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ABSTRACT 

Glioblastoma (GBM) is an aggressive brain tumor, com-
monly occurring in the frontal and temporal lobes. GBM 
is characterized by low survival rates, high recurrence 
rates, and unclear risk factors, making management a 
significant challenge. Anatomic magnetic resonance 
imaging (MRI), including T1-weighted, T2-weighted, 
and fluid-attenuated inversion recovery (FLAIR), is the 
gold standard for diagnosis of GBM. These techniques 
have lower accuracy in evaluating treatment response, 
as pseudoprogression and radionecrosis can mimic true  
tumor progression (TrTP). Advanced imaging options  
that offer physiologic information, such as diffusion- 
weighted imaging, MR perfusion, MR spectroscopy, 
and Positron Emission Tomography (PET), have shown 
promise in aiding diagnosis and treatment response 
monitoring. The first-line treatment for GBM is maxi-
mal safe neurosurgical resection, followed by adjuvant 
radiotherapy and temozolomide, an oral DNA alkylating 
agent. Current research is focused on optimizing imag-
ing to evaluate TrTP and developing novel treatments to  
increase survival rates.
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EPIDEMIOLOGY 

Glioblastoma (GBM) is a rapidly progressing and fatal 
malignancy, with a five-year survival rate of only 7.1%.1 It 
accounts for 51.5% of all primary central nervous system 
malignant tumors. While GBM tumors most typically pres-
ent in the frontal and temporal lobes, they can also occur 
in other cortical and subcortical structures.2 These 
tumors rarely metastasize, but they are inherently 
invasive, making surgical resection with clear mar-
gins infeasible. By definition, GBM is a grade IV 
glioma without a mutation in isocitrate dehydro-
genase (IDH), also known as IDH-wildtype.3  GBM 
is conventionally differentiated from other glio-
mas by classic histological features, such as micro-
vascular proliferation or necrosis. However, the 
2021 WHO classification introduced new molec-
ular criteria that can be used to upgrade a tumor 

to GBM in the absence of the typical histological features. 
One of three molecular markers must be present: telomerase 
reverse transcriptase (TERT) promoter mutation, epidermal 
growth factor receptor (EGFR) amplification, or combined 
gain of whole chromosome 7 and loss of whole chromosome 
10 (+7/–10).3 Molecular sequencing is routinely employed 
in characterizing newly diagnosed brain tumors to detect 
actionable mutations and holds promise in changing GBM 
treatment. For example, tumors with BRAF-V600E or NTRK 
mutations can be treated with targeted therapy.4 Addition-
ally, immunotherapy can potentially be used to treat hyper-
mutated phenotypes of GBM with high tumor burden, which 
are caused by mutated DNA mismatch repair genes or DNA 
polymerase complex.5 

In Rhode Island (RI), the age-adjusted incidence of GBM 
has remained relatively steady, slightly increasing from 3.8 
per 100,000 from 1995–1999 to 3.9 per 100,000 from 2015–
2019 [Table 1].6 These rates are higher than the national rate, 
which has hovered around 3.2 per 100,000 over that same 
time period.7 Nationally, GBM incidence is markedly higher 
in males than in females, with 2020 incidence rates of 4.1 
and 2.5 per 100,000, respectively. In addition, GBM inci-
dence greatly increases with age, with 13.3 cases per 100,000 
in the 65+ age group.8 Both of these national trends were 
observed at the state level from 1995–2019, as the mean age 
of RI GBM patients was 64.8 years old, with males repre-
senting 55.1% of those patients. Lastly, 97.4% of RI GBM 
patients over this time period were White. 

The clearest modifier of GBM survival is age, with patients 
in the 65+ age group exhibiting the lowest five-year survival 
rate of all examined age groups at 3%, according to national 
data from 2016.8 Besides differences in age and sex, risk fac-
tors for developing GBM are not well-established. A recent 

Incidence 1995–1999 2000–2004 2005–2009 2010–2014 2015–2019

Age-adjusted 

incidence rate, 

per 100,000 

individuals 

3.8 3.8 3.2 3.6 3.9

Table 1. Demographics and age-adjusted incidence rate of glioblastoma  

(ICD-O-3 9440/3) in RI (1995–2019) 

Demographics Mean Age (years) Male (%) White (%) 

64.8 ± 14.0 55.1 97.4
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meta-analysis showed no increase in GBM risk with vari-
ables such as increased BMI, type 2 diabetes mellitus, alco-
hol consumption, NSAID use, or magnetic field exposure.9 

Another study found a 17% increased incidence of GBM 

in the highest socioeconomic status counties, compared 
with the lowest socioeconomic counties, though research-
ers struggled to identify specific risk factors to support this 
association.10

Clinical presentations for GBM patients vary based on the 
brain regions impacted by the tumor itself or the tumor’s 
mass effect, with symptoms ranging from focal deficits, such 
as motor weakness, visual disturbance and focal seizures, to 
global impairments, including headaches, syncope and gen-
eralized convulsions.11 Following diagnosis, the typical goals 
of care focus on slowing the progression of GBM while pre-
serving normal brain function. Specific tumor characteristics 
have been identified that aid in predicting how efficacious 
certain treatments will be for patients. For example, tumors 
with a methylated O-6-methylguanine-DNA methyltrans-
ferase (MGMT) gene are more likely to respond favorably 
to temozolomide (TMZ), the first-line chemotherapeutic in 
GBM treatment regimens, than those with an unmethyl-
ated MGMT.12 With further establishment of trends relating 
tumor characteristics to responsiveness to treatment, care 
plans for GBM patients will continue to evolve to maximize 
treatment efficacy.

