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Abstract

Amide proton transfer weighted (APTw) imaging enables in vivo assessment of
tissue-bound mobile proteins and peptides through the detection of chemical
exchange saturation transfer. Promising applications of APTw imaging have been
shown in adult brain tumors. As pediatric brain tumors differ from their adult coun-
terparts, we investigate the radiological appearance of pediatric brain tumors on
APTw imaging. APTw imaging was conducted at 3 T. APTw maps were calculated
using magnetization transfer ratio asymmetry at 3.5 ppm. First, the repeatability of
APTw imaging was assessed in a phantom and in five healthy volunteers by calculat-
ing the within-subject coefficient of variation (WCV). APTw images of pediatric brain
tumor patients were analyzed retrospectively. APTw levels were compared between
solid tumor tissue and normal-appearing white matter (NAWM) and between pediat-
ric high-grade glioma (pHGG) and pediatric low-grade glioma (pLGG) using t-tests.
APTw maps were repeatable in supratentorial and infratentorial brain regions (WCV
ranged from 11% to 39%), except those from the pontine region (WCV between 39%
and 50%). APTw images of 23 children with brain tumor were analyzed (mean age
12 years + 5, 12 male). Significantly higher APTw values are present in tumor com-
pared with NAWM for both pHGG and pLGG (p < 0.05). APTw values were higher in
pLGG subtype pilocytic astrocytoma compared with other pLGG subtypes (p < 0.05).
Non-invasive characterization of pediatric brain tumor biology with APTw imaging

could aid the radiologist in clinical decision-making.
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1 | INTRODUCTION

Pediatric brain tumors comprise a large heterogeneous group, with the standard diagnostic tool being MRI and histopathology, including molecular
diagnostics.! Various factors such as tumor pathology, location, metastases, size, and age at the time of diagnosis lead to a wide prognostic range.?
Low-grade gliomas (LGGs) are the most common type of pediatric brain tumor, with a 10-year overall survival rate of about 90%.%“ In contrast,
diffuse midline glioma are rare but have a low survival rate (~8-11 months).®

Pediatric brain tumors are usually monitored with conventional MRI: that is, T,-weighted, fluid-attenuation inversion recovery (FLAIR), and
contrast-enhanced T;-weighted imaging (T1w-gd). International guidelines regarding, for example, tumor size and contrast enhancement have
been developed to uniformly assess treatment response based on MRI.® However, distinction between tumor growth and/or treatment effects
can still be challenging using these guidelines.”® Nonetheless, this distinction is crucial to offer the patient the right treatment at the right
moment. Insight into tumor biology in vivo may aid in the assessment of brain tumors in clinical decision-making concerning diagnosis and treat-
ment evaluation.

Amide proton transfer weighted (APTw) imaging potentially contributes to non-invasive characterization of pediatric brain tumors. This MR
technique, based upon chemical exchange saturation transfer (CEST), exploits the exchange of protons between water and tissue-bound mobile
protein and peptide levels.? The magnetization of the proton pool of mobile proteins and peptides is selectively saturated through RF irradiation
with a frequency-selective RF pulse at 3.5 ppm for APT.%° Subsequently, the proton pool in the saturated state is transferred to protons in the
unsaturated bulk water pool via exchange, causing attenuation of the water signal.”'° Quantifying the attenuation of the water signal results in
an APTw map indirectly reflecting mobile protein content: that is, high APTw values reflect high tissue levels of mobile proteins.!?

In adult brain tumors, APTw values correlate with Ki-67, a histopathological cell proliferation marker.'? Promising applications of APTw imag-
ing in neuro-oncology include differentiation between LGG and high-grade glioma (HGG) and between true tumor progression and
pseudoprogression.} 1314 Furthermore, APTw imaging is reported as a potential imaging biomarker to assess treatment effects in adult brain
tumors.>*¢ However, adult brain tumors differ from pediatric brain tumors in terms of clinical, biological, and radiological appearance.*”*¢ Cur-
rent application of APTw imaging may therefore not be directly translatable to the pediatric population, and careful evaluation is needed to iden-
tify its applicability in this population.

