a 

sensitivity of 87.4% and specificity of 82.1%. Multiparametric approaches 

combining multiple advanced MRI techniques yielded the highest diagnostic 

accuracy with a sensitivity of 93.8% and specificity of 89.2%.  
 

Conclusions: Advanced MRI techniques substantially enhance the ability to 

differentiate glioma progression from treatment-related changes compared 

with conventional imaging. A multiparametric approach combining two or 

more advanced modalities offers the highest diagnostic accuracy and should 

be considered in clinical practice to guide timely management. 

mailto:ahghoneim@kau.edu.sa
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1. INTRODUCTION 

Malignant glial neoplasms are the most common form of brain malignancies, 

accounting for 22.9% of all tumors, with glioblastoma being the predominant 

histopathology, reaching the percentage of 14% [1]. Treatment with surgery and 

adjuvant chemoradiotherapy has been the mainstay for most patients to increase 

the overall survival rate. Post-treatment MRI imaging is an important tool to 

evaluate treatment response, but challenges remain to differentiate between 

treatment-related changes, such as pseudoprogression and radiation necrosis 

occurring in 20-30% of glioblastoma patients, and true tumor recurrence [2]. 

Pseudo progression appears on MRI usually within the first few weeks following 

radiation therapy and manifests as increased contrast enhancement and edema at 

the surgical cavity, whereas radiation necrosis can appear months to several years 

following treatment [3]. To reliably evaluate the imaging appearance of treatment 

response, experts have developed Response Assessment in Neuro-Oncology 

(RANO) criteria to overcome this challenge by combining clinical symptoms and 

timing, but imaging-based differentiation remains challenging [4]. 

Differentiating treatment-related effects from tumor progression on imaging is 

paramount for guiding the management plan, particularly when the clinical 

picture is inconclusive. Inappropriately labeling the abnormality as pseudo 

progression may lead to unnecessary interventions. On the other hand, failure to 

identify true tumor progression may delay appropriate management and affect 

patients’ survival [5]. 

The use of structural brain MRI in addition to advanced MRI techniques such as 

diffusion weighted imaging (DWI), perfusion imaging, and spectroscopy 

provides superior imaging differentiation to overcome these challenges. DWI 

measures water motion in tissues, providing information about cellular 

microstructure through apparent diffusion coefficient (ADC) measurements. 

Perfusion imaging techniques, including dynamic susceptibility contrast (DSC) 

and dynamic contrast-enhanced (DCE) MRI, accurately measure cerebral 

hemodynamics, providing excellent information about microvascular 

disorganization, particularly seen in high-grade tumors. Magnetic resonance 

spectroscopy (MRS) evaluates tissue metabolism by measuring concentrations of 

various metabolites [3][6][7]. 
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This systematic review aims to comprehensively evaluate the diagnostic 

performance of these advanced MRI techniques in differentiating glioma 

progression from treatment-related changes, providing evidence-based 

recommendations for clinical practice. 

2. METHODOLOGY 

2.1 Search Strategy 

We performed a systematic literature search following the PRISMA guidelines 

[8]. Relevant studies published between January 2002 to January 2025 were 

collected through PubMed/MEDLINE, Embase, and the Cochrane Library. The 

search combined keywords related to glioma, advanced MRI techniques, and 

treatment responses. The full search strategy incorporated terms related to glioma 

subtypes, advanced MRI techniques, treatment-related changes (pseudo 

progression and radiation necrosis), and tumor progression. Both full terms and 

common abbreviations of the MRI techniques were used to ensure better 

coverage. 

2.2 Inclusion and Exclusion Criteria 

2.2.1 Inclusion criteria 

 We included studies that assessed advanced MRI techniques (DWI, 

perfusion, or MRS) for differentiating true tumor progression from 

treatment-related changes. 

 Histologically confirmed glioma patients. 

 Studies with adequate reference standards (histopathology, clinical 

follow-up, or multidisciplinary consensus). 

 Sufficient data for the extraction of diagnostic accuracy metrics. 

 English language publications. 

2.2.2 Exclusion criteria 

 Case reports or series with fewer than 10 patients. 

 Studies that lack appropriate reference standards. 

 Purely technical or phantom studies. 

 Studies focusing exclusively on pediatric populations. 

2.2.3 Data Extraction and Quality Assessment 

 Study characteristics (design, sample size, patient demographics). 
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 Technical parameters of MRI sequences. 

 Reference standards used. 

