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Abstract. The present study aimed to determine whether 
combining diffusion‑weighted (DWI) and dynamic suscep‑
tibility contrast‑enhanced perfusion‑weighted (DSC‑PWI) 
magnetic resonance imaging (MRI) could differentiate 
between primary central nervous system lymphoma (PCNSL) 
and glioblastoma (GBM). The present retrospective study 
evaluated 45 patients with histologically confirmed brain 
tumors, of which 18 had PCNSLs and 27 had GBMs. All 
patients underwent conventional, DWI, and DSC‑PWI MRIs 
before the surgical removal of the lesion or stereotactic biopsy. 
The solid tumor component, peritumoral edema, and abnormal 
white matter were measured in three regions of interest to 
evaluate relative cerebral blood volume (rCBV), apparent 
diffusion coefficient (ADC) and DWI. In conventional MRI, 
there were significant differences in tumor numbers, tumor 
enhancement type, tumor necrosis, hemorrhage and open‑ring 
sign between GBM and PCNSL. Solid tumor ADC and rCBV 
values (ADCt and rCBVt, respectively) and their ratios with 
abnormal white matter amounts were significantly higher in 
GBM cases than in PCNSL cases (P<0.05). The rCBV value 
for peritumoral edema (rCBVe) and its ratio with abnormal 
white matter amount (rCBVe/n) were significantly higher in 
GBM cases than in PCNSL cases (P<0.05). However, ADC 
values did not differ significantly for peritumoral edema. 
DWI values did not differ significantly. Combining rCBVt and 
rCBVe/n provided a perfect area under the receiver operating 
characteristic curve of 1.00, with 100% sensitivity and 100% 
specificity for distinguishing GBM from PCNSL. In the results 
of the present study, the major criterion in the decision‑making 

process distinguishing PCNSL from GBM was the combined 
rCBVt and rCBVe/n parameter. A minor criterion was the 
ADCt value of the lesion.

Introduction

Glioblastoma (GBM) is defined by The World Health 
Organization (WHO) as a grade 4 tumor. It is the most common 
central nervous system (CNS) malignant tumor, accounting for 
almost 80% of all primary malignant brain tumors and 50% 
of all gliomas in all age groups (1). Its original name, GBM 
multiforme, comes from the historical observation that these 
tumors can take various forms and appearances, both grossly 
and microscopically. Notably, ‘multiforme’ was dropped from 
its name in the 2016 WHO classification system, which refers 
to these tumors as GBM instead. However, GBM remains its 
widely used acronym (2).

The incidence of primary CNS lymphoma (PCNSL), an 
extra‑nodal form of non‑Hodgkin lymphoma representing 
5% of all brain tumors, has been increasing due to popula‑
tion aging and imaging modality advancements (3,4). The 
strongest known risk factors for PCNSL is immunodeficiency, 
and PCNSL is the most common brain tumor in this popula‑
tion (4,5). Multiple studies have suggested that the immune 
system has an important regulatory role against malignant 
lymphoproliferative diseases and natural killer (NK) cells 
serve as a crucial first line of defense against tumors. The 
dysfunction of NK cells, as well as increased spontaneous 
lactate dehydrogenase release activity of peripheral blood 
mononuclear cells is one of the main prognostic factors for 
lymphomas patients (5,6). Preoperative differentiation of 
PCNSLs and GBMs is crucial because their treatment strate‑
gies and prognosis differ substantially. In patients with GBM, 
the treatment of choice is gross total resection followed by 
radiation therapy and chemotherapy (1). By contrast, patients 
with PCNSL usually undergo stereotactic biopsy followed 
by high‑dose methotrexate‑based chemotherapy (7). While 
histopathological classification remains the gold standard for 
diagnosis (4,8), this invasive procedure has drawbacks, such as 
brain edema, hemorrhage, infection and seizure (9). In addition, 
~10% of diagnoses are incorrect because the tiny amounts of 
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tissue obtained by stereotactic biopsy may be insufficient for 
a correct diagnosis (10). These issues have led to a demand for 
reliable preoperative differentiation methods. Therefore, over 
recent decades, new non‑invasive imaging techniques have 
been developed that improve diagnosis, including magnetic 
resonance imaging (MRI).

Conventional MRI sequences can differentiate most patients 
because PCNSLs in immunocompetent patients usually 
appear as homogeneous enhancements on contrast‑enhanced 
T1‑weighted (T1W) MRI images, while GBMs usually appear 
as heterogeneous enhancements with necrotic, hemorrhagic 
areas. However, this pattern is unreliable because atypical, 
solid‑enhancing GBMs without visible necrosis can mimic 
typical PCNSLs (11). Similarly, atypical PCNSLs with visible 
necrosis in immunocompromised patients may mimic typical 
GBMs. Advanced MRI techniques, such as diffusion‑weighted 
imaging (DWI) and dynamic susceptibility contrast‑enhanced 
perfusion‑weighted imaging (DSC‑PWI), provide useful 
physiologic information facilitating the precise evaluation of 
brain masses to improve the differential diagnosis of GBMs 
and PCNSLs (12).

DWI is a sensitive tool that quantifies physiologic altera‑
tions in water diffusion that can be measured as the apparent 
diffusion coefficient (ADC). Highly cellular tumors show 
areas of restricted diffusion with low ADCs (13). DSC‑PWI 
provides information on cerebral physiology at the capillary 
level (microvasculature) and cerebral blood volume (CBV) 
maps. Its relative CBV (rCBV) parameter correlates with tumor 
vascularity and is elevated in tumors with high pathologic 
neoangiogenesis, such as GBMs (14).