This study investigates the radiological appearance of pediatric brain tumors on APTw imaging. Since many pediatric brain tumors contain
cysts, which have elevated protein concentration, we also analyzed the effect of suppressing cystic fluids on APTw imaging. In order to under-

stand if APTw imaging can aid in longitudinal assessment of brain tumors, we first investigated its repeatability.

2 | METHODS

The institutional ethical review board (NedMec NL53099.041.15) approved the repeatability study in five healthy volunteers, and written
informed consent was obtained before participation in the study. Patient data were evaluated retrospectively, for which ethical approval was

waived by the institutional ethical review board.

21 | Data acquisition

MR images were acquired from a phantom, five healthy volunteers (adults) and children with a glial brain tumor at a 3 T MR system (Ingenia
Elition X, Philips Healthcare, Best, The Netherlands) with a 32-channel receive head coil.

APTw images were acquired with a 3D turbo spin echo (TSE) sequence including seven frequency offsets: that is, Aw = —2.7 ppm, 2.7 ppm,
—3.5 ppm, 3.5 ppm (repeated three times with an echo shift, ATg), —4.3 ppm, 4.3 ppm, —1540 ppm (3D APT product option of Philips Healthcare,
Best, The Netherlands'?). The acquisition at 3.5 ppm was repeated three times with a ATg [-0.4, 0, +0.4 ms] to create a three-point TSE-Dixon
Bo map.20 Imaging parameters were the following: repetition time (Tg), 5925 ms; echo time (Tg), 8.3 ms; echo train length, 174 ms; field of view
(FOV), 230 mm x 180 mm x 60 mm; acquired voxel size, 1.8 mm x 1.8 mm x 6.0 mm; number of slices, 10; flip angle, 90°; SENSE, 1.6. The RF
pulse amplitude (B1,ms™) was set to 2.0 uT and the saturation time was 2 s (pulse train: 40 sinc-Gauss shaped elements of 50 ms, with no inter-
pulse delay (duty cycle 100%)). The recovery time after the last readout and before the saturation phase was 2472 ms. Total scan time was
3 min45s.

In healthy volunteers Tiw images were acquired (Tg/Tg, 8.1/3.7ms; FOV, 230 mm x 180 mm x 230 mm, voxel size:
1 mm x 1 mm x 1 mm). In patients FLAIR (T/Te, 4800/318 ms; FOV, 230 mm x 180 mm x 230 mm; voxel size,
1.12 mm x 1.12 mm x 1.12 mm), and T1w-gd (Tr/Tg, 8.1/3.7 ms; FOV, 230 mm x 180 mm x 230 mm, voxel size, 1 mm x 1 mm x 1 mm) imag-

ing were acquired as part of the clinical protocol. APTw images were acquired before gadolinium administration.
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Z-spectra were voxel-wise corrected for By inhomogeneity, by applying a frequency shift measured using the TSE-Dixon By-map. Z-spectra were
resampled accordingly. APTw maps were calculated with magnetic transfer ratio asymmetry (MTR,s,m) (Equation 1).

In a subset of patients, APTw maps were also calculated by MTR,,, incorporating fluid suppression (Equation 2), as presented by Keupp and
Togao?! and implemented in the 3D APT product option of Philips Healthcare.

Ssat [_3~5] - Ssat[+3-5]

MTRasym = S

Fluid suppressed MTRgsym = MTRusym (2 _Sat[+33] +Ssat[73'5]>

So

where Sg,: and Sy are signals at frequency offsets of 3.5 and —1540 ppm, respectively. Processing was performed directly on the scanner (soft-

ware from Philips, Best, The Netherlands).

2.3 | Repeatability

The repeatability of APTw maps was assessed using a cylindrical phantom filled with 0.9% saline solution and five submerged Falcon tubes. The
tubes contained solutions of nicotinamide (20, 50, and 100 mM), glutamate (10 mM), and glycine (20 mM) at pH about 7.0 (range 6.8-7.2—
measured with pH indicator strips). Additionally, the repeatability was assessed in five healthy volunteers (mean age, 26 + 2 years, 3 (60%)
females) at an interval of approximately 1 week. In healthy volunteers, APTw scans of two individual brain slabs (i.e., supratentorial brain region
and infratentorial brain region) were obtained within one session.