 Diagnostic accuracy metrics (sensitivity, specificity, positive 

predictive value, negative predictive value). 

 Area under the receiver operating characteristic curve (AUC). 

Quality assessment was performed using the Quality Assessment of Diagnostic 

Accuracy Studies-2 (QUADAS-2) tool [9]. 

2.3 Statistical Analysis 

Diagnostic accuracy data were pooled using random-effects meta-analysis when 

appropriate heterogeneity testing was performed. Statistical analysis was 

conducted using SPSS software (version 29.0.1.0 ). 

3. RESULTS 

3.1 Study Selection and Characteristics 

The initial search yielded 2,847 articles. After removing duplicates and screening 

titles and abstracts, 186 full-text articles were assessed for eligibility. Sixty-three 

studies [1-7][10-65] met the inclusion criteria, comprising 4,287 patients with 

gliomas (Figure 1). 

Study characteristics varied considerably. Sample sizes ranged from 15 to 198 

patients (median: 42). The majority of studies (n=45, 71.4%) focused primarily 

on glioblastoma, while 18 studies included mixed glioma populations. Reference 

standards included histopathology (n=28, 44.4%), clinical/imaging follow-up 

(n=31, 49.2%), and multidisciplinary consensus (n=4, 6.3%) (table 1). 

Table 1. Summary of Included Studies 

Variable Number of Studies (n=63) Median (Range) 

or % 

Total patients 4,287 - 

Study design 

(prospective/retrospective) 

12 / 51 19.0 / 81.0% 

Glioblastoma only 45 71.4% 

Mixed glioma population 18 28.6% 
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Reference standard: 

histopathology 

28 44.4% 

Reference standard: follow-

up 

31 49.2% 

Reference standard: 

consensus 

4 6.3% 

Note. Table 1. Characteristics of the included studies evaluating advanced MRI 

techniques for glioma progression versus treatment-related changes. 

 

Figure 1. Study Selection Process for Glioma Research Review 

3.2 Quality Assessment 

Overall study quality was moderate to good. The main concerns identified 

through QUADAS-2 assessment were the following, as demonstrated in Table 2: 

 Patient selection bias in 23 studies (36.5%) due to retrospective designs. 

 Reference standard concerns in 15 studies (23.8%) relying solely on 

imaging follow-up. 

 Flow and timing issues in 12 studies (19.0%) with unclear time intervals 

between imaging and reference standards. 
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Table 2. Quality Assessment Using QUADAS-2 
 

Domain Low Risk High Risk Unclear 

Patient selection 40 23 0 

Index test 51 8 4 

Reference standard 48 15 0 

Flow and timing 51 12 0 

Note. Table 2. Quality assessment summary of included studies using the 

QUADAS-2 tool. 

3.3 Diffusion-Weighted Imaging 

Thirty-eight studies evaluated DWI parameters for differentiating progression 

from treatment effects. The most commonly assessed parameter was the 

minimum apparent diffusion coefficient (ADCmin) in the enhancing region, 

reported in 28 studies. 

3.3.1 Diagnostic Performance: 

 Pooled sensitivity: 84.2% (95% CI: 79.8-88.1%). 

 Pooled specificity: 79.6% (95% CI: 74.2-84.3%). 

 Summary AUC: 0.88 (95% CI: 0.85-0.91). 

Higher ADC values were consistently associated with treatment-related changes, 

while lower ADC values suggested tumor progression. The optimal ADC 

threshold varied across studies, ranging from 1.0 to 1.5 × 10⁻³ mm²/s (median: 

1.2 × 10⁻³ mm²/s). 

Manning et al. demonstrated that ADCmin values below 1.1 × 10⁻³ mm²/s 

strongly predicted tumor progression with 89% sensitivity and 83% specificity in 

a cohort of 87 glioblastoma patients [50]. Similarly, Chu et al. found that relative 

ADC values (normalized to contralateral white matter) provided superior 

discrimination compared to absolute ADC measurements [21]. 

Technical Considerations: The majority of the studies utilized b-values of 0 and 

1000 s/mm², whereas a few explored higher b-values up to 3000 s/mm². Region 

of interest (ROI) selection methods were inconsistent, ranging from analysis of 

enhancing regions to inclusion of the whole lesion or surrounding perilesional 

areas. 
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Limitations: The accuracy of DWI was found to be reduced in posterior fossa 

lesions, where susceptibility artifacts were common due to the presence of 

hemorrhage or calcifications. Differences in ROI placement among observers 

also contributed to the variability and limited reproducibility across studies. 

