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Abstract Background: Despite documented correlation between glioma grades and dynamic
contrast-enhanced (DCE) magnetic resonance (MR) perfusion-derived parameters, and
its inherent advantages over dynamic susceptibility contrast (DSC) perfusion, the
former remains underutilized in clinical practice. Given the inherent spatial heteroge-
neity in high-grade diffuse glioma (HGG) and assessment of different perfusion
parameters by DCE (extravascular extracellular space volume [Ve] and volume transfer
constant in unit time [k-trans]) and DSC (rCBV), integration of the two into a protocol
could provide a holistic assessment. Considering therapeutic and prognostic implica-
tions of differentiating WHO grade 3 from 4, we analyzed the two grades based on a
combined DCE and DSC perfusion.

Methods: Perfusion sequences were performed on 3-T MR. Cumulative dose of
0.1 mmol/kg of gadodiamide, split into two equal boluses, was administered with
an interval of 6 minutes between the DCE and DSC sequences. DCE data were analyzed
utilizing commercially available GenlQ software.

Results: Of the 41 cases of diffuse gliomas analyzed, 24 were WHO grade Ill and 17

Keywords grade IV gliomas (2016 WHO classification). To differentiate grade Ill and IV gliomas, Ve
= combined perfusion  cut-off value of 0.178 provided the best combination of sensitivity (88.24%) and
technique specificity (87.50%; AUC: 0.920; p < 0.001). A relative cerebral blood volume (rCBV) of

= split bolus contrast value 3.64 yielded a sensitivity of 70.59% and specificity of 62.50% (p =0.018). The k-
= grade Ill from grade  trans value, although higher in grade Il than in grade IV gliomas, did not reach

IV glioma statistical significance (p=0.108).
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Conclusion: Uniqueness of employed combined perfusion technique, treatment naive
patients at imaging, user-friendly postprocessing software utilization, and ability of Ve
and rCBV to differentiate between grade Ill and IV gliomas (p < 0.05) are the strengths
of the present study, contributing to the existing literature and moving a step closer to
achieving accurate MR perfusion-based glioma grading.

Introduction

Dynamic susceptibility contrast (DSC) and dynamic contrast-
enhanced (DCE) magnetic resonance (MR) perfusion techni-
ques study the different perfusion parameters in brain
tumors, with relative cerebral blood volume (rCBV) derived
from the former, while volume transfer constant in unit time
(k-trans) and extravascular extracellular space volume (Ve)
from the latter."?

The DSC-derived rCBV is accepted by most authors as a
time-tested, robust analysis technique and the most widely
used perfusion parameter in assessment of brain tumors.
However, a few drawbacks of this technique include the
difficulty in determining absolute quantification and perme-
ability assessment, presence of susceptibility artefacts, and
invalid assumption of BBB integrity.> The DCE, “permeabili-
ty,” or “T1 perfusion” are considered synonymous, and it
measures vessel permeability and provides absolute quanti-
fication of perfusion parameters. The leaky neoangiogenic
vessels and increased necrotic areas that characterize high-
grade diffuse glioma (HGG) may accurately correspond with
the maximal K-trans and Ve values, respectively, hence
providing accurate glioma grading:?"4

Considering the marked spatial heterogeneity (docu-
mented in HGG) and that DCE and DSC perfusion assess
different perfusion parameters, the integration of both
techniques into the protocol could provide a holistic assess-
ment of brain tumor, compared to either perfusion tech-
nique in isolation.’ Such integration of perfusion
parameters, especially with no additional contrast dose
administered, appears a more pragmatic and acceptable
approach to a reliable grading of diffuse gliomas. Our study
is designed to evaluate the efficacy of perfusion parameters
(k-trans, Ve, and rCBV) derived from DCE and DSC MR
perfusion in differentiating WHO grade III diffuse gliomas
from glioblastomas (GBs).

