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ARTICLE INFO ABSTRACT
Keywords: Purpose: This study investigates the diagnostic accuracy of combined Golden Angle Radial Sparse Parallel
Glioblastoma Dynamic contrast-enhanced (GRASP DCE-) and Dynamic susceptibility contrast (DSC) MRI in differentiating PD

Progressive disease
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Multiparametric analysis, DSC-MRI, DCE-MRI

from PsP following RCT in differentiating progressive disease (PD) from pseudoprogression (PsP) following radio-
chemotherapy (RCT) in glioblastoma patients.

Materials and methods: This retrospective study included glioblastoma patients who underwent surgery and RCT
between 2017 and 2021 and developed contrast-enhancing lesions suspicious for PD or PsP and had GRASP DCE-
and DSC-MRI. Diagnostic accuracy of perfusion parameters was evaluated using the area under the receiver oper-
ating characteristics curve (AUC) at both initial suspicion of progression and confirmation MRIL.

Results: Among 83 patients, 62 were classified as PD and 21 as PsP on serial MRI for all patients, with additional
histological confirmation in 18 patients. Median perfusion parameters values were higher in the PD group in com-
parison to the PsP group (rCBV: 3.48 vs. 1.60, p < .001; Vp: 0.08 vs. 0.05, p = .032). At initial suspicion of pro-
gression, the combination of Ktrans, Ve, Vp and rCBV improved diagnostic accuracy in differentiating PD from
PsP (AUC = 0.77, 95 % CI [0.62—0.93]) compared to rCBV alone (AUC = 0.69, 95 % CI [0.54—0.85]). At confir-
mation MRI (>12 weeks post-RCT), the added value of DCE was more modest (AUC improvement from 0.88 to
0.90). Suggested optimal thresholds at confirmation were: rCBV 2.87 (Sensitivity 71 %, Specificity 94 %), Ktrans
0.12 min™ (73 %, 76 %), Ve 0.31 (75 %, 65 %), and Vp 0.05 (78 %, 59 %).

Conclusion: Combining DCE- with DSC-MRI may enhance diagnostic accuracy in distinguishing progressive dis-
ease from pseudoprogression in glioblastoma, particularly during the early post-radiochemotherapy phase when
treatment decisions are critical. As the added value of DCE-MRI is limited beyond 12 weeks post-radiochemother-
apy, the full protocol is best reserved for early suspicion of progression or unclear cases, while DSC-MRI alone
may be sufficient for confirmation imaging after this period.

Introduction (RCT) with Temozolomide®.> Up to 30 % of patients showing 06- meth-
ylguanine-methyltransferase promoter methylation may develop new or

Glioblastoma is the most common primary malignant brain tumor in increasing contrast-enhancing lesions due to an inflammatory response
adults’ with a median survival of 15—18 months.* The standard treat- enhanced by the alkylating effects of Temozolomide®. This phenome-
ment consists of maximal safe resection followed by radio-chemotherapy non, termed pseudoprogression (PsP), is more prevalent within 12
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weeks after completion of RCT — a time window in which the response
assessment in neuro-oncology (RANO) 2.0 criteria® struggle to distin-
guish PsP from tumor progression (PD) .”®* PsP mistaken for PD may
result in the discontinuation of an effective therapy, while PD mistaken
for PsP may lead to the continuation of an ineffective therapy with fur-
ther tumor growth. In contrast to PD, PsP is not associated with neoan-
giogenesis and this difference may be explored with perfusion MRI.°