The repeatability was quantified by calculating the within-subject coefficient of variation (wCV) in several regions of interest (ROls). For the
phantom circular ROIs were manually delineated. In healthy volunteers, ROls of gray matter (GM) and white matter (WM) were segmented (three
ROls in supratentorial brain region; five ROls in infratentorial brain region—cerebellum (n = 3) and pons (n = 2)) by a registration-based approach.
The ROIs of WM included full segments of brain lobes and also small WM segments, referred to as eroded WM-ROIs. Data S1 gives details about
the ROIs in healthy volunteers.

2.4 | Pediatric brain tumors: clinical applicability

Between March 2021 and June 2022 APTw imaging was adopted as part of our clinical protocol and was acquired in 52 children at the neuro-
oncology ward of the Princess Maxima Center for Pediatric Oncology in Utrecht, the Netherlands. In this retrospective study, we included pediat-
ric patients with a pathological or radiological confirmed glioma. This concerned children with a suspected viable brain tumor at various clinical
time points (e.g., at diagnosis or during treatment follow-up). Patients without tumor residual or a tumor without glial origin were excluded. Data
with severe motion artifacts were excluded.

Patients were grouped based on histopathological tumor type, that is, pediatric HGG (pHGG) or pediatric LGG (pLGG). Radiological diagnosis
was used in cases in which no histopathology report was available (n = 5). Based on histopathology pLGGs were subdivided into pilocytic astrocy-
toma, other, and unknown (no histopathology available).

APTw values were assessed in each patient in two ROls:

1. solid tumor, excluding cysts and necrotic tumor areas
2. predefined volume (0.2 mL) of normal-appearing white matter (NAWM) in the temporal lobe or parietal lobe.

The location of the NAWM ROI depended on the brain coverage of the APTw image. If possible, the NAWM ROI was placed in the temporal
lobe contralateral to the tumor location; otherwise, the NAWM ROI was placed in the parietal lobe contralateral to the tumor location. FLAIR and
T1w-gd images were registered rigidly to the So image of the APTw image using ElastiX.?2 The tumor ROl was manually annotated on the regis-
tered FLAIR image in the axial direction using ITK-SNAP 3.6.0.2% T1w-gd images were used as a reference during annotation. A researcher with
2 years of experience in neuroradiology (I.V.0.) annotated all ROIs in consensus with an experienced pediatric neuro-radiologist (M.H.L.)

with 25 years of experience.
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2.4.1 | Statistical analysis

Normality for all data was tested using a Shapiro-Wilk test prior to t-tests. A paired t-test was performed to compare the mean APTw values of
tumor and NAWM. Differences in mean APTw values between different histopathological tumor types (pHGG, pLGG, and subtypes of pLGG)
were assessed with Student's t-tests. The effect of fluid suppression on mean APTw values of solid tumor tissue was analyzed by comparing the
mean APTw value with and without fluid suppression using a paired t-test. The effects of sex, age, type of therapy, and tumor volume on APTw
values of NAWM were analyzed with analysis of covariance to identify confounders. Only age was identified as a confounder and was corrected
for in the analysis by using age as a covariate.

Statistical analyses were performed in IBM Statistical Package for the Social Sciences (SPPS) (Version 26, IBM, Armonk, NY, USA).

3 | RESULTS
3.1 | Repeatability

For both experiments (phantom and healthy volunteers), the APTw maps show a strong visual similarity between the two time points (Figure 1
and Data S2), supported by the wCV (Table 1), ranging from 11% to 39% for supratentorial and infratentorial (cerebellar) brain regions, indicating
repeatable APTw maps.

In healthy volunteers, the best repeatability was obtained for the GM-ROI of the cerebellum and WM-ROI of the cerebellum (WMc-ROI)
(details of ROls in Data S1). In eroded WM-ROlIs (~1.2 mL) the wCV increased by 50% with respect to WM-ROlIs. Furthermore, in regions with
air-tissue transitions, such as the pontine region, By inhomogeneities affect APTw maps with the consequence that the repeatability becomes

worse.

