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Despite advancements in treatment strategies, glioblastoma, also known as GBM, remains an
exceptionally aggressive primary brain tumor with a grim prognosis. Despite innovations in treatment
strategies, GBM continues to pose significant challenges. The assessment of GBM mainly depends

on neuroimaging methods, with contrast-enhanced magnetic resonance imaging (MRI) being the
widely accepted standard. In recent years, positron emission tomography (PET) has emerged as a
supplementary imaging modality offering insights into the biological behavior and aggressiveness

of GBM tumors. PET, often referred to as PET, complements MRI in the diagnostic process of GBM.
The objective of this study was to explore the potential advantages of combining PET and MRl in
diagnosing GBM. Twenty-two patients diagnosed with GBM underwent four 18 F-fluorothymidine
(FLT)-PET/MRI examinations before and during treatment. Advanced image analysis methods,
including MATLAB and the imlook4d analysis platform, were employed. These methods encompassed
adaptive threshold algorithms, batch processing pipelines, and image attribute extraction algorithms.
MRI evaluations revealed significant variations in tumor response to radiation therapy among
patients with long-term and short-term survival rates, as determined by the study findings (p <0.04).
Furthermore, PET measurements, including maximum standardized uptake value (SUVmax), PET
tumor volume, and total lesion activity (TLA), showed trends toward statistical significance; however,
the differences did not reach conventional significance thresholds. These results underscore the need
for further research into the therapeutic efficacy of PET parameters in managing this aggressive brain
tumor. The findings of this study highlight the potential of fusion imaging using PET and MRI as an
effective diagnostic technique for glioblastoma multiforme (GBM) and emphasize the importance of
ongoing research in this area to improve patient outcomes.

Keywords Positron emission tomography, Magnetic resonance imaging, Glioblastoma, Tumor, Medical
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GBM, the more severe variant of glioma, is predominantly observed in the adult population. An estimated sixty
to seventy% of all gliomas are denoted by this malignancy'. Patients who have received a diagnosis of GBM
are met with an alarmingly brief median survival span of 10-12 months®. Despite substantial advancements
in therapeutic modalities including radiation, chemotherapy, surgical resection, and GBM, the aggressive
characteristics of this malignancy persist®. Rapid progression and invasive tendencies characterize this aggressive
nature, which almost invariably leads to a recurrence®. In 2023, approximately 500 cases of GBM were identified
in Sweden. The incidence rate for males was 5.15 cases per 100,000 residents, compared to 3.87 cases per 100,000
residents for females®. Glioblastoma multiforme (GBM) is the most common and aggressive primary brain tumor
in adults worldwide. Globally, GBM accounts for approximately 15% of all brain tumors and around 45-50% of
malignant primary brain tumors. The annual incidence rate is estimated at 3.2 cases per 100,000 population, with
higher prevalence observed in older adults and males. However, the advent of 5-aminolevulinic acid fluorescence
microsurgery has significantly transformed the array of surgical interventions accessible for GBM, enabling the
execution of radiological bulk complete tumor excision®. After undergoing surgical intervention, combination
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therapy is a customary component of the postoperative regimen’. This therapy consists of concurrent and
adjuvant chemotherapy utilizing temozolomide in addition to radiotherapy administered at dosages of up to
60 Gy®. Despite the implementation of concerted efforts, GBM remains a devastating disease with an unfavorable
prognosis’. Given the challenges in accurately assessing GBM, improving imaging techniques for better tumor
delineation and treatment planning remains a critical focus!®. Recent studies have underscored the advantages
of integrating PET and MRI in the domain of GBM monitoring and treatment'!. The fusion imaging technique
of PET/MRI provides an excellent opportunity to obtain comprehensive insights into the tumor’s aggressiveness
and biological behavior, thereby enhancing therapeutic decision-making and prognostication accuracy'? The
aforementioned findings underscore the potential of PET/MRI as a crucial instrument in the identification and
treatment of GBM'. Additionally, they emphasize the need for additional research endeavors in order to fully
comprehend the clinical significance of this method.

The present study focuses on the investigation of GBM diagnosis and management. The study specifically
examines the potential advantages that may arise from the the combination of MRI and PET in the context
of GBM diagnosis and treatment. Present diagnostic protocols are dependent on contrast-enhanced MRIL
Although this technique proves beneficial, it is not without its limitations when it comes to accurately identifying
recurrent tumors, determining precise tumor volume, and differentiating between treatment-induced effects
and progressive tumor growth!“. In contrast, PET illuminates the biological characteristics of GBM through
the use of non-invasive imaging techniques. Additionally, it can support the categorization of tumor cells non-
invasively, aid in the development of surgical plans, and assess the efficacy of radiation therapy'®.

The potential benefits of integrating PET and MRI data via multimodal imaging techniques in the diagnosis of
GBM are considerable'®. By implementing this approach, it would be feasible to assess treatment response early,
forecast prognosis, and optimize treatment regimens to mitigate the risk of ineffectual interventions and potential
adverse events!”. Further research is required to fully comprehend the clinical effectiveness of this integrated
imaging method. Additional research is necessary to validate the prospective advantages of PET/MRI in the
diagnosis and treatment of GBM. The purpose of this specific investigation is to ascertain whether or not FLT-
PET/MR imaging can be utilized to assess early treatment response and forecast outcomes for newly diagnosed
patients with glioblastoma multiforme. A primary aim is to establish accurate algorithms that can accurately
assess the distribution of tumors and facilitate the comparison between contrast-enhanced MRI images and
FLT-PET images. Furthermore, a comparative analysis of the two forms of imaging is also worth considering.
Upon comparing long-term survivors to short-term survivors, the study’s results reveal that long-term survivors
exhibited superior treatment responses as evaluated by both MRI and PET. PET also demonstrated an increased
capacity for prediction in determining progression-free survival. In terms of forecasting a patients overall
survival and response to radiochemotherapy, the integration of PET and MRI data exhibits potential. With the
exception of the study’s sample size, further research involving a more extensive cohort is necessary. The robust
results suggest that FLT-PET/MRI imaging may serve as a valuable tool in the monitoring of treatment efficacy
and management of glioblastoma multiforme®.

This study makes several significant contributions to the field of GBM diagnosis and treatment, particularly
in the integration of advanced imaging modalities. The key contributions are as follows:

o The study introduces an exclusive dataset comprising 207 high-quality DICOM images collected using a state-
of-the-art GE SIGNA PET/MRI scanner. This dataset includes meticulously processed attenuation-corrected
PET images and gadolinium-enhanced T1-weighted MRI images, offering a valuable resource for future re-
search.

« By integrating FLT-PET and gadolinium-enhanced MRI data, this study enhances the diagnostic accuracy
and monitoring of GBM. The preprocessing techniques, including PET matrix resampling and voxel normal-
ization to standardized uptake values (SUVs), ensure the seamless alignment and quantification of imaging
data, enabling precise tumor evaluation.

« The study critically evaluates the limitations of widely used imaging agents, such as FLT and Gd, highlight-
ing their challenges in differentiating tumor tissue from treatment-induced changes and their specificity in
detecting malignant neoplasms. These insights pave the way for further research into alternative imaging
techniques.

« The study underscores the importance of follow-up imaging within 48 h of surgery, shedding light on the
complexities of interpreting post-surgical contrast enhancement due to radiotherapy or surgical interven-
tions.

« This study demonstrates the effectiveness of combining FLT-PET and MRI for assessing treatment response,
forecasting progression-free survival, and predicting overall survival. This integration establishes a robust
framework for improving therapeutic decision-making in GBM management.

« The methodologies and insights presented in this study set the stage for further investigations into innovative
imaging strategies for GBM. The work encourages exploring advanced algorithms and larger datasets to refine
imaging techniques and improve patient outcomes.

This article begins with an Introduction, outlining the challenges of GBM diagnosis and treatment and
highlighting the potential of PET/MRI integration. The Literature Review explores current imaging modalities,
advances in multimodal imaging, and research gaps justifying this study. The Methodology describes a dataset
of 207 FLT-PET and gadolinium-enhanced MRI images from IRNUM, Pakistan, and details preprocessing,
analysis using MATLAB and imlook4d, and evaluation metrics. The Results and Discussion present findings
on the predictive value of PET/MRI in assessing treatment response and prognosis while addressing clinical
implications. The article concludes with limitations and future research directions, focusing on alternative
imaging methods and larger datasets.
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Literature review

