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Abstract

Background: Brain tumours are a leading cause of mortality in children. Accurate
tumour grading is essential to plan treatment and for prognostication. Perfusion imaging
has been shown to correlate well with tumour grade in adults. However, there are fewer
studies in paediatric patients. Moreover, there is no consensus regarding which MR
perfusion technique demonstrates the highest accuracy in the latter population.

Aim: To compare the diagnostic test accuracy of dynamic-susceptibility contrast and
arterial spin-labelling, in their ability to differentiate between low- and high-grade
paediatric brain tumours at first presentation.

Methods: A systematic review of the literature and metanalysis of the extracted data was
performed. PRISMA guidelines were followed.

Results: 10 studies (7 ASL and 5 DSC) comprising 477 patients were included. The area
under the curve (AUC) for the summary ROC of the combined studies was 0.866. The
pooled AUC for ASL was 0.88, whilst that for DSC was 0.86. Pooled sensitivity was
0.824, 95% CI [0.757 - 0.876] for ASL and 0.789, 95% CI [0.552 - 0.919] for DSC.
Pooled false positive rate was 0.204, 95% CI [0.142 0.285] for ASL and 0.203, 95% ClI
[0.081 - 0.425] for DSC. ASL appeared to perform better than DSC however the
difference between the two studies was not statistically significant.

Conclusion: Whilst DSC has been used more frequently than ASL in this field, the
application of ASL is increasing. ASL is a contrast-free, non-invasive technique. As the
diagnostic accuracy of ASL has been shown to be comparable and not inferior to DSC,
its use in the diagnostic assessment of these patients should continue to be supported,
however further studies with larger numbers and standardised practice are needed.

Keywords: paediatric; brain; tumour; grade; MRI; perfusion
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1. Introduction

1.1 Background

Brain tumours are the most common solid tumours in the paediatric population with an
incidence of 6.14 per 100,000. They are also a leading cause of mortality in this age group,
surpassing other cancers and recognised as the top reason for cancer mortality in those
aged between 0 and 14 years at diagnosis (Barkovich AJ, 2005; Ostrom et al., 2020;

Surveillance Epidemiology and End Results (SEER) Program., 2019).

Gliomas comprise the majority of central nervous system tumours in children. Embryonal
tumours and pilocytic astrocytomas are the most prevalent before 9 years of age, whilst

grade 2 to 3 gliomas are most predominant until 19 years of age (Lannering et al., 2009).

Overall, the majority of gliomas are low-grade tumours with generally excellent outcomes
and a reported 20-year overall survival of 87% (Bandopadhayay et al., 2014). This is
largely due to the relatively recent advances in the neurosurgical field and adjuvant
therapy, with improved therapeutic outcomes also seen in patients with
medulloblastomas, in which the 5-year survival rate now exceeds 75%. On the other hand,
the mortality in high-grade gliomas, which comprise approximately 30% of these
tumours, is significantly higher. Prognosis in high-grade gliomas remains poor, with 5-
year survival still disappointingly low at about 20% (Fangusaro, 2012; Pollack & Jakacki,
2011). These tumours effectively pose a serious challenge in paediatric oncology.
Accurate grading of tumours prior to treatment is clinically important as it allows for

appropriate planning of therapeutic approach and prognostication. Whilst the current

diagnostic gold standard is histopathology from biopsy or surgical resection, there are a



number of cases where surgical access is not feasible or carries high risk. Furthermore,

histopathology analysis requires a few days until results are available.

Magnetic resonance imaging (MRI) plays a major role in diagnosis, surgical planning and
assessment following treatment. Conventional brain MRI in isolation is often limited in
this regard, and often fails to provide sufficient diagnostic test accuracy regarding
underlying tumour biology (Borja et al., 2013; Peet et al., 2012). The clinical necessity
for an imaging-based assessment of tumour grade in the field of neuro-oncology has led
to the development and implementation of advanced MRI techniques. These include MR
spectroscopy (MRS), diffusion-weighted imaging (DWI), diffusion tensor imaging
(DTI), susceptibility-weighted imaging (SWI1), functional imaging, chemical saturation
transfer imaging and perfusion imaging. Of the modalities providing information on the
physiology of tumours, perfusion MRI is a technique aimed at assessing hemodynamic
parameters, providing gquantitative maps of cerebral blood flow (CBF), cerebral blood
volume (CBV), and mean transit time (MTT), together with vascular permeability

parameters, i.e., contrast transfer coefficient (Ktrans) (Lacerda & Law, 2009).

MR perfusion has, in the past decade, become increasingly relevant in brain tumour
assessment, given the established use of anti-angiogenic and anti-vascular therapies,
(Farid et al., 2014) as well as for its ability to provide information regarding long-term
survival (Hipp et al., 2011) and tumour grade, as shall be discussed in detail in

Chapter 2.

There are currently three main MR perfusion modalities, namely dynamic susceptibility
contrast (DSC) and dynamic contrast enhanced (DCE) perfusion imaging, both of which

require the use of an exogenous contrast agent, and arterial spin labelling (ASL) which



utilises an endogenous tracer. Of these, DSC and ASL are routinely used. DCE is less
well-studied, particularly in the paediatric population, and shall therefore not be

considered in this review.

Whilst these imaging techniques have been well studied in adult patients, there is less
targeted research specifically relating to paediatric patients and no clear consensus of the
clinical role of these techniques. This is especially relevant when considering the fact that
the biological features of paediatric brain tumours are unique. The recently published
2021 update of the WHO Classification of Tumours of the Central Nervous System,
includes a number of notable changes (WHO Classification of Tumours Editorial Board.,
2021). In particular, for the first time, the 2021 WHO classification divides diffuse
gliomas into adult-type and paediatric-type neoplasms. More than ever before, the
differences between paediatric and adult brain tumours are being recognised, compelling

the undertaking of targeted research in this regard.

The purpose of this study is to compare the diagnostic test accuracy of the two most
widely used MRI perfusion techniques; dynamic susceptibility contrast and arterial spin
labelling, in their ability to differentiate between low- and high-grade paediatric brain
tumours at first presentation. A concise review of the literature regarding the classification
of paediatric brain tumours, as well as the technical aspects and recent developments of

these two MR perfusion methods is presented. The up-to-date relevant literature on the
application of MR perfusion in paediatric tumour grading will be systematically reviewed
and data regarding accuracy will be extracted from selected appropriate studies. This data
will then be synthesised and analysed to ascertain if these techniques can accurately

determine different tumour grades, and if one technique is superior to the other.



2. Literature review

2.1 Classification of CNS tumours

Tumours of the CNS have been traditionally classified according to location, patient age
at presentation and histological type. However recent advances in molecular biology and
genetics have allowed for a more comprehensive subgrouping. The 2021 WHO
classification of Tumours of the Central Nervous System represents the sixth version of
the international standard and continues to advocate the role of molecular diagnostics,
whilst retaining other established tumour characterisation methods, including histology

and immunohistochemistry.

Primary tumours of the CNS are divided into the following main categories: gliomas,
glioneuronal and neuronal tumours; embryonal tumours; choroid plexus tumours; pineal
tumours; cranial and paraspinal nerve tumours; meningioma; mesenchymal,
nonmeningothelial tumours; melanocytic tumours; haematolymphoid tumours; germ cell
tumours and sellar region tumours (Louis et al., 2021). Some of the key points in relation

to paediatric neuroimaging will be subsequently highlighted.

Gliomas, glioneuronal and neuronal tumours
As previously stated, the new classification recognises that there are tangible clinical and
molecular differences between gliomas that primarily occur in adults and those occurring

in children.



There are thus three subtypes of diffuse gliomas;

e adult-type diffuse gliomas, which comprise astrocytoma IDH-mutant,
oligodendroglioma IDH-mutant and 1p/19qg-codeleted, and glioblastoma, IDH-
wildtype.

e paediatric-type diffuse low-grade gliomas.

e paediatric-type diffuse high-grade gliomas.

Paediatric-type diffuse low-grade gliomas include diffuse astrocytomas, MYB or

MYBL1-altered; diffuse low-grade gliomas, MAPK pathway-altered; angiocentric

gliomas and polymorphous low-grade neuroepithelial tumour of the young (PLNTY).

MAPK pathway—altered diffuse low-grade gliomas include most tectal plate gliomas,
being IDH- and H3-wildtype. These lesions almost always demonstrate up-regulation of
the RAS/MAPK pathway, with a spectrum of FGFR1 and BRAF mutations. They also
lack histologic features of malignancy and molecular alterations such as CDKN2A/B

mutations (Ryall et al., 2020).

Angiocentric gliomas are rare tumours, typically presenting with intractable focal
epilepsy. They appear as cortically based T2-hyperintense masses, typically located in
the temporal or frontal lobes. Reported distinguishing imaging features include the
presence of intralesional high T1 signal areas, a stalk-like appearance and atrophy of the

regional brain parenchyma (Kurokawa et al., 2022).

PLNTY is a recently recognised entity characterised by oligodendroglioma-like
histology, variable morphology and alterations in the MAPK-pathway. Radiologically it

typically manifests as a well-delineated supratentorial T2-hyperintense lesion, the most



common location being the temporal lobe. The presence of central calcification and

peripheral cystic components is characteristic (Y. Chen et al., 2020).

Paediatric-type diffuse high-grade gliomas are further classified into the following four

subtypes based on molecular features:
e diffuse midline glioma, H3 K27-altered
o diffuse hemispheric glioma, H3 G34-mutant
o diffuse paediatric-type high-grade glioma, H3-wildtype

e |DH-wildtype and infant-type hemispheric glioma

Of note, the classic diffuse intrinsic pontine gliomas, manifesting as expansile T2-
hyperintense lesions are most commonly H3K27-altered diffuse midline gliomas.
Additionally, unilateral or bilateral thalamic lesional involvement is commonly seen with
these gliomas, together with aggressive local spread and early metastatic dissemination

(Aboian et al., 2017).

Infant-type hemispheric gliomas are typically seen in the first year of life. They usually

occur in a supratentorial location, and are large, sometimes even holo-hemispheric
heterogenous lesions, often demonstrating intra-tumoural haemorrhage. These gliomas
exhibit molecular mutations involving the receptor tyrosine kinases ALK, ROS1, NTRK,

MET (Guerreiro Stucklin et al., 2019).

Circumscribed astrocytic gliomas are characterised as such by their comparatively more

solid growth pattern and include the well-known pilocytic astrocytoma, pleomorphic

xanthoastrocytoma, subependymal giant cell tumours and chordoid gliomas. Two new



entities have been introduced in the recent classification; high-grade astrocytomas with

piloid features and MN1-altered astroblastoma.

High-grade astrocytomas with piloid features have been noted to arise in the posterior
fossa in adult patients with neurofibromatosis type 1. These tumours differ from the
typical paediatric pilocytic astrocytomas. They exhibit CDKN2A/B deletions, possess a

distinct DNA methylation profile and have a much poorer prognosis (Bender et al., 2021).

Astroblastomas are typically superficial, supratentorial, relatively well-circumscribed
lesions with a multicystic or “bubbly” appearance and little, if any, surrounding vasogenic
oedema. The presence of MN1 alterations (a transcriptional coregulator involved in the
development of meningiomas and acute myeloid leukaemia) is used to define the lesion

(W. Chen et al., 2020).

