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Abstract

Objectives To examine the feasibility of performing ASL-MRI in paediatric patients with solid abdominal tumours.
Methods Multi-delay ASL data sets were acquired in ten paediatric patients diagnosed with either a neuroblastoma (n=4)
or nephroblastoma (n = 6) during a diagnostic MRI examination at a single visit (n =4 at initial staging, n =2 neuroblastoma
and n =2 nephroblastoma patients; n=6 during follow-up, n =2 neuroblastoma and n =4 nephroblastoma patients). Visual
evaluation and region-of-interest (ROI) analyses were performed on the processed perfusion-weighted images to assess
ASL perfusion signal dynamics in the whole tumour, contralateral kidney, and tumour sub-regions with/without contrast
enhancement.

Results The majority of the included abdominal tumours presented with relatively low perfusion-weighted signal (PWS),
especially compared with the highly perfused kidneys. Within the tumours, regions with high PWS were observed which, at
short PLD, are possibly related to labelled blood inside vessels and at long PLD, reflect labelled blood accumulating inside
tumour tissue over time. Conversely, comparison of ASL perfusion-weighted image findings with T;w enhancement after
contrast administration showed that regions lacking contrast enhancement also were void of PWS.

Discussion This pilot study demonstrates the feasibility of utilizing ASL-MRI in paediatric patients with solid abdominal
tumours and provides a basis for further research on non-invasive perfusion measurements in this study population.

Keywords Arterial spin labelling (ASL) - Magnetic resonance imaging - Perfusion - Paediatrics - Neoplasms

Introduction

In paediatric oncology, imaging plays a defining role in
the initial diagnosis, staging, early post-treatment response
assessment and surveillance. Magnetic resonance imaging
(MRYI) is currently the preferred modality for clinical assess-
ment of tumours located in the abdomen [1]. Clinicians rely
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mainly on anatomical imaging techniques for staging, risk
stratification and assessing treatment response [2]. The
state-of-the-art method to evaluate response to treatment in
solid tumours is by measuring the tumour size following the
RECIST (Response Evaluation Criteria in Solid Tumours)
guidelines [3-5]. In addition to anatomic assessment, func-
tional measures such as perfusion and diffusion may provide
complementary information for the clinical assessment of
tumour diagnosis, staging, and treatment response [4, 6-9].

The characterisation of tumour hemodynamics in children
is still limited. One explanation is that childhood cancers are
very heterogeneous with often relatively small patient num-
bers, limiting standardisation for imaging modality choice
and subsequent technical optimisation [1].

Arterial spin-labelling (ASL) MRI may be a valuable
method in a paediatric population for non-invasive meas-
urement of tissue perfusion without the need for contrast
administration. This method utilises magnetically labelled
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water-protons in blood as an endogenous tracer. This allows
for repeated measurements within the same scan session or
frequent follow-up MRI examinations. Thus far, in paedi-
atric patients ASL-MRI has been performed in a few stud-
ies for perfusion imaging of brain tumours [10-14]. These
studies showed that ASL perfusion signal is correlated with
tumour histopathological vascular density and can be used to
distinguish high- and low-grade tumours. In addition, ASL
renders characteristic perfusion patterns for diverse patho-
logic types of brain tumours in children. These findings sug-
gest an important value of ASL-MRI in the characterisation
of hemodynamics in brain tumours. This has not yet been
studied in paediatric abdominal tumours.

Therefore, the purpose of this study was to examine the
feasibility of performing ASL-MRI in paediatric patients
with tumours located outside the brain by evaluating the
presentation of ASL perfusion signal dynamics of common
abdominal tumours.

Materials and methods
Study population

This is a report on retrospective, cross-sectional data
obtained in patients who received diagnostic MR imaging
of the abdomen related to an abdominal solid tumour. An
ASL scan had been added to the clinical scan protocol in
consultation with the pediatric radiologist for the assessment
of tumour perfusion. Subjects did not have to follow specific
actions or rules for conducting this study, since the patients
were scheduled for the MRI examination as part of the clini-
cal diagnostic procedures. A letter waiving ethical approval
was obtained from the IRB of our institution. The image
data were fully anonymised before processing and analysis.

MR Imaging

All patients were scanned on a 1.5 T MR system (Ingenia,
Philips, Best, the Netherlands; software release 5.4)
equipped with a body coil for transmission and a 28-ele-
ment phased array coil for reception.