Material and Methods

Subjects

Institutional Ethics Committee (IEC) approval was obtained
for this retrospective study. The imaging and histopatholog-
ical examination (HPE) data of all patients older than 18 years
with brain tumor, who underwent both DCE and DSC MR
perfusion between August 2016 and June 2018, were re-
trieved. Patients having received steroids, surgery, radiation,
or chemotherapy prior to MR perfusion study were not
included in the current study. The patients with HPE results
other than diffuse glioma of WHO grade III or a GB were
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excluded. Of the 41 treatment naive patients analyzed in the
present study, 24 had WHO grade Il diffuse gliomas and the
rest had GBs.

Data Acquisition
These patients underwent magnetic resonance imaging
(MRI) study with a predetermined protocol at our institute
(including conventional sequences, DCE and DSC perfusion).
MR study was performed on a 3-T'scanner equipped with a
standard 24-channel head coil. Precontrast T1-weighted, T2-
weighted, T2-FLAIR (T2 fluid attenuated inversion recovery),
diffusion, and susceptibility weighted images were acquired.
A cumulative dose of 0.1 mmol/kg body weight of gadodia-
mide (Omniscan, 0.5 mmol/mL) was administered, split into
two equal boluses. The initial contrast bolus was adminis-
tered following commencement of the DCE sequence with a
power injector at 3mL/s. The second contrast bolus was
injected following the third dynamic acquisition of DSC
sequence, utilizing the power injector at 5mL/s. Approxi-
mately 20 mL saline flush was injected following each of the
two boluses of contrast administration. An interval of
6 minutes was maintained between the two boluses. After
completion of the DSC MR sequence, standard postcontrast
3D brain volume imaging (BRAVO) data and MR spectroscopy
were acquired. DCE-MRI was acquired using a 3D fast spoiled
gradient echo sequence (FSPGR). The MR parameters
employed in this study for DCE and DSC perfusion are
summarized in =Table 1.

Data Analysis

Imaging data were transferred to a workstation and the DCE
data were analyzed utilizing a user-friendly software
“GenlQ” (GE Medical Systems), based on the Tofts model.
The 3D, rigid motion correction was employed in all patients.
The pixels considered to be arteries or veins based on the
temporal changes in signal intensity of the voxels were
automatically extracted by the utilized software. Fixed T1
method and default T10 value (T10=1,000 milliseconds)
were used in the analysis. The regions of interest (ROI) were
defined by the neuroradiologist on axial postcontrast and
FLAIR datasets, specifically avoiding the cystic, necrotic, and
hemorrhagic areas. On each parametric map (k-trans and
Ve), the hotspot (region of maximal abnormality) within the
lesion volume was determined with visual inspection, 5 to 10
ROIs were then positioned serially within the hotspots, and
the maximal quantitative value documented. The rCBV was
obtained by dividing the maximum CBV value in the tumor
volume to the CBV value of an ROI positioned in the contra-
lateral normal-appearing white matter.
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Table 1 Imaging parameters of MRI perfusion acquisition
protocol DCE and DSC perfusion

Parameters DCE perfusion DSC perfusion
TR/TE (ms) 4.3/0.8 2,000/30

Slice thickness (mm) 5 5

Flip angle (degrees) 25 60

Matrix 128 x 128 96 x 96
Measurements 50 42

Temporal spacing (s) 6.48 2

Time duration (s) 324 84

Abbreviations: DCE, dynamic contrast enhanced; DSC, dynamic sus-
ceptibility contrast; MRI, magnetic resonance imaging; TE, echo time;
TR, repetition time.

Following MR, these patients underwent a surgical pro-
cedure, either tumor resection or biopsy. The histologic
examination and tumor grading were performed by an
experienced neuropathologist. Hematoxylin and eosin stain-
ing and immunohistochemistry for R132H-mutant IDH1,
ATRX, p53, and proliferation marker Ki-67 were performed
on all tumors using routing protocols established in the
laboratory. IDH (isocitrate dehydrogenase) status was
assessed based on R132H-mutant IDH1 immunohistochem-
istry. Sequencing for IDH1 and IDH2 genes and fluorescence
in situ hybridization for 1p/19q co-deletion were not per-
formed in any of the tumors. The diffuse gliomas were
classified as per 2016 WHO classification of tumors of the
central nervous system.®