Since the implementation of molecular characterisation, there has been a significant
advancement in the treatment of low-grade gliomas. Most notably identification of BRAF
V600E mutations allows targeted therapy using BRAF inhibitors. Dabrafenib plus
trametinib has recently been approved by the FDA for the treatment of BRAF V600E

low-grade gliomas (Wen et al., 2022) .

Glioneuronal/neuronal tumours are a varied group of tumours characterised by neuronal

differentiation and include the following: ganglioglioma, desmoplastic infantile
ganglioglioma/astrocytoma (DIG), dysembryoplastic neuroepithelial tumour (DNET),
diffuse leptomeningeal glioneuronal tumour, dysplastic cerebellar gangliocytoma and
neurocytomas. The following three entities have been added in the updated classification:

myxoid glioneuronal tumour, diffuse glioneuronal tumour with oligodendroglioma-like



features and nuclear clusters (DGONC) and multinodular and vacuolating neuronal

tumour (MVNT).

Ependymal tumours, which represent 5-10% of all childhood primary brain tumours are

the third most frequently occurring paediatric brain cancer. More than 90% of
ependymomas originate in the brain (mostly commonly infratentorially), with the
remainder arising in the spinal cord. They are classified into four histological groups:
subependymoma, myxopapillary, classic and anaplastic. The latter two are the most
frequently seen in children (Udaka & Packer, 2018). Ependymomas are now further
classified depending on location, as well as histological and molecular features, which

have been shown to correlate with outcome.

On imaging, posterior fossa ependymomas demonstrate a lobulated heterogenous
appearance, often containing cystic changes and/or calcifications. They typically arise
from the body or inferior fourth ventricle with classical extension through the foramen of
Magendie and the foramina of Luschka. Infratentorial ependymomas are now classified
as group PFA or group PFB based on their DNA methylation profile. Group A tumours

are hypermethylated and are mostly found in infants and young children. They are
associated with a poorer outcome when compared to Group B tumours. With regards to
spinal cord ependymomas, apart from the classic myxopapillary variant, a new entity
defined by the presence of MYCN amplification is now recognised. It is seen more
commonly in adults and associated with early dissemination and a poor prognosis (Louis

etal., 2021).

Supratentorial ependymomas fall into another two major subgroups: ZFTA fusion-

positive and YAPL fusion-positive. The former occurs in children and adults and is seen



as relatively well demarcated mixed solid-cystic lesion on imaging. YAP1 fusion-positive
ependymomas usually occur in children below the age of 3 years and have a better

prognosis (Ellison et al., 2020).

Embryonal tumours

CNS embryonal tumours are divided into two groups: medulloblastoma and other CNS

embryonal tumours.

Medulloblastomas are the most common malignant brain tumours in children and

comprise up to 20% of all paediatric brain tumours (Ostrom et al., 2020). In the past,
classification was based on histology with the following four recognised categories:
classic, desmoplastic/nodular, medulloblastoma with extensive nodularity (MBEN), and
large cell/anaplastic. The current classification incorporates both histology and molecular
profiling based on DNA methylation or transcriptome profiling. The following four
distinct subgroups have been established: WNT-activated, SHH-activated and TP53 wild-
type, SHH-activated and TP53-mutant, and non-WNT/non-SHH (Louis et al., 2021).

The WNT-activated subtype occurs mostly in older children and accounts for about 10%
of medulloblastomas. Based on imaging studies, the cerebellar peduncle and
cerebellopontine angle appear to be the most characteristic locations, however these
tumours can be located anywhere in the posterior fossa. They are thought to arise from
the lower rhombic lip, are usually of classic histology and have the most favourable
prognosis of all four groups. Metastases are rare at presentation, and the 5-year survival

rate is 95% (Reis et al., 2021).

The SHH-activated/TP53 wild-type medulloblastoma is the second commonest subtype

comprising approximately 30% of medulloblastomas overall. It mainly occurs in infants



and adults, being rare in children. These tumours appear to arise from granule neuron
progenitor cells in the upper rhombic lip and are thus typically located in a cerebellar
hemisphere, however may also occur in the midline. This subgroup is the most
heterogenous in terms of its biologic, pathological and clinical characteristics. SHH-1 and
SHH-2 subgroups most frequently demonstrate desmoplastic or MBEN histology, whilst

SHH-3 and SHH-4 subgroups usually exhibit classic or large-cell anaplastic histology.

SHH-activated/TP53-mutant medulloblastoma is the rarest subtype and confers the worst
overall prognosis. It typically occurs in children with a predilection for males and is

highly aggressive in nature with a propensity to metastasize.

The non-WNT/non-SHH subtype represents 50%-60% of all medulloblastomas, making
it the most common of the four groups. This entity incorporates the former group 3 and
group 4 medulloblastomas and is further divided into eight subgroups based on
methylation profiling. These medulloblastomas can be found in all locations, classically
in the midline around the fourth ventricle, and often exhibit minimal or no enhancement

(Osborn et al., 2022).

Other embryonal tumours

This group includes embryonal tumour with multi-layered rosettes (ETMR), atypical
teratoid/rhabdoid tumour (ATRT), as well as a few new tumour types: CNS tumour with
BCOR internal tandem duplication, FOXR2-activated CNS neuroblastoma, and the

provisional entity cribriform neuroepithelial tumour (Louis et al., 2021).

ETMRs occur in infants and children below the age of four years. They are seen on

imaging studies as large, heterogeneous masses with relatively well-defined margins and

10



high cellularity and restricted diffusivity of the solid components. The vast majority are
supratentorial in location. Necrosis and intra-tumoural haemorrhage are commonly seen

and the enhancement pattern is highly variable.

ATRT usually present as a posterior fossa mass, however also frequently arise
supratentorially. The vast majority of cases occur in young children less than two years
of age. It is also typically a large heterogenous mass, and it may be difficult to distinguish

it from ETMR on imaging (Shih & Koeller, 2018).

CNS neuroblastoma peaks at about 5 years of age, being characterised genetically by
FOXR2 gene alterations, and histologically by neuronal differentiation, increased
vascularity, presence of necrosis and endothelial proliferation. The imaging appearance
is that of a large, heterogeneous supratentorial mass with prominent cysts, necrosis, little
surrounding oedema, and variable enhancement. CNS tumours with BCOR internal
tandem duplication, are malignant tumours seen in children and adolescents, typically in
the cerebral or cerebellar hemispheres. As yet only a small number of cases describing

imaging findings have been reported in the literature (Osborn et al., 2022).

2.2  Dynamic Susceptibility Contrast

Dynamic susceptibility contrast imaging is the most commonly used MR perfusion
technique. It involves the injection of a gadolinium-based contrast agent through a large
gauge cannula followed by rapid tracking of the bolus via MR imaging (Calamante,
2013). Many centres administer a preload, i.e., a third of the total contrast dose prior to
the dynamic study. This serves to reduce effects of contrast leakage T1 effects, which is
particularly relevant in the imaging of brain tumours as will be discussed later. After a

delay of about 5 minutes, the remainder of the contrast is injected at a rate of 3-5 mL/s

11



(Jahng et al., 2014). The passage of contrast causes a susceptibility gradient between the
intravascular and extravascular compartments by means of local distortions in the main

magnetic field, resulting in a transient loss of signal intensity in the vicinity of vessels.

The rapidly varying signal changes that are generated are measured using ultrafast
imaging sequences. The most frequently used method is the T2*-weighted gradient-echo
(GRE) echo planar imaging (EPI), which is sensitive to vessels of all diameters.
Alternatively, T2-weighted images, obtained with spin-echo (SE) EPI methods can also
be applied, with the advantage of minimising artifact at interfaces between brain and bone
or air and of being more sensitive to signal changes at a microvascular level, such as
capillaries, rather than that in larger vessels, such as cortical veins. The latter technique

however requires larger contrast doses (Simonsen et al., 2000).

The signal-time course data for each voxel is converted into tracer tissue concentration-
time course data. This conversion uses the assumption that the concentration of
gadolinium is proportional to the noted change in T2*-relaxation rate (AR2* = 1/AT2%¥),

which in turn is proportional to the negative logarithm of relative signal intensity:

[Gd] o AR2* ' (St)

[0'd = —— —
TE °\S,

In the above formula, Se represents the baseline signal intensity in a given voxel, whilst

St is the signal at time t during passage of the contrast agent bolus (Rosen et al., 1989).

Measurement of the flow of the cerebral blood is based on the concept that the capillary
bed is a linear system. Following the instantaneous injection of contrast agent into the
arterial system at time 0, some of the contrast particles will travel through a direct

pathway to the venous side of the capillary bed, whilst other particles will take longer and

12



more tortuous routes. This results in a dispersion of the contrast agent particles within the
tissue and a range of particle transit times. The percentage of injected contrast remaining
in the tissue at time t after an instantaneous injection is known as the residue, the function
of which can be expressed as a curve, starting at 1 and washing out over time until no
contrast remains in the tissue. Tissues with rapid transition of contrast will have sharp and
narrow residue curves, whilst those with prolonged transition time will have a wide
residue curve. The area under the curve represents the average transition time of a contrast

agent particle through the capillary bed, known as the mean transit time (MTT).

In practice however, instantaneous delivery of contrast agent to the brain is not possible,
unless direct carotid injection is performed. A number of factors including cardiac output,
vessel calibre and confirmation as well as injection rate and dispersion, influence and
delay the delivery of contrast agent to the studied tissue. In order to address this,
measurement of the arterial input function (AIF) is performed allowing correction for the
injection profile and dispersion of the contrast agent. The AIF may be obtained directly
from the imaging data by manually selecting the voxels in or near a large artery, such as
the middle cerebral artery. This method is referred to as global AIF and is applied to all
voxels within a slice. However, an appreciable distance may exist between the site of
AIF measurement and the voxel of interest. This may result in errors in haemodynamic
quantification due to bolus delay and dispersion of contrast. A potentially superior
approach is to identify several local AIF arising from small arteries located very close to
each of the tissue voxels being imaged. The main reservation of this approach is the fact

that partial volume artefact may arise due to the small vessel size (Calamante et al., 2004).

Through the mathematical process of convolution, the individual instantaneous contrast

agent residues at various time delays after injection are scaled using individual AIF and

13



integrated together to generate the tissue contrast concentration curve. Thus, when
performing DSC perfusion, the AIF and contrast concentration curve can be directly
measured. The tracer concentration-time curves are then deconvolved with the AIF for

each voxel in the brain, resulting in an estimate of the residue function. This is then
analysed to determine various tissue hemodynamic parameters. The initial height of the
deconvolved tissue concentration-time curve equates to the cerebral blood flow (CBF)
and integrating the area under curve allows determination of the cerebral blood volume
(CBV). The mean transit time (MTT) may then be calculated as the ratio of CBV to CBF.
Additionally, the time point where the maximum concentration of the bolus is reached is
referred to as the time to peak (TTP) (QDstergaard et al., 1996). Many deconvolution
algorithms have been developed, with the most commonly used being singular value
decomposition, Fourier transformation and statistical inference methods (Fieselmann et

al., 2011).

Of note these parameters are dependent on a number of factors, related to the bolus
injection, as well as variables within the patient being imaged, such as total-body vascular
volume and cardiac output. Thus, the obtained haemodynamic measurements cannot be
directly compared between different patients, and may even vary between different
examinations of the same patient. Intra and intrasubject comparison is made possible by
using an internal reference standard, such as normal appearing grey or white matter,

allowing semiquantitative or relative values to be obtained (Petrella & Provenzale, 2000).