3.2 | Pediatric brain tumors: clinical applicability

Of 61 APTw scans performed in pediatric neuro-oncology patients at our center, we included 23 APTw scans of pediatric brain tumor patients in

the final analysis (Figure 2). Data of one patient did not pass the quality control due to movement artifacts on APTw maps. Therefore, APTw

Phantom (B) Healthy volunteer

Supratentorial Infratentorial
brain region brain region

Time point 1

GLU NAM
10mMm 50 mM

(%) @njea mprdy
(%) anjean m1dv

NAM 100 mM

Time point 2

FIGURE 1 APTw maps of the phantom (A) and a healthy volunteer (supratentorial brain region and infratentorial brain region) (B) for two
time points. Note the gap in the APTw map of the infratentorial brain region (Time Point 1) because there is no brain at this location (brain
masking). GLU, glutamate; GLY, glycine; NAM, nicotinamide.
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TABLE 1 Repeatability metric (WCV [%]) for phantom and healthy volunteers.

APTw value (%) (mean + STD)

Segment Time Point 1 Time Point 2 wCV (%)
Phantom ROI phantom 12
Healthy volunteers Supratentorial brain region GMs-ROI 0.74 £ 0.14 0.83 £ 0.08 13
WMs-ROI 0.64 + 0.19 0.75 +0.13 18
eWMs-ROI 0.38 £ 0.36 0.51+0.31 39
Infratentorial brain region GMc-ROI 1.71+0.18 1.70+0.18 11
WMc-ROI 1.62 +0.24 1.66 +0.20 11
eWMc-ROI 1.68 £ 0.42 1.80 £ 0.24 21
WMp-ROI 1.45+0.79 1.95+0.75 50
eWMp-ROI 1.56 + 1.09 2.06 +0.78 39

Abbreviations: eWMc-ROI, eroded WM ROI of the cerebellum; eWMp-ROI, eroded WM ROI of the pons; eWMs-ROI, eroded WM ROI of the
supratentorial brain region; GMc-ROI, gray matter ROI of the cerebellum; GMs-ROI, gray matter ROI of the supratentorial brain region; WMp-ROI, WM
ROI of the pons; WMs-ROI, WM ROI of the supratentorial brain region.

Retrospective study of
APTw imaging in pediatric
neuro-oncology.

Total of 61 APTw scans

available
1 » - No biobank consent (n=17)
n=44
- No glial brain tumor in situ (n=16)
- No tumor post-operative or after
| adjuvant therapies treatment
l (n=14)
- Other tumor entity (no glial origin)
APTw scans of glial brain (n=2)
tumors
n=28
| . - Multiple APTw scans of one patient
l available* (n=4)

APTw scans for processing
n=24

|
!

Analyzed APTw scans

n=23

- Movement artefact (n=1)

A\ 4

* Including multiple APTw scans of one patient might induce bias

FIGURE 2 Study flowchart.
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imaging of 23 children was used for analysis; baseline characteristics are shown in Table 2. An extensive overview of patient characteristics and

corresponding APTw values of tumor and NAWM are given in Data S3.

Three examples of APTw imaging in pediatric brain tumors are shown in Figure 3. APTw values are significantly higher in tumors compared
with NAWM for both pHGG and pLGG (p = 0.001 and p < 0.001, respectively) (Figure 4A). The mean APTw value was 2.58 + 0.62 (range 1.80-

TABLE 2 Baseline characteristics of the 23 included patients.

Number
Sex, female (%)

Age, years (range)

Time between diagnosis and MRI, months (range)

MRI under anesthesia
Tumor volume (cc) (range)
Tumor types
pHGG?
pLGG?
Pilocytic astrocytoma
Other
No pathology available
Scan at diagnosis
Post-surgery
Scan during treatment

Wait-and-scan policy

?For detailed pathological diagnosis, see Data S3.

Tumor mask

APTwW map

Total

23

11 (48)

12 +5(2-17)

40 £ 51 (0-192)

6

23.99 + 6.65 (0.47-90.71)

o o N un ot b~

(%) anjeA mLdY

(%) anjea m1dy

>
3
g
:
o
£
o
=X

FIGURE 3 Three examples of APTw imaging, correlated anatomical scans, and tumor mask of different pediatric brain tumors: diffuse LGG

(A\), pilocytic astrocytoma (B), and pHGG (diffuse hemispheric glioma) (C).
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3.50)% in pHGG (compared with 0.83 + 0.52% in NAWM) and 2.32 + 0.99 (range 1.10-4.66)% in pLGG (compared with 0.96 + 0.35% in NAWM).
The mean APTw value of pHGG was not higher than the mean APTw value of pLGG (p = 0.46). In patients with APTw imaging at diagnosis,
patients with pLGG had low Ki-67 index and high APTw values, in contrast to patients with pHGG, who showed both a high Ki-67 index and high
APTw values (see Data S3).

