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Abstract
Purpose  To use 3D pseudocontinuous arterial spin labeling (3D PCASL) and dynamic susceptibility contrast-enhanced 
(DSC) perfusion MRI to differentiate progressive disease from pseudoprogression in patients with glioblastoma (GBM).
Methods  Thirty-two patients with GBM who developed progressively enhancing lesions within the radiation field follow-
ing resection and chemoradiation were included in this retrospective, single-institution study. The updated modified RANO 
criteria were used to establish progressive disease or pseudoprogression. Following 3D PCASL and DSC MR imaging, per-
fusion parameter estimates of cerebral blood flow (ASL-nCBF and DSC-nrCBF) and cerebral blood volume (DSC-nrCBV) 
were calculated. Additionally, contrast enhanced volumes were measured. Mann–Whitney U tests were used to compare 
groups. Linear discriminant analysis (LDA) and area under receiver operator characteristic curve (AUC) analyses were used 
to evaluate performance of each perfusion parameter and to determine optimal cut-off points.
Results  All perfusion parameter measurements were higher in patients with progressive disease (mean, 95% CI ASL-nCBF 
2.48, [2.03, 2.93]; DSC-nrCBF = 2.27, [1.85, 2.69]; DSC-nrCBV = 3.51, [2.37, 4.66]) compared to pseudoprogression (mean, 
95% CI ASL-nCBF 0.99, [0.47, 1.52]; DSC-nrCBF = 1.05, [0.36, 1.74]; DSC-nCBV = 1.19, [0.34, 2.05]), and findings were 
significant at the p < 0.0125 level (p = 0.001, 0.003, 0.002; effect size: Cohen’s d = 1.48, 1.27, and 0.92). Contrast enhanced 
volumes were not significantly different between groups (p > 0.447). All perfusion parameters demonstrated high AUC 
(0.954 for ASL-nCBF, 0.867 for DSC-nrCBF, and 0.891 for DSC-nrCBV), however, ASL-nCBF demonstrated the highest 
AUC and misclassified the fewest cases (N = 6). Lesions correctly classified by ASL but misclassified by DSC were located 
along the skull base or adjacent to large resection cavities with residual blood products, at areas of increased susceptibility.
Conclusion  Both 3D PCASL and DSC perfusion MRI techniques have nearly equivalent performance for the differentiation 
of progressive disease from pseudoprogression in patients with GBM. However, 3D PCASL is less sensitive to susceptibility 
artifact and may allow for improved classification in select cases.
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Introduction

Glioblastoma (GBM) is the most common primary malig-
nant brain tumor in the United States accounting for approxi-
mately 46% of all primary malignant brain tumors [1]. Prog-
nosis for patients with GBM is poor with estimated 5-year 
survival rates ranging from 1.9 to 9.8% [1, 2]. Standard 
first-line treatment includes maximum feasible resection 
followed by a combination of radiotherapy and chemo-
therapy (temozolomide) [2, 3]. An ongoing challenge in the 
treatment of GBM is evaluation of treatment response. To 
address this, the Response Assessment in Neuro-Oncology 
(RANO) criteria was developed to provide a standardized 
framework to guide treatment response assessment in high-
grade gliomas [4]. Ideally, treatment response could be 
assessed non-invasively using imaging, thereby avoiding 
morbidity related to biopsy or re-resection. However, cur-
rent conventional MRI techniques are insufficient and can be 
confounded by post-treatment change and the phenomenon 
of “pseudoprogression”. Per the RANO criteria, pseudopro-
gression is radiologically defined as new or enlarging area(s) 
of contrast enhancement occurring early after the comple-
tion of radiotherapy in the absence of true tumor growth, 
which subsides or stabilizes without a change in therapy 
[4, 5]. Although the mechanism of pseudoprogression is 
incompletely understood, it is thought to be due to radiation 
effects, likely potentiated by temozolomide, resulting in tran-
sient blood–brain barrier breakdown leading to increased 
edema and contrast enhancement.

