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Abstract

Introduction: Paediatric low-grade gliomas, the most common central nervous system (CNS) tu-
mours in children, often require adjuvant chemotherapy or radiation therapy due to incomplete surgi-
cal removal. MR imaging may not reliably reflect tumour behaviour, posing challenges in monitoring
treatment effects (e.g., pseudoprogression). Improving the diagnosis and evaluation of treatment ef-
fectiveness for paediatric brain tumours could be enhanced through non-invasive characterization of
tumour metabolism. Amide proton transfer weighted (APTw) imaging holds promise as a potential
imaging biomarker for treatment response. However, current applications of APTw imaging primarily
focus on adult brain tumours not allowing direct translation to the paediatric population.
Objectives: To generate APTw maps, acquired at 7T, to assess treatment effects over time in paedi-
atric patients with low-grade brain tumours. In addition, a method to correct for B; inhomogeneity
is investigated by creating a patient-specific ratio map of the chemical exchange saturation transfer
(CEST) effect in the brain.

Material and methods: APTw images belonging to the phantom and thirteen paediatric patients
were acquired at 7T. Depending on the acquisition protocol, normalised and BO-corrected z-spectra
were processed pixel-wise by MTRasym and/or Lorentzian fitting to obtain APTw maps. The phan-
tom contained five submerged falcon tubes with solutions of Nicotinamide (50 mM). A ratio map was
created of the CEST effect in the phantom, which corrected the APTw maps for By inhomogeneity.
The variance in APTw values in the corrected and uncorrected maps was evaluated by calculating the
mean and standard deviation. In 13 paediatric patients changes of the APTw values inside the tumour
at different time points were assessed and compared to healthy brain tissue and the clinical outcome
(responsive, stable or progressive) of the patients. Additionally, in five patients the method for By
correction was applied.

Results: A reduction in APTw variance was observed following the application of B1 correction to
the data obtained from a homogeneous phantom. Furthermore, APTw maps, quantified with both
Lorentzian fitting as MTR asymmetry, of thirteen paediatric brain tumours were obtained. In the
APTw maps, quantified with Lorentzian fitting, the tumour was indistinguishable from normal brain
tissue. On the other hand, in the APTw maps, quantified with MTRasym, the tumour was distin-
guishable. The APTw values, quantified with MTRasy, were significantly higher in LGG compared
with normal brain tissue at all time points (pPpasetine = 0.0032, D fotiowupt = <0.001, and pfouowup2 =
0.001).

Conclusion: The phantom study indicates that with a simulated ratio map of the CEST effect, which
represented the Bl inhomogeneity, more homogeneous APTw maps can be created. Furthermore,
APTw maps, quantified with both Lorentzian fitting as MTR, asymmetry, of thirteen paediatric brain
tumours, did not have any relation with the clinical outcome of these patients both in the uncorrected
and corrected data. However, in the APTw maps, quantified with MTR asymmetry, the average APTw
value of the tumours was significantly higher than the average APTw value in normal brain tissue.
APTw imaging at 7T for assessing treatment outcomes in paediatric LGG is not yet robust enough,
due to movement, too little SNR, and B; inhomogeneity.

Keywords: APTw imaging, MRI, paediatric brain tumours, B; inhomogeneity, clinical outcome.
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1 Introduction

1.1 Paediatric brain tumours

In the Netherlands about 120 children per year are diagnosed with a brain or spinal cord tumour,
making central nervous system (CNS) tumours the second most common form of paediatric cancer
after leukaemia.[2] A child with a brain tumour can show a wide spectrum of symptoms. The most
common symptoms in children with a brain tumour are headaches, nausea and vomiting, abnormalities
of gait and coordination, papilledema, and seizures. These symptoms are largely determined by the
location of the tumour.[3] Magnetic Resonance Imaging (MRI) is used to determine the localisation,
size, and extension of the tumour. A standard brain MRI protocol consists of pre- and post-contrast
T1-weighted, T2-weighted, fluid-attenuated inversion recovery (FLAIR), and diffusion-weighted (DW)
sequences. To determine the tumour type histopathology is necessary. Depending on risk stratifica-
tion and diagnosis (high-grade glioma (HGG) or low-grade glioma (LGG)) or tumour type, treatment
options include neurosurgery, (chemo)radiation therapy, and/or chemotherapy. Resection of the tu-
mour is often the first step in the treatment after radiological diagnosis. The goal of neurosurgery
is to remove as much tumour tissue as possible while maintaining functional integrity.[4] However in
some children the risk of damaging important structures is high and (complete) tumour resection is
challenging. For these children, adjuvant chemo- and/or radiation therapy is considered as treatment
of choice.[5]

1.2 Treatment monitoring

To evaluate therapeutic response, children with a brain tumour are monitored every three to six
months during treatment through neurological exams, ophthalmic exams, and conventional MRI. After
treatment, the time between follow-up exams is extended to a maximum of one year. Depending on
the tumour type the total follow-up period can vary from five to ten years. New or worsened symptoms
indicate an earlier check-up.

1.2.1 Physical and neurological exam

The physical and neurological examinations are performed by an oncologist and neurologist to test
the nervous system and include looking at the patient’s vision, hearing, alertness, muscle strength,
coordination, and reflexes. The vision is tested by looking at the movement of the eye and questioning
the patient about double vision. The hearing is evaluated using an otoscope by looking at the ear
canal and eardrum and by asking the patient and caregiver about the hearing. The neurologist will
also talk to the patient and caregiver to evaluate the patient’s alertness, speech, and responses. The
muscle strength and balance are tested by having the patient push with his/her arms and legs against
the hand of the neurologist. In addition, the patient has to walk from one point to another over a
straight line. Lastly, the reflexes of the patient are tested with the use of a reflex hammer. [6]
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1.2.2 Ophthalmic exam

Children with a brain tumour in or near the optic pathway are also monitored by an ophthalmolo-
gist. An ophthalmic exam consists of an orthoptic evaluation, best-corrected visual acuity (BCVA),
pupillary responses, slitlamp examination, visual field examination, and ophthalmoscopy. Orthoptic
evaluation comprises ocular motility and convergence, stereopsis, refraction, light reflex, and cover
tests, as well as patient inspection and observation. Age-appropriate testing techniques (e.g. with
pictures and interrupted circles) are used to examine the BCVA monocularly. Slitlamp examination
assesses the eye’s anterior portion. To evaluate the existence and degree of optic disc edema and optic
nerve atrophy, ophthalmoscopy is used. The visual field examination in younger patients is evaluated
by the behavioural visual field screening test, in which children have to respond to a ball on a graded
arc that moves from behind to the centre of the visual field from different angles.[7, 8] In older patients
the visual field examination is done by the peritest, in which patients have to respond to a light in a
large hemisphere that lights up.[9]

Another technique that is used to evaluate the visual function of the patient is optical coherence tomog-
raphy (OCT). It is a non-invasive, in vivo, imaging modality which uses low-coherence interferometry
to provide high-resolution images of ocular tissue. On the OCT images, it is possible to distinguish
multiple retinal layers around the optic nerve head and the macula. Especially the retinal nerve fiber
layer (RNFL) and the ganglion cell layer-inner plexiform layer (GCL-IPL) thickness (Figure 1.1) have
the potential to be a good measurement for the detection of visual function and visual field loss in
children with a brain tumour, particularly in visual pathway tumours.[10]

Figure 1.1: OCT image of macular retinal layers. In orange the retinal nerve fiber layer, in light orange
the ganglion cell layer, and in blue the inner plexiform layer.

1.2.3 Conventional MRI

The conventional MRI scans (pre- and post-contrast T1-weighted, T2-weighted, FLAIR, and diffusion-
weighted sequences) are made every three to six months during follow-up and are assessed by a radi-
ologist. The Response Assessment in Paediatric Neuro-oncology (RAPNO) guideline (Panel 1) is used
clinically to evaluate the behaviour of the paediatric brain tumour.[11, 12] However, the difference
between tumour progression and pseudoprogression (progression related to treatment effect) cannot
always be determined with certainty on conventional MRI.[13]
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e Complete response is a complete disappearance of the target lesion and all areas of
metastatic disease on T2-weighted and T2-weighted fluid-attenuated inversion recovery
imaging and contrast imaging using the baseline MRI or best-recorded response for com-
parison.

e Major response is a 75% or greater reduction in the target lesion but insufficient response
to qualify as a complete response (both an increase and a decrease in enhancement do not
contribute overall).

e Partial response is a 50% or greater reduction in the target lesion, typically on
T2-weighted and T2-weighted-fluid-attenuated inversion recovery imaging, and variable
changes in enhancement (both an increase and a decrease in enhancement do not con-
tribute overall) using the baseline MRI for comparison.

e Minor response is a 25%-49% reduction in the target lesion, usually assessed by T2-
weighted and T2-weighted fluid-attenuated inversion recovery imaging (both an increase
and a decrease in enhancement do not contribute overall) using the baseline MRI for
comparison.

e Stable disease is an increase or a decrease in the target lesion that is not sufficient to
qualify as a progressive disease or responsive disease.

e Progressive disease A greater than 25% increase in the target lesion, usually assessed
on T2-weighted and T2-weighted fluid-attenuated inversion recovery imaging (both an
increase and a decrease in enhancement do not contribute overall), or the development
or substantial growth (>25%) of new or metastatic lesions using the baseline MRI or
best-recorded response for comparison.