APTw values are significantly higher in pLGG subtype pilocytic astrocytoma compared with other pLGG subtypes (Figure 4B; p = 0.047). No
statistically significant difference is present between mean APTw value of pilocytic astrocytoma and pHGG (p = 0.30), or between pHGG and
other pLGG subtypes (p = 0.07).

Incorporation of fluid suppression in MTR,s,m did not affect the APTw values in the solid tumor tissue (i.e., n = 4 APTw values were exactly
identical; n = 12 APTw values were numerically, but not statistical significantly, lower, range 0.01%-0.58%). MTR 45,1, With fluid suppression seems

to solely suppress fluid in cysts (Figure 5).

(A) % p<0.001 (B)
* p=0.047
54 5=
° [ ]
= 4
4 * p=0.001
[ )
[ ] 9 L
- = s
S 3
< 34 3
2
2 *
g A :
< <
£ 24 ry
< °® 4
[ [ 1]
1=
1] [ T T T
Pilocytic Other Unknown
PY ® astrocytoma (n=4) (n=5)
(n=7)
[ J
T L} L] T
NAWM Tumor NAWM Tumor
® pHGG (n=7) ® pLGG (n=16)

FIGURE 4 Plots of mean APTw values in pediatric brain tumor patients. APTw values of tumor and NAWM for pHGG and pLGG are shown.
Gray panel: APTw values of subtypes of pLGG. * indicates significant difference.

APTwW map APTw map with FS
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FIGURE 5 Example of 17-year-old male with a pilocytic astrocytoma encompassing a solid tumor part (A) and a cystic compartment (red
circle) (B). APTw maps without and with fluid suppression (FS) are shown.
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4 | DISCUSSION

We have shown that APTw values of pediatric glial brain tumors are higher than APTw values in NAWM of the same children. APTw values in
pediatric brain tumors are, on average, 1.5 units higher compared with NAWM, which is larger than the wCV for supratentorial and infratentorial
(cerebellar) ROIs. Therefore, APTw imaging allows for longitudinal assessment of tumors. A remarkable observation was that pilocytic astrocyto-
mas have the highest mean APTw value, opening the possibility of radiologically differentiating pilocytic astrocytoma from other types of pLGG
based on APTw imaging.

APTw imaging gives insight into tumor biology by providing information about endogenous protein and peptide concentrations in tissues.’
Togao et al. showed that APTw values of adult brain tumors are correlated to the Ki-67 histopathological cell proliferation biomarker, indicating
tumor aggressiveness.?* As in adults, APTw values of pediatric brain tumors are significantly higher than APTw values of NAWM.*® Overall, APTw
values are in the same range as APTw values of pediatric and adult glioma mentioned in literature independent of tumor type.2>? However,
unlike the study of Zhang et al.?® in pediatric brain tumors, and studies in adult brain tumors,?” we found no significant difference in APTw values
between pHGG and pLGG. Unfortunately, we did not obtain APTw imaging at the same moment as the histopathological cell proliferation bio-
marker Ki-67 index. Therefore, we cannot exclude any correlation between APTw values and Ki-67 index based on this cohort of pediatric glio-
mas. The diagnostic performance of APTw imaging in differentiating pLGG and pHGG seems limited. However, this needs further investigation,
given that a large number of patients in the pLGG group have a pilocytic astrocytoma, with high APTw values. Pilocytic astrocytoma is the most
common subtype of pLGG, but is rare in adults.?®

Histopathologically, pilocytic astrocytomas are defined as benign tumors with a low Ki-67 index. In this tumor, microvascular proliferation,
microcysts, and mucoid material are frequently present.? Histological characteristics of pilocytic astrocytoma, especially microvascular prolifera-
tion, possibly explain the high APTw values. This might be similar to adult hemangioblastoma.®° Furthermore, in essentially all pilocytic astrocyto-
mas, MAPK pathway alterations are found to be the tumor driver, most often KIAA1549-BRAF (35%), BRAF V60OE (17%), or NF1 (17%).3! This
pathway promotes cell growth and survival and reduces apoptosis.>? In this study, all patients with a pilocytic astrocytoma had MAPK pathway
alterations. However, all other pLGGs and some pHGGs also had MAPK pathway alterations as tumor driver, of which many cases displayed a
rarer molecular alteration than most common tumor drivers mentioned above.

