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Abstract

Objectives Arterial spin labelling (ASL) perfusion MRI is one of the available advanced MRI techniques for brain tumour

surveillance. The first aim of this study was to investigate the correlation between quantitative cerebral blood flow (CBF)

and non-quantitative perfusion weighted imaging (ASL-PWI) measurements. The second aim was to investigate the diag-

nostic accuracy of ASL-CBF and ASL-PWI measurements as well as visual assessment for identifying tumour progression.

Methods A consecutive cohort of patients who underwent 3-T MRI surveillance containing ASL for treated brain tumours

was used. ROIs were drawn in representative parts of tumours in the ASL-CBF maps and copied to the ASL-PWI. ASL-CBF

ratios and ASL-PWI ratios of the tumour ROI versus normal appearing white matter (NAWM) were correlated (Pearson

correlation) and AUCs were calculated to assess diagnostic accuracy. Additionally, lesions were visually classified as hypoin-

tense, isointense, or hyperintense. We calculated accuracy at two thresholds: low threshold (between hypointense-isointense)

and high threshold (between isointense-hyperintense).

Results A total of 173 lesions, both enhancing and non-enhancing, measured in 115 patients (93 glioma, 16 metastasis, and 6

lymphoma) showed a very high correlation of 0.96 (95% CI: 0.88-0.99) between ASL-CBF ratios and ASL-PWI ratios. AUC

was 0.76 (95%CI: 0.65-0.88) for ASL-CBF ratios and 0.72 (95%CI: 0.58-0.85) for ASL-PWI ratios. Diagnostic accuracy

of visual assessment for enhancing lesions was 0.72.

Conclusion ASL-PWI ratios and ASL-CBF ratios showed a high correlation and comparable AUCs; therefore, quantification

of ASL-CBF could be omitted in these patients. Visual classification had comparable diagnostic accuracy to the ASL-PWI

or ASL-CBF ratios.

Clinical relevance statement This study shows that CBF quantification of ASL perfusion MRI could be omitted for brain

tumour surveillance and that visual assessment provides the same diagnostic accuracy. This greatly reduces the complexity

of the use of ASL in routine clinical practice.

Key Points

e Arterial spin labelling MRI for clinical brain tumour surveillance is undervalued and underinvestigated.

e Non-quantitative and quantitative arterial spin labelling assessments show high correlation and comparable diagnostic
accuracy.

e Quantification of arterial spin labelling MRI could be omitted to improve daily clinical workflow.
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Abbreviations
ASL Arterial spin labelling

ASL-PWI  Perfusion weighted imaging
AUC Area under the curve

CBF Cerebral blood flow

DCE Dynamic contrast enhanced

DSC Dynamic susceptibility contrast
MRI Magnetic resonance imaging
NAWM Normal appearing white matter
PCASL Pseudocontinuous ASL

PCNSL Primary central nervous system lymphoma
PLD Post-labeling delay

ROC Receiver operating characteristics
ROI Region of interest
Introduction

The management of patients with a brain tumour is ham-
pered by various diagnostic challenges. One of these is the
differentiation between tumour progression and treatment-
related abnormalities [1]. Conventional MRI techniques are
not able to reliably differentiate between these two entities,
both displaying an increase in contrast enhancement and/or
T2-hyperintensity in the treated tumour region [2]. Perfusion
MRI visualises the perfusion of blood within a tissue, such
as in tumour. The general idea is that an increased perfu-
sion compared to healthy tissue is associated with tumour
progression due to neovascularisation, while a decreased
perfusion is seen in treatment-related abnormalities due to
inflammatory and/or thrombo-embolic tissue changes [3].
We do not address the phenomenon pseudo-regression,
as this occurs in relation to anti-angiogenetic medication
which is not standard of care in the Netherlands for glioma
treatment.

Different perfusion MRI techniques are available for
clinical use: dynamic contrast-enhanced (DCE), dynamic
susceptibility contrast (DSC), and arterial spin labelling
(ASL) MRI. While DSC is by far the most commonly
used [4], ASL has several advantages over DSC. ASL uses
magnetically labelled blood to create contrast instead of an
exogenous paramagnetic contrast agent, thus being entirely
non-invasive, and ASL is commonly implemented with
an imaging read-out that is less sensitive to susceptibility
artefacts than commonly used read-outs in DSC [5, 6]. The
technique can therefore be used after haemorrhage, around
the skull base, and in the presence of metallic surgical mate-
rial. Importantly, ASL perfusion measurements are based
on labelled, endogenous blood water which acts as a freely
diffusible tracer and therefore do not suffer from blood brain
barrier leakage effects that affect DSC perfusion measure-
ments. The main disadvantages of ASL are its lower signal
to noise ratio and longer scanning time than DSC [7]. Also,
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there is still considerable unfamiliarity with the technique,
which is in part due to its perceived complexity of post-
processing and interpretation.