The most used perfusion techniques DSC-MRI and DCE-MRI are moni-
toring the contrast agent concentration through fast repeated acquisitions
of images of the same tissue volume before and during the contrast-agent
passage through the tissue.'® ** DSC-MRI is more commonly used due to
its rapid acquisition times, straightforward postprocessing, and wide-
spread availability.'*'® It allows the assessment of the neoangiogenesis
through rCBV.'*'® However, the measurement of rCBV might be hindered
by the presence of susceptibility artifacts and the effects of contrast
leakage.'>'” DCE-MRI could complement DSC-MRI since it less influenced
by susceptibility artifacts and it assesses both tissue perfusion and the
blood-brain-barrier (BBB) permeability through Ktrans (volume transfer
constant), Vp (fractional plasma volume), and Ve (fractional volume of
the extravascular extracellular space). For an accurate estimation of the
permeability parameters, DCE-MRI requires an optimized protocol for the
highest achievable SNR with simultaneous high spatial resolution (sRes)
and temporal resolution (tRes).’®'° Conventional DCE-MRI commonly
restricts tRes while enabling higher sRes for dynamic imaging which
yields data unsuitable for pharmacokinetic modelling with inaccurate esti-
mation of the parameters.'® Fast acquisition strategies with undersampled
k-space like Golden Angle Radial Sparse Parallel (GRASP) offer simulta-
neously high sRes and tRes’*** and could be added to the more com-
monly acquired DSC-MRI in a double perfusion-protocol with acceptable
acquisition time for the clinical flow.>*

The aim of this study is to determine the diagnostic accuracy of com-
bined GRASP DCE-MRI and DSC-MRI in differentiating PD from PsP in
glioblastoma patients.

Materials and methods
Study design

The study was approved by the ethics committee. All participants
had written or waived informed consent. We performed a retrospective
monocentric study between 01/2017 - 12/2021 of patients with histo-
pathologic diagnosis of glioblastoma. The inclusion criteria were: (1)
adult patients who underwent (2) surgery and postoperative RCT, (3)
had contrast-enhanced (CE) postoperative MRI within 24 h, (4) devel-
oped new or enlarging CE lesions > 10 X 10 mm, (5) had CE confirma-
tion MRI > 12 weeks after completion of RCT as confirmation scan for
PD or PsP, and (6) had GRASP DCE-MRI and DSC-MRI sequences. The
exclusion criteria were: (1) missing consent, (2) incomplete MRI follow-
up, (3) death prior to completion of therapy, or (4) stable disease
(Fig. 1). Study data were managed using the Research Electronic Data
Capture (REDCap) software.

Imaging protocol

All MRI scans were performed with a 3T scanner (MAGNETOM
Skyra, Siemens Healthineers) with a 20-channel head-neck coil. Contrast
material: 20 ml Gadoteracid (0.5 mmol/ml, Dotarem® Guerbet), via
20 G iv catheter.

For the RANO 2.0 assessment T1-weighed post-contrast sequences
were used. The dynamic sequences were acquired in one protocol with a
split-bolus technique where the first contrast bolus injected for the
GRASP DCE-MRI served as preload to correct for T1-weighted leakage
effects in the consecutive DSC-MRI acquisition, with the purpose to
avoid the underestimation of rCBV.** Initially, a 25 mL intravenous
injection of NaCl (0.9 % saline) is administered prior to the contrast
agent. Baseline acquisition of the GRASP DCE-MRI sequence is
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performed for 20 s. Following this, 10 mL of Gadoteracid is injected at a
rate of 2 mL/s[12], and dynamic DCE-MRI acquisition is conducted for a
total duration of 4:23 min. Subsequently, a 25 mL NaCl bolus is injected,
and baseline acquisition of DSC-MRI is performed for 15 s. The second
dose of Gadoteracid (10 mL) is then administered at a rate of 5 mL/s,
with dynamic DSC-MRI acquisition continuing for 2:96 min. Finally,
30 mL of NaCl is reinjected to complete the protocol.

GRASP DCE-MRI uses a continuous acquisition of k-space with the fol-
lowing parameters: TR 4.09 ms, TE 1.92 ms, flip angle 12°, FOV 240 mm,
matrix size 256 X 256, voxel size 1.5-mm isotropic, radial views 850, slice
partial Fourier 6/8, bandwidth 400Hz/pixel, 4:23 min total acquisition.
The dynamic images were reconstructed with a tRes of 4.3 5.%°

DSC-MRI was acquired using a T2*-weighted gradient-echo single-
shot echoplanar imaging sequence with GRAPPA acceleration and
motion correction. The sequence parameters included: TR 2000 ms, TE
35 ms, flip angle 60°, FOV 230 mm, matrix size 128 X 128 mm, slice
thickness 6 mm; voxel size 1.8 mm X 1.8 mm X 6.0 mm, bandwidth
1446 Hz/pixel; acquisition time 2:96 min.