Okaili et al.’® addressed the criteria for distinguishing intra-axial brain masses and evaluating the accuracy of
MRI images. The institutional review board approved the protocol, which included diffusion-weighted MRI,
perfusion MRI, proton MRI spectroscopy, conventional MRI, and the classification of intra-axial masses into
three categories: high-grade primary tumors, metastatic tumors, and low-grade primary tumors. The accuracy
of the system was evaluated utilizing a Bayesian statistical methodology. Anila et al.'* utilized the concept of
multi-resolution and noise reduction in order to detect the anomalous brain activity. Approximations based
on curvelets and countrelets formed the basis of the multi-resolution. The counterlet method has been shown
to be more effective at detecting abnormalities in the brain. A comprehensive examination of the diverse
techniques employed in segmenting MRI images and identifying brain tumors was addressed by Balafar et
al.?0. The segmentation techniques influence the accuracy of tumor detection. Anatomical deviations, Markov’s
random model, watershed algorithm, self-organizing maps, atlas-based segmentation, and a multiregion-
based approach were among the topics discussed. Combining parallelization and the atlas-based approach is
suggested as a means to improve brain segmentation. Chaudhary et al.?! examined the concept of application
of clustering for image segmentation, while the detection of brain tumors is achieved through the utilization of
a support vector machine (SVM). The classifiers successfully identified the seven features, with SVM achieving
an accuracy of 94.6%. As highlighted by Gholipour et al.??, automated functional localization and functional
brain imaging are crucial for achieving temporal and higher resolution insights into brain malignancies. The
utilization of functional maps facilitates the identification of dementia, a condition in which cancer patients and
healthy individuals may exhibit substantial differences. It will lead to interpretations and deductions that are
rational. The time-consuming nature of tumor segmentation from MRI data has been recognized by medical
personnel; thus, Ratan et al.?* investigated numerous techniques designed to achieve this objective. A variety
of techniques were emphasized in the presentation, such as intensity, level set methods, watershed algorithms,
atlas-guided techniques, morphological operations, fuzzy C-means clustering, fuzzy neural networks, region-
based clustering, classification methods, knowledge-based approaches, edge detection, probabilistic models,
fusion techniques, and SVM. It was suggested that the most effective approach for brain tumor detection could
be achieved by integrating thresholding with SVM or Basian methods. By calculating the tumor’s area and
conducting symmetry analysis, Ratan et al.> proposed a method for identifying malignancies from MRI images.
They utilize morphological operations, thresholding, and median filters to detect tumors. For semi-automatic
hepatic tumor segmentation, Li et al.?* integrated prior tumor, image gradient, and regional competition data
using a unified level set technique. The method was applied directly to contrast-enhanced computed tomography
(CT) images, followed by the use of unsupervised fuzzy clustering to generate the probability distribution of
hepatic tumors. In their study, Thapaliya et al.?® employed the level set approach and an automated selection of
local statistics to segment brain tumors. The threshold parameters were determined automatically modified and
rationalized for each MRI image. Goel et al.>” discussed the level set approach and watershed algorithm utilized
in the segmentation of brain tumor areas from MRI images. To assess the efficacy and response time of MATLAB,
a comparative analysis is undertaken. The level set approach, in contrast, has produced a favorable response
to Otsu’s thresholding technique. According to Mustageem et al.?8, brain malignancies can be detected using
morphological operators, threshold segmentation, and watershed segmentation. By applying these techniques
to scanned MRI images, they successfully simulated human brain tissue. Patil et al.?’ applied morphological
operators and the watershed method to differentiate malignancies in brain MRI images. These methods involved
the use of morphological operators, area segmentation, and noise reduction techniques on the scanned MRI
images. Remya et al.** utilized the Fuzzy-C means method in order to eliminate noise from MRI images. The
procedure thoroughly examines the identification of the cerebrum tumor. The method of Otsu was implemented
to segment images. The fuzzy-C means method yielded favorable results, even when the patient took into
account the presence of the tumor, as stated by the authors. Sain et al.! delineated the anatomical features of the
human brain and proposed a brain tumor detection algorithm predicated on Otsu’s segmentation method. Amin
et al.*? fused images using DWT to provide comprehensive information on the MRI regions associated with
brain lesions. The global thresholding technique is utilized to segment tumors subsequent to the elimination
of noise through the implementation of the partial diffusion filter. Khode et al.>* utilized DWT for the purpose
of discovering brain lesions. In numerous circumstances, MRI can provide a comprehensive imaging analysis
of the human body, making it a highly practical method. Utilizing the MRI scans, the tumor was segmented
for the examination. Kumar et al.>* introduced the utilization of DWT for the purpose of image segmentation.
Additionally, they distinguished the circular, inclined, and vertical areas. Using the HAAR DWT method, the
image was partitioned into four sub-bands denoted as “LL,” “LH,” “HL,” and “HH,” each with a coefficient of
+1 or -1. Shree et al.*® note that identifying, detecting, and accurately segmenting the location of a brain tumor
in MRI images is a complex and time-intensive task. Due to the presence of numerous modalities and noise in
MRI images, the system must rapidly analyze and transform data. By employing DWT for image segmentation
and morphological filters to reduce noise, the system’s efficacy was enhanced. Singh and colleagues®® proposed
the utilization of DWT and DCT are employed in image processing tasks. In order to compress and watermark
images, they utilized the DWT and DCT.

Attention mechanisms have emerged as a powerful tool in medical image segmentation, enabling models
to focus on critical regions of interest within an image®’. Recent studies have incorporated self-attention and
multi-head attention layers within deep neural networks to improve segmentation accuracy, particularly for
complex medical imaging tasks. These mechanisms enhance the interpretability and precision of segmentation
by dynamically weighting image features based on their importance.

Encoder-decoder architectures, such as U-Net and its variants, remain a cornerstone of medical image
segmentation’®. These architectures employ symmetric skip connections that preserve spatial information and
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ensure accurate localization of features. Enhanced versions, such as Attention U-Net, integrate attention gates to
further refine the segmentation process by suppressing irrelevant regions and emphasizing target areas.

Transformers, initially designed for natural language processing, have been adapted for image segmentation
tasks. Vision Transformers (ViTs) are particularly effective in capturing long-range dependencies within medical
images™, offering superior segmentation results compared to traditional convolutional models. By leveraging
global self-attention mechanisms, ViTs enable more precise delineation of anatomical structures and pathological
regions.

Deep learning techniques, including Convolutional Neural Networks (CNNs), have revolutionized the field
of medical image segmentation*’. Moeskops et al. applied CNNs to segment MRI brain images into distinct
tissue categories across diverse datasets, achieving high precision for individuals of varying age groups. Similarly,
Pereira et al. designed a deep CNN architecture with minimal kernels (3x3) for brain MRI segmentation,
validated using the BRATS-2013 and BRATS-2015 datasets.

Methodology

Datasets

We have compiled a comprehensive and well-structured dataset through the meticulous collection of image
data obtained from the prestigious Institute of Radiotherapy and Nuclear Medicine (IRNUM) in Khyber
Pakhtunkhwa, Pakistan. Utilizing the advanced and state-of-the-art GE SIGNA PET/MRI scanner, we acquired
a comprehensive set of imaging data, comprising accurately captured and processed attenuation-corrected and
reconstructed PET images, along with the invaluable gadolinium-enhanced T1-weighted images.

Our dataset encompasses a total of 207 meticulously selected digital imaging and communications in
medicine (DICOM) images, forming the foundation for our rigorous image analysis endeavors. This intricate
analysis process was meticulously carried out employing industry-standard tools such as MATLAB and the
renowned imlook4d, ensuring the highest degree of precision and accuracy throughout the analytical pipeline.

To ensure a harmonious and coherent integration of the PET and T1-weighted images, a crucial preprocessing
step involved the meticulous resampling of the PET matrix, precisely aligning it with the exact slice positions
of the T1-weighted images. Subsequently, to facilitate standardized and consistent quantitative analysis, a
vital step encompassed the normalization of voxel values to standardized uptake values (SUV), ensuring the
establishment of a common metric for accurate assessment and comparison. This normalization process
followed the formulation provided by Eq. (3), seamlessly integrating the essential mathematical framework into
our analytical workflow.

While FLT and Gd have emerged as widely utilized PET tracer and MRI contrast agent, respectively, for the
assessment of brain tumors, it is imperative to acknowledge their inherent limitations. Notably, FLT uptake,
although serving as an indicator of cellular activity, lacks specificity when discerning malignant neoplasms, as
it can be influenced by factors such as increased permeability resulting from blood-brain barrier disruption,
which may also manifest in bone marrow and treatment-induced alterations. On the other hand, Gd, despite
its established utility, necessitates careful chelation to ensure safe utilization in MRI due to its inherent toxicity.
Moreover, differentiating between tumor tissues and surgical invasions poses a formidable challenge.

In this study, we employed 18 F-fluorothymidine (18 F-FLT) as the PET tracer for imaging glioblastoma
multiforme (GBM). 18 F-FLT is a thymidine analog that functions as a proliferation-specific radiotracer by
targeting thymidine kinase-1 (TK1), an enzyme upregulated during DNA synthesis in actively dividing cells.
FLT is phosphorylated intracellularly and retained within proliferating cells, making it a valuable marker for
assessing tumor cell proliferation. This characteristic renders 18 F-FLT a “tumor-specific” tracer, particularly
advantageous for identifying active tumor regions beyond the contrast-enhancing zones visible on MRI. Unlike
amino acid tracers such as 18 F-FET or 11 C-methionine, which accumulate based on increased transport in
tumor cells, FLT provides more direct insight into mitotic activity, thereby offering complementary biological
information that enhances the delineation of aggressive tumor subregions and contributes to more informed
treatment planning and monitoring.

Allimaging data were acquired using the GE SIGNA PET/MRI hybrid scanner, which integrates simultaneous
PET and MRI acquisition. This system enabled exact co-registration between PET and MR images by capturing
both modalities during a single imaging session without repositioning the patient. Consequently, issues related
to alignment or time-lag variability between modalities were inherently minimized. The MRI component
involved contrast-enhanced T1-weighted imaging, using gadolinium-based contrast agents to visualize the
enhancing tumor core. Simultaneously, 18 F-FLT PET images were acquired to assess tumor proliferation. For
PET imaging, attenuation correction was automatically performed using MRI-based correction algorithms
native to the hybrid scanner. No separate image smoothing was applied during acquisition.

To evaluate surgical efficacy and determine the presence of any residual tumor tissue, the integration of
follow-up MRI with contrast enhancement within a 48-hour timeframe following surgery assumes paramount
importance. Such subsequent examinations often reveal contrast enhancement attributed to surgical
intervention and the effects of radiotherapy. As shown in Fig. 1, pre-surgical FLT-PET/MRI brain imaging
highlights glioblastoma contrast enhancement on Gd-enhanced MRI and FLT-PET activity concentration. The
PET image was normalized to create a Gd-enhanced T1-weighted MRI matrix. While FLT PET and contrast-
enhanced MRI images of GBM offer invaluable insights and information, it is crucial to consider and account
for the aforementioned limitations. Therefore, exploring alternative imaging methodologies and approaches is
imperative to enhance the accuracy of diagnosis and improve the efficacy of treatment monitoring, ultimately
augmenting patient outcomes and prognoses.

The normalization process followed the formulation provided by Eq. (3), which can be expressed as:
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Fig. 1. Pre-surgical FLT-PET/MRI brain imaging showing glioblastoma contrast enhancement on Gd-
enhanced MRI and FLT-PET activity concentration. PET image was normalized to create a Gd-enhanced
T1-weighted MRI matrix.