Recently, an updated version of the RANO criteria has 
been developed, the modified RANO (mRANO), which 
further refines criteria for the evaluation of treated GBMs 
and provides additional guidance with regards to post-
treatment change and pseudoprogression [6]. The new 
mRANO criteria recommend using the post-radiation 
scan as the reference or baseline scan to avoid the tran-
sient unpredictable (and potentially confounding) radio-
logic changes that occur between the post-surgical scan 
and post-radiation scan. Additionally, the mRANO cri-
teria now provides clear radiologic response rubrics for 
the assessment of pseudoprogression, thus clarifying some 
previous areas of ambiguity and allowing for an improved 
systematic approach to treatment response assessment. 
However, even with the updated criteria, conventional 
MRI remains the primary modality for evaluation, and 
differentiation of progressive disease from pseudoprogres-
sion is assessed retrospectively based on follow-up exams 
[6]. For these reasons, there is active investigation into 
advanced imaging techniques to conclusively differentiate 
progressive disease from pseudoprogression, which would 
aid important treatment decisions such as clinical trial eli-
gibility and whether to continue or change therapy [7].

Perfusion-weighted MR imaging techniques have shown 
promise in this regard, especially dynamic susceptibility 
contrast (DSC) perfusion MRI. DSC-MRI allows for esti-
mation of tissue microvascular density through the meas-
urement of cerebral blood volume (CBV) or cerebral blood 
flow (CBF) [8, 9]. High-grade gliomas like GBM exhibit 
marked microvascular proliferation and prominent angiogen-
esis [10–12], whereas areas of pseudoprogression or radia-
tion necrosis are characterized by small vessel injury and 
ischemia [13]. By exploiting these differences, DSC-derived 
measurements of CBV and CBF have been shown to accu-
rately differentiate recurrent GBM from radiation necrosis 
and predict overall survival [14–16]. There are, however, 
limitations associated with DSC-MRI. DSC-MRI is reli-
ant on gadolinium based contrast agents (GBCAs), some 
of which have been associated with nephrogenic systemic 
fibrosis in patients with poor renal function [17] and all of 
which are deposited throughout the body and neuronal tissue 
regardless of renal function [18]. A well-known issue with 
DSC-MRI is that during imaging the contrast bolus may 
“leak” into the extravascular space at areas of blood–brain 
barrier disruption (typical for areas of enhancing tumor) and 
the resultant T1-relaxation effects can cause underestima-
tion of the true CBV. Although several correction algorithms 
have been developed, each has pros and cons and there is no 
consensus agreement [19–21]. Furthermore, variability in 
processing techniques result in heterogeneous cut-off val-
ues that may not be comparable between studies [20, 22]. 
Finally, DSC-MRI is most often performed as a gradient-
echo sequence where susceptibility artifact can preclude 
lesion evaluation, especially along the skull base, parana-
sal sinuses, and adjacent to areas of hemorrhage, including 
along resection cavity margins [20].

Arterial spin labeling (ASL) is an alternative non-contrast 
perfusion-weighted MR imaging technique which contin-
ues to gain traction and may offer some advantages over 
GBCA-based forms of perfusion MR imaging. ASL uses 
arterial blood flow as an endogenous tracer by magnetically 
labeling inflowing arterial blood through the use of radi-
ofrequency (RF) inversion pulses, ultimately allowing for 
absolute tissue perfusion measurements [23, 24]. With the 
advent of newer ASL techniques, particularly the current 
white paper-recommended three-dimensional pseudocon-
tinuous ASL (3D PCASL) sequence [25], ASL has become 
an increasingly popular choice for perfusion imaging. ASL 
has shown promise in neuro-oncologic applications includ-
ing the evaluation of brain tumor perfusion [26–28] and dif-
ferentiation of low-grade from high-grade glioma [29, 30]. 
Several studies have evaluated ASL for the differentiation 
of recurrent tumor from treatment effects, with early stud-
ies indicating that ASL may be an alternative perfusion MR 
imaging technique for this purpose [31–36]. However, the 
majority of these studies were performed in mixed patient 
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cohorts with both low- and high-grade gliomas [31–34] 
where differences in treatment regimens [37], enhancement 
patterns [38], and perfusion characteristics [26, 29, 30] make 
results less generalizable to patients with GBM. Addition-
ally, previous studies have used variable imaging criteria 
to define progressive disease and treatment effects, not 
always based on an established framework like the RANO 
or mRANO criteria. Finally, several studies were performed 
using older less optimized versions of ASL [31, 35, 36], 
sometimes using mixed qualitative and semi-quantitative 
analysis methods [36].