IMAGING 

CT

Before the introduction of MRI, computed tomography 
(CT) was the neuroimaging gold standard for diagnosing 
GBM. Given its accessibility, CT is usually the first imag-
ing modality in a patient’s work-up for a suspected brain 

lesion. On CT, the tumor can have a hypodense necrotic 
center with irregular, slightly hyperattenuating margins 
due to high cellularity, which can give a ring enhancement 
appearance on non-contrast imaging.13 Due to the infiltra-
tive nature of the tumor, it may cross the midline, extending 
to the contralateral hemisphere via the genu, body, and the 
splenium of the corpus callosum. Typically, CT also shows 
calcification, hemorrhage, mass effect, and vasogenic edema 
surrounding the tumor (Figure 1). Additionally, GBM’s high 
vascularity lends itself well to visualization via perfusion 
CT imaging, which highlights the brain microcirculation 
and usually demonstrates increased tumor blood flow, cere-
bral blood volume (CBV), and vascular permeability.14 These 
factors may help to distinguish GBM from grade 3 gliomas 
and other tumors, such as primary CNS lymphoma and 
metastatic brain tumors.14,15 However, once a brain tumor is 
suspected, MRI is the neuroimaging gold standard due to its 
high specificity and sensitivity for GBM evaluation.16 

MRI

The gold standard for GBM imaging includes pre- and 
post-gadolinium (Gd) contrast-enhanced T1 weighted imag-
ing (T1WI) (Figure 2A,B), T2 weighted imaging (T2WI), and 
fluid-attenuated inversion recovery (FLAIR) MRI (Figure 
2C).17 Compared to CT, which uses density differences to 
distinguish tumor from normal tissue, MRI indirectly esti-
mates tumor size by visualizing the gadolinium contrast 
that extravasates through the disrupted tumor vasculature. 
On T1WI, CSF appears hypointense (dark) and white mat-
ter tissue hyperintense (light), while the inverse is true on 
T2WI. FLAIR is similar to T2WI, except it attenuates nor-
mal CSF fluid, allowing easier detection of abnormal tis-
sue. On pre-contrast T1WI, GBM appears as a hypointense 
or isointense mass with a central heterogeneous signal if 

Figure 1. Non-contrast CT of the brain 

demonstrates an isodense lesion in 

the right frontotemporal brain associ-

ated with vasogenic edema and mass  

effect on the right lateral ventricle.

Figure 2. [A] Non-contrast enhanced T1-weighted imaging of the brain demonstrates a hypointense lesion in 

the right frontotemporal brain. [B] Post-contrast T1-weighted imaging demonstrates predominantly peripheral 

enhancement of the right frontotemporal lesion. [C] Axial T2-weighted fluid-attenuated inversion recovery 

imaging (FLAIR) demonstrates hyperintense signal associated with right frontotemporal lesion with mass effect 

resulting in right to left midline shift and effacement of the right lateral ventricle. 
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hemorrhage or necrosis is present.18 Post-contrast T1WI 
illustrates the vascularity of the brain and detects any 
breakdown in the blood-brain barrier (BBB) due to tumors, 
abscesses, and other pathologies. On post-contrast T1WI, 
the area of necrosis appears hypointense while regions of 
viable tumor demonstrate hyperintense enhancement. Even 
though contrast enhancement is a common feature of high-
grade gliomas (HGGs), including GBM, around 9% of HGG 
tumors do not enhance.19 Additionally, it is difficult to deter-
mine the histologic grade of glioma on post-contrast T1WI.20 
GBM’s highly infiltrative nature can help distinguish it from 
other gliomas, as it can extend into the contralateral hemi-
sphere and deep nuclei of the cortex. Intratumoral hemor-
rhage and satellite lesions can also be highly suggestive of 
this malignancy. On T2WI/FLAIR, GBM appears as a hyper-
intense mass surrounded by vasogenic edema. 

