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Abstract: Glioblastomas (GBM) grow rapidly and infiltrate the cerebral parenchyma, leading to 
significant neurological morbidity and mortality. Early detection of tumor growth promotes early 
therapeutic interventions that delay neurological progression and possibly prolong survival times. 
This retrospective observational study evaluates the ability of AI-assisted volumetric analysis to 
correctly detect tumor progression in longitudinal studies of newly diagnosed GBM, compared to the 
standard clinical method of visual inspection by radiologists and neuro-oncologists. Fifteen of 56 
patients met the inclusion and exclusion criteria. The dates of tumor progression were gathered from 
clinical reports. Longitudinal tumor volumes were calculated from automated segmentations by the 
MRIMath T1c AI followed by physician review using the MRIMath Smart manual contouring system. 
Growth by significant shifts in tumor volumes was detected by using the statistical method of the 
online change-of-point method. Our results demonstrate that automatic AI segmentation followed 
by human review detects tumor progression earlier than clinical notes in 4/15 patients at a median of 
105 days. Furthermore, the longitudinal AI-measured volumes validated two cases of 
pseudoprogression as evidenced by subsequent volume stability. This study emphasizes the 
enhanced diagnostic accuracy achieved by incorporating volumetric data analysis into clinical 
decision-making. This can be accomplished by integrating efficient AI-powered segmentation and a 
streamlined human review system into the clinical workflow. 
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1. Introduction 

Glioblastoma multiforme (GBM), classified as WHO grade 4 gliomas, constitutes a considerable 
proportion of adult brain tumors, and is known for aggressiveness, brain invasion, rapid growth, 
necrosis, and short survival times [1,2]. Median age at diagnosis is 64 years, and the 5-year relative 
survival rate is about 5% [3–6]. Standard treatment after maximal surgical resection is radiotherapy 
combined with concurrent and concomitant temozolomide [7]. Heterogeneity and hypoxia combined 
with patterns of brain invasion and angiogenesis are responsible for the feature of GBM on 
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pathological examination and magnetic resonance imaging (MRI)–necrosis, rapidly dividing cells, 
and brain invasion [8–14]. 

The current guidelines recommend that patients with GBM undergo an early post-operative 
MRI (EPMRI) within 48 to 72 hours after surgery to assess the extent of resection [15]. Subsequent 
surveillance MRIs should be done every 3 to 6 months to monitor for disease progression [16]. The 
Response Assessment in Neuro-Oncology (RANO) criteria have now become the standard for 
evaluating GBM response in clinical trials. Based on RANO criteria, true progression is defined as a 
≥25% increase in the sum of the products of perpendicular diameters of enhancing lesions, the 
appearance of new lesions, or clinical deterioration [17]. Stable disease indicates the absence of 
significant change in tumor size or appearance of new lesions [17]. The short-term effects of current 
standard-of-care treatments necessitate regular monitoring through longitudinal MRI to detect any 
signs of progression [18]. In current clinical workflows, tumor progression is traditionally assessed 
through visual inspection by radiologists and neuro-oncologists, a method that has long been 
regarded as the clinical gold standard. However, visual inspection is inherently subjective and prone 
to inter-observer variability, especially because of the inability to accurately quantify and assess 
tumor volumes [19]. 

Pseudoprogression (PsPD) is considered a transient radiologic change mimicking progression, 
typically occurring within 3 months post-chemoradiotherapy [17]. PsPD is significantly correlated 
with MGMT methylated status [20,21]. Differentiating true progression from PsPD is challenging, 
necessitating careful interpretation of imaging findings in conjunction with clinical assessment [22]. 
There is an overlap between the imaging presentations of the radiation-induced PsPD and true 
disease progression on conventional MRI [23]; advanced imaging modalities, like perfusion are also 
with limitations in distinguishing true progression from PSPD [24,25]. Improvement in the early 
recognition of PsPD is crucial to accurate diagnosis and to reducing biases in evaluating the results 
of clinical trials [26]. 

Radiologists typically do not include GBM volume measurement in their workflow due to the 
time-consuming nature of traditional manual contouring platforms and the significant inter-user 
variability they introduce. Recent advances in artificial intelligence combined with the FDA approval 
of the MRIMath platform bring timely and accurate volumetric measurements within reach [27,28]. 
The MRIMath platform includes a T1c AI with 95% accuracy and a time-efficient Smart manual 
contouring platform with < 5% inter-user variability to review and revise, when needed [27,28]. 