Panel 1: RAPNO response criteria for assessment of paediatric low-grade gliomas.|[11]

1.2.4 Multidisciplinary board

The multidisciplinary board is responsible for discussing and combining all the results of the individual
exams (e.g., neurological exam, ophthalmic exam, and radiological exam). The board consists of all of
the neurologists and oncologists, and a radiologist, ophthalmologist, and pathologist. Together, they
assess, based on the individual exams, how the tumour responds to the treatment and determine when
it is necessary to alter or begin the course of treatment as well as when the patient completed the
treatment.

1.3 APTw imaging

Advanced MRI sequences can contribute to the non-invasive characterisation of paediatric brain tu-
mour metabolism. One of these MR techniques is amide proton transfer weighted (APTw) imaging,
which provides information about peptide levels in the tissue through an indirect measure of the re-
duction of the water signal.[14] APTw maps and the histopathological cell proliferation marker Ki-67
show a strong correlation. As a result, APTw maps appear to be a promising imaging biomarker for
the behaviour of the tumour at the metabolic level.[15, 16]

APTw imaging shows potential for diagnostic applications in neuro-oncology, particularly to distin-
guish between high- and low-grade gliomas.[15, 16, 17, 18] Furthermore, in high-grade gliomas, APTw
imaging has also been observed to distinguish between pseudoprogression and tumour progression.|[13]
In addition, APTw imaging is suggested as a possible imaging biomarker for evaluating the efficacy of
treatment for brain tumours. However, all these studies are performed on adult brain tumours which
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are different from paediatric brain tumours concerning their clinical, biological, and radiological char-
acteristics. There are limited studies that use APTw imaging. An example is a study which uses APTw
imaging as a biomarker for H3 K27 alteration of paediatric brainstem gliomas.[19] Another study, which
uses APTw imaging in paediatric neuro-oncology shows that paediatric brain tumours, low-grade and
high-grade, could be characterised. However, this research included a small number of patients (23
patients).[20] Therefore, more research is needed before the current APTw maps application can be
translated to the paediatric population and their suitability should be carefully evaluated.

1.4 Aim of the study

A non-invasive method to assess tumour activity is needed and APTw maps emerge as a promising
imaging biomarker for assessing tumour behaviour at the metabolic level. Therefore, this study aims
to generate APTw maps, acquired at 7T, to assess treatment effects over time in paediatric patients
with low-grade brain tumours.
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2 Technical background

2.1 General principle of APTw imaging

Amide proton transfer-weighted (APTw) imaging is a non-invasive MR technique based on chemical
exchange saturation transfer (CEST) that provides information about peptide and proton levels in
tissue. CEST is an MR imaging contrast approach in which exogenous or endogenous compounds are
detected through an indirect detection of the reduction of the water signal.[21] This reduction is a result
of a difference in resonance frequency for different molecules, known as chemical shift. This change
in resonance frequency is caused by varying levels of electron shielding of protons of different solutes.
A higher electron shielding results in a lower resonance frequency. Radiofrequency (RF) irradiation is
used to selectively saturate exchangeable solute protons that resonate at a frequency slightly different
from water using the chemical shift principle.[21] The saturated molecules are in a temporary state,
with an equal number of spins against the magnetic field to those aligned with the magnetic field,
showing no net magnetization. The saturated protons are then exchanged with unsaturated protons
from the bulk water. As a result of this exchange, the water signal is attenuated. One single transfer
of saturation is not sufficient to show any noticeable influence on water protons. However, the water
pool is far bigger than the saturated solute proton pool. Therefore, each transferring saturated solute
proton is replaced by an unsaturated water proton, which is again saturated. The saturation time
must be long enough for the saturated protons in the bulk water to accumulate. As a result, low
concentrations of solutes become indirectly visible.[14, 21] Figure 2.1 depicts the principle of CEST.

Figure 2.1: A visual representation of the general principle of CEST. The bottom row shows the effect

Proteins with amide protons surrounded by Saturation prepulse on protein’s amide proton | As a result of chemical exchange the nulled
water molecules. frequency nulls MR signals of these protons. protons move from the protein to water
molecules.
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MR signal of water at 0 ppm is high. MR signal of water remains high (only amide | MR signal of water is reduced due to the
protons are saturated, water protons are not). proton exchange. In APT, this signal change is
used to calculate an APT map that is sensitive
to the concentration of the protein.

of the saturation and magnetization transfer on the proton spectrum.[1]
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This mechanism continues to lower the water magnetization while the saturation pulse is applied. T
relaxation restores the saturated protons to their normal state until the system reaches a steady state
or the saturation pulse is turned off.[22] It is important to have a slow exchange process for CEST
imaging to be successful. To distinguish between the two groups, the exchange rate (ko) between the
chemical substance and water must be less than the chemical shift.[14]

2.2 Acquisition of APTw images

To increase the water signal reduction, CEST acquisition requires a continuous long RF pulse (in order
of seconds; Figure 2.2a) to exchange sufficient saturated protons. However, the long RF pulse requires
a lot of power, which causes hardware problems (heating of the amplifier), and increases the specific
absorption rate (SAR). An increase in SAR causes heating of tissue, which can be harmful to the
patient. Therefore, an alternative pulsed saturation can be used, in which protons are saturated and
exchanged within each pulse. The interpulse gap allows the tissue to heat up less but increases the
total scan time.[14] In children, it is preferred to keep the scan time as short as possible. Therefore,
pulsed saturation with alternation between the even and odd channels is used. This reduces the SAR
effects and the total scan time concerning the other two saturation options.[23, 24]
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Figure 2.2: Schematic illustration of the different saturation schemes; continuous saturation, pulsed
saturation, and pulsed (alternated) saturation.

2.3 Z-spectrum

The z-spectrum is a plot of the water attenuation against the off-resonance saturation frequency. This
spectrum is created by dividing the unsaturated water signal by the saturated water signal (see Figure
2.3). The water resonance frequency, shown in Figure 2.3a and 2.3b at 4.75 ppm, is the symmetry
axis of the z-spectrum, thus is therefore assigned to zero ppm in CEST imaging, see Figure 2.3c. The
other resonance frequencies are scaled concerning the water frequency, e.g. the resonance frequency of
amides is around 3.5 ppm.
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Figure 2.3: (a) and (b) Solute protons are saturated at their specific resonance frequency and this
saturation is then transferred to water. (¢) The z-spectrum in which the measurement of normalised
water saturation is seen.

2.4 Quantification metric

CEST quantification metrics are used to quantify endogenous contrast, i.e. create APTw maps. To
quantify the APT-CEST signal, conflicting effects such as direct water saturation (DS) and the mag-
netization transfer effect (MT) must be eliminated. MT is caused by the magnetization transfer of
non-saturated water protons and saturated protons of semisolid macromolecules. DS is caused by a
direct saturation of the water by the RF pulse. These effects, MT and DS, can be eliminated by
using post-processing quantification methods like magnetic transfer ratio asymmetry (MTRasym) and
Lorentzian fitting (LF).|14]

2.4.1 MTRasym

MTRasym is based on the symmetry around the water frequency (0 ppm). It compares the water signal
reduction on opposite spectral positions (+Aw and -Aw concerning water).[14, 21] The MTR gy, can
be calculated using Formula 2.1.

S—Aw - S+Aw

MTRasym(+Aw) = S
0

(2.1)
Siaw and S_a, are the measured water signals after saturation with a specific RF pulse at +Aw and
—Aw. The MTR 45y for APTw imaging is performed at +3.5ppm because this is the chemical shift
of amides.[14] However, other effects like the nuclear overhauser enhancement (NOE) and semisolid
macromolecular magnetization transfer (MT) may interfere with MTR gsym-[25]

2.4.2 Lorentzian fitting

The quantification metric Lorentzian fitting uses the sum of different Lorentzian functions to fit the
z-spectrum. Previous knowledge of the amplitude, full width half maximum (FWHM), and frequency
offset for various endogenous contrasts form the basis of the Lorentizan functions. The Levenberg-
Marquardt algorithm is used to fit the parameters.[26, 27] The function used for Lorentzian fitting is

shown in Formula 2.2. -
Li(Aw) = Ajmr— (2.2)
-+ + (Aw — d1)?