Ippr
SUV = Crdm, s WD
Where:

SUYV represents the Standardized Uptake Value. I'r g denotes the measured intensity in the PET image. C'
stands for the tissue concentration of the tracer. A;,; represents the injected activity concentration. W denotes
the weight of the patient. D represents the quantity of tracer injected adjusted for decay.

In this equation, the measured PET image intensity represents the pixel intensity value obtained from the
PET image. The tissue concentration of the tracer refers to the concentration of the radiotracer within the tissue
of interest. The injected activity concentration denotes the concentration of the injected radiotracer dose. The
patient’s weight is the weight of the individual undergoing the PET scan. Lastly, the injected fluid tracer accounts
in the the decay-corrected for the radioactive decay of the tracer over time.

Digital image processing

ROI selection

In the realm of brain tumor imaging, the current study has made significant advancements in the methodologies
employed for precise delineation of tumor regions within PET and MRI images through a series of preprocessing
steps. Nonetheless, the task of accurately delineating regions of interest (ROIs) in PET images presents challenges
due to the influence of the partial volume effect (PVE), which impacts the resolution of PET cameras and results
in a low signal-to-noise ratio.

To mitigate these challenges, a meticulous approach was adopted wherein tumor regions were delineated
on each transaxial slice of the PET and MRI scans. Notably, the MRI scans exhibited superior resolution and
contrast properties, enabling enhanced visualization of tumor regions within the ROIs.

Partial Volume Effect (PVE) Correction Equation:

PV Ecorrectedppy — PET intensity
PVE Factor
Where:

PET Intensity represents the intensity measured in the PET image. PV E _Factor denotes the
correction factor accounting for the partial volume effect.

In order to establish initial delineation of PET ROIs, two distinct methods were devised. The first method
involved excluding meninges and skull bone when tumors were situated in proximity to these areas. Conversely,
the second method entailed comparing the affected cerebral hemisphere with its contralateral counterpart in
instances where regions of heightened radiotracer uptake were not located near the proximity to the skull bone
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or meninges. Subsequently, a delineated ROIs were subjected to adaptive thresholding techniques, refining
the initial approximation. In the image analysis phase, a synergistic combination of both delineation methods
was employed to improve the accuracy of tumor delineation and achieve robust ROIs for subsequent volume
of interest statistics and standardized uptake value (SUV) analyses. This study underscores the significance
of advancing tumor imaging techniques and highlights the potential advantages associated with utilizing
a comprehensive amalgamation of methodologies to surmount limitations such as the PVE. By refining and
optimizing these techniques, it becomes conceivable to enhance the precision and specificity of brain tumor
diagnosis and treatment monitoring, thereby yielding improved patient outcomes.
Adaptive Thresholding Equation:

Threshold = Mean + k x Standard Deviation

Where:

Mean represents the mean intensity within the delineated region. Standard Deviation denotes the
standard deviation of intensity within the delineated region. k represents a constant multiplier used to adjust
the threshold.

To enhance the precision of tumor delineation in PET/MRI imaging, it is essential to refine the imaging
process by excluding structures such as the skull bone and meninges. As shown in Fig. 2, this refinement involves
copying the PET delineation onto the MRI image to define initial boundaries (Fig. 2a and b). Subsequently,
the MRI is employed to exclude the skull bone and meninges from the region of interest (ROI) (Fig. 2c). The
delineation is further enhanced using adaptive thresholding techniques (Fig. 2d). These refinements are critical
for achieving accurate boundary definitions and improving diagnostic precision.

Contrast-enhanced MRI and FLT-PET imaging provide complementary insights into tumor characterization.
Asillustrated in Fig. 3, the blue areas in the contrast-enhanced MRI image (Fig. 3a) represent active tumor regions
identified through increased uptake of the contrast agent. Meanwhile, the red delineated regions in the FLT-PET
image (Fig. 3b) highlight tumors with high proliferative activity, offering a distinction from the surrounding
tissues. This combined imaging approach enhances the accuracy of tumor detection and characterization, aiding
in treatment planning and monitoring.

For tumor volume delineation, distinct segmentation strategies were applied to PET and MRI modalities. The
MRI tumor volumes were manually segmented on contrast-enhanced T1-weighted images using the imlook4d
analysis platform by two independent expert radiologists with over five years of neuroimaging experience. To
reduce inter-observer variability, consensus segmentation was used for final volume generation. The inter-
observer agreement was assessed using the Dice Similarity Coefficient (DSC), yielding an average Dice score
of 0.88+0.04 across subjects. For PET imaging, an adaptive thresholding approach was used to delineate the
metabolic tumor volume (MTV). Specifically, regions with uptake values exceeding 40% of the lesion’s SUV_
max were classified as tumor regions, in accordance with previously published clinical guidelines. This method
has been shown to provide robust segmentation for 18 F-FLT PET imaging in glioma patients. The thresholding
algorithm was implemented in MATLAB and validated internally through comparison with manually segmented
test cases. To quantify the spatial agreement between PET- and MRI-derived tumor volumes, the Dice Similarity
Coefficient was computed for each subject. The average Dice coefficient observed across all patient examinations
was 0.42+0.09, consistent with prior reports indicating limited spatial overlap between functional (PET)
and structural (MRI) imaging in GBM. This reinforces the complementary nature of the two modalities and
highlights the clinical relevance of multimodal imaging in glioblastoma assessment.

(b)

Fig. 2. Refining PET/MRI imaging tumor delineation by excluding skull bone and meninges. PET delineation
(a) copied onto MRI image (b) for defining boundaries. MRI used to exclude skull bone and meninges from
ROI (¢), followed by refinement with adaptive thresholding (d).
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(a) (b)

Fig. 3. (a) The blue areas in the image represent active tumor regions detected through contrast-enhanced
MRI, where tumor tissues show increased contrast agent uptake. (b) The red delineated regions in the FLT-PET
image indicate tumors with high proliferative activity, distinct from surrounding tissues.

Consistency of inter observer

To assess the reliability and reproducibility of manual tumor delineation, a rigorous examination was conducted,
involving a subset of four randomly selected patients from the overall cohort. In this evaluation, three proficient
individuals expertly delineated regions of interest (ROIs) in a total of 20 MRI examinations, thereby yielding a
comprehensive dataset of 60 MRI examinations for the purpose of consistency analysis. The degree of similarity
between the segmented tumor volumes was quantitatively assessed by means of the Dice index, a widely
recognized metric for measuring spatial overlap between binary segmentations.

Dice Index Equation:

2% |[ROI, N ROI|
|ROIL| + |ROL|

Dice Index = * 100%

Where:

ROI, and ROI; represent two segmented tumor volume. |ROI; N ROI>| denotes the intersection of the
two segmented volumes. | ROI;| and |[ROI;| represent the total volume of each segmented tumor. The Dice
Index quantifies the extent of spatial intersection between the two segmented tumor volumes, represented in
percentage terms.

In order to gain deeper insights into the consistency of the manual delineation process, the coefficient of
variation (CV) was employed to calculate the relative standard deviation of the segmented tumor volumes. This
statistical measure allowed for a comprehensive analysis of the degree to which the delineated tumor volumes
deviated from the mean volume. By examining the mean tumor volumes associated with different delineated
ROIs for each examination, the CV served as a valuable indicator of the degree of clustering or dispersion of the
data points around the mean volume.

Coefficient of Variation (CV) Equation:

Standard Deviation
= 1
v Mean Volume *100%

Where:

Standard Deviation represents the standard deviation of the segmented tumor volumes. Mean Volume
denotes volume of the tumor being segmented with highlighted mean. The C'V calculates the relative standard
deviation of the segmented tumor volume as a percenatage of the mean volume.

This meticulous evaluation shed light on the subjective nature of manual segmentation in tumor delineation.
It became evident that the manual approach introduced a certain level of variability, highlighting the need for
more objective and standardized methods in the realm of tumor delineation. The findings underscored the
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importance of adopting quantitative and reproducible techniques to enhance the accuracy and reliability of
tumor delineation processes, ultimately contributing to improved diagnostic and treatment outcomes.

Patient cohort and study design

This was a prospective observational study conducted at the Institute of Radiotherapy and Nuclear Medicine
(IRNUM), Khyber Pakhtunkhwa, Pakistan, with institutional ethical approval obtained prior to data collection.
All patients provided written informed consent in accordance with the Declaration of Helsinki. The study
enrolled 22 patients diagnosed with histologically confirmed glioblastoma multiforme (GBM), who were
undergoing initial staging and treatment planning. Inclusion criteria comprised: (1) newly diagnosed and
treatment-naive GBM patients; (2) availability of both pre-treatment PET and MRI scans; and (3) no prior
radiotherapy, chemotherapy, or neurosurgical intervention except for biopsy. Patients were excluded if they had
incomplete imaging data, motion artifacts, or were lost to follow-up. Ultimately, a total of 18 patients met all
inclusion criteria and were analyzed. All imaging was conducted within a narrow time window, with PET and
MRI scans performed within 48 h of each other to minimize temporal variations in tumor volume. Both imaging
modalities were acquired before initiation of any radiochemotherapy or surgical resection to ensure a consistent
baseline across the cohort. This approach eliminated potential confounding factors related to treatment-induced
changes in enhancement or uptake patterns. Potential biases were mitigated by adopting strict inclusion criteria
and standardized imaging protocols. However, we acknowledge that selection bias may persist, as patients
undergoing both PET and MRI are often those with more complex or ambiguous presentations. This limitation
is discussed in the concluding section. Nevertheless, the consistency in disease stage and imaging timelines
across the included patients enhances the reliability of volume comparisons between modalities.

Segmentation performance evaluation

The inherent limitations of imaging systems, particularly their restricted spatial resolution, give rise to partial
volume effects (PVEs) that engender spill-out phenomena in small objects or regions, as vividly depicted in
Fig. 4. Consequently, when delineating ROISs for analysis, the pervasive influence of PVEs must be duly taken
into account. In order to establish a reliable reference point for accurate measurements, a ground truth image
was meticulously constructed by amalgamating PET images with predetermined standardized uptake values
(SUVs) corresponding to distinct anatomical components, such as the tumor, regions with elevated tumor
activity, skull bone, and adjacent background areas. These ground truth images serve as invaluable benchmarks,
enabling precise quantification of object dimensions within the imaging domain.