ASL scan

The ASL scan was acquired using pseudo-continuous ASL
(pCASL) labelling [15], as implemented by the vendor and
clinically available as a standard sequence, with three dif-
ferent post-labelling delays (PLD; 0.5, 1.0, and 1.5 s) and
a label duration of 1.5 s [16]. An auxiliary sequence was
acquired to estimate equilibrium magnetisation (M,). Each
PLD was obtained in a separate acquisition that consisted of
10 label-control pairs. The M, scan, essentially the pCASL
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scan without labelling, was acquired four times and aver-
aged after motion correction. All scans were performed
with the same 2D multi-slice image readout using single-
shot gradient-echo EPI. The labelling slab and image readout
were planned exactly the same for each ASL acquisition.
The applied scan parameters are provided in Table 1. Total
acquisition time of the ASL and M, scans was 4min54s.
The ASL and M,, scans were performed at the end of the
MRI examination, before the injection of contrast agent.
The localiser scan and subsequently acquired clinical
scans were used to enable correct planning of the ASL and
M, scans. Slices were planned in coronal orientation to
minimise through-plane motion due to breathing, includ-
ing as much tumour tissue as possible and (part of) the
contralateral kidney within the stack thickness (62 mm).
The contralateral kidney was used as a reference organ for
comparison with the ASL perfusion signal measured in
the tumour. Normally, the kidneys are well perfused, and
therefore, measured ASL perfusion signal in this organ
could be used as an indication of successful labelling
within a subject. The labelling slab of the ASL scan was
placed perpendicular to the descending aorta and above
the tumour (and kidneys) to prevent these tissues from

Table 1 Scan parameters

Parameters ASL M,*
TR/TE [ms] 4000721 6000/21
EPI-factor 55

Flip angle [deg] 90

SENSE 1.5 (RL direction)

FOV [mm?] 244 %244

Acquired voxel size [mm?] 3%x3

Slice thickness [mm] 6

Slice gap [mm] 1

No. of slices 9

Phase encoding direction RL

Fold-over suppression Saturation slabs®
Fat-suppression SPIR

Slice orientation Coronal

Slice scan order AP

No. of repetitions 10° 4
Labelling duration [s] 1.5 N/A
Delay time [s] 0.5,1.0,1.5 N/A

Total acquisition time [min:s] 01:28 (per delay time) 00:30

AP anterior—posterior, ASL arterial spin labelling, EPI echo planar
imaging, FH feet-head, FOV field-of-view, SENSE sensitivity encod-
ing, SPIR spectral presaturation with inversion recovery, TE echo
time, TR repetition time

2Only parameter settings that were different from the ASL scan
bSpatial saturation slabs superior and inferior to the image volume to
suppress undesired signal aliasing

“Label-control pairs per delay time
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sliding into the labelling slab during breathing. Care was
taken that the labelling slab was as close as possible to the
tumour and remained below the diaphragm (if possible) to
minimise susceptibility artifacts near the lungs. B, shim-
ming was applied to the imaging stack and the labelling
slab independently. Most patients were under anaesthesia
during the entire MRI examination. Acquisitions were per-
formed under non-invasive ventilation or free-breathing
conditions in supine position.

Clinical scans

A standard clinical scan protocol was obtained in each sub-
ject, which included (among others) T,-weighted (T,w)
and T,-weighted (T,;w) scans. A 3D T,w TSE scan was
acquired with TE 90 ms and isotropic spatial resolution
1.2x1.2x1.2 mm? T,w gradient-echo imaging before
and after contrast agent administration (CE-T,w) was per-
formed either using the 3D THRIVE technique with fat
suppression, TE 2.7 ms and acquired spatial resolution
1.07 x 1.07x 3 mm?, or the 3D Vane XD technique with TE,/
TE, 1.9/4.0 ms (with Dixon-based water-fat separation) and
acquired spatial resolution 1.5x 1.5 x3 mm®.

Image processing
ASL scan

To compensate for misalignments caused by (respiratory)
motion during image acquisition, image registration was per-
formed using Elastix [17]. Since tissues and organs inside
the abdominal region may move with respect to each other,
each organ of interest (tumour, kidney) was registered sepa-
rately. To this end, images were first cropped to the region
of interest before image registration. The ASL data set was
registered using a principal component-based groupwise
method [18]. Multi-PLD raw ASL and M,, images were reg-
istered slicewise (total of 64 images per slice; 4 M,, repeti-
tions, 10 label-control pairs per PLD). The groupwise reg-
istration method is robust against intensity changes between
the images and does not require the choice of a reference
image avoiding registration bias [18].

After image registration, label-control raw ASL images
were pairwise subtracted. Next, outlier rejection was per-
formed for each PLD by excluding subtraction images con-
taining > 20% voxels with a value of more than+ 1.5 SD
from the voxel wise mean value over all repetitions within
the tumour or kidney region. The subtraction images remain-
ing after outlier rejection were averaged per PLD to obtain
averaged perfusion-weighted images (AM). The defini-
tion of the tumour and kidney masks that were used for the

outlier rejection is described in more detail in the Image
Analysis section.

Clinical scans

For assessment of contrast enhancement of the tumour, T,w
subtraction images (T, w-subtracted) were used. To this end,
first the CE-T;w scan was coregistered to the T;w scan using
3D rigid image registration in Elastix [17], and next both
images were subtracted.