Here, we evaluate the efficacy of volumetric analysis using the MRIMath platform in detecting 
GBM progression as compared to current standard clinical evaluation. We hypothesize that 
volumetric analysis is more efficient than visual inspection at detecting GBM progression. Previous 
studies have shown the benefits of volumetric analysis combined with the online change-of-point 
statistical method in detecting low-grade-glioma (LGG) tumor growth significantly earlier than 
visual inspection [19,29]; Fathallah-Shaykh et al. applied the computationally intensive method of 
non-negative matrix factorization to segment LGG [30]. Here, we use an accurate and efficient AI that 
generates segmentations in seconds, followed by human review. For volumetric assessment, we 
apply the change-of-point method to determine the first point of statistically significant growth. The 
change-of-point method applies the same rigorous statistical standard to all patients and studies and 
determines if a current measurement is significantly different from all the measurements of the same 
patient [19,29]. 

2. Materials and Methods 

Ethical Approval 

The Institutional Review Board of the University of Alabama at Birmingham approved the 
research; waiver of informed consent was granted because the research involved no greater than 
minimal risk and no procedures for which written consent is normally required outside the research 
context. 
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Study Design and Patient Selection 

Fifty-eight patients diagnosed with GBM were seen at the neuro-oncology clinics of the 
University of Alabama at Birmingham. The inclusion criteria are: 1) older than 18 years of age, 2) 
pathological diagnosis of GBM, 3) standard radiation therapy post-operatively, 4) baseline MRI brain, 
with and without contrast, done 3-8 weeks post-radiation, 5) at least 2 stable MRIs of the brain, with 
and without contrast, are performed after the completion of radiation therapy, and 4) at least 4 
longitudinal MRIs, with and without contrast, starting from the baseline MRI are available for review. 
The exclusion criteria are: 1) Intracranial bleeding, 2) new stroke, 3) missing slices in the T1C and 
FLAIR series in any of the longitudinal MRIs, 4) neurosurgical intervention for any reason after 
radiation and before tumor growth, 5) treatment with Bevacizumab, 6) placement of intracranial 
wafers. A total of 15 of 58 cases met the inclusion and exclusion criteria. 

Time to Growth Detected by Standard Clinical Care 

Clinical growth time is defined as the time when the treating neuro-oncologist informs the 
patient/family of a significant change in tumor status and makes a new treatment decision or makes 
a diagnosis of PsPD. The results of the independent evaluations of the longitudinal MRIs by the 
radiologists and the treating neuro-oncologists were extracted from the clinical records. 

Tumor Segmentation, Volume Calculation, and Physician Review 

MRI scans were uploaded to the MRIMath platform, resized to 256x256, and segmented by the 
MRIMath GBM T1c AI. AI segmentation results were reviewed by a Board-certified neuro-oncologist 
using the MRIMath Smart contouring platform to view and modify the contours. 

Tumor volumes were calculated by applying the following equation: 
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 =  (𝑆𝑆𝑆𝑆𝑆𝑆 𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑖𝑖𝑖𝑖 3𝐷𝐷)  ∗  𝑥𝑥 ∗  𝑦𝑦 ∗  𝑧𝑧 ∗  𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ∗  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 / (256 ∗  256) 

Where x, y, and z correspond to x-spacing, y-spacing, and spacing between slices, respectively. 

Online Change-of-Point Detection 

To exclude changes due to the evolution of post-surgical changes, the baseline volume in the 
longitudinal series was the first minimum after surgical resection. To identify an abrupt change of 
volume, we applied a change in the root-mean-square level at a minimum threshold of 500/(volume 
at baseline) and a minimum of 2 samples between change points. The number 500 corresponds to 5% 
of the rounded median of the baseline volume. 

Statistical Methods 

Descriptive statistics are calculated using Matlab (Natick, MA). 