The purpose of this study is to extend the literature evalu-
ating the utility of 3D PCASL compared to DSC-MRI in 
several ways. First, we test the ability of ASL versus DSC-
MRI to differentiate progressive disease from pseudopro-
gression. Importantly, we define pseudoprogression using 
the updated mRANO criteria, using the post-radiation scan 
as the baseline scan, thereby reducing the confounding 
radiologic changes following surgery. In addition, we limit 
our study to a well-characterized cohort of patients with 
GBM treated with standard of care chemoradiation. Based 
on the extant literature, we hypothesized that both ASL and 
DSC perfusion MR imaging techniques would differenti-
ate progressive disease from pseudoprogression with high 
accuracy, however, we suspect that ASL may offer some 
advantages over DSC-MRI because it is not reliant on con-
trast injection, is less affected by susceptibility artifact, and 
allows for absolute perfusion measurements.

Materials and methods

Study design and patients

This retrospective, observational, single-institution study 
was approved by an Institutional Review Board and was 
compliant with the Health Insurance Portability and 
Accountability Act. Between May 2015 and November 
2018, 139 adults with GBM were identified who under-
went clinical MR evaluation which included 3D PCASL 
and DSC-MRI sequences. From this group, 32 patients 
were selected who met the following inclusion criteria: (i) 
confirmed diagnosis of GBM following gross or subtotal 
resection, (ii) received standard of care radiotherapy and 
chemotherapy (temozolomide), (iii) baseline post-radia-
tion contrast-enhanced MRI was performed, (iv) subse-
quently developed an enlarging enhancing lesion within 
the radiation field measuring at least 10 mm in two per-
pendicular dimensions on axial images, (v) the enhancing 
lesion was detected on an MRI scan which included both 
3D PCASL and DSC sequences, (vi) a final diagnosis of 
progressive disease or pseudoprogression was made based 
on histologic evaluation (when available) or combined 

radiologic and clinical evaluation using the mRANO cri-
teria with final consensus decision made by a neuroradi-
ologist and neurooncologist, both blinded to perfusion MR 
data, incorporating clinical information including clini-
cal status (symptomatic deterioration) and recent steroid 
administration. For this study, radiologic pseudoprogres-
sion was defined as a new or increased measurable enhanc-
ing lesion, that was stable or resolving on serial MRIs over 
a minimum time period of 6 months, without a change in 
therapy.

MR exams

All MR exams were performed on a 3T MRI scanner (Dis-
covery 750, GE Healthcare, Milwaukee Wisconsin) using 
an 8-channel brain array coil. Conventional MRI protocol 
included post-contrast 3D T1-weighted fast spoiled gradi-
ent-echo (FSPGR) imaging (TE/TR = 3.0/6.9 ms; FA = 9°; 
FOV = 25  cm; matrix = 256 × 256). Contrast enhanced 
exams were performed using either gadobenate dimeglu-
mine (Bracco Diagnostics) or gadobutrol (Bayer AG) both 
at 0.1 mmol/kg.

ASL perfusion MRI was performed using pseudo-
continuous (PCASL) labeling with a 3D stack-of-spirals 
fast spin echo readout; this reflects the GE product ASL 
sequence. PCASL-specific parameters included a labe-
ling duration of 1450  ms and post labeling delay of 
2025 ms with 3D spiral readout parameters as follows: 
spiral interleaves = 8; points per spiral = 512; slices = 36; 
slice thickness 4.0–4.2 mm; FOV = 24–26 cm; in-plane 
resolution = 3.64–4.53 mm2; bandwidth = 62.5  kHz; 
TE = 9.5–10.5 ms; TR = 4800–4847 ms; NEX = 3; and scan 
time = 4 min 32 s–4 min 42 s.