Imaging analysis

One board-certified neuroradiologist Reader 1 (10 years of experi-
ence in radiology, 5 years in neuroradiology) assigned the 83 patients to
the PD (n=62) or PsP group (n=21) according to the RANO 2.0 crite-
ria® and the CE lesion outcome based on serial MRI, histology, or O-(2-
[18F]fluoroethyl)-L-tyrosine PET (FET-PET CT) (detailed description in
the Supplementary material).

The postprocessing of perfusion studies was done with Olea Sphere
v3.0 (Olea Medical SAS, La Ciotat, France) by Reader 1 and Reader 2
(Radiology resident “in training”), both blinded to the lesion outcome at
the time of the measurements. The parameters were extracted from
GRASP DCE-MRI using a two-compartment extended Tofts model with
automated arterial input function at the level of the ICA. For the DSC-
MRI analysis, an arterial input function and a correction for contrast-
agent leakage to extra-vascular space through the estimation of a leak-
age parameter (K2) were used.?”

The mean rCBV, Ktrans, Ve, and Vp were measured in two manually
defined ROIs (20—30mm?) at the level of the “hotspot” in the color-
coded maps. When measuring rCBV, areas with magnetic susceptibility
artifacts were avoided, and normalization was achieved by placing a
third ROI in normal appearing white matter of the centrum semiovale
on the contralateral side.

Al perfusion studies were analyzed at the initial suspicion of progres-
sion “PD/PsP suspicion MRI” and at then at the confirmation scan “PD/
PsP confirmation MRI”. According to the RANO 2.0 criteria all new
lesions outside the irradiated volume, that appeared within 12 weeks
after completion of RCT were considered PD, and the suspicion scan
coincided with the confirmation scan. For all other lesions location
within the irradiated volume, multiple follow-ups were available. The
confirmation scan was assigned as the first MRI performed after the 12
weeks after completion of RCT.

Statistical analysis

The comparison of perfusion parameters between groups was per-
formed using the Wilcoxon signed-rank test. A logistic regression model
with progression (PsP vs. PD) as the outcome and each of the perfusion
variables as a single predictor, as well as with all four parameters com-
bined (in an additive way in a logistic regression model) was fitted. The
Area under the Curve (AUC) of the Receiver-Operator Characteristics
(ROC) curve with its 95 % confidence interval (CI) (according to
DeLong’s method to define the variance of the AUC) was used to evalu-
ate the accuracy of the perfusion parameters to differentiate PD from
PsP.?® Furthermore, sensitivity and specificity were calculated with
bootstrap resampling and averaging methods by Fawcett.>’ The accu-
racy for the best cut-off was calculated with 95 % CI according to
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Initial number of patients with glioblastoma included in the study
that had at least one measurable lesion suspicious of progression
and available DSC-MRI and/or DCE-MRI
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Blaker.> The correct classification of PD patients was considered of
higher importance, and minimum sensitivity of 60 % was required in the
determination of the cut-off value. As a sensitivity analysis, we per-
formed a leave-one-out cross validation for which we calculated the
AUC with corresponding percentile confidence interval.>® 3

A reliability analysis was conducted between the two readers, and
the intraclass correlation coefficient (ICC) was calculated for both DSC-
and DCE-MRI parameters. All statistical analyses were performed in R.**
“This article follows the STARD reporting guidelines.”

Results
Baseline characteristics of the patients and analysis sets

83 patients fulfilled the inclusion criteria. They had a mean age of 59 +
14 years, and 54 of them were men. The O06- methylguanine-

methyltransferase promoter was unmethylated in 43 of 83 patients (37
patients with PD, 6 patients with PsP). 62 patients were included in the
PD-group, and 21 in the PsP-group. The lesion outcome (PD vs. PsP) was
established on serial MRI for all 83 patients. 18 patients also had surgery
and the PD (n=16) or PsP (absence of vital tumor, n=2) was confirmed
with histology. 2 additional patients (one with PD and the other with PsP)
had also a FET-PET/CT that was used to establish lesion outcome (Fig. 1
and Table 1).