I'; is the Lorentzian function corresponding to the offset frequency Aw. The amplitude A;, full width
half maximum T, and the frequency shift from the free water proton di are considered.[28] Lorentzian
fitting can also measure other parameters than APT. A 5-pool Lorentzian fitting the following pa-
rameters are quantified: APT (3.5 ppm), NOE (-3.5 ppm), direct saturation (DS), MT, and amines
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(2.2 ppm). The NOE effect is caused by a shift in transition through dipolar or magnetic coupling of
nearby nuclei.[25]

2.5 APTw imaging at 7T

APTw imaging, in this study, is done at a 7T system, which provided compared to a lower field strength,
enhanced signal-to-noise (SNR), contrast, and higher resolution of the images. In addition to these
benefits, the chemical shift increases at a higher magnetic field strength. This is beneficial because
the exchange rate needs to be smaller than the chemical shift.[14] A higher chemical shift allows us
to quantify other effects, such as NOE, DS, MT, and amines.[29] Another benefit is that at 7T, water
has a longer T1 relaxation time, which makes it possible for the water pool to become more saturated,
and this raises the detectable CEST effect.|[14]

However, by using a higher magnetic field strength the inhomogeneities of the static magnetic field
(Bg) and radiofrequency transmit field (B;) are also increased, which causes artifacts (see Figure 2.4).
By inhomogeneity is caused by variations in tissue magnetic susceptibility. The By inhomogeneity
artifacts, including geometric distortion, signal dropout, and blurring, are particularly strong at places
where air and tissue interface, such as the frontal sinus and ear canals.[30] B; inhomogeneity is caused
by shorter RF wavelengths due to a higher Larmor frequency of the protons|31, 32] and the attenuation
of RF amplitude due to tissue conductivity[33, 34]. Shorter wavelengths generate RF pulse interference
because they propagate more slowly and have higher tissue resistive losses. To compensate for By and
B1 inhomogeneity, post-processing techniques are needed.

10.5

104

0.3

0.2

0.1

(a) By map (b) By map

Figure 2.4: Examples of acquired By and B; maps in which the inhomogeneity in the brain is visible.
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3 Phantom study

3.1 Introduction

All APTw images of the patients in this study were acquired with a 7T system. However, by using
a higher magnetic field strength the inhomogeneity of the By and B; field is also increased. These
inhomogeneities result in artifacts in the acquired images, see section 2.5. The 7T scanner contains
a shim coil with 2nd order shimming to decrease static By variations roughly. In addition, a post-
processing method is used to fine-tune the By correction. Nonetheless, a method to correct for B
inhomogeneity is not yet used. A method to correct for B; inhomogeneity is to acquire By maps,
which can show the relative inhomogeneity between voxels. There are various methods to acquire
these maps, for example, simultaneous mapping of the water shift and By (WASABI)[35], and dual
refocusing echo acquisition mode (DREAM)[36]. WASABI is based on the saturation achieved by
applying off-resonance irradiation for several frequency offsets around the Larmor frequency of water.
The signal can be analysed per voxel to estimate the relative By and B value.[35] DREAM B; mapping
is based on the single-shot STEAM sequence (see Figure 3.1).[36]
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Figure 3.1: Schematic visualisation of the STEAM preparation pulse

Since there is no method to acquire one B; map with alternating channels, like how CEST images were
acquired described in 2.2, the By maps for the even and odd channels were acquired separately using
DREAM. When acquiring these separate B; maps, the even and odd channels are not interfering,
However, this is the case in CEST. To acquire B; maps mimicking the pulse scheme of the CEST
sequence a patient-specific simulated B; map of the even and odd channels combined is needed. In
this phantom study, we first simulated the expected CEST signal to create a patient-specific ratio map
of the CEST effect in the brain. With this, we aim to correct the CEST data, of the patients, for By
inhomogeneity.

3.2 Method

3.2.1 Phantom characteristics

The phantom is a thermos flask filled with 6 grams salt dissolved in 2L water of 37°C, containing five
falcon tubes consisting of the same amide concentrations (Nicotinamide 50 mM). Amides contain a
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nitrogen atom connected to a carbonyl. The chemical shift of this molecule is ~3.5 ppm concerning
water.[15] The amide solutes are solved in phosphate-buffered saline (pH ~7.4). The pH influences
the measured APTw value and therefore the fluids in the tubes are titrated to a pH range of ~7.0
(brain pH) with sodium azide.[37] The pH was measured after each added drop of sodium azide with
pH indicator strips till the strip indicated the pH was ~7.0 (range of pH: 6.8-7.2). A picture and
schematic drawing of the phantom is shown in Figure 3.2. The pH measurements of the tubes in the
phantom were performed at room temperature.

Salt solution
0.3% (~37°C)

Figure 3.2: (a) Picture of the thermos flask; (b) Picture of the tube arrangement; (¢) Schematic drawing
of the phantom containing five tubes with all the same concentration of solute amides (Nicotinamide
50 mM). The tubes were surrounded with 0.3% salt solution (~37°C).

3.2.2 Image acquisition

The APTw maps of the phantom were acquired at a 7T system (Achieva, Philips Healthcare, Best,
The Netherlands) using a 32-channel receive-only and 8-channel transmit (8Tx/32Rx) coil for the head
(Nova Medical, Wilmington, USA) with a 3D gradient echo sequence. The phantom was diagonally
placed in the MRI scanner to remove air bubbles from the field of view. The data was acquired at 33
different frequency offsets between Aw = +40 ppm with dense sampling around the regions of interest
(Aw = -3.5, 0 and 3.5 ppm). The distribution of the offsets was: 0, +0.20, +0.27, +£0.50, +1.17, +1.84,
+2.60, £2.80, +£3.00, +3.20, +3.34, +3.65, £3.80, +4.20, +6.71, +20.00, +40.00. Two additional oft-
sets at £600 ppm were added for data normalisation during post-processing. The imaging parameters
were TR = 3.75 ms; TE = 1.8 ms; matrix = 128 x 128 x 12; FOV = 256 x 256 x 24 mm; resolution
= 2.0 x 2.0 x 2.0 mm; flip angle = 5°. The APTw maps were acquired with an RF pulse amplitude of
1.5 puT. The saturation time equaled 1400 ms (a total of 56 block pulses with a duration of 25 ms).

The B1 maps of the phantom were acquired using the following imaging parameters: TR = 3.7 ms,
TE = 1.4 ms, matrix = 112 x 112 x 12, FOV = 224 x 224 x 24 mm, resolution = 2.0 x 2.0 x 2.0 mm,
flip angle = 7°. One with only the even transmit channels and one with only the odd channels with
the drive scale divided by 0.6, because during the acquisition of the B; maps instead of 8 alternating
channels only four channels were used. The scaling factor known as the drive scale controlled the ap-
plied RF pulse’s amplitude and flip angle. The amplitude and flip angle are increased with increasing
scaling factor. Simulations have shown that B; with half of the channels is 0.6 times lower than with
all eight channels.[38].

3.2.3 Image processing

The acquired z-spectra were normalised by dividing the saturated z-spectral (Ssq¢) points by the un-
saturated z-spectral (Sp) points (Aw==4600 ppm). The normalised z-spectrum (Ssq/Sp) was then
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corrected for By inhomogeneity, using MATLAB (R2021a, The MathWorks, Natick: MA), voxel-wise
in three steps (see Figure 3.3).

e Identification of the By-shift (§) by detecting the ppm-position of the absolute minimum in the
z-spectrum which is the position of the water peak (Figure 3.3A).

e By-shift (§) of the z-spectrum in all the voxels is induced by adjusting the minimum of the
normalised signal (water peak) to 0 ppm (Figure 3.3B).

e Interpolation of normalised z-spectrum is applied to achieve a symmetric ppm-distribution (Fig-

ure 3.3C).
A B C
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< < <
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Figure 3.3: The three steps of the By correction. (a) define By-shift, (b) shift z-spectrum, and (c)
spline interpolation of z-spectral points.

The APTw map was calculated using Lorentzian fitting. Lorentzian fitting incorporates five differ-
ent pools (DS, MT, NOE, amines, and amides (APT)). The prior knowledge that was used for the
Lorentzian fitting is listed in the Appendix A.

3.2.4 Simulation CEST effect

The CEST effect is simulated based on the two-pool model of the Bloch equations. The Bloch equations
describe the evolution of magnetisation (%) in the presence of an applied magnetic field (Bf).[39]
The chemical properties of a CEST agent and various nuclear magnetic resonance (NMR) parameters
can be related to the measured CEST effect by the Bloch equations.[40] In Appendix B the Bloch
equations (Equation B.1-B.8) for a two-pool model are described, where pool A is bulk water and pool
B is amides. The MR behavior of these pools in each direction (42 My and %) can be described

dt 7 dt
with these equations.|[40]

The expected CEST signal is calculated for each saturation pulse (56 pulses). The nominal B; that is
used for this simulation is 1.5 nT[41] and the input of the simulation was the acquired B1 maps (odd
and even) with a DS divided by 0.6. At each saturation pulse of 25 ms, the B; maps used as input are
alternated. After each pulse, the spins are not fully recovered yet, so for that reason, this simulation
used the end position of the spins as the start position for the following saturation pulse of 25 ms.
The sum of all the signals from each pulse is the total amount of simulated CEST effect for one offset.
This signal is normalised with the mean in the whole phantom and this results in a ratio map of the
expected CEST effect. The ratio map, at the offset of amides (3.5ppm), is divided by the APTw maps
to obtain the corrected APTw maps.