DSC perfusion MRI was performed using a gradient-echo 
echo-planar-imaging (EPI) sequence (TE/TR = 35/1600 ms; 
FA = 90°; slice thickness 5 mm with intersection gap of 
1 mm; 22 axial slices; FOV = 25  cm; matrix = 96 × 96) 
0.1 mmol/kg of gadobenate dimeglumine (Bracco Diagnos-
tics) or gadobutrol (Bayer AG), was injected intravenously 
with an MR-compatible power injector at a rate of 2–3 mL/s 
through an antecubital angiocatheter, followed immediately 
by a 20-mL continuous saline flush. The multi-section image 
set was acquired every 1–2 s during the first pass of the con-
trast agent until 60 time points were obtained [39]. Because 
no post-processing leakage correction was applied, a preload 
bolus was performed prior to image acquisition (1/4 dose, 
0.025  mmol/kg) to balance the expected T1-weighting 
related to contrast leakage. In a small subset of patients 
(8/32) an alternate DSC-MRI acquisition method was used 
to balance competing T1 and T2* effects related to contrast 
leakage, using a low flip angle (FA = 25°) without preload 
bolus.
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Image analysis

Maps of ASL-derived CBF were generated from the 3D 
PCASL images using ReadyView ASL (GE Healthcare), 
and maps of DSC-derived rCBF and rCBV were generated 
from the DSC-MRI images using ReadyView BrainStat AIF 
(GE Healthcare).

The ASL-CBF, DSC-rCBF, and DSC-rCBV maps were 
fused with post-contrast T1-weighted images using Volume 
Viewer (GE Healthcare) with single fusion mode, generat-
ing fused perfusion and contrast-enhanced images. Using 
the fused images, a board certified neuroradiologist with 
10 years of experience and an image analyst with 2 years of 
experience who were blinded to patient clinical and patho-
logic data placed separate circular ROIs on each perfusion 
map corresponding to the regions of enhancement with 
greatest perfusion signal. Areas of necrosis, surgical cavi-
ties, vessels, hemorrhage, and susceptibility artifact were 
avoided. An additional ROI was placed on the contralat-
eral “normal-appearing” brain at a corresponding anatomic 
location. Normalized values for each perfusion parameter 
(ASL-nCBF, DSC-nrCBF, and DSC-nrCBV) were calcu-
lated by dividing the mean signal intensity within the ROI 
at the region of enhancement by the mean signal intensity 
within the contralateral ROI.

Contrast-enhancement volumes (CEvol) were measured by 
manually drawing volumes of interest on the post-contrast 
3D FSPGR images, excluding areas of necrosis and surgi-
cal cavities, using semi-automatic segmentation methods 
(Amira software package, Visage Imaging). All volumes of 
interest (VOIs) were drawn by three trained image analysts 
and approved by the board-certified neuroradiologist.

Statistical analysis

Statistical analyses were performed using IBM SPSS, Ver-
sion 26 (Armonk, New York). Group differences (pro-
gressive disease vs pseudoprogression) for each perfusion 
parameter (ASL-nCBF, DSC-nrCBF, and DSC-nrCBV) and 
for CEvol were evaluated using Mann–Whitney U tests. To 
account for multiple comparisons, we applied Bonferroni 
correction and set our p-value to 0.05/4 = 0.0125. Stepwise 
linear discriminant analysis (LDA) using leave-one-out cross 
validation was performed to determine the set of parameters 
(ASL-nCBF, DSC-nrCBF, and DSC-nrCBV) that best clas-
sified patients as progressive disease vs pseudoprogression. 
LDA was favored for analysis because LDA can provide a 
robust classification model in situations of small sample 
sizes, given underlying assumptions are satisfied, includ-
ing normally distributed predictive variables with equal 
variance/covariance [40]. Receiver operating characteristic 
(ROC) curves were generated and optimal cut-off values 
were determined for each perfusion parameter. Area under 

the ROC curve (AUC) was used to evaluate classifier perfor-
mance. Unlike DSC-MRI, ASL allows for the evaluation of 
absolute CBF; therefore, separate analyses were performed 
to evaluate performance of absolute ASL-CBF.

Results

Patient population

Thirty-two adults with GBM (22 male) met inclusion criteria 
with ages ranging from 19 to 75 years (mean 56 ± 13 years). 
Progressive disease was diagnosed in 25 patients and pseu-
doprogression in 7 patients. Pathology was available for 9 
patients (8 for progressive disease and 1 for pseudoprogres-
sion), and clinicoradiologic assessment was used to establish 
diagnosis in the remaining 23 patients (17 progressive dis-
ease and 6 pseudoprogression). Median time between post-
radiation scan and pathologic or clinicoradiologic assess-
ment was 5 months. Descriptive information on the patient 
cohort is provided in Table 1.