In total, 161 perfusion studies were available. All patients had an
MRI at the initial suspicion of progression (“PD/PsP suspicion MRI”,
n =83 perfusion studies). For 12 patients the initial scan coincided with
the confirmation scan because the patients had a progressive disease
represented by a new lesion outside the irradiated volume of brain. In
total, 78 scans were considered “PsP/PD confirmation scans”’, knowing
that some patients had more than one MRI follow-up to confirm the pro-
gression.
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Table 1
Baseline characteristics of the patients.
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Characteristic Total (n=83) PsP group (n=21) PD group (n=62)
Mean age (SD) 59.23(13.7) 59.44 (10.09) 59.42 (14.28)
Gender - M ( %) 54 (64.6) 13(61.9) 41 (67.8)
Glioblastoma integrated diagnosis 83 21 62
MGMT promotor methylation status — unmethylated 43 6 37
Operation type (nr. of patients)
Biopsy 8 3 5
Complete Resection (complete resection of the contrast-enhancing tumor) 31 6 25
Partial Resection 44 12 32
Re-Resection 18 2 16
PD or PsP confirmation method (note: more than on possible)
MRI serial follow-up 83 21 62
Surgery/Histology (MRI confirmation and resection) 18 2 16
PET-CT (MRI confirmation and PET) 2 1 1

Progression free survival in days (SD)

101.5 [81.5-131.5] 110.0 [26.5—205.0]

Table 2

Median values [IQR] of the perfusion parameters extracted from DSC-MRI
and GRASP DCE-MRI in the PD and PsP group at the first PD/PsP suspicion-
and at the PD/PsP confirmation.

PD/PsP suspicion MRI PsP group PD group p value
rCBV 2.13[1.63-2.81] 3.28 [2.27—-4.31] 0.02
Ktrans 0.13 [0.09-0.17] 0.15 [0.09-0.36] 0.252
Ve 0.36 [0.23—-0.50] 0.39 [0.28—0.64] 0.195
Vp 0.06 [0.04-0.08] 0.07 [0.06—0.11] 0.088
PD/PSP confirmation MRI
rCBV 1.60 [1.33-2.27] 3.48 [2.49—-4.84] <0.001
Ktrans 0.09 [0.07-0.12] 0.14 [0.11-0.30] 0.002
Ve 0.30 [0.20-0.39] 0.43 [0.31-0.62] 0.015
Vp 0.05 [0.04-0.08] 0.08 [0.06—-0.12] 0.032

Group comparisons between PD and PsP

The median values of the perfusion parameters were generally higher
in the PD group in comparison to the PsP group with rCBV (PD: 3.48
[2.49—4.84], PsP: 1.6 [1.33—2.27], p <0.001) and Vp (PD: 0.08 [0.06
—0.12], PsP: 0.05 [0.04—0.08], p=.032) showing statistically signifi-
cant differences between groups (Table 2).

Diagnostic accuracy of the DSC-MRI (rCBV) and DCE-MRI (Ktrans, Vp, Ve)
parameters to differentiate progressive disease from pseudoprogression after
completion of RCT

At the initial suspicion of progression (PD/PsP suspicion MRI), the
combined multiparametric analysis (rCBV, Ktrans, Ve, and Vp) demon-
strated higher accuracy (AUC = 0.77, 95 % CI [0.62, 0.93], sensitivity
83 %, specificity 71 %) in differentiating PD from PsP, compared to
rCBV alone (AUC = 0.69, 95 % CI [0.54, 0.85], sensitivity 70 %, speci-
ficity 73 %).(Table 3).

At the confirmation MRI, after 12 weeks post-RCT, the addition of
DCE-MRI improved further the diagnostic accuracy (AUC = 0.90, 95 %
CI [0.82, 0.98], sensitivity 78 %, specificity 100 %) compared to rCBV
(AUC = 0.88, 95 % CI [0.80, 0.97], sensitivity 71 %, specificity 94 %)
(Table 3).