The data analysis methods described assume that the contrast agent which is injected

remains within the intravascular compartment and that for this reason the T1 effects may

be ignored. However, in several brain tumours this is not the case, as they cause a

14



breakdown of the blood-brain barrier and leakage of contrast into the extracellular
extravascular space (EES), thus altering the resulting signal in two competing ways. The
T1 value of the EES is shortened, resulting in an increase in signal which competes with
the intravascular signal, leading to an underestimation of CBV. Conversely, the change
in susceptibility differences between the intravascular compartment and the EES causes
a decrease in signal and failure to return to baseline and hence an overestimation of CBV.
A potential approach to mitigating adverse T1 effects resulting from contrast leakage is
to administer a single-dose preload of contrast before the acquisition of the DSC data,
during which a second dose of contrast is administered. This serves to reduce the
concentration gradient between the intravascular and extravascular compartments that
drives the extravasation of contrast, thus lowering the T1 of the extravascular
compartment (Leu et al., 2017). In one study it was shown that a single-dose preload (0.1
mmol Gd/kg) with a 5-minute incubation time before the examination dose, resulted in

the best distinction in rCBV between tumor and treatment effect (Hu et al., 2010).

Careful selection of sequence parameters and post-processing techniques is also useful to
minimise the effect of contrast leakage on the signal-time course. In fact, in another study
even though contrast agent preload was used, valid correlation with tumour grade was
only achieved when post-processing leakage correction was applied (Schmainda et al.,
2004). The Boxerman technique is the most widely used post-processing method that
allows correction of CBV by using the signal-time course obtained from a whole brain
mask of non-enhancing pixels in order to correct the leakage affected DSC signal-time
course. A parameter representing the amount of leakage that has taken place, referred to

as K2, is also acquired (Boxerman et al., 2006).
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2.3  Arterial Spin Labelling

Arterial spin labelling is an MR perfusion technique that employs the use of
radiofrequency (RF) pulses to non-invasively label protons within arterial blood allowing
it to act as endogenous tracer. Following labelling of spins within a labelling plane and a
specified time interval, an image of the brain within the acquisition plane is obtained;
termed the tagged image. Subsequently the same image of the brain without the
application of a RF pulse is obtained; termed the control image. Kinetic model estimations
are then used to calculate quantitative cerebral blood flow (CBF) maps, using the
perfusion-weighted image rendered from the signal difference between the tagged and

control images (Williams et al., 1992).

Usually, the relative difference between the control and labelled images is quite low,
resulting in a low signal-to-noise ratio (SNR) and thus poor quality of the final CBF
images. This is ameliorated by acquiring many repetitions of the control and label images

(Haller et al., 2016).

There are two main techniques used for labelling: pulsed and continuous (Alsop et al.,
2015). In pulsed ASL (PASL), there is instantaneous inversion of all the proton spins
within a wide slab upon the application of discontinuous RF pulses. PASL techniques can
be further classified into those where spin labelling is done asymmetrically with respect
to the plane of imaging (EPISTAR, PICORE) or symmetrically (FAIR). Conversely, in
continuous ASL (CASL) there is a continuous application of an RF field within a thin
labelling plane, resulting in the flow-driven inversion of proton spins as they pass through
the labelling plane. A more recently developed variation of CASL is pseudo-continuous
ASL (pCASL), whereby a short train of RF pulses is used instead of a continuous one,

mimicking its effect. This technique offers high labelling efficiency and provides a higher
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SNR and reproducibility than that achieved using pulsed ASL (Dai et al., 2008).
Furthermore, pCASL allows for a reduced absorption rate and thus a lower tissue energy
deposition and magnetization transfer when compared to CASL (Kitajima & Uetani,

2023).

With regards to image acquisition, particular parameters to be considered are the read-out
technique, use of background suppression and the time interval between labelling and
image acquisition. Fast read-out methods, usually with multi-slice 2D EPI or alternatively
segmented 3D methods (3D GRASE or stack-of-spirals) are used. Whilst the latter
provide higher SNR and spatial resolution, they are more sensitive to motion when

compared to 2D methods.

Background suppression is achieved through the application of additional RF pulses
between the labelling phase and image readout, minimising the static spins and thus
reducing the background tissue signal with minimal effect on the perfusion component.
In this way, the unfavourable effect of head motion on a CBF image is reduced (Garcia

et al., 2005).

Vascular crushing (VC) is a further suppression technique that results in the elimination
of intra-arterial signals i.e., macrovascular spins, through the application of magnetic field
gradients which result in the dephasing of fast-flowing blood. This increases the
sensitivity of ASL to the microvasculature resulting in a more accurate measurement of

true capillary blood flow. However, the routine use of VC is not recommended in clinical
practice, as besides decreasing SNR, it may mask evidence of pathological delayed or

collateral flow, as well as arteriovenous shunting (Ferré et al., 2013; Ye et al., 1997).
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A critical parameter in ASL concerns the time interval between spin labelling and image
readout, referred to as post-labelling delay (PLD). When single delay acquisitions are
used, enough time should be allowed for the labelled protons to reach the tissues in the
imaging slice by the time read-out occurs. However, caution is required, as if this time is

too long the majority of measurable tracers may decay.

Another important factor to take into consideration is the mean arterial transit time (ATT),
which refers to the time taken for labelled blood to flow from the labelling region to the
tissue being studied. This value varies depending on the patient, and the PLD should
ideally be set just after the longest ATT in any given patient. When the PLD is shorter
than ATT, the labelled blood that has not reached the tissue can be seen as
ATT/macrovascular artifacts (i.e. labelled blood seen at the level of the proximal arteries,
instead of in the microvasculature or tissue) and so-called signal void (i.e. the labelled
blood which does not reach the distal voxels in time leaves an area devoid of signal). This
phenomenon limits accurate assessment of CBF, however may be a sign of an underlying
stenosis proximally or collateral pathways as a cause for the delay in arrival of the labelled

blood (Jezzard et al., 2018).

Multi-delay ASL has been developed as a means to ameliorate this issue and allow more
accurate quantification of CBF and ATT (Wang et al., 2013). This technique provides

information about the temporal dynamics of the arrival of labelled spins to tissue by using
a kinetic model following sampling of multiple delays. A considerable disadvantage of
this form of acquisition is that it is rather time-consuming as each time step has to be
acquired separately. Each MRI vendor has developed a slightly different approach to

multi-delay ASL with varying durations and SNR. The first to be developed was the
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Look-Locker encoding for PASL (Glnther et al., 2001), followed by the multi-TI

technique and Hadamard encoding (Golay & Ho, 2022).

ASL processing involves multiple phases. Briefly, the first stage consists of data
conversion and sharing and prepares the data for the actual image processing. The second
stage involves processing of structural data, including lesion correction, segmentation and
normalisation. This is followed by ASL data processing which itself requires several
preparatory steps, including motion correction, exclusion of outlier corrupted control-
label pairs, registration of ASL to structural images, and Mo processing. These steps are
followed by CBF quantification and optional partial volume correction (Clement et al.,

2022).

As stated above, the actual perfusion-weighted image is generated from the subtraction
of the label images from the control images. This subtraction image is then quantified i.e.,
converted to physiological values to obtain a CBF image in milliliters of blood per 100
grams of tissue per minute (mL/100g/min). This quantification requires the use of a
perfusion calibration image (Mo image) which serves as a baseline reference to provide
information on the basic tissue magnetisation. The following equations are used,
depending on whether PASL (a) or pCASL (b) is being undertaken:

1T
L
(8  CBF=6000 5y 1 Sp7-[mL/min/100g]

PLD
PLD
(b)  CBF=6000 . oM e b [mL/min/100g]

Mo —
le(l—e le)

The factor 6000 is used to set the units of mL per min per 100g of tissue. The term A/2a

scales the blood flow, whereby A is the correction factor that accounts for the difference
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between the T1 of blood and the Ty of brain tissue and a is the tagging efficiency. AM
refers to the difference between the labelled and control images normalised by the proton
density-weighted image Mo. In both equations, Tup is the blood T relaxation time. For the
PASL calculation, TI is the time between labelling and acquisition whilst Tl is the
interval between labelling and the application of a saturation pulse. In pCASL, t refers to
the labelling duration time, whilst PLD is the subsequent time interval prior to acquisition

which allows the labelled spins to clear the intravascular space (Golay & Ho, 2022).

Several of these factors, particularly the labelling duration and the blood Ti, may
influence CBF quantification. Therefore, these must be suitably taken into account during
image processing, as any incorrect definition of these parameter values may strongly

affect the resulting CBF data (Clement et al., 2022).

A white paper published on the topic (Alsop et al., 2015) provides guidance regarding the
optimal protocols for clinical practice in both paediatric and adult patients. It clearly
recommends the use of pCASL with a segmented 3D readout and a higher magnetic field
strength, i.e., 3T for optimal SNR. Labelling parameter references are also provided,

adjusted for patient age. Of note PLD should be set to 2000ms in neonates and 1500ms
in children in order to account for differences in blood velocity, with blood flow being

faster in the latter age group.

2.4  Role of Perfusion Imaging

Neuroimaging plays an indispensable role in the diagnosis, treatment, and monitoring of
paediatric brain tumors. Whilst the conventional contrast-enhanced MRI is good at
detecting brain tumours, it has its limitations in the assessment of tumour grade and

histological correlation, as it relies largely on the presence of blood-brain barrier
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breakdown. However, besides the fact that a lesion that enhances may not be a tumour,
not every tumour that enhances is high-grade and not every high-grade tumour enhances
(Borjaetal., 2013; Peetetal., 2012). Asreported in one study, 89% of low-grade tumours
may demonstrate enhancement, whilst up to 8% of medulloblastomas do not (Porto et al.,
2014). Diffusion imaging with ADC analysis, which has now practically become part of
conventional imaging, may provide additional valuable information about tumour
cellularity and architecture, however studies have shown that it is again not completely

reliable in predicting tumour grade or histology (Poretti et al., 2012).

Angiogenesis is an important pathogenic mechanism in tumour growth and does not
correspond with the degree of enhancement (Averill & Kandula, 2017). This is where
perfusion techniques play a major role, being well-suited to evaluate neovascularization

of brain tumours.

Traditionally, DSC and ASL have been thought to have complementary roles in perfusion
imaging of brain tumours, with ASL on the one hand being more sensitive to absolute
quantification of tumour blood flow, and DSC on the other hand being more sensitive to
alterations in tissue permeability and capillary blood volume. Nevertheless, a comparison
of their respective ability to assess tumour grade remains a valid research topic due to a

number of clinically relevant differences between these techniques.

DSC perfusion imaging has proven to be useful in the pre-treatment evaluation of adult
intracranial neoplasms, by indicating tumour grade, guiding biopsy, and estimating
prognosis (Law et al., 2003, 2007; Morita et al., 2010; Shin et al., 2002). In addition, a

number of studies have shown that ASL could be an alternative to DSC in the assessment
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of brain tumours in adults (Ata et al., 2016; Cebeci et al., 2014; Hirai et al., 2011; Jarnum

etal., 2010; Luan et al., 2020; Warmuth et al., 2003; Wolf et al., 2005).