Image analysis

Regions-of-interest (ROI) analyses were performed to quan-
titatively evaluate the measured ASL perfusion signal in dif-
ferent regions for each subject. ROIs were drawn manually
around the tumour and contralateral kidney contours on the
averaged M, images (after image registration). The ROI of
the contralateral kidney included the renal parenchyma. In
addition, ROIs were drawn in enhancing and non-enhancing
tumour subregions that were identified on T;w subtraction
images. ROIs were drawn conservatively in the enhancing
and non-enhancing tumour regions, i.e., well within the vis-
ible boundary of a non-enhancing or enhancing region, to
take into account minor registration errors between the ASL
perfusion and the CE-T,w data sets. The 3D anatomical T,w
and T, w images were reformatted to the geometry of the M,
images to cross-check the tumour contours. When neces-
sary, ROIs were manually adjusted with in-plane transla-
tions between anatomical and ASL scans. In case multiple
tumours were present, the largest tumour was used for the
ROI analysis. For each tissue type (whole-tumour, contralat-
eral kidney, enhancing tumour, non-enhancing tumour) the
same ROI was used within an individual patient. ROIs were
drawn by a single observer (A.H) and were verified and cor-
rected by a radiologist (A.L with> 10 years of experience
with assessing paediatric oncology MR images).

ASL perfusion signal dynamics within the tumour and
contralateral kidney were assessed by calculating the rela-
tive perfusion-weighted signal (PWS) for each delay time as
AM/M, X 100%. Mean PWS values were calculated over all
voxels inside the ROIs for each subject.

Image processing and analysis were performed using
custom scripts in MeVisLab (version 3.2; MeVis Medical
Solutions AG, Bremen, Germany).

Results
Study population

ASL scans were obtained in 10 paediatric patients (mean age
4.3-year-old; range 1.7-8.3 years; 4 male) diagnosed with
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either a neuroblastoma (n=4) or nephroblastoma (n=6). In
each patient, ASL imaging was performed at a single visit;
n=4 patients (n=2 neuroblastoma, n=2 nephroblastoma)
at initial staging MRI examination pre-treatment, and n=06
patients (n=2 neuroblastoma, n =4 nephroblastoma) at
follow-up MRI-examination during treatment. Patient char-
acteristics and primary tumour classification are presented
in Table 2. Imaging, including ASL, was successfully per-
formed in all subjects and used for further image processing
and analysis.

Image processing and analysis

Image registration successfully reduced misalignment of M,
and raw ASL images, see example, Fig. 1, enabling further
perfusion analysis in all subjects. For both analysed regions
(tumour and kidney), on average 1 (range 0-3) label-control
pair out of 10 per pCASL acquisition (delay time) was con-
sidered an outlier and was rejected. Examples of processed
images that were used for analysis are shown in Figs. 2 and 3
for a neuroblastoma and nephroblastoma case, respectively.
An overview of the ROI sizes used in the analysis for each
tissue type are presented in Table 3. Due to the varying sizes
of the tumours that is confounded by the age range of the
patients, there was a large variation in the sizes of the ROIs.

ASL PWS dynamics

A large variability in ASL PWS dynamics inside the
tumour region was observed across the cases. The majority
of tumours showed large regions with relatively low PWS
intensity that remained stable over time for the three PLDs.
Inside the tumour local regions with higher PWS inten-
sity were observed that either increased or decreased with
increasing PLD. Review of local regions with high PWS
inside the tumour at the shortest PLD (0.5 s) that decreased
over time indicated that these regions often coincided with
local hypo-intense areas in the T,w images; examples are
shown in Fig. 4.

Whole-tumour region vs (contralateral) kidney

PWS values obtained from pCASL images as a function of
PLD within the whole-tumour and kidney regions are shown
in Fig. 5. Mean whole-tumour PWS was 0.25 +0.22% (range
—0.034 t0 0.73%), 0.13 £0.20% (range — 0.20 to 0.46%),
and 0.094 +£0.19% (range — 0.28 to 0.36%) for PLDs of 0.5,
1.0 and 1.5 s, respectively, vs 1.5+0.61% (range 0.72-2.5%),
0.89+0.39% (range 0.34-1.5%), and 0.51 +0.27% (range
0.18-0.94%) in the contralateral kidney parenchyma region.
In general, the mean PWS within the whole-tumour region
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was low in all subjects. For neuroblastoma cases, the mean
whole-tumour PWS appeared to be slightly higher than the
nephroblastoma cases.

Non-enhancing vs enhancing tumour regions

Mean PWS values obtained from pCASL images as a func-
tion of PLD within non-enhancing and enhancing subre-
gions of the tumour after contrast administration are shown
in Fig. 6. Mean PWS was — 0.13+0.46% (range — 1.2
to 0.31%), — 0.089+0.49% (range — 1.3 to 0.40%), and
— 0.24+0.72% (range — 2.0 to 0.14%) in non-enhancing
tumour regions, and 0.40+0.51% (range — 0.11 to 1.8%),
0.12+0.38% (range — 0.51 to 0.76%), and 0.060 +0.50%
(range — 1.2 to 0.76%) in enhancing tumour regions for
PLD 0.5, 1.0 and 1.5 s, respectively. Overall, non-enhancing
tumour regions consistently corresponded with measured
PWS around zero. For the enhancing tumour regions, there
were two neuroblastoma cases with clearly higher mean
PWS values, but most other cases showed very low PWS,
similar to that observed in the non-enhancing regions.

