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Abstract

INTRODUCTION: Brain tumours are the most prevalent type of solid tumours among children. During
treatment brain tumours are evaluated with conventional MRI. However, conventional MRI is not
always conclusive in the evaluation of treatment response in paediatric brain tumours. From clinical
perspective timely differentiation between tumour progression and treatment effects is essential to
prevent overtreatment and premature discontinuation of treatment. To improve diagnosis and
treatment evaluation of paediatric brain tumours non-invasive characterisation of tumour metabolism
could offer a solution. Amide proton transfer weighted (APTw) imaging has potency to become an
imaging biomarker for treatment response. However, present applications of APTw imaging are
evaluated in adult brain tumours not allowing direct translation to the paediatric population.
Furthermore, for application of APTw imaging in clinical decision making insight in precision is required.

OBJECTIVES: To investigate to what extent APTw imaging can aid in the evaluation of treatment in
paediatric brain tumours considering the precision in a phantom and healthy subjects at both 3T and
7T MRI. In addition, feasibility of APTw imaging at 7T MRI is assessed in paediatric brain tumours.

MATERIAL AND METHODS: APTw images belonging to the phantom and healthy subjects were
acquired at 3T and 7T. APTw images at 3T include four z-spectrum acquisitions, i.e. 9 z-spectral points
(clinical protocol), 15 z-spectral points, 23 z-spectral points and a full z-spectrum (36 z-spectral points),
while at 7T only a full z-spectrum (35 z-spectral points) was acquired. The APTw images of three
paediatric patients were obtained at 7T with a full z-spectrum acquisition. Depending on the
acquisition protocol, normalized and Bo-corrected z-spectra were processed pixel-wise by MTRasym
and/or Lorentzian fitting to obtain APTw maps.

To assess precision, the APTw images for phantom and healthy subjects were acquired twice with an
interval of one week. The phantom contained five submerged falcon tubes with solutions of
nicotinamide (20, 50 and 100 mM), glutamate (10 mM) and glycine (20 mM) at brain pH. APTw images
in supratentorial and infratentorial brain region were acquired in five healthy subjects. The root-mean-
squared deviation (RSMD) and within-coefficient-of-variation (wCV) were calculated for the phantom
and healthy subjects based on average APTw values in different regions of interest (i.e. solutes, brain
regions and brain tissue types). To assess the feasibility, longitudinal APTw maps of three children with
a brain tumour were obtained at 7T. The longitudinal changes in average APTw value inside tumours
were evaluated by calculating the percentage change between time points.

RESULTS: APTw maps generated by Lorentzian fitting at both 3T and 7T show the potential to discern
longitudinal difference in APTw values concerning precision, wCV < 20%. Besides, processing of z-
spectra with Lorentzian fitting improved the repeatability. The repeatability is not affected by the brain
region (i.e. supratentorial or cerebellum) and tissue type (i.e. grey matter and white matter).
Nevertheless, the repeatability drops when considering small volume of brain tissue segments.
Longitudinal change in average APTw values of paediatric brain tumours were superior to the
intrasubject variability. Most striking is one patient in which the average APTw value increased over
time, with no measurable change in tumour volume.

CONCLUSION: APTw maps belonging to the full z-spectrum acquisition and processed with Lorentzian
fitting, facilitate the use of APTw imaging as an imaging biomarker for brain tumour metabolism. The
APTw maps of paediatric brain tumours seem to indicate the feasibility of APTw imaging at 7T in the
detection of changes in paediatric brain tumour metabolism.

KEYWORDS: APTw magnetic resonance imaging, paediatric brain tumours, precision, feasibility.
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Clinical background of paediatric brain tumours

Approximately 120 children are diagnosed with a brain tumour in the Netherlands every year [1]. In
paediatric oncology, tumours in the central nervous system are the most common type of solid tumours
worldwide and have the highest mortality rate of approximately 30% [2][3][4][5]. Paediatric brain
tumours compromise a large heterogeneous group considering anatomy and biology. The
histopathological tumour type, tumour location, tumour size and age at time of diagnosis influence the
prognosis [6]. Low-grade gliomas (LGG) are the most common in the paediatric population (> 40%) and
are accompanied with 10-year overall survival rate around 90% [2][7][8]. Diffuse intrinsic pontine
gliomas (DIPGs) are most lethal, showing a mean overall survival rate of 8-11 months [9][10].

Tumour location, tumour growth rate and tumour size determine the presentation of symptoms. Non-
specific symptoms such as headache, nausea or vomiting, epileptic seizures and diplopia arise as a
result of increased intracranial pressure. Specific symptoms correlate with the tumour location, for
example tumours in the cerebellum could cause hydrocephalus resulting in symptoms such as ataxia
and hemiparesis and tumours in the midline or suprasellar region could cause visual impairment and
endocrinopathies [11][12][13]. The gold standard to diagnose tumours in paediatric neuro-oncology is
magnetic resonance imaging (MRI) in combination with histopathology. Ideally, the tumour is
completely resected. However, complete resection is often challenging or impossible due to the
location and/or invasive nature of the tumour with the consequence that adjuvant chemotherapy
and/or radiotherapy must be considered [14][15][16].

Conventional MR imaging in paediatric brain tumours

During treatment, brain tumours are monitored with conventional MRI (e.g. T2w, FLAIR and Gd-T1w)
to evaluate treatment response. For the evaluation of paediatric brain tumours the Response
Assessment in Paediatric Neuro-Oncology (RAPNO) working group developed guidelines, regarding e.g.
tumour size and contrast enhancement [17]. However, these criteria are not always conclusive in terms
of tumour activity and treatment effects, e.g. pseudoprogression as a benign therapy effect that mimics
tumour progression on conventional MRI [18][19][20]. Tumour progression requires revision of the
treatment to pursue curative treatment but pseudoprogression, on the other hand, is treated
conservatively. Therefore, timely differentiation between treatment effects and true tumour
progression is crucial to prevent an overtreatment of patients or a premature discontinuation of
treatment. Non-invasive detection of tumour activity and aggressiveness, and underlying tumour
changes at the metabolic level will aid in clinical decision making concerning diagnosis and treatment
evaluation.

Non-invasive characterisation of paediatric brain tumour metabolism: APTw imaging

Advanced MRI sequences can contribute to the non-invasive characterisation of paediatric brain
tumour metabolism. Amide proton transfer weighted (APTw) imaging is a MR technique providing
information about tissue-bound mobile proteins and peptides levels. APTw maps demonstrate a great
correlation with the histopathological cell proliferation marker Ki-67 [21][22]. Therefore, APTw maps
seem to be an auspicious imaging biomarker for tumour activity and tumour aggressiveness at the
metabolic level.

Promising clinical applications of APTw imaging in neuro-oncology include differentiation of low and
high grade glioma [21][22][23][24][25]. Additionally, APTw imaging is also reported to differentiate
between pseudoprogression and tumour progression in high grade gliomas [26][27]. Moreover, APTw
imaging is reported as a potential imaging biomarker for the assessment of treatment effects in brain
tumours [28][29][30][31][32]. However, all these studies are performed in adult brain tumours that are
intrinsically different from paediatric brain tumours in terms of clinical, biological and radiological
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appearance [33][34]. Consequently, the present applications of APTw maps are not directly translatable
to the paediatric population, and need careful evaluation to identify its applicability in this population.

Therefore, insight in precision® of APTw imaging in terms of repeatability? and reproducibility® is needed
to distinguish true changes in APTw levels from intrasubject variability [35], which will enable clinical
decision making regarding treatment effects in paediatric brain tumours. Repeatability and
reproducibility of APTw imaging is addressed earlier in general terms [36][37]. However, the effect of
acquisition method, processing method and magnetic field strength on the precision of APTw imaging
is not evaluated yet. Compared to 3T MRI, APTw imaging at 7T MRI enables improved signal-to-noise-
ratio, high spectral and spatial resolution within normal imaging time slots [38][39].