3.4 Perfusion Imaging 

A total of 42 studies investigated perfusion imaging techniques. Dynamic 

susceptibility contrast MRI was the most commonly used approach (n=31), while 

dynamic contrast-enhanced MRI and arterial spin labeling (ASL) were used less 

often (8 and 3 studies, respectively). 

DSC MRI Results 

 Pooled sensitivity: 91.3% (95% CI: 87.9-94.1%). 

 Pooled specificity: 85.7% (95% CI: 81.4-89.3%). 

 Summary AUC: 0.93 (95% CI: 0.91-0.95). 

Among the evaluated perfusion parameters, cerebral blood volume (CBV) 

measured in the enhancing region showed the strongest ability to differentiate 

tumor progression from treatment effects. Several studies consistently reported 

that CBV values of more than 2 ml/100 mg favored tumor progression, while 

lower values (<1.0 ml/100 mg) were more typical of treatment-related changes, 

especially radiation necrosis [13][28]. Patel et al. also showed that applying 

leakage correction algorithms significantly enhances diagnostic performance. 

[39]. 

3.4.1 DCE MRI Results: 

 Pooled sensitivity: 88.4% (95% CI: 82.1-93.2%) 

 Pooled specificity: 81.9% (95% CI: 75.8-87.1%) 

 Summary AUC: 0.90 (95% CI: 0.87-0.93) 

The main DCE MRI parameters analyzed were volume transfer constant (Ktrans), 

extravascular extracellular volume fraction (ve), and plasma volume fraction 

(vp). In their study, Narang et al. found that Ktrans values were markedly elevated 

in cases of true tumor progression compared with treatment-related changes [44]. 

ASL Results: Data from a small number of studies (n=3) indicated that cerebral 

blood flow (CBF) measurements may serve as a promising marker: 

 Pooled sensitivity: 85.1% (95% CI: 76.3-91.5%). 

 Pooled specificity: 79.8% (95% CI: 69.2-87.9%). 
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3.5 Magnetic Resonance Spectroscopy 

A total of 27 studies investigated the role of MRS in differentiating progression 

from treatment effects. These studies used echo times ranging from 30 to 288 ms. 

3.5.1 Diagnostic Performance 

 Pooled sensitivity: 87.4% (95% CI: 82.7-91.3%). 

 Pooled specificity: 82.1% (95% CI: 77.2-86.4%). 

 Summary AUC: 0.90 (95% CI: 0.87-0.93). 

3.6 Key Metabolic Ratios: The most discriminatory metabolic ratios were: 

1. Choline/N-acetylaspartate (Cho/NAA): Higher ratios were more in 

keeping with tumor progression. 

2. Choline/Creatine (Cho/Cr): Elevated ratios were also indicative of 

progressive disease. 

3. Lactate/Lipid peaks: These were predominantly seen in radiation necrosis. 

According to Rock et al., Cho/NAA ratios more than 2.0 achieved 91% specificity 

for identifying tumor progression, while elevated lipid-lactate peaks at 1.3 ppm 

were indicative of radiation necrosis [53]. Similarly, Widhalm and Guo identified 

lower thresholds (Cho/NAA >1) that still effectively distinguished tumor 

progression from treatment effects [14][15]. 

Technical Considerations: Short echo time (TE ≤ 35 ms) spectroscopy allowed 

better visualization of lipid-lactate peaks associated with necrosis, whereas long 

echo time (TE ≥ 135 ms) sequences provided improved baseline separation for 

accurate metabolite quantification [33]. 

3.7 Multi parametric Approaches 

Eighteen studies evaluated combining multiple advanced MRI techniques. 

Collectively, these multi parametric analyses achieved higher diagnostic accuracy 

than individual imaging techniques. 

3.7.1 Combined Diagnostic Performance 

 Pooled sensitivity: 93.8% (95% CI: 90.2-96.4%). 

 Pooled specificity: 89.2% (95% CI: 85.1-92.6%). 

 Summary AUC: 0.96 (95% CI: 0.94-0.98). 

Prager et al. developed a multiparametric model combining rCBV, ADC, and 

Cho/NAA ratio that achieved 96% accuracy in distinguishing progression from 

pseudoprogression [49]. Machine learning approaches, including support vector 

machines and random forests, showed promise for integrating multiple 

parameters [30]. 
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A summary of the diagnostic performances of the different advanced MRI 

techniques is illustrated in Figure 2, as well as Tables 3 and 4. 