Statistical Analysis

Statistical analysis was performed using SPSS version 22.0
(IBM Corp., Armonk, NY). For all statistical tests, p < 0.05 was
considered statistically significant. Quantitative variables
were expressed as mean, standard deviation median, and
interquartile range (IQR). Qualitative variables were
expressed as frequency and percentage. Comparison of
quantitative variables between two groups was analyzed
by an independent sample t-test. Receiver operating charac-
teristic (ROC) curve analysis was done to assess the perfor-
mance of k-trans, Ve, and rCBV in differentiating WHO grade
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Il gliomas from grade IV gliomas by measuring the areas
under the curve (AUC). The optimum cut-off value, sensitivi-
ty, and specificity were calculated accordingly to differenti-
ate WHO grade III from grade IV gliomas.

Results

Among the 41 cases analyzed in our study, the HPE docu-
mented 24 WHO grade I11 (58.5%) gliomas and 17 WHO grade
IV (GB) diffuse gliomas (41.5%). Of the 17 GBs, 14 (82.4%)
were IDH wild type and 3 (17.6%) were IDH mutants. The
WHO grade III tumors included 16 cases of anaplastic
astrocytoma (AA; 66.7%) and 8 cases of anaplastic oligoden-
droglioma (AODG; 33.3%). WHO grade IIl tumors comprised 9
cases of IDH-mutant AA, 7 cases of AA not otherwise speci-
fied (NOS), and 8 cases of AODG NOS.

The median Ve value observed in WHO grade III glioma
was 0.051 with IQR of 0.023 to 0.106, whereas grade IV
gliomas demonstrated median Ve of 0.318 with IQR of 0.205
to 0.443, difference between the two groups being statisti-
cally significant (p <0.001). The median rCBV values ob-
served in grade IIl and IV gliomas were 2.705 (IQR: 1.345-
4.925) and 4.350 (IQR: 0.3.495-6.905), respectively, the
difference between the two groups being statistically signif-
icant (p=0.018). Grade III and IV gliomas demonstrated
median k-trans values of 0.128 (IQR: 0.053-0.370) and
0.282 (IQR: 0.116-0.485), respectively, with the observed
difference not being statistically significant (p =0.108). The
quantitative variables and perfusion parameter values de-
rived from DSC (rCBV) and DCE (K-trans, Ve) among grade III
and IV gliomas are summarized in =Table 2. Scatter plot
shows distribution of k-trans (~Fig. 1), Ve (~Fig. 2), and rCBV
(=Fig. 3) parametric values for grade Il and IV gliomas.

To differentiate WHO grade III gliomas from IV diffuse
gliomas, within the independent parametric variables, the
AUC was observed to be the highest for Ve (0.920), followed
by rCBV (0.716) and K-trans (0.649). To differentiate grade III
from grade IV diffuse gliomas, a Ve cut-off value of 0.178
provided the best combination of sensitivity (88.24%) and
specificity (87.50%; AUC: 0.920; p <0.001). An rCBV cutoff
value of 3.645 provided the best combination of sensitivity
(70.59%) and specificity (62.50%; AUC: 0.716; p=0.018)
for differentiating grade III from grade IV gliomas. A k-trans

Table 2 Quantitative variables and perfusion parameter values derived from DSC (rCBV) and DCE (K-trans, Ve) among grade lll and

IV gliomas

Parameter Grade N Mean SD Min Max Median Q1 Q3 p-Value

K-trans Grade Ill 24 0.221 0.201 0.033 0.680 0.128 0.053 0.370 0.108
Grade IV 17 0.326 0.274 0.048 1.176 0.282 0.116 0.485

Ve Grade Ill 24 0.1139 0.2048 0.007 1.000 0.0510 0.0238 0.1060 <0.001
Grade IV 17 0.3636 0.2142 0.1370 1.000 0.3180 0.2050 0.4435

rCBV Grade Ill 24 3.535 2.656 0.58 10.79 2.705 1.345 4.925 0.018
Grade IV 17 5.456 2.770 2.730 12.09 4.350 3.495 6.905