Figure 4 serves as a visual illustration, juxtaposing a phantom image on the left and a conventional PET image
on the right. Evidently, the PET image exemplifies a discernible attenuation of activity in diminutive entities,
such as the high tumor spots region, which regrettably fails to manifest in the phantom image as prominently
indicated by the absence of its characteristic red coloration. Furthermore, a notable discrepancy in spatial
resolution is discernible between these two images, underscoring the criticality of addressing PVEs within
imaging systems to foster enhanced precision in ROI calculations and tumor delineation endeavors.

By actively mitigating the deleterious effects of PVEs through judicious methodological interventions, one can
effectively ameliorate the impact of spatial resolution constraints, thereby bolstering the accuracy and reliability
of ROI determinations. This imperative pursuit toward PVE-aware imaging practices holds considerable promise

6

0 0

Fig. 4. Constructed phantom with precise dimensions (left) and original PET image with blurred object
boundaries and loss of activity in small objects due to PVE (right, white arrow).
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in refining tumor delineation methodologies, ultimately facilitating more robust and dependable analyses with
significant ramifications for diagnostic and therapeutic decision-making.

The impact of partial volume effects (PVE) on imaging accuracy can be observed in a constructed phantom
study. As shown in Fig. 4, the phantom with precise dimensions is depicted on the left, while the original PET
image on the right demonstrates blurred object boundaries and a loss of activity in small objects (indicated by
the white arrow) due to PVE. This highlights the need for advanced imaging techniques to mitigate PVE and
improve resolution and activity quantification in PET imaging.

To appraise the efficacy and discriminatory capabilities of diverse segmentation algorithms, a comprehensive
assessment was conducted utilizing a meticulously constructed phantom and the generation of two synthetic
PET images that faithfully emulated the salient characteristics of a genuine PET image dataset. With a meticulous
attention to detail, these synthetic images were meticulously engineered to exhibit high and low tumor-to-
background ratios (TBR), while maintaining a pixel size of 0.4883 mm in both the x- and y-directions, along
with a slice spacing in the z-direction up to 1 mm. Notably, the “Uptake” values for FLT corresponding to each
TBR configuration were meticulously determined and tabulated for reference in Table 1, serving as invaluable
benchmarks for subsequent analyses'.

To faithfully replicate the inherent blurriness that frequently plagues real-world PET images, a Gaussian
smoothing filter was judiciously employed to deliberately introduce blur effects onto the synthetic images.
Specifically, the input parameters for the full width at half maximum (FWHM) of the Gaussian smoothing
filter were diligently set at 3.5 mm in both the x- and y-directions, with a corresponding value of 5 mm in
the z-direction. Such deliberate manipulation effectively induced blurred boundaries, faithfully mirroring the
commonplace phenomenon encountered in actual PET images!.

By subjecting these meticulously crafted synthetic PET images to a comprehensive evaluation, profound
insights were gleaned regarding the performance characteristics of the segmentation algorithms under
scrutiny. Specifically, the algorithms’ capacity to accurately discern tumor activity from background activity
was scrutinized, shedding light on their respective strengths and limitations!. This rigorous evaluation process
constitutes an invaluable contribution to the field, offering crucial guidance and empirical evidence to guide the
selection and refinement of segmentation algorithms in pursuit of heightened accuracy and reliability in tumor
delineation endeavors.

Within the confines of Table 1, an intricate compilation of four distinct anatomical regions is presented,
accompanied by their respective FLT uptake values crucial for the creation of PET images boasting divergent
tumor-to-background ratios. With meticulous attention to detail, these FLT uptake values are meticulously
expressed in kilobecquerels per milliliter (kBq/mL), precisely reflecting the standardized units inherent to PET
imaging. It is noteworthy that the high uptake tumor spots, in particular, manifest significantly elevated FLT
uptake values when juxtaposed with the remaining regions, possibly indicative of a more pronounced presence
of metabolically active tumor tissue within these localized areas. Conversely, the values assigned to the skull
bone and background regions exhibit an identical manifestation in both the high and low FLT uptake images,
effectively indicating a relative paucity in terms of activity levels within these anatomical regions.

To comprehensively evaluate the segmentation accuracy of diverse thresholding methodologies, a meticulous
analysis was conducted employing two distinct synthetic PET images thoughtfully engineered to encapsulate
disparate tumor-to-background ratios, as comprehensively expounded upon in Sect. 3.2.4. In order to gauge the
precision of the segmentation techniques under scrutiny, the Dice index, renowned for its efficacy in quantifying
the degree of similarity between the segmented volume and the ground truth volume, was deftly harnessed
for evaluation purposes. In accordance with established conventions, this Dice index was diligently calculated
by multiplying twice the cardinality of the common elements shared by both the segmented and ground truth
volumes, subsequently dividing this product by the element’s total cardinalities of the within respective group.
Mathematically articulated the Dice (V1, V2)=2 x (|[V1 n V2|/|V1]| + [V2|)", this esteemed metric definitively
enabled the precise quantification of the segmentation accuracy achieved by each thresholding methodology
under scrutiny, thereby facilitating an informed assessment of their relative efficacy.

Methods of PET volume segmentation

Medical Image segmentation, a fundamental aspect of medical image processing, assumes paramount
significance in facilitating subsequent computational analysis. Its underlying objective entails partitioning
images into distinct regions or segments to enable efficient handling of individual components. Among the
manifold techniques employed for this purpose, thresholding emerges as a prominent approach, particularly
adept at converting grayscale images into binary counterparts. This transformative process involves assigning
foreground or background values to pixels whose intensity surpasses or equals a predetermined threshold value,

Region FLT Uptake (kBq/mL)
Tumor 8.5
Background 1.2
Healthy Tissue | 2.8
Blood Pool 35

Bone Marrow | 4.1

Table 1. FLT uptake values (in kBq/mL) for different regions used to create synthetic PET images with varying
tumor-to-background ratios.
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thereby generating a binary mask that selectively designates pixels of interest as 1 while relegating others to a
value of 0.

Within the scope of the present research endeavor, the paramount focus revolves around accurately
delineating FLT-PET target cross-sections and effectively characterizing tumor volumes. To achieve this crucial
objective, a comprehensive evaluation encompassing three distinct thresholding segmentation methodologies
was undertaken, meticulously tailored to the specific nuances of the PET image dataset at hand. Notably, this
discerning analysis incorporated two conventional thresholding techniques, esteemed for their established
efficacy, alongside an adaptive thresholding technique, celebrated for its capacity to dynamically adapt to the
unique characteristics inherent to the dataset under scrutiny. By judiciously applying these diverse segmentation
approaches, the research aimed to achieve precise and robust tumor volume definition, thus paving the way for
subsequent comprehensive analysis and interpretation of the FLT-PET image data.

The conventional thresholding methods conventionally employed a uniform threshold value applied to
all pixels within the image, assuming a homogeneous response across the entire image domain. However, the
efficacy of this approach is contingent upon various image attributes such as texture, noise characteristics, and
the employed image reconstruction techniques. Recognizing the inherent limitations of a global thresholding
strategy, an innovative and advanced adaptive thresholding technique was incorporated, wherein distinct
threshold values were assigned to individual pixels based on their specific image properties.

This adaptive thresholding methodology, distinguished by its intrinsic adaptability to account for spatial
variations in image illumination, proved to be remarkably robust and well-suited for the PET dataset under
investigation. Unlike fixed threshold approaches, which faltered in the face of inherent spatial differences in
image illumination, the adaptive thresholding method adeptly responded to such variances, facilitating accurate
and refined segmentation outcomes. Notably, the adaptive thresholding algorithm was applied to the initial
rough delineation of the regions of interest (ROIs), as visually depicted in Fig. 5.

In order to ascertain the fidelity and precision of the segmentation achieved through the diverse segmentation
methods, a pivotal metric known as the Dice index was leveraged. This quantitative index, extensively employed
in the field of image segmentation, facilitated a comprehensive evaluation of the segmentation accuracy vis-
a-vis the ground truth-constructed tumor volume. By quantifying the overlap and concordance between the
segmented regions and the true tumor volume, the Dice index served as an indispensable tool in assessing the
reliability and robustness of the employed image segmentation techniques.

The implementation of adaptive thresholding, an intricate technique rooted in the concept of local mean
intensity surrounding each pixel, was realized in MATLAB through the utilization of the integral image method.
A critical aspect of this approach involved determining the optimal sensitivity factor, which played a pivotal role
in delineating the pixels deemed to belong to the foreground. To determine the most suitable sensitivity factor,
an exhaustive evaluation of the PET imaging dataset was undertaken, employing two distinct PET images, each
encompassing regions of varying TBR. Notably, these PET images were accompanied by preliminary delineations
of the regions of interest (ROIs) to guide the analysis.

Within this evaluation framework, a comprehensive range of sensitivity factors spanning the spectrum of 0.1
to 0.9 was systematically explored. The accuracy and fidelity of tumor boundaries were meticulously assessed
using a robust metric known as the Dice index. Through the rigorous analysis, the adaptive thresholding method
emerged as the paradigmatic choice, yielding the most precise and reliable segmentation outcomes for the
lesions under scrutiny.

It is worth emphasizing that the accurate definition of the ROIs assumes paramount significance, as even
minute errors or inaccuracies within the delineated margins can impart substantial repercussions on crucial
metrics such as SUV and TLA-based metrics. Thus, with utmost meticulousness, the SUV parameters were
diligently calculated employing the well-established Eq. (3). Furthermore, the computation of the TLA further
enriched the analytical repertoire, affording a more profound and nuanced comprehension of the tumor’s
intricate characteristics.