Aim of the study

Ultimately, we aim to assess paediatric brain tumour metabolism with APTw imaging to improve
diagnosis and treatment evaluation. In this study we investigate to what extent APTw imaging at both
3T and 7T MRI can aid in the evaluation of treatment effects in paediatric brain tumours considering
precision in a phantom and healthy subjects. Furthermore, feasibility of APTw maps as imaging
biomarker for treatment response is assessed in children diagnosed with a brain tumour.

! Precision: degree of agreement between measured values obtained by repeated measurements with uniform
or similar measurement conditions

2 Repeatability: the measurement precision determined with the repetition of measurements with uniform
conditions (i.e. procedure and instrument) in a short period of time

3 Reproducibility: the measurement precision determined with the repetition of measurements with varying
conditions (i.e. procedure and instrument) in a short period of time
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2.1 General principles of APTw imaging

Amide proton transfer weighted (APTw) imaging is a non-invasive MR technique based upon chemical
exchange saturation transfer (CEST) providing information about peptide and proton levels in the
tissue. CEST is an advanced MR technique in which exogenous or endogenous compounds are detected
through an indirect reduction of the water signal [40]. The specific and indirect reduction of water is
possible due to difference in resonance frequency for different molecules, known as chemical shift.
Chemical shift arises due to difference in electron shielding of protons of a solute. Increased electron
shielding results in a slightly lower magnetic field and thus a lower resonance frequency and vice versa.
Since exchangeable solute protons of a certain compound resonate at a frequency that slightly different
from water (chemical shift), these molecules can be selectively saturated through irradiation with
frequency selective radiofrequency (RF) pulses [41][42]. The saturated molecules are in a temporary
state showing no net magnetization [42]. Subsequently, saturated protons are exchanged with
unsaturated protons from bulk water causing attenuation of the water signal. Since the pool of
exchangeable solute protons is small relative to the water pool, each saturated proton of the
exchangeable solute is replaced by a non-saturated proton of the water pool, which can be saturated
again. The saturation time must be long enough to cause accumulation of saturated protons in the bulk
water. As a result low concentration of solutes become visible indirectly [40][41][43]. The principle of
saturation and magnetization transfer is present in Figure 2.1.

Important factors that affect the attenuation of the water signal, also known as the proton transfer
ratio (PTR), are the exchange rates between the protons of the solute and bulk water, the saturation
time and longitudinal relaxation. Increase in exchange rate induces more attenuation of the water
signal and prolonged saturation causes more saturated protons in bulk water, both making the CEST
effect more pronounced [41]. The longitudinal relaxation indicates the regrowth of longitudinal
magnetization after saturation ensuing prolonged storage of saturation at a longer T3,,. Consequently,
the longitudinal relaxation of water limits the saturated state and therefore the proton transfer ratio
[41]. The PTR can be expressed with Equation 2.1.

“tsat

PTR = xg-a kg *Tyy(1 —e Tiw ) (2.1)

With x, the fractional concentration of solute protons, a the saturation efficiency, kg, the exchange

S 1 - .
rate from solute protons to water protons, tg,; the saturation time and P the longitudinal relaxation

[41]. To obtain APTw maps the tissue is irradiated with different RF offsets causing saturation and
transfer of protons belonging to molecules resonating at the specific offset. The normalized water
saturation is

A o0 B o0 C 0“0
(v] () (]
00 e O o 00 o O (] 00 Q 0 o
[+] L) 0
Prosein Protein Protein
o o O
() o (1] o () o
00 © 00 o 00 o

Figure 2.1: Principle of chemical exchange saturation transfer incorporating (a) unsaturated state (b) saturated state and (c)
after magnetization transfer. The bottom row shows the effect of the saturation and magnetization transfer on the proton
spectrum [43].
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Figure 2.2: Z-spectrum acquisition with the effect on proton spectrum when saturating with a specific RF pulse and full z-
spectrum obtained with RF pulses of multiple frequencies (x-axis: frequency of the RF pulse (ppm); y-axis: normalized water
signal)[40].

determined (Ssat/ So; Ssat is the saturated water signal and S is the unsaturated water signal) for the
different offsets, by dividing the water signal (amplitude of the water peak in the proton spectrum)
before saturation by the water signal after saturation [41]. The normalized water saturation is plotted
as a function of the offset frequency, known as the z-spectrum [40][41]. lllustration of the steps to
acquire a z-spectrum is present in Figure 2.2. Since the difference in resonance frequency between
solute protons and water, is in the order of a few hundred to a few thousand Hertz (Hz) and the
reference frequency (i.e. used magnetic field strength) is measured in MHz, difference in the
frequencies of the RF pulses is expressed in units of ppm making it independent of the field strength.
Symmetry of the z-spectrum is present around the water resonance frequency and therefore 0 ppm is
assigned to the water frequency in CEST imaging. The other resonance frequencies are scaled with
respect to the water frequency

To quantify endogenous contrast, i.e. obtaining APTw maps, CEST metrics are used. For quantification
it is necessary to cancel out competing effects, among which magnetization transfer effect (MT) and
direct water saturation (DS). MT arises because of magnetization transfer of saturated protons of semi-
solid macromolecules and non-saturated water protons. When water is saturated directly by the RF
pulse, it is referred to as DS. Elimination of these effect can be achieved by post-processing with CEST
metrics, such as magnetic transfer ratio asymmetry (MTRasym) Or Lorentzian fitting. CEST quantification
images based on MTRas,m compare the water signal reduction on opposite spectral positions (+Aw and
-Aw with respect to water) [40][41][44]. The MTRasym can be calculated with Equation 2.2.
Aw — S+Aw

S_
MTR gy (+Aw) = 5 (2.2)

Siaw and S_,,, are the measured water signals after saturation with a specific RF pulse at +Aw and
-Aw, respectively. The chemical shift of amides (-NH) is around +3.5 ppm. Therefore, the MTRasym for
APTw imaging is performed at 3.5 ppm [40].

The other CEST quantification metric is Lorentzian fitting, were the z-spectrum is fitted by the sum of
various Lorentzian functions. The Lorentzian functions are based on prior knowledge about the
amplitude, full width half maximum (FWHM) and frequency offset for different endogenous contrasts
[45]. The Levenberg-Marquardt algorithm is often used for the fitting of the parameters. Equation 2.3
shows the Lorentzian function according to this algorithm.
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r
Li(80) = Ai 4 (2.3)
S+ (Aw — 8i)?

L; is the Lorentzian function corresponding to the offset frequency Aw. The amplitude 4;, full width
half maximum T'; and the frequency shift from the free water protons §i are considered [46]. The
Lorentzian fitting corresponding to MT, DS, nuclear overhauser enhancement (NOE) and APT are often
used for the creation of quantitative CEST images. The NOE effect is caused by a change of transition
through dipolar or magnetic coupling of proximity nuclei [24][47]. APTw maps are created by the
selection of the APT fit of the z-spectrum.

Examples of APTw maps of brain tumours are present in Figure 2.3 and 2.4. Figure 2.3 shows the
difference in APTw values between low and high grade glioma. Figure 2.4 illustrate the possibility to
differentiate between true progression and pseudoprogression with APTw imaging.