Quantitative perfusion parameter analysis

Inter-reader agreement was excellent for all three perfusion 
parameters with intraclass correlation coefficient’s measur-
ing 0.937 for ASL-nCBF, 0.908 for DSC-nrCBF, and 0.982 
for DSC-nrCBV.

For all three perfusion parameters, measurements were 
higher in the progressive disease group (mean, 95% CI ASL-
nCBF = 2.48, [2.03, 2.93]; DSC-nrCBF = 2.27, [1.85, 2.69]; 
DSC-nrCBV = 3.51, [2.37, 4.66]) compared to the pseudo-
progression group (mean, 95% CI ASL-nrCBF = 0.99, [0.47, 
1.52]; DSC-nrCBF = 1.05, [0.36, 1.74]; DSC-nCBV = 1.19, 
[0.34, 2.05]) and findings were significant at the p < 0.01 
level (ASL-nCBF: U = 167, p = 0.001; DSC-nrCBF: U = 152, 
p = 0.003; DSC-nrCBV: U = 156, p = 0.002) (Fig. 1). Effect 
size estimates were large for all three perfusion parameters 
(Cohen’s d = 1.48, 1.27, and 0.92) but were largest for ASL-
nCBF. Measurements of CE volume were not significantly 
different between progressive disease and pseudoprogression 
groups (U = 105; p = 0.447).

Stepwise LDA including all three perfusion parameters 
demonstrated that ASL-nCBF was the strongest predictor 
and the only one retained in the model, correctly classifying 
81.3% of the original and cross-validated sample (χ2 = 9.87; 
p = 0.002).

AUCs for each parameter were as follows: ASL-
nCBF = 0.954,  DSC-nrCBF = 0.867,  and DSC-
nrCBV = 0.891 (Fig. 2). Optimal cut-off values for classi-
fication were calculated for each perfusion parameter and 
ASL-nCBF demonstrated the highest sensitivity and speci-
ficity for classification. For ASL-nCBF a cut-off value of 
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Table 1   Descriptive 
characteristics of patient cohort

M male, F female, GTR​ gross total resection, STR Subtotal resection, PD progressive disease, PSP pseudo-
progression

Patient 
number

Age Sex Resection Time between radiotherapy 
and PD vs PSP (months)

Pathology 
available

Final diagnosis

1 69 F GTR​ 2 No PD
2 41 M STR 4 No PSP
3 60 M STR 3 No PSP
4 56 M GTR​ 40 Yes PD
5 59 M STR 26 No PD
6 68 M GTR​ 31 No PD
7 53 F STR 20 No PD
8 44 M GTR​ 2 No PD
9 58 M STR 13 Yes PD
10 50 M STR 9 Yes PSP
11 75 M STR 2 No PD
12 61 F GTR​ 6 No PSP
13 19 M STR 11 No PD
14 45 M STR 3 No PSP
15 61 F GTR​ 9 Yes PD
16 61 M GTR​ 4 No PD
17 62 M GTR​ 2 No PD
18 65 M STR 10 No PD
19 57 M STR 3 No PD
20 20 M GTR​ 6 Yes PD
21 52 F STR 20 No PD
22 74 M STR 4 No PD
23 55 M STR 1 No PSP
24 56 F STR 7 Yes PD
25 68 F STR 7 No PD
26 60 F STR 28 No PD
27 59 F STR 3 No PD
28 54 M STR 4 No PD
29 60 M GTR​ 3 No PD
30 58 F STR 9 Yes PD
31 53 M GTR​ 3 No PD
32 63 M GTR​ 4 Yes PSP

Fig. 1   Boxplots demonstrating perfusion parameter values (ASL-
nCBF, DSC-nCBF, and DSC-nCBV) for progressive disease com-
pared to pseudoprogression. The median value; 1st, 2nd, 3rd, and 4th 

quartiles; and the minimum and maximum values of each perfusion 
parameter are indicated. Plots are annotated with the U-statistic and 
the p-value from the Mann–Whitney U test for each comparison
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1.570 yielded a sensitivity of 0.920 and specificity of 0.857, 
for DSC-nrCBF a cut-off value of 1.335 yielded a sensitiv-
ity of 0.840 and specificity of 0.857, and for DSC-nrCBV 
a cut-off value of 1.335 yielded a sensitivity of 0.880 and 
specificity of 0.857 (Fig. 2a).