The acquisition of ASL is based on a subtraction of the
values from two differently acquired MRI series. The first
series is a control series of the area of interest. The second
series is acquired after magnetically labelling the inflow-
ing arterial blood (usually at the cervical level). Subtrac-
tion of the labelled from the control series provides the raw
perfusion-weighted image (ASL-PWI) in which every voxel
has a unitless, arbitrary value proportional to the amount
of labelled blood that has reached this voxel [8]. A kinetic
model can be used to quantify ASL-PWI to generate cerebral
blood flow (CBF) perfusion maps in which each voxel rep-
resents perfusion with a specific unit, i.e. mL/100 g/min [9].

In daily clinical practice, CBF quantification is an extra
step during post-processing of the perfusion data, which
interferes with the radiologist’s or radiographer’s workflow
and may even be costly in case post-processing tools need to
be additionally acquired. While quantification of perfusion
is a commonly stated advantage of ASL over other perfusion
MRI techniques, the question is whether it is really needed
for routine clinical use.

In non-quantitative techniques such as DSC, it is usual
to calculate a ratio between the neoplastic lesion and the
normal appearing white matter (NAWM) [10]. A region of
interest (ROI) is placed in the lesion and the mean value is
divided by the mean value of the same ROI in the NAWM.
The result of this semiquantitative approach is a unitless
value which can be compared within and across patients.
Another possible approach is a visual assessment (‘eyeball-
ing’) of areas of relative hyperperfusion, by comparing to
the signal intensity of healthy cortex [11]. Both approaches
are appealing for clinical practice, due to a more efficient
workflow.

The aim of this study was to evaluate how semiquantita-
tive as well as visual assessment of ASL derived ASL-PWI
maps compare to the use of quantitative ASL-CBF maps
in patients with a variety of enhancing and non-enhancing
treated brain tumours. We hypothesise that ASL-PWI and
ASL-CBF ratios are highly correlated, thus obviating the
need for quantification of CBF and thereby vastly simplify-
ing the use of ASL perfusion in the routine clinical setting
of brain tumour surveillance.

Methods
Patient selection
In this single-centre retrospective study, a cohort of consecu-

tive patients was included, who were scanned for surveil-
lance of any intra-axial brain tumour between 1 January and
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31 December 2019 at 3-T MRI at the Erasmus MC, Rot-
terdam, the Netherlands. Clinical information was obtained
from the electronic health records, and consisted of informa-
tion on general demographics, clinical diagnosis, and histo-
pathology (according to the WHO 2016 classification [12]).
Follow-up (for a minimum of 3 months) data were used to
confirm clinical diagnosis in case no histopathology was
available. Both radiological and clinical information were
used to define tumour progression, pseudoprogression (i.e.
treatment-related abnormalities), or stable disease, in line
with the criteria formulated by Ellingson et al [13]. This
study design was reviewed by the Erasmus MC Medical Eth-
ics Committee (MEC-2020-0267) and performed according
to the declaration of Helsinki and the Dutch regulations on
medical research.

MRI protocol

MRI scans were performed on two 3T MRI scanners (GE
Healthcare) using a 32- or 48-channel head coil. ASL was
acquired as a 3D pseudocontinuous (PCASL) sequence
with spiral readout and background suppression using flip
angle (FA)=111°, echo time (TE)=10.6 ms, repetition time
(TR)=4635 ms, label duration of 4 s, and a single post-
labelling delay (PLD) of 1.5 s; the reconstructed voxel size
was 1.9% 1.9x3.5 mm?>. No vascular crushing was used
during acquisition. This sequence is the available product
sequence from this vendor.

ASL-PWI maps consisted of the averaged subtraction of
the unlabelled minus the labelled acquisitions as provided
directly by the scanner without any additional post-process-
ing. The ASL-PWI maps are not quantitative, containing
arbitrary pixel values.

ASL-CBF maps were calculated with a vendor-specific
software package (AW Server, GE Healthcare) and in line
with the ASL white paper recommendations [14]. This soft-
ware package uses a quantification model as described by
Maleki et al [15] to calculate CBF in mL/100 g/min; these
maps are thus referred to as quantitative maps.