Previous studies have shown that the minimum ADC from 
DWI and the rCBV from DSC‑PWI are the most important 
hemodynamic parameters for differentially diagnosing GBMs 
and PCNSLs (15). However, numerous studies have discussed 
only assessments of tumor cores (3,16‑20), with peritumoral 
regions less frequently evaluated (15,21). To the best of our 
knowledge, very few studies have evaluated usefulness of 
multiparametric DSC‑PWI and DWI of tumor core and 
peritumoral zone in the preoperative differentiation of GBMs 
and PCNSLs. Therefore, the present study not only referred 
to this issue but also aimed to compare different perfusion 
and diffusion parameters to identify those with the highest 
accuracy in distinguishing GBMs and PCNSLs.

Materials and methods

Patient selection. Patients diagnosed with GBM or PCNSL 
based on the 2021 WHO histopathologic criteria (22) between 
January 2019 and December 2022, were chosen retrospectively 
by inspecting the medical records and radiology information 
systems at Viet Duc Hospital (Hanoi, Vietnam). The present 
study population was comprised of 45 patients with histologi‑
cally confirmed tumors, of which 18 had PCNSLs and 27 had 
GBMs. All patients underwent 3 Tesla MRIs with conven‑
tional, DWI, and DSC‑PWI sequences before lesion removal 
or stereotactic biopsy. The present study was approved 
(approval no. 4096/QD‑ĐHYHN; date: September 30, 2022) 
by Hanoi Medical University Institutional Ethical Review 
Board (Hanoi, Vietnam) and conducted according to the ethical 
standards of the 1964 Declaration of Helsinki and its later 

amendments. The requirement for patient or guardian consent 
was waived because the present study was retrospective and 
its data were anonymized. Clinicopathological characteristics 
of patients (including sex and age distribution) are provided 
in Table I.

MRI methods. All MRI examinations were performed using a 
3 Tesla MRI system (SIGNA Pioneer; GE Healthcare) with a 
head coil. The same imaging protocol was used for all patients. 
The conventional MRI included T1W spin‑echo (T1 SE) 
imaging before and after contrast enhancement for multi‑planar 
reconstructed imaging, transverse fluid‑ attenuated inversion 
recovery (FLAIR) imaging, and transverse T2‑weighted 
(T2W) gradient‑echo (T2 GE) imaging. Patients were not 
permitted to use steroids during the examination period.

DWI was performed in the transverse plane using a 
spin‑echo planar sequence before contrast‑enhanced T1W 
imaging. ADC maps were constructed on a per‑pixel basis.

The transverse DSC‑PWI was acquired using a single‑shot 
gradient‑echo echo‑planar sequence during which gadoteric 
acid (Dotarem) at 0.1 mmol/kg body weight was injected 
intravenously at 5 ml/s with a power injector (Medrad Spectris 
Solaris EP). Following the contrast agent injection, a 20 ml 
saline bolus was injected at the same rate. No contrast agent was 
administered before DSC‑PWI. The commercially available 
built‑in software calculated rCBV from the DSC‑PWI data. 
The detailed sequence parameters are provided in Table II.

Image analysis. To assess the brain tumors based on 
imaging, surgical, and histologic data, MR examinations 
were conducted using a GE SIGNA Pioneer 3.0 Tesla (GE 
Healthcare) and the entire MRI scan series were evaluated 
on a Picture Archiving and Communication System work‑
station 4.7. One radiologist with >10 years of neurological 
experience who was blinded to the histopathological results 
created three circular regions of interest (ROIs) on the 
solid tumor component, peritumoral edema, and abnormal 
white matter based on T1W pre‑ and post‑contrast, T2 GE, 
and FLAIR images. The largest lesion was measured for 
patients with multifocal tumors. The first ROI (predefined 
size: 30 mm2) was placed into the visually perceived lowest 
ADC, highest DWI, and rCBV portions of each tumor 
while still within the solid tumor component (which had the 
strongest enhancement on T1W post‑contrast images) but 
avoiding apparent necrotic, hemorrhagic, calcified, or cystic 
areas or blood vessels that may influence ADC, DWI, and 
rCBV values, as described by Kickingereder et al (12). Other 
ROIs of the same size were placed in the peritumoral edema 
(which appears as hyperintensity in FLAIR and T2W images 
without contrast) and the contra‑lateral unaffected white 
matter (Figs. 1 and 2). In the peritumoral edema, since each 
edematous location may show varying ADC values, the ROIs 
were placed in the most proximal location near the enhanced 
tumor for measurement based on the findings of Ko et al (21). 
The minimum ADC, mean DWI and relative rCBV values 
were calculated and analyzed in each lesion. To minimize 
variances in their values in individual patients, ratios were 
calculated by dividing the value from an ROI in the solid 
tumor component or peritumoral edema by the value from an 
ROI in the normal‑appearing white matter.
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Table Ι. Patient characteristics and the conventional MRI features of GBMs and PCNSLs.