3.2.5 Data analysis

The APTw values, for both the uncorrected and the, for By inhomogeneity, corrected APTw maps,
were evaluated using four data bins. The first bin is filled with voxels outside the tubes and the other
three bins were based on the APTw values of the uncorrected APTw maps, see Table 3.1.
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| APT values
Bin 1 voxels outside the tubes
Bin 2 | greater than or equal to 5% and less than 10%
Bin 3 | greater than or equal to 10% and less than 15%
Bin 4 greater than or equal to 15%

Table 3.1: Four bins in which the APT values were evaluated.

Thereafter the variance in the z-spectral points, for each tube and all the tubes together, were evaluated
for the uncorrected and the, for B; inhomogeneity, corrected APTw maps. The variance of the APTw
values was assessed by calculating the mean and standard deviation of each tube and all the tubes
together.

3.3 Results

3.3.1 Simulated CEST effect

In Figure 3.4 the simulated CEST effect for offsets 17 to 33 is displayed. The CEST effect is clearly
visible between offsets 22 and 31, which are between 1.2 ppm and 4.2 ppm. The CEST effect has the
highest value in offset 28 and the second highest value in offset 29, which are at 3.35ppm and 3.65ppm.

CEST effect

Figure 3.4: Simulated CEST effect displayed in offset 17 to 33.

3.3.2 APTw maps

Figure 3.5a shows the uncorrected APTw map of the phantom. Generally, high APTw values, around
15%, are seen in the middle of the phantom, and low APTw values, around 7%, are seen at the edges
of the phantom. In Figure 3.5b, the APTw maps corrected for B; inhomogeneity are displayed. The
higher APTw values in the middle of the phantom are not visible anymore and now have approximately
the same values as the APTw values at the edges of the phantom, which is around 7%. The variation
of the APTw values in the corrected APTw map in every tube is smaller than in the uncorrected APTw
maps.
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(a) APTw map not corrected for By inhomogeneity. (b) APTw map corrected for By inhomogeneity.

Figure 3.5: The two APTw maps before (a) and after (b) correction for By inhomogeneity.

In Figure 3.6, the uncorrected and corrected data in one slice is seen. In the corrected data (Figure
3.6b), there is a region with a high APTw value in one of the tubes indicated with an arrow. These
high values were also seen in the uncorrected data (Figure 3.6a). In Figure 3.6c, the z-spectrum of
one voxel in this high APTw value region is shown. It is seen that the original data is noisy and has a
splitted water peak. This is not a representable z-spectrum, while the fitted spectrum before and after

correction is how a z-spectrum is expected to be.
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(a) One slice of the uncorrected APTw values in the (b) One slice of the corrected APTw values in the

phantom. phantom.
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Figure 3.6: Some detailed information of the APTw values of the phantom, with (a) uncorrected data;
(b) corrected data; (c) z-spectrum of one voxel.

3.3.3 Data

In Figure 3.7 one slice of the voxels in bin 2 (3.7a), bin 3 (3.7b), and bin 4 (3.7c) is shown. Bin 2
contained 4715 voxels, bin 3 contained 3093, and bin 4 contained 421 voxels. The selected voxels in
bin 1 were placed outside the tubes, to evaluate the method on voxels where no APT is expected.

0.15 I 0.15
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) One slice in bin 2 with in (b) One slice in bin 3 with in (c) One slice in bin 4 with in
total 4715 voxels. total 3093 voxels. total 421 voxels.

Figure 3.7: Visual representation of the voxels in each bin.

In Figure 3.8 the average z-spectrum for each bin is shown, within a) the raw CEST data, b) the fitted
z-spectrum, and in c) the corrected fitted z-spectrum. Around 3.5 ppm the APT peak is visible for
bins 2, 3, and 4. In these three groups, a difference is secen between the fitted CEST data and the
corrected fitted CEST data. The higher the APTw values (bin 4), the greater the drop in de z-spectrum
around 3.5 ppm. After correction for By, the drop of APT for all three bins is closer to each other.
In addition, in bin 1, where no APTw values were measured, there are also no APTw values measured

after correction.
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Figure 3.8: The average z-spectrum within (a) the raw CEST data, (b) the fitted CEST data, and (c)
the corrected fitted CEST data.

3.3.4 Histogram

In Figure 3.9 a histogram for the APTw values before and after correction is shown. In Figure 3.9a
the APTw values of all tubes are shown. It is visible that the distribution of the APTw values before
correction is between 5% and 20% with the maximum number of voxels around 8%. After correction,
the APTw values are distributed in a smaller range of 4-11% with the maximum number of voxels
around 7%. There are also a few outliers visible in the distribution after correction between 15% and

20%.

In Figure 3.9b, 3.9¢, 3.9d, 3.9¢, and 3.9f the histograms of each tube are shown. The mean APTw
value in each tube is decreasing, but also the standard deviation of the APTw values is lower in each
tube. This decrease is also seen in Table C.1 in Appendix C, in which the mean and standard deviation
for all tubes together and each tube separately are shown. The outliers, with a higher APTw value of
15%-20%, that were described above were visible in tube 3 after correction.
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Figure 3.9: Histograms of the APTw values in all the tubes (Nicotinamide 50 mM) and each tube
separately before and after correction.

3.4 Discussion and conclusion

A reduction in APTw variance was observed following the application of Bl correction to the data
obtained from a homogeneous phantom. Furthermore, the average APTw values also decreased, which
was in line with literature[41]. With a B1 of 1.2nT and a saturation time of 1.4s, it was anticipated that
the effect size of amides would approximate 0.6, thereby leading to an expected reduction in the mean
APTw value by a factor of 0.6.[41] In addition, in bin 1 low APTw values were seen before correction,
because these voxels were outside the tubes in the water. It was shown that the correction method
does not create a signal in places where there was no APT present and measured.

The ratio map is normalised with the mean simulated APTw value in the whole phantom. However,
it remains unclear whether this average APTw value corresponds to regions lacking B; inhomogeneity.
However, this does not affect the contrast differences in the phantom. For example, if the APTw value
without B; inhomogeneity is higher, then the ratio 1 belongs to a higher APTw value.
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Lastly, as described before (Section 3.3.4) there are outliers visible in one of the tubes. It is seen that
the original data in the red area is not a representable z-spectrum. The outliers, notably prominent
in the initial slices of the phantom, may be caused by small air bubbles in the tube persisting within
the CEST slab, despite efforts to tilt the phantom. In future work, the z-spectra should have good
quality control. Voxels with a spectrum which are not representable, for example when the waterpeak
is splitted, should be excluded from the data. One way to assess the quality of the z-spectra is to
subtract the fitted z-spectra from the original z-spectra. The expected result is noise from the original
data, but when there are multiple peaks or abnormally high peaks the voxel should be excluded from
the data. Another option is to add up all the measured z-spectra in the tubes and calculate one mean
z-spectrum. This mean z-spectrum can in term be compared with every single z-spectrum. The z-
spectrum is excluded if the deviation is above the threshold (mean z-spectrum + standard deviation).
An example of this quality assessment method is described in the article of Simpson et al.[42]

A limitation of this study is that the fitting parameters for the Lorentzian fitting were not validated.
Validating accurately is challenging due to the inability of phantom measurements to replicate the
heterogeneous in-vivo environment that produces confounding effects like MT and NOE.|43] Starting
points from published research were used, and grid searches were manually tuned by a previous student
until a proper fit was achieved by assessing the fitting’s goodness of fit.
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4 Clinical Study

4.1 Introduction

In the clinical study, data from the MITCH (Metabolic Imaging of Tumours in Children) study is used.
The MITCH study aims to determine whether APTw imaging and phosphorus magnetic resonance
spectroscopy (3'P MRSI) at 7T is feasible and suitable for the evaluation of treatment response in
paediatric brain tumours. In this thesis, only the APTw imaging of the study was considered; changes
in the APTw values inside the tumour at different time points were assessed and compared to the
clinical outcome of the patients.

4.2 Method

4.2.1 Study design

The MITCH study was approved by the medical ethical committee (METC Utrecht; Nederlands
Trial Register; ID: 8285). Written informed consent was obtained from each patient and/or patient’s
guardian. Patients underwent three MRI scans at 7T, at baseline, and twice during follow-up exam-
inations in intervals of 3-7 months. The 7T MRI scans were acquired around the same time as the
conventional clinical follow-up MRI scans. Between the scans, one group of patients received treat-
ment, which was chemotherapy or radiation therapy. The other group of patients did not receive any
treatment and were solely monitored over time (see Figure 4.1).