The perfusion parameters showed higher diagnostic accuracy at the
confirmation MRI, with the following thresholds: Ktrans 0.12 min™!
(AUC = 0.75, 95 % CI [0.61, 0.89], sensitivity 73 %, specificity 76 %);
Ve 0.31 (AUC = 0.69, 95 % CI [0.53, 0.85], sensitivity 75 %, specificity
65 %); and Vp 0.05 (AUC = 0.68, 95 % CI [0.52, 0.84], sensitivity 78 %,
specificity 59 %) with rCBV showing the highest accuracy as an individ-
ual parameter (threshold: 2.87, AUC = 0.88, 95 % CI [0.80, 0.97], sensi-
tivity 71 %, specificity 94 %) (Table 3 and Figs. 2 and 3).

The results of the leave-one-out cross-validation for each individual
perfusion parameter threshold as well as the AUC were equal or very
close to those in the main analysis. In consequence, the results of the
main analysis were accepted as valuable (Table 4).

An ICC analysis was performed between two readers and the results
were as follows: ktrans: 0.79 (excellent reliability), Ve: 0.70 (good reli-
ability), rCBV: 0.40 (fair reliability), and Vp: 0.02 (poor reliability).

Discussion

After completion of postoperative radiochemotherapy, distinguish-
ing progressive disease from pseudoprogression remains challenging on
standard sequences, and the current RANO 2.0 criteria struggle to per-
form this differentiation.® > * This distinction is crucial since PD mis-
taken for PsP may lead to continuation of an ineffective therapy with
consequent tumor growth, while PsP mistaken for PD may lead to dis-
continuation of effective therapy.

The aim of this study is to determine the diagnostic accuracy of a
double perfusion study encompassing Golden Angle Radial Sparse Paral-
lel (GRASP) DCE-MRI combined with DSC-MRI in differentiating PD
from PsP in glioblastoma patients following RCT.

This study demonstrates that adding DCE-MRI—derived permeability
parameters (Ktrans, Vp, and Ve) to the commonly used DSC-MRI param-
eter rCBV enhances diagnostic accuracy in differentiating PD from PsP,
both at the time of suspicion and confirmation MRIs. The benefit is par-
ticularly significant during the early post-radiochemotherapy phase, at
the initial suspicion of progression—an especially critical period when
decisions about transitioning from first-line to second-line therapy are
made. At this stage, the combined multiparametric analysis achieved
higher diagnostic accuracy (AUC = 0.77, 95 % CI [0.62, 0.93]) com-
pared to rCBV alone (AUC = 0.69, 95 % CI [0.54, 0.85]). Although
DCE-MRI continued to improve diagnostic accuracy at the confirmation
MRI after 12 weeks post-RCT, the added benefit was more modest (AUC
increased from 0.88 to 0.90).

While DSC-MRI is more often used in the clinical routine due to its
rapid acquisition times, straightforward postprocessing, and widespread
availability,'> '® the measurement of rCBV might be hindered by the
presence of susceptibility artifacts due to hemorrhage and the contrast
leakage effects.'*'” DCE-MRI could complement DSC-MRI since it less
influenced by susceptibility artifacts and it provides additional informa-
tion on tissue perfusion and BBB permeability.

Given that suspicion of progression in glioblastoma is common
within 12 weeks after radiochemotherapy, a period when the incidence
of PsP overlaps with PD, combining both DCE- and DSC-MRI may
increase radiologist confidence in assessing lesions that typically contain
a mix of tumor and radionecrotic tissue. DCE-MRI not only enables a
multiparametric analysis using a pharmacokinetic model as mentioned
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Table 3
Diagnostic accuracy with 95 % confidence interval of perfusion parameters best thresholds to distinguish PD and PsP at the of
PD/PsP suspicion MRI and at PD/PsP confirmation MRIL
Parameter AUC Threshold  Sensitivity Specificity Accuracy
At PD/PsP suspicion MRI
rCBV 0.69 [0.54, 0.85] 2.45 70 [56, 82] 73 [53,93] 70.8 [59, 81]
Ktrans 0.59 [0.44, 0.74] 0.11 66 [52,79] 44 [19, 70] 60 [47,72]
Vp 0.64 [0.47,0.81] 0.05 82 [70, 93] 50 [25, 75] 73[61, 84]
Ve 0.60 [0.45, 0.76] 0.24 79 [66, 91] 35[12, 60] 67[54, 78]
All parameters combined (rCBV, Ktrans,Ve,Vp) 0.77 [0.62, 0.93] 83 [72, 95] 71 [46, 93] 80 [70, 91]
At PD/PsP confirmation MRI
rCBV 0.88 [0.80, 0.97] 2.87 71 [56, 85] 94 [81, 100] 76 [64, 86]
Ktrans 0.75 [0.61, 0.89] 0.12 73 [58, 83] 76 [59, 941 74 [61, 83]
Vp 0.68 [0.52, 0.84] 0.05 78 [69, 90] 59 [35, 82] 73 [61, 83]
Ve 0.69 [0.53, 0.85] 0.31 75 [63, 88] 65 [41, 88] 72 [60, 82]
All parameters combined (rCBV, Ktrans,Ve,Vp) 0.90 [0.82, 0.98] 78 [64,91] 100 [100, 100] 84 [75, 94]
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Fig. 2. Diagnostic accuracy and ROC curves for the multiparametric analysis including all four individual parameters rCBV, Ktrans, Ve and Vp and their combination at
the first suspicion of progression (PD/PsP suspicion) and at the confirmation MRI (PD/PsP confirmation). (The values in red represent for the individual parameters the
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Table 4