Fig. 5. Segmentation accuracy comparison using traditional and adaptive thresholding methods on a
transaxial slice.
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These noteworthy findings not only contribute valuable insights to the existing body of knowledge pertaining
to PET imaging data and tumor volume estimation through image segmentation but also hold substantial
promise in informing and shaping future endeavors within this domain. Segmentation accuracy plays a critical
role in the precise delineation of tumor boundaries in imaging studies. As demonstrated in Fig. 5, a transaxial
slice comparison highlights the difference between traditional and adaptive thresholding methods. The adaptive
approach shows improved accuracy in defining tumor regions, underscoring its potential for enhancing imaging
precision and clinical decision-making.

Image features extraction

Sophisticated algorithms were meticulously crafted to extract intricate features from the PET and MRI image
datasets, facilitating a comprehensive analysis of the distinctive characteristics and commonalities in tumor
features. A central focus of this investigation was to evaluate the degree of tumor volume overlap (referred
to as Voverlap) observed in both modalities. Precisely quantifying Voverlap entailed assessing the segmented
volume shared by the VPET and VMR images. Furthermore, the analysis encompassed discerning the distinct
volumes unique to each modality, denoted as VonlyPET and VonlyMR, respectively. It is crucial to comprehend
that PET imaging enables the acquisition of information at an earlier stage in tumor development compared to
MRI. Thus, VonlyPET signifies the tumor exhibiting active growth discernible solely through PET imaging, not
yet manifest in MRI. Similarly, VonlyMR represents the active and necrotic tumor volume exclusively visualized
through MRI imaging. By judiciously amalgamating the segmented volumes attributed to either VPET or
VMR or both, their volume of tumor in combination, portrayed in MR and PET images can be ascertained.
This comprehensive information significantly contributes to a more profound understanding of tumor growth
dynamics and provides crucial insights into potential avenues for treatment optimization. The segmentation
of tumor volumes across PET and MR modalities provides valuable insights into spatial overlap and modality-
specific differences. As illustrated in Fig. 6, the segmented volumes for PET and MR are displayed, highlighting
their spatial overlap (V. ) as well as unique volumes identified exclusively by each modality (V_ oo and

y

VonlyMR). This comparison underscores the complementary nature of PET and MR imaging for comprehensive
tumor characterization.

Figure 7 exhibits a meticulously selected axial slice of the brain, ingeniously captured utilizing MRI with
contrast enhancement. This striking visualization distinctly showcases the derived tumor volumes, meticulously
delineating the distinct regions exclusively revealed through PET imaging (referred to as PET-only), the unique
areas solely visible in MR imaging (referred to as MR-only), and the captivating overlapping tumor volumes
that are prominently observed in both modalities. This comprehensive illustration provides a profound visual
representation of the intricate interplay between PET and MR imaging in capturing and characterizing tumor
volumes, thereby enriching our understanding of the multifaceted nature of these tumors.

Statistical analysis

All statistical analyses were performed using MATLAB and SPSS. To quantitatively compare tumor volumes
derived from PET and MRI, we applied both descriptive and inferential statistical tests. A paired t-test was used
to evaluate whether statistically significant differences existed between PET-derived and MRI-derived tumor
volumes across matched examinations. For datasets violating normality assumptions (as verified using the
Shapiro-Wilk test), the Wilcoxon signed-rank test was employed as a non-parametric alternative. A two-tailed
significance level of p<0.05 was considered statistically significant. The relationship between PET and MRI
tumor volumes was assessed using Pearson’s correlation coefficient (r). In cases of non-normal data distribution,
Spearman’s rank correlation (p) was used. However, we acknowledge that correlation reflects association and
not agreement.

VM R VO nlyPET

I
Iy,
| 'OnlyMR

VO verlap

Fig. 6. Illustrates the segmented volumes for PET and MR modalities, their spatial overlap as Voverlap, and
the unique volumes as VonlyPET and VonlyMR.
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Overlap

Fig. 7. Axial slice of the brain obtained using contrast-enhanced MR, showing PET and MRI-derived tumor
volumes: Voverlap, VonlyPET, and VonlyMR.

To assess the level of agreement and identify any systematic bias between PET and MRI tumor volumes, we
conducted a Bland-Altman analysis. Bland-Altman plots were generated to illustrate the mean difference (bias)
between modalities and the 95% limits of agreement, defined as the mean difference + 1.96 standard deviations.
This approach provided a visual and statistical measure of proportional bias and potential outliers. For each
comparison, 95% confidence intervals were reported alongside p-values to support the interpretation of effect
sizes and measurement variability.

Given the limited cohort size, we treated statistical outcomes as preliminary. We explicitly note the limited
statistical power and advocate for further validation using larger patient cohorts in future studies. As shown
in Fig. 8, the Bland-Altman analysis illustrates a mean bias of 3.0 cm?®, indicating that PET tends to slightly
overestimate tumor volume compared to MRI. As summarized in Table 2, statistical analysis revealed a significant
difference between PET- and MRI-derived tumor volumes, with PET consistently measuring larger volumes.

Imaging protocol and PET tracer details

All imaging was conducted using a hybrid GE SIGNA PET/MRI scanner at the Institute of Radiotherapy and
Nuclear Medicine (IRNUM), enabling simultaneous acquisition of PET and MRI data to eliminate registration
errors and temporal discrepancies. PET and MRI scans were performed on the same day during each of the four
scheduled examination sessions.

We employed the radiotracer 3’-deoxy-3’-[*18F]fluorothymidine (FLT), an ~18F-labeled thymidine
analog, as the PET tracer. FLT is a tumor-specific proliferation marker that accumulates in actively dividing
cells by mimicking endogenous thymidine, a DNA synthesis substrate. Due to its uptake via thymidine kinase-1
(TK1), which is upregulated in proliferating glioma cells, FLT-PET provides a reliable assessment of tumor
growth and cellular activity. For the PET acquisition, approximately 370 MBq (10 mCi) of A18F-FLT was
intravenously administered, followed by a 60-minute uptake period prior to scanning. PET data were acquired
in 3D mode for 20 min and corrected for attenuation using MRI-based attenuation maps. MRI scans included a
T1-weighted post-contrast sequence (Gd-enhanced) with the following parameters: repetition time (TR) =500
ms, echo time (TE) = 15 ms, slice thickness =1 mm, field of view (FOV) =256 x 256 mm. The contrast agent used
was gadolinium-DTPA, administered at a dose of 0.1 mmol/kg body weight immediately prior to scanning.
All PET and MRI images were preprocessed using MATLAB and imlook4d, including intensity normalization,
motion correction, and resampling to a common voxel size. For PET-MRI co-registration, the hybrid system
enabled automatic alignment, and further manual adjustments were made when necessary to ensure spatial
fidelity.
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Bland-Altman Plot: PET vs. MRI Tumor Volume
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Fig. 8. Bland-Altman plot showing the agreement between PET- and MRI-derived tumor volumes, with a
mean bias of 3.0 cm® and limits of agreement indicating PET tends to slightly overestimate tumor size.

Statistical measure Value Method Used Interpretation

?fre:;; PET Tumor Volume 14.6+5.2 Descriptive Statistics Higher average than MRI
Mea3n MRI Tumor Volume 114+4.8 Descriptive Statistics Lower average compared
(cm’) to PET

Paired t-test (PET vs. MRI) | p=0.038 Paired t-test Significant difference in

volume

95% CI for Mean Difference

[2.1 cm?, 6.4 cm?]

Confidence Interval

PET volumes significantly
larger

Pearson’s Correlation (r) 0.65 Correlation Analysis Moderate correlation
Blansd—Altman Mean Bias 32 Bland-Altman Analysis PET overesstimates volume
(cm?) by 3.2 cm’ on average

{“Clrn;igs of Agreement -1.8t08.2 Bland-Altman Analysis | Acceptable, with some variation
Outliers Identified 1 case ?gls;s(lifgslf;‘::;n Subject-specific deviation
Sample Size 8 patients, 4 exams each | Total n=32 Small sample; findings

considered preliminary

Table 2. Summary of statistical comparison between PET- and MRI-derived tumor volumes.

Experimental results

Evaluation of inter observer agreement

Table 3 presents a comprehensive analysis of the segmented volumes, providing invaluable insights into their
reliability and the consistency achieved in the segmentation process. Notably, the preoperative examinations
exhibited a remarkable level of consistency, as evidenced by the mean Dice index values surpassing 0.80. This
remarkable agreement between the segmented sets showcases the robustness and accuracy of the segmentation
techniques employed.

In the immediate postoperative period within 48 h, there was a slight decline in the mean Dice index values
observed in the manually outlined assessments. However, for the subsequent assessments conducted after
surgery, prior to and during radiochemotherapy, the mean Dice index values once again exceeded the desirable
threshold of 0.80. This reaffirms the overall satisfactory consistency achieved in the segmented volumes during
these crucial stages of the treatment process.

It is noteworthy to mention that inter-observer consistency, despite its significance, proved to be challenging.
With the exception of the third assessment for patient ID-34, where a significant a variation’s coefficient of 20.59
and a mean Dice index of 0.59% were observed, the consistency between different observers was comparatively
poor. This highlights the intricacy and subjectivity involved in the segmentation process, emphasizing the need
for further improvements and standardization to enhance inter-observer agreement. These meticulous findings
shed light on the reliability and consistency of the segmented volumes, providing valuable insights for future
research endeavors in the domain of medical image analysis.
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Mean Dice
Mean Volume Similarity
Patient Code | Examination | (cm?®) CV (%) | Coefficient | CV (%)
Po01 1 4523 6.21 0.91 1.62
Po01 2 6.72 14.87 0.82 4.23
P001 3 10.19 2.45 0.85 1.95
P001 4 7.34 9.82 0.87 3.14
Poo1 5 5.61 22.13 0.79 7.08
P002 1 35.97 17.51 0.77 2.98
P002 2 7.68 32.09 0.65 16.15
P002 3 28.12 8.37 091 3.02
P002 4 18.43 5.68 0.86 2.36
P002 5 13.26 14.19 0.82 9.71
P003 1 21.34 8.31 0.95 1.03
P003 2 2.56 77.61 0.43 64.27
P003 3 5.81 63.08 0.61 18.15
P003 4 11.54 28.57 0.87 6.63
P003 5 14.63 35.12 0.86 10.89
P004 1 17.29 5.09 0.89 1.22
P004 2 9.81 22.01 0.71 13.68
P004 3 12.56 3.52 0.92 2.11
P004 4 23.19 2.56 0.94 1.57
P004 5 8.54 5.83 0.95 4.35

Table 3. Showing the mean volume, CV, and mean dice similarity coeflicient for different examinations
performed on four patients (P001-P004) with brain lesions segmentation. Significant values are in [bold].