Figure 4.1: The study protocol of the MITCH study.
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4.2.2 Patient characteristics

The patients were selected from the Princess Maxima Center for Paediatric Oncology (PMC). Children
aged 6 to 18 years diagnosed with a brain tumour, who were capable of undergoing MRI scans without
anesthesia, were eligible for inclusion in this study. Patients were on active surveillance or were treated
with partial tumour resection, chemotherapy, and/or radiation therapy. Patients were excluded from
the study in case of claustrophobia, tumours that were resected within one month, or MRI-specific
exclusion criteria, such as metal implants. Each patient was screened for MRI-specific exclusion criteria
using the regular MRI (at 7T) safety screening for each MRI scan. For this clinical study, 13 patients
were included all with a low-grade glioma (LGG) and each patient had a baseline scan and two MRI
sessions during follow-up. The patients participated in the study between January 2021 and February
2024. The patient characteristics of the included patients can be seen in Table 4.1.

) Diagnosis Mutation Treatment
Patient 1 Male Pilocytic astrocytoma BRAF V600E Active surveillance
Patient 2 Male | 6 Pilocytic astrocytoma KIAA1549-BRAF | Chemotherapy
Patient 3 | Female | 16 Optic pathway glioma Unknown Chemotherapy
Patient 4 Male | 15 Pilocytic astrocytoma Unknown Active surveillance
Diffuse leptomeningeal
Patient 5 Male | 14 glioneuronal tumour | KIAA1549-BRAF | Chemotherapy
(DLGNT)
Patient 6 Male | 6 Optic pathway glioma Unknown Chemotherapy
Patient 7 Male |8 Optic pathway glioma Unknown Chemotherapy
Patient 8 | Female | 9 Optic pathway glioma Unknown Chemotherapy
Subependymal gi-
Patient 9 | Female | 17 ant cell astrocytoma TSC-1/TSC-2 Chemotherapy
(SEGA)
Patient 10 | Female | 6 Optic pathway glioma Unknown Chemotherapy
Patient 11 | Male | 7 Pilocytic astrocytoma No mutation Che.mf)therapy and
radiation therapy*
Patient 12 | Male | 17 Pilocytic astrocytoma KIAA1549-BRAF | Active surveillance
Patient 13 | Male | 7 Pilocytic astrocytoma KIAA1549-BRAF | Chemotherapy

Table 4.1: Patient characteristics of the included patients.
xStart radiation therapy at follow-up 1

4.2.3 Image acquisition

First FLAIR and T1lw anatomical images were obtained with an 8Tx/32Rx head coil (Nova Medical,
Wilmington, USA). The acquisition of the APTw images is described in section 3.2.2. The CEST
slab in each patient is positioned in a way that contains the entire tumour. In some cases, the slice
thickness was doubled to be able to cover the whole tumour (FOV = 256 x 256 x 48 mm, resolution =
2.0 x 2.0 x 4.0 mm). A screenshot of the planning of the CEST slab was made, to ensure comparable
orientation of the slab during the follow-up scans. In Figure 4.2 an example of the slab planning for
one patient is shown.
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MRI HERSENEN| MRI HERSENEN|

Figure 4.2: Planning of the CEST slab in the brain for APTw image acquisition in three directions
(sagittal, transversal, coronal).

4.2.4 Image processing

The z-spectra were normalised and Bg-corrected as described in section 3.2.3. In all patients, the
APTw value of each voxel was calculated with MTRasym and Lorentzian fitting. The Lorentzian fitting
incorporated five different pools (DS, MT, NOE, amines, and amides (APT)). The prior knowledge
that was used for the Lorentzian fitting is listed in Appendix A.[44]| Furthermore, for patients with
both odd and even B; maps available, Bi-correction was performed with a ratio-map as described in
Chapter 3. The patients in which Bi-correction was applied are patient 3, 6, 11, 12, and 13. The
Bi-correction was only performed with the calculated APTw values with Lorentzian fitting.

4.2.5 Tumour segmentation

The tumours were segmented on FLAIR images and were registered to the CEST coordinate system
using linear registration in Elastix. Details of the registration parameters can be found in Appendix
D. The performance of the registration was analysed by visual comparison of the registered FLAIR
image and unsaturated z-spectral image using ITK-SNAP 3.2.0. In ITK-SNAP also the manual slice-
by-slice segmentation of the tumour was performed. All tumour segmentations were confirmed by a
neuro-radiologist. See Figure 4.3 for a visual representation of the workflow.

I 3

Registration to CEST
coordinate system

Figure 4.3: Visual representation of the workflow of the registration and tumour segmentation.
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4.2.6 Data analysis

The mean APTw values, quantified with Lorentzian fitting and MTRasym, and standard deviation
in the tumour for each patient were calculated and the treatment cohort was compared to the active
surveillance cohort over time. For patient 3, 6, 11, 12, and 13 the B; maps needed as input for the
simulation were acquired, and By correction as described in section 3.2.4 was performed. After B,
correction the APTw values, quantified with Lorentzian fitting, in the tumour were evaluated over
time in each patient. In addition, the mean APTw values, quantified with MTRasym, in the tumour
were compared to the mean APTw value in the normal brain tissue, and the mean APTw values in
pilocytic astrocytomas were compared to other tumour types.

4.2.7 Clinical outcome

The APTw maps were compared to the clinical outcomes of the patients. The clinical outcomes of the
patients were categorised into 3 groups: responsive disease, stable disease, and progressive disease. The
clinical outcome of each patient between baseline and follow-up 1, between follow-up 1 and follow-up
2, and between baseline and follow-up 2 is determined. This clinical outcome is based on the consensus
in the multi-disciplinary board between the oncologists, neurologists, radiologists, pathologists, and
ophthalmologists. In addition, the clinical outcome is divided into three subgroups, namely: neurology
(i.e., physical and neurological exam), radiology (i.e., RAPNOJ[11]), and ophthalmology (i.e., vision,
visual field, OCT).

4.3 Results

4.3.1 Clinical outcome

In Table 4.2 the clinical outcomes, based on the multidisciplinary board, neurological exams, ophthal-
mological exams, and radiological exams, of the patients are shown. Based on the multidisciplinary
board patient 5 had progressive disease between baseline and follow-up 1, patient 6, 8, and 9 had a
responsive disease and the other patients were stable over time. During follow-up 1 to follow-up 2
patient 5, 6, 8 and 11 were progressive and the other patients were stable. Eventually, patient 5 and
11 were stated progressive, and patient 6 en 9 were stated responsive between baseline and follow-up
2. The other patients were deemed stable.

Based on the neurological exams only patient 5 presented with progressive disease. The clinical out-
come based on the ophthalmology exams was shown for vision, vision field, and OCT. In some patients,
the ophthalmological exams were not available or not reliable. patient 7, 10, and 11 had progressive
disease during follow-up. The clinical outcome based on the radiological exams of patient 2, 5, and 11
was progressive disease. In addition, many patients were stable based on RAPNO, while the radiolo-
gist still described some growth. The OCT data and tumour dimensions and volumes can be found in
Appendix E
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Table 4.2: The clinical outcome categorised as a responsive disease
sive disease @ based on the consensus in the multi-disciplinary board, the neurological exams, the
ophthalmologic exams (vision, vision ficld, and OCT), and the radiological exams (RAPNO). *The
radiologist described some growth (a few millimeters).x+xThe radiologist described some reduction (a

MDO
Neurology
Ophthalmology
Vision
Vision field
OCT
Radiology
MDO
Neurology
Ophthalmology
Vision
Vision field
OCT
Radiology
MDO
Neurology
Ophthalmology
Vision
Vision field
OCT
Radiology
MDO
Neurology
Ophthalmology
Vision
Vision field
OCT
Radiology
MDO
Neurology
Ophthalmology
Vision
Vision field
OCT
Radiology
MDO
Neurology
Ophthalmology
Vision
Vision field
OCT
Radiology

*3%k *

ko

kKK kkk

KKk

, stable disease

few millimeters). #* The radiologist described growth in the cystic component.

36

, and progres-



4.3.2 APTw maps analysed with Lorentzian fitting

In Figure 4.4 an example of the FLAIR image, tumour mask, APTw maps, and APTw values in the
tumour of patient 3 over time can be seen. In this figure, the tumour, located in the lower left just
above the ventricle, is indistinguishable. In Appendix F the images of all included patients are depicted.
These maps were not corrected for By inhomogeneity. For APT-CEST and the other pools one slice
in patient 3 is shown in Figure 4.5. In this figure, at the NOE, DS, and MT slice the tumour, located
in the lower left just above the ventricle, can be distinguished.

FLAIR FLAIR + tumour mask APTw maps APTw maps tumour

Follow up 1 Baseline

Follow up 2

Figure 4.4: Example of the FLAIR image, tumour mask, APTw maps, and APTw values in the tumour
of patient 3.

FLAIR + tumour mask APT-CEST

amine-CEST

Figure 4.5: One slice of the 5 pools fitted with Lorentzian fitting in patient 3.
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In Figure 4.12 the mean APT values in the tumour were compared over time in the treatment and
wait-and-scan cohort. The mean value is in both groups around 6-7% and stayed the same during
follow-up. Next, in Figure 4.12b the mean APTw value in the tumour of each patient normalised to
baseline is shown. In patient, 1, 2, 3, 4, 5, and 10 (only B-FU1) an increase in APTw values during
follow-up is shown, while in patient 10 (FU1-FU2) and 13 a decrease in APTw values is shown. The
other patients showed a stable APTw value during follow-up.
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Figure 4.6: (a) Boxplot of the mean APTw value in the tumour of the treatment and wait-and-scan
cohort over time. (b) The mean APTw value in the tumour normalised to baseline over time.