Based on the optimal cut-off values, ASL-nCBF mis-
classified the fewest cases. In total, 6 cases were misclas-
sified by ASL-nCBF, 10 by DSC-nrCBF, and thirteen by 
DSC-nrCBV. Analysis of the six cases which were correctly 
classified by ASL-nCBF but misclassified by both DSC-
nrCBF and DSC-nrCBV revealed that all six of these lesions 
were located along the skull base, adjacent to the paranasal 
sinuses, or adjacent to a large resection cavity with resid-
ual blood products where prominent susceptibility artifact 
obscured the lesion (Figs. 3, 4). Analysis of the two cases 
which were misclassified by ASL-nCBF but correctly clas-
sified by DSC-nrCBF or DSC-nrCBV did not demonstrate 
the same relationship to susceptibility artifact. However, 
in these two cases the measurements were relatively close 
to the cut-off values. The discrepancies could have been 
related to mixed lesions (overlapping areas of progression 
and pseudoprogression) or possibly imprecise measurement 
using ROI methods rather than histogram methods, although 
these justifications are speculative.

Absolute ASL-CBF measurements were also significantly 
higher in the progressive disease group compared to the 
pseudoprogression group (U = 169, p < 0.001). AUC evalu-
ation similarly showed high performance for ASL-CBF, 
measuring 0.966, with a cut-off value of 64.2 mL/100 g/
min yielding sensitivity of 1.000 and specificity of 0.880 
(Fig. 2b).

Fig. 2   Receiver operator characteristic (ROC) curves for differenti-
ating progressive disease from pseudoprogression by each perfusion 
parameter (ASL-nCBF, DSC-nCBF, and DSC-nCBV) with corre-

sponding area under the ROC curve (AUC) displayed (a). ROC curve 
for differentiating progressive disease from pseudoprogression by 
absolute ASL-CBF with corresponding AUC displayed (b)

Fig. 3   Example case demonstrating a lesion located along the skull 
base with T1 post-contrast (a), ASL-nCBF (b), DSC-nCBF (c), and 
DSC-nCBV (d) images included. This case was correctly classified as 
progressive disease by ASL-nCBF, but incorrectly classified by both 
DSC-nCBF and DSC-nCBV. Prominent susceptibility artifact from 
the adjacent paranasal sinuses obscures lesion evaluation on DSC-
MR images
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Discussion

We evaluated the utility of 3D PCASL compared to DSC-
MRI for the differentiation of progressive disease from pseu-
doprogression in patients with treated GBM, as defined by 
the combination of the updated mRANO criteria and our 
requirement for at least 6 months without a change in treat-
ment to qualify as pseudoprogression. We demonstrate that 
both 3D PCASL and DSC perfusion MRI techniques can 
be used for differentiation with high accuracy and nearly 
equivalent performance. However, there are select cases 
where 3D PCASL provides improved evaluation, especially 
in areas strongly affected by susceptibility artifact.

Our results are in concordance with several recent stud-
ies revealing that both ASL and DSC perfusion MRI tech-
niques can be used for differentiation of recurrent glioma 
from treatment effects with nearly equivalent performance 
[31–36]. Compared to two recent studies [32, 33], we report 
higher performance for all perfusion parameters. This may 
be because prior studies were performed in mixed cohorts 

that included patients with both low- and high-grade gliomas 
[31–34]. In comparison to high-grade gliomas, low-grade 
gliomas have a different incidence of pseudoprogression 
[41], different treatment algorithms [37], different conven-
tional contrast-enhanced MR findings [38], and much lower 
baseline DSC- and ASL-derived perfusion measurements 
[26, 29, 30]. For these reasons, radiologic treatment response 
(including perfusion imaging) is expected to be quite differ-
ent in low-grade gliomas, making conclusions drawn from 
mixed cohorts less generalizable to patients with GBM.