Characteristics GBM (n=27) PCNSL (n=18) P‑value

Age, years [Mean ± SD (range)] 59.04±11.12 (32‑76) 59.50±14.16 (18‑75) 0.702b

n (%)   0.320a

  <44 3 (11.1) 2 (11.1) 
  44‑60 10 (37.0) 3 (16.7) 
  >60 14 (51.9) 13 (72.2) 
Sex, n (%)   0.714a

  Male 15 (44.4) 9 (50.0) 
  Female 12 (55.6) 9 (50.0) 
Sex ratio (male/female) 5/4 1/1 
Tumor location, n (%)   
  Supratentorial 27 (100) 16 (88.9) 0.155a

  Infratentorial 0 (0) 1 (5.6) 
  Both 0 (0) 1 (5.6) 
  Corpus callosum 6 (22.2) 3 (16.7) 0.648a

  Basal ganglia 4 (14.8) 5 (27.8) 0.287a

  Thalamus 3 (11.1) 5 (27.8) 0.235a

  Periventricular 11 (40.7) 5 (27.8) 0.373a

  Brainstem 0 (0) 2 (11.1) 0.155a

Quantity, n (%)   0.004a

  Unifocal 23 (85.2) 8 (44.4) 
  Multifocal 4 (14.8) 10 (55.6) 
Tumor margin, n (%)   1.000a

  Smooth 1 (3.7) 0 (0) 
  Irregular 26 (96.3) 18 (100) 
Tumor necrosis, n (%)   <0.001a

  Yes 27 (100) 3 (16.7) 
  No 0 (0) 15 (83.3) 
Tumor hemorrhage, n (%)   <0.001a

  Yes 23 (85.2) 3 (16.7) 
  No 4 (14.8) 15 (83.3) 
Tumor enhancement, n (%)   
  Homogeneous 0 (0) 14 (77.8) <0.001a

  Heterogeneous 27 (100) 4 (22.2) 
  Low 2 (7.4) 0 (0) 0.509a

  High 25 (92.6) 18 (100) 
  Notch sign 0 (0) 0 (0) 0.001a

  Open‑ring sign 0 (0) 6 (33.3) 
  Butterfly sign 3 (11.1) 0 (0) 
Peritumoral edema, n (%)   0.844a

  Grade 0 0 (0 0 (0%) 
  Grade 1 5 (18.5) 2 (11.1) 
  Grade 2 13 (48.1) 9 (50.0) 
  Grade 3 9 (33.3) 7 (38.9) 

GBM, glioblastoma; PCNSL, primary central nervous system lymphoma; a, χ² test; b, Mann‑Whitney U test. Edema in MRI scans appears as 
a region of increased T2 signal intensity outside the gadolinium‑enhanced area. Edemas measured on T2 images were categorized into three 
grades: Grade I, an edema volume less than the tumor volume; Grade II, an edema volume ~equal to the tumor volume (Fig. 1C and D); Grade 
III, an edema volume greater than the tumor volume (Fig. 2C and D). Tumor enhancement was categorized into two groups: low, the foci's 
increased signal was lower than that of large blood vessels; high, the foci's increased signal was similar to that of large blood vessels.
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Statistical analysis. Statistical analyses were performed using 
SPSS 20.0 software (IBM Corp.). Qualitative parameters 

are presented as the number (n) and percentage (%), and 
quantitative parameters are presented as the mean ± standard 

Figure 1. A 61‑year‑old woman with a GBM. (A) The MRI shows a mass (straight arrows) in the left frontal lobe. A comparison of (A) pre‑ and (B) post‑contrast 
T1W images shows a heterogeneously enhanced tumor with central necrosis (curved arrows). (C) Axial FLAIR image shows peritumoral edema and infiltra‑
tion. (D) The coronal T2W image with two manually drawn polygonal lines that include the entire peritumoral brain edema (blue line) and tumor (red line); the 
edema volume is ~equal to the tumor volume. (E) Hemorrhagic lesions (arrowhead) appear markedly hypointense on a conventional T2* GE image. (F) Axial 
DWI and the corresponding (G) ADC map show a diffusion‑restricted lesion within the enhanced tumor. (H) The color‑coded CBV map shows higher 
vascularity in the normal white matter; three ROIs (circles) were placed in the solid tumor component (ROI 1), peritumoral region (ROI 2), and abnormal white 
matter (ROI 3). The minimum ADC was 0.84x10‑3 mm2/s in the solid tumor (ADCt), 1.14x10‑3 mm2/s in the peritumoral edema (ADCe), and 0.62x10‑3 mm2/s 
in the normal white matter (ADCn). The rCBV value was 7.62 in the solid tumor (rCBVt), 1.61 in the peritumoral edema (rCBVe), and 1.77 in the normal white 
matter (rCBVn). GBM, glioblastoma; MRI, magnetic resonance imaging; T1W, contrast‑enhanced T1‑weighted; FLAIR, fluid‑attenuated inversion recovery; 
ADC, apparent diffusion coefficient; CBV, cerebral blood volume; ROI, circular regions of interest; ADCt, solid tumor ADC value; ADCe, peritumoral edema; 
ADCn, normal white matter; rCBV, relative cerebral blood volume; rCBVn, normal white matter rCBV value.

Table II. Conventional and advanced MRI sequence parameters.

Sequence Plane TR (ms) TE (ms) Thickness (mm) Matrix FOV Other

FLAIR Axial 8,500 117 5 184x256 240x240 IR (2500 ms)
T2 TSE Axial, coronal 2,500 100 5 360x288 220x220 
T2*/SWI Axial 360 10 5   µ
DWI Axial 5,202 78 5  230x240 
T1 SE Axial, sagittal 2,325 24 5 240x240 300x224 
T1 SE CE+ Axial, sagittal 2,325 24 5 240x240 300x244 α
DSC‑MRI GRE EPI 1,250 45 5 88x87 338x240 β