Many tumor characteristics, such as cysts, necrotic tumor areas, microvascular proliferation, and pH, seem to affect APTw values.'® For exam-
ple, exchange rates of protons are reduced in acid environments, such as ischemic stroke, which results in lower APTw values.® Higher APTw
values in tumors can be explained by two elements: (1) higher concentrations of cytosolic proteins and peptides caused by increased cell density,
and (2) a slightly higher intracellular pH increasing the exchange rates of the protons.3* Furthermore, elevated levels of mobile proteins are not
specific for solid tumor tissue since tumor cysts can contain high protein concentration as well. When interested in solid tumor tissue solely, signal
of cystic fluids can be weighted such that their appearance in images is suppressed. Without this image post-processing step, APTw signal in cysts
is high but not reflective of solid tumor tissue, which complicates discrimination between tumor components. Therefore, (patho)physiological pro-
cesses should be considered for accurate interpretation of APTw maps by the radiologist.'* Moreover, APTw values in normal brain tissue decline

3536 making age an important covariate to account for, particularly in the pediatric population.

with age,

The main limitation of this study is the small number of patients in each group. Also, the time between pathological diagnosis and APTw scan
is relatively long in some patients. Pathological characteristics seem to be important to explain and interpret APTw values accurately. For valida-
tion of APTw imaging in pediatric neuro-oncology, pathology around scan time must be matched with APTw values (although pLGG rarely trans-
forms towards high-grade malignancies?®). Moreover, histological differences are present between pilocytic astrocytoma in the posterior fossa
and optic pathways, showing a circumscriptive and more diffuse growth pattern, respectively.2” APTw values are possibly affected by tumor loca-
tion, and additionally areas with large By inhomogeneities increase the complexity of accurate interpretation. Current implementation showed that
APTw values are not reliable in the pontine area. Adjustment of acquisition parameters such as thinner slices and longer saturation pulse are
expected to improve the reliability in this area. Finally, our APTw CEST acquisition is slightly different than recommended in a recent consensus
paper,®* in the sense that we measured with a larger offset interval (i.e., +2.7, +3.5, +4.2 ppm instead of +3.0, +3.5, 4.0 ppm), which may have
resulted in a larger data interpolation error.

This study included a heterogeneous group of patients in comparison with literature.2> Patients might not compromise a representative group
of pediatric brain tumors, since APTw imaging was added to the protocol upon request of the radiologist with the consequence of potential selec-
tion bias. Furthermore, some patients (n = 8) underwent treatment prior to the acquisition of APTw images, while in other patients APTw imaging
was performed at diagnosis or during a wait-and-scan policy. We cannot exclude eventual effects of treatment on APTw values in our study. For
example, effect of bevacizumab, a monoclonal antibody against the vascular endothelial growth factor,” can be expected in pilocytic astrocytoma
since this type of tumor has enhanced microvascular proliferation. Increased blood volume because of enhanced microvascular proliferation
and/or mobile proteins leaking from this vasculature may result in high APTw values.>® APTw values might reduce after bevacizumab treatment
since it reduces microvascular proliferation. Treatment effects should be assessed in a longitudinal matter, which is possible since APTw maps are
repeatable in cerebral and cerebellar brain regions. Further analysis should include comparable groups of pediatric brain tumors with and without
treatment to investigate if longitudinal treatment-related changes in APTw values can be measured. This necessitates correlation of APTw maps
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with clinical outcome parameters. Specific guidelines and/or cut-off values for clinical application regarding treatment effects of pediatric brain

tumors can then be defined accordingly.

5 | CONCLUSION

Our study provides new insights into the radiological appearance of pediatric brain tumors on APTw maps. APTw values in glial tumors are signifi-
cantly higher than those in NAWM in children, and high APTw values are present in pilocytic astrocytoma. Next steps should focus on the poten-
tial of APTw imaging in clinical decision-making aiming for longitudinal assessment of metabolic changes in pediatric brain tumors in response to

therapy.
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