A strength of our study is the use of newer and more con-
servative definitions to define progressive disease and pseu-
doprogression compared to prior studies. Although histology 
is generally considered the gold standard in determination of 
progressive disease and pseudoprogression, even histology 
can be complicated by tissue sampling error, mixed lesions, 
and inter-observer differences [42]. For these reasons radio-
logic evaluation continues to play an important role, how-
ever, radiologic evaluation can be hindered by heterogeneity 
in methods and ambiguity in terminology. To address these 
issues, we use the updated mRANO criteria to provide a 
standard framework for evaluation of radiologic treatment 
response. The mRANO criteria builds upon the prior RANO 
criteria by improving the reference or baseline scan to the 
post-radiation scan, thereby avoiding the transient radio-
logic changes that occur between the post-surgical scan and 
post-radiation scan. Additionally, the mRANO criteria pro-
vides clear radiologic response rubrics for the assessment 
of pseudoprogression. Lesions that initially exhibit imag-
ing characteristics suspicious for progressive disease are 
labeled as “preliminary progressive disease” and are later 
classified as either progressive disease or pseudoprogres-
sion based on imaging findings on subsequent evaluations. 
We use a more stringent 6-month follow-up time period to 
make these retrospective classifications because we believe 
this allows for more accurate classification. In prior similar 
studies some authors have used a 6-month follow-up time 
period [33], while others have used a 3-month time period 
[32, 35]. By using a more stringent 6-month time period 
we report a rate of pseudoprogression (22%) similar to the 
general rate reported in the literature (20–30%) [43–46]. In 
contrast, studies that used a 3-month time period reported a 
higher rate of pseudoprogression, ranging from 35 to 49% 
[32, 35].

A variety of ASL sequences exist and choice of ASL 
imaging technique and imaging parameters can heavily 
impact results. To promote standardization of data acqui-
sition across scanner types, sites, and studies, a consen-
sus white paper was previously released which provides 
recommendations for optimal ASL labeling approaches, 
readout approaches, and post-processing methods [25]. In 
accordance with the current consensus recommendations 
we chose a 3D PCASL sequence, which allows for higher 

Fig. 4   Example case demonstrating a lesion located adjacent to a 
large resection cavity with T1 post-contrast (a), ASL-nCBF (b), 
DSC-nCBF (c), and DSC-nCBV (d) images included. This case was 
correctly classified as progressive disease by ASL-nCBF, but incor-
rectly classified by both DSC-nCBF and DSC-nCBV. In this example, 
susceptibility artifact related to the resection cavity and blood prod-
ucts obscures lesion evaluation on DSC-MR images
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signal-to-noise ratio, SNR [23], less susceptibility artifact 
[25], and simpler clinical implementation [23]. Early studies 
that evaluated ASL for differentiation of treatment effects 
from recurrent glioma used a variety of less optimized ASL 
sequences which may have impacted results. For example, 
a prior study which used a single-slice pulsed ASL (PASL) 
method found that ASL images were qualitatively inferior 
to DSC-MR images [31]. Subsequent studies, including our 
own, which used 3D PCASL techniques have not supported 
this finding, indicating that this was likely technique related.

ASL offers several advantages over DSC-MRI. ASL is 
a non-contrast technique, therefore problems related to the 
use of GBCAs including NSF and neuronal tissue deposition 
are avoided [17, 18]. Additionally, because ASL is a non-
contrast technique, problems related to contrast leakage at 
areas of blood–brain barrier breakdown are also avoided. 
This obviates the need for specifically tailored protocols 
accounting for the competing T1 and T2* effects seen with 
contrast leakage, meaning no need for preload bolus tech-
niques, leakage correction algorithms, or flip angle cor-
rections used in DSC-MRI [19–21]. Another important 
advantage of ASL is that it may provide improved lesion 
visualization and decreased susceptibility artifact compared 
to DSC-MRI. Newer implementations of ASL, like the 3D 
PCASL sequence, use fast-spin-echo techniques combined 
with spiral readout which provides decreased sensitivity 
to susceptibility artifacts compared to the gradient-echo 
techniques typically used in DSC-MRI. This is particularly 
valuable in GBM treatment response assessment because 
prominent susceptibility artifact is often present due to post-
surgical changes, including residual blood products along 
the surgical margin, which can confound perfusion meas-
urements. Prior qualitative studies have demonstrated that 
lesion visualization and susceptibility artifact is improved in 
3D PCASL compared to DSC-MRI [26, 33, 34]. Our quanti-
tative results support these findings. Detailed evaluation of 
the six cases where 3D PCASL correctly classified the lesion 
while DSC-MRI misclassified the lesion revealed that this 
often occurred at areas of prominent susceptibility artifact 
along the skull base, paranasal sinuses, and adjacent to large 
resection cavities with residual blood products, suggesting 
that ASL may outperform DSC-MRI in such cases.