Image analysis

After visual quality assessment, mainly focusing on
motion artefacts and tissue contrast [16], first a quantitative
approach was taken. Lesions were identified on post-con-
trast T1w images or on T2w/T2w-FLAIR images if contrast
enhancement was absent. Measurements were done in Radi-
ant DICOM Viewer by placing an oval or circular region of
interest (ROI) of approximately 70 mm? (mean 78 + 14 mm?)
in a representative part of the lesion (which had at minimum
the size of the ROI) with the highest perfusion (‘hot spot’)
as visually determined on the ASL-CBF map, and copied to
the contralateral normal appearing white matter (NAWM)

on the same image slice [17]. Window level was also cho-
sen visually, optimising the differentiation of grey and white
matter. For anatomical reference, overlays of the perfusion
map on the post-contrast T1w image were used, especially
to ensure inclusion of the tumour and exclusion of vessels.
In all cases, a grey-scale was used. The ROIs were then cop-
ied to the ASL-PWI map, such that the measurements of
ASL-CBF and ASL-PWI within each lesion were derived
from identically sized and placed ROIs. Ratios between the
tumour and NAWM were calculated by dividing the mean
tumour ROI value by the mean NAWM ROI value. All quan-
titative ROI measurements were done by AL and verified by
WT. Secondly, the lesions’ ASL-PWI signal intensities were
classified by two raters (W.T., neuroradiologist in training,
4 years of experience and A.H., neuroradiologist, 9 years
of experience) as hypointense, isointense, or hyperintense
compared to healthy appearing cortex (Fig. 1). Both were
blinded to the tumour histopathology and follow-up data.

Data analyses

Statistical analyses were performed using RStudio. Pear-
son’s correlation coefficient and 95% confidence intervals
(CI) were calculated between the ASL-CBF ratios and ASL-
PWI ratios for each lesion. A cluster bootstrapping approach
was used to correct for potential dependency of multiple
lesions within the same patient. To assess the relationship
between ASL-CBF ratios and visual assessment, boxplots
were created.

Correlations were determined in all patients combined,
as well as in subgroups of patients with enhancing lesions,
enhancing and non-enhancing glioma, brain metastasis, and
primary central nervous system lymphoma (PCNSL). The ini-
tial diagnosis was histopathologically proven. The diagnosis
at the moment of scanning for surveillance (PD of PsP) was
determined radiologically or histopathologically. Diagnostic
accuracy of determining tumour progression was assessed as
the area under the receiver operating characteristics (ROC)
curves (AUC) for ASL-CBF ratios and ASL-PWTI ratios.
This was only done in the subgroup of patients with enhanc-
ing lesions, as it is primarily in enhancing lesions that the
differentiation between tumour progression and treatment-
related abnormalities may be problematic. The diagnostic
accuracy based on visual assessment of the ASL-PWI maps
was assessed by calculating sensitivity, specificity, and the
proportion of correctly classified patients with two differ-
ent thresholds. The first threshold, the low threshold, was
between hypointense and isointense (so both isointense and
hyperintense signals are considered ‘test positive’). The sec-
ond threshold, the high threshold, was between isointense
and hyperintense (so only hyperintense signal is considered
‘test positive’). ASL-CBEF ratios of the three different visual
categories were compared using a Kruskal-Wallis test. The
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Fig. 1 Examples of hyper-, PWI

iso-, and hypointense enhanc-
ing lesions (as determined on
post-contrast T1w imaging) on
ASL-derived ASL-PWI and
ASL-CBF maps
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interobserver agreement (Cohen’s Kappa) was calculated for
both thresholds. In cases of disagreement, a third reader (M.S.,
neuroradiologist, 18 years of experience) performed an adju-
dication to obtain a final assessment.

Results
Patient and lesion characteristics

A total of 122 patients with a total of 188 lesions were evalu-
ated. Fifteen lesions (8%) were excluded from further analy-
sis due to severe motion artefacts (N=10) or being too small
to measure (N=15). A total of 173 lesions measured in 115
patients were deemed eligible for further analysis. Table 1
shows the patient characteristics. All patients had undergone
treatment (radiation and/or chemotherapy). Final diagnosis
was determined in 10 patients by histopathology, in all other
patients by imaging. Identified lesions were 80 enhancing
glioma, 52 non-enhancing glioma, 31 enhancing metastases,
and 10 residual lesions after treated PCNSL.