Tiw post gadolinium 2w APT-CEST

Figure 2.3: Low (upper row)
and high (bottom row) glioma
on conventional MRI (T1w post
gadolinium and T2w) and
APTw imaging. Difference is
present between the APT levels
of low and high grade glioma
with MTRasym values of 2.83%
and 4.39% respectively. [21]

Grade Il

Grade 1l

Figure 2.4: True
progression (upper row)

_5 and pseudoprogression
5 (bottom row) visualized
§, with conventional (T1w
s post gadolinium, T2w
g and FLAIR) and APTw
= imaging. In both cases,

true and

pseudoprogression,

contrast enhancement
5 is present. Contrary,
k] APT levels are higher in
g’ true  progression in
g comparison with the
S APT levels in
-] pseudoprogression. [26]
I
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2.2 Acquisition APTw imaging at 3T with product and patch of Philips

To generate APTw maps, z-spectral images with different saturation frequencies densely sampled
around the frequency of interest (i.e. +3.5 ppm for APT), are acquired. Furthermore, dense sampling
around the water frequency is required to correct for Bo-inhomogeneity. The acquisition of full z-
spectrum at 3T is time consuming, since scan time is directly related to the number of offsets.
Therefore, APTw imaging is hard to implement in clinical routine. Philips has developed an APT product
making it possible to create APTw maps within 4 minutes. The designed protocol (APT product) for 3T
uses only nine z-spectrum points (9p z-spectrum), saving scan time. Furthermore, the product includes
online processing routines considering MTRasym. With the APT product, z-spectral points are only
determined around the offset frequency of interest, i.e. £3.5 ppm for amides [43]. The APT product
allows the acquisition of a z-spectrum using seven different frequency offsets, the two remaining
sample points are used to acquire Be-information. The acquisition at offset frequency +3.5 ppm was
performed three times with different TEs (ATE =0 £ 0.4 ms) to obtain a TSE-Dixon Bo-map. The Bo-map
indicates the deviation (in ppm) between the measured frequency and the true frequency for each
pixel, allowing correction. Figure 2.5 illustrate the z-spectrum when obtained with the APT product
[48].

With the APT patch (extensions of the product) it is possible to make adjustment to the acquisition
parameters. This allows to measure with different numbers of z-spectrum points and frequency
stepsize, but also the free definition of the z-spectrum. With the free definition a full z-spectrum can
be generated, suitable as a gold standard reference. Furthermore, acquisition with the patch allows to
obtain raw data, enabling offline processing[43][48].

e ™

TSE Dixon Figure 2.5: lllustration of z-spectrum
By map sampling for APTw imaging when using
S A SO the APT product (9 z-spectrum
giﬂf £s }V acquisitions) developed by Philips [43].
Fa 0
ES,=+ATE ES, £5,=0
ES,
ES,
ESp
+Ao —Ao
Ao —— —— |
#8 #4#2 H1H3#7 #9
§56’ off-resonant
-1540 ppm
—f = — =
\ freq stepsize freq offset )
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3.1 APTw image acquisition

For signal reception at the 3T system (Ingenia Elition X, Philips Healthcare, Best, The Netherlands) a
32-channel receive coil for the head was used. Transmission was performed with the bore-coil.
Acquisition at the 7T system (Achieva, Philips Healthcare, Best, The Netherlands) was performed using
a 32-channel receive-only and 8-channel transmit coil for the head (Nova Medical).

Acquisition at 3T system. The z-spectral images at the 3T system were obtained using the APT product
in combination with the APT patch (extension of the APT product) developed by Philips Healthcare
(detailed description in section 2.2). The z-spectral images were acquired with a 3D turbo spin echo
sequence. Z-spectral images were created by using four different acquisition settings. The settings of
the APT product were used; 9p z-spectrum with a frequency stepsize of 0.8 ppm around the frequency
offset of 3.5 ppm. In addition two scans were performed with fifteen z-spectral points (15p z-spectrum)
and twenty-three z-spectral points (23p z-spectrum) by applying a stepsize of 0.4 ppm around the
frequency offsets of 3.5 ppm. To create a TSE-Dixon Bo-map for the 15p and 23p z-spectrum
acquisitions the last six acquisitions were performed with different TEs (ATE = + 0.4 ms). The last three
acquisitions with positive frequency offset were used for the TSE-Dixon Bo-mapping. The final scan is
performed with a full z-spectrum, including acquisition with thirty-six different frequency offsets
disproportionally distributed across the spectrum. Table 3.1 shows the characteristics of the four
different settings. The offsets are sampled by alternation between the positive and negative offsets.

All scans were performed with the following imaging parameters: TR = 5925 ms; TE = 8.3 ms; matrix =
128 x 128 x 10; FOV = 230 x 230 x 60 mm; resolution = 1.8 x 1.8 x 6.0 mm; flip angle = 90°. The RF pulse
amplitude (Bs) is set to 2.0 uT and the saturation time equals 2000 ms for the APTw imaging at 3T.

Acquisition at 7T system. The z-spectral images at the 7T system were acquired with a 3D gradient
echo sequence. Acquisition is performed for thirty-five different frequency offsets (Table 3.1). The
sampling order is not arbitrary, since the offsets can be sampled from negative to positive offset (and
vice versa) or by alternation between positive and negative offsets during sampling. 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 =2.0x 2.0 x 2.0 mm; flip angle = 5°. The z-spectral images were acquired twice with different
RF pulse amplitudes, 1.5 uT (low B;) and 2.1 uT (high B;). The saturation time equals 1400 ms (56 block
pulses of 25 ms).

Table 3.1: Frequency offsets and scan duration of multiple APTw image acquisitions at 3T and 7T

Frequency offsets (Aw) (ppm) Scan duration
(min:s)

9p z-spectrum acquisition +2.70, £ 3.50 [+ 3.50 with three acquisition at different TEs], + 03:45
4.30 and -1560.00*

15p z-spectrum acquisition +2.30, £ 2.70, + 3.10, + 3.50, + 3.90 [-ATE], + 4.30 [ATE=0], + 06:08
4.70 [+ATE] and -1560.00*

23p z-spectrum acquisition +1.50, £ 1.90, £ 2.30, £ 2.70, £ 3.10, +3.50, +3.90, + 4.30, + 09:18
4.70 [-ATE], £ 5.10 [ATE=0], * 5.50 [+ATE] and -1560.00*

Full z-spectrum acquisitiont 0, +0.20, £ 0.27, £+ 0.50, £ 1.17, + 1.84, + 2.60, £ 2.80, + 3.00, + 14:27 (3T)
3.20, £ 3.34, + 3.65, + 3.80, = 4.20, + 6.71, + 20.00, + 40.00, + 04:51 (7T)
600.00* and -1560.00*%

* Unsaturated z-spectral points (So) for offline normalization purposes (3T: Aw =-1560.00 ; 7T: Aw = +600.00)

t Performed at 3T and 7T scanner. At 7T the acquisition is performed twice with different Bi-values.

¥ saturation with Aw =-1560 ppm is not performed at 7T. At 3T the APT patch is used for which it is advised to use Aw =-1560 ppm for
normalization purposes during the acquisition.
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Step 1: Define Bg-shift (6w) Step 2: Shift z-spectrum by dw Step 3: Spline interpolation

Suat/ So
Saat/ So
San/ So

18
|

0 ppm 0 ppm 0 ppm

Figure 3.1: Visualization of Bo-correction which can be divided in three steps. From left to right: define Bo-shift (dw), shift z-
spectrum by dw and spline interpolation of z-spectral points.

3.2 Image processing
All acquired z-spectra were normalized by dividing the saturated z-spectral points by the unsaturated
z-spectral point (Ssat/So)(detailed in Table 3.1) followed by a three-steps procedure for Bo-correction as
illustrated in Figure 3.1.
e Step 1: Identify the Bo-shift for each individual voxel. The resulting shift in ppm is characteristic
for the Bo-inhomogeneity of the voxel concerned. The Bo-shift for the 9p, 15p and 23p z-
spectrum acquisitions at 3T is defined by the TSE-Dixon Bo-map. The Bo-shift for the full z-
spectrum at 3T is based on the TSE-Dixon Bo-map obtained during the acquisition of the 23p z-
spectrum. The Bg-shift at 7T is obtained in another way by defining the position (ppm) of
absolute minimum of the z-spectrum with respect to water resonance frequency (i.e. 0 ppm).
e Step 2: Voxel-wise shifting by the Bo-shift to align the z-spectral points with the position (ppm)
at which they were actually measured.
e Step 3: Spline interpolation between the shifted z-spectral points to obtain a symmetric
distribution of the z-spectral points with respect to 0 ppm and obtain the z-spectral points at
the frequency offsets of interest as intended during acquisition (Table 3.1).