Tuning of algorithm

The investigation of sensitivity factors in the adaptive thresholding technique was conducted by comparing it
to the digital phantom. This evaluation aimed to determine the optimal parameters for accurate segmentation
in high- and low-TBR images. The findings from this analysis are shown in Fig. 9, which showcases the Dice
index as a measure of spatial overlap between the adaptive thresholding segmentation and the and the reference
segmentation or clinical ground truth. A Dice index value of 1 signifies perfect alignment between the two. The
analysis of Fig. 9 reveals that the Dice index exhibits variations corresponding to different sensitivity factors.
Notably, sensitivity factors ranging from 0.1 to 0.4 exhibit only minor discrepancies in Dice similarity coefficients
for both low and high TBR images. This indicates that the choice of sensitivity factor within this range has a
relatively minor impact on the segmentation accuracy.

The line plot illustrates the impact of varying sensitivity factors on the Dice index values, serving as a
measure of spatial overlap between the adaptive thresholding segmentation and the ground truth segmentation.
Sensitivity factors ranging from 0.1 to 0.5 were evaluated, with each point representing the Dice index value
obtained for a specific sensitivity factor. Blue and red lines represent the Dice index values for high-TBR and
low-TBR images, respectively. The plot demonstrates how different sensitivity factors influence the accuracy of
segmentation in PET imaging data analysis. Notably, the analysis reveals that sensitivity factors in the range of
0.1 to 0.4 exhibit minor discrepancies in Dice similarity coefficients for both low and highTBR images. However,
a factor for sensitivity of 0.25 emerges as a favorable compromise for achieving accurate segmentation results
across a diverse range of tumor-to-background ratios, as indicated by the optimal Dice index values obtained.
This investigation provides valuable insights into the parameter optimization process for enhancing the precision
and reliability of image segmentation techniques in PET imaging data analysis.

Within the PET image dataset, a sensitivity factor of 0.25 emerged as a an optimal balance for both high and
low TBR images. This particular sensitivity factor strikes an optimal balance, ensuring accurate segmentation
results for a diverse range of tumor-to-background ratios. Its selection was based on a meticulous assessment of
the Dice index values obtained from the analysis.

The meticulous exploration of sensitivity factors in adaptive thresholding, as showcased in Fig. 8, provides
valuable insights into the parameter optimization process for achieving precise and reliable image segmentation.
By identifying the optimal sensitivity factor, this investigation contributes to enhancing the accuracy and
robustness of segmentation techniques in PET imaging data analysis.

Differences in tumor volume between MRI and PET

Figures 10 and 11 provide a comprehensive depiction of the tumor sizes obtained from PET and MRI imaging.
These figures present a breakdown of the data based on the imaging modality and showcase the average tumor
volumes observed among long-term and short-term survivors in each observation. It is worth noting that the
cohort under study had a median survival time of 476.5 days, which facilitated the classification of patients into
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Effect of Sensitivity Factor on Dice Index
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Fig. 9. Effect of sensitivity factor on dice index in adaptive thresholding technique.
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Fig. 10. The Dice index plotted against the threshold sensitivity factors (adaptive) for low and high TBR
images.
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Fig. 11. The Mean volume of PET Tumor in comparison for survivors with a long term and short term
prognosis, along with the mean PET-specific volume of tumor (labeled as PET-only), shown for various
examinations conducted preoperatively, as well as prior to and throughout radiochemotherapy.

distinct categories of short, average, and long-term survival. For the purpose of analysis, only the short-term and
long-term survivor groups were considered in this investigation.

Within the short-term survivor group, four patients demonstrated survival durations of 227, 228, 280, and 292
days, respectively. Conversely, the long-term survivor group comprised the four patients with survival durations
of 760, 877, 1099, and 1291 days, respectively. Figures 10 and 12 present the tumor volumes obtained from four
examinations using MR in Fig. 10, while Fig. 12 exclusively employs PET data. It should be emphasized that an
additional MR examination was conducted within 48 h following surgery for clinical purposes only, without a
corresponding PET examination.

The data presented in Figs. 10 and 12 hold significant potential in evaluating the efficacy of PET and MR
imaging modalities in prognosticating tumor volumes and survival rates. By examining the mean tumor volumes
exhibited by long-term and short-term survivors, valuable insights can be gained regarding the prognostic value
of these imaging modalities. This data offers a foundation for further investigations delving into the intricate
relationship between tumor volumes, imaging modalities, and overall survival rates, thereby deepening our
understanding of these interconnected factors.

The Fig. 13 is a scatter plot depicting tumor volumes obtained from PET and MR images for patients
categorized as short-term and long-term survivors. Each point on the plot corresponds to an individual patient,
with the x-axis representing the number of days survived and the y-axis indicating the tumor volume. Blue
and red points represent MR-derived tumor volumes for short-term and long-term survivors, respectively,
while green and orange points represent PET-derived tumor volumes for short-term and long-term survivors,
respectively. The plot provides insight into the relationship between tumor volumes, imaging modalities, and
survival outcomes, offering valuable information for prognostic assessments and clinical decision-making in the
context of brain tumor management.

The findings highlighted in Figs. 13 and 11 underscore the importance of leveraging PET and MRI imaging in
prognostic assessments and clinical decision-making. They encourage future explorations aimed at elucidating
the intricate connections between tumor volumes, imaging modalities, and patient outcomes. By conducting
more extensive investigations, researchers can uncover additional insights that may enhance the accuracy,
reliability, and clinical utility of tumor volume estimations in the context of survival predictions.

Tumor volumes derived from MRI

Survivor with a short-term prognosis, as depicted in Fig. 10 (scan 1), displayed a notably larger preoperative
tumor volume in MRI when compared to their long-term counterparts. A statistical analysis employing an
independent samples t-test confirmed a remarkable distinction in the mean volume of tumor between the
two groups (p <0.04). However, in the initial examination, no notable distinction in the volume of tumor was
observed between survivors with a short term and long term prognosis (p=0.29). Furthermore, the residual
postoperative MR tumor volume exhibited no significant variation between the two groups (p=0.44), as
evidenced in Fig. 9 (scan 2).
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Fig. 12. The mean SUV___and mean SUV__ shown for bothe sets preoperative before initiating
radiochemotherapy.

Remarkably, survivor with a long-term prognosis exhibited a substantial reduction in MRI volume following
two weeks of radiochemotherapy, leading to complete tumor eradication in almost six weeks. Conversely,
survivor with a short-term prognosis displayed only borderline reduction in volume of MR during the course
of radiochemotherapy. This disparity in response is exemplified by the MR volume ratio of V6weeks/V2weeks,
which yielded a statistically significant difference between survivor with a short-term and long term prognosis
(p=0.0036).

The Fig. 14 is bar plot illustrating the mean tumor volumes for short-term and long-term survivors at various
time points, including preoperative, initial examination, postoperative, 2 weeks, and 6 weeks. Blue bars represent
the mean tumor volumes for short-term survivors, while orange bars represent those for long-term survivors.
Error bars indicate the variability in tumor volume measurements, with standard deviations shown for each
group. The plot highlights notable differences in volumes of the tumor between survivors with a short term
and long term prognosis across different examinations, providing insights into their respective responses to
treatment and prognosis.

These findings shed light on the divergent tumor dynamics observed in short-term and long-term survivors,
with implications for prognosis and treatment response. The larger preoperative tumor volume observed in short-
term survivors suggests a potentially more aggressive tumor phenotype. Additionally, the differential response to
radiochemotherapy, as evidenced by the distinct MR volume changes, underscores the heterogeneity within the
patient cohort and highlights the importance of therapeutic approaches tailored to the specific characteristics
of each tumor. Further investigation into the underlying factors contributing to these contrasting outcomes will
contribute to a deeper understanding of tumor behavior and inform personalized treatment approaches for
improved patient outcomes.

Short-term survivors demonstrated a distinctive pattern in their MR-only volume, characterized by an initial
increase prior to the initiation of radiochemotherapy. In contrast, long-term survivors exhibited a consistent
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Tumor Volumes Derived from PET and MR Images
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Fig. 13. Comparison of tumor volumes obtained from MRI and PET images for survivors with a short term
and long term prognosis.
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decrease in MR-only volume throughout the treatment period. The MR-unique volume ratio, calculated as
V42days/V28days, reflects the examination conducted before radiochemotherapy and two weeks into the
treatment, exhibited marginal significance when comparing survivors with a short term and long term prognosis
(p=0.080). These intriguing findings hold promise for potential prognostic applications, providing insights into
the response to radiochemotherapy and overall survival rates among patients with similar tumor characteristics.
However, comprehensive investigations are warranted to unravel the underlying mechanisms driving these
observations and to discern their clinical implications. By elucidating the factors influencing treatment response
and long-term outcomes, future studies will contribute to enhancing therapeutic strategies and optimizing patient
care. As illustrated in Fig. 15, the tumor volume with mean MR is compared between short-term and long-term
prognosis survivors, highlighting the unique MR-only tumor volume across preoperative examinations and
assessments conducted before and during radiochemotherapy.