Discussion

We conducted a study to establish the feasibility of ASL-
MRI in paediatric neuroblastoma and nephroblastoma. The
study showed that this was feasible within 5 min of extra
scan time. After realignment, the acquired ASL images
were usable for analysis in a paediatric population under
non-invasive ventilation and free-breathing conditions. The
perfusion signal in the kidney indicates that labelling was
successfully performed in all subjects, yet, the majority of
the included abdominal tumours presented with relatively
low PWS. Within the tumours, regions with higher PWS
were observed, either related to labelled blood inside ves-
sels (at short PLD) or to labelled blood accumulating inside
tumour tissue over time (increasing with PLD). Conversely,
comparison of ASL perfusion-weighted image findings with
T,w enhancement after contrast administration showed that
regions lacking contrast enhancement also showed PWS
around zero.

The ASL scan was obtained in a clinical setting. This
defined our choice for the pCASL labelling approach, since
this method was clinically available on our MR system.
The pCASL labelling approach is currently recommended
for brain and kidney perfusion imaging in adults [16, 19].
pCASL requires the separate planning of a labelling slab
at the location of the feeding arteries that must be posi-
tioned perpendicular to the blood flow direction to ensure
high labelling efficiency. Since each abdominal tumour
is different in size, shape, composition and location, the
feeding vessels of each tumour are unique. These tumour
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Tumour

Kidney

Before

After

Images (64) =

Before

After

MO
(4 repetitions)

Fig.1 Example of motion correction results of images cropped
around the tumour and contralateral left kidney (subject 8 in Table 2).
Images visualise the same intersection (yellow line in the coronal

feeding arteries are often tortuous with varying length and
difficult to locate [20]. Ambiguity of the feeding vessel
location forced us to place the labelling slab perpendicu-
lar to the descending aorta to ensure blood was labelled
before entering the tumour. This location was feasible for
planning of the labelling slab in all patients, but will in
some patients imply placement above the diaphragm at the
level of the lungs which may negatively influence labelling
efficiency [21]. Tortuosity and length variation of the feed-
ing vessels induce variability in the arterial transit time of
labelled blood and the amount of label accumulation in
tissue that can take place during the PLD [22]. Increasing
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ASL
(30 label-control pairs)

image) over all M, and raw ASL images. Improved alignment can be
observed after image registration, for instance by looking at voxels
representing the edges of the tumour/kidney

PLD to allow time for the labelled blood to travel from the
aorta into the tumour and accumulate inside the tumour
tissue will limit the available PWS due to T, decay. Since
no previous ASL studies on abdominal tumours in children
have been reported yet, and hemodynamics and tumour
characteristics can be very different from those in adults
[14], ASL data was acquired with three different PLDs
to evaluate the influence of inflow time on the perfu-
sion signal. In the current study, high PWS was already
observed at the first PLD of 0.5 s in the renal cortex, which
seemed to reduce rapidly with increasing PLD (as shown
in Fig. 5). This arrival and decay of renal PWS appears
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PWS PLD2 PWS PLD3

PWS PLD1

Fig.2 A 7-year-old female patient diagnosed with a neuroblastoma
in the left adrenal gland (subject 1 in Table 2). Processed ASL and
M, images are shown cropped around the tumour (upper row) and
right kidney (bottom row), together with the reformatted T,w and
T,w-subtracted images that were used for analysis of the tumour.
The anatomical location of the neuroblastoma can be appreciated
on the coronal T,w images (arrow). The graph on the right shows

PWS PLD1 PWS PLD2 PWS PLD3

Fig.3 A 4-year-old male patient diagnosed with a bilateral nephro-
blastoma (subject 3 in Table 2). Processed ASL and M,, images are
shown cropped around the tumour (upper row) and right kidney (bot-
tom row), together with the reformatted T,w and T,w-subtracted
images that were used for analysis of the tumour. The anatomi-
cal location of the nephroblastoma can be appreciated on the coro-
nal T,w images (arrow indicates the largest tumour that was used
for analysis). The graph on the right shows the perfusion-weighted

T,w sub

T,w reform

-4 Kidney right
-8~ \Whole-tumour
-0- Enhancing tumour

500 1000 1500

Post-labelling delay [ms]

the perfusion-weighted signal (PWS) as a function of post-labelling
delay (PLD) resulting from the ROI analysis. Green contours: whole-
tumour and kidney regions that were used for the ROI analysis; yel-
low ROI (overlayed on M, image tumour): tumour region with
contrast enhancement on the T,w-subtracted image. Colour scale
bar indicates PWS (AM/M;Xx100%). PLD1=0.5 s; PLD2=1.0 s;
PLD3=1.5s

Twsub  Twreform

-4 Kidney right

-8~ \Whole-tumour

-@- Non-enhancing tumour
-0- Enhancing tumour

PWS [%]

1500

500 1000
Post-labelling delay [ms]

signal (PWS) as a function of post-labelling delay (PLD) resulting
from the ROI analysis. Green contours: whole-tumour and kidney
regions that were used for the ROI analysis; yellow ROI (overlayed
on M, image tumour): tumour region with contrast enhancement on
the T, w-subtracted image; red ROI (overlayed on M, image tumour):
tumour region without contrast enhancement on the T;w-subtracted
image. Colour scale bar indicates PWS (AM/M;x100%).
PLD1=0.5s; PLD2=1.0s; PLD3=1.5s
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Table 3 ROI sizes used in the analysis for each tissue type