 

Figure 2. Diagnostic performance of Advanced MRI techniques 

 

Table 3. Diagnostic Performance of Advanced MRI Techniques 

Technique No. of 

Studies 

Pooled 

Sensitivity (%) 

Pooled 

Specificity (%) 

AUC 

(95% CI) 

DWI 38 84.2 79.6 0.88 (0.85–

0.91) 

DSC Perfusion 31 91.3 85.7 0.93 (0.91–

0.95) 

DCE Perfusion 8 88.4 81.9 0.90 (0.87–

0.93) 

ASL 3 85.1 79.8 - 

MRS 27 87.4 82.1 0.90 (0.87–

0.93) 

Multiparametric 18 93.8 89.2 0.96 (0.94–

0.98) 
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Note. Table 3. Pooled diagnostic performance of advanced MRI techniques in 

differentiating glioma progression from treatment-related changes. 

Table 4. Key MRI Parameters and Diagnostic Thresholds 

Technique Parameter Threshold Interpretation Key 

References 

DWI ADCmin <1.1×10⁻³ 

mm²/s 

Suggests 

progression 

Manning 

2020 

Perfusion 

(DSC) 

rCBV >2.0 Suggests 

progression 

Larsen 

2012 

Perfusion 

(DCE) 

Ktrans High Suggests 

progression 

Narang 

2011 

MRS Cho/NAA >2.0 Suggests 

progression 

Rock 2002 

MRS Lipid/Lactate 

peaks 

Present Suggests 

necrosis 

Widhalm 

2010 

Note. Table 4. Summary of key MRI parameters and diagnostic thresholds used 

for differentiation between glioma progression and treatment-related changes. 

3.7.2 Subgroup Analyses 

Timing After Treatment: Studies stratified by time since treatment completion 

showed that advanced MRI techniques performed better in the late post-treatment 

period (>6 months) compared to early assessment (<3 months). This likely 

reflects the evolution of treatment-related changes over time. 

Tumor Grade: Performance was generally superior in high-grade gliomas 

compared to low-grade tumors, possibly due to more pronounced differences in 

cellularity and vascularity between progressive and treatment-related changes 

[29]. 

Treatment Modality: Studies including patients treated with bevacizumab showed 

reduced perfusion imaging accuracy due to the anti-angiogenic effects of the 

drug. Despite that, ADC measurements showed reliable measurements [17]. 
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4. DISCUSION 

4.1 Summary of Findings 

This systematic review highlights the superior diagnostic utility of advanced MRI 

techniques in distinguishing tumor progression from treatment-related changes, 

in comparison to conventional imaging alone. Among individual modalities, 

perfusion imaging showed the strongest diagnostic performance, followed by 

MRS and DWI. The highest accuracy, however, was achieved with multi 

parametric approaches that integrated multiple advanced MRI techniques. 

4.2 Clinical Implications 

The enhanced diagnostic performance of advanced MRI techniques has clear 

clinical value. Accurate differentiation between progression and treatment effect 

can prevent unnecessary discontinuation of effective therapy, limit excessive 

surgical interventions, allow for earlier or more appropriate management of true 

progression, and finally help conserve healthcare resources. 

4.3 Technical Considerations 

4.3.1 Standardization 

One of the key limitations highlighted in this review is the lack of standardization 

across studies. Technical parameters varied widely, including imaging protocols 

and sequences, post-processing methods, region of interest placement, and 

classification thresholds. Establishing standardized protocols is essential to 

enable consistent interpretation and clinical application of advanced MRI 

techniques. Recent efforts have introduced consensus recommendations to offer 

guidelines for perfusion imaging techniques and data processing [64]. 

4.3.2 Quality Control 

Diagnostic yield can be influenced by several technical issues. Patient motion 

during scanning causes artifacts that directly affect diffusion and perfusion 

measurements. Magnetic field inhomogeneity is particularly problematic for 

spectroscopy and susceptibility imaging. Consistent contrast dosing protocols are 

essential for reliable perfusion assessment. Moreover, differences in post-

processing algorithms may lead to significant variability in results. 
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4.4 Limitations of Current Evidence  

The current evidence is restricted by several methodological limitations. Most 

studies were retrospective and single-center, providing potential selection bias. 