Since the conception of perfusion imaging, DSC has been used more frequently than ASL
for tumour evaluation in the paediatric population (Cha, 2006; Dallery et al., 2017; Ho et
al., 2015; Koob et al., 2016; Lucas et al., 2018; Withey et al., 2022). However, the
application of ASL in children has significantly increased in the past few years for a
number of reasons. ASL is a completely non-invasive technique and does not require the
administration of gadolinium-based contrast agents. This makes it ideal for scenarios
where contrast is contraindicated or best avoided, such as in renal impairment, history of
anaphylactic reactions against contrast and paediatric patients in general. This is
especially relevant in light of the evidence that administration of contrast results in
accumulation of gadolinium in the brain, even in patients without severe renal impairment
(Kanda et al., 2015; McDonald et al., 2015). It is also useful where venous access is
difficult or not feasible, as is oftentimes the case in young children, particularly those on
chemotherapy. It additionally aids in scenarios where repeated examinations are

necessary, such as in cases of failed sedation or patient motion.

On the other hand, DSC relies on reasonably high contrast doses, particularly when
correcting for leakage effects, and requires the use of a high-flow power injector and large
calibre venous access, posing considerable technical challenges in young patients. Bolus
delay and dispersion caused by slow injection rates may lead to underestimation of CBF
values. Furthermore, in the case of an inadequate study as is quite frequent in young
children, it is not possible to repeat DSC in the same examination without a further bolus
administration of contrast agent. ASL on the other hand does not require leakage

calculation and correction (Kitajima & Uetani, 2023).
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As a technique, DSC is extremely vulnerable to image distortion and susceptibility
artifacts from interfaces of brain with bone or air, and those resulting from the presence
of blood products and calcium (Romano et al., 2012). In ASL susceptibility effects
causing signal dropout and geometric distortions are comparatively less prominent as
shorter echo times are used. It may therefore be better suited in the evaluation of
paediatric brain tumours adjacent to the skull base. As paediatric patients possess a higher
cerebral water content and overall, more cerebral blood flow than adults, a higher SNR
and reduction in artifacts can be afforded in ASL studies in this population (Kerner et al.,

2022).

Mirroring the adult trend, a number of paediatric studies have emerged in recent years,
showing ASL to be comparable to DSC in the grading of paediatric brain tumours
(Dangouloff-Ros et al., 2016; Hales et al., 2013, 2019; Kikuchi et al., 2017; Liu et al.,
2015; Morana et al., 2017, 2018; Piccardo et al., 2019; Testud et al., 2021; Vidyasagar et

al., 2016; Yeom et al., 2014).
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3. Research Methodology

3.1 Criteria for considering studies for inclusion

The Patients, Interventions, Comparisons and Outcomes (PICO) model was used to
define the research question for this study (Richardson et al., 1995). The scope was to
assess if there is a significant difference in the diagnostic test accuracy of dynamic-
susceptibility contrast and arterial spin-labelling, in their ability to differentiate between
low- and high-grade paediatric brain tumours at first presentation. A summary of the

inclusion and exclusion criteria is provided in Table 1.

Types of studies

Cross-sectional studies with retrospective or prospective design published from 2012
onwards were included. Case-control studies, case reports, qualitative studies, grey
literature and literature reviews were excluded. Non-English literature studies were

eligible for inclusion.

Participants

Studies that comprised a cohort of paediatric patients (younger than 18 years) with brain
tumours were considered. As this review aimed to assess grading of brain tumours at first
presentation, studies enrolling patients who had undergone previous surgical intervention
or received any oncological treatment prior to the index test were excluded. The main
target condition was gliomas, however studies which included other non-glial brain
neoplasms were also considered. In this review, high grade tumours were considered

disease positive, and low-grade tumours disease negative. Animal studies were excluded.
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Index tests

Studies in which pre-operative MR imaging comprising DSC and/or ASL perfusion were
included. All ASL and DSC techniques were considered eligible for inclusion. Studies
utilising only DCE MR perfusion were excluded, as this method has not been routinely

used in clinical practice in this field.

Gold standard test

In order to be eligible for inclusion, studies required subsequent histologic tumour
diagnosis and WHO grade classification following biopsy or resection. Exception to this
criterion was made in cases of optic pathway glioma and diffuse midline glioma, in which

biopsy is not routinely performed for diagnosis due to their eloquent location.

Inclusion criteria Exclusion criteria

Study design e  Peer reviewed studies based on e  Grey literature.
original data analysis.
e Literature reviews, case reports or
e  Published from 2012 onwards. case controls.

Participants ¢ Human subjects below the age of 18. e  Adult only or mixed adult and
paediatric subjects.

e Diagnosis of brain tumour.
e  Previously treated with

e Treatment naive. radiotherapy and/or chemotherapy
Index test e ASL and/or DSC MRI perfusion. e DCE perfusion.
e Availability of result data. e No author response to inquiry for

data clarification.

Gold standard | ¢  Histologic assessment following e No histological diagnosis.
test biopsy or resection (except in cases of
optic pathway/brainstem glioma).

e Use of WHO classification for tumour
grading.

Table 1 - Inclusion and exclusion criteria
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3.2  Search Strategy including PRISMA flowchart

This metanalysis was undertaken in accordance with the Cochrane Handbook for
Diagnostic Test Accuracy Reviews (Leeflang et al., 2013). The Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) 2009 guidelines (Moher et al.,

2009) were also followed.

A systematic search strategy for quantitative data literature was developed. The following
search string was used: (“Glioma” OR “neoplasm” OR “neoplasia” OR “tumor” OR
“tumour” OR “cancer” OR “malignancy” AND “Brain” OR “Central Nervous System”
OR “Cerebral” OR “intracranial” OR “Glial”) AND (“paediatric” OR “pediatric” OR
“young adult” OR “infant” OR “child” OR ‘“children” OR ‘“adolescent”) AND
(“perfusion” OR “ASL” OR “arterial spin labelling” OR “arterial spin labeling” OR
“arterial spin labeled” OR “dynamic susceptibility contrast” OR “DSC” OR “Perfusion

Weighted MRI” OR “MR Perfusion” OR “MRI Perfusion” OR “Spin Labels”™).

Articles were retrieved from the following three electronic databases: MEDLINE (Ovid)
[Appendix 1], Web of Science Core Collection [Appendix 2] and SCOPUS [Appendix
3]. The search only considered human studies and was limited to studies in the last 10

years. The most recent search for this review was run on 5 August 2022.

Retrieved hits were transferred onto an online systematic review screening tool (Ouzzani
et al., 2016). Following the removal of duplicates, the remaining articles were assessed
for inclusion independently by two researchers with 10 years’ and 1 years’ experience in
meta-analyses, respectively. In addition, the references from chosen articles were
manually reviewed with the aim of identifying any further potentially relevant studies

which were not detected in the initial search.
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[ Identification of studies via databases and other sources

Records removed before screening:
=
o
§ Records identified through e Duplicate records removed
= database search _— (n = 766)
g (n =2221) e Records considered irrelevant
(n =1259)
Records screened EEE— Records excluded

= 196) (n = 141)

Reports excluded:

e Review articles or metanalysis
with no original data (n = 18)
Full-text database articles e Did not consider grading (n = 9)

assessed for eligibility e Adult population (n = 7)
(n=55) » | * Mixed ages (n=9)
e DCE (n=4)
e Incomplete data (n = 7)

Screening & Eligibility Assessment

Reports found through
snowballing (n = 9)

3 Studies included in
= metanalysis
S (n=10)

Figure 1 - Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow
chart of the study inclusion process
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3.3.  Selection of studies

The systematic database search yielded a total of 2221 records. Following the removal of
766 duplicates, two review authors independently performed preliminary screening of
titles and excluded 1259 irrelevant records. The remaining 196 records were screened for
inclusion in the meta-analysis. After title and abstract assessment 141 articles were
excluded, with 55 articles remaining for full-text evaluation. In addition, another 9 articles

were obtained through references and assessed for inclusion.

Following full-text evaluation, 51 studies were excluded for the following reasons:
Eighteen records were review articles or metanalyses lacking original quantitative data.
Nine studies did not consider tumour grading but rather disease progression, overall
survival or aimed to assess the technical aspects of the perfusion techniques. In seven of
the reports the study population was adult, whilst nine of the studies included both adult
and paediatric patients with no possibility of separating the respective results. Finally, in
seven of the remaining studies, quantitative data values were not reported. The respective
authors were contacted and requested to provide this information; however, no response
was received. Ten studies that included a total of 477 patients were included in the meta-

analysis. The flowchart of retrieval process is presented in Figure 1.
3.4  Data extraction
The following data was extracted independently by two researchers from each of the

included studies onto a pre-set sheet.

General information: Study title, first author, journal, country of origin, year of

publication and study design (prospective vs. retrospective).
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Patient information: Sample size, age range, type of brain tumours being studied and

tumour WHO grade.

Imaging information: MR scanner model, manufacturer and field strength, method of MR

perfusion performed, ASL technique (pseudo-continuous or pulsed), DSC bolus regime,
imaging parameters including TR, TE, slice thickness, matrix size, field of view, flip
angle, labelling duration and post-labelling delay (the latter in the case of ASL), region

of interest (ROI) evaluation technique and reference region used.

Quantitative results: Data regarding rCBV, rCBF, sensitivity, specificity, receiver

operating characteristic (ROC) curve with the corresponding area under the curve (AUC)

value, extracted based on authors' pre-specified and recommended thresholds.

3.5  Overview of Critical Appraisal Tools used

Each of the included studies was critically appraised based on the revised Quality
Assessment of Diagnostic Accuracy Studies tool (QUADAS 2) (Whiting, 2011). Two
review authors independently extracted information from each study based on the

published articles and any available supplementary material.

The following four domains were assessed: patient sampling, index test, reference
standard and flow and timing. Each domain was evaluated in terms of risk of bias, and
the first three with regards to concerns in applicability. Signaling questions
(yes/no/unclear) were included to assist in judgments, using an adapted template [Table
2] created by the authors of a previously published metanalysis to fit the assessment of
included studies (Delgado et al., 2018). Any incongruities were dealt with through

discussion with a third senior clinician.
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Risk of Bias

Patient selection:
e Low if consecutive or reported in years of inclusion together with clear inclusion
criteria.
e Unclear if no mention of consecutive series of patients or inclusion/exclusion criteria.
e High if a non-consecutive series was reported and inappropriate inclusion/exclusion
criteria were used.

Index test:
e Low if perfusion MRI was interpreted blinded.
e Unclear if no information on blinding but a predefined cut-off was specified for a
positive test.
e High if an exploratory cut-off was used and no information on blinding was given.

Reference standard:
e Low if reported on a blinded evaluation and WHO adherence.
e Unclear if no information on blinding was given.
e High if reported on an unblinded evaluation.

Flow and timing:
e Low if less than 30 days between perfusion MRI and histopathology.
e Unclear if not reported.
e High if reported after 6 months.

Applicability Concerns

Patient selection:
e Low if mixed tumour types.
e Unclear if tumour types were not reported or only 1 tumour type was reported.
e High if other comparisons than between high- and low-grade were given.

Index test:
e Low if presented as relative CBF/CBV and pseudo-continuous used if ASL.
e Unclear if CBF/CBV was not normalised.
e High if perfusion metrics other than CBF were presented or if pulsed ASL was used.

Reference standard:
e Low if tumours were classified according to WHO 2007 or later.
e Unclear if WHO was used but the year was unspecified.
¢ High if no report on the histopathologic diagnosis classification system

Table 2 - Adapted critical appraisal assessment
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3.6  Data Analysis
The pooled rCBF and rCBV values for low- and high-grade tumours obtained by ASL
and DSC respectively were used to generate box plots and statistical significance testing

was performed.