3. Results 

Patient Characteristics 

Fifteen patients met the inclusion criteria; 7 females and 8 males, ages ranging from 51-86 years 
(median 65 years). Molecular testing revealed IDH1 wild type in 8 cases; IDH1 status was unknown 
in the remaining 7. The MGMT promoter was methylated in 4 cases and unmethylated in 4 cases. The 
status of the MGMT promoter was unknown in 7 cases. Patients were treated with the standard 
radiation with concurrent and concomitant Temozolomide (n=13) or radiation and nivolumab (n=2). 

Growth Detection 

Computing longitudinal volumes and applying the online change-of-point method detects a 
significant change in volume earlier than clinical notes in 4/15 GBM cases, median = 105 days, mean 
= 56 days (Table 1). The longitudinal volumetric plots of these 4 cases are shown in Figure 1 (green 
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dots). Their percent change in volume from baseline and the clinical evaluations of the MRI at the 
times of detection of tumor growth by the change-of-point method are shown in Table 2. 

Table 1. Earlier detection of growth by volumetric analysis of GBM patients. 

Cases with earlier detection of 
progression 

Median (IQR) Mean (STD) 

4/15 105 (116) days 56 (80) days 

Table 2. Impressions of neuro-oncologists and radiologists (when available) at the time of GBM progression 
detected by the change-of-point method (see Figure 1 and 2). The radiological report is not available for case 4 
as it was performed at another institution. 

Case 
Radiological 
Impression 

Neuro-oncologist 
Impression 

Percent Change in 
Volume 

1 Stable Stable +86% 

2 Treatment Effect Slight Change +295% 

3 Mild progression Mild Progression +107% 

4 Not available Stable +2843% 

In case 1, an increase of volume of 86% was interpreted as stable independently by both the 
radiologist and the neuro-oncologist (Table 2 and Figure 1). In case 2, an increase in volume of 295% 
was interpreted as treatment effect by the radiologist and slight change by the neuro-oncologist (see 
Table 2 and Figure 1); the latter did not initiate any new clinical actions. In case 3, an increase in 
volume by 107% was interpreted as mild progression by both the radiologist and neuro-oncologist 
(Table 2 and Figure 1); the latter did not modify the clinical management. In case 4, an increase in 
volume of 2,843% was interpreted as stable by the neuro-oncologist; a radiological report was not 
available (Table 2 and Figure 1). In these 4 cases, the treating neuro-oncologists informed the patients 
and their families of progression and started new clinical actions at the dates corresponding to the 
red dots in Figure 1 at a median delay of 116 days (Table 1). 
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Figure 1. Longitudinal volumetric analysis of the T1c images of the four cases with earlier detection of tumor 
progression (Cases 1-4). Green dots indicate the volumes and dates corresponding to the detection of progression 
by the volumetric analysis using the change-of-point method. Red dots indicate the volumes and dates 
corresponding to the detection of progression by the neuro-oncologists, as evidenced by informing patients and 
their families and initiating new clinical actions. The radiological and clinical impressions at the dates 
corresponding to the green dots are shown in Table 1. Cases 1-3 demonstrate continued growth immediately 
after the detection of progression by the change-of point method (Figures 1–3). 

Figures 2 and 3 show, respectively, the images of cases 1 and 2, before, at the time, and after 
detection of growth by volumetric analysis using the change-of-point method. The MRI of case 1 on 
2/6/2017 reveals a surgical bed with linear enhancement along its margins (Figure 2). The MRI on 
4/10/2017 reveals new nodular enhancement at the time of detection of tumor progression by 
volumetric analysis (Figure 2, green arrows). The neuro-oncologist diagnosed progression on 
6/5/2017 (Figure 2 red arrows). 
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Figure 2. The T1c images of Case 1 (see Table 1 and Figure 1) shown before (2/6/2017) and at the time of detection 
of growth by our volumetric analysis (4/10/2017). The treating neuro-oncologist diagnosed tumor progression 
on 6/5/2017, as evidenced by informing the patient and family and initiating new clinical actions. Green and red 
arrows point to the tumor nodules on 4/10/2017 and 6/5/2017, respectively. 