ROI Number of voxels
Mean Minimum Maximum
Whole-tumour 3568 231 9476
Contralateral kidney 1015 435 1575
Non-enhancing tumour 617 3 2422
Enhancing tumour 896 31 3718
PWS PLD1 T,w reform

Fig.4 a, b Example cases from two patients (subject 2 and 9 in
Table 2) showing high PWS inside the tumour on PWS images
obtained with the shortest PLD of 0.5 s (PLD1) that coincided with
local hypo-intense areas on the reformatted T,w images (white arrow
heads). ¢ This case (subject 8 in Table 2) shows very well the high
PWS of labelled blood flowing inside the larger arteries (descending
aorta and right renal artery; white arrow heads) indicating success-
ful labelling. Many of the small regions with high PWS inside the
tumour corresponded with hypo-intense regions on the T,w images,
however, due to blurring effects after reformatting of the T,w image
to the geometry of the ASL images these hypo-intense areas could
not be visualised clearly here. The green contours indicate the tumour
region. Colour scale bar indicates PWS (AM/M,, x 100%)
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to be faster than reported in adults [16], underlining the
difference in hemodynamics between children and adults.
Other factors such as variability in blood and tissue T,
values that are known to be present between children, and
an age-dependency of the arterial transit time of blood
flowing from the labelling plane to tissue of interest also
have an influence on the measured PWS [23-26].

In general, the whole-tumour mean PWS was relatively
low in all patients, especially compared with the contralat-
eral kidney region (as shown in Fig. 5). Kidneys are nor-
mally well-perfused, so high PWS was expected in this
organ. Therefore, the measured PWS values in the contralat-
eral kidney region served as an indication that label was cre-
ated and perfusion signal could be measured using this ASL
method, especially since the measured PWS in the tumours
was in general relatively low. The usage of large ROIs cov-
ering the entire tumour (see examples in Figs. 2 and 3) may
have obscured local regions of high PWS inside the larger
areas of low PWS in the calculation of the mean PWS aver-
aged over all voxels inside this whole-tumour region. Review
of local tumour regions with high PWS at the shortest PLD
that decreased over time indicated that these regions often
coincided with local hypo-intense areas on the T,w images
(as shown in Fig. 4). These type of local hypo-intense areas
on T,w images are usually caused by flow void effects inside
a blood vessel. Small local areas of high PWS at the shortest
PLD are, therefore, likely to reflect presence of tumour vas-
culature. On the other hand, a local tumour region with high
PWS that increases or remains more or less constant over
time may be an indication of tissue perfusion. Validation of
in vivo perfusion measurements are in general difficult to
perform, due to the lack of a gold standard technique.

The comparison of tumour contrast enhancement on
T,w-subtracted images with the ASL perfusion-weighted
image findings was intended to assess which aspects of
tumour physiology are being measured with the applied
ASL method, and whether these are physiologically plau-
sible. In principle, the methods do not measure the same
physiological processes: contrast enhancement is the result
of either blood flow or vascular leakage, where ASL PWS
is the result of blood flow only. Non-enhancing tumour
regions (no blood flow nor leakage) should, therefore, cor-
respond with PWS around zero (no blood flow), which was
the case for all non-enhancing tumour regions in this study.
Enhancing tumour regions, on the other hand, were more
difficult to compare directly with ASL findings in the same
tumour regions. Most tumours showed very low PWS inside
enhancing regions (as shown in Fig. 6). This could either
mean that the enhancement was mainly driven by vascular
leakage, which usually builds up over time, or the arterial
transit time of the labelled blood was too long to reach the
tumour tissue and accumulate. Interestingly, there were two
neuroblastoma cases with clearly higher PWS values in the



Magnetic Resonance Materials in Physics, Biology and Medicine (2022) 35:235-246

243

Tumour ’ Kidney
3.0 1 3.0 -
= Neuroblastoma
= Nephroblastoma
2.5 1 2.5 A
2.0 A 2.0 A
1.5 1 15 4
» »n
s s
o o
1.0 1 1.0 4
0.5 0.5 A
0.0 A 0.0 === === m e m oo
0.5 : : . -0.5 r . .
500 1000 1500 500 1000 1500

Post-labelling delay [ms]

Fig.5 ROI analysis of PWS values obtained from pCASL images
within the whole-tumour and contralateral kidney regions in 10 pae-
diatric patients diagnosed with neuroblastoma (black) or nephroblas-
toma (red). The PWS measured in the kidney shows the method is
sensitive to perfusion. Data points represent the average PWS in the
whole-tumour region (left) and contralateral kidney region (right) at

enhancing regions, indicating a possible blood flow effect.
It could also be that the arterial transit time of the labelled
blood was much shorter for these two tumours, making the
accumulation of PWS better visible.