4.3.3 B, correction

In Figure 4.7, the uncorrected and corrected APTw map for patient 3 is shown. The APTw values
in the corrected APTw map (Figure 4.7b) in the middle of the brain showed a decrease, compared to
the uncorrected APTw map (Figure 4.7a). In general, APTw values within the brain appeared more
homogeneous, except certain areas along the brain’s periphery exhibited higher APTw values.
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Figure 4.7: An example of (a) the uncorrected and (b) corrected APTw map of patient 3

In Figure 4.8a the APTw values in the tumour before correction for patient 3, 6, 11, 12, and 13 were
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compared with the values after correction. From Figure 4.8 it can be seen that APTw values decreased
after correction. In Figure 4.8b is shown that the APTw values after correction in the brain were higher
than the values in the tumour.

Before correction After correction Brain Tumour
9 9 7 pe 7 .
. T i - { =
8 H 8 R 6‘ -
H - i . i
. - . ;
gl 57 . o + 25
2. Lo . -~ = - < R *
el - == 6 ! 84 $a :
T | s | T I I . :
> ' > 1 > o
25+ 2501 23 z 3 - L
= = - = =
o o X o o |+ L .
<4 <4 : <2 <2 *
3 3 [ = B 1 1
-;- _" .
2 2 = [ — 0
. 92 . g2 @ A P @ N 2
AN W W AN Ny o A W W A Ny Ny
%a% ‘ 0\\0\‘4 ?o\\o\ﬂ 22 ?0\\0\“ ?0\\°\ﬂ %3% ?0\\0\34 QO\\O\N %39 " 0\\0\!4 ¢ 0\\0~N
(a) (b)

Figure 4.8: (a) APTw values in the tumour before correction and after correction over time. (b) APTw
values after correction in the brain and in the tumour.

In Figure 4.9 the mean APTw values in the tumour of patient 3, 6, 11, 12, and 13 after correction are
shown in which the values were normalised to baseline. Between baseline and follow-up 1, patient 3, 6,
and 12 show an increase in APTw values, while patient 11 and 13 show a decrease. Between follow-up
1 and follow-up 2, patient 6 shows an increase in APTw values, while patient 3, 11, 12, and 13 show a
decrease.
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Figure 4.9: Mean APTw value of patient 3, 6, 11, 12, and 13 normalised to baseline.
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4.3.4 APTw maps with MTRasymmetry

The APTw values were also quantified using MTRasym. In Figure 4.10 an example of the results for
one patient over time is shown. In Appendix G the images of all patients are depicted. In these APTw
maps the tumour can be distinguished from the normal brain tissue.

FLAIR + tumour mask

APTw maps APTw maps tumour

Fallow up 1 Baseline

Follow up 2

Figure 4.10: An example of the FLAIR, tumour mask, APTw maps quantified with MTRasym and
the APTW values in the tumour of patient 1.

In Figure 4.11, the results of comparing the mean APTw values in the tumour with the APTw values
in the brain tissue are shown. APTw values are significantly higher in LGG compared with normal
brain tissue at all time points (Figure 4.11; ppgseiine = 0.0032, P foiiowupt = <0.001, and p toriowup2 =
0.001). The mean APTw value was in tumours at baseline 0.61+1.77, at follow up 1 1.06+1.46, and at
follow up 2 0.03+3.59. No statistically significant difference is present between the mean APTw value
of pilocytic astrocytoma and other types of tumours.
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Figure 4.11: Boxplot of the mean APTw values in brain and tumour tissue over time.

In Figure 4.12a the mean APTw values in the tumour were compared over time in the treatment and
wait-and-scan cohort. The mean value in both groups is around 0-1% and stayed the same during
follow-up. Next, in Figure 4.12b, the mean APTw value in the tumour of each patient normalised to
baseline is shown. In patient 1, 2, 3, 7, 9, and 12 an increase in APTw values during follow-up is shown,
while in patient 5, 6, 10, and 13 a decrease in APTW values is shown. The other patients showed a
stable APTw value during follow-up.
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Figure 4.12: (a) The mean APTw value of each patient categorised in the treatment and wait-and-scan
cohort over time. (b)The normalised APTw value of each patient over time.

4.4 Discussion and conclusion

The APTw values, quantified with Lorentzian fitting and MTRasym, inside the tumour over time were
assessed and related to the clinical outcome of the patients. B; inhomogeneity correction, detailed
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in Chapter 3, was applied to APTw maps derived from Lorentzian fitting and assessed in relation to
clinical outcomes.

4.4.1 Patient cohort

The patient cohort included in this study (thirteen patients) was limited and heterogeneous, with
tumours differing in classification, size, and location. Therefore, in most parts, only qualitative analysis
was allowed. The limited cohort size resulted in a small wait-and-scan cohort, which consisted of only
three patients. More patients in the wait-and-scan cohort should be included when comparing the
two groups in the future. In addition, the patients in the treatment cohort (ten patients) had a
variety of treatment protocols. Therefore, the effects of treatment on APTw values could not be
excluded. An example is the effect of bevacizumab, which could be expected in the treatment of
pilocytic astrocytoma (six patients).[45] This type of tumour has enhanced microvascular proliferation.
The microvascular proliferation in combination with mobile proteins leaking from this vasculature may
result in high APTw values. However, the APTw values may reduce after bevacizumab treatment,
because bevacizumab decreases microvascular proliferation.[45, 46]

4.4.2 Clinical outcome

The clinical outcome, based on the MDO, of eight out of thirteen patients was stable during follow-
up, and this was also seen in the outcome based on neurological, ophthalmologic, and radiological
exams. However, in patient 1 and 12, the radiologist described some tumour growth. In patient 2
this even resulted in progressive disease according to RAPNO. However, the radiologist stated it as
pseudoprogression. The patients that had progressive or responsive disease according to the MDO,
were also described as progressive or responsive by the radiologist. However, when looking at RAPNO
these patients were stated stable. The use of RAPNO for response assessment of LGG could be
questioned based on these results. Nevertheless, the RAPNO committee recommends the combined
use of imaging, clinical, and functional assessments to evaluate responses in clinical trials. They aim to
develop a standardised protocol that can be implemented internationally and prospectively.[11] Future
research, should compare the clinical outcome of the neurological, ophthalmologic, and radiological
exams over a longer follow-up period. Thereafter, the diagnostic and prospective value of each exam
could be investigated, for example, OCT.[47]

4.4.3 Tumour biology

The tumour masks, used to determine the APTw values in the tumour, consisted of only one tumour
mask for each patient. These masks included the solid and cystic parts of the tumour. This approach
generalised all tumour regions, while elevated levels of mobile proteins are not specific for solid tumour
tissue since tumour cysts can contain high protein concentrations as well.[20] Consequently, the average
tumour value may not accurately reflect the metabolism of the tumour. In future research, multiple
tumour masks should be made to analyse solid and cystic parts separately. In addition, the tumour
masks were created on the FLAIR registered to CEST space. However, this resulted in a decrease in
resolution, which made tumour segmentation less precise.

4.4.4 APTw maps with Lorentzian fitting

In the APTw maps, quantified with Lorentzian fitting, of all thirteen patients, the APTw values in
the tumour were similar to the normal brain making it impossible to distinguish the tumour from the
normal brain. This observation contrasts with findings from a study conducted on paediatric LGGs
at 3T.[20] There could be multiple reasons for the results in this study. First, it is important to note
that the measured AP T'w values may not solely reflect the presence of proteins and peptides. Instead,
the observed APTw contrast originates from the inherent tissue-water T; relaxation properties.|[4§]
Additionally, the By and By inhomogeneity are increased at 7T. This study attempted to correct for
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these inhomogeneities. However, a gold standard for validating the B; correction method remains
elusive.

Overall no relation was seen in the mean APTw values in the tumour between the treatment and wait-
and-scan group. In addition, the mean APTw values also had no association with the clinical outcome
of the patients. Even when the data was corrected for B; inhomogeneity, there was no relation found.

4.4.5 APTw maps with MTRasym

The APTw values, quantified with MTRasym, in tumours were statistically higher compared with
the APTw values in brain tissue. This may be explained with Figure 4.5 in which the other pools of
Lorentzian fitting can be seen. The amides were measured at 3.5 ppm on the z-spectrum. If MTRasym
is used 3.5 ppm will be compared to -3.5 ppm, which is the location of the NOE effect. The NOE effect
is higher at 7T, and the tumour has a low value in Figure 4.5. This low value in the NOE pool is then
visible as a high value in de APTw maps quantified with MTRasym. The low value in NOE signals
is in line with literature, where NOE signals are lower than normal brain tissue and also significantly
differ between HGG and LGG.[49]. Lastly, there was no relation in the mean APTw values, quantified
with MTRasym, between the treatment and wait-and-scan group and between the mean APTw values
and the clinical outcome.