For z-spectra acquired with 9p, 15p and 23p, the APTw value was calculated by defining MTRasym for
amides at +3.5 ppm (Equation 2.2), resulting in APTw maps based on MTR.sm for each acquisition. For
the full z-spectrum acquisition, at both 3T and 7T, the APTw value of each voxel was calculated in two
ways, MTR.sym at +3.5 ppm and Lorentzian fitting using the Levenberg-Marquardt algorithm (Equation
2.3, Chapter 2). The Lorentzian fitting utilize independent distributions of different endogenous
contrast, referred to as pools. To fit the full z-spectrum with Lorentzian functions prior knowledge of
amplitude, full width half maximum (FWHM) and frequency offset of different pools (i.e. direct water
saturation (DS), magnetization transfer (MT), nuclear overhauser effect (NOE), amines and amides
(APT) and/or hydroxyl) was used [49][50]. The fitting parameters, including initial values, upper and
lower boundaries, for 3T and 7T are listed in Appendix A. All image processing was performed with
MATLAB (R2019b, The MathWorks, Natick: MA).

3.3 Quality assessment of z-spectrum

Inhomogeneities of the static magnetic field (Bo) and the radiofrequency transmit field (B1) impact the
quality of APTw maps, especially when applied at high magnetic field. Therefore, quality assessment
of the z-spectrum is performed for the acquisition at 7T [39][51]. We performed an field mapping
method, simultaneous mapping of water shift and B; (WASABI), to get information about the Bo- and
Bi-inhomogeneity. Thereafter, fitting of the WASABI spectra was performed to obtain Bo- and Bi;-maps.
Detailed explanation of the WASABI acquisition and processing, including typical examples, are present
in Appendix B. If the Bo- and B;- maps indicate areas where the quality of the z-spectra is questioned,
the z-spectra were checked by two researchers (1.V.0 and E.C.W). Based on this information, the
concerned areas were excluded in the quantitative analysis.
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Phantom study
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4.1 Materials and methods

4.1.1 Study design

The study (illustrated in Figure 4.1) was designed to test the repeatability and the reproducibility of
APTw maps of a phantom at 3T and 7T MRI. For assessment of the repeatability two measurements
were performed on both the 3T and 7T scanner using the same phantom within an interval of seven
days. The reproducibility was evaluated by comparing the APTw maps belonging to different
acquisition methods at 3T. The phantom contained different fluids, which made it possible to evaluate
the specificity of the APTw imaging.

Repeatability

,____‘
S

~

{ h}

1 1

Acquisition @3T system o o ! F] i

c ! ! i < !

5. 9p z-spectrum ] Scan 1 i | Scan 2 i b g
i { L J W oo |

6. 15pz-spectrum e A s 12§
] g |

7. 23p z-spectrum | E i
8. Full z-spectrum : !

Acquisition @7T system

3. Full z-spectrum;
Low B1 (1.5 uT)
4, Full z-spectrum;
High B1 (2.1 uT)

+«— 6days —»

Figure 4.1: Scan-rescan protocol for phantom study to evaluate the repeatability and reproducibility of APTw maps. At 3T four
acquisitions with different number of z-spectral points were performed twice. At 7T two acquisitions with different B1 were
carried out at two time points.

4.1.2 Phantom characteristics

The phantom is a thermos flask filled with 0.9% saline solution, containing five falcon tubes consisting
of different amide and/or amine concentrations. Amides contain a nitrogen atom connected to a
carbonyl and amines are molecules containing carbon-nitrogen bonds [52]. Due to their different
chemical composition and organization of electrons, the molecules have a different chemical shift
(amides: ~3.5 ppm and amines: ~1.8-3.0 ppm) with respect to water [21]. The amide and amine solutes
are solved in phosphate buffered saline (pH ~ 7.4). The pH influence the measured APTw value and
therefore the fluids are titrated to a pH range of ~7.0 (brain pH) with hydrochloric acid [53]. pH was
measured after each added drop of hydrochloric acid with pH indicator strips till the strip indicated the
pH was ~7.0 (range of pH: 6.8-7.2). A description including a schematic drawing of the phantom is
shown in Figure 4.2. Measurements of the phantom were performed at a room temperature.

NaCl 0.9%

Compound and Amide and/for
concentration amine?

20 mM NAM Amides

50 mM NAM Amides

100 mM NAM Amides

10 mM Glu Amides and amines
20 mM Gly Amines

NAM = nicotinamide; Glu = glutamate;
Gly = glycine

NAM 100 mM

Figure 4.2: Schematic drawing of the phantom containing five different concentrations of solute amides and/or
amines. Three concentrations of nicotinamide (NAM): 20 mM, 50 mM and 100 mM. A tube with 20 mM glycine
(Gly) and a tube with 10 mM glutamate (Glu). The tubes were surrounded with 0.9 % saline solution(NaCl)
[54][55][56]
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4.1.3 APT-weighted image acquisition

APTw maps of the phantom were acquired according to the protocol described in Chapter 3, see Table
3.1, for both 3T and 7T. Screenshot of the planning of the acquisition slabs were used to ensure
reproducible planning between the scan session and between 3T and 7T. The planning in the second
scan session was executed in consensus of two researchers (1.V.O with J.P.W or E.C.W).

4.1.4 Image processing

Image processing starts with the normalization and Bo-correction of the z-spectra. Subsequently, the
APTw maps were calculated by MTR.ym and/or Lorentzian fitting for each acquisition at 3T and 7T
(described in section 3.2). The Lorentzian fitting incorporate six different pools (DS, MT, NOE, amines,
amides (APT) and hydroxyl). The used prior knowledge regarding the Lorentzian fitting is listed in Table
A.2 (3T) and Table A.4 (7T) of Appendix A.

Since the phantom consist of different concentrations of solute amides and/or amines three-
dimensional cylindrical regions of interest (ROIs) were segmented, to evaluate the average APTw value
in the different falcon tubes. The cylindrical ROls with a radius of ten pixels, smaller ROI for 100 NAM
with radius of five pixels, were draw manually in the unsaturated z-spectral image (Aw = -1560 ppm
for 3T and Aw =+ 600.00 ppm for 7T) slice-wise, for each MR system and time point.

4.1.5 Data analysis

The APTw values, mean * standard deviation, of the five ROls were assessed for all acquisition, i.e. four
acquisition at 3T (9p, 15p, 23p and full z-spectrum) and one acquisition at 7T, and time points
separately based on the APTw maps. In case of the full z-spectrum acquisition the analysis was
performed for both the MTRasym and Lorentzian fitting.

The repeatability of all APTw maps was assessed by the root mean square deviation (RMSD)(Eq. 4.1),
and by the within subject coefficient of variation (WCV)(Eq. 4.2). Both were calculated by pairs of
repeated measurements at 3T and 7T using the averages of the five ROls (n=5) for each acquisition and
processing method. The reproducibility of APTw maps at 3T was assessed by the RMSD and by the wCV
to signify differences between APTw maps originating from a full z-spectrum and APTw maps
originating from 9p, 15p, 23p z-spectrum using the average APTw values of the five ROIs.