Thus far, ASL MRI in the body/abdomen has mainly been
applied for renal perfusion imaging in adults. Recently, a
consensus-based paper describing technical recommenda-
tions for clinical translation of renal ASL MRI has been
published [16], that was used as a starting point for setting
up the current study. For the kidneys, Echeverria-Chasco
et al. [27] recently showed that the labelling efficiency and
robustness of pCASL for renal applications can be optimized
and depends on the aortic blood flow velocities. A similar
optimization of gradient parameters for blood flow veloci-
ties in a paediatric population could be performed. However,

Post-labelling delay [ms]

each delay time. The error bars represent the 95% confidence interval.
For clarity data points are slightly shifted with respect to each other at
each post-labelling delay and one-sided error bars are shown. pCASL
pseudo-continuous arterial spin labelling, PWS perfusion weighted
signal

this does not resolve the problem of heterogeneity in tumour
location and feeding vessels between patients, that influence
the transit-time of labelled blood from the labelling plane to
the tumour tissue. This currently makes it difficult to identify
the cause of low PWS inside the tumour that remains stable
across all PLDs (as shown in Fig. 5) that could either be due
to low or late perfusion of the tumour. It is, therefore, very
important that labelling is performed as close as possible to
the anatomy of interest. A flow-based labelling approach,
such as velocity-selective ASL (VSASL) [28, 29] and veloc-
ity-selective-inversion prepared ASL (VSI-ASL) [30], that is
insensitive to transit-time and does not require the planning
of a separate labelling slab, may provide a promising alterna-
tive to spatially selective ASL techniques for tumour perfu-
sion imaging of paediatric abdominal tumours. Recently, a
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Fig.6 ROI analysis of PWS values obtained from pCASL images
within non-enhancing and enhancing subregions of the tumour in
10 paediatric patients diagnosed with neuroblastoma (black) or
nephroblastoma (red). Data points represent the average PWS in
non-enhancing (left) and enhancing tumour regions (right) at each
delay time. A minority of two neuroblastoma cases show increased
PWS in enhancing regions inside the tumour. One of the neuroblas-

few studies have already shown promising results of flow-
based ASL imaging in the abdomen for the kidneys [31,
32] and placenta [33, 34] in adults. Another recent study in
paediatric patients with Moyamoya has shown VSASL offers
a powerful approach to accurately image perfusion in these
patients due to transit delay insensitivity [35]. On the other
hand, due to the wide availability of pCASL on clinical scan-
ners, continuing with this labelling approach may still be a
good idea, possibly after adaptation/optimization for blood
flow velocities in children.

This study has limitations. A first limitation of this study
is that the number of patients included was relatively small
with heterogeneous characteristics, which are, however,
usual limitations inherent to the nature of an explorative
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bars represent the 95% confidence interval. For clarity data points are
slightly shifted with respect to each other at each post-labelling delay
and one-sided error bars are shown. pCASL pseudo-continuous arte-
rial spin labelling, PWS perfusion weighted signal

study on retrospective data. In general, paediatric abdominal
tumours are very heterogeneous with diverse pathological
features, and the number of patients for each tumour type are
often relatively small. This poses challenges for conducting
research with this population. So far, feasibility of ASL has
been primarily studied in the brain reflecting the difficulty
in evaluating new techniques in paediatric patients with rare
diseases. Second, the retrospective nature of this study in a
clinical setting limited the amount of time allowed for addi-
tional scans that could be performed. This meant that more
extensive evaluation that would require additional scans,
such as BO and B1 maps or labelling efficiency measure-
ments, to evaluate the technical validity of the ASL measure-
ments or a repeatability analysis could not be performed. A
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future study with a prospective setup would, therefore, be a
logical next step. Default implemented pCASL labelling set-
tings were used, which have been optimised for brain appli-
cation in adults. Optimisation of pCASL labelling param-
eters for blood flow characteristics of the descending aorta
in a paediatric population may improve labelling efficiency
and reduce labelling variation between patients, as has been
shown for renal application in adults [27]. In ASL, the label-
ling efficiency is mostly assumed as a constant parameter in
the kinetic model for perfusion quantification [16, 19, 36].
In fact, in adults labelling efficiency variation may be several
tens of present for settings not optimised for the abdomen
[27]. In the paediatric population, which is relatively hetero-
geneous and with many factors that could potentially have an
influence on the measured PWS, a labelling efficiency meas-
urement on a subject basis may provide insight in the vari-
ability in this population. Third, most patients were under
anaesthesia during scanning. Sedatives may have impact on
tissue perfusion, complicating the interpretation of perfusion
data [24, 26]. The general effects of sedatives on ASL imag-
ing are currently unknown, and remain an important factor
to consider in future larger studies of paediatric imaging.
Finally, due to the explorative nature of this study, ASL-MRI
was only performed at a single visit in each patient, either
at initial staging or during follow-up. Possible changes in
tumour perfusion during treatment could, therefore, not be
assessed. This should be further investigated in future stud-
ies by measuring ASL at multiple visits during treatment
within the same patient.