Although MR imaging is imperfect, it is necessary not 
only to guide the biopsy and confirmation of GBM but also 
to monitor treatment response. Post-contrast T1WI has 
conventionally been used for treatment response assess-
ment but not without limitations. For example, a change in 
enhancement on imaging correlates with the breakdown of 
the blood-brain barrier (BBB), and, therefore, is not a direct 
measure of the tumor.21 Increased enhancement occurs with 
both true tumor progression (TrTP) and pseudoprogression 
(PsP), posing a challenge to clinicians. It is important to rec-
ognize PsP on imaging since it does not represent TrTP and 
should not alter treatment course (Figure 3). PsP typically 
occurs within the first six months post-radiotherapy (RT), 
especially in the first three months, and usually improves 
without any intervention. The exact mechanisms behind 
PsP are unknown, with one hypothesis that radiotherapy 
causes increased vascular permeability and edema due to 
endothelial cell death.22 A meta-analysis of HGGs showed 
that 36% of patients with MRI progression had PsP, 60% had 
TrTP, and 4% had an unknown outcome.23 

Given the clinical importance of distinguishing TrTP from 
PsP on imaging, standardized guidelines to differentiate the 
two are essential. The Response Assessment in Neuro-On-
cology (RANO) criteria provide an objective measure of treat-
ment response in gliomas, which helps guide management.24 

The criteria take into account imaging factors like tumor 
size and presence of new lesions on MRI, as well as patient 
factors like clinical status and use of corticosteroids. The 
postradiotherapy MRI is used as the baseline for compari-
son with future scans. Depending on these factors, the treat-
ment response is classified into complete response, partial 
response, stable disease, or progressive disease. Given the 
high incidence of PsP in the three months after radiotherapy, 
TrTP can only be confirmed by progression on repeat MRI 
during this period or with tissue sampling. 

Radionecrosis is another treatment response that occurs 
due to radiation-induced damage of brain tissue and can 
mimic TrTP on imaging. In contrast to PsP, radionecrosis 
can occur six months to years after treatment and is usu-
ally irreversible.25 Proposed mechanisms of radionecro-
sis include demyelination of white matter tracts, vascular 
endothelial damage, and changes in the fibrinolytic enzyme 
system. On MRI, findings of radionecrosis are most often 
seen at the tumor site, where the highest dose of radiation is 
delivered. On T2WI, this typically presents as an enhancing 
mass with a hyperintense necrotic center and surrounding 
edema. Given the similarity of the findings on MRI, it can 
be difficult to discern PsP and radionecrosis from TrTP. A 
meta-analysis looking at the diagnostic accuracy of MRI in 
evaluating treatment response in HGG patients found that 
anatomical MRI showed a pooled sensitivity of 68% and 
specificity of 77%.26

Given the limitations of conventional MRI, more advanced 
imaging techniques have been implemented in the clinical 
management of HGG patients. Diffusion-weighted imag-
ing (DWI) measures the random movement of water mol-
ecules in tissue, which is affected by tissue cellularity. To 
quantify the extent of water diffusion, an apparent diffusion 
coefficient (ADC) is calculated, where lower scores corre-
spond to lower (more restricted) diffusion. In the context of 
tumors, ADC is impacted by the tumor size and the extra-
cellular matrix complexity, making it an indirect measure 
of tumor cellularity.27 Typically, non-enhancing cystic and 
necrotic areas have high ADC values, whereas the solid por-
tion of GBM has lower ADC values (comparable to white 
matter regions). By showing the heterogeneity of diffusion 
in the brain, ADC mapping provides valuable insight into 
the type of lesion present, helping differentiate grade 3 glio-
mas from GBMs.28 A meta-analysis found that pooled ADC 
maps were 71% sensitive and 87% specific in evaluating 
treatment response in HGG, showing higher accuracy than  
conventional anatomic MRI.26

MR Perfusion

MR perfusion is another imaging modality that has shown 
promise in characterizing GBM physiology. This imaging 
can be done using three techniques: dynamic susceptibility 
contrast (DSC), dynamic contrast-enhanced (DCE), and arte-
rial spin labeling (ASL) MR perfusion. DSC-MR perfusion, 

Figure 3. Axial T2-weighted fluid- 

attenuated inversion recovery imaging 

(FLAIR) demonstrates hyperintense 

signal posterior to right frontal resec-

tion cavity. This signal was not associ-

ated with post-contrast enhancement 

or elevated relative cerebral blood 

volume (rCBV).
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or perfusion-weighted imaging (PWI), is the most widely 
used MR perfusion technique because it provides informa-
tive metrics such as CBV and cerebral blood flow.27 This 
method relies on signal loss on T2 or T2* weighted images 
caused by the susceptibility effect from the Gd-based con-
trast agent passing through blood vessels. Studies have 
shown that GBM has an elevated CBV compared to low-
er-grade tumors and normal tissue, and that elevated CBV 
negatively correlates with prognosis.29 DCE-MR perfusion, 
or “permeability” MRI, captures serial T1WI before, during, 
and after contrast to plot signal intensity over time in more 
detail than conventional T1WI. A useful metric derived 
from this technique is K-trans, which reflects the permea-
bility of brain tissue and tumor angiogenesis.27 A meta-anal-
ysis found that DSC- and DCE-perfusion have sensitivities 
of 87% and 92%, respectively, and specificities of 86% and 
85%, respectively, making them more accurate than con-
ventional MRI.26 Lastly, ASL MR perfusion uses magnet-
ically labeled water as a tracer and can be used to derive 
CBV. This technique is less widely used, potentially due to 
its lower signal-to-noise ratio and longer scanning time.27 
A recent meta-analysis found that DWI was slightly bet-
ter than PWI (or DSC-MR perfusion) in terms of sensitivity 
(88% vs. 85%, respectively) and specificity (85% vs. 79%, 
respectively) in differentiating TrTP from PsP.30 However, 
there was no significant difference in the area under the 
curve values between the two modalities (0.9156 for DWI 
and 0.9072 for PWI). These metrics highlight the strong per-
formance of these modalities in treatment response evalua-
tion of GBM, compared to conventional anatomic MRI. As 
seen, these methods not only help diagnose GBM but also 
show promise in evaluating treatment response and offering 
prognostic information.