Mean threshold and mean AUC of the leave one out cross validation

(LOOCV) at the PD/PsP suspicion and at the PD/PsP confirmation.

Parameter  Threshold AUC with CI

At the PD/PsP suspicion =~ rCBV 2.45 0.70 [0.68, 0.73]
Ktrans 0.11 0.60 [0.58, 0.62]
Ve 0.24 0.61 [0.59, 0.63]
Vp 0.05 0.64 [0.62, 0.68]

At PD/PsP confirmation rCBV 2.87 0.89 [0.88, 0.91]
Ktrans 0.12 0.75 [0.74, 0.79]
Ve 0.31 0.70 [0.68, 0.73]
Vp 0.05 0.69 [0.67, 0.71]

above but also allows a simple qualitative visual assessment of the intra-
lesional physiological changes through color-coded maps as showed in
Figs. 4. and 5. Additionally, while not the subject in this study, the analy-
sis of the signal intensity time-curve derived from DCE-MRI could fur-
ther aid in differentiating PD from PsP.

In this study, the inter-reader reliability for rCBV was only fair, while
it was excellent for Ktrans, underscoring the advantage of combining
both techniques to reduce subjectivity. This combined approach might
be particularly useful when rCBV values are close to the threshold or
affected by technical limitations.

However, adding DCE-MRI to DSC-MRI increases acquisition time
and may lead to patient intolerance, highlighting the need to balance
diagnostic performance with feasibility. In patients - where the diagnos-
tic gain is smaller and clinical context often guides decisions—a shorter
protocol using only DSC-MRI may be sufficient.

In addition to evaluating the diagnostic accuracy of individual perfu-
sion parameters—as reported in previous studies®>>°—this study pro-
vides threshold values that may support radiologists in clinical decision-
making. Although the sensitivity and specificity of individual parame-
ters varied, the following thresholds may help distinguish PD from PsP
in practice: rCBV 2.87 (Sensitivity 71 %, Specificity 94 %), Ktrans 0.12
min?! (Sensitivity 73 %, Specificity 76 %), Ve 0.31 (Sensitivity 75 %,
Specificity 65 %), and Vp 0.05 (Sensitivity 78 %, Specificity 59 %)
(Figs. 4 and 5).

A. Longitudinal MRI follow-up: diagnosis MRI, postoperative scan,
and 2 consecutive MRI follow-up exams with a new and enlarging CE
lesion suspicious for tumor progression in the irradiated volume within
12 weeks after RCT. PD is confirmed in two consecutive follow-ups after
12-weeks after completion of RCT and followed by a second resection
with histologic and molecular confirmation of the tumor progression
(upper row: axial Fluid attenuated inversion recovery (FLAIR) sequence,
lower row: axial contrast enhanced T1weighted sequence, GTR: Gross
total resection)

B. GRASP DCE-MRI and DSC-MRI parameters with persistent vascu-
lar phase in tumoral tissue: the color-coded maps of rCBV, Ktrans, Vp,
Ve, and mean values of each parameter, indicate PD already within 12
weeks after RCT (rCBV > 2.8, Ktrans > 0.12 min™!, Ve > 0.3, Vp > 0.05).