Only a small fraction (n=12 studies) used a prospective design, thereby limiting 

the overall strength of the evidence. Histopathological confirmation was available 

in less than half of the studies (44%), with many relying instead on imaging 

follow-up or clinical consensus, an approach that may overestimate diagnostic 

accuracy. Moreover, sample sizes were modest overall (median 42 patients), 

limiting statistical power and the ability to do subgroup analysis. Evidence of 

publication bias was also observed, as smaller studies tended to report higher 

diagnostic performance, likely reflecting selective reporting of positive results. 

4.5 Comparison with Previous Reviews 

Our results are in agreement with prior meta-analyses and review articles. Zhang 

et al. reported similar diagnostic values for perfusion MRI (sensitivity 88%, 

specificity 83%), though their analysis included fewer number of studies [19]. 

Van Dijken et al. also found comparable results for DWI (sensitivity 78%, 

specificity 84%), albeit with wider confidence intervals due to smaller sample 

sizes [55]. The present review incorporated more recent publications and 

emerging imaging approaches, offering a broader and more up-to-date evaluation 

of advances in this field. 

4.6 Future Directions 

4.6.1 Artificial Intelligence and Machine Learning:  

The integration of artificial intelligence (AI) and machine learning holds promise 

for improving diagnostic accuracy. Radiomics and deep learning models are 

capable of analyzing large volumes of imaging data to identify subtle patterns that 

may be imperceptible to human observers [31]. 

Recent studies have reported neural network models achieving accuracies beyond 

95% using multiparametric datasets. Despite these encouraging numbers, future 

clinical adoption will depend on extensive validation, standardized 

methodologies, and demonstration of real-world applicability. 

4.6.2 Novel MRI Techniques:  

Several emerging MRI approaches are currently expanding the diagnostic 

abilities for differentiating tumor progression from treatment effects, such as 
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chemical exchange saturation transfer (CEST), diffusion kurtosis imaging (DKI), 

qualitative susceptibility mapping (QSM), and positron emission tomography 

(PET). CEST imaging provides noninvasive information about tissue pH and 

metabolic processes. DKI offers a more refined assessment of tissue 

microstructure than conventional imaging. QSM enables quantification of iron 

content and assessment of microvascular changes. Combining advanced MRI 

with PET tracers imaging, such as ¹⁸F-FET and ¹¹C-MET, has shown encouraging 

potential [65]. Hybrid MR-PET systems enhance diagnostic precision by 

providing a more comprehensive assessment of tumor biology. 

5. LIMITATIONS 

Despite an extensive literature search, several related studies may have been 

skipped, particularly non-English publications or conference-only reports. 

Moreover, we were unable to include studies with incomplete data for pooled 

analysis, which potentially may have caused selection bias. Substantial 

heterogeneity was also noted in the patients’ population, technical imaging 

parameters, reference standards, and outcome definitions, all of which limit the 

generalizability of our findings. Additionally, variability in follow-up durations, 

especially in studies relying on imaging follow-up as a reference, may have 

affected the diagnostic accuracy estimates. 

6. CONCLUSION 

Advanced MRI techniques provide superior advantages over conventional 

imaging for differentiating glioma progression from treatment-related changes. 

Perfusion imaging, particularly DSC, provides the strongest single-modality 

performance. Whereas multiparametric strategies combining DWI, MRS, and 

perfusion imaging reach even higher diagnostic accuracy. DWI and MRS provide 

complementary information to strengthen the overall assessment, emphasizing 

their importance within the imaging protocol. Reliable clinical implementation, 

however, depends on standardized acquisition and post-processing methods. 

Emerging AI approaches show promise through enhancing diagnostic accuracy 

by integrating multiple imaging parameters into models with large populations. 

Collectively, our findings encourage the incorporation of advanced MRI 

techniques in guiding more accurate and timely clinical decisions for glioma 

patients. 
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Table 5. Summary of Limitations and Future Research Priorities 

Category Key Issues 

Identified 

Recommended Future 

Directions 

Study Design Predominantly 

retrospective 

studies 

Encourage prospective, 

multicenter trials 

Reference Standards Limited 

histopathological 

confirmation 

Increase correlation with 

biopsy findings 

Technical Variability Lack of 

standardized 

acquisition and 

processing 

protocols 

Develop consensus 

guidelines and 

standardized protocols 

Data Integration Underutilization 

of AI and 

radiomics 

methods 

Incorporate radiomics and 

machine learning 

approaches 

Implementation Barriers related 

to cost and 

expertise 

Conduct cost-effectiveness 

studies and provide 

targeted training  

Note. Table 5. Overview of key limitations in the current literature and 

recommendations for future research and strategies to support clinical 

implementation. 
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