MR Spectroscopy

Lastly, MR spectroscopy (MRS) is a useful technique for 
detecting metabolites present in brain tissue by using 1H 
(proton) and phosphorus 31 resonances. In GBM, MRS typ-
ically reveals increased choline (indicating increased mem-
brane turnover), lactate (indicating hypoxia and necrosis), 
and lipids (indicating necrosis).27 Additionally, the tumor 
demonstrates decreased N-acetyl aspartate (indicating 
impaired neuron mitochondrial integrity) and myoinosi-
tol (indicating disruption of the BBB and osmotic equilib-
rium).27,31 A recent meta-analysis showed that elevated 
choline to N-acetyl aspartate ratio has high sensitivity and 
specificity for detecting TrTP.32 MRS has demonstrated a 
sensitivity of 91% and a specificity of 95% in evaluating 
treatment response in HGG.26 Thus, this technique not only 
shows promise in distinguishing GBM from other tumors 
but also in differentiating TrTP from PsP and radionecrosis. 

Positron Emission Tomography 

Although not universally used for tumor monitoring, Pos-
itron Emission Tomography (PET) may provide additional 
benefits in diagnosing GBM and monitoring its progression. 
[18F]Fluoro-2-deoxy-D-glucose has traditionally been used 
as a surrogate for metabolic activity, which may be useful 
in differentiating metabolically active tumor from treat-
ment-related changes. However, the brain’s high glucose 
utilization at baseline decreases this radiotracer’s specificity 
and limits its utility.33 An amino acid tracer, 11C-methyl- 
2-methionine, has been used for guiding tumor biopsies due 
to its elevated uptake in tumor tissue. While it may have 
additional benefits relative to the glucose tracer, it is less 
accurate than MR perfusion for monitoring tumors in the 
posttreatment setting.33 Alternatively, 18F-fluoromisoni-
dazole, a marker of hypoxia, shows higher uptake in GBM 
tumors than in other non-GBM gliomas, making this tool 
useful in the initial GBM workup.34 An increase in this 
radiotracer’s signal also correlates with early tumor recur-
rence, while a decreased signal is seen in those receiving 
bevacizumab therapy.35  An additional radiotracer, 18F-flu-
orothymidine, is a marker of cell proliferation and helps 
differentiate low- and high-grade gliomas.33 While different 
radiotracers each have specific applications in GBM workup, 
the use of PET for GBM is still largely investigational and 
remains an active area of research. There are logistical bar-
riers to routinely using PET in a clinical setting, and the 
additional benefits of PET compared to the validated tools of 
MR perfusion/spectroscopy remain unproven. 

TREATMENT 

Given the complexity of GBM, the current standard is a 
multimodal treatment consisting of surgery followed by 
adjuvant radiotherapy (RT) and TMZ, an oral DNA alkylat-
ing agent.36 For patients who qualify for surgery, the gold 
standard is maximal safe resection of the contrast-enhancing 
tumor, and those who underwent gross total resection (GTR) 
have shown improved survival.37 However, despite exten-
sive resection, many patients experience tumor recurrence 
near the prior surgical site.38 Several studies have explored 
the supramaximal resection (SMR) of GBM as an alterna-
tive, which involves the removal of tissue beyond the con-
trast-enhancing region. A recent meta-analysis showed that, 
relative to GTR, SMR results in a significant reduction of 
disease progression and an increase in survival time.39 Nota-
bly, SMR is mainly performed on non-eloquent brain tissue, 
which could explain the favorable complication rates in the 
literature. Currently, there are no established guidelines on 
the optimal extent of resection in SMR, as increasing resec-
tion margins without potentially impacting neurological 
function and prognosis proves challenging.40

Surgical candidacy is determined after extensive imaging 
of the tumor and assessment of the patient’s overall health. 
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Poor performance status and tumors that are multifocal, 
midline, or in deep brain areas are some factors that can 
preclude patients from resection.41 Although the number of 
patients with inoperable GBMs is not well cited, it is esti-
mated to be between 35 and 40%.41 These patients usually 
undergo a stereotactic biopsy, which provides insight into 
tumor pathology and helps guide the treatment plan. Laser 
interstitial thermal therapy (LITT) has emerged as a new 
treatment modality for patients with unresectable GBMs.42 
A laser is guided through a catheter using advanced intraop-
erative imaging to ablate the tumor area with high tempera-
tures. A recent study showed that patients who underwent 
LITT had a median progression-free survival of four months 
and a median overall survival of 11 months.43