A. Serial MRI follow-up with stabilization of the lesion on the scans
performed >9 months after the completion of RCT (upper row: axial
TIRM sequence, lower row: axial contrast enhanced T1W sequence,
GTR: Gross total resection). After 08/2021, the patient was under Beva-
cizumab therapy to control the edema around the pseudoprogression
lesion.

B. GRASP DCE-MRI and DSC-MRI parameters: visual analysis of the
color-coded maps show the absence of a vascular phase in the rCBV,
Ktrans, Ve and Vp maps, and the mean values of each parameter also
indicate pseudoprogression (rCBV < 2.8, Ktrans < 0.12 min-1, Ve = 0.3,
Vp < 0.05).

The cut-off values obtained in this study for the commonly used per-
fusion parameters align with the ranges reported in the literature: rCBV
values between 1.75 and 2.4°°*® and mean Ktrans at 0.08—0.19 min™!
[38, 40].

Regarding the value of combing DSC- with DCE- derived perfusion
parameters in one study from 2018, Nael et al.®® showed that while
rCBV outperforms Ktrans in distinguishing recurrent tumor from radia-
tion necrosis, the combination of rCBV and Ktrans (thresholds 2.2 and
0.08 min™") may be used to improve the diagnostic accuracy in distin-
guishing PD from PsP to 93 %. Bisdas et al.*” explored the value of
Ktrans and Ve in predicting PD and found that the mean Ktrans was sig-
nificantly higher in the recurrent glioma group than in the radiation
necrosis group (p < 0.0184) and they showed that a cutoff > 0.19 min™!
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Fig. 4. Progressive disease within 12 weeks after completion of RCT in a 52-year-old male patient.

for Ktrans showed 100 % sensitivity and 83 % specificity for detecting
recurrent gliomas. Like our findings, the Ve values were not significantly
higher in recurrent tumors than those in radiation-induced necrotic
lesions.

In our study, the median values of the perfusion parameters were
generally higher in the PD group in comparison to the PsP group with
rCBV (PD: 3.48 [2.49—-4.84], PsP: 1.6 [1.33—2.27], p <0.001) and Vp
(PD: 0.08 [0.06—0.12], PsP: 0.05 [0.04—0.08], p=.032) showing statis-
tically significant differences between groups. (Table 2). Given that both
Vp and rCBV correlate with neovascularization density in brain
tumors,*"> ** the ability to use Vp as an alternative to rCBV in cases
where rCBV measurements are compromised by susceptibility artifacts
represents a significant clinical advantage. As showed in a recent study>’
exploring the values of the longitudinal analysis of Ktrans and Vp, Vp
gradually increased in the three scans prior to PD (p=.0001), suggesting
it could be used not only as alternative to rCBV, but also as an early pre-
dictor of tumor progression.

One study conducted by Boxerman et al. ,** found no significant dif-
ference in the mean rCBV at initial progressive enhancement between
PsP and PD (2.35 vs. 2.17; p = .67). However, he concluded that the
longitudinal trend of rCBV (negative vs. positive slope; p = .04) may be

more effective in distinguishing PsP from PD than absolute values. While
our study was not longitudinal, most MRIs indicating suspicion of pro-
gression were performed within 12 weeks post-radiochemotherapy,
with confirmation scans primarily occurring more than 12 weeks post-
radiochemotherapy. When looking at the values of the perfusion param-
eters, we have also observed a trend of higher median values in the PD
group during the confirmation scans compared to the initial suspicion
MRIs (Table 2), a finding that supports the hypothesis that a longitudinal
follow up of the perfusion parameters may better differentiate PD from
PsP than the absolute values at one single time-point after completion of
RCT.

Other imaging techniques like FET-PET/CT and ASL (arterial spin
labeling) have also proven high diagnostic accuracy in differentiating PD
from PsP. Several studies showed that a TBRmax cut-off value of 2.3 can
effectively distinguish PD from PsP with high specificity (100 %) and sen-
sitivity (91 %).** ** Despite the high diagnostic accuracy of FET-PET/CT,
we primarily use DSC- and DCE-MRI for glioblastoma follow-up in our
routine practice, as they are more accessible, cost-effective, and do not
require a radiotracer. FET-PET/CT is only used in unclear cases.