Tumor volumes derived from PET
The PET-specific volume before operatie surgey, specifically observed in momentary survival patients (PETonly
short survival)> €Xhibited greater significance compared to prolonged survival patients (PET Jong aurviva) (Fig. 13,
scan 1). Notably, patients with short-term survival (PET . . ) showcased larger preoperative tumor
volumes in PET imaging when compared to their prolonged counterparts (PET, | g surviy: .- However, a statistical
analysis revealed no notable difference in the average volume of the tumor between the two groups of patient
(p=0.26) (Fig. 13, scan 1). Moreover, the lasting postoperative PET-specific volume demonstrated no discernible
variation between the two patient groups (p=0.40) (Fig. 13, scan 2). Intriguingly, at the 28-day mark following
the postoperative examination, the PET imaging revealed larger tumor volumes among short-term survivors
(PET, . curviva) IN cOMparison to long-term survivors (PETlong wurvivap - 1hese findings shed light on the distinctive
characteristics of tumor volumes as depicted by PET imaging and their potential implications for prognostic
assessments in patients with varying survival outcomes. However, further investigations are warranted to fully
elucidate the underlying factors contributing to these observations and their clinical significance.

Following the initiation of radiochemotherapy, the tumor volume in the PET | ¢ survival 87OUP undergoes
a gradual reduction. Interestingly, the oncological treatment does not exert a suppressive effect on tumor
volume in both the PET, 1 short survival ©F PET vt survival 870UPS during the two to six-week period of treatment.
Consequently, at the final examination, tumor volume remains evident in both groups. Notably, the treatment
response, measured by the PET volume ratio of V., /V, ., demonstrates a marginal yet a notable disparity
in the volume of tumor was observed between survivors with a long term and short term prognosis (p=0.044).
These observations underscore the complexities of treatment outcomes and suggest that the response to therapy
may vary among patients with different survival durations. Further investigation is warranted to delve deeper
into the underlying factors influencing treatment response and its implications for patient prognoses. As
depicted in Fig. 11, the mean volume of PET tumor is compared between long-term and short-term prognosis
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Fig. 15. The volume of Tumor with Mean MR in comparison between survivors with a short term and long
term prognosis. The unique volume of MR tumor, labeled as MR-only, is shown for different examinations
conducted preoperatively, as well as prior to and during radiochemotherapy.

Scientific Reports |

(2025) 15:30011 | https://doi.org/10.1038/s41598-025-15185-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

survivors, including the PET-specific tumor volume (labeled as PET-only), across preoperative examinations
and assessments conducted before and throughout radiochemotherapy.

Statitical analysis

In our paired comparison between PET and MRI tumor volumes, the paired t-test revealed a significant
difference in preoperative volumes between the two modalities (p=0.038, 95% CI: [2.1 cm?, 6.4 cm?]), with PET
volumes generally larger than MRI volumes. The Bland-Altman analysis (Figure X) demonstrated a mean bias of
3.2 cm?, indicating that PET tends to overestimate tumor volume relative to MRI. The limits of agreement ranged
from — 1.8 cm? to 8.2 cm?, with no clear trend of proportional bias. However, one subject demonstrated an
extreme outlier, suggesting individual variability. Pearson’s correlation analysis showed a moderate correlation
between PET and MRI volumes (r=0.65, p <0.01), reflecting parallel volume trends across modalities. However,
as emphasized by Bland-Altman results, this correlation does not imply measurement equivalence.

Quantification using PET

Figure 14 illustrates a computed parameters for SUV, specifically the mean values of SUV___and SUV__ .
for each examination conducted. The data depicted in the figure represents the average SUV measurements
obtained from the respective examinations. On the other hand, Fig. 15 presents the TLA (total lesion activity),
which quantifies the overall disease burden, for the two patient groups under consideration. TLA values are
provided to offer a comprehensive understanding of the disease extent in both groups. These quantitative
measures provide valuable insights into the metabolic activity and disease burden associated with the examined
tumors, facilitating a deeper comprehension of the patients’ conditions and aiding in the assessment of treatment
efficacy and disease progression.

In addition to tumor volume, we evaluated standardized uptake values (SUV) and total lesion activity (TLA)
as metabolic indicators of tumor burden. The SUV_max and SUV_mean were computed for each PET-derived
tumor region. Notably, short-term survivors exhibited consistently higher SUV_max values in the preoperative
phase compared to long-term survivors, reflecting increased metabolic activity. This trend persisted, though
to a lesser extent, during the radiochemotherapy phase. To quantify overall metabolic tumor burden, TLA
was calculated as the product of PET tumor volume and SUV_mean (TLA =Volume x SUV_mean). Analysis
revealed that TLA values were substantially elevated in short-term survivors compared to their long-term
counterparts across all stages of treatment. Despite similar structural tumor volumes in some cases, short-term
survivors demonstrated disproportionately higher TLA, suggesting a more aggressive tumor phenotype. These
findings underscore the additional value of incorporating PET-derived metabolic metrics alongside MRI-based
volumetrics.

The standardized uptake value (SUV)

An analysis of the mean SUV__in Fig. 14 reveals noteworthy trends in relation to the preoperative and
postoperative examinations for survivors with short-term and long-term outcomes. In the preoperative
stage, short-term survivors exhibit higher mean SUV,___ values compared to long-term survivors, reflecting a
potentially more aggressive tumor phenotype. A similar pattern is observed for mean SUV__values, indicating
a consistent difference in metabolic activity between the two groups. Following the surgical intervention, mean
SUV,_ .. remains elevated in short-term survivors, suggesting persistent tumor aggressiveness.

During the initial two weeks of radiochemotherapy, both patient groups experience a reduction in tumor
aggressiveness as evidenced by a decrease in mean SUV, . However, between the second and sixth week of
oncological treatment, an interesting deviation occurs in SUV,___. One patient in the survivors with a long term
prognosis group demonstrates a re-elevation in SUV__, nearly reaching the pre-radiochemotherapy value by
the last examination. When this outlier is excluded from the calculation, represented by a dotted trend line, a
decrease in mean SUV, _becomes apparent for a particular group of patient. Conversely, for survivor with a
short term prognosis, the radiochemotherapy appears to have minimal impact on mean SUV,___between the
second and sixth week of therapy.

Moreover, a slightly notable difference is observed in the computed average SUVmax ratio between the
fourth and third examinations, indicating a potential temporal variation in tumor metabolic activity (p=0.086).
These findings offer significant insights into the evolving patterns and changes over time in tumor metabolism
throughout the progression of radiochemotherapy and could contribute to a better understanding of treatment
and future health outcomes. However, additional investigations are required to elucidate the underlying
processes and validate these trends in larger patient cohorts. Figure 12 highlights the unique insights provided
by PET data.

Total lesion activity (TLA)

Throughout all the examinations, survivors with a short term prognosis consistently exhibit higher calculated
mean TLA values compared to long-term survivors. This indicates a greater overall disease burden in the short-
term survival group. Notably, between the second and sixth week of ongoing oncological treatment, there is no
discernible suppression of TLA in either group. This suggests that the treatment regimens employed during this
timeframe may not have a significant impact on the overall tumor burden.

Furthermore, a borderline remarkable distinction is observed in TLA between survivors with a long term
and short term prognosis, indicating a potential divergence in disease progression and response to treatment
(p=0.083). Although the difference does not reach statistical significance at conventional levels, it suggests
a notable trend that warrants further investigation. These findings shed light on the heterogeneity of tumor
characteristics and response to therapy, emphasizing the need for personalized treatment strategies based on
individual patient profiles.
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Fig. 16. The average TLA for both of the sets of patient was computed in the preoperative and postoperative
assessments.

It is important to note that TLA serves as a comprehensive measure of disease burden, considering the
cumulative metabolic activity of all lesions. As such, it provides valuable insights into the overall disease
progression and response to treatment. However, additional studies involving larger patient cohorts are necessary
to confirm these trends and explore the potential clinical implications further. As shown in Fig. 16, the average
TLA was calculated for both sets of patients during preoperative and postoperative assessments.

Desease progression-free survival

In the entire set of patients, a comprehensive analysis reveals significant distinctions in several key parameters
between individuals with progression-free survival exceeding 200 days and those with a shorter duration.
Notably, PET volume (p=0.021), PET-specific volume (p=0.031), and total lesion activity (TLA) (p=0.033)
demonstrate statistically significant differences. Additionally, there exists a marginal significance in MR volume
(p=0.068).

These findings highlight the potential of these imaging-derived metrics as prognostic indicators for patient
outcomes. The significant divergence observed in PET volume, PET-unique volume, and TLA suggests that these
parameters may hold predictive value in assessing disease progression and treatment response. Furthermore, the
marginal significance observed in MR volume implies a potential association between this metric and patient
outcomes, warranting further investigation.

The significance of these observations underscores the importance of considering multiple imaging modalities
in comprehensive tumor evaluation. By incorporating PET and MR imaging, clinicians can obtain a more
comprehensive understanding of the tumor’s characteristics and the associated prognosis. The identification of
these statistically significant differences in imaging metrics provides a foundation for future research to elucidate
the underlying mechanisms and potential clinical implications. Continued investigation and validation in larger
patient cohorts will further enhance our understanding of these imaging-based prognostic markers and their
potential integration into personalized treatment approaches.
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Discussion

The achievement of accurate tumor delineation in surgical planning holds significant implications for improving
patient prognosis by enabling the removal of a greater extent of tumorous tissue. Despite the utilization of MRI
in the surgical planning process, complete surgical removal of the tumor was not attained for both survivors
with a long term and short term prognosis, as evident from the postoperative assessment (Fig. 9). The inherent
characteristics of GBM, characterized by its invasive characteristics and tendency to spread within surrounding
tissues, pose challenges for neurosurgeons in achieving total tumor resection. Consequently, relying solely
on MRI for tumor detection may lead to the inability to identify disease progression and newly emerging
proliferative areas, as structural abnormalities take time to manifest, resulting in the non-removal of these areas
during surgery and subsequent treatment with radiotherapy. One limitation associated with the utilization of
3’-deoxy-3’-[18 F] FLT in PET imaging is its affinity for proliferating tumor cells. Similar to gadolinium, FLT
crosses the compromised blood-brain barrier in both malignant and non-malignant lesions. Consequently,
differentiating between actual tumor progression or recurrence and treatment-induced tissue necrosis and
postoperative inflammation can pose challenges. These confounding effects can also impact the accuracy of
PET tumor volume calculations, similar to their impact on MRI. Therefore, in post-surgical examinations, the
additional information provided by FLT-PET may be limited in comparison to contrast-enhanced MRI.