4.4.6 Limitation of the clinical study

Two limitations described in Chapter 3 also apply in this chapter, namely the fitting parameters for
Lorentzian fitting that were not validated and validation of the By correction method. Furthermore,
movement artifacts will be present in young children[50], resulting in inappropriate APTw maps. There-
fore, registration of z-spectral images should be taken into consideration in the paediatric population.
Additionally, APTw values in healthy brain tissue decrease with age, which makes age a significant
covariate to take into consideration, especially for the paediatric population.[20] The influence of age
was not investigated due to a limited number of patients. Lastly, APTw values could be affected by
the tumour location, for example in areas with large By inhomogeneities like the oral cavity. In this
study, most of the tumours were located in or near the chiasm, which is located close to the oral
cavity. In addition, the pontine area is also a location where APTw values are unreliable.[44] It should
be investigated if improving the acquisition parameters, such as using longer saturation pulses and
thinner slices, will increase the reliability in these regions.
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5 Implementation and future perspec-
tives

In summary, the phantom study indicates that with a simulated ratio map of the CEST effect, which
represented the By inhomogeneity, more homogeneous APTw maps can be created. Furthermore,
APTw maps, quantified with both Lorentzian fitting as MTR asymmetry, of thirteen paediatric brain
tumours did not have any relation with the clinical outcome of these patients both in the uncorrected
and corrected data. However, in the APTw maps, quantified with MTR asymmetry, the average APTw
value of the tumours was significantly higher than the average APTw value in normal brain tissue.
Implying that tumour tissue can be investigated using APTw maps at 7T.

5.1 Clinical implementation of APTw imaging at 7T

The results of this study indicate that APTw imaging at 7T for assessing treatment outcomes in
paediatric LGG does not appear to be a useful tool for radiologists when making clinical decisions.
APTw imaging at 7T is not yet robust enough in children, due to movement, too little SNR and B4
inhomogeneity. However, more research is needed to investigate the implementation of other CEST
effects measured at 7T, like the NOE effect.|27] At this point APTw imaging at 7T, in addition to
the conventional MRI scan, has no added value and is an additional burden for the patient. On the
contrary, APTw imaging at 3T, investigated in the study of Obdeijn et al.[20], should be investigated
during treatment to see if treatment effects can be evaluated in paediatric brain tumours.

5.2 Future perspectives

In future research, APTw imaging in patients with HGG gliomas should be investigated, as literature
in adults has shown that LGG and HGG gliomas have different APTw values.|15, 16, 17, 18] This effect
is caused by the increased cell proliferation and overexpression of proteins in HGG resulting in higher
APTw values compared to LGG.[51] Furthermore, the patient cohort for the MITCH study should
be expanded to provide a more thorough assessment of the applicability of APTw imaging in paedi-
atric neuro-oncology. If these children are scanned, efforts should focus on enhancing the robustness
of APTw imaging techniques. In further research, it is important to see whether findings of APTw
imaging are supported by other sequences, e.g. 3'P MRS, in the detection of metabolic changes inside
tumours.[52]
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A Lorentzian fitting parameters

The APTw maps can be subtracted from the z-spectrum by using Lorentzian fitting metrics. To apply
this metric, Parameters need to be predefined. The parameters are defined in an earlier graduation
project.[44]

Table A.1: Fitting parameters for 6-pool Lorentzian fitting. A is the amplitude, J is the chemical shift
in ppm and I' is the FWHM in ppm.

Lower Upper

Awater

6amide

Aamine
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B Bloch equations

The Bloch equations for a two-pool model, where pool A is the bulk water and pool B the amides.

Ma
ddtx = —(Wa — W)My — k2 M + Cp M (B.1)
dMPb
o = (= )My = M+ Co M (B.2)
dM;/l a a b a
e —(wg —w)MZ — koo My + Cy M, — w1 M (B.3)
dMZ? b b a b
dt = _((Ub - w)Mm - kaMy =+ CaMy - (UlMZ (B4)
dM® Mg
T T kM 4 G Mt My (B.5)
amb  Mb
T T—l(; — kM + CoaM + wi M, (B.6)
where !
k1o = = + Ca B.7
1 Tia + (B.7)
oo = +C. (B.8)
2a — T2a a .

and Ty, and Ty, are the relaxation times of pool A in the absence of exchange, w is the frequency of the
RF irradiation, w, is the Larmor frequency of pool A, w; is the nutation rate of the RF irradiation, C,

is the transition rate of A spins leaving pool A, and k, is the exchange rate of pool A. These definitions
are similar for pool B.[40]
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C Mean and standard deviation tubes
in the phantom

Table C.1: The mean APTw value and standard deviation for (a) all the tubes and (b)(c)(d)(e) each
tube individually.

All tubes Mean Standard deviation
Before correction | 0.1032 0.0248
After correction | 0.0703 0.0203

Tube 1 Mean Standard deviation
Before correction | 0.1003 0.0232
After correction | 0.0652 0.0147

Standard deviation

Before correction | 0.0958 0.0201
After correction | 0.0628 0.0134

Tube 3 Mean Standard deviation
Before correction | 0.1022 0.0235
After correction | 0.0696 0.0200

Tube 4 Mean Standard deviation
Before correction | 0.1009 0.0206
After correction | 0.0678 0.0142

Tube 5 Mean Standard deviation
Before correction | 0.1013 0.0232
After correction | 0.0665 0.0148
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D Registration parameters FLAIR im-
age to CEST coordinate system

//ImageTypes
(FixedInternallmagePixel Type "float")
(FixedImageDimension 3)
(MovingInternallmagePixel Type "float")
(MovinglmageDimension 3)

(UseDirectionCosines "true")

//Components
(Registration "MultiResolutionRegistration")
(FixedImagePyramid "FixedRecursivelmagePyramid")
(MovinglmagePyramid "MovingRecursivelmagePyramid")

(Interpolator "BSplinelnterpolator")
(Metric "AdvancedMattesMutuallnformation")
(Optimizer "AdaptiveStochasticGradientDescent")
(Resamplelnterpolator "FinalBSplineInterpolator")
(Resampler "DefaultResampler")
(Transform "EulerTransform")

(ErodeMask "false")
(NumberOfResolutions 6)

(FixedlmagePyramidSchedule 16 16288 1441221111111)
//(MovingImagePyramidSchedule 32 3224 16 16 1288 1244622211 1)
//(MovingImagePyramidSchedule 32 16 24 16 8 128 41242621211 1)
(MovinglmagePyramidSchedule 32 16 8 16 84844422211111)

(HowToCombineTransforms "Compose")
AutomaticParameterEstimation "true")
AutomaticTransformInitialization "true")
AutomaticScalesEstimation "true")
AutomaticTransformInitializationMethod "CenterOfGravity" )

P

(WriteTransformParametersEachlteration "false")
(WriteResultImage "true")
(CompressResultImage "false")
(WriteTransformParametersEachResolution "false")
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(ShowExactMetricValue "false")
(ResultImagePixel Type "short")
(ResultImageFormat "mhd")

//Maximum number of iterations in each resolution level:
(MaximumNumberOfIterations 2000)

//Number of grey level bins in each resolution level:
(NumberOfHistogramBins 32)
(NumberOfMovingHistogramBins 32)
(NumberOfFixedHistogramBins 32)

//Number of spatial samples used to compute the mutual information in each resolution level:
(ImageSampler "RandomCoordinate")
(NumberOfSpatialSamples 5000)
(MaximumNumberOfSampling Attempts 15)
(NewSamplesEverylteration "true")
(CheckNumberOfSamples "true")

//Order of B-Spline interpolation used in each resolution level:
(BSplinelnterpolationOrder 3)

//Order of B-Spline interpolation used for applying the final deformation:
(FinalBSplinelnterpolationOrder 3)

/ /Default pixel value for pixels that come from outside the picture:
(DefaultPixelValue 0)
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E Clinical outcome

E.1 OCT

The OCT data of patient 1, 2, 3, 4, 7, 8, 10, and 13. In patient 8 and 13 only two exams were
performed.