All analyses were performed using R Statistical Software (v4.2.2 Patched (2022-11-10
r83330) (R Core Team., 2021). The sensitivities and specificities obtained from each
study were used to calculate the true-positive, true-negative, false-positive, and false-
negative count. A case was defined as a histologically proven high-grade tumour. A
positive index test implied a diagnosis of a high-grade tumour, while a negative test
suggested a low-grade tumour. Thus, true positives were correctly diagnosed high-grade
tumours, false negatives were high-grade tumours incorrectly labelled as low-grade
tumours, true negatives were correctly diagnosed low-grade tumours, while false

positives were low-grade tumours incorrectly labelled as high-grade tumours.

Between-study heterogeneity variance was measured by tau-squared (z2) and I-squared
(1%) values. The random-effect model was used to merge statistics. Significance level was
set at p <0.05. Forest plots showing pairs of sensitivity and specificity, with their 95%

confidence intervals, were constructed for each study using Metafor (Viechtbauer, 2010).

The bivariate model (Reitsma et al., 2005) was applied in order to account for between-
study variability in estimates of sensitivity and specificity through the inclusion of
random effects for the logit sensitivity and logit specificity parameters of the bivariate
model. The reitsma function of the mada package was used to generate the bivariate
model parameters required to construct the summary ROC (SROC) plot from the obtained

data-sets (Doebler, 2022). The AUC for the SROC of all studies was estimated to
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determine the overall diagnostic test accuracy of perfusion MRI, followed by a separate
comparison of the SROC of ASL versus DSC studies. Crosshairs were constructed from

confidence intervals for each point in the ROC space.
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4. Results

4.1 Introduction

Collectively, the ten studies included in this metanalysis reported 477 patients with brain
tumours/gliomas. All studies were retrospective and avoided case-control design. The
sample size per study was generally adequate and ranged from 19 to 117 cases. Only one
study had a sample size of less than 20 (Kikuchi et al., 2017). The studies were conducted
in the following countries: France (n=3), Italy (n = 3), United Kingdom (n=2), United

States of America (n=1) and Japan (n=1).

The following tumour types were assessed across all studies: gliomas and glioneuronal
tumours (n=304), ependymomas (n=41), embryonal (n=115), haemangioblastoma (n=1),
germ cell (n=1), craniopharyngioma (n=4), choroid plexus (n=7), pineal (n=3), chordoma
(n=1). All cases but one diffuse midline glioma received histological diagnosis. Hence,
the bulk of the tumours were of the glial and embryonal groups, which reflects their
incidence. The vast majority of the included studies used the 2016 WHO brain tumour

classification.

DSC was used in three of the included studies, whilst ASL was the perfusion technique
assessed in five studies. Two of the included studies used both DSC and ASL. In 4 of the
ASL studies, the pulsed technique was used, with the remaining being pseudo-continuous.
None of the DSC studies used contrast agent pre-loading. Information regarding arterial
input function was only available in two out the five DSC studies, where it was automated.
The majority of examinations were performed on a 1.5T scanner (in four studies), one

study used a 3T scanner and five studies used both.
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4.2  Characteristics of Included Studies
The basic information of the included literature is presented in Table 3. Details pertaining

to each study follow.

First author, | Region | No. of | Median | Glioma Grade Field Perfusion Diagnostic

Publication cases | /Mean n strength Technique Parameters
year age

Dallery France | 30 9.4 11LG, 19 HG 15&3T | DSC rCBF, rCBV

2017 GE

Dangouloff- France 117 6.2 52 LG, 65 HG 15T GE ASL rCBF

Ros 2016

Hales UK 32 45 13LG, 19 HG 15&3T | ASL rCBF

2019 Siemens

Ho USA 63 6.3 38LG, 25 HG 15&3T | DSC rCBV

2014 Siemens

Kikuchi Japan 19 6 11LG, 8HG 3T ASL rCBF

2017 Philips

Morana Italy 26 9.5 12 LG, 14 HG 15T ASL rCBF

2017 Philips

Morana Italy 37 9 22 LG, 15 HG 15T ASL & DSC | rCBF, rCBV

2018 Philips

Piccardo Italy 22 9 10 LG, 12 HG 15T ASL rCBF

2019 Philips

Testud France | 46 7 15LG, 31 HG 15&3T | ASL &DSC | rCBF, rCBV

2021 Siemens

Withey UK 85 8 45 LG, 40 HG 15&3T DSC rCBV

2021 Various

Table 3 - Overview of study characteristics

34




4.2.1 Dallery 2017

Study design and setting,

Retrospective. January 2010 - December 2016. France.

Patient sampling characteristics

Total no. of patients: 30

Average age: 9.4 years. 13 female, 17 male

Tumour types: 22 glioma/glioneuronal, 8 embryonal

Index tests

Perfusion technique: DSC

Perfusion parameters: rCBV

Scanners: 1.5T (Optima MR450W, GE Healthcare, Milwaukee, WI) and 3T (Signa
MRHDX, GE Healthcare, Milwaukee, WI)

Acquisition parameters: single shot gradient-echo EPI. At 3T: TR: 1500ms; TE: 30ms;
FA, 60°. At 1.5T: TR 1500-2500 ms, TE, 30-65 ms; FA: 60°-90 °. NSA, FOV, Partitions
& Matrix: NA

Use of contrast preload: No

Post-processing algorithm: Gamma-variate function

ROI method: Manual ROI in maximal lesion CBV. Normalised to contralateral normal
white matter.

Target condition and reference standard

All cases had histological diagnosis. WHO classification 2016. 11 LG, 19 HG.
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4.2.2 Dangouloff-Ros, 2016

Study design and setting

Retrospective. March 2011- March 2015. France.

Patient sampling characteristics

Total no. of patients: 117

Median age: 6.2 years (2.6-11.1). 48 female, 81 male

Tumour types: 71 glioma/glioneuronal or neuronal, 12 ependymal, 45 embryonal, 1
haemangioblastoma

Index tests

Perfusion technique: pseudo-continuous ASL

Perfusion parameters: rCBF

Scanners: 1.5T (Signa HD, GE Healthcare, Milwaukee, WI)

Acquisition parameters: TR: 4428ms, TE:10.5ms, PLD: 1025ms; Partitions: 80, FOV:
240mm, Matrix: 512x512; FA: 155°, Acquisition time: 257s

Post-processing algorithm: NA

ROI method: Centred on highest tumour rCBF value. Normalised to normal grey-matter
in cerebellum (posterior fossa tumours)/temporal lobe (supratentorial tumours).

Target condition and reference standard

All cases had histological diagnosis. WHO classification 2007. 52 LG, 65 HG.
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4.2.3 Hales, 2019

Study design and setting

Retrospective. June 2015- Sept 2017. United Kingdom.

Patient sampling characteristics

Total no. of patients: 32

Median age: 4.8 years (0.4 - 14.5 years). 17 female, 15 male

Tumour types: 24 gliomas/glioneuronal, 7 embryonal, 1 germ cell

Index tests

Perfusion technique: pseudo-continuous ASL

Perfusion parameters: relative/normalised CBF

Scanners: 1.5T (Magnetom Avanto, Siemens, Erlangen, Germany) & 3T (Magnetom
Prisma, Siemens, Erlangen, Germany)

Acquisition parameters: 3D gradient-and-spin-echo readout, labelling duration:1800ms,
PLD: 1500ms.

Post-processing: Matlab (MathWorks Inc., Natick, MA)

ROI method: Manual ROI in maximal lesion CBF. Normalised to contralateral normal
grey matter

Target condition and reference standard

All cases (with the exception of one diffuse midline glioma) had histological diagnosis.

WHO classification 2016. 13 LG, 19 HG.
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424 Ho, 2014

Study design and setting

Retrospective. September 2009 - August 2013. USA.

Patient sampling characteristics

Total no. of patients: 63

Mean age: 6.3 years (1.0-16.8). 24 female, 39 male

Tumour types: 36 gliomas/glioneuronal or neuronal, 10 ependymal, 13 embryonal, 1
craniopharyngioma, 1 pineal, 2 choroid plexus papilloma

Index tests

Perfusion technique: DSC

Perfusion parameters: rCBV

Scanners: 1.5T & 3T (Avanto and Verio, Siemens, Erlangen, Germany)

Acquisition parameters: Gradient-echo EPI. TR 1410-2250ms, TE 30-45ms, FA: 90°
NSA, FOV, Partitions & Matrix: NA

Use of contrast preload: No

Post-processing algorithm: NA

ROI method: Manual ROI in maximal lesion CBV. Normalised to contralateral normal
white matter.

Target condition and reference standard

All cases had histological diagnosis. WHO classification 2007. 38 LG, 25 HG.
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4.2.5 Kikuchi, 2017

Study design and setting

Retrospective. January 2013 - September 2014. Japan.

Patient sampling characteristics

Total no. of patients: 19

Median age: 6 years (2 months —12 years). 9 female, 10 male

Tumour types: 9 glial/glioneuronal, 4 ependymal, 3 embryonal, 2 craniopharyngioma, 1
choroid plexus papilloma

Index tests

Perfusion technique: pseudo-continuous ASL

Perfusion parameters: rCBF

Scanners: 3T (Achieva TX, Philips Healthcare, Best, the Netherlands)

Acquisition parameters: 2-dimensional gradient-echo echo-planar imaging. TR: 4200ms,
TE: 8.6ms, NEX: 32, PLD: 1525ms, FOV: 240mm, Matrix: 64x64; Acquisition time:
277s. FA & Partitions: NA.

Post-processing algorithm: NA

ROI method: Manual ROI in maximal lesion CBF. Normalised to contralateral grey
matter.

Target condition and reference standard

All cases had histological diagnosis. WHO classification 2016. 11 LG, 8 HG.
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4.2.6 Morana, 2017

Study design and setting

Retrospective. Timeframe not specified. Italy.

Patient sampling characteristics

Total no. of patients: 26

Median age: 9.5 years (2-17). 11 female, 15 male

Tumour types: gliomas

Index tests

Perfusion technique: pulsed ASL

Perfusion parameters: rCBF max

Scanners: 1.5T (Intera Achieva; Philips, Best, the Netherlands)

Acquisition parameters: multi-slice single-shot echo planar imaging (EPI) readout with
parallel imaging (SENSE factor = 2.3) TR: 4000ms; TE: 25ms; FA, 40°, FOV: 240mm,
Matrix: 80x77, 30 label/control pairs; labelling slab thickness: 200mm, 20mm gap, PLD:
1450 - 1800ms, Acquisition time: 245s, Partitions: NA

Post-processing algorithm: NA

ROI method: Manual ROI in maximal lesion CBF. Normalised to contralateral normal
white matter.

Target condition and reference standard

All cases had histological diagnosis. WHO classification 2016. 12 LG, 14 HG.
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4.2.7 Morana, 2018

Study design and setting

Retrospective. 2010-2016. Italy.

Patient sampling characteristics

Total no. of patients: 37

Median age: 9 years (2-17). 19 female, 18 male

Tumour types: gliomas

Index tests

Perfusion technique: DSC and pulsed ASL

Perfusion parameters: rCBV and rCBF

Scanners: 1.5T (Intera Achieva; Philips, Best, the Netherlands)

Acquisition parameters: DSC: T2*-weighted single-shot gradient-recalled echo-planar
imaging (GRE EPI). TR: 1912ms, TE: 40ms; FA: 75°, Matrix: 128x128, FOV: 240mm,
NEX: 1, Acquisition time: 84s. ASL: Signal targeting and alternating radiofrequency
(EPISTAR) and multislice single-shot echo planar imaging (EPI) readout with parallel
imaging (SENSE factor = 2.3). TR: 4000ms, TE: 25ms, FA: 40°, Matrix: 80x77, FOV:
240mm:; 30 label/control pairs; labelling slab thickness: 100mm, 20mm gap, PLD: 1500-
1800ms, Acquisition time: 248s. No VC.