Relation between ASL-CBF ratios, ASL-PWI ratios,
and visual classification

Pearson’s correlation coefficients between ASL-derived
ASL-CBF ratios and ASL-PWI ratios were calculated
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CBF post-contrast T1w

for all lesions together and for subsets consisting of all
enhancing lesions, enhancing and non-enhancing glioma,
metastasis, and PCNSL (Fig. 2). We found a very high
correlation between ASL-CBF ratios and ASL-PWTI ratios
of 0.96 (95% CI: 0.89-0.99) for all lesions combined.
Subsets of enhancing lesions only, enhancing glioma, and
non-enhancing glioma also each showed a correlation
coefficient of 0.96 (95% CI: 0.89-0.99, 0.87-0.99, and
0.91-0.98 respectively). The subset of metastasis showed
a correlation coefficient of 0.94 (95% CI: 0.79-0.98) and
that of PCNSL 0.89 (95% CI: 0.68—1.00), the latter subset
only consisting of 10 lesions.

Visual assessment of lesion intensity by two different
readers (W.T. and A.H.) showed an interobserver agree-
ment for the low threshold of 75% (Cohen’s Kappa=0.48
(95% CI: 0.28-0.69)) and 89% (Kappa=0.74 (95% CI:
0.59-0.91)) for the high threshold. Figure 3 shows the box-
plots of the three visual categories (hypointense, isoin-
tense, and hyperintense) with their corresponding ASL-
CBF ratios. Hypointense lesions showed a mean ASL-CBF
ratio of 0.86 (SD: 0.37), isointense lesions a mean ASL-
CBF ratio of 1.24 (SD: 0.44), and hyperintense lesions a
mean ASL-CBF ratio of 3.00 (SD: 1.80). ASL-CBF ratios
of the hyperintense category showed a significant differ-
ence (p <0.001) with both the isointense and the hypoin-
tense categories.
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Table 1 Patient characteristics

Glioma
No. of patients 93
No. of lesions 132
Age in years (mean +SD) 529+12.8
Gender (male/female) 64/29
Enhancing lesions 80
Non-enhancing lesions 52
Glioma subtypes:
Diffuse astrocytoma, IDH-mutant 6
Diffuse astrocytoma, IDH-wildtype 1
Diffuse astrocytoma, NOS 7
Oligodendroglioma, IDH-mutant and 1p/19g-code- 14
leted
Oligodendroglioma, NOS 5
Oligoastrocytoma, NOS 2
Anaplastic astrocytoma, IDH-mutant 6
Anaplastic astrocytoma, IDH-wildtype 1
Anaplastic astrocytoma, NOS 4
Anaplastic oligodendroglioma, IDH-mutant and 2
1p/19q codeleted
Anaplastic oligodendroglioma, NOS 1
Glioblastoma, IDH-wildtype 20
Glioblastoma IDH-mutant 5
Glioblastoma, NOS 8
Primary brain tumour NOS+ 11
Metastasis
No. of patients 16
No. of lesions 31
Age in years (mean + SD) 57.1+12.8
Gender (male/female) 5/11
Enhancing lesions 31
Non-enhancing lesions 0
Primary tumour:
Lung cancer 7
Breast cancer 3
Melanoma 2
Other 4
PCNSL
No. of patients 6
No. of lesions 10
Age in years (mean + SD) 61.8+134
Gender (male/female) 4/2
Enhancing lesions 8
Non-enhancing lesions 2

PCNSL primary central nervous system lymphoma

T Diagnosis according to the WHO 2016 classification could not be
retrieved

Diagnostic accuracy

The AUC as a measure of diagnostic accuracy of determin-
ing tumour progression with the quantitative approach was
0.76 (95% CI: 0.65-0.88) when based on ASL-CBF ratios,
and 0.72 (95% CI: 0.58-0.85) when based on ASL-PWI
ratios (Fig. 4).

After adjudication (M.S.), the diagnostic accuracy of
determining tumour progression using the visual assessment
showed a sensitivity of 0.83 and a specificity of 0.64 for
the low threshold, and a sensitivity of 0.57 and a specific-
ity of 0.83 for the high threshold (Table 2). The diagnostic
accuracy in terms of the proportion of correctly classified
patients (true positives + true negatives) out of the total
number of patients was 0.72 both for the low and the high
thresholds.