I Jz;;l(xu — %3,

n (4.1)

SD
wCV = X 100%

mean (42)
mean = Z?:lxl,l' + x2,i
— on (4.2.a)
n — N2
Sp = \/Zi=1(x12,1 X2,i) (4.2.b)
n

With x; and x, the average APTw values of each ROI for the different time points (repeatability) or
acquisition methods (reproducibility) and n the number of ROls.
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4.2 Results

Figure 4.3 shows normalized and Bo-corrected z-spectra acquired with the full z-spectrum acquisition
at 3T and 7T corresponding to the two acquisition sessions. As illustrated in Figure 4.3, the average z-
spectra for all ROls (i.e. 20 mM NAM, 50 mM NAM, 100 mM NAM, 10 mM Glu and 20 mM Gly) acquired
at 3T are wider compared to the average z-spectra acquired at 7T. The higher the concentration of
amides (20 to 100 mM NAM) the greater the drop in the z-spectrum around 3.5 ppm. No drop is visible
in the full z-spectra of 10 mM Glu and 20 mM Gly at 3T. Contrary, the z-spectra of Glu and Gly show
some small peaks around frequency offsets of amides (3.5 ppm) and amines (3 ppm). In Appendix C
the z-spectra for each ROl and acquisition session are visualized separately.

APTw maps are considered repeatable for the different acquisitions at both 3T and 7T (Figure 4.4 and
4.5). However, the APTw maps belonging to the full z-spectrum acquisition processed with Lorentzian
fitting at 3T show circular patterns, which are not equally distributed between the two sessions. The
tubes containing 50 mM and 100 mM NAM show high APTw values compared to the tubes containing
20 mM NAM, 10 mM Glu and 20 mM Gly. The quantitative analysis of all acquisitions indicate that the

Time point 1 Time point 2

NAM 20 mM
NAM 50 mM
NAM 100 mM
Glu 10 mM

—Gly20 mM

A
5 0 -5 5 0 -5
Frequency offset Aw [ppm] Frequency offset Aw [ppm]
Time point 1 Time point 2

NAM 20 mM
NAM 50 mM
NAM 100 mM
Glu 10 mM

——Gly 20 mM

B

5 0 5 5 0 -5
Frequency offset Aw [ppm] Frequency offset Aw [ppm]

Figure 4.3: Visualization of the full z-spectrum acquisition at 3T (panel A) and 7T (panel B). Averaged z-spectra are
present for five different ROIs (i.e. NAM 100 mM; NAM 50 mM,; NAM 20 mM; GLU 10 mM; GLY 20 mM) belonging
to time point 1 and time point 2.

24



9p z-spectrum 15p z-spectrum 23p z-spectrum Full z-spectrum Full z-spectrum

(MTRazyr) (MTRazym) (MTRazym) (MTRasyr) (Lorentzian fitting)

= "
1

e )
- 6
E ,
S 4
o

L) .
E :
e

= "
1]

e

~ 6
E ,
= 4
o

[

E :
S

Figure 4.4: APTw maps based on MTRasym and/or Lorentzian fitting for acquisition with nine, fifteen, twenty-three z-spectral
points and full z-spectrum acquisition at 3T. Upper row present the APTw maps measured at time point 1 and the lower row
present the APTw maps measured at time point 2.

Full z-spectrum Full z-spectrum
(MTRosym | B1=2.1uT) (Lorentzian fitting| B1 = 2.1 uT)

=1)

Time point 1 (T

Time point 2 (T=2)

Figure 4.5: APTw maps based on MTRaym and Lorentzian fitting for full z-spectrum acquisition at 7T
(B;=2.1uT). Upper row present the APTw maps measured at time point 1 and the lower row present the APTw maps measured
at time point 2.

APTw value in the 20 mM NAM is slightly higher than the values of 10 mM Glu and 20 mM Gly (Table
4.1). Furthermore, increase of the amide concentration results in a non-linear increase of APTw values.

The overall repeatability of the phantom for the different acquisitions and processing methods at 3T
and 7T is supported by boxplots and repeatability metrics, shown in Figure 4.6 and Table 4.2
respectively. Furthermore, processing with Lorentzian fitting results in medians close or equal to zero
for the 10 mM Glu and 20 mM Gly solutes suggesting diminished sensitivity. Remarkable is the
difference in interquartile range of the boxplots related to the APTw values of the 50 mM NAM ROl
based on the full z-spectrum acquisition at 3T and processed with Lorentzian fitting.

Comparison of the APTw values of the ROls for the 9p, 15p, 23p and full z-spectrum acquisition at 3T
constructed by MTRasym, indicate that the 9p z-spectrum acquisition reproduces the full z-spectrum
acquisition best (Figure 4.7). This is supported by both reproducibility metrics; RMSD and wCV (Table
4.3). The different acquisition methods do not have major impact on the APTw values measured in the
10 mM Glu and 20 mM Gly solutes.
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Figure 4.6: Boxplots for the different APTw acquisition and processing methods (A-E: 3T, F: 7T) to
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the evaluation of the reproducibility of APTw
values within each ROI.
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Table 4.1: APTw values (mean + standard deviation) for the different acquisitions at 3T and 7T. The APTw values correspond
to five different ROIs measured at two time points.

Time point 1 1.65+0.27 4.56+0.27 6.16+055 1.09+0.20 1.35%+0.19
Time point 2 1.62+0.27 4.64+0.17 554+042 0.75+0.19 0.61+0.21
Time point 1 139+0.22 4.13+0.27 5.15+049 0.80+0.20 0.89+0.20
Time point 2 1.31+0.23 4.02+0.21 529+043 1.150.27 1.22 +£0.27
Time point 1 126+046 4.04+0.78 4.62+162 1.12+0.30 0.86+0.42
Time point 2 161+0.22 4.46+0.23 578+039 0.90+0.23 0.65+0.26
Time point 1 250+0.32 561+035 6.91+053 1.08+0.29 1.34+0.31
Time point 2 238+034 514+0.25 6.72+0.58 0.58+0.32 0.99+0.30
Time point 1 1.73+0.62 4.77+0.86 6.12+1.11 0.35+0.28 0.42+0.30
Time point 2 1.73+0.69 4.09+154 595+140 0.19+0.21 0.24+0.22

Time point 1 0.09+2.16 330+156 550+6.08 -0.23+2.03 0.36+1.53
Time point 2 097+1.04 447+143 6.61+0.86 1.19+182 0.86+1.51
Time point 1 136+093 436+132 635+138 1.01+1.27 0.11+0.32
Time point 2 1.11+0.67 3.76+0.78 6.02+0.46 0.84+1.21 1.01+0.79

* z-spectrum processed with MTRasym
+ z-spectrum processed with Lorentzian fitting

Table 4.2: Repeatability metrics of the phantom for the different APTw acquisitions and processing methods.

9p z-spectrum”

15p z-spectrum™  0.23 6.48
23p z-spectrum”  0.59 16.47
Full z-spectrum™  0.36 7.63
Full z-spectrum*  0.33 9.16
Full z-spectrum™  1.06 32.49
Full z-spectrum*  0.52 14.28

* z-spectrum processed with MTRasym
+ z-spectrum processed with Lorentzian fitting

Table 4.3: Reproducibility metrics of phantom by comparing the shortened
APTw acquisitions (i.e. 9, 15, 23 z-spectral points) with the full z-spectrum
acquisition both processed with MTRasym at 3T.