Abbreviations: DCE, dynamic contrast enhanced; DSC, dynamic susceptibility contrast; K-trans, volume transfer constant in unit time; rCBV, relative
cerebral blood volume; SD, standard deviation; Ve, extravascular-extracellular space volume.
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Fig. 1 Scatter plot shows distribution of volume transfer constant in
unit time (k-trans) parametric value for grade Ill and IV gliomas.

cut-off value of 0.221 was found to differentiate grade III
gliomas and grade IV gliomas, with 58.82% sensitivity and
58.33% specificity (AUC: 0.649; p 0.108). ~Fig. 4 depicts a
comparison of the ROC curves of k-trans, rCBV, and Ve for
differentiating grade III gliomas from grade IV gliomas.

Discussion

The characterization of tumor grade is crucial to both the
decision-making about the mode of treatment and prognos-
tication.” Although differentiating between low-grade glio-
mas (WHO grade I and II) and HGGs (grade IlI-1V) is of the
utmost priority, differentiating between WHO grade Il and
IV gliomas also holds importance, both in terms of treatment
and prognostication. Conventionally, patients with AA (WHO
grade III) receive radiotherapy or temozolomide (TMZ),
whereas GB (WHO grade 1V) patients are usually managed
with radiotherapy plus concurrent TMZ, followed by adju-
vant TMZ.2 Although 2016 WHO classification has incorpo-
rated molecular information into diagnoses, the importance
of accurate assignation of histological grade cannot be
underscored.’

The histologically heterogeneous nature of the HGG is a
major hindrance to obtaining a true representative sample
and hence to assigning accurate histologic grading. Targeting
enhancing areas to obtain representative sample has proved
useful; however, areas with the most dedifferentiation are
not necessarily the most enhancing areas.'®"'® Targeting
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Fig. 2 Scatter plot shows distribution of extravascular-extracellular
space volume (Ve) parametric value for grade Il and IV gliomas.
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Fig. 3 Scatter plot shows distribution of relative cerebral blood
volume (rCBV) parametric value for grade Il and IV gliomas.

areas with the highest MR perfusion-derived parametric
values (rCBV and K-trans) would yield a better representative
sample in comparison to areas with maximum enhance-
ment.* Also, given the good correlation between MR perfu-
sion-derived parameters and the histologic grading, the
invasive nature of biopsy and the inherent sampling errors,
the acceptance of MR-based tumor grading and avoiding the
latter are pragmatic in certain clinical scenarios.'*

MRI is unambiguously the modality of choice for charac-
terization of brain tumors, providing exquisite details of the
morphological features.'® However, lack of functional infor-
mation with the conventional MR sequences warrants inclu-
sion of advanced MR techniques as MR perfusion for the
holistic assessment of a brain tumor.'®!” The DSC and DCE
MR perfusion are based on susceptibility and relaxivity
effects of administered gadolinium-based contrast agents,
respectively.'

Given the large amount of published works showing
strong correlation between tumor grade and the rCBV,
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Fig. 4 Comparison of receiver operating characteristic (ROC) curves
of volume transfer constant in unit time (k-trans), relative cerebral
blood volume (rCBV), and extravascular-extracellular space volume
(Ve) for differentiating grade Il from grade IV gliomas.
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robust acquisition protocol and analysis technique, the role
of DSC MR perfusion in grading glioma and patient prognos-
tication is acceptable to most authors. Despite studies show-
ing encouraging results and good correlation between tumor
grade and the DCE-derived parameters, it is underutilized in
clinical practice. The dependence of DCE-derived perfusion
values on multiple parameters, such as MR field strength,
precontrast longitudinal relaxation time of tissue, hemato-
crit, type of gadolinium contrast agent, arterial input func-
tion (AIF) assessment method, pharmacokinetic model
applied, and longer postprocessing duration contribute to
the technique’s lesser adoption in clinical practice.'®1°