In conclusion, this study demonstrated the feasibility of
ASL-MRI with a pCASL labelling approach in paediatric
patients with solid abdominal tumours. In this population
considerable differences in PWS were observed both within
the individual tumour and between subjects, with on aver-
age sixfold lower PWS in the whole-tumour region com-
pared with the contralateral kidney. Within the tumour, non-
enhancing tumour regions consistently corresponded with
PWS around zero, whereas some enhancing tumour regions
clearly showed higher mean PWS values. The preliminary
data presented here provides a basis for further research on
non-invasive perfusion measurements of solid abdominal
tumours using ASL-MRI, specifically in paediatric patients.
Further research should be directed towards improving the
labelling approach, for instance by optimizing pCASL label-
ling settings or by exploring other labelling approaches, such
as flow-based ASL techniques.

Acknowledgements We thank MeVis Medical Solutions AG (Bremen,
Germany) for providing MeVisLab medical image processing and
visualisation environment, which was used for image processing and
analysis.

Author contribution AAH: study conception and design, acquisition
of data, analysis and interpretation of data, drafting of manuscript,

critical revision. ASL: study conception and design, acquisition of data,
analysis and interpretation of data, critical revision. MMVN: study
conception and design, critical revision. MVS: study conception and
design, critical revision. CB: study conception and design, analysis and
interpretation of data, drafting of manuscript, critical revision.

Declarations

Conflict of interest This work is part of the research program Applied
and Engineering Sciences with project number 14951 which is (part-
ly) financed by the Netherlands Organisation for Scientific Research
(NWO). The authors have no conflicts of interest to declare that are
relevant to the content of this article.

Ethical approval A waiver for ethical approval was obtained from the
IRB of University Medical Centre Utrecht.

Research involving human participants This research study was con-
ducted retrospectively on data obtained for clinical purposes. We con-
sulted extensively with the IRB of University Medical Centre Utrecht
who determined that our study did not need ethical approval. A confir-
mation letter waiving ethical approval was obtained from the IRB of
University Medical Centre Utrecht, the Netherlands.

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

References

1. Weiser DA, Kaste SC, Siegel MJ, Adamson PC (2013) Imag-
ing in childhood cancer: a Society for pediatric radiology and
children’s oncology group joint task force report. Pediatr Blood
Cancer 60(8):1253-1260

2. Voss SD (2018) Staging and following common pediatric malig-
nancies: MRI versus CT versus functional imaging. Pediatric
Radiol 48(9):1324-1336

3. Therasse P, Arbuck SG, Eisenhauer EA et al (2000) New guide-
lines to evaluate the response to treatment in solid tumors. Euro-
pean Organization for Research and Treatment of Cancer, National
Cancer Institute of the United States, National Cancer Institute of
Canada. J Natl Cancer Inst 92(3):205-216

4. Eisenhauer EA, Therasse P, Bogaerts J et al (2009) New response
evaluation criteria in solid tumours: revised RECIST guideline
(version 1.1). Eur J Cancer 45(2):228-247

5. Schoot RA, McHugh K, van Rijn RR et al (2013) Response assess-
ment in pediatric rhabdomyosarcoma: can response evaluation
criteria in solid tumors replace three-dimensional volume assess-
ments? Radiology 269(3):870-878

6. Li SP, Padhani AR (2012) Tumor response assessments with dif-
fusion and perfusion MRI. J Magn Reson Imaging 35(4):745-763

@ Springer


http://creativecommons.org/licenses/by/4.0/

246

Magnetic Resonance Materials in Physics, Biology and Medicine (2022) 35:235-246

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Manias KA, Gill SK, MacPherson L, Foster K, Oates A, Peet AC
(2017) Magnetic resonance imaging based functional imaging in
paediatric oncology. Eur J Cancer 72:251-265

Hotker AM, Lollert A, Mazaheri Y et al (2020) Diffusion-
weighted MRI in the assessment of nephroblastoma: results of a
multi-center trial. Abdom Radiol (NY) 45(10):3202-3212
Aslan M, Aslan A, Arioz Habibi H et al (2017) Diffusion-weighted
MRI for differentiating Wilms tumor from neuroblastoma. Diagn
Interv Radiol 23(5):403-406

Dangouloft-Ros V, Deroulers C, Foissac F et al (2016) Arterial
spin labeling to predict brain tumor grading in children: correla-
tions between histopathologic vascular density and perfusion MR
imaging. Radiology 281(2):553-566

Delgado AF, De Luca F, Hanagandi P, van Westen D, Delgado
AF (2018) Arterial spin-labeling in children with brain tumor: a
meta-analysis. AJNR Am J Neuroradiol 39(8):1536-1542
Kikuchi K, Hiwatashi A, Togao O et al (2017) Correlation
between arterial spin-labeling perfusion and histopathological
vascular density of pediatric intracranial tumors. J Neurooncol
135(3):561-569

Yeom KW, Mitchell LA, Lober RM et al (2014) Arterial spin-
labeled perfusion of pediatric brain tumors. AJNR Am J Neuro-
radiol 35(2):395-401

Morana G, Tortora D, Stagliano S et al (2018) Pediatric astrocytic
tumor grading: comparison between arterial spin labeling and
dynamic susceptibility contrast MRI perfusion. Neuroradiology
60(4):437-446

Wu WC, Fernandez-Seara M, Detre JA, Wehrli FW, Wang J
(2007) A theoretical and experimental investigation of the tag-
ging efficiency of pseudocontinuous arterial spin labeling. Magn
Reson Med 58(5):1020-1027