15.97
1.08 26.01
1.08 26.05
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5.1 Materials and methods

5.1.1 Study design

Repeatability and reproducibility of APTw maps of two locations of the brain, supratentorial and
infratentorial, was assessed at 3T and 7T MRI. Difference in repeatability is mentioned for these brain
regions, explained by the sensitivity of APTw maps to magnetic field inhomogeneity [36][57]. In
particular APTw imaging of infratentorial regions are vulnerable due to air-tissue and air-bone
transitions, which can induce susceptibility-associated Bo-inhomogeneities [58][59]. Figure 5.1
illustrates the study design. To determine the repeatability of APTw maps at 3T and 7T, each subject is
scanned twice on both magnetic field strengths with an interval of one week. The reproducibility is
assessed for multiple acquisition methods by comparing APTw maps acquired at the same day. In total
five healthy subjects (mean age, 25.8 + 1.7 years old; male: female ratio, 3:2) were included. The APTw
data was processed by MTRas,m and/or Lorentzian fitting to obtain APTw maps. Quantitative analysis
of the APTw maps is conducted by applying atlas-based segmentation of grey matter (GM) and white
matter (WM).
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Figure 5.1: Scan-rescan protocol for in vivo study to evaluate the repeatability and reproducibility of APTw maps. At 3T
four acquisitions with different number of z-spectral points were performed. At 7T two acquisitions with different B1 were
carried out. At both 3T and 7T the acquisition were performed at two anatomical areas (supra- and infratentorial) and at
two time points.
5.1.2 APT-weighted image acquisition
The acquisitions of APTw images were performed on 3T and 7T in agreement with the acquisition
protocol described in Chapter 3, see Table 3.1. As illustrated in Figure 5.2, the APTw image acquisition
scanned a partial brain (slab). Since two regions of interest are present, supratentorial (orange slab)
and infratentorial (green slab), APTw maps of both regions were acquired for each APTw acquisition.
The supra- and infratentorial region of the brain is separated by the tentorium cerebelli, respectively
above and below the tentorium cerebelli [60].

The slab positioning is based on anatomical brain landmarks on Tlw images. The first slice of the
supratentorial slab (orange slab) is positioned through the anterior commissure- posterior commissure
line (AC-PC line) [61]. The last slice of the infratentorial slab (green slab) is placed in line with the
superior pontine notch and the inferior edge of the quadrigeminal plate [62][63]. The anatomical
landmarks were used to guarantee a reproducible position of the brain slabs between different
scanners (3T and 7T), over the two time points and between subjects. The brain slabs were positioned
in consensus of two researchers (I.V.O with J.P.W or E.C.W) to achieve accurate positioning of the
supra- and infratentorial brain slabs between the two time points and the measurements at 3T and 7T.
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Figure 5.2: Positioning of brain slab for
APTw image acquisition based on
anatomical landmarks for 3T (A) and
7T (B). Supratentorial and
infratentorial areas are marked with
orange and green striped boxes
respectively. At 3T the FOV in the z-
direction is greater (10 slices of 6 mm)
compared to 7T (12 slices of 2 mm)

5.1.3 Image processing

After normalization and Bo-correction of the z-spectra, APTw maps were determined by MTRasym
and/or Lorentzian fitting for each acquisition at 3T and 7T (section 3.2). The Lorentzian fitting includes
five-pools (i.e. DS, MT, NOE, amines and amides (APT)). The prior knowledge (i.e. amplitude, FWHM
and frequency offsets of the pools) to fit the full z-spectra of the brain are mentioned in Table A.1 (3T)
and A.3 (7T) of Appendix A .

5.1.4 Atlas-based segmentation of region of interest

Regions of interest for assessment of repeatability and reproducibility were defined upon atlas-based
segmentation of GM and WM. In atlas-based segmentation a transformation, determined by
registration of the template to the target image, is applied to the labels assigned to structures in the
atlas [64]. The MNI-152 nonlinear symmetric atlas (2009c, International Consortium for Brain Mapping
(ICBM)) was used. This atlas contains anatomical images, Tlw, T2w and PDw, based on intensity
matching algorithms from MRI data of the brain of 152 young adults (aged 18.5-43.5 years) acquired
on a 1.5T scanner (Gyroscan, Philips Healthcare, Best, The Netherlands) at the Montreal Neurological
Institute (MNI) [65][66]. Corresponding probability maps of GM, WM and cerebral spinal fluid (CSF)
were incorporated in the atlas [67]. Furthermore, appurtenant brain mask and labels of the brain lobes
were available.

To obtain segments of GM and WM a threshold was applied to the probability maps (probability > 0.5).
GM and WM segments were multiplied with the atlas of the brain lobes to acquire segments of GM
and WM for the brain lobes. This process is visualized in Appendix E. Quantification of APTw maps in
the supratentorial area was enabled by GM and WM segments in frontal and parietal lobe, while for
the infratentorial area, segments of GM and WM for the cerebellum and the segment of the pons
(WM) were preserved. Besides seven segments of WM and six segments of GM, we have also
evaluated smaller WM segments with a volume of approximately 1.2 mL based upon Response
Assessment in Neuro Oncology (RANO) criteria [19]. The purpose of the small segments is to be more
specific with regard to repeatability and reproducibility, since small segments do not tend to average
inaccuracies compared to greater segments [68]. To generate small WM segments, volume reduction
of the full WM segments was performed with morphological operations combining opening and closing
followed by erosion. Elliptical structuring elements were adapted for different brain regions and type
of morphological operation (Appendix D).

Atlas-based segmentation is performed by alighnment of the T1w image of the MNI-152 atlas to T1w
image of a subject, and the within subject registration of the T1w image to the unsaturated z-spectral
images (So) using Elastix [69][70]. This process is visualized in Figure 5.3. The alignment of T1w image
of the MINI-152 atlas with the T1w image of a subject started with rigid, followed by affine registration
and was finalized by Bspline transformation. Subsequently, for all subjects the T1w image was aligned
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T1w image T1w image Unsaturated CEST image
MNI-152 atlas Volunteer Supra- and infratentorial (volunteer)

Registration

Registration

Registration

Figure 5.3: Registration steps performed to be able to perform atlas-based segmentation. Rigid, affine and bspline registration
are applied to align the T1w image of the MINI-152 atlas with the T1w image of the subject. Solely rigid registration to register
the T1w image of the subject with the CEST image of two specific brain areas.

to the unsaturated z-spectral images, individually for the supra- and infratentorial brain slabs. Details
about the registration parameters are mentioned in Appendix F. Visual inspection of the registered
images was performed in MeVisLab (version 3.4.2; MeVis Medical Solutions AG, Fraunhofer MEVIS).

5.1.5 Data analysis

Differences in APTw maps between the different acquisition sessions and within an acquisition session
were visually evaluated for 3T and 7T. Quantitative analysis is performed based on the mean APTw
values for several brain tissue segments i.e. GM, WM and small segment of WM. The brain tissue
segments are visualized in Figure 5.4. The three clusters of the brain tissue segments of the
supratentorial area contain twenty means, four segments for five subjects. The three clusters of the
brain tissue segments of the cerebellum include ten means, two segments for five subjects and the
two clusters of the segments of the pons enclose five means, one segment for five subjects. For each
cluster of means, the mean + standard deviation of APTw values were defined for the two acquisition
sessions and the different acquisitions at 3T and 7T.

Based on the cluster of means belonging to the different brain regions and brain tissue segment the
repeatability for each acquisition and magnetic field strength was further evaluated by calculating the

A
B GMROI I GMROI cerebellum
Pl wMmRol B WM ROI cerebellum
Small WM ROI Small WM ROI cerebellum
ROl pons
Small ROl pons

Figure 5.4: Tissue segments for supratentorial brain region (A) and infratentorial brain region (B). The colour bars for the
different brain tissue types indicate that within one subject multiple segments were created to increase the number of
samples. Supratentorial four tissue segments for each tissue type per subject (i.e frontal/ parietal and left/ right).
Infratentorial two segments for the tissue types of the cerebellum (i.e. left/right) and one segment for the tissue types of
the pons.
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RMSD (Eg. 5.1) and wCV (Eg. 5.2). Both were calculated by pairs of repeated measures at 3T and 7T
using the clusters of brain tissue segments for each acquisition and processing method. The
reproducibility of APTw maps at 3T was evaluated by the RMSD and by the wCV to indicate difference
between APTw maps generated from a full z-spectrum and APTw maps generated from 9p, 15p, 23p
z-spectrum using the clusters of means of the brain tissue segments.

2?21(951,1' - xZ,i)Z

RMSD = - (5.1)
WV = ——x 100% (5.2)
edn — Yieq(xpi +x0;)
on (5.2.a)
op o |Bima(Mi— ) (5.2.b)

2n

With x; and x, the average APTw values of brain tissue segments for the different time points
(repeatability) or acquisition methods (reproducibility) and n the number means in a cluster.