ASL has the advantage of not requiring gadolinium-based contrast
agents, making it suitable for patients with contrast contraindications.*
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Fig. 5. Pseudoprogression 4 months after completion of concurrent RCT in a 44-year-old male patient.

Nevertheless, it has been shown that DSC-MRI provides better diagnostic
accuracy compared to ASL, with DSC-MRI’s sensitivity and specificity
being 82.4 % and 67.9 %, respectively, versus ASL’s 79.4 % and 64.3 %.
The combination of both techniques improved sensitivity and specific-
ity, but did not significantly enhance diagnostic accuracy.*® Other stud-
ies have found comparable performance between 3D PCASL and DSC-
MRI, with ASL showing higher AUC and less susceptibility to artifacts,
particularly in areas like the skull base and adjacent to large resection
cavities.*” Despite these advantages, the longer acquisition time and
lower signal-to-noise ratio of ASL limits its clinical implementation for
monitoring treatment response in glioblastoma compared to DSC- and
DCE-MRI

The strengths of this study are the introduction of the GRASP tech-
nique in the assessment of treatment response in glioblastoma alongside
DSC-MRI in one single protocol using a split-bolus technique, and the
multiparametric analysis of the diagnostic accuracy of combined DSC-

and DCE-MRI parameters with their thresholds and the analysis at both
suspicion of progression and the confirmation MRI.

GRASP DCE-MRI is an accelerated acquisition technique that pro-
vides high temporal and spatial resolution, enabling accurate estimation
of pharmacokinetic parameters in tissues with rapid kinetics, such as
glioblastoma.” '® The permeability parameters were measured with a
temporal resolution of 4.3 s and a spatial resolution of 1.5 X 1.5 x 1.5
mm?, consistent with the QIBA (Quantitative Imaging Biomarkers Alli-
ance profile) recommendations, which suggest a temporal resolution of
less than 10 s (ideally < 5 s) for reliable estimation of Ktrans, Vp, and
Ve.*®

The limitations of the study are the small sample size to validate the
diagnostic performance of the thresholds for the different perfusion
parameters in unseen data, as well as the imbalanced distribution of the
number of patients and perfusion parameters between the PD and PsP
group, which led to relatively wide confidence intervals for the
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diagnostic accuracy of perfusion parameters and might limits the conclu-
sions that can be drawn. To overcome this, we performed a leave-one-
out cross validation analysis where we tested the stability of the thresh-
olds for each perfusion parameter in each period. The AUC values
obtained were very close to the ones in the main analysis; consequently,
the results of the primary analysis were accepted as valuable. An ICC
analysis between the two readers did show excellent reliability for
Ktrans and good reliability for Ve, but only fair reliability for rCBV and
poor reliability for Vp. The poor reliability for Vp might be explain by
the very small absolute values observed for this parameter, reason why
even minor variations in measurement can lead to large relative errors,
reducing reliability.

To conclude, this study offers a detailed evaluation of the diagnostic
accuracy of multiparametric analysis using a combined DSC- and GRASP
DCE-MRI approach for assessing treatment response in glioblastoma
patients. We identified optimal threshold values for key perfusion
parameters to help differentiate between PD and PsP. Although explor-
atory, our findings provide meaningful guidance for neuroradiologists
on integrating the double perfusion protocol into clinical practice. We
also outlined the strengths and limitations of each technique and
highlighted the clinical time points where their combined use is most
advantageous. Nonetheless, larger, and more balanced prospective stud-
ies are needed to validate these results.

Conclusions

Combining DCE- with DSC-MRI may enhance diagnostic accuracy in
distinguishing progressive disease from pseudoprogression in glioblas-
toma, particularly during the early post-radiochemotherapy phase when
treatment decisions are critical. As the added value of DCE-MRI is lim-
ited beyond 12 weeks post-RCT, the full protocol is best reserved for
early suspicion of progression or unclear cases, while DSC-MRI alone
may be sufficient for confirmation imaging after this period.
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