Use of contrast preload: No

Arterial input function: Determined automatically using cluster analysis techniques.
Post-processing algorithm: Olea Sphere, version SP 3.0, Olea Medica

ROI method: Manual ROI in maximal lesion CBF. Normalised to contralateral normal
grey matter.

Target condition and reference standard

All cases had histological diagnosis. WHO classification 2016. 22 LG, 15 HG.
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4.2.8 Piccardo, 2019

Study design and setting

Retrospective. 2010-2018. Italy.

Patient sampling characteristics

Total no. of patients: 22

Median age: 9 years (4 - 17). 10 female, 12 male

Tumour types: gliomas

Index tests

Perfusion technique: pulsed ASL

Perfusion parameters: rCBF max

Scanners: 1.5T (Intera Achieva; Philips, Best, the Netherlands)

Acquisition parameters: Signal targeting and alternating radiofrequency (EPISTAR) and
multislice single-shot echo planar imaging (EPI) readout with parallel imaging (SENSE
factor = 2.3). TR: 4000ms, TE: 25ms, FA: 40°, Matrix: 80x77, FOV: 240mm; 30
label/control pairs; labelling slab thickness: 100mm, 20mm gap, PLD: 1500-1800ms,
Acquisition time: 248s. No VC.

Post-processing algorithm: NA

ROI method: Manual ROI in maximal lesion CBF. Normalised to contralateral normal
grey and white matter.

Target condition and reference standard

All cases had histological diagnosis. WHO classification 2016. 10 LG, 12 HG.
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4.2.9 Testud, 2021

Study design and setting

Retrospective. May 2015 - January 2020. France.

Patient sampling characteristics

Total no. of patients: 46

Mean age: 7 years. 24 female, 22 male

Tumour types: 28 glioma/glioneuronal, 6 ependymal, 12 embryonal
Index tests

Perfusion technique: DSC and pulsed ASL

Perfusion parameters: rCBV, rCBF

Scanners: 1.5 (Aera, Siemens, Erlangen, Germany) & 3T system (Skyra, Siemens,
Erlangen, Germany)

Acquisition parameters: DSC: At 3T: TR: 2350ms; TE: 23ms; FA: 90°. At 1.5T: TR
1610ms, TE; 30ms; FA:90°. ASL: At 3T: labelling duration: 700ms, PLD: 1400 -
1900ms, TR: 5000ms, TE: 18.28ms, FA: 180°. At 1.5T: labelling duration: 700ms, PLD:
1800ms, TR: 4000ms, TE: 36.32ms, FA: 180°. No VC. NSA, FOV, Partitions & Matrix:
NA

Use of contrast preload: No

Arterial input function: Determined automatically using cluster analysis techniques.
Post-processing algorithm: Olea Sphere software (v. SP3.0 16, Olea Medical, Canon)
ROI method: Manual ROI in maximal lesion CBV. Normalised to contralateral normal
white matter.

Target condition and reference standard

All cases had histological diagnosis. WHO classification 2016. 15 LG, 31 HG
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4.2.10 Withey, 2021

Study design and setting

Retrospective. Multicentre — 4 centres. November 2005 - May 2017. UK.

Patient sampling characteristics

Total no. of patients: 85

Mean age: 8 years. 37 female, 48 male

Tumour types: 41 glioma/glioneuronal or neuronal, 27 embryonal, 9 ependymal, 4
choroid plexus tumour, 1 craniopharyngioma, 1 chordoma, 2 pineoblastoma

Index tests

Perfusion technique: DSC

Perfusion parameters: rCBV

Scanners and acquisition parameters: Various as demonstrated below.

Center 1 2 3 4
Scanner type Siemens Avanto  Philips Achieva Siemens Verio Philips Achieva Philips Achieva Philips Achieva Philips Achieva
Field strength 15T 3T 3T 3T 15T 3T 3T
Head coil 12-element head 32-channel 32-channel SENSE head-8 SENSE-NV-16 SENSE head-8 SENSE head-8
Sequence GE-EPI GE-EPI GE-EPI GE-EPI sPRESTO sPRESTO GE-EPI
TR {ms) 1.490-1,643 1,830-1,865 1,570 1.666-2,343 16.7-17.2 15.5-16.0 582-1.866
TE (ms) 40 40 29 40 24.7-25.2 23.5-24.0 18.4-40.0
Flip angle (*) 20 20 45 75 7 7 2040
Slice thickness 5.0 35 35 4.0 35 35 35-7.0
(mm)
No. slices 19-21 30 16 25-35 30-36 30-34 30
No. dynamics 60 60 60 40 60 60 40-60
Field-of-view 230230 240x240 220220 224x224 220220 230230 240240
(mm)
Matrix 9696 96x96 6dx64 128x128 64-80x64-80 128x128 9696
SENSE? Y Y N Y Y Y Y
Temporal resolu-  1.5-1.6 1.8-1.9 1.6 1.7-2.3 1.3-1.6 12-14 0.6-1.9
rion (s)
Total scan time (s) 90-99 110-112 94 67-94 77-94 71-83 70-118
Pre-bolus Y Y N Y Y (n=12), N (n=15), NA (n=9)

ROI method: Manual ROI in maximal lesion CBV. Normalised to contralateral normal
white matter.

Target condition and reference standard

All cases had histological diagnosis. WHO classification 2002, 2007, 2016. 45 LG,

40 HG
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4.3  Appraisal of Included Studies

The methodological quality assessment of each of the included studies (according to the

modified QUADAS-2 criteria) is summarised in Table 4.

Risk of Bias Applicability Concerns
Referenc Patient

Study,

Publication Patient Index e Flow and Selection Index Reference
year Selection Test Timing Test Standard
Standard

Dallery
2017

Dangouloff-
Ros
2016

Hales
2019

Ho
2014

Kikuchi
2017

Morana
2017

Morana
2018

Piccardo
2019

Testud
2021

Withey
2021

Table 4 - Methodological quality assessment

+ indicates low risk ? indicates unclear risk - indicates high risk

None of the included studies had low risk of bias and low concern for applicability across

all domains, however all were deemed to be of eligible quality.

Participant Selection: Risk of bias was low in nine out of ten studies. The remaining study

was deemed as unclear risk due to lack of information on patient sampling (Kikuchi et
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al., 2017) . Concerns of applicability with regard to participant selection were low in nine

out of ten studies. In one study only one tumour type was studied (Piccardo et al., 2019).

Index test: The highest level of risk of bias was observed in this test domain, with seven
studies not specifying blinding procedures for interpretation of perfusion data and
applying the exploratory cut-off determination. High risk of applicability concern was
found in four studies, attributable to the use of pulsed ASL (Morana et al., 2017, 2018;

Piccardo et al., 2019; Testud et al., 2021).

Reference standard: Only one study was deemed to have low risk of bias by specifying

the use of blinding in histopathological assessment (Dangouloff-Ros et al., 2016). The
remaining studies did not describe blinding of interpretation and were deemed as unclear
risk. Applicability concerns were low across the included studies, with all patients
undergoing a resection or biopsy. The WHO classification from 2007 onwards was used

as the reference standard in all cases.

Flow and timing: This domain was deemed as unclear risk of bias throughout, as none of

the studies provided information regarding the interval period between the index test and

reference standard.

4.4 Findings of Included Studies

The average rCBV/rCBF values per tumour grade in each included study are presented in
Table 5. All tumours were graded using the WHO classification, and in this review high-
grade tumour cases were classified as disease positive, and low-grade tumours as disease

negative for the quantitative analysis.
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Study No. of | Glioma Grade Perfusion Diagnostic Low grade | High grade
cases n Technique Parameters

Dallery 30 11LG, 19 HG DSC rCBF 0.87+0.41 | 2.37+1.38
2017 rCBV 0.99+0.50 | 2.69+1.35
Dangouloff- | 117 52 LG, 65 HG ASL rCBF 0.68+0.24 | 1.74 £ 1.45
Ros 2016
Hales 32 13 LG, 19 HG ASL rCBF n/a n/a
2019
Ho 63 38 LG, 25 HG DSC rCBV 0.99 £0.53 | 1.48 £0.95
2014
Kikuchi 19 11LG, 8HG ASL rCBF 0.69+0.81 | 1.76 £ 0.95
2017
Morana 26 12 LG, 14 HG ASL rCBF 0.81+0.56 | 2.08 +0.98
2017
Morana 37 22 LG, 15 HG ASL & DSC | rCBF 0.59+0.27 | 1.37+0.26
2018 rCBV 0.49+0.33 | 1514034
Piccardo 22 10 LG, 12 HG ASL rCBF 1.20+0.49 | 1.89+0.45
2019
Testud 46 15LG, 31 HG ASL & DSC | rCBF, rCBV n/a n/a
2021
Withey 85 45 LG, 40 HG DSC rCBV 1.68+1.36 | 2.54 £ 1.63
2021

Table 5 - Relative/normalised CBV & CBF values per tumour grade

4.4.1 Box Plots

The cut-off rCBF and rCBV values obtained from each of the included studies (where
these were available) were pooled and are illustrated as box-plots below [Figure 2]. The
pooled rCBF and rCBV of high-grade tumours were higher than those of low-grade

tumours, with the results being statistically significant.
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Paired t-test for DSC values: t value for (high-grade scores) — (low-grade scores) is

t =4.0197, df = 3, p-value = 0.0277. This difference is thus significant at the 0.05 level,
with a 95% CI of [0.2119, 1.8230]. The sample estimates for this mean difference

between high-grade and low-grade scores is: 1.018.

Paired t-test for ASL values: t value for (high-grade scores) — (low-grade scores)

t = 9.234, df = 4, p-value = 0.0008. Therefore, this difference is significant at the 0.001
level with a 95% CI of [0.6811, 1.2669]. The sample estimates for this mean difference

between high-grade and low-grade scores is: 0.974.

26-
24-

22-

CBF/CBV value
o

N —
06~

0D4-= 1 t
High-Grade Low-Grade Type

Grade . ABL

B8 osc
Figure 2 - rCBF values for ASL and rCBYV values for DSC from included studies
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4.4.2 Forest Plots for Sensitivity and Specificity

With regards to sensitivity of ASL [Figure 3], the between-study heterogeneity variance
as measured by 72 was negligible, indicating strong homogeneity between the studies.
The pooled sensitivity was 0.867 with a 95% confidence interval (Cl) equal to [0.806 -
0.911]. In terms of specificity of ASL [Figure 4], although the between-study
heterogeneity variance was higher, as estimated by 72= 0.536 and 1% = 0.536, these figures
were not statistically significant (p value=0.36). The pooled value of the specificity was

0.825 with a 95% CI = [0.687 - 0.910].