After surgery, corticosteroids are added to treat the 
tumor-associated edema. Dexamethasone is the preferred 
medication due to its long half-life, high potency, and low 
mineralocorticoid activity.44 Typically, the starting dose 
ranges from 2 to 16 mg depending on symptom severity, and 
it is administered for the shortest time possible, as prolonged 
dexamethasone use is detrimental to GBM patients.45,46 If 
the patient is unresponsive or intolerant to corticosteroids, 
bevacizumab, a VEGF-A monoclonal antibody, can be used 
instead to treat cerebral edema symptoms.47

Typically, three to six weeks after surgery, patients receive 
radiation (30 fractions of 2 Gy over a six-week period for a 
total of 60 Gy) in addition to daily administration of oral 
TMZ.46  Four weeks after the end of radiation, six 28-day 
cycles of adjuvant TMZ are done, where TMZ is adminis-
tered for five consecutive days in each monthly cycle. This 
multimodal treatment was the result of the influential 2005 
EORTC–NCIC phase III clinical trial, which demonstrated a 
median survival of 14.6 months for adjuvant TMZ and RT, 
significantly higher than the previous standard of care of 
adjuvant RT alone.46 Although conventionally fractionated 
radiation is the gold standard if tolerated, hypofractionated 
radiation therapy is preferred in older patients or those with 
poor performance status.47

In addition to the standard of care, two adjuvant treat-
ments have been approved by the Food and Drug Admin-
istration (FDA): Gliadel® in 1996 and tumor-treating fields 
(TTF) in 2015.49,50 Although TMZ is the gold standard, only 
20% of the drug in the plasma accumulates in the brain 
after oral intake, indicating inefficient delivery.52 Gliadel® 

is an implantable biodegradable wafer that delivers car-
mustine at the GBM resection cavity.53 It has been shown 
to increase median survival to 18.2 months when combined 
with RT and TMZ, 3.6 months higher than RT and TMZ 
alone. However, its use remains limited due to its rigid 
structure, rapid release, and high cost. The TTF device has 
transducer arrays consisting of electrodes that are placed on 
the patient’s scalp to deliver low-intensity alternating elec-
tric fields.54 It has been shown to inhibit the proliferation of 
tumor cells and improve survival outcomes when combined 

with maintenance TMZ relative to TMZ alone. Despite its 
demonstrated benefits in various trials, TTF adoption in 
clinical practice is still limited. 

There have been several studies using immunotherapy 
in addition to RT and TMZ to treat GBM. However, most 
trials have failed to show survival benefits in patients, 
such as those using nivolumab and dendritic cell (DC) vac-
cines.55,56 A recent phase I trial pulsed an autologous DC 
vaccine with lysate from GBM stem cells, which was safe, 
well tolerated, and showed improved survival outcomes.56 
A phase III randomized controlled trial (the DCVax-L trial) 
showed that adding a DC vaccine to the standard of care 
showed increased overall survival for both newly diagnosed 
and recurrent GBM, but the study did not meet its target 
endpoints.57 The BBB poses a significant challenge to chemo-
therapy administration, as it largely prevents the passage of 
drugs.58 Intra-arterial chemotherapy can increase drug con-
centration in tumor areas despite the BBB limitation,59 but 
late-phase trials are lacking. More recently, a phase I trial 
demonstrated that MR-guided focused ultrasound, which 
transiently disrupts the BBB, is safe when delivering sys-
temic chemotherapy to glioma patients.60 Lastly, injectable 
drug delivery systems that could bypass the BBB altogether, 
such as nanoparticles and hydrogels, have been a focus of 
recent research.61

CONCLUSION 

GBM remains a significant clinical challenge due to its 
complexity and aggressiveness. Several advanced imaging 
modalities have shown promise when used in conjunction 
with conventional MRI for diagnosis and evaluation of treat-
ment response. Tumor heterogeneity and the limitation of 
the BBB pose significant challenges to current and potential 
treatment options. Future research is focused on personaliz-
ing multimodal treatment based on tumor profile, disrupt-
ing the BBB to deliver chemotherapies, and developing novel 
drug delivery systems. 

References 1-45  

[Email corresponding author for complete reference list]

1.	 Price M, Ballard C, Benedetti J, et al. CBTRUS statistical re-
port: Primary brain and other central nervous system tumors 
diagnosed in the United States in 2017–2021. Neuro Oncol. 
2024;26(Suppl 6):vi1–vi85. PMID: 39371035 

2.	 Davis ME. Glioblastoma: Overview of disease and treatment. 
Clin J Oncol Nurs. 2016;20(5 Suppl):S2–S8. PMID: 27668386

3.	 Louis DN, Perry A, Wesseling P, et al. The 2021 WHO classifica-
tion of tumors of the central nervous system: a summary. Neuro 
Oncol. 2021;23(8):1231–1251. PMID: 34185076