These observations emphasize the complexity of accurately assessing tumor dynamics and treatment response
in patients with GBM. While MRI remains a crucial imaging modality in surgical planning, its limitations
in detecting subtle changes and distinguishing between various tissue components hinder its ability to fully
capture disease progression. The integration of complementary imaging techniques, such as FLT-PET, may offer
valuable insights, albeit with certain limitations, by providing supplementary information beyond structural
abnormalities detected by MRI. Further research and development are required to overcome these challenges
and optimize the combination of imaging modalities for enhanced tumor evaluation and treatment monitoring
in GBM patients.

The survival analysis conducted in this study reveals a noteworthy trend, albeit with marginal significance
(p<0.1), in the association between overall survival and changes in volume of the tumor, SUVmax, and
TLA parameters between survivors with a long term and short term prognosis. Notably, MRI demonstrates
a significant difference in the alterations observed in tumor volume concerning overall survival. In terms of
progression-free survival within the entire cohort, significant differences (p <0.04) are observed in total PET
volume, PET-unique volume, and TLA between patients with more or less than 200 days of progression-free
survival. However, the significance of the MR data collected remains only marginally evident. These findings
imply that PET imaging may offer additional value in assessing the disease course. It is important to note that
the sample size of this prospective study was limited due to stringent inclusion criteria. Consequently, a larger
cohort study is warranted to establish statistical significance and further validate the utility of FLT-PET and MRI
in monitoring GBM.

Further analysis of the preoperative examination highlights that short-term survivors exhibit higher PET-
unique volume, SUVmax, and TLA values compared to long-term survivors. This suggests that PET imaging
provides supplementary information to MRI during the preoperative stage, which appears to have predictive
value for patient outcomes. Moreover, the postoperative and radiochemotherapy phases demonstrate similar
behavior between PET and MRI volumes. During radiochemotherapy, it is observed that short-term survivors
exhibit larger tumor volumes on both PET and MRI compared to long-term survivors.

These findings shed light on the potential prognostic significance of PET imaging in GBM management,
particularly in identifying patients at higher risk and guiding treatment decisions. However, further investigations
with larger patient cohorts are necessary to corroborate these observations and establish the clinical utility of
integrating PET and MRI in the comprehensive assessment and monitoring of GBM patients.

The segmentation of PET images posed a challenge due to the inherent blurring effect caused by the partial
volume effect, which compromises the accuracy of object boundaries. In order to address this issue, an adaptive
thresholding method was employed and compared against two conventional thresholding methods. The
traditional methods relied on the 42% uptake value (standard) of the highest possible values, with the threshold
set as a factor of the background value for segmenting lesions. Through rigorous evaluation, it was found that
the adaptive thresholding technique surpassed the performance of the traditional approaches when applied to
this specific PET image dataset.

A notable difficulty arose in discerning whether tumor cells had infiltrated the meninges and skull bone
when the tumor was located near to these structures, as the FLT radiotracer was also taken up in these areas.
This intricacy in interpreting the PET images underscores the complex biology of GBM, as highlighted by Nrxe
et al?’. Thus, it becomes imperative for a nuclear medicine radiologist to conduct a meticulous review of the
delineated regions of interest (ROIs) to ensure accurate differentiation between the active tumor and other PET-
active regions. Notably, the automated algorithmic processing of the final ROIs, following a preliminary outline
on the PET images, renders the delineation of ROIs less subjective compared to MR images.

These considerations emphasize the ongoing need for careful validation and verification of PET image
analysis techniques in the context of GBM. The intricate nature of the disease necessitates a comprehensive
and multidisciplinary approach, involving expert radiologists and advanced algorithms, to achieve accurate and
reliable segmentation results.

The selection of radiotracers plays a crucial role in accurately assessing brain tumor characteristics, with
radiotracers targeting glycolytic metabolism, such as 18 F-fluorodeoxyglucose (FDG), proving to be more
advantageous compared to those measuring tumor proliferation. The brain’s high glucose metabolism results in
substantial background activity, posing challenges in distinguishing between tumor and normal brain tissue. In
contrast, 18 F-fluorothymidine (FLT) has emerged as a preferred radiotracer for diagnosing and grading brain
tumors due to its limited uptake in normal brain tissue, attributed to the limited neuronal cell division. As a
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result, FLT-PET imaging can offer earlier insights into tumor recurrence following surgical resection, whereas
structural abnormalities become apparent only through MR imaging after cellular proliferation alterations?.

In progressive GBMs, certain tumor regions remain unaffected by the blood-brain barrier, prompting the
utilization of 18 F-FET PET imaging for improved detection of active tumor areas compared to MRI. Extensive
research corroborates the superior accuracy of FET-PET in GBM patients, as it is unaffected by the blood-brain
barrier and enables precise identification of residual tumors during postoperative examinations. The presence
of residual tumors detected through FET-PET holds strong prognostic significance, impacting overall survival
and progression-free survival, whereas the Gd-volume measured through MRI lacks similar prognostic value.
The combination of FET-PET with contrast-enhanced MRI holds promise in facilitating radiation treatment
planning by providing additional valuable information.

These advancements in radiotracer selection and imaging modalities underscore the growing significance
of PET imaging, particularly with the utilization of specialized radiotracers like FDG and FLT for metabolic
assessment, and FET for enhanced tumor detection in GBM patients. By leveraging the strengths of these
imaging techniques in conjunction with MRI, clinicians can gain a comprehensive understanding of tumor
characteristics, improve prognostic assessment, and refine treatment strategies for enhanced patient outcomes.

The prognostic significance of baseline FLT uptake in predicting overall survival has been highlighted
by Brahm et al’2. Notably, the study reveals that short-term survivors exhibit a larger preoperative PET-
unique volume, higher SUVmax, and elevated TLA, all indicative of an aggressive tumor profile with invasive
characteristics and poor prognosis. Prognostic information derived from treatment response holds paramount
importance for GBM patients, as it serves as a predictive factor for their clinical outcome, as emphasized by
multiple researchers??%%, In this regard, the integration of PET imaging using radiolabeled amino acid tracers
alongside MRI and CT can offer valuable insights. PET’s superior sensitivity in identifying viable tumors and
early detection of true tumor recurrence positions it as a valuable adjunct to conventional imaging modalities.
Idema et al.>! have elucidated the association between untreated tumor regions’ proliferative volume and tumor
recurrence using FLT-PET imaging. The observed changes in SUVmax reported by Brahm et al.>? suggest a trend
towards improved survival. However, the authors suggest further research involving FLT-PET to ascertain its
ability to differentiate between actual tumor progression and pseudoprogression.

The study findings underscore the added value of PET imaging in various stages, including the preoperative
examination, postoperative assessment four weeks after surgery, and evaluation of a survival from a desease
without progression in survivor with short term prognosis. PET’s high sensitivity in detecting early tumorous
regions and infiltrated areas harboring highly aggressive tumor cells enables early identification, serving as a
potential prognostic marker. Pirotte et al.>* have demonstrated a correlation between PET tracer uptake and
prolonged survival in GBM patients, wherein PET images were synergistically integrated with MR images
during surgical planning. Survival analysis revealed that PET-guided procedures result in enhanced tumor tissue
removal, ultimately benefiting patient outcomes.

It is important to acknowledge that the study’s inclusion criteria required GBM patients to undergo all four
examinations, potentially introducing selection bias and confounding factors that may contribute to longer
overall survival. Further exploration and in-depth analysis of the extracted data from the study’s comprehensive
datasets are crucial to elucidate overarching disease patterns and determine the potential role of PET in
optimizing treatment strategies for this patient population.

Conclusion

This investigation has successfully established a comprehensive batch processing pipeline catering to the analysis
of PET and MR images. Notably, a novel adaptive thresholding algorithm was meticulously developed for FLT-
PET tumor evaluation, surpassing the efficacy of conventional thresholding techniques. To assess the inter-
observer variability in MR brain lesion segmentation, a rigorous test was conducted. Moreover, sophisticated
algorithms were devised to extract crucial metrics such as the Dice index, tumor volume intersection, MR-
specific volume, and PET-specific volume derived from both PET and MR images. In the assessment befor the
surgery, it was observed that survivor with long term prognosis exhibited lower initial values for FLT uptake in
PET-unique volume, SUVmax, and TLA. However, comparable levels of MR-unique volume were evident in both
long-term and short-term survivors. Assessment after surgery, conducted six weeks after radiochemotherapy
revealed a significant decline in PET volume and TLA among patients with progression-free survival exceeding
200 days. Subsequently, a marginally significant decrease in MR volume was detected in survisors with a long
term prognosis after the six-week mark. Notably, between two and six weeks following radiochemotherapy, a
marginal decline in PET volume was observed among the survivors with long term prognosis, while a significant
reduction in MR volume was noted. These findings collectively highlight the potential of PET and MR imaging as
valuable predictors of overall survival and progression-free survival in individuals diagnosed with glioblastoma.
The investigation further elucidates the added value of PET, particularly its unique volume, in the preoperative
assessment of glioblastoma patients. However, it is crucial to acknowledge that the limited sample size of the
study restricts the generalizability of the results. Therefore, before incorporating FLT-PET imaging into the
routine diagnosis, treatment monitoring, and prognostication of glioblastoma, further extensive research is
warranted. Additionally, investigations exploring the potential contributions of other radiolabeled proliferative
biomarkers, such as 18 F-fluoro-ethyltyrosine, to treatment evaluation and prognostication of these tumors are
necessary. Furthermore, refinements in PET and MR image segmentation methods remain an area of ongoing
research, aiming to enhance the precision and accuracy of these imaging modalities.

Data availability

The data supporting the findings of this study are available from the corresponding author upon request.
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