TR, repetition time; TE, echo time; FOV, field of view; FLAIR, fluid‑attenuated inversion recovery; IR, inversion time; T2 TSE, T2‑weighted 
turbo spin‑echo; SWI, susceptibility‑weighted imaging; T1 SE, T1‑weighted spin‑echo; CE+, contrast enhancement; DSC‑MRI, dynamic 
susceptibility contrast perfusion magnetic resonance imaging (performed using the dynamic T2*‑weighted GRE EPI); GRE EPI, 
gradient‑recalled echo‑planar imaging; µ, optimal sequence (T2* or SWI) for each patient; α, intravenous injection of contrast agent 
[gadolinium‑ diethylenetriamine pentaacetate (DTPA) at 1 ml/kg with an injection rate of 5 ml/s]; β, performed before T1‑SE CE+ during the 
first pass of an intravenous bolus injection of contrast agent (gadolinium‑DTPA at 1 ml/kg with an injection rate of 5 ml/s) using 40 acquisition 
scans with a voxel size of 2.5x2.5x5 mm.
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deviation (SD). Before analysis, the normality of each vari‑
able's distribution was checked using the Shapiro‑Wilk test. 
Qualitative parameters were compared using the Chi‑square 
(χ2) test and Fisher's exact test. Non‑normally and normally 
distributed quantitative parameters were compared using the 
Mann‑Whitney test and Student's t‑test (also known as unpaired 
t‑test), respectively, in the GBM and PCNSL patient groups. 
Finally, combinations of significantly different variables were 
examined to determine the ability of combined parameters to 
increase diagnostic value. ADC, ADC ratio, rCBV, and rCBV 
ratio cutoff values for differentiating GBMs and PCNSLs were 
determined based on a receiver operating characteristic (ROC) 
curve analysis, with the area under the ROC curve (AUC) 
calculated as an indicator of overall diagnostic accuracy. All 
results with P<0.05 were considered to indicate a statistically 
significant difference.

Results

The population of the present study comprised 45 patients 
(24 men and 21 women) with histologically confirmed 
tumors, including 27 GBMs (15 men and 12 women) and 18 
PCNSLs (nine men and nine women). The mean age was 
59.04±11.12 years in the GBM group and 59.50±14.16 years in 

the PCNSL group. The age and sex distributions did not differ 
significantly between the GBM and PCNSL groups (Table I). 
The conventional MRI features of GBMs and PCNSLs are 
summarized in Table I. Both tumors occurred most often in 
the supratentorial region. There was no statistically signifi‑
cant difference in their locations. Multiple tumors are more 
common in patients with GBM (85.2%) than in patients with 
PCNSL (44.4%). Tumor necrosis was observed in all patients 
with GBM (100%) but only in three patients with PCNSL 
(16.7%). All GBMs and PCNSLs demonstrated contrast 
enhancement of the primary tumor mass. However, hetero‑
geneous enhancement (Fig. 1) was observed in all patients 
with GBM, contrasting with the homogeneous enhancement 
(Fig. 2) observed in most patients with PCNSL. PCNSL was 
enhanced homogenously in 77.8% of cases and heteroge‑
neously in 22.2% of cases. The open‑ring sign (Fig. 2B) was 
present in six (33.3%) patients with PCNSL but in none patient 
with GBM. Tumor number, tumor enhancement type, tumor 
necrosis frequency, hemorrhage frequency and open‑ring sign 
frequency differed significantly between GBMs and PCNSLs 
(P<0.05).

The ADC and DWI values in solid tumor and peritumoral 
edema regions and their ratios to those of normal white matter 
are summarized for both GBMs and PCNSLs in Table III. DWI 

Figure 2. A 70‑year‑old man with a PCNSL. (A) The MRI shows a mass (straight arrows) in the right parietal lobe. A comparison of (A) pre‑ and (B) post‑contrast 
T1W images shows a very strong and homogeneous open‑ring enhanced tumor. (C) Axial FLAIR and (D) coronal T2W images with two manually drawn 
polygonal lines that include the entire peritumoral brain edema (blue line) and tumor (red line); the peritumoral volume is greater than the tumor volume. 
(E) The conventional T2* GE image shows no intertumoral hemorrhage. (F) Axial DWI and the corresponding (G) ADC map show a diffusion‑restricted 
lesion. (H) The CBV color map shows a lower signal intensity in the tumor than in the normal white matter; three ROIs (circles) were placed in the solid tumor 
component (ROI 1), peritumoral region (ROI 2), and abnormal white matter (ROI 3). The minimum ADC was 0.63x10‑3 mm2/s in the solid tumor (ADCt), 
1.57x10‑3 mm2/s in the peritumoral edema (ADCe), and 0.69x10‑3 mm2/s in the normal white matter (ADCn). The rCBV value was 0.68 in the solid tumor 
(rCBVt), 0.54 in the peritumoral edema (rCBVe), and 0.37 in the normal white matter (rCBVn). PCNSL, primary central nervous system lymphoma; MRI, 
magnetic resonance imaging; T1W, contrast‑enhanced T1‑weighted; FLAIR, fluid‑attenuated inversion recovery; DWI, diffusion‑weighted; ADC, apparent 
diffusion coefficient; ADCt, solid tumor ADC value; ADCe, peritumoral edema ADC value; CBV, cerebral blood volume; rCBV, relative cerebral blood 
volume; rCBVt, solid tumor rCBV value; rCBVe, peritumoral edema rCBV value.
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values did not differ significantly between GBMs and PCNSLs. 
The ADC values were higher for GBMs than PCNSLs in the 
solid tumor (ADCt; P<0.001 but were similar in GBMs and 
PCNSLs in the peritumoral edema (ADCe; P=0.613). The 
ratio of ADC values in the peritumoral edema to the normal 
white matter (ADCe/n) did not differ significantly between 
GBM and PCNSLs. However, two parameters did differ 
significantly between GBMs and PCNSLs: the minimum 
ADC value in the solid tumor (0.88±0.18x10‑3 mm2/s in GBMs 

vs. 0.64±0.13x10‑3 mm2/s in PCNSLs; P<0.001) and the ratio 
of minimum ADC values in the solid tumor to the normal 
white matter (1.28±0.26 in GBMs vs. 0.96±0.17 in PCNSLs; 
P<0.001).