5.2 Results

5.2.1 Evaluation of registration

The registration indicate good alignment between the Tlw image (MNI-152 atlas), the T1w image of
subject and unsaturated CEST image for both the supratentorial and infratentorial brain region
(Appendix G). Considering the performance of the registration adequate segmentation of the different
brain tissue segments was achieved.

5.2.2 Supratentorial APTw imaging

APTw maps in the supratentorial area appear to be repeatable between the two acquisition sessions
for the different acquisitions at both 3T (Figure 5.5) and 7T (Figure 5.6). Additionally, the
inhomogeneous B;-magnitude at 7T is repeatable within each subject (for example see Appendix B,
Figure B.2). Comparing the different acquisition methods at 3T, the 15p z-spectrum acquisition is

9p z-spectrum 15p z-spectrum 23p z-spectrum Full z-spectrum Full z-spectrum
(MTRasym) (MTRazym) (MTRazym) (MTRasym) (Lorentzian fitting)

OO0
OO000

Figure 5.5: APTw maps of supratentorial brain region based on MTR.sym and/or Lorentzian fitting for acquisition with nine,
fifteen, twenty-three z-spectral points and full z-spectrum acquisition at 3T. Upper row present the APTw maps measured at
time point 1 and the lower row present the APTw maps measured at time point 2.

Time point 1 (T=1)

:2)

Time point 2 (T:
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Full z-spectrum Full z-spectrum
(MTRasym | B1=2.1puT) (Lorentzian fitting | B1 = 2.1 uT)

:1)

Time point 1 (T:

Time point 2 (T=2)

Figure 5.6: APTw maps of supratentorial brain region based on MTR.sym and Lorentzian fitting for full z-spectrum acquisition
at 7T (B; = 2.1 uT). Upper row present the APTw maps measured at time point 1 and the lower row present the APTw maps

measured at time point 2.

deviant, especially the frontal lobe shows lower APTw values compared to the other acquisitions.
Moreover, higher APTw values are present when the full z-spectrum acquisition is processed by
Lorentzian fitting compared to the APTw values obtained with MTRasym. The greater amplitude of the
Lorentzian function fitting APT, support the higher APTw values at 7T relative to the APTw values at 3T
(Figure 5.7). The full z-spectrum at 7T shows evident asymmetry around O ppm compared to 3T ensuing
the great difference between APTw maps constructed by MTRasym and Lorentzian fitting at 7T.

The two acquisition session resulted in comparable APTw values for all three brain tissue segments
considering the boxplots in Figure 5.8. However, this does not apply for the 15p z-spectrum acquisition
that shows the greatest deviation between the two sessions. It is also noticeable, that the small WM
segments have the greatest interquartile range in all acquisitions. These findings are supported by
repeatability metrics mentioned in Table 5.1 for the different acquisition methods at 3T and 7T.
Furthermore, the repeatability metrics indicate improvement of repeatability when the full z-spectrum
acquisition at 3T was processed with Lorentzian fitting relative to processing with MTRasym.

A Z-spectrum, S__ /S B Z-spectrum, S__ /S,
T T —_ Data — — —Data
s || - apTcEST b a. || v APTCEST
== - NOE Pagm , o RN T T TTUOC = NOE
st -
- - DS N " . DS
- -~ - MT . S - MT
. - || = amine-CEST . . {| = amine-CEST
0.8 const 0.8 const
Full fit Full fit

5 0 -5
Frequency offset [ppm] Frequency offset [ppm]

Figure 5.7: Full z-spectrum in supratentorial brain region including the Lorentzian
functions resulting from the 5-pool fitting at 3T (A) and 7T (B)
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The effect of further subdivision of the supratentorial brain segments (i.e. individual assessment of
frontal and parietal lobe) on the repeatability are demonstrated in Appendix H.

No major difference is visible between the APTw values of the 9p and 23p z-spectrum acquisitions
compared to the full z-spectrum acquisition, visualized by boxplots in figure 5.9. The reproducibility
metrics in Table 5.2 argue best agreement between the 23p z-spectrum acquisition and full z-spectrum
acquisition for the supratentorial brain regions.
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Figure 5.8: Boxplots of the supratentorial brain region for the different APTw acquisition and processing
methods (A-E: 3T, F: 7T) to evaluate the repeatability of APTw values within each segment.




Table 5.1: APTw values (mean #* standard deviation) and repeatability metrics of the supratentorial brain tissue segments for
the different APTw acquisition and processing methods

GM
WM
Small WM
GM
WM
Small WM
GM
WM
Small WM
GM
WM
Small WM

WM
Small WM
GM
WM
small WM

0.74+0.14
0.64+0.19
0.3840.36
0.45+0.18
0.57+0.20
0.31+0.58
0.66+0.18
0.61+0.33
0.42+0.23
0.60+0.23
0.53+0.22
0.29+0.29
2.79+0.17
2.33+0.20
1.91+0.28
6.47+0.28
5.39+0.39
4.82+0.78

0.83+0.08
0.75%0.13
0.51+0.31
0.17+0.21
0.26+0.20
-0.01+0.55
0.69+0.17
0.62+0.28
0.35+0.18
0.65%0.27
0.61+0.23
0.31+0.41
2.89+0.16
2.41+0.13
2.00£0.24
6.78+0.50
5.40+0.49
5.19+0.86

0.14
0.17
0.24
0.36
0.36
0.43
0.16
0.19
0.27
0.30
0.31
0.33
0.27
0.24
0.25
0.69
0.70
1.12

12.69
17.60
38.93
81.28
61.84
203.21
16.76
22.35
50.17
34.02
38.59
77.17
6.64
7.23
9.02
7.35
9.14
15.83

* z-spectrum processed with MTRasym
+ z-spectrum processed with Lorentzian fitting

0.5F

APTw value(%)

-0.5¢

Reproducibility supratentorial- MTR asym (3T)

&

s

T S
T D B R
i e T S R R
[ Tt
\‘;:|I‘
. ll
:
!
: ‘
<~ ' .
N
: ‘
: b
‘ N
i A B
‘ N B
I R
I
i
:
:
:
T L
!
: ,
:
:

|
i

Figure 5.9: Boxplots of the supratentorial brain
regions for the different APTw acquisition at 3T
(processed with MTRas,m) for the evaluation of the
reproducibility of APTw values within each segment.

9p z-spectrum
[ 15p z-spectrum
B 23p z-spectrum
-1 Bl Ful z-spectrum

1
L

GM

WM

Small WM

Table 5.2: Reproducibility metrics of the supratentorial brain segments by comparing the shortened APTw acquisitions
(i.e. 9p, 15p, 23p z-spectrum) with the full z-spectrum acquisition both processed with MTRgsym at 3T.

GM

WM 0.24
Small WM 0.29
GM 0.48
WM 0.37
Small WM 0.46
GM 0.17
WM 0.14
Small WM 0.26

26.47
55.99
71.75
53.09
144.74
18.83
17.32
53.37

35



5.2.2 Infratentorial APTw imaging

Figure 5.10 and Figure 5.11 show agreement between APTw maps of the two acquisition session for
different acquisitions at both 3T and 7T, respectively. Furthermore, the inhomogeneous B;-magnitude
at 7T has been issued as being repeatable within each subject (for example see Appendix B, Figure
B.3). Considering the APTw maps processed with MTRas,m, the APTw values differ from positive to
negative between the two sessions in the area around the pons. Similar to the supratentorial area,
difference in APTw values are present between the processing methods (i.e. MTR.sym and Lorentzian
fitting) for both 3T and 7T.