The MRI of case 2 on 8/10/2017 reveals a surgical bed with linear enhancement along its margin 
(Figure 3). The neuro-oncologist diagnosed progression on 3/15/2017 (Figure 3). Volumetric analysis 
detected growth on 10/12/2017 (Figure 3); additional GBM growth can be seen on 1/18/2018; the 
treating neuro-oncologist did not change the clinical management until 3/15/2018. In case 4, tumor 
volume was stable for 6 months after the initial growth detected by the change-of-point method; this 
appears to be secondary to either an initial period of PsPD followed by real growth or nonlinear 
growth (Figure 1). 
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Figure 3. The T1c images of Case 2 (see Table 1 and Figure 1) shown before (8/10/2017) and at the time of 
detection of growth by volumetric analysis on 10/12/2017. The neuro-oncologist informed the family of 
progression and initiated new clinical actions on 3/15/2018. Additional tumor growth can be seen on the MRI 
performed on 1/18/2018. 

In the 11 remaining cases, the change-of-point method detects tumor progression on the same 
dates as the dates of tumor progression or PsPD diagnosed by the neuro-oncologists. In 2/11 cases, 
the neuro-oncologists diagnosed PsPD, which is validated by volumetric analysis as the volumes 
remain stable after the initial increase (Figures 4 and 5). 
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Figure 4. PsPD detected by clinical notes and validated by stability on longitudinal volumetric analysis. 

 
Figure 5. Images of the patient with PsPD shown in Figure 4 (left). Arrows point to a new lesion whose volume 
remained stable. 

4. Discussion 

Our results support the hypothesis that longitudinal volumetric analysis is superior to visual 
inspection in detecting GBM progression. A delay of 2-3 months in diagnosing growth of GBM may 
lead to shortened survival times and diminished quality of life because of rapid growth rates. By 
examining the clinical notes and radiological reports, we find that even though a tumor change was 
detected in some cases, clinicians were hampered because of the inability to accurately quantify the 
changes in tumor volumes by visual inspection. Statements like “slight change” were common when 
tumor volumes increased more than 50% (see Table 1). Because of the ambiguity of the radiological 
evaluations, in this study, the dates of progression are chosen to be the dates that the neuro-
oncologists informed the patients and families and initiated new clinical actions or diagnosed PsPD. 
The uncertainty that arises from the inability to accurately quantify tumor volumes leads to 
inappropriately extending the observational period causing additional tumor growth, and brain 
invasion (Figures 1–3). 

The RANO criteria are the standard for detecting GBM progression in clinical trial settings. 
However, notable RANO criteria limitations persist. A significant challenge is the reliance on two-
dimensional measurements of contrast-enhancing tumor regions, which may not accurately 
represent the complex three-dimensional tumor architecture, potentially leading to inconsistent 
assessments and inter-observer variation [31]. Three-dimensional (3D) volumetric measurements 
offer several advantages over traditional two-dimensional 2D RANO criteria, in monitoring GBM. 
Unlike 2D methods, which may not accurately capture the complex, irregular shapes of GBM tumors, 
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3D volumetric analysis provides a more precise representation of tumor size and morphology [29]. 
Another significant limitation is that the measurements depend on the operator’s discretion in 
determining the perpendicular diameter of the largest tumor cross-section. Similarly, volumetric 
analysis was shown to be superior to other established tumor classification criteria, such as the 
Response Evaluation Criteria in Solid Tumors (RECIST) and modified RECIST [32]. Specifically, these 
established criteria underestimate tumor response due to their tendency to oversimplify a 
multidimensional and heterogeneous tumor, particularly one with necrosis [33]. Poor performance 
of the RANO and RECIST criteria compared to both visual and volumetric ground truths suggests 
that alternative methods of evaluating tumor progression and response should be considered for both 
research and clinical use. The volumetric statistical change-of-point method has been previously 
validated and is considered more accurate than both visual assessment and the RANO criteria for 
diagnosing progression of low-grade gliomas [19,29]. Instead of relying on a speculative percentage 
threshold, the change-of-point method employs rigorous statistical criteria to identify a significant 
change in volume. 