However, considering the advantages of DCE over DSC in
providing absolute quantification parameters, accurate per-
fusion assessment in the setting of cortical based tumor such
as oligodendroglioma (ODG), higher spatial resolution, less
susceptibility artifacts, and information about tissue perme-
ability, the former appears to be an effective alternative
method to DSC.'#%? The DCE MRI overcomes vessel-induced
susceptibility effects and therefore has the potential to
reduce the rCBV value overlap between low- and high-grade
oDG.>!

k-trans represents the transfer of contrast medium
from the vessel into extravascular extracellular space
(EES), reflecting the intratumoral microvascular perme-
ability. The increased expression of vascular endothelial
growth factor by HGGs promotes endothelial proliferation,
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proportion of immature vessels, and consequently endo-
thelial permeability.?>?3 Ve represents the volume fraction
of contrast medium leaking into the EES and can be
expressed mathematically as the ratio of contrast agent
quantity that leaked into the EES to the contrast agent
quantity that returned to the plasma space.23 Although, the
true physiological meaning of Ve remains debatable, it is
considered an index of tumor necrosis and an inverse index
of tumor cellularity.24 Although both DSC (rCBV) and DCE
(k-trans, Ve, and plasma volume [Vp]) derived parameters
are increased with progressive higher grades of glioma,
there is variable degree of correlation on voxel-by-voxel
comparison of these parameters, suggesting the different
physiological information provided by these parametric
maps.25 The representative cases from our study are illus-
trated in ~Figs. 5 and 6.

No universally agreeable rCBV threshold exists to differ-
entiate low-grade diffuse gliomas from HGGs, with Shin
et al,%® Bulakbasi et al,?” Law et al,?® Al-Okaili et al,?° and
Aydin et al*® suggesting rCBV cut-off values of 2.93, 2.60,
1.75, 1.85, 1.75, and 3.25, respectively. Gliomas with high
rCBV, specifically more than 1.75, progress faster and are
associated with a poor prognosis.28

Most DCE studies show increasing K-trans and Ve values
with progressive tumor grade.>' 33 However, the K-trans, Ve,
and Vp cut-off values differ markedly among studies,
emphasizing the need to consider various confounding

Fig. 5 (A) Fluid attenuated inversion recovery (FLAIR) demonstrates hyperintense intra-axial lesion involving the left peritrigonal and medial
temporal lobe. Most part of the lesion appears hyperintense on (B) diffusion weighted imaging (DWI) and (C) hypointense on apparent diffusion
coefficient (ADC), consistent with diffusion restriction. (D) Increased values of volume transfer constant in unit time (k-trans) 0.120, (E)
extravascular-extracellular space volume (Ve) 0.209, and (F) rCBV 6.63 are noted on magnetic resonance (MR) perfusion. Histopathological
diagnosis: glioblastoma, isocitrate dehydrogenase (IDH) mutant, and WHO grade IV.
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Fig.6 (A) T2-weighted imaging (T2WI) demonstrate a heterogeneously hyperintense mixed solid and cystic intra-axial lesion epicentered in the
right superior frontal gyrus region. Most part of the lesion appears markedly hyperintense on (B) diffusion weighted imaging (DWI) and (C) iso- to
mildly hypointense on apparent diffusion coefficient (ADC), consistent with diffusion restriction. Increased values of (D) volume transfer
constantin unit time (k-trans) 0.381 and (E) rCBV 7.86 are noted with (F) no significant increase in extravascular-extracellular space volume (Ve)
0.066. Histopathological diagnosis: anaplastic astrocytoma, not otherwise specified, and WHO grade .

factors (type of pharmacokinetic model, contrast agent, and
T10, among others) while comparing results among the stud-
ies.31733 The literature search reveals varying degrees of
correlation between the rCBV and k-trans values with glioma
grade.?® Santarosa et al found a highly significant positive
correlation of tumor grade with k-trans, Vp, and rCBV, with the
highest correlation noted for Vp.'# Although differentiating
low-grade diffuse gliomas from HGGs is relatively easy
with MR perfusion, studies show substantial overlap in differ-
entiating WHO grade Ill from grade IV diffuse gliomas.>* Liet al
observed that although the mean K-trans and Ve values of
grade III/IV gliomas were significantly higher than those of
grade II gliomas, no statistically significant differences were
observed between grade Il and IV gliomas.>*