Study TP High-grade Proportion 95%-Cl
Piccardo A 10 12 0.830 [0.520;0.957]
Morana G 13 14 ; 0.930 [0.630;0.990]
Testud, B. (ASL-ROC) 27 31 —— 0.870 [0.701;0.950]
Hales, P.W. 17 19 —_— 0.910 [0.678;0.980]
Morana, G. (1-ASL) 14 15 : 0.960 [0.645;0.997]
Kikuchi, K. 7 7 ; 1.000 [0.461;0.996]
Dangouloff-Ros, V. 53 65 —— 0.810 [0.696;0.888]
Random effects model 163 _ 0.867 [0.806;0.911]

Heterogeneity: 1% = 0%, T2 =0, p=077 | ' J ' !
05 06 07 08 09
Sensitivity

Figure 3 - Sensitivity plot for ASL
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Study TN Low-grade Proportion 95%-CI

Piccardo A 7 10 — 0.720 [0.393;0.911]
Morana G 1 12 — 0.910 [0.583;0.986]
Testud, B. (ASL-ROC) 8 15 i 0.530 [0.290;0.757]
Hales, P.W. 10 13 - 0.770 [0.479;0.924]
Morana, G. (1-ASL) 22 22 e 1.000 [0.732;0.999]
Kikuchi, K. 9 11 - 0.820 [0.495;0.955]
Dangouloff-Ros, V. 43 52 —— 0.820 [0.692;0.902]
Random effects model 135 — 0.825 [0.687;0.910]

Heterogeneity: I° = 9%, t° = 05360, p=036 I T T T T T
03 04 05 06 0.7 08 09
Specificity

Figure 4 - Specificity plot for ASL

In terms of sensitivity of DSC [Figure 5], 12 was noted to be high at 70%, indicating that
more than a half of the variability between the studies was not due to random fluctuations.
The between-study heterogeneity variance was estimated at 2= 1.928. The pooled value

of the sensitivity was 0.888 with a 95% CI = [0.638 - 0.973].

Study TP High-grade Proportion 95%-CI
Ho CY 23 25 ——-—— 0.920 [0.731;0.980]
Withey SB 30 40 —— 0.760 [0.605;0.867]
Testud, B. (DSC-ROC) 16 H— 0510 [0.340;0.678]
Morana, G. (2-DSC) 14 15 — 0.960 [0.645;0.997]
Dallery, F. 19 19 e 1.000 [0.702;0.998]
Random effects model 130 —— 0.888 [0.638; 0.973]

Heterogeneity: I = 70%, 7* = 19281, p<001 [ T T T T 1
04 05 06 0.7 08 09
Sensitivity

Figure 5 - Sensitivity plot for DSC
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As noted with ASL, the heterogeneity among the DSC studies was greater for specificity
than for sensitivity [Figure 6], at least as measured by 2= 2.323. The I? value was
practically the same at 69%, with this variance among the studies again noted to be
significant (p = 0.01). The pooled estimate of the specificity for these studies was 0.835

with a 95% CI = [0.512 - 0.960].

Study TN Low-grade Proportion 95%-ClI
Ho CY 15 38 —— 0.400 [0.258;0.561]
Withey SB 29 45 —— 0.650 [0.502;0.774]
Testud, B. (DSC-ROC) 14 15 — 0.930 [0.646;0.990]
Morana, G. (2-DSC) 22 22 —_— 1.000 [0.732;0.999]
Dallery, F. 9 11 - 0.820 [0.495;0.955]
Random effects model 13 — 0.835 [0.512; 0.960]
Heterogeneity: I° = 69%, 1°=2.3231,p=001 I T T T T T

03 04 05 06 0.7 08B 09

Specificity

Figure 6 - Specificity plot for DSC

Moderator analyses could not be performed due to an insufficient number of studies. In
view of the overall substantial heterogeneity, a random-effects model was used to merge

statistics.

4.4.3 Crosshairs

The confidence intervals for all ASL and DSC datapoints in ROC space are presented in

Figures 7 & 8 below. The heterogeneity in the DSC studies can once again be appreciated.
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Figure 7 - CI for all ASL data points in ROC space
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Figure 8 - CI for all DSC data points in ROC space
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4.4.4 SROC curves

Meta-analysis of the ten studies using a bivariate model reitsma function was run with its
default method of Restricted Maximum Likelihood (reml). The AUC for the summary
ROC was estimated as 0.866. The point estimates for the pooled sensitivity and false

positive rates were 0.798 and 0.201, respectively [Figure 9].

The Akaike information criterion (AIC) for the two summary plots were -22.487 for ASL
and -4.416 for DSC. This indicates that the ASL plot is a better fit of the data, which is
expected given that DSC data comprised a smaller number of studies, and also

demonstrated greater heterogeneity [Figure 10].

ASL:
e Pooled AUC =0.876

e Pooled Sensitivity = 0.824, 95% CI = [0.757 - 0.876]

e Pooled False positive rate = 0.204, 95% CI = [0.142 0.285]

DSC:
e Pooled AUC =0.861

e Pooled Sensitivity = 0.789, 95% CI =[0.552 - 0.919]

e Pooled False positive rate = 0.203, 95% CI = [0.081 - 0.425]
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Figure 9 - SROC curve (bivariate model) for all studies
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5 Discussion

This metanalysis confirms that the application of ASL and DSC perfusion MRI confers a
good diagnostic accuracy in distinguishing between low- and high-grade brain tumours
in the paediatric population, with an AUC estimated at 0.866. This is clinically relevant
given that a pre-operative indication of tumour grade is important to guide treatment

decisions and strategies, as well as for prognostication.

DSC has been the traditionally used MR perfusion technique, being based on the
quantification of susceptibility signal changes during the passage of exogenously
administered contrast agent through the cerebral vasculature. Low-grade tumours are
generally less vascularised than high-grade tumours, therefore the hemodynamic
parameters measured by DSC, mainly CBV, would be expected to be significantly
increased in the latter. This has in fact been shown in a number of studies as previously
discussed. On analysis it was found that the pooled sensitivity and specificity of rCBV
obtained by DSC to discriminate between low- and high-grade tumours was 78% and

80% respectively.

A limitation of this perfusion technique is the presence of leakage effects, the correction
of which has led to a variety of approaches to obtain and process the obtained data. One
such approach is the use of a contrast pre-load as has been discussed, however this is
rarely done in children. The Boxerman consensus (Boxerman et al., 2006), advocates the

application of leakage correction in the post-processing and provides guidance to that
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effect. The approach to leakage correction was not well described in our studies and when
it was, did vary somewhat across the studies that were included. Further standardisation

needs to be implemented across different centres.

ASL is a non-invasive perfusion technique, based on using magnetically labelled arterial
blood as an endogenous contrast tracer in order to measure blood flow. Unlike DSC,
perfusion measurements in ASL are not tampered by blood-brain barrier permeability
effects, giving a more accurate evaluation of tumour microcirculation and angiogenesis,
and thus tumour grade. Furthermore, since shorter echo times are used, susceptibility
effects leading to signal dropout and geometric distortions are less frequently

encountered.

ASL does however suffer from low SNR and motion sensitivity. Additionally,
measurement of absolute CBF is known to be unreliable due to variability in patient age,
sex, haematocrit and cardiovascular status. However even when relative CBF is
calculated, variation is still possible due to the difference in pulse sequences and post-
processing algorithms which vary in between centres. Recently published consensus
guidance regarding the most appropriate implementation for clinical applications and
imaging parameters (Alsop et al., 2015) should standardise practice, however several of
the included studies comprised cases that preceded these recommendations, also possibly
accounting for a proportion of the heterogeneity that was noted. On analysis it was found
that the pooled sensitivity and specificity of rCBF obtained by ASL to discriminate

between low- and high-grade tumours was 82% and 80% respectively.

S7



There have been a number of studies comparing the performance of ASL and DSC in

brain tumour grading in adults (Ata et al., 2016; Cebeci et al., 2014; Hirai et al., 2011,
Jarnum et al., 2010; Luan et al., 2020; Rau et al., 2014; Warmuth et al., 2003; White et
al., 2014), however given the different biology of paediatric brain tumours, extrapolation

of adult study findings to this age group would be inappropriate.

The evidence on this topic in the paediatric population is unfortunately lacking. A recent
study by Morana et al. noted this lacuna and demonstrated that ASL provides comparable
results to DSC in paediatric astrocytic tumours, allowing distinction between low- and
high-grade forms (Morana et al., 2018). A subsequent study noted moderate abilities of
DSC and ASL to distinguish low- and high-grade paediatric brain tumours (Testud et al.,
2021). There have not been any other such studies which directly compared ASL with
DSC, however a number of studies have assessed each technique independently. Through
a thorough systematic review, it was aimed to extract the diagnostic data from various
studies and assess if there is a significant difference in the performance of these two

techniques.

From our results it can be surmised that ASL seems to perform better, with a slightly
higher pooled sensitivity than for DSC and with both giving the same pooled false
positive rate. However, the difference between the two sensitivities was not statistically
significant. The confidence interval of the estimate for ASL contains the point estimate

for DSC, and vice-versa.

Substantial heterogeneity was noted in this study cohort. One reason for this could be the

different tumour types and behaviours. In fact, the initial aim was to limit the analysis to
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assessment of paediatric gliomas. However, during our search it was noted that a number
of studies included other brain tumour types, albeit in much smaller numbers. Gliomas
did however account for the majority of cases in our study population. Although the
proportion of high versus low grade tumours was approximately equal in most studies, in
one of the studies there were approximately double the number of high-grade tumours
compared with low grade (Testud et al., 2021). Additionally, as previously alluded to,
field strengths, parameter settings, post-processing methods and ROI measurement
method varied across studies. These factors most likely contributed to the variations
noted, however moderator analyses could not be performed due to an insufficient number

of studies.
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6 Conclusion and Recommendations

6.1  Strengths and Limitations
To our knowledge, this is the first systematic review with meta-analysis to collate and
compare the available evidence regarding the diagnostic performance of both ASL and

DSC in paediatric brain tumour grading.

A notable limitation of this review is the relatively small and heterogenous sample size.
The small number of included studies is both a reflection of the limited research in this
field, and also of the strict methodology standards which were adhered to in order to
remain faithful to the review question. Incomplete inclusion of data in publications and

lack of author response also contributed.

Nevertheless, neuro-oncological imaging is a continuously evolving field and further
research in this regard needs to be undertaken, preferably using standardised scanning
protocols to reduce heterogeneity. Harmonisation of imaging and interpretation
techniques is key, leading to clearer comparison between studies with the potential

downstream effect of generating a higher level of evidence.

Lastly, the majority of our studies defined the gold standard of tumour diagnostic
assessment as histological/immunohistochemistry grading. However, as highlighted in
the recent WHO classification update, the biological behaviour and prognosis of brain
tumours is becoming increasingly defined through molecular profiling. This modification

will need to be considered and evaluated in future studies.
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6.2 Summary of Research

In this review, the accuracy of MR perfusion for differentiating primary untreated low-

grade from high-grade brain tumours in paediatric patients was assessed.

Whilst DSC has been used more frequently than ASL in the evaluation of brain tumour
grade in paediatric patients, the application of ASL is steadily increasing. ASL is a non-
invasive technique and does not require the administration of gadolinium-based contrast

agents.