Nery F, Buchanan CE, Harteveld AA et al (2020) Consensus-
based technical recommendations for clinical translation of renal
ASL MRI. MAGMA 33(1):141-161

Klein S, Staring M, Murphy K, Viergever MA, Pluim JP (2010)
elastix: a toolbox for intensity-based medical image registration.
IEEE Trans Med Imaging 29(1):196-205

Huizinga W, Poot DH, Guyader JM et al (2016) PCA-based group-
wise image registration for quantitative MRI. Med Image Anal
29:65-78

Alsop DC, Detre JA, Golay X et al (2015) Recommended imple-
mentation of arterial spin-labeled perfusion MRI for clinical
applications: a consensus of the ISMRM perfusion study group
and the European consortium for ASL in dementia. Magn Reson
Med 73(1):102-116

Jain RK (2005) Normalization of tumor vasculature: an emerging
concept in antiangiogenic therapy. Science 307(5706):58—62
Odudu A, Nery F, Harteveld AA et al (2018) Arterial spin label-
ling MRI to measure renal perfusion: a systematic review and
statement paper. Nephrol Dial Transpl 33(2):1i5-ii21

Williams DS, Detre JA, Leigh JS, Koretsky AP (1992) Magnetic
resonance imaging of perfusion using spin inversion of arterial
water. Proc Natl Acad Sci USA 89(1):212-216

De Vis JB, Hendrikse J, Groenendaal F et al (2014) Impact of
neonate haematocrit variability on the longitudinal relaxation time

@ Springer

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

of blood: Implications for arterial spin labelling MRI. Neuroimage
Clin 4:517-525

Proisy M, Bruneau B, Rozel C et al (2016) Arterial spin labeling
in clinical pediatric imaging. Diagn Interv Imaging 97(2):151-158
Varela M, Petersen ET, Golay X, Hajnal JV (2015) Cerebral blood
flow measurements in infants using look-locker arterial spin labe-
ling. J Magn Reson Imaging 41(6):1591-1600

Keil VC, Hartkamp NS, Connolly DJA et al (2019) Added value
of arterial spin labeling magnetic resonance imaging in pedi-
atric neuroradiology: pitfalls and applications. Pediatr Radiol
49(2):245-253

Echeverria-Chasco R, Vidorreta M, Aramendia-Vidaurreta V et al
(2021) Optimization of pseudo-continuous arterial spin labeling
for renal perfusion imaging. Magn Reson Med 85(3):1507-1521
Wong EC (2014) An introduction to ASL labeling techniques. J
Magn Reson Imaging 40(1):1-10

Wong EC, Cronin M, Wu WC, Inglis B, Frank LR, Liu TT
(2006) Velocity-selective arterial spin labeling. Magn Reson Med
55(6):1334-1341

Qin Q, van Zijl PCM (2016) Velocity-selective-inversion prepared
arterial spin labeling. Magn Reson Med 76(4):1136-1148
Bones IK, Franklin SL, Harteveld AA et al (2020) Influence of
labeling parameters and respiratory motion on velocity-selective
arterial spin labeling for renal perfusion imaging. Magn Reson
Med 84(4):1919-1932

Franklin SL, Bones IK, Harteveld AA et al (2021) Multi-organ
comparison of flow-based arterial spin labeling techniques: spa-
tially non-selective labeling for cerebral and renal perfusion imag-
ing. Magn Reson Med 85(5):2580-2594

Zun Z, Limperopoulos C (2018) Placental perfusion imaging
using velocity-selective arterial spin labeling. Magn Reson Med
80(3):1036-1047

Harteveld AA, Hutter J, Franklin SL et al (2020) Systematic evalu-
ation of velocity-selective arterial spin labeling settings for placen-
tal perfusion measurement. Magn Reson Med 84(4):1828-1843
Bolar DS, Gagoski B, Orbach DB et al (2019) Comparison of CBF
measured with combined velocity-selective arterial spin-labeling
and pulsed arterial spin-labeling to blood flow patterns assessed
by conventional angiography in pediatric moyamoya. AJNR Am
J Neuroradiol 40(11):1842-1849

Buxton RB, Frank LR, Wong EC, Siewert B, Warach S, Edel-
man RR (1998) A general kinetic model for quantitative per-
fusion imaging with arterial spin labeling. Magn Reson Med
40(3):383-396

Zderic SA (2004) Renal and adrenal tumors in children. Urol Clin
North Am 31(3):607-617

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



	Perfusion imaging of neuroblastoma and nephroblastoma in a paediatric population using pseudo-continuous arterial spin-labelling magnetic resonance imaging
	Abstract
	Objectives 
	Methods 
	Results 
	Discussion 

	Introduction
	Materials and methods
	Study population
	MR Imaging
	ASL scan
	Clinical scans

	Image processing
	ASL scan
	Clinical scans

	Image analysis

	Results
	Study population
	Image processing and analysis
	ASL PWS dynamics
	Whole-tumour region vs (contralateral) kidney
	Non-enhancing vs enhancing tumour regions


	Discussion
	Acknowledgements 
	References