Discussion

In this retrospective study, we investigated the correlation
between quantitative ASL-CBF maps and non-quantitated
ASL-PWI maps in order to assess whether CBF quantifica-
tion could be omitted in the context of brain tumour sur-
veillance with a particular focus on enhancing lesions. Our
second aim was to investigate the diagnostic accuracy for
determining tumour progression of ASL-CBF and ASL-PWI
measurements as well as simple visual assessment (‘eye-
balling”) of ASL-PWI maps. We found a very high correla-
tion (0.96) and comparable AUCs (0.72-0.76) of ASL-CBF
ratios and ASL-PWTI ratios, indicating that a ASL-PWI ratio
provides the same clinical information as a ASL-CBF ratio.
We also found a comparable diagnostic accuracy of visual
assessment (0.72, both at high and low thresholds). These
findings indicate that each of the tested approaches results
in comparable diagnostic accuracy, hence either approach
could be applied.

Working with perfusion ratios, the lesion value divided
by the NAWM value, has been used for DSC MRI perfusion
for a long time and provides a unitless value, i.e. TCBV. This
method is also currently the most common ASL method to
quantify the perfusion in an area of interest, as described in
a meta-analysis by Wang et al [18]. Not only the method of
using ratios is similar, also the diagnostic accuracy is com-
parable. A meta-analysis by van Dijken et al [19] reported a
pooled diagnostic accuracy for DSC perfusion of 18 studies
using CBV ratios with a sensitivity of 87% and a specificity
of 86%. Although this is slightly higher than reported here
in this study, it is in line with the diagnostic accuracy we
have found. Also a comparison of ASL and DSC previously
reported by this group provides a comparable diagnostic
accuracy of ASL (AUC =0.73) and DSC (AUC=0.78) [20].
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Fig.2 Correlation plots and All lesions (n=173)

All enhancing lesions (n=119)
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Using a ASL-PWTI ratio instead of a ASL-CBF ratio
could improve the workflow in daily practice because
the quantification step could be omitted. As stated in the
“Introduction”, there is still considerable unfamiliarity
with routine usage of ASL, especially because of the per-
ceived complexity of post-processing the imaging data
and interpretation of results. Our findings indicate that
both methods, with and without the usage of additional
post processing and interpretation, provide the same clini-
cal information. Of course, the amount of time saved by
using this method differs per software package. To the
best of our knowledge, no other studies are available using
PCASL (implemented according to the most recent rec-
ommendations [14]), to investigate the perfusion of brain
tumours with either an ASL-PWI approach or the compari-
son between ASL-PWI and ASL-CBF.
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As expected, we found a very high correlation between
the ASL-derived (non-quantitative) ASL-PWTI ratios and
the quantitative ASL-CBF ratios. After all, both maps are
derived from the same source data while the use of ratios—
through internal normalisation to the patient’s own refer-
ence values—removes dependency on absolute quantifica-
tion. Although this correlation was very high (0.89-0.96),
it is not perfect. This small mismatch could be explained by
the model used for CBF quantification. The kinetic model
used for CBF quantification relies on certain assumptions
of underlying cerebrovascular physiology which could be
influenced by the pathologies of interest here. Particular in
pathology, violations of these underlying assumptions can
result in inaccuracies of quantification [9, 15] and some
potential violations may be applicable to our imaging data.
For instance, the T1 decay of tumour tissue is different from
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Boxplot of CBF ratios per visual category (enhancing only)
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healthy brain tissue [21], causing inaccuracies in CBF quan-
tification, which may partly explain the small difference in
correlation coefficient. Also, the arterial transit time can be
altered in tumour tissue [14], which could further contribute
to the small mismatch between ASL-PWI and ASL-CBF
in the current single PLD PCASL approach. Note that this
could be more appropriately accounted for by using multi-
rather than single PLD ASL. We found a slightly lower cor-
relation of 0.89 for the PCNSL subgroup (6 patients, 10
lesions), suggesting stronger violation of the assumptions
in the kinetic model in this specific pathology. This is worth
investigating in a lager sample size, as our subset of PCNSL

patients was very small (n=26). In line with the very high
correlation between ASL-CBF and ASL-PWI, the AUC is
also comparable, due to the fact that the AUC is directly
related to the measured perfusion in relation to the underly-
ing pathology.