Table E.1: OCT data of patient 1

OCT RNFL

Baseline exam | follow-up exam 1 | follow-up exam 2 | follow-up exam 3

OD 67

0S 61 63 63
OCT GCL
Baseline exam follow-up exam 2 | follow-up exam 3
OD average 61 63 64 60
OD minimum 52 54 54 53
OS average 61 62 63 61
OS minimum 53 50 53 49

Table E.2: OCT data of patient 2

OCT RNFL
Baseline exam | follow-up exam 1 | follow-up exam 2
OD 72 70 68

(ON] 71 69 70

OCT GCL
_ Baseline exam | follow-up exam 1 | follow-up exam 2

OD average
OD minimum
OS average
OS minimum
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Table E.3: OCT data of patient 3

OCT RNFL
- Baseline exam | follow-up exam 1 | follow
56

OD 55 52
(O] 53 52 52

OCT GCL
_ Baseline exam | follow-up exam 1 | follow-up exam 2

OD average 49 48
OD minimum 41 40
OS average 52 52
OS minimum 48 48

Table E.4: OCT data of patient4

OCT RNFL
Baseline exam | follow-up exam 1 | follow-up exam 2 | follow-up exam 3

OCT GCL

Baseline exam | follow-up exam 1 | follow-up exam 2 | follow-up exam 3

OD average 73 73
OD minimum 54 55 55
OS average 52 53 54
OS minimum 46 47 49

Table E.5: OCT data of patient 7

Baseline exam | follow-up exam 1 | follow-up exam 2
OD 82 90 81 79
0S 74 7 74 67

OCT GCL

Baseline exam | follow-up exam 1 | follow-up exam 2 | follow-up exam 3

OD average 70 72 68 68
OD minimum 57 59 57 56
OS average 67 66 65 65
OS minimum 62 60 59 60
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Table E.6: OCT data of patient 8

]

follow-up exam 1 | follow-up exam 2
OD X X
0S X 56

OCT GCL
_ follow-up exam 1 | follow-up exam 2

OD average
OD minimum
OS average
OS minimum

Table E.7: OCT data of patient 10

OCT RNFL

Baseline exam | follow-up exam 1 | follow-up exam 2

OD 56

0S 57 51
OCT GCL
_ Baseline exam | follow-up exam 1 | follow-up exam 2
OD average 56 54 56
OD minimum 50 50 50
OS average 55 56 54
OS minimum 50 50 49

Table E.8: OCT data of patient 13

OCT RNFL

Baseline | follow-up exam 1
OD 76 77
OS 92 89

OCT GCL

_ Baseline | follow-up exam 1

OD average 59
OD minimum 53
OS average 66
OS minimum 51

56



E.2 Radiology

Table E.9: Dimensions (LR x AP x FH; in mm) of the tumor in each patient over time

C  hacline —Followupl | Follow-up 2

Patient 1 = 38.1x21.1x23.3 384x21.7x245 36.9x249x26.4
Patient 2 23.1x25.7x19.1 27.7x26.7x 193 27.8x29.5x 22.0
Patient 3 = 17.1x19.8x16.1 16.1x19.6x14.7 16.6 x 18.6 x 16.1
Patient 4 22.1x34.0x18.8 21.6x33.2x194 23.2x33.3x209
Patient 5 34.4x53.7x66.1 32.8x52.0x66.5 32.8x49.6x58.5
Patient 6 26.3x13.6x80 222x132x79 226x13.2x7.8
Patient 7 20.9x9.9x 8.7 20.0 x 8.5 x 8.0 209x103x 8.1
Patient 8 11.4x 13.7x 9.5 11.7x9.5x9.0 134 x 11.8 x 10.0
Patient 9 = 7.6 x 10.0 x 10.3 3.0x49x58 29x48x5.5

Patient 10 71.5 x 28.0x44.2 72.9x27.5x46.3 71.3 x26.9 x 46.2
Patient 11 56.2 x49.6 x 36.4 21.3x29.2x24.8 26.5x31.3 x 287
Patient 12 19.2x 26.0 x 22.1 21.3x29.2x 24.8 26.5 x 31.3 x 28.7
Patient 13 22.6 x 16.6 x 22.1 23.3x20.3x21.0 232x17.5x214

Table E.10: Volumes (in cm?) of the tumor masks made for the APTw analysis.

_ Follow-upl | Follow-up 2

Patient 1 18.33 18.88 16.65
Patient 2 7.02 5.41 8.27
Patient 3 5.41 6.85 6.10
Patient 4 13.23 12.87 11.84
Patient 5 26.77 25.15 28.21
Patient 6 2.34 2.49 1.36
Patient 7 0.97 1.64 1.08
Patient 8 0.53 0.65 1.03
Patient 9 9.48 5.78 5.98
Patient 10 73.65 85.79 73.04
Patient 11 49.31 41.41 45.31
Patient 12 11.31 6.85 12.06
Patient 13 2.76 4.87 4.32
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F Lorentzian fit figures of all patients

FLAIR + tumour mask APTw maps APTw maps tumour

Follow up 1 Baseline

Follow up 2

Figure F.1: Example of APTw maps quantified with Lorentzian fitting of patient 1.
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FLAIR FLAIR + tumour mask APTw maps APTw maps tumour

Follow up 1 Baseline

Follow up 2

Figure F.2: Example of APTw maps quantified with Lorentzian fitting of patient 2.

FLAIR + tumour mask APTw maps APTw maps tumour

Follow up 1 Baseline

Follow up 2

Figure F.3: Example of APTw maps quantified with Lorentzian fitting of patient 3.
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FLAIR FLAIR + tumour mask APTw maps APTw maps tumour

Follow up 1 Baseline

Follow up 2

Figure F.4: Example of APTw maps quantified with Lorentzian fitting of patient 4.

FLAIR FLAIR + tumour mask APTw maps APTw maps tumour

Follow up 1 Baseline

Follow up 2

Figure F.5: Example of APTw maps quantified with Lorentzian fitting of patient 5.
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FLAIR FLAIR + tumour mask APTw maps APTw maps tumour

Follow up 1 Baseline

Follow up 2

Figure F.6: Example of APTw maps quantified with Lorentzian fitting of patient 6.

FLAIR FLAIR + tumour mask APTw maps APTw maps tumour

Follow up 1 Baseline

Follow up 2

Figure F.7: Example of APTw maps quantified with Lorentzian fitting of patient 7.

61



FLAIR + tumour mask APTw maps APTw maps tumour

Follow up 1 Baseline

Follow up 2

APTw maps APTw maps tumour

Baseline

Follow up 1

Follow up 2

Figure F.9: Example of APTw maps quantified with Lorentzian fitting of patient 9.
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APTw maps APTw maps tumour

Follow up 1 Baseline

Follow up 2

Figure F.10: Example of APTw maps quantified with Lorentzian fitting of patient 10.

FLAIR FLAIR + tumour mask APTw maps APTw maps tumour

Follow up 1 Baseline

Follow up 2

Figure F.11: Example of APTw maps quantified with Lorentzian fitting of patient 11.
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FLAIR + tumour mask APTw maps APTw maps tumour

Follow up 1 Baseline

Follow up 2

Figure F.12: Example of APTw maps quantified with Lorentzian fitting of patient 12.

FLAIR FLAIR + tumour mask APTw maps APTw maps tumour

Follow up 1 Baseline

Follow up 2

Figure F.13: Example of APTw maps quantified with Lorentzian fitting of patient 13.
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G MTRasym figures of all patients

FLAIR + tumour mask APTw maps APTw maps tumour

Follow up 1 Baseline

Follow up 2

Figure G.1: Example of APTw maps quantified with MTRasym of patient 1.
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FLAIR FLAIR + tumour mask APTw maps APTw maps tumour

Follow up 1 Baseline

Follow up 2

Figure G.2: Example of APTw maps quantified with MTRasym of patient 2.

FLAIR FLAIR + tumour mask APTw maps APTw maps tumour

Follow up 1 Baseline

Follow up 2

Figure G.3: Example of APTw maps quantified with MTRasym of patient 3.
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APTw maps APTw maps tumour
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Follow up 2

Figure G.4: Example of APTw maps quantified with MTRasym of patient 4.

FLAIR FLAIR + tumour mask APTw maps APTw maps tumour

Follow up 1 Baseline

Follow up 2

Figure G.5: Example of APTw maps quantified with MTRasym of patient 5.
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FLAIR FLAIR + tumour mask APTw maps APTw maps tumour
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Figure G.6: Example of APTw maps quantified with MTRasym of patient 6.

FLAIR + tumour mask APTw maps APTw maps tumour

Follow up 1 Baseline

Follow up 2

Figure G.7: Example of APTw maps quantified with MTRasym of patient 7.
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FLAIR + tumour mask APTw maps APTw maps tumour

Follow up 1 Baseline

Follow up 2

Figure G.8: Example of APTw maps quantified with MTRasym of patient 8.

FLAIR + tumour mask APTw maps APTw maps tumour

Follow up 1 Baseline

Follow up 2

Figure G.9: Example of APTw maps quantified with MTRasym of patient 9.
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APTw maps APTw maps tumour
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Figure G.10: Example of APTw maps quantified with MTRasym of patient 10.

FLAIR FLAIR + tumour mask APTw maps APTw maps tumour

Follow up 1 Baseline

Follow up 2

Figure G.11: Example of APTw maps quantified with MTRasym of patient 11.
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FLAIR + tumour mask APTw maps APTw maps tumour

Follow up 1 Baseline

Follow up 2

Figure G.12: Example of APTw maps quantified with MTRasym of patient 12.

FLAIR FLAIR + tumour mask APTw maps APTw maps tumour

Follow up 1 Baseline

Follow up 2

Figure G.13: Example of APTw maps quantified with MTRasym of patient 13.
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