The rCBV values in the solid tumor and peritumoral edema 
regions and their ratios to those of normal white matter are 
shown for both GBMs and PCNSLs in Table IV. GBMs and 
PCNSLs differed significantly in rCBV values in the solid 
tumor (rCBVt; 8.41±2.05 in GBMs vs. 2.34±1.16 in PCNSLs; 

Table IV. Perfusion parameter values in GBMs and PCNSLs.

 Mean ± SD (range)
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Parameter GBM (n=27) PCNSL (n= 8) P‑value

rCBV   
  rCBVt 8.41±2.05 (4.43‑11.84) 2.34±1.16 (0.56‑4.79) <0.001
  rCBVe 2.04±1.07 (0.32‑5.24) 1.15±0.76 (0.19‑2.77) 0.002a

  rCBVn 1.90±0.79 (0.67‑4.12) 1.92±0.98 (0.37‑3.63) 0.954b

rCBV ratio   
  rCBVt/n 5.02±2.25 (2.36‑13.23) 1.49±1.09 (0.44‑4.77) <0.001
  rCBVe/n 1.18±0.67 (0.18‑3.49) 0.68±0.42 (0.10‑1.46) 0.005a

GBM, glioblastoma; PCNSL, primary central nervous system lymphoma; a, Mann‑Whitney U test; b, Student's t‑test; rCBV, relative cerebral 
blood volume; rCBVt, solid tumor rCBV value; rCBVe, peritumoral edema rCBV value; rCBVn, normal white matter rCBV value; rCBV t/n, 
the ratio of solid tumor to normal white matter rCBV values; rCBVe/n, the ratio of peritumoral edema to normal white matter rCBV values. 
Two reviewers calculated the rCBV ratio for each lesion.

Table III. Diffusion parameter values in GBMs and PCNSLs.

 Mean ± SD (range)
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Parameter GBM (n=27) PCNSL (n=18) P‑value

Minimum ADC (10‑3 mm2/s)   
  ADCt 0.88±0.18 (0.52‑1.31) 0.64±0.13 (0.50‑1.00) <0.001
  ADCe 1.18±0.23 (0.70‑1.61) 1.15±0.25 (0.77‑1.57) 0.613b

  ADCn 0.69±0.66 (0.56‑0.90) 0.67±0.68 (0.54‑0.78) 0.305b

ADC ratio   
  ADCt/n 1.28±0.26 (0.81‑1.88) 0.96±0.17 (0.73‑1.29) <0.001
  ADCe/n 1.72±0.39 (0.98‑2.51) 1.71±0.35 (1.13‑2.30) 0.900b

Mean DWI (10‑3 mm2/s)   
  DWIt 1.33±0.22 (0.91‑1.95) 1.42±0.39 (0.82‑2.09) 0.414b

  DWIe 1.07±0.13 (0.78‑1.35) 1.00±0.21 (0.54‑1.37) 0.198b

  DWIn 0.99±0.11 (0.81‑1.17) 0.90±0.16 (0.61‑1.17) 0.852b

DWI ratio   
  DWIt/n 1.36±0.25 (1.01‑1.99) 1.45±0.32 (0.72‑1.98) 0.194a

  DWIe/n 1.10±0.18 (0.72‑1.42) 1.03±0.19 (0.59‑1.38) 0.192b

GBM, glioblastoma; PCNSL, primary central nervous system lymphoma; a, Mann‑Whitney U test; b, Student's t‑test; ADC, apparent diffusion 
coefficient; ADCt, solid tumor ADC value; ADCe, peritumoral edema; ADC value; ADCn, normal white matter ADC value; ADCt/n, the 
ratio of solid tumor to normal white matter ADC values; ADC e/n, the ratio of peritumoral edema to normal white matter ADC values; DWI, 
diffusion‑weighted imaging; DWIt, solid tumor component DWI value; DWIe, peritumoral edema DWI value; DWIn, normal white matter 
DWI value; DWIt/n, the ratio of solid tumor to normal white matter DWI values; DWIe/n, the ratio of peritumoral edema to normal white 
matter DWI values. Two reviewers calculated the ADC and DWI ratios for each lesion.
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P<0.001) and peritumoral edema (rCBVe; 2.04±1.07 in GBMs 
vs. 1.15±0.76 in PCNSLs; P=0.002) regions. They also differed 
significantly in the ratio of mean rCBV values in solid tumors 
(rCBVt/n; 5.02±2.25 in GBMs vs. 1.49±1.09 in PCNSLs; 
P<0.001) and peritumoral edema (rCBVe/n; 1.18±0.67 in GBMs 
vs. 0.68±0.42 in PCNSLs; P=0.005) to normal white matter.

A multivariate logistic regression analysis was performed 
to assess the joint abilities of different parameters to predict 
histologic examination results (Table V). The independent vari‑
ables ADCt, ADCt/n, rCBVt, rCBVe, rCBVt/n and rCBVe/n 
showed the best discriminative values and were selected for 
multivariate analysis. While the rCBVt, rCBVe, and rCBVe/n 
variables were significant in the multivariate regression model, 
the rCBVt/n, ADCt and ADCt/n variables were not.

As demonstrated in Table VI, the optimal cutoff values, 
AUCs, sensitivities (Se) and specificities (Sp) of parameters 
differed significantly between GBMs and PCNSLs. The AUCs 
differed significantly for ADCt, ADCt/n, rCBVt, rCBVe, 
rCBVt/n and rCBVe/n (Figs. 3 and 4).