For all cerebellar tissue segments acquisition session had minor influence on the measured APTw
values indicative of repeatability illustrated by boxplots in Figure 5.12. The boxplots belonging to the
pons at 3T have a broad interquartile range compared to the cerebellar tissue segments, characteristic
for heterogeneity of APTw values between subjects. As for the supratentorial brain region, the
repeatability metrics of the infratentorial brain region (Table 5.3) show that the repeatability of APTw
values improved when the full z-spectrum is processed by Lorentzian fitting. Especially, for the pons
segments the Lorentzian fitting seriously surpass the MTR.mat 3T in terms of precision.

The different acquisition methods at 3T has minor impact on the APTw values (MTR.sym) in the
cerebellum, i.e. reproducible APTw values were obtained (Figure 5.13). Contrary, the 15p z-spectrum

9 z spectrum 15p z-spectrum 23p z-spectrum Full z-spectrum Full z-spectrum
(MTRzsym) (MTRasym) (MTRasym) (Lorentzian fitting)

wlolololo]
wlvlololol

Figure 5.10: APTw maps of infratentorial brain region based on MTRqs,m and/or Lorentzian fitting for acquisition with nine,
fifteen, twenty-three z-spectral points and full z-spectrum acquisition at 3T. Upper row present the APTw maps measured at
time point 1 and the lower row present the APTw maps measured at time point 2.

=1)

Time point 1 (T:

=2)

Time point 2 (T:

Full z-spectrum Full z-spectrum
(MTRazym | B1=2.14T) (Lorentzian fitting | B1=2.1 uT)

=1)

Time point 1 (T:

=2)

Time point 2 (T:

Figure 5.11: APTw maps of infratentorial brain region based on MTRqs,m and Lorentzian fitting for full z-spectrum acquisition
at 7T (B; = 2.1 uT). Upper row present the APTw maps measured at time point 1 and the lower row present the APTw maps
measured at time point 2.
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acquisition poorly reproduces the APTw values of the other acquisitions for the small segment of the
pons. The RMSD and wCV mentioned in Table 5.4 address that the 9p z-spectrum acquisition
reproduces the full z-spectrum acquisition best.
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Figure 5.12: Boxplots of the infratentorial area for the different APTw acquisition and processing methods
(A-E: 3T, F: 7T) to evaluate the repeatability of APTw values within each segment.
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Table 5.3: APTw values (mean # standard deviation) and repeatability metrics of the infratentorial brain segments for the
different APTw acquisitions and processing methods.

GM 1.71+0.18 1.7040.18 0.27 11.37
WM 1.6240.24 1.66+0.20 0.26 11.24
Small WM 1.68+0.42 1.80+0.24 0.52 21.24
Pons 1.45+0.79 1.9540.75 1.21 50.36
Small pons  1.56+1.09 2.060.78 1.00 38.92
GM 1.53+0.48 1.61+0.18 0.42 18.88
WM 1.51+0.31 1.49+0.21 0.37 17.22
Small WM 1.61+0.33 1.6710.50 0.30 12.98
Pons 1.57+1.08 0.57£1.40 2.03 133.57
Small pons  0.63+1.11 0.57+0.85 1.50 177.24
GM 1.6710.24 1.5440.20 0.33 14.72
WM 1.56+0.19 1.48+0.24 0.30 14.13
Small WM 1.66+0.24 1.4740.29 0.43 19.256
Pons 1.09+1.41 1.55+0.90 1.92 102.85
Small pons 1.53+1.12 1.354+0.83 1.10 54.26
GM 1.42+0.28 1.69+0.68 0.67 30.56
WM 1.31+0.29 1.6310.81 0.69 33.12
Small WM 1.32+0.41 1.6510.69 0.57 27.36
Pons 1.05+1.01 1.68+1.16 1.67 86.62
Small pons 1.27+0.73 1.834£1.39 1.77 80.53
GM 3.35+0.28 3.33+0.20 0.41 8.76
WM 2.79+0.25 2.85+0.25 0.42 10.43
Small WM 2.87+0.32 3.05+0.45 0.58 13.79
Pons 3.24+0.59 3.06+0.44 0.59 13.18
Small pons  3.00+0.83 2.95+0.41 0.98 23.32
GM 6.71+0.59 7.11+0.48 0.55 5.61
WM 5.98+0.91 5.46+0.83 1.03 12.74
Small WM 6.10+1.21 5.23+0.97 1.60 19.98
Pons 5.70+0.68 5.54+0.75 0.61 7.68
Small pons  6.05+0.60 5.95+0.37 0.38 4.42

* z-spectrum processed with MTRasym
+ z-spectrum processed with Lorentzian fitting
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Table 5.4: Reproducibility metrics of the infratentorial brain segments by comparing the shortened APTw acquisitions (i.e. 9,

15, 23 z-spectral points) with the full z-spectrum acquisition both processed with MTRasym at 3T.

GM
WM
Small WM
Pons
Small pons
GM

WM
Small WM
Pons
Small pons
GM

WM

Small WM
Pons
Small pons

0.46
0.54
0.87
1.13
0.65
0.63
0.72
1.11
1.51
0.55
0.53
0.55
1.05
1.14

20.37
23.78
40.19
47.52
29.49
29.34
32.68
64.59
99.57
24.72
24.54
25.18
55.00
53.99
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6.1 Materials and methods

6.1.1 Study design

The aim of the MITCH (Metabolic Imaging of Tumours in Children) study is to determine the feasibility
and robustness of APTw imaging and phosphorus magnetic resonance spectroscopy (3!P MRS) at 7T in
the evaluation of treatment response in paediatric brain tumours. This study was approved by the
medical ethical committee Utrecht. Written informed consent was obtained from each patient and/or
patient’s guardian. Each patient underwent an additional MRI scan at 7T three times (baseline and
twice during follow-up) within three and six months after the baseline scan (Figure 6.1). The follow-up
scans were planned in concordance with standard clinical MRI scans. In this thesis, only the APTw
imaging of the study is considered; changes of the APTw values inside the tumour at the different time
points were assessed.

Change of APTw value in the tumour?

Acquisition @7T system

1. Free defined z-spectrum; ! ! ! ! ! ]

Low B1 (1.5 uT) @ ! | ! ) | }
2. Free defined z-spectrum;

High B1 (2.1 uT)

Figure 6.1: Scan protocol of MITCH study to determine feasibility and robustness of APTw imaging at 7T.
Two acquisitions with different B1 were carried out.

6.1.2 Patient characteristics

Children between 6-18 years diagnosed with a possible LGG or DIPG and who are able to undergo MRI
without anaesthesia are eligible to participate in this study. Patients are excluded from the study in
case the tumour will be resected within one month, presence of claustrophobia or MRI incompatible
foreign materials, such as metal implants, are present in the patient. Between January 2021 and
September 2021 three patients participated in this study. Patient characteristics can be seen in Table
6.1.

6.1.3 APT-weighted image acquisition
The characteristics of the acquisition of the APTw images at 7T are described in section 3.2. Contrary
to the in vivo study, the offsets are sampled from the negative to the positive offset. In each patient
the slab is positioned encompassing the whole tumour. To be able to cover the whole tumour, slice
thickness was doubled (FOV = 256 x 256 x 48 mm); resolution = 2.0 x 2.0 x 4.0 mm) in two cases (case
2 and 3). Orientation of the brain slab was discussed with an experienced neuro-radiologist (M.H.L.).
Accordingly the brain slab was planned with consensus of two researchers (1.V.0 with J.P.W or E.C.W).
Screenshots of the planning were made, to ensure comparable orientation of the slab during follow-
up. Figure 6.2 illustrate the orientation of the slabs for the three patients.
Table 6.1: Patient characteristics
M/F Age Diagnosis Mutation Treatment

Case 1 M 11 Diffuse leptomeningeal KIAA1549BRAF, Vinblastine monotherapy (February 2021),
glioneuronal tumour TERT promotor Day101 (May 2021), stop treatment (June

(DLGNT) 2021)
Case 2 F 6 Optic pathway glioma - Vinblastine monotherapy (March 2021)
(OPG)

Case 3 F 17 Subependymal giant cell TSC-