As the diagnostic accuracy of ASL has been shown to be comparable and not inferior to

DSC, its use in the diagnostic assessment of these patients should continue to be

supported.
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Appendices

Appendix 1

Pubmed Search Strategy

Search

number

Query | SortBy

Filters

Search Details

Results

Time

5

#1 AND #2 AND

#3

in the last 10

years

(((("Glioma"[All Fields] OR ""neoplasm'[All Fields] OR
"neoplasia”[All Fields] OR "tumor"[All Fields] OR
"tumour"[All Fields] OR "cancer[All Fields] OR
"'malignancy"'[All Fields]) AND "'Brain"[All Fields]) OR
""Central Nervous  System"[All Fields] OR
""Cerebral"'[All Fields] OR "intracranial"'[All Fields] OR
"Glial"[All Fields]) AND (*'paediatric*[All Fields] OR
"pediatric"[All Fields] OR "young adult"[All Fields] OR
"infant"[All Fields] OR ‘"child"[All Fields] OR
""children”'[All Fields] OR **adolescent"'[All Fields]) AND
(""perfusion[All Fields] OR "ASL"[All Fields] OR
"arterial spin labelling"[All Fields] OR “arterial spin
labeling"[All Fields] OR *arterial spin labeled"[All
Fields] OR ""dynamic susceptibility contrast"[All Fields]
OR "DSC"[All Fields] OR "Perfusion Weighted
MRI"[AIl Fields] OR "MR Perfusion"[All Fields] OR
"MRI Perfusion"[All Fields] OR "Spin Labels"[All

Fields])) AND (y_10[Filter])

2,826

12:58:29

#1 AND #2 AND

#3

(((*Glioma'[All Fields] OR *neoplasm'[All Fields] OR
"neoplasia”[All Fields] OR "tumor"[All Fields] OR
"tumour”[All Fields] OR *‘cancer[All Fields] OR
"malignancy'‘[All Fields]) AND **Brain"[All Fields]) OR
"Central Nervous  System"[All Fields] OR
""Cerebral"'[All Fields] OR *"intracranial*'[All Fields] OR
"Glial"[All Fields]) AND (*'paediatric’[All Fields] OR
"pediatric"[All Fields] OR *'young adult™[All Fields] OR
“infant"[All  Fields] OR “child"[All Fields] OR
""children”[All Fields] OR **adolescent'[All Fields]) AND

(“perfusion”[All Fields] OR "ASL"[AIll Fields] OR

5,742

12:58:18
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"arterial spin labelling"[All Fields] OR *arterial spin
labeling"[All Fields] OR *arterial spin labeled"[All
Fields] OR *‘dynamic susceptibility contrast'[All Fields]
OR "DSC"[AIll Fields] OR ™Perfusion Weighted
MRI"[AIl Fields] OR "MR Perfusion"[All Fields] OR

"MRI Perfusion"[All Fields] OR "Spin Labels"[All

Fields])
("perfusion”™ OR "ASL" OR | "perfusion"[All Fields] OR "ASL"[All Fields] OR | 252,240 12:57:39
“arterial spin labelling” OR | "arterial spin labelling"[All Fields] OR "arterial spin
“arterial spin labeling” OR | labeling"[All Fields] OR "arterial spin labeled"[All
“arterial spin labeled” OR | Fields] OR "dynamic susceptibility contrast™[All Fields]
"'dynamic susceptibility contrast” | OR "DSC"[All Fields] OR '"Perfusion Weighted
OR "DSC" OR "Perfusion | MRI"[AIl Fields] OR "MR Perfusion"[All Fields] OR
Weighted MRI" OR "MR | "MRI Perfusion"[All Fields] OR "Spin Labels"[All
Perfusion” OR "MRI Perfusion" | Fields]
OR "'Spin Labels™)
(""paediatric OR 'pediatric’" OR | "paediatric''[All Fields] OR "pediatric"'[All Fields] OR | 5,112,674 | 12:55:43
"'young adult" OR "infant" OR | "young adult[All Fields] OR "infant[All Fields] OR
“child" OR "children™ OR | "child"[All Fields] OR *‘children"[All Fields] OR
"*adolescent™") "adolescent"'[All Fields]
"Glioma"™ OR "neoplasm"™ OR | ((""Glioma"[All Fields] OR "neoplasm"[All Fields] OR | 1,141,019 | 12:55:19
"neoplasia” OR "tumor™ OR | "neoplasia”[All Fields] OR "tumor"[All Fields] OR
“"tumour™ OR ‘"cancer'" OR | "tumour"[All Fields] OR ‘'cancer"[All Fields] OR
“malignancy” AND "Brain™ OR | "malignancy"'[All Fields]) AND "'Brain"[All Fields]) OR
"Central Nervous System'" OR | "Central Nervous System"'[All Fields] OR

""Cerebral” OR "intracranial" OR

"Glial"

""Cerebral"'[All Fields] OR "intracranial'[All Fields] OR

“Glial"[All Fields]
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Search

number

Query

Sort

By

Filters

Search Details

Results

Time

5

#1 AND #2

AND #3

in the last 10 years

(((("*Glioma™"[All Fields] OR "'neoplasm[All Fields] OR
"neoplasia”[All Fields] OR "tumor"[All Fields] OR
“"tumour"[All Fields] OR *‘cancer[All Fields] OR
"'malignancy”'[All Fields]) AND "Brain"'[All Fields]) OR
"'Central Nervous System"'[All Fields] OR
"'Cerebral"'[All Fields] OR "intracranial"'[All Fields] OR
"'Glial"[All Fields]) AND (*'paediatric’[All Fields] OR
"'pediatric[All Fields] OR "'young adult"[All Fields] OR
“infant"[All Fields] OR ‘"child"[All Fields] OR
“'children”'[All Fields] OR "adolescent'[All Fields]) AND
(""perfusion”[All Fields] OR "ASL"[All Fields] OR
"arterial spin labelling"[All Fields] OR "arterial spin
labeling"[All Fields] OR *™arterial spin labeled"[All
Fields] OR "dynamic susceptibility contrast"[All Fields]
OR "DSC"[All Fields] OR "Perfusion Weighted
MRI"TAIl Fields] OR "MR Perfusion"[All Fields] OR
"MRI Perfusion"[All Fields] OR "Spin Labels"[All

Fields])) AND (y_10[Filter])

2,826

12:58:29

#1 AND #2

AND #3

((("Glioma"[All Fields] OR *‘neoplasm'[All Fields] OR
"neoplasia”[All Fields] OR "tumor"”[All Fields] OR
“tumour”[All Fields] OR *cancer"[All Fields] OR
“'malignancy”'[All Fields]) AND "'Brain"[All Fields]) OR
"'Central Nervous  System"[All Fields] OR
"'Cerebral'[All Fields] OR "intracranial"[All Fields] OR
"Glial"[All Fields]) AND (*'paediatric[All Fields] OR
"pediatric*[All Fields] OR *'young adult"[All Fields] OR
“infant[All  Fields] OR *child"[All Fields] OR
*'children*[All Fields] OR *"*adolescent™[All Fields]) AND
("perfusion”[All Fields] OR "ASL"[All Fields] OR
"arterial spin labelling”[All Fields] OR *arterial spin
labeling"[All Fields] OR *arterial spin labeled"[All
Fields] OR "*dynamic susceptibility contrast"[All Fields]
OR "DSC"[All Fields] OR ™Perfusion Weighted

MRI"[AIl Fields] OR "MR Perfusion"[All Fields] OR

5,742

12:58:18
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"MRI Perfusion"[All Fields] OR "Spin Labels"[All

Fields])
("perfusion”™ OR "ASL"™ OR | "perfusion"[All Fields] OR "ASL"[All Fields] OR | 252,240 12:57:39
“arterial spin labelling” OR | "arterial spin labelling"[All Fields] OR "arterial spin
“arterial spin  labeling” OR | labeling"[All Fields] OR *™arterial spin labeled"[All
“arterial  spin  labeled” OR | Fields] OR "dynamic susceptibility contrast"[All Fields]
"'dynamic susceptibility contrast” | OR "DSC"[All Fields] OR "Perfusion Weighted
OR "DSC" OR "Perfusion | MRI"[All Fields] OR "MR Perfusion"[All Fields] OR
Weighted MRI" OR "MR | "MRI Perfusion"[All Fields] OR "Spin Labels"[All
Perfusion” OR "MRI Perfusion™ | Fields]
OR "'Spin Labels™)
(""paediatric’* OR "'pediatric’ OR | '"paediatric'[All Fields] OR "pediatric"[All Fields] OR | 5,112,674 | 12:55:43
"'young adult” OR "infant"™ OR | "young adult"[All Fields] OR "infant"'[All Fields] OR
“child" OR  “children™ OR | "child"[All Fields] OR "children"[All Fields] OR
"adolescent"") "adolescent"'[All Fields]
"Glioma"™ OR "neoplasm"™ OR | ((""Glioma"[All Fields] OR "neoplasm"[All Fields] OR | 1,141,019 | 12:55:19
"neoplasia” OR "tumor™ OR | "neoplasia"[All Fields] OR "tumor"[All Fields] OR
“tumour”™ OR ‘'cancer" OR | "tumour"[All Fields] OR *cancer"[All Fields] OR
"malignancy” AND "Brain" OR | "malignancy'[All Fields]) AND "Brain"[All Fields]) OR
"Central Nervous System" OR | "Central Nervous  System"[All Fields] OR
“"Cerebral™ OR "intracranial™ OR | *"Cerebral"[All Fields] OR "intracranial"[All Fields] OR

"Glial"

“Glial"[All Fields]
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Appendix 2
Web of Science Search Strategy

# Database: Web of Science Core Collection

# Entitlements:

- WOS.SSCI: 1994 to 2022

- WOS.AHCI: 1994 to 2022

- WOS.ISTP: 1997 to 2022

- WOS.ESCI: 2017 to 2022

- WOS.SCI: 1994 to 2022

- WOS.ISSHP: 1997 to 2022

# Searches:

1: ((ALL=((*“Glioma” OR “neoplasm” OR “neoplasia” OR “tumor” OR “tumour” OR
“cancer” OR “malignancy” AND “Brain” OR “Central Nervous System” OR “Cerebral”
OR “intracranial” OR “Glial”’))) AND ALL=((“paediatric” OR “pediatric” OR “young
adult” OR “infant” OR “child” OR “children” OR “adolescent”))) AND
ALL=((“perfusion” OR “ASL” OR *“arterial spin labelling” OR “arterial spin labeling”
OR “arterial spin labeled” OR “dynamic susceptibility contrast” OR “DSC” OR
“Perfusion Weighted MRI” OR “MR Perfusion” OR “MRI Perfusion” OR “Spin
Labels™)) Timespan: 2012-01-01 to 2022-08-01 Date run: Fri
Aug 05 2022 19:28:03 GMT+0200 (Central European Summer Time)

Results: 2266
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Appendix 3

SCOPUS Search Strategy

(ALL (("Glioma"™ OR "neoplasm” OR "neoplasia® OR "tumor" OR "tumour" OR
"cancer" OR "malignancy” AND "Brain® OR "Central Nervous System" OR
"Cerebral” OR "intracranial” OR "Glial")) AND ALL (( "paediatric" OR "pediatric"
OR "young adult" OR "infant” OR "child" OR "children" OR "adolescent")) AND
ALL (("perfusion” OR "ASL" OR "arterial spin labelling” OR "arterial spin labeling"
OR T™arterial spin labeled” OR "dynamic susceptibility contrast® OR "DSC" OR
"Perfusion Weighted MRI" OR "MR Perfusion” OR "MRI Perfusion” OR "Spin
Labels"))) AND PUBYEAR > 2011 AND (LIMIT-TO (PUBYEAR, 2023) OR
LIMIT-TO (PUBYEAR, 2022)) AND (LIMIT-TO ( SUBJAREA, "MEDI") OR

LIMIT-TO (SUBJAREA, "BIOC") OR LIMIT-TO (SUBJAREA, "NEUR"))

Results: 1822
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