Discussion

Pretreatment characterization and differentiation of malignant 
brain tumors using MRI remain a challenging problem 
in everyday practice. While GBMs and PCNSLs differ in 
numerous respects, their morphological differentiation by MRI 
is often difficult. The standard treatment for GBMs comprises 
surgical resection, radiotherapy and chemotherapy, while 
PCNSLs should not undergo surgical management but only 
chemotherapy (1,7). In the present study, conventional MRI, 
DWI and DSC‑PWI characteristics were compared between 

PCNSLs and GBMs, allowing for a more detailed analysis 
of brain tumors and their in vivo differentiation. The present 
study focused on both the solid tumor and its surrounding 
brain tissue since they are considered two equally important 
sources of information necessary for tumor identification. 
Several significant differences between them were detected.

GBMs are highly vascular due to microvascular prolif‑
eration. However, their tumor vasculature characteristics and 
phenotype were quite different from normal preexisting blood 
vessels (23). The newly formed vascular networks may fail to 
mature and prune, leading to increased vessel fragility and 
hemorrhage risks. Blood flow through the poorly organized 
and malformed vessels can be chaotic. These factors can 
lead to areas of persisting or intermittent hypoxia (24). These 
mechanisms would explain the heterogeneous enhancement 
pattern with evident necrosis and hemorrhage in almost all 
patients with GBM in the present study. GBM typically mani‑
fested as a solitary infiltrative tumor, and multiple lesions were 
present in only four cases (14.8%). Conversely, PCNSL lesions 
presented as homogeneous enhancement lesions, and multiple 
lesions were present in 10 cases (55.6%). In conventional MRI, 
it is not possible to distinguish GBMs and PCSNLs based 
on tumor location and relative peritumoral brain edema to 
tumor volume since both are generally localized supratento‑
rial, and peritumoral edema degree varies across lesions. 
Strong‑enhancing tumors were observed in almost all GBM 
and PCNSL cases, and poor‑enhancing tumors were observed 
only in two GBM cases. In the present study, the ‘open‑ring’ 
enhancement (25) was found in six PCNSL cases (33.3%), 
characterized by thick and non‑uniform rather than thin and 
uniform brain demyelination.

The MRI findings of the present study for GBMs agree 
with those previously reported (26,27). However, these find‑
ings for PCNSLs are only partially consistent with those 
reported by Haldorsen et al (28). In the present study, 55.6% 
of PCNSL patients presented with multiple lesions and 27.8% 
with periventricular lesions. By contrast, Haldorsen et al 
reported multiple lesions in only 35% of PCNSL patients and 
ventricular wall involvement in 56% of focal lesions. However, 
Haldorsen et al (28) and Malikova et al (26) also reported 
diffuse infiltrative brain affection by PCNSL in 7 and 24.1% of 
cases, respectively, which were not found in the present study.

The results of the present study were compared with 
Haldorsen et al (28) because their study had a larger sample 
size than other studies (75 acquired immunodeficiency 
syndrome‑negative PCNSL patients). However, only 52 patients 
underwent MRI, with the rest examined by computed tomog‑
raphy (CT). Since CT sensitivity is significantly lower than 
MRI, some lesions may have been missed (no lesions were 
found in 10 patients). Their study (28) also included patients 
with immunosuppression therapy (5%), and six patients only 
had post‑steroid treatment imaging available (which may have 
influenced their imaging findings). Therefore, differences 
between the results of the present study are partly explainable 
by differences in patient selection designs.

The results of the present study revealed significant 
differences in conventional MRI‑based tumor number, tumor 
enhancement type, tumor necrosis frequency, hemorrhage 
frequency and open‑ring sign frequency between GBMs 
and PCNSLs. Other morphological features (reef sign, 

Table V. Comparison of univariate and multivariate models for 
differentiating GBMs and PCNSLs.

 Univariate Multivariate
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Variable β P‑value β P‑value

Quantity 1.972 0.006  
Tumor necrosis 23.400 0.998  
Tumor hemorrhage 3.359 <0.001  
Tumor enhancement ‑23.112 0.998  
rCBVt ‑0.867 <0.001 ‑1.021 <0.001
rCBVe ‑0.422 0.004 0.417 0.037
rCBVt/n ‑0.685 <0.001 0.280 0.165
rCBVe/n ‑0.397 0.007 ‑0.526 0.010
ADCt (10‑3 mm2/s) ‑0.607 <0.001 ‑0.305 0.077
ADCt/n ‑0.569 <0.001 0.124 0.468

rCBV, relative cerebral blood volume; rCBVt, solid tumor rCBV 
value; rCBVe, peritumoral edema rCBV value; rCBVn, normal white 
matter rCBV value; rCBVt/n, the ratio of solid tumor to normal white 
matter rCBV values; rCBVe/n, the ratio of peritumoral edema to 
normal white matter rCBV values; ADC, apparent diffusion coeffi‑
cient; ADCt, solid tumor ADC value; ADCe, peritumoral edema ADC 
value; ADCn, normal white matter ADC value; ADCt/n, the ratio of 
solid tumor to normal white matter ADC values; b, standardized beta.
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peritumoral leukomalacia sign and T2 pseudo‑necrosis sign) 
and signal intensity ratio derived from conventional MRI in 
distinguishing PCNSL from atypical GBM, were defined in 
new research by Han et al (11). However, unified standard has 
not established yet. Further prospective studies are required to 
reliably determine the usefulness of these imaging character‑
istics. Therefore, it remains difficult to differentiate between 
GBMs and PCNSLs with conventional MRI alone in clinical 
practice, particularly in cases with atypical PCNSL with 
nonhomogeneous enhancement (4/18; 22.2%).