Considering that differentiating between WHO grade III
and IV gliomas also holds importance, both in terms of
treatment and prognostication, we attempted to differenti-
ate the two grades based on combined DCE and DSC
perfusion studies. Considering the longer acquisition time
as one of the important reasons to less acceptance of DCE-
MRI in clinical practice, Abe et al utilized short acquisition
time for DCE and confirmed comparable diagnostic perfor-
mance to previous studies with longer acquisition times.>?
Similarly, we analyzed DCE perfusion efficacy using a short
acquisition time, hence documenting its feasibility in clini-
cal setting.
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The newer introduced MR perfusion methods include
dual-temporal resolution scanning and combined and con-
secutive DCE and DSC MR perfusion.>®=3 In our study, we
administered gadolinium contrast dose split into two bolus-
es (without increasing the cumulative contrast dose) in a
sequential manner, with an interval of 6 minutes, allowing
optimal contrast extravasation into the EES, hence permit-
ting accurate Ve assessment. With this method of split
contrast administration, the initial injection not only served
as a preload to compensate for leakage correction for DSC
perfusion but also provided dynamic data for permeability
metric assessment.”

In our study, the Ve cut-off value of 0.178 provided the
best combination of sensitivity (88.24%) and specificity
(87.50%; AUC: 0.920; p <0.001) in differentiating grade III
gliomas from grade IV diffuse gliomas. Aydin et al demon-
strated a Ve value of greater than 0.49 to predict a grade IV
glioma with sensitivity and specificity of 87.5% and 78.57%,
respectively.3® In our study, an rCBV cut-off value of 3.65
provided the best combination of sensitivity (70.59%) and
specificity (62.50%; AUC: 0.716; p = 0.018) for differentiating
grade III from grade IV gliomas. The literature search docu-
mented a similar study employing a combined and consecu-
tive DCE and DSC MR perfusion with contrast administration
split into two boluses, where an rCBV value of more than 3.25
and 5.67 predicted an HGG and grade IV glioma, respectively,
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with 100% specificity and sensitivity.3? The available data,
pertaining to employing this unique technique of combined
DCE and DSC MR perfusion with split contrast administra-
tion method, are at best sparse.”>? Besides the uniqueness
of MR perfusion technique employed, treatment naive
patients at imaging, user-friendly DCE postprocessing soft-
ware utilization, availability of adequate tissue to analyze
inherent heterogeneity in HGG (surgical resection specimen
for HPE in 39 of 41 cases), and results documenting the
ability of the Ve and rCBV to differentiate between grade III
and IV diffuse gliomas (p <0.05) are the strengths of the
present study. The limitations of the present study include a
retrospective design, a relatively small sample size, and
additional requisite genetic tests not performed (assess-
ment for 1p19q co-deletion and sequencing for IDH1/2
genes in R132H-mutant IDH1 negative gliomas). Our study
contributes valuable information to the existing literature
and is a step closer to achieving accurate, MR perfusion-
based glioma grading.

Conclusion

Given the inherent spatial heterogeneity in HGG and assess-
ment of different perfusion parameters by DCE (Ve, K-trans)
and DSC (rCBV) perfusion, integration of the two into a
protocol provides a holistic assessment, compared to either
technique in isolation. Our study documented the ability of
Ve and rCBV to differentiate between WHO grade III and IV
gliomas (p<0.05) and is a valuable contribution to the
existing literature, moving a step closer to achieving accurate
MR perfusion-based glioma grading. Further prospective
studies employing combined DSC and DCE perfusion tech-
niques with an emphasis on incorporation of genetic features
(based on WHO 2021 classification) need to be carried out to
identify the molecular characteristics of the primary brain
tumors, and thus determine the aggressiveness and grading
of tumors noninvasively.

Note

This work was carried out at Sree Chitra Tirunal Institute
for Medical Sciences & Technology, Thiruvananthapuram,
India.
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