Few published studies have compared standard 2D measurements of glioma status, radiologists’ 
interpretations, and volumetric measurements. Fathallah-Shaykh et al. and Fabio et al. have shown 
that volumetric measurements, when combined with the change-of-point method, detect growth in 
low-grade gliomas significantly earlier than both radiologists’ interpretations and traditional 2D 
measurements [19,29]. In an abstract, Khalili et al. report that in 3 out of 6 pediatric gliomas, 
volumetric measurements detected tumor progression significantly earlier than both the current 
standard 2D measurements and radiologists’ interpretations. [34]. In another study on pediatric low-
grade gliomas, volumetric analysis of solid tumors proved significantly more effective than 2D 
measurements in diagnosing tumor progression, as determined by the Brain Tumor Reporting and 
Data System (BT-RADS) criteria [35]. An analysis of the Phase I trial of ivosidenib for low-grade 
glioma demonstrated that 3D volumetric measurements outperform 2D measurements in response 
assessment. This is due to their more stable tumor growth rate measures, higher inter-reader 
agreement, and lower rates of reader discordance [36]. Dempsey et al. tested 1D, 2D, and 3D 
measurements of recurrent gliomas and found that only the volumetric measurement of tumor size 
was predictive of survival in recurrent malignant glioma [37]. To our knowledge, our study is one of 
the few demonstrating the superiority of 3D AI-assisted volumetric measurements of adult GBM 
compared to radiologists’ interpretations. Further research is needed to compare AI-assisted 3D 
volumetric measurements with the standard 2D RANO criteria. With the advancement of efficient 
AI-assisted devices and a reliable human review platform, we believe that 3D volumetric 
measurements will significantly enhance glioma management, leading to improved morbidity, 
longer survival times, and more accurate clinical trial outcomes. 

Distinguishing true progression from remains challenging for both radiologists and neuro-
oncologists. Conventional MRI has limited value for distinguishing true progression from PsPD of 
GBM [38]. Overall interpretation of MR scans using perfusion weighted images in GBM is hampered 
by poor interobserver agreement on quantitative cerebral blood flow measurements and on 
interpretability of perfusion images [24]. Furthermore, visual inspection of cerebral blood volume 
maps has limited value in differentiating PsPD from true progression in GBM [24]. Additional 
imaging modalities that have been investigated with mixed results include diffusion weighted 
images, magnetic resonance spectroscopy, and radiomics [25]. Volumetric analysis is an important 
tool that validates the diagnosis of PsPD by confirming volume stability in subsequent short-interval 
scans (Figure 4). 

As compared to the other methods for automated segmentation of GBM, the MRIMath FLAR AI 
is noted for being fully automated by not including preprocessing steps that require human 
supervision, like deboning, interpolation, and registration [39–41]. This automation significantly 
simplifies the preprocessing pipeline. Furthermore, while MRIMath© processes images in 2D and 
treats the FLAIR and T1C modalities independently, other methods employ a 3D approach and 
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integrate the four modalities, T1, T1c, T2, and FLAIR [27,39,42]. The MRIMath© AI contrasts with the 
subcomponent segmentations used by the other platforms. 

In this study, we used MRIMath© Smart contouring platform to review, revise and approve the 
AI-powered segmentations. This platform is associated with a low inter-user variability of less than 
5% for T1c images [27] while the manual delineation of the gross tumor volume of GBM is associated 
with moderate inter-user variability [38,43]. The variability of the reviewing software is important 
because a high variability in volume measurements could lead to delayed or inaccurate diagnosis of 
tumor progression. 

Accurate volumetric measurements of GBM play are essential for translating mathematical 
models into clinical practice [8–10]. These multiscale models mirror the pathological, radiological, 
and clinical features of GBM. They can also be applied to perform computational (in silico) trials. By 
analyzing the volume data of a patient, model parameters can be calculated, allowing for the 
individualized prediction of future outcomes. 

5. Conclusions 

Our results support the hypothesis that volumetric analysis allows physicians to detect GBM 
progression earlier than visual inspection. Furthermore, the findings suggest that volumetric analysis 
may be applied to validate the diagnosis of PsPD by demonstrating stability in short-interval 
imaging. Earlier diagnosis of GBM true progression and PsPD is expected to lower morbidity, 
prolong survival times and improve the accuracy of clinical trials data analysis. This study 
emphasizes the enhanced diagnostic accuracy achieved by incorporating volumetric data analysis 
into clinical decision-making. This can be accomplished by integrating efficient AI-powered 
segmentation and a streamlined human review system into the clinical workflow. 
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The following abbreviations are used in this manuscript: 
GBM Glioblastomas 
AI Artificial Intelligence 
PsPD Pseudoprogression 
LGG Low-grade-glioma  
MRI Magnetic Resonance Imaging 
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