Although quantification could be useful in specific
cases, visual assessment (‘eyeballing’) without perform-
ing any measurements, would make the workflow even
more efficient. This study shows that when a lesion is
hyperintense (compared to the normal cortex), the aver-
age ASL-CBF ratio could be expected to be around 3
(3.00 + 1.80), which is associated with tumour progres-
sion as previously described by Seeger et al [22]. This is
in line with previously published data on the comparison
between ASL-derived CBF and DSC-derived rCBV [20].
Diagnostic performance to determine tumour progression
using visual assessment showed moderate diagnostic accu-
racy of 0.72, for both thresholds. In line with previous
work [11], the interobserver agreement for this method
was substantial [23] when the high threshold was used.
At the low threshold, i.e. differentiating between iso- and

Table 2 Diagnostic accuracy of determining tumour progression
using visual assessment in patients with enhancing lesions only
(N="72 patients)

Low threshold* High threshold*

Sensitivity 0.83 0.57
Specificity 0.64 0.83
Diagnostic accuracy 0.72 0.72

“Low threshold: threshold is between hypointense and isointense
signal intensity on perfusion weighted imaging (ASL-PWI). High
threshold: threshold is between isointense and hyperintense signal
intensity on ASL-PWI

Fig.4 ROC curves for deter- PWI ratio CBF ratio
mining tumour progression
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AUC =0.76 (95% Cl: 0.65-0.88)
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hypo-intense ASL-PWI signals, this agreement was lower
but still moderate. This could indicate that although the
diagnostic accuracies of the high and the low thresholds
are the same, there is a preference for the high threshold
because the much higher interobserver agreement makes
it a more reproducible method. Even so, although this
may be a very efficient method, visual assessment is rater-
dependent, and it is difficult to measure differences over
time within one patient.

Some limitations apply to this study. While we included
a large dataset of 115 patients and a total of 173 lesions,
this is a retrospective cohort study. In most cases, histo-
pathological confirmation was not available; therefore, the
follow-up diagnosis was made radiologically and clinically,
taking the course of symptoms and imaging abnormalities
over time into account. Even though heterogeneity within a
lesion could occur, we did not do an intra-tumoural analy-
sis. We focused on the region of highest intensity within
the lesion because this hot-spot approach is consistent with
current clinical practice. Although reliable and reproducible
information is required during follow-up, that is not always
possible in a routine clinical setting and available for retro-
spective analysis [24].

All patients described in this study were scanned at 3 T;
thus, applicability at 1.5 T was not investigated. Only one
vendor (GE) and one sequence is used. It is important to real-
ise that there are differences between vendors and sequences;
therefore, these results are not necessarily applicable to other
situations than described in this study. For future research, it
would be good to repeat this study in a multicentre and mul-
tivendor design, preferably prospectively. It is also important
to emphasise that these results are from patients with brain
tumours. For other ASL indications such as cerebrovascular
disease or neurodegenerative disease, findings could be differ-
ent, and these pathologies were not investigated in this study.
It is also important to mention that a grey-scale approach was
used for all ASL-CBF and ASL-PWI maps and no colour cod-
ing scheme was used. This is important for implementation of
these results as many colour schemes are not perceptual linear
which might alter the interpretation [25].

In conclusion, this study demonstrates that ASL-PWI
ratios and ASL-CBF ratios are highly correlated and that
both these approaches as well as a simple visual assessment
all show comparable diagnostic accuracy, suggesting that
ASL-CBF quantification could be omitted in patients with
brain tumour surveillance at 3 T.

Funding WT is funded by ‘Leading the Change’ (80-85009-98-2008-
NVvVR). EW is funded by a ‘Veni Vernieuwingsimpuls’ from the Dutch
Research Council entitled ‘Food for thought: Oxygen delivery to the
brain’, grant number 91619121. AL was funded by a travel grant from
Bracco and the European School of Radiology in 2020.

@ Springer

Declarations

Guarantor The scientific guarantor of this publication is Prof. Dr.
Marion Smits.

Conflict of interest MS declares speaker fees from GE Healthcare and
AuntMinnie (paid to institution).

Statistics and biometry No complex statistical methods were neces-
sary for this paper.

Informed consent Written informed consent was obtained from all
subjects (patients) in this study.

Ethical approval Institutional Review Board approval by Erasmus MC
Medical Ethics Committee (MEC-2020-0267) was obtained.

Study subjects or cohorts overlap Some study subjects or cohorts have
been previously reported in Lavrova et al 2022 (https://doi.org/10.3389/
fonc.2022.849657).

Methodology

o Retrospective

e Cohort

e Performed at one institution

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Brandsma D, Stalpers L, Taal W, Sminia P, van den Bent MJ
(2008) Clinical features, mechanisms, and management of pseu-
doprogression in malignant gliomas. Lancet Oncol 9:453—-461.
https://doi.org/10.1016/S1470-2045(08)70125-6

2. Young RJ, Gupta A, Shah AD et al (2011) Potential utility of
conventional MRI signs in diagnosing pseudoprogression in glio-
blastoma. Neurology 76:1918-1924. https://doi.org/10.1212/wnl.
0b013e31821d74e7

3. HuLS, Baxter LC, Smith KA et al (2009) Relative cerebral blood
volume values to differentiate high-grade glioma recurrence from
posttreatment radiation effect: direct correlation between image-
guided tissue histopathology and localized dynamic susceptibil-
ity-weighted contrast-enhanced perfusion MR imaging measure-
ments. AJNR Am J Neuroradiol 30:552-558. https://doi.org/10.
3174/ajnr.al377

4. Thust SC, Heiland S, Falini A et al (2018) Glioma imaging in
Europe: a survey of 220 centres and recommendations for best
clinical practice. Eur Radiol 28:3306-3317. https://doi.org/10.
1007/500330-018-5314-5

5. Grade M, Hernandez Tamames JA, Pizzini FB, Achten E, Golay
X, Smits M (2015) A neuroradiologist’s guide to arterial spin


https://doi.org/10.3389/fonc.2022.849657
https://doi.org/10.3389/fonc.2022.849657
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S1470-2045(08)70125-6
https://doi.org/10.1212/wnl.0b013e31821d74e7
https://doi.org/10.1212/wnl.0b013e31821d74e7
https://doi.org/10.3174/ajnr.a1377
https://doi.org/10.3174/ajnr.a1377
https://doi.org/10.1007/s00330-018-5314-5
https://doi.org/10.1007/s00330-018-5314-5

European Radiology

10.

11.

12.

13.

14.

15.

labeling MRI in clinical practice. Neuroradiology 57:1181-1202.
https://doi.org/10.1007/s00234-015-1571-z

Ferre JC, Bannier E, Raoult H, Mineura G, Carsin-Nicol B,
Gauvrit JY (2013) Arterial spin labeling (ASL) perfusion: tech-
niques and clinical use. J Radiol Diagn Intervent 94:1208-1221.
https://doi.org/10.1016/j.jradio.2013.04.010

Golay X, Petersen ET (2006) Arterial spin labeling: benefits and
pitfalls of high magnetic field. Neuroimaging Clin N Am 16:259—
268. https://doi.org/10.1016/j.nic.2006.02.003

Haller S, Zaharchuk G, Thomas DL, Lovblad KO, Barkhof F,
Golay X (2016) Arterial spin labeling perfusion of the brain:
emerging clinical applications. Radiology 281:337-356. https://
doi.org/10.1148/radiol.2016150789

Buxton RB, Frank LR, Wong EC, Siewert B, Warach S, Edel-
man RR (1998) A general kinetic model for quantitative perfusion
imaging with arterial spin labeling. Magn Reson Med 40:383—
396. https://doi.org/10.1002/mrm.1910400308

Welker K, Boxerman J, Kalnin A et al (2015) ASFNR recom-
mendations for clinical performance of MR dynamic susceptibility
contrast perfusion imaging of the brain. AINR Am J Neuroradiol
36:E41-51. https://doi.org/10.3174/ajnr.a4341

Flies CM, Snijders TJ, Van Seeters T et al (2021) Perfusion imag-
ing with arterial spin labeling (ASL)-MRI predicts malignant pro-
gression in lowgrade (WHO grade II) gliomas. Neuroradiology
63:2023-2033. https://doi.org/10.1007/s00234-021-02737-4
Louis DN, Perry A, Reifenberger G et al (2016) The 2016 World
Health Organization Classification of Tumors of the Central Nerv-
ous System: a summary. Acta Neuropathol 131:803-820. https://
doi.org/10.1007/s00401-016-1545-1

Ellingson BM, Wen PY, Cloughesy TF (2017) Modified cri-
teria for radiographic response assessment in glioblastoma
clinical trials. Neurother 14:307-320. https://doi.org/10.1007/
s13311-016-0507-6

Alsop DC, Detre JA, Golay X et al (2015) Recommended imple-
mentation of arterial spin-labeled perfusion MRI for clinical
applications: a consensus of the ISMRM perfusion study group
and the European consortium for ASL in dementia. Magn Reson
Med 73:102-116. https://doi.org/10.1002/mrm.25197

Maleki N, Dai W, Alsop DC (2012) Optimization of background
suppression for arterial spin labeling perfusion imaging. MAGMA
25:127-133. https://doi.org/10.1007/s10334-011-0286-3

17.

18.

19.

20.

21.

22.

23.

24.

25.

. Fallatah SM, Pizzini FB, Gomez-Anson B et al (2018) A visual

quality control scale for clinical arterial spin labeling images. Eur
Radiol Exp 2:45. https://doi.org/10.1186/s41747-018-0073-2
Lacerda S, Law M (2009) Magnetic resonance perfusion and per-
meability imaging in brain tumors. Neuroimaging Clin N Am
19:527-557. https://doi.org/10.1016/j.nic.2009.08.007

Wang YF, Hou B, Yang SJ et al (2016) Diagnostic significance of arte-
rial spin labeling in the assessment of tumor grade in brain. J Cancer
Res Ther 12:259-266. https://doi.org/10.4103/0973-1482.155978
van Dijken BRIJ, van Laar PJ, Holtman GA, van der Hoorn A
(2017) Diagnostic accuracy of magnetic resonance imaging tech-
niques for treatment response evaluation in patients with high-
grade glioma, a systematic review and meta-analysis. Eur Radiol
27:4129-4144. https://doi.org/10.1007/s00330-017-4789-9
Lavrova A, Teunissen WHT, Warnert EAH, van den Bent M,
Smits M (2022) Diagnostic accuracy of arterial spin labeling
in comparison with dynamic susceptibility contrast-enhanced
perfusion for brain tumor surveillance at 3T MRI. Front Oncol
12:849657. https://doi.org/10.3389/fonc.2022.849657

Blystad I, Warntjes JBM, Smedby O, Lundberg P, Larsson EM,
Tisell A (2020) Quantitative MRI using relaxometry in malignant
gliomas detects contrast enhancement in peritumoral oedema. Sci
Rep 10. DOI: https://doi.org/10.1038/s41598-020-75105-6
Seeger A, Braun C, Skardelly M et al (2013) Comparison of three
different MR perfusion techniques and MR spectroscopy for mul-
tiparametric assessment in distinguishing recurrent high-grade
gliomas from stable disease. Acad Radiol 20:1557-1565. https://
doi.org/10.1016/j.acra.2013.09.003

Landis JR, Koch GG (1977) The measurement of observer agree-
ment for categorical data. Biometrics 33:159-174

Derks S, Jongen JLM, van den Bent MJ, van der Veldt AAM
(2021) Assessment of imaging biomarkers in the follow-up of
brain metastases after SRS. Neuro Oncol 23:1983-1984. https://
doi.org/10.1093/neuonc/noab160

Borland D, Taylor MR 2nd (2007) Rainbow color map (still) con-
sidered harmful. IEEE Comput Graph Appl 27:14—17. https://doi.
org/10.1109/mcg.2007.323435

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1007/s00234-015-1571-z
https://doi.org/10.1016/j.jradio.2013.04.010
https://doi.org/10.1016/j.nic.2006.02.003
https://doi.org/10.1148/radiol.2016150789
https://doi.org/10.1148/radiol.2016150789
https://doi.org/10.1002/mrm.1910400308
https://doi.org/10.3174/ajnr.a4341
https://doi.org/10.1007/s00234-021-02737-4
https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.1007/s13311-016-0507-6
https://doi.org/10.1007/s13311-016-0507-6
https://doi.org/10.1002/mrm.25197
https://doi.org/10.1007/s10334-011-0286-3
https://doi.org/10.1186/s41747-018-0073-2
https://doi.org/10.1016/j.nic.2009.08.007
https://doi.org/10.4103/0973-1482.155978
https://doi.org/10.1007/s00330-017-4789-9
https://doi.org/10.3389/fonc.2022.849657
https://doi.org/10.1038/s41598-020-75105-6
https://doi.org/10.1016/j.acra.2013.09.003
https://doi.org/10.1016/j.acra.2013.09.003
https://doi.org/10.1093/neuonc/noab160
https://doi.org/10.1093/neuonc/noab160
https://doi.org/10.1109/mcg.2007.323435
https://doi.org/10.1109/mcg.2007.323435

	Arterial spin labelling MRI for brain tumour surveillance: do we really need cerebral blood flow maps?
	Abstract
	Objectives 
	Methods 
	Results 
	Conclusion 
	Clinical relevance statement 
	Key Points 

	Introduction
	Methods
	Patient selection
	MRI protocol
	Image analysis
	Data analyses

	Results
	Patient and lesion characteristics
	Relation between ASL-CBF ratios, ASL-PWI ratios, and visual classification
	Diagnostic accuracy

	Discussion
	References