DWI is an advanced imaging method that measures the 
diffusion properties of water molecules within biological 

tissues. Therefore, intertumoral ADCs are considered imaging 
markers of cellularity for various tumors (13). A quantitative 
ADC analysis showed that the minimum ADC values and ratios 
were significantly higher in GBMs than in PCNSLs in the solid 
tumor area (0.88±0.18x10‑3 mm2/s vs. 0.64±0.13x10‑3 mm2/s 
and 1.28±0.26 vs. 0.96±0.17, respectively) but not in the 
peritumoral edema area. The lower ADC values of enhancing 
PCNSL than GBM tumors were due to higher cellularity with 
a relative reduction in the extracellular space (more restricted 
diffusion) (13).

While the solid tumor results of th present study are 
consistent with previous studies, the ADC values are 
slightly higher. Yamashita et al (29) reported minimum 
ADC values for GBMs and PCNSLs of 0.78±0.19x10‑3 

Table VI. ROC analysis results for differentiating PCNSLs and GBMs.

Parameter AUCc Cutoff value Sensitivity (%)a Specificity (%)b

rCBVt 0.996 4.15 1.00 0.94
rCBVe 0.782 1.10 0.61 0.93
rCBVe/n 0.751 0.54 0.50 0.96
rCBVt + rCBVe 0.998  1.00 0.96
rCBVt + rCBVe/n 1.000  1.00 1.00
rCBVe + rCBVe/n 0.800  0.78 0.78
rCBVt + rCBVe + rCBVe/n 1.000  1.00 1.00

rCBV, relative cerebral blood volume; rCBVt, solid tumor rCBV value; rCBVe, peritumoral edema rCBV value; rCBVe/n, ratio of peritumoral 
edema to normal white matter rCBV values; a, percentage of correctly classified GBMs; b, percentage of correctly classified PCNSLs; c, area 
under the receiver operator characteristic curve.

Figure 3. ROC curves of rCBV values for differentiating PCNSLs and GBMs. 
ROC curves are shown for rCBV values in the solid tumor (rCBVt; blue line) 
and peritumoral edema (rCBVe; yellow line) regions, and the ratio of peritu‑
moral edema to normal white matter rCBV values (rCBVe/n; green line). The 
optimal cutoff values for rCBVt, rCBVe, and rCBVe/n were 4.15 (Se=100% 
and Sp=94%), 1.10 (Se=61% and Sp=93%), and 0.54 (Se=50% and Sp=96%), 
respectively. The AUCs for rCBVt, rCBVe, and rCBVe/n were 0.996, 0.782, 
and 0.751, respectively. ROC, receiver operating characteristic; rCBV, relative 
cerebral blood volume; PCNSL, primary central nervous system lymphoma; 
GBM, glioblastoma; rCBVt, solid tumor rCBV value; rCBVe, peritumoral 
edema rCBV value; rCBVe/n, the ratio of peritumoral edema to normal white 
matter rCBV values.

Figure 4. ROC curves of combined parameters for differentiating PCNSLs 
and GBMs. ROC curves are shown for rCBVt + rCBVe (green line), rCBVt 
+ rCBVe/n (yellow line), rCBVe + rCBVe/n (yellow line), and rCBVt + 
rCBVe + rCBVe/n (orange line). Their AUCs were 0.998 (Se=100% and 
Sp=96%), 1.000 (Se=100% and Sp=100%), 0.800 (Se=78% and Sp=78%), 
and 1.000 (Se=100% and Sp=100%), respectively. ROC, receiver operating 
characteristic; PCNSL, primary central nervous system lymphoma; GBM, 
glioblastoma; rCBVt, solid tumor rCBV value; rCBVe, peritumoral edema 
rCBV value; rCBVe/n, the ratio of peritumoral edema to normal white matter 
rCBV values; AUC, area under the curve.
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and 0.61±0.13x10‑3 mm2/s, respectively. Lee et al (3) 
reported minimum ADC values for PCNSLs and GBMs of 
0.595±0.228x10‑3 and 0.737±0.162x10‑3 mm2/s, respectively, 
and minimum ADC ratios for PCNSLs and GBMs of 0.87±0.26 
and 1.14±0.29, respectively. Feng et al (16) reported minimum 
ADC values for PCNSLs and GBMs of 0.68±0.10x10‑3 and 
0.77±0.07x10‑3 mm2/s, respectively, and relative ADC for 
PCNSLs and GBMs of 1.13±0.12 and 1.32±0.19, respectively. 
In contrast to the present study, a previous study of 20 patients 
by Bao et al (17) showed that although ADC parameters were 
larger in GBM compared with those in PCNSL, but these 
differences were not statistically significant. This difference 
could be explained by the whole‑tumor histogram analysis 
which be affected by the tumor size (larger tumors will have 
a greater impact on total tumor diffusion metrics compared 
with smaller tumors). Furthermore, these studies (3,16,17,29) 
did not evaluated the peritumoral edema.

The present findings on the utility of peritumoral zone 
ADC values are consistent with Server et al (30) but incon‑
sistent with Martín‑Noguerol et al (31), who found subtle 
differences in ADC values between the infiltrating edema 
of GBMs and the vasogenic edema of PCNSLs. Differences 
between their and the present results may be explained by both 
infiltrating edema and pure vasogenic edema regions usually 
showing high ADC values (30), and there was not a sufficient 
disparity to quantify. Furthermore, a radiologic‑pathologic 
study by Koeller et al (32) reported diffuse microscopic tumor 
infiltrating in peritumoral edema of PCNSLs. Unfortunately, 
an intraoperative biopsy was not usually performed in the 
peritumoral edema area for PCNSLs obtained to pathologi‑
cally confirm the presence of infiltrative tumor cells (21).