4.	 Padovan M, Maccari M, Bosio A, et al. Actionable molecular 
alterations in newly diagnosed and recurrent IDH1/2 wild-type 
glioblastoma patients and therapeutic implications: a large mo-
no-institutional experience using extensive next-generation 
sequencing analysis. Eur J Cancer. 2023;191:112959. PMID: 
37481865

RESEARCH STUDY

54A U G U S T  2 0 2 5   R H O D E  I S L A N D  M E D I C A L  J O U R N A L   R I M J  A R C H I V E S  |  A U G U S T  I S S U E  W E B P A G E  |  R I M S 5

http://rimed.org/rimedicaljournal-archives.asp
http://www.rimed.org/rimedicaljournal-2025-08.asp
https://www.rimedicalsociety.org


5.	 Bouffet E, Larouche V, Campbell BB, et al. Immune checkpoint 
inhibition for hypermutant glioblastoma multiforme resulting 
from germline biallelic mismatch repair deficiency. J Clin On-
col. 2016;34(19):2206–2211. PMID: 27001570

6.	 Rhode Island Cancer Registry
7.	 Surveillance Research Program, National Cancer Institute. 

SEER*Explorer: An interactive website for SEER cancer statis-
tics. Published April 19, 2023. Updated June 8, 2023. Accessed 
October 27, 2023. https://seer.cancer.gov/statistics-network/
explorer/

8.	 Miller KD, Ostrom QT, Kruchko C, et al. Brain and other cen-
tral nervous system tumor statistics, 2021. CA Cancer J Clin. 
2021;71(5):381-406. PMID: 34427324.

9.	 Yoshikawa MH, Rabelo NN, Telles JPM, Figueiredo EG. Modi-
fiable risk factors for glioblastoma: a systematic review and me-
ta-analysis. Neurosurg Rev. 2023;46(1):143. PMID: 37340151.

10.	Cote DJ, Ostrom QT, Gittleman H, et al. Glioma incidence and 
survival variations by county-level socioeconomic measures. 
Cancer. 2019;125(19):3390-3400. PMID: 31206646.

11.	Wong ET, Wu JK. Overview of the clinical features and diagno-
sis of brain tumors in adults. UpToDate. Published October 19, 
2023. Accessed May 27, 2025. https://www.uptodate.com/con-
tents/overview-of-the-clinical-features-and-diagnosis-of-brain-
tumors-in-adults

12.	Della Monica R, Cuomo M, Buonaiuto M, et al. MGMT and 
whole-genome DNA methylation impacts on diagnosis, prog-
nosis and therapy of glioblastoma multiforme. Int J Mol Sci. 
2022;23(13):7148. PMID: 35806153.

13.	Rees JH, Smirniotopoulos JG, Jones RV, Wong K. Glioblastoma 
multiforme: radiologic-pathologic correlation. Radiographics. 
1996;16(6):1413-1438. PMID: 8946545.

14.	Shankar JJ, Woulfe J, Silva VD, Nguyen TB. Evaluation of per-
fusion CT in grading and prognostication of high-grade gli-
omas at diagnosis: a pilot study. AJR Am J Roentgenol. 2013; 
200(5):W504-W509. PMID: 23617517.

15.	Onishi S, Kajiwara Y, Takayasu T, et al. Perfusion computed  
tomography parameters are useful for differentiating glioblas- 
toma, lymphoma, and metastasis. World Neurosurg. 2018;119: 
e890-e897. PMID: 30099179.

16.	Lee EJ, Ahn KJ, Lee EK, Lee YS, Kim DB. Potential role of ad-
vanced MRI techniques for the peritumoural region in differen-
tiating glioblastoma multiforme and solitary metastatic lesions. 
Clin Radiol. 2013;68(12):e689-e697. PMID: 23969153.

17.	Ellingson BM, Wen PY, Cloughesy TF. Modified criteria for ra-
diographic response assessment in glioblastoma clinical trials. 
Neurotherapeutics. 2017;14(2):307-320. PMID: 28108885.

18.	Carrete LR, Young JS, Cha S. Advanced imaging techniques for 
newly diagnosed and recurrent gliomas. Front Neurosci. 2022; 
16:787755. PMID: 35281485.

19.	Scott JN, Brasher PM, Sevick RJ, Rewcastle NB, Forsyth PA. 
How often are nonenhancing supratentorial gliomas malignant? 
A population study. Neurology. 2002;59(6):947-949. PMID: 
12297589.

20.	Pope WB, Brandal G. Conventional and advanced magnetic reso-
nance imaging in patients with high-grade glioma. Q J Nucl Med 
Mol Imaging. 2018;62(3):239-253. PMID: 29696946.

21.	Brandsma D, Stalpers L, Taal W, Sminia P, van den Bent MJ. 
Clinical features, mechanisms, and management of pseudopro-
gression in malignant gliomas. Lancet Oncol. 2008;9(5):453-461. 
PMID: 18452856.

22.	Ellingson BM, Chung C, Pope WB, Boxerman JL, Kaufmann TJ. 
Pseudoprogression, radionecrosis, inflammation or true tumor 
progression? Challenges associated with glioblastoma response 
assessment in an evolving therapeutic landscape. J Neurooncol. 
2017;134(3):495-504. PMID: 28382534.

23.	Abbasi AW, Westerlaan HE, Holtman GA, Aden KM, van Dulle-
men S, van der Hoorn A. Incidence of tumour progression and 
pseudoprogression in high-grade gliomas: a systematic review 

and meta-analysis. Clin Neuroradiol. 2018;28(3):401-411. PMID: 
28466127.

24.	Wen PY, van den Bent M, Youssef G, et al. RANO 2.0: Update to 
the Response Assessment in Neuro-Oncology criteria for high- 
and low-grade gliomas in adults. J Clin Oncol. 2023;41(33):5187-
5199. PMID: 37774317.

25.	Kumar AJ, Leeds NE, Fuller GN, et al. Malignant gliomas: 
MR imaging spectrum of radiation therapy- and chemother-
apy-induced necrosis of the brain after treatment. Radiology. 
2000;217(2):377-384. PMID: 11058631. 

26.	van Dijken BRJ, van Laar PJ, Holtman GA, van der Hoorn A. 
Diagnostic accuracy of magnetic resonance imaging techniques 
for treatment response evaluation in patients with high-grade 
glioma: a systematic review and meta-analysis. Eur Radiol. 
2017;27(10):4129-4144. PMID: 28332014.

27.	Wirsching HG, Galanis E, Weller M. Glioblastoma. In: Hand-
book of Clinical Neurology. Vol 134. Elsevier; 2016:381-397. 
PMID: 26948367.

28.	Gihr G, Horvath-Rizea D, Hekeler E, et al. Diffusion weight-
ed imaging in high-grade gliomas: a histogram-based anal-
ysis of apparent diffusion coefficient profile. PLoS One. 
2021;16(4):e0249878. PMID: 33857203.

29.	Yun J, Yun S, Park JE, et al. Deep learning of time–signal intensi-
ty curves from dynamic susceptibility contrast imaging enables 
tissue labeling and prediction of survival in glioblastoma. Am J 
Neuroradiol. 2023;44(5):543-552. PMID: 37105676.

30.	Tsakiris C, Siempis T, Alexiou GA, et al. Differentiation between 
true tumor progression of glioblastoma and pseudoprogression 
using diffusion-weighted imaging and perfusion-weighted im-
aging: systematic review and meta-analysis. World Neurosurg. 
2020;144:e100-e109. PMID: 32777397.

31.	Steidl E, Pilatus U, Hattingen E, et al. Myoinositol as a bio-
marker in recurrent glioblastoma treated with bevacizum-
ab: a ^1H-magnetic resonance spectroscopy study. PLoS One. 
2016;11(12):e0168113. PMID: 28033329. 

32.	Aseel A, McCarthy P, Mohammed A. Brain magnetic resonance 
spectroscopy to differentiate recurrent neoplasm from radiation 
necrosis: a systematic review and meta-analysis. J Neuroimag-
ing. 2023;33(2):189-201. PMID: 36631883.

33.	Chiang GC, Kovanlikaya I, Choi C, et al. Magnetic resonance 
spectroscopy, positron emission tomography and radiogenom-
ics—relevance to glioma. Front Neurol. 2018;9:33. PMID: 
29459844. 

34.	Hirata K, Terasaka S, Shiga T, et al. ¹F-Fluoromisonidazole 
positron emission tomography may differentiate glioblastoma 
multiforme from less malignant gliomas. Eur J Nucl Med Mol 
Imaging. 2012;39(5):760-770. PMID: 22307533.

35.	Suzuki T, Takei J, Fukasawa N, et al. 18F-Fluoromisonida-
zole-positron emission tomography and immunohistochem-
istry verified tumor oxygenation, stemness, and immuno-
supportive microenvironment after preoperative neoadjuvant 
bevacizumab for newly diagnosed glioblastoma. World Neuro-
surg. 2023;175:e1364-e1374. PMID: 37187346.

36.	Tolcher AW, Gerson SL, Denis L, et al. Marked inactivation of 
O6-alkylguanine-DNA alkyltransferase activity with protract-
ed temozolomide schedules. Br J Cancer. 2003;88(7):1004-1011. 
PMID: 12671695.

37.	Lacroix M, Abi-Said D, Fourney DR, et al. A multivariate anal-
ysis of 416 patients with glioblastoma multiforme: prognosis, 
extent of resection, and survival. J Neurosurg. 2001;95(2):190-
198. PMID: 11780887.

38.	Stupp R, Hegi ME, Mason WP, et al. European Organisation for 
Research and Treatment of Cancer Brain Tumour and Radiation 
Oncology Groups; National Cancer Institute of Canada Clini-
cal Trials Group. Effects of radiotherapy with concomitant and 
adjuvant temozolomide versus radiotherapy alone on survival 
in glioblastoma in a randomised phase III study: 5-year analysis 

RESEARCH STUDY

55A U G U S T  2 0 2 5   R H O D E  I S L A N D  M E D I C A L  J O U R N A L   R I M J  A R C H I V E S  |  A U G U S T  I S S U E  W E B P A G E  |  R I M S 5

https://seer.cancer.gov/statistics-network/explorer/
https://seer.cancer.gov/statistics-network/explorer/
https://www.uptodate.com/contents/overview-of-the-clinical-features-and-diagnosis-of-brain-tumors-in-adults
https://www.uptodate.com/contents/overview-of-the-clinical-features-and-diagnosis-of-brain-tumors-in-adults
https://www.uptodate.com/contents/overview-of-the-clinical-features-and-diagnosis-of-brain-tumors-in-adults
http://rimed.org/rimedicaljournal-archives.asp
http://www.rimed.org/rimedicaljournal-2025-08.asp
https://www.rimedicalsociety.org


of the EORTC-NCIC trial. Lancet Oncol. 2009;10(5):459-466. 
PMID: 15758009.

39.	Mier-García JF, Ospina-Santa S, Orozco-Mera J, Ma R, Plaha 
P. Supramaximal versus gross total resection in glioblastoma, 
IDH wild-type and astrocytoma, IDH-mutant, grade 4, effect on 
overall and progression-free survival: systematic review and me-
ta-analysis. J Neurooncol. 2023;164(1):31-41. PMID: 37561356.

40.	McGirt MJ, Mukherjee D, Chaichana KL, Than KD, Weingart 
JD, Quinones-Hinojosa A. Association of surgically acquired 
motor and language deficits on overall survival after resection 
of glioblastoma multiforme. Neurosurgery. 2009;65(3):463-469; 
discussion 469-470. PMID: 19687690.

41.	Fazeny-Dörner B, Wenzel C, Veitl M, et al. Survival and prog-
nostic factors of patients with unresectable glioblastoma multi-
forme. Anticancer Drugs. 2003;14(4):305-312. PMID: 12679735.

42.	Kamath AA, Friedman DD, Akbari SHA, et al. Glioblastoma 
treated with magnetic resonance imaging-guided laser intersti-
tial thermal therapy: safety, efficacy, and outcomes. Neurosur-
gery. 2019;84(4):836-843. PMID: 30137606.

43.	Viozzi I, Guberinic A, Overduin CG, Rovers MM, Ter Laan 
M. Laser interstitial thermal therapy in patients with new-
ly diagnosed glioblastoma: a systematic review. J Clin Med. 
2021;10(2):355. PMID: 33477796.

44.	Kostaras X, Cusano F, Kline GA, Roa W, Easaw J. Use of dexa-
methasone in patients with high-grade glioma: a clinical practice 
guideline. Curr Oncol. 2014;21(3):e493-e503. PMID: 24940109. 

45.	Pitter KL, Tamagno I, Alikhanyan K, et al. Corticosteroids com-
promise survival in glioblastoma. Brain. 2016;139(Pt 5):1458-
1471. PMID: 27020328.

Authors

Joseph Madour, BS, Warren Alpert Medical School of Brown 
University, Providence, RI.

Justin Bessette, BS, Warren Alpert Medical School of Brown 
University, Providence, RI.

Joey Z. Gu, MD, Department of Diagnostic Imaging, Warren Alpert 
Medical School of Brown University, Providence, RI.

Erika L. Thayer, DO, Department of Diagnostic Imaging, Warren 
Alpert Medical School of Brown University, Providence, RI.

Heinrich Elinzano, MD, Department of Neuro-oncology, Warren 
Alpert Medical School of Brown University, Providence, RI.

Alessandra J. Sax, MD, Department of Diagnostic Imaging, Warren 
Alpert Medical School of Brown University, Providence, RI.  

Acknowledgments

The authors would like to acknowledge Victoria Fruh, PhD,  
and the Rhode Island Cancer Registry for their contributions. 

Disclosures

Conflicts of Interest: The authors have no conflict of interest  
to declare

IRB approval status: The Brown University institutional review 
board deemed this study to be exempt from review as it does not 
include human subjects.

Correspondence

Joseph Madour, BS 
joseph_madour@brown.edu

RESEARCH STUDY

56A U G U S T  2 0 2 5   R H O D E  I S L A N D  M E D I C A L  J O U R N A L   R I M J  A R C H I V E S  |  A U G U S T  I S S U E  W E B P A G E  |  R I M S 5

mailto:Joseph_madour%40brown.edu?subject=
http://rimed.org/rimedicaljournal-archives.asp
http://www.rimed.org/rimedicaljournal-2025-08.asp
https://www.rimedicalsociety.org

	COVER
	CONTENTS-Theme
	CONTENTS–Contributions
	CONTENTS–Features, News, People
	TBI-Mukand
	TBI–Pacheco
	TBI–Pirnie
	TBI–Carayannoppoulos
	TBI–Vinacco
	TBI–Jordan
	TBI–Liu
	TBI–Lou
	STUDY-Ferreira
	STUDY–Liu
	STUDY–Madour
	HEALTH-Weidele
	HEALTH–Vital Statistics
	HERITAGE-Korr
	NEWS
	PEOPLE/PLACES
	OBITUARIES