Because ASL is a subtraction technique, a potential 
drawback of ASL compared to DSC-MRI is sensitivity to 
motion artifact. Qualitatively, the readers of this study did 
not encounter increased motion artifact in the ASL images 
compared to the DSC-MRI images. We suspect this may 
be because newer implementations of ASL incorporate 
background suppression which helps mitigate the effects of 
motion [25]. Furthermore, although 3D readouts are inher-
ently more sensitive to motion, the 3D stack of spirals read-
out used allows for oversampling of the center of k-space 
and provides additional motion resistance.

A final potential advantage of ASL is that absolute, rather 
than relative, values of CBF can be easily measured. This 
is beneficial because absolute measurements may allow for 
cross-study comparisons and may facilitate longitudinal 
follow up. Absolute values can also be measured in DSC-
MRI; however, this requires the additional calculation of 
the arterial input function and deconvolution [20], steps 
which are less easily and less routinely performed in cur-
rent clinical applications of DSC-MRI. Two other studies 
have reported absolute ASL-CBF cut-off values for differ-
entiation of progressive disease from pseudoprogression [32, 
33], and in both studies the reported values are lower than 
what we report. We suspect this is because both prior studies 
were performed in mixed cohorts, which included patients 
with low-grade glioma, where perfusion measurements are 
expected to be lower. Although the use of a single abso-
lute ASL-CBF cut-off value for differentiation of progres-
sive disease from pseudoprogression is appealing, caution 
is advised because measurements are dependent on many 
factors including differences between scanners, ASL tech-
nique choice, and post-processing analysis method (mean 
ROI value, max ROI value, histogram analysis). These same 
cautions apply to DSC perfusion MRI techniques where 
measurements are relative rather than absolute, and quan-
titative values are dependent on additional factors includ-
ing preload bolus techniques and post-processing leakage 
correction methods, making longitudinal comparisons and 
comparisons between studies difficult.

Several limitations to our study should be acknowl-
edged. First, our study was conducted with a small sample 
size at a single institution. This approach was taken in order 
to focus on a more homogeneous sample of patients with 
GBM, however, the use of a small sample size can lead to 
overfitting and could conceivably inflate the performance 
we report. Second, although the mRANO framework was 
used to standardize the radiologic evaluation, there is inher-
ent heterogeneity in the patient cohort including size and 
location of the tumor, extent of resection, and variable treat-
ment plans following chemoradiation. Third, limited pathol-
ogy was available for confirmation of diagnosis, especially 
for pseudoprogression. Fourth, no post-processing leakage 
correction was used in our implementation of DSC-MRI. 
To offset the expected increase in T1-weighting and result-
ant underestimation of rCBF and rCBV related to contrast 
leakage, we apply a preload bolus. Fifth, regarding the 
DSC-MRI protocol, a small subset of patients were scanned 
using an alternate contrast leakage correction schema. We 
acknowledge the mild heterogeneity in our DSC-MRI pro-
tocol, however, because there are numerous reported meth-
ods for contrast leakage correction in DSC-MRI without a 
single consensus standard and because the goal of our study 
was to evaluate qualitative differences between perfusion 
values (low or high) within subjects rather than to compare 
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quantitative values across studies, we do not believe this het-
erogeneity meaningfully impacts our results. Additionally, a 
subset analysis evaluating differences between the two DSC 
protocol groups demonstrated no significant difference. The 
protocol partially reflects current clinical implementations 
of DSC-MRI where heterogeneity in scanners, manufac-
turers, scanning parameters, and processing streams is not 
uncommon. Sixth, perfusion measurements were made using 
ROI-methods rather than more comprehensive histogram-
analysis methods; however, this more accurately reflects cur-
rent clinical practice where dedicated histogram analyses are 
less likely to be performed.

Conclusion

Our findings suggest that 3D PCASL and DSC perfusion 
MRI both differentiate progressive disease from pseudopro-
gression in patients with GBM with high accuracy. However, 
3D PCASL is less sensitive to susceptibility artifact and may 
allow for improved classification in areas of prominent sus-
ceptibility artifact such as along the skull base and adjacent 
to large resection cavities with residual blood products.
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