To the best of our knowledge, this is the first study 
comparing quantitative DWI in the solid tumor and peritu‑
moral edema between GBM and PCNSLs. According to the 
authors' observations, they do not differ significantly in their 
DWI values.

MRI perfusion imaging can visualize the nutritive delivery 
of arterial blood to the capillary bed in tumors. Angiogenesis 
is a fundamental cancer hallmark, which varies among tumor 
types (24). Unlike PCNSLs, which show an angiocentric 
growth pattern with cancer cells clustering around preexisting 
brain vessels, one hallmark of GBMs is extensive neovascular‑
ization (13). This characteristic is usually used to explain their 
differences in rCBV, with higher values in patients with GBMs, 
which is consistent with the findings of the present study and 
several other studies (13,15). The solid tumor results of the 
present study demonstrated significant differences in rCBVt 
values and rCBVt/n ratios between GBMs and PCNSLs. The 
rCBVt values and rCBVt/n ratios were 2.34±1.16 and 1.49±1.09 
for patients with PCNSLs and 8.41±2.05 and 5.02±2.25 for 
patients with GBMs. The aforementioned values were substan‑
tially higher than those of Neska‑Matuszewska et al (15), 
who reported rCBVt values of 0.80±0.35 for PCNSLs and 
3.10±1.50 for GBMs, and Feng et al (16), who reported rCBVt 
values of 2.17±0.67 for PCNSLs and 2.38±0.62 for GBMs. The 
markedly higher rCBV values of the present study may be 
explained by differences in DSC‑PWI measurement methods.

The next step in the present study was to evaluate a 
non‑enhancing peritumoral region to distinguish GBMs 
from PCNSLs. Peritumoral edema in PCNSLs induce purely 

vasogenic edema whereas GBMs predominantly contains 
infiltrating non‑contrast‑enhancing tumor (infiltrating edema) 
due to preservation of the blood‑brain barrier, usually best 
visualized on T2W FLAIR imaging (31). Therefore, some 
authors have proposed evaluating non‑enhancing peripheral 
lesion areas to increase diagnostic accuracy (33). The present 
study revealed significantly increased rCBVe values and 
rCBVe/n ratios for GBMs, reflecting neoplastic infiltration into 
the surrounding peritumoral zone. In Table IV, it is shown that 
the rCBVe values and rCBVe/n ratios for peritumoral edema 
areas were 1.15±0.76 and 0.68±0.42 for patients with PCNSLs 
and 2.04±1.07 and 1.18±0.67 for patients with GBMs. The 
results are consistent with those of a previous study (15).

The present study evaluated the multiparametric diagnostic 
performance of DWI and DSC‑PWI to facilitate the preopera‑
tive differentiation of PCNSL and GBM which are similar to 
several other studies (15,16,18‑20). To differentiate GBMs and 
PCNSLs, it was suggested a cutoff value of 4.15 for rCBVt, 
which had 100% Se and 94% Sp with an excellent AUC of 
0.996. As it was revealed in the present study, peritumoral 
zone parameters with the highest accuracies in differenti‑
ating GBMs and PCNSLs were the rCBVe value followed 
by the rCBVe/n ratio with cutoff values of 1.10 (Se=61% and 
Sp=93%) and 0.54 (Se=50% and Sp=96%), respectively. Since 
rCBVt achieved the highest accuracy in distinguishing GBMs 
and PCNSLs, it was suggested to focus on measuring this 
parameter in clinical practice. Individual parameters had a 
limited role in differentiating GBMs and PCNSLs. A multi‑
parametric model comprising rCBVt, rCBVe, and rCBVe/n 
significantly improved the ability to differentiate PCNSLs 
and GBMs compared with the univariate models (Table IV). 
While the AUCs for rCBVe and rCBVe/n for differentiating 
GBMs and PCLs were only 0.782 and 0.751, respectively, an 
improved AUC (0.80) was obtained by combining rCBVe 
and rCBVe/n. Furthermore, a perfect AUC (1.00) with 100% 
Se and 100% Sp for differentiating GBMs and PCNSLs was 
obtained by combining either rCBVt with rCBVe/n or all three 
parameters (rCBVt + rCBVe + rCBVe/n). However, adding 
the third imaging parameter (three‑variable model) was not 
significantly superior to the two‑variable model.

The present study had certain limitations that should 
be noted. Firstly, population was small, with some patients 
excluded because they had no MRI sequences. Nevertheless, 
a significant difference in MRI characteristics (ADC value, 
ADC ratio, rCBV value, and rCBV ratio) was identified 
between PCNSLs and GBMs, consistent with previous studies. 
Second, PCNSLs occurred less frequently than GBMs. Third, 
the present study was retrospective. A pooling analysis 
of retrospective studies could have increased diagnostic 
performance. Therefore, further prospective studies on the 
diagnostic performance of DWI and DSC‑PWI are needed. 
Fourth, a unified DWI‑based methodology should be estab‑
lished since differences in imaging parameters, field strengths, 
and post‑processing software could all lead to discrepancies in 
ADC measurement.

The results of the present study indicated that the most 
important parameter differentiating GBMs and PCNSLs 
combines rCBVt with rCBVe/n. From a practical perspective, 
evaluating ADCt could be followed by assessing rCBV values 
since this parameter is easily accessible on workstations from 
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all vendors. In addition, the accurate determination of GBM 
extensions could create numerous opportunities associated 
with vascular targeting during cancer therapy, with advanced 
MRI sequences, such as DSC‑PWI, suitable for this purpose 
with acceptable results.
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