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ABSTRACT
BACKGROUND: The value of arterial spin-labeling in a pediatric population has not been assessed in a meta-analysis.
PURPOSE: Our aim was to assess the diagnostic accuracy of arterial spin-labeling– derived cerebral blood ﬂow to discriminate low- and
high-grade tumors.
DATA SOURCES: MEDLINE, EMBASE, the Web of Science Core Collection, and the Cochrane Library were used.
STUDY SELECTION: Pediatric patients with arterial spin-labeling MR imaging with veriﬁed neuropathologic diagnoses were included.
DATA ANALYSIS: Relative CBF and absolute CBF and tumor grade were extracted, including sequence-speciﬁc information. Mean
differences in CBF between low- and high-grade tumors were calculated. Study quality was assessed.
DATA SYNTHESIS: Data were aggregated using the bivariate summary receiver operating characteristic curve model. Heterogeneity was
explored with meta-regression and subgroup analyses. The study protocol was published at PROSPERO (CRD42017075055). Eight studies
encompassing 286 pediatric patients were included. The mean differences in absolute CBF were 29.62 mL/min/100 g (95% CI, 10.43– 48.82
mL/min/100 g), I2 ⫽ 74, P ⫽ .002, and 1.34 mL/min/100 g (95% CI, 0.95–1.74 mL/min/100 g), P ⬍ .001, I2 ⫽ 38 for relative CBF. Pooled
sensitivity for relative CBF ranged from 0.75 to 0.90, and speciﬁcity, from 0.77 to 0.92 with an area under curve ⫽ 0.92. Meta-regression
showed no moderating effect of sequence parameters TE, TR, acquisition time, or ROI method.
LIMITATIONS: Included tumor types, analysis method, and original data varied among included studies.
CONCLUSIONS: Arterial spin-labeling– derived CBF measures showed high diagnostic accuracy for discriminating low- and high-grade
tumors in pediatric patients with brain tumors. The relative CBF showed less variation among studies than the absolute CBF.
ABBREVIATIONS: aCBF ⫽ absolute CBF; ASL ⫽ arterial spin-labeling; HGT ⫽ high-grade tumor; LGT ⫽ low-grade tumor; rCBF ⫽ relative CBF; QUADAS-2 ⫽ Quality
Assessment of Diagnostic Accuracy Studies; WHO ⫽ World Health Organization

B

rain tumors are the second most common tumor affecting
children up to 19 years of age.1 Preoperative radiologic assessment strives to describe the grade (ie, high- versus low-grade),
location, and type of the lesion to guide therapeutic decisions. The
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spatial location of the lesions differs from that in adults, with
pediatric tumors commonly located infratentorially, including
the brain stem, which renders surgical resection more difficult.2
Location in eloquent areas might delay an operation when the risk
of postoperative deficit is weighed against potential longer overall
survival, or it may even hamper an operation. Thus, presurgical
grading into low- or high-grade tumor, respectively, is of clinical
importance for therapeutic and surgical decisions.
In adults, the traditional differentiation between low-grade
tumors (LGTs) and high-grade tumors (HGTs), based on the absence or presence of contrast enhancement alone, has proved too
simplistic.3,4 Previous reports have described the utility of gadoIndicates article with supplemental on-line tables.
Indicates article with supplemental on-line photos.
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linium-based perfusion MR imaging for differentiation of lowand high-grade tumors in adults.5,6 However, children are more
susceptible to repeat gadolinium-based contrast agent injection
with reportedly increased signal intensity in the dentate nucleus.7
A further concern is the nonlinear correlation between contrast
enhancement and tumor grade in children, in which grade I tumors (pilocytic astrocytomas) can show vivid enhancement despite the low tumor grade.8,9
As an alternative to contrast-enhanced MR perfusion, arterial
spin-labeling (ASL) is based on magnetic labeling of water molecules as an endogenous contrast agent. ASL, which provides absolute estimates of CBF, has been proved a valuable tool for adult
patients with brain tumors for discriminating LGT and HGT.10-16
However, adults and children have divergent tumor types, and the
diagnostic value of ASL in pediatric brain tumors has not been
fully investigated, to our knowledge.
The value of ASL for cerebral blood flow measurement in pediatric patients with brain tumors has only recently received attention, and reports have shown mainly promising results.17 Yet,
there is no consensus on the clinical role of ASL, partly due to
technical differences, including parameter settings, postprocessing schemes, and analysis methods, in hitherto published studies.
A meta-analysis would contribute to the body of evidence on the
value of ASL in pediatric brain tumors by evaluating data from
different centers using a variety of techniques and elucidating the
influence of different aspects of its diagnostic accuracy for discrimination of LGT and HGT. The primary aim of this study was
to aggregate the body of evidence on ASL in pediatric patients
with brain tumors and to assess the diagnostic accuracy of ASLderived CBF measures to discriminate LGTs and HGTs. In addition, we investigated to what extent variability in the technique
and difficulties rendering stable measurements that have previously hampered its wide clinical introduction18 influence the validity of CBF measurements using ASL.

MATERIALS AND METHODS
This meta-analysis was performed according to the Cochrane
Handbook for Diagnostic Test Accuracy Reviews19 and is reported according to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses 2009 guidelines.20 The study design
also adhered to current recommendations for diagnostic test accuracy meta-analyses,21 and the study protocol was prospectively
registered at PROSPERO (CRD42017075055; https://www.crd.
york.ac.uk/PROSPERO/).

Eligibility Criteria
Eligible studies reported ASL data for a pediatric cohort of patients (younger than 18 years of age) with brain tumors. Inclusion
criteria were the following: 1) Preoperative MR imaging was performed, including ASL, and 2) postoperative tumor diagnosis was
established by histopathology. Further inclusion criteria were that
CBF measurements from ASL had been stratified for tumor grade.
All ASL techniques were considered eligible for inclusion. Studies
presenting data on both absolute and relative CBF were considered for inclusion. Studies reporting recurrent tumors, longitudinal follow-up, adults, or single case reports were excluded. The
previously classified diffuse intrinsic pontine gliomas were ex-

cluded for 2 reasons: 1) Current World Health Organization
(WHO) 2016 guidelines that differ from those in 2007 and recognize diffuse midline gliomas as grade IV, and 2) errors in tissue
sampling or lack of neuropathologic information in included
studies due to the eloquent location.

Search Strategy and Selection Criteria
A literature search strategy was developed by a researcher with 9
years’ experience in meta-analysis along with a librarian with 5
years’ experience in conducting systematic searches (On-line Fig
1). The electronic search was performed at the Karolinska Institutet University Library, including the following databases:
MEDLINE (Ovid), Embase.com, the Web of Science Core Collection, and the Cochrane Library (Wiley). The MeSH-terms identified for searching MEDLINE (Ovid) were adapted in accordance
with the corresponding vocabulary in EMBASE (On-line Tables
6 –9). Each search concept was complemented with relevant freetext terms like “brain tumor,” “choroid plexus neoplasm,” “astrocytoma,” “arterial spin labeling” and “ASL.” The free-text terms
were, if appropriate, truncated and/or combined with proximity
operators. Conference abstracts were excluded. No language restriction was applied. Data bases were searched from inception
until January 8, 2018. Retrieved hits were assessed for inclusion
independently by 2 researchers with 9 years’ and 1 year’s experience in meta-analyses, respectively, and were checked for congruency. Incongruences in the data extraction were solved through
discussion until a consensus was reached or by consulting a third
researcher with 4 years’ experience in meta-analysis.

Data Items and Extraction
Data from each eligible study were extracted independently by 2
researchers onto preformed sheets developed for this study. They
extracted the following parameters: mean and maximum absolute
(aCBF) or relative CBF (rCBF)—that is, the ratio of signal intensity in the lesion over signal intensity in the contralateral normalappearing cortical gray matter, for example, in the cerebellum or
the temporal lobe, in LGT and HGT. In addition, the number of
patients, patient age, WHO classification, general anesthesia (yes/
no), study first author, year of publication, study region origin, MR
imaging scanner model and manufacturer, number of channels in
the head coil used, field strength Tesla, ASL technique (pseudocontinuous or pulsed), TR, TE, number of partitions, flip angle, postlabeling delay (milliseconds), postprocessing, acquisition time, ROI
technique, and reference region were extracted. Any incongruences
in the data extraction were solved as mentioned above.

Bias Assessment
Risk of bias in the individual studies was assessed by the revised
Quality Assessment of Diagnostic Accuracy Studies (QUADAS-2)
tool.22 One author with 9 years of experience adapted the
QUADAS-2 template to fit the assessment of studies included and
added relevant questions for each item. Two researchers independently performed a risk of bias assessment based on the published
articles and supplementary material if available. Each item in the
QUADAS-2 tool was scored as either “low,” “high,” or “indeterminate” risk of bias for each of the individual studies or applicaAJNR Am J Neuroradiol 39:1536 –1542
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Heterogeneity was explored by bivariate meta-regression. Statistical analyses were prespecified and analyzed in
RevMan23 and in R statistical and computing software (http://www.r-project.
org),25 implementing the mada24 and
pROC packages.26

RESULTS
Search Results

FIG 1. Risk of bias. Patient selection: it is low if consecutive or reported in years of inclusion
together with clear inclusion criteria. Unclear if no mention of consecutive series of patients. High
if a nonconsecutive series was reported. Index test: low if ASL was interpreted blinded. Unclear if
no information on blinding but a predeﬁned cutoff was speciﬁed for a positive test. High if an
exploratory cutoff was used and no information on blinding was given. Reference standard: low
if reported on a blinded evaluation and WHO adherence. Unclear if no information on blinding
was given. High if reported on an unblinded evaluation. Flow and timing: low if ⬍30 days between
ASL and histopathology. Unclear if not reported. High if reported after ⬎6 months. Applicability
concerns. Patient selection: low if mixed tumor types. Unclear if tumor types were not reported
or only 1 tumor type was reported. High if other comparisons than between high- and low-grade
were given. Index test: low if presented as relative CBF from 3D pseudocontinuous ASL. Unclear
if CBF was not normalized but pseudocontinuous ASL was used. High if perfusion metrics other
than CBF were presented or if pulsed ASL was used. Reference standard: low if tumors were
classiﬁed according to WHO 2007 or later. Unclear if WHO was used but the year was unspeciﬁed.
High if no report on the histopathologic diagnosis classiﬁcation system.

bility concerns of studies regarding the main outcome of this
meta-analysis.

Statistical Analysis
The sensitivity and specificity of aCBF/rCBF to discriminate LGT
and HGT in the studies were used to calculate the true-positive, truenegative, false-positive, and false-negative counts. In studies reporting individual patient data, aCBF and rCBF from each individual
were used to calculate the receiver operating characteristic and contingency (2 ⫻ 2) table data, including the optimal cutoff.
The mean difference in aCBF/rCBF and its corresponding
95% confidence interval between LGT and HGT was presented
using the inverse variance statistical method with the randomeffects analysis model for the effects measure in RevMan (http://
community.cochrane.org/help/tools-and-software/revman-5).23
The univariate measures of sensitivity and specificity for aCBF
and rCBF to discriminate LGT from HGT were calculated for
eligible studies.24 To take into account the inverse relationship
between sensitivity and specificity in diagnostic-accuracy studies, we applied a bivariate approach using the restricted maximum
likelihood estimation method. The bivariate summary receiver operating characteristic curve described the overall diagnostic performance of ASL to differentiate LGT and HGT, with a corresponding
95% confidence interval for sensitivity and specificity.24
1538
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The systematic search yielded 105 hits
before deduplication. Sixty-one hits remained after removing duplicates and
were screened for inclusion in the
meta-analysis. Thirty-nine articles were
excluded after title and abstract assessment, with 22 articles remaining for fulltext evaluation. After full-text evaluation, 14 studies were excluded for the
following reasons: 12 having no pediatric cohort, 1 review article, and 1 having no quantitative data available.
Eight studies including 286 patients
were included in the meta-analysis.17,27-33 The study selection is presented in the On-line Figure 1.

Study Characteristics

Study characteristics of 8 included studies are presented in On-line Table 1,
with ASL sequences and study specifications in On-line Tables 2–5. Most (6 of
8 studies) included studies used 3Dpseudocontinuous
ASL.17,27-29,32,33
30,31
Two studies used pulsed ASL.
Four of 8 studies used 1.5T,
with the remaining using 3T. Risk of bias within studies as assessed by the QUADAS-2 tool, which showed a general low or
indeterminate risk of bias (Fig 1). High risk of bias was attributed
to undefined blinding procedures when analyzing the ASL data
and applying the exploratory cutoff determination in 5 of 8
studies.28-31,33 High risk of applicability concern was found in
3 studies29-31: One study did not report a clear description of
the reference standard,29 and 2 studies applied pulsed ASL30,31
as well as a unique (for the meta-analysis cohort) postprocessing method of vascular crushing.31 Applicability concerns were
taken into account in the subgroup analyses by stepwise
exclusion.

Mean Difference in CBF between Low- and High-Grade
Tumors
The mean difference in aCBF showed a significantly higher CBF in
HGT compared with LGT; the mean difference for aCBF was
29.62 mL/min/100 g (95% CI, 10.43– 48.82 mL/min/100 g). The
test for overall effect (Z) was 3.03 (P ⫽ .002), and for rCBF, 1.34
mL/min/100 g (95% CI, 0.95–1.74 mL/min/100 g) (P ⬍ .001),
depicted in Tables 1 and 2. Reported or calculated optimal cutoffs
for the discrimination of low- and high-grade tumors are pre-

Table 1: Absolute CBF in low- and high-grade tumors with associated results from meta-analysis of mean dataa
High-Grade Tumors
Low-Grade Tumors
Study
Dangouloff-Ros et al, 201527
Dangouloff-Ros et al, 201617
Hales et al, 201328
Kikuchi et al, 201733
Liu et al, 201529
Morana et al, 201730
Vidyasagar et al, 201631
Yeom et al, 201432
Total (95% CI)

Mean
aCBF
239
80.12
111.5
46.33
53.52
0
68.75
0

SD
94.75
47.31
2.12
22.89
17.4
0
31.77
0

Total
(No.)
2
65
2
7
6
0
4
0
86

Mean
aCBF
81.14
31.6
80.33
19.89
47.32
0
51.3
0

SD
33.92
10.39
29.66
21.33
14.74
0
42.87
0

Total
(No.)
7
52
6
11
6
0
19
0
101

Weight
1.90%
24.20%
18.80%
20.10%
21.50%
13.50%
100%

Mean Difference, IV,
Random-Effects,
95% CI (aCBF)
157.86 (24.16–291.56)
48.52 (36.68–60.36)
31.17 (7.26–55.08)
26.44 (5.31–47.57)
6.20 (⫺12.05–24.45)
Not estimable
17.45 (⫺19.17–54.07)
Not estimable
29.62 (10.43–48.82)

Note:—IV indicates inverse variance.
a
Heterogeneity: 2 ⫽ 360.34, 2 ⫽ 19.31, df ⫽ 5 (P ⫽ .002); I2 ⫽ 46%; Test for overall effect: Z ⫽ 3.03 (P ⫽ .002).

Table 2: Relative CBF in low- and high-grade tumors with associated results from meta-analysis of mean dataa
High-Grade Tumors
Low-Grade Tumors
Study
Dangouloff-Ros et al, 201527
Dangouloff-Ros et al, 201617
Hales et al, 201328
Kikuchi et al, 201733
Liu et al, 201529
Morana et al, 201730
Yeom et al, 201432
Total (95% CI)

Mean
rCBF
3.4
1.74
0
1.76
0
2.08
2.98

SD
0.99
1.45
0
0.95
0
0.98
1.9

Total
(No.)
2
65
0
7
0
14
21
109

Mean
rCBF
0.9
0.68
0
0.69
0
0.81
1.12

SD
0.26
0.24
0
0.81
0
0.56
0.36

Total
(No.)
7
52
0
11
0
12
32
114

Weight
7.10%
37.50%
15.40%
23.90%
16.20%
100%

Mean Difference,
IV, Random-Effects
95% CI (rCBF)
2.50 (1.11–3.89)
1.06 (0.70–1.42)
Not estimable
1.07 (0.22–1.92)
Not estimable
1.27 (0.67–1.87)
1.86 (1.04–2.68)
1.34 (0.95–1.74)

Note:—IV indicates inverse variance.
a
Heterogeneity: 2 ⫽ 0.13, 2 ⫽ 9.28, df ⫽ 5 (P ⫽ .10); I2 ⫽ 46%; Test for overall effect: Z ⫽ 5.94 (P ⬍ .00001).

sented in Table 1. Heterogeneity regarding the results was lower
for relative CBF compared with absolute CBF.

Summary Receiver Operating Characteristics
Absolute CBF. Distributions of the sensitivity and specificity for
aCBF ranged between 0.69 and 0.92 for sensitivity and from 0.63
to 0.93 for specificity.17,27-29,33
The bivariate summary receiver operating characteristic curve
described an area under the curve of 0.90. Excluding pilocytic
astrocytomas and the subgroup of posterior fossa tumors in the
study by Dangouloff-Ros et al 201617 only slightly affected the
diagnostic performance (area under curve ⫽ 0.88). Excluding 1
study with a high risk of applicability concern of the reference
standard in QUADAS-2 did not lower the overall diagnostic performance to discriminate low- and high-grade tumors (area under
curve ⫽ 0.92).29 Bivariate meta-regression found no moderating effect on the outcome (sensitivity or specificity) by TE, TR, acquisition
time, or ROI method (maximum or mean CBF) (P ⬎ .05).
Relative CBF. rCBF univariate measures of sensitivity and specificity are presented in On-line Fig 2 and ranged between 0.75 to
0.94 for sensitivity and from 0.79 to 0.92 for the specificity. The
bivariate summary receiver characteristics curve depicted in Fig 2
described the area under the curve to discriminate LGT and HGT
by rCBF as 0.92. In sensitivity analysis, excluding pilocytic astrocytomas and the subgroup of posterior fossa tumors in the study
by Dangouloff-Ros et al 201617 did not increase the diagnostic
performance (area under curve ⫽ 0.91). Excluding 1 study that
used pulsed ASL30 did not increase the diagnostic performance
(area under curve ⫽ 0.88). In agreement with the subgroup anal-

ysis of pulsed-ASL or 3D-pseudocontinuous had no moderating
effect on the outcome (sensitivity or specificity) in bivariate metaregression (P ⬎ .05). Furthermore, bivariate meta-regression
found no moderating effect on the outcome by TE, TR, or acquisition time (P ⬎ .05).

DISCUSSION
This meta-analysis found an aggregated high diagnostic accuracy
for cerebral blood flow measurements derived from ASL MR imaging to discriminate LGT and HGT in pediatric patients. Preoperative indications of tumor grade can be important when considering different treatment strategies, clinical decisions related to
the timing of treatment, surgical strategies, and prognosis and in
longitudinal follow-up of patients.
Factors that might potentially affect the results were analyzed
to gain an understanding of the diagnostic potential of ASL, depending on technical properties and patient-specific factors. Both
the sensitivity and specificity of ASL-derived CBF measurements
were taken into account in evaluating the overall summary receiver operating characteristic curve and when exploring the role
for potential moderators of the effect size.
This report is in accordance with a previous meta-analysis
evaluating ASL in an adult population that reported the standardized mean differences in CBF between LGT and HGT,10
even though pediatric brain tumors have different biologic
properties though similar histology.34
Our results show that the diagnostic accuracy to discriminate
brain tumor grades in children is similar to previous reports evaluating perfusion MR using gadolinium injection in a pediatric cohort.35
AJNR Am J Neuroradiol 39:1536 –1542
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relative CBF in intra-axial brain tumors,
cutoffs were more similar.
The impact of age on measurements
has not been fully accounted for in the
included studies nor has a standardized
measurement been used across studies.
Representative measurement of tumor
blood flow might be hampered by partial volume effects in ASL.
Our study shows that slight parameter changes between study protocols did
not have a moderating effect on the diagnostic accuracy. Most included studies applied the 3D-pseudocontinuous
ASL technique. Pseudocontinuous ASL
has a high repeatability among scanners,
and examinations are in accordance
with findings in previous reports.18,49
Although not immediately evident in
our study, the 3D technique has been
shown to be superior to 2D.50
Future research in this field should
be directed toward the evaluation of
other indications when a noninvasive
evaluation of blood flow could give important clinical information and possiFIG 2. Summary of the receiver operating characteristic curve (bivariate model) for the discrim- bly also continue to extend the method
ination of low- and high-grade tumors by relative CBF. The curved line describes the variation in
sensitivity and false-positive rate (1-speciﬁcity) across the data depicted by open triangles and the to calculate cerebral blood volume,
51
open circle, indicating the summary estimate surrounded by the conﬁdence region illustrated by mean transit time, and permeabili52-54
the thinner black line. The area under the curve was 0.92. SROC indicates summary receiver ty.
An additional advantage of
operating characteristic; conf, conﬁdence.
ASL could be the possibility of quantitative measured perfusion. FurtherThe use of ASL seems justified in children due to its noninvamore, the impact of CBF measurement on overall survival and
sive nature, with lack of contrast agent injection and lack of radilongitudinal follow-up should be evaluated.
ation exposure. Pediatric patients subject to MR imaging and not
We strove to diminish the influence of publication bias by
having an intravenous line might thus be investigated with brain
also searching for gray literature in scientific data bases. SecMR imaging rendering both morphologic and physiologic data
ond, the number of included studies is quite small, in part
on perfusion without gadolinium-based contrast agent injection.
reflecting the difficulty in evaluating pediatric patients with
The ASL technique has been available for ⬎2 decades without
rare diseases and new techniques. However, the included studbeing introduced in full in the clinic.36-41 This study, including
ies comprised 286 patients from several different centers in the
original studies published between 2013 and 2017, provides eviworld. Included articles mainly used the 2007 WHO brain tudence that ASL is approaching an introduction in clinical practice
mor classification. One measure that was used to adapt to the
for the evaluation of pediatric brain tumors. There have been
2016 classification of brain tumors was to exclude midline glioconcerns raised that ASL would be an immature and unreliable
mas located in the pons. This decision was supported by the
perfusion technique regarding low signal-to-noise ratio,42,43 the
lack of a histologic sample from some of these patients due to
influence of physiologic fluctuations on the blood flow,43 and the
the eloquent location of these tumors.
effects of anesthesia.44
Although absolute CBF is desirable, ASL-derived CBF shows
high variation among subjects due to global physiologic factors
such as hematocrit, sex, age, and cardiovascular disease.45-47 In
addition, ASL-derived CBF measurements can be variable when
the pulse sequences and postprocessing algorithms are not standardized.48 Due to the variability of the tumors in individual studies in this meta-analysis, estimated and reported cutoffs for the
discrimination of low- and high-grade tumors varied among
studies even when data acquisition was similar (3D pseudocontinuous arterial spin/labeling). However, the cutoff for relative
CBF varied less than that for absolute CBF. For studies reporting
1540
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CONCLUSIONS
Available data on the applicability of ASL in children with brain
tumors indicate a high diagnostic accuracy to discriminate lowand high-grade tumors. Relative CBF showed less variation between studies compared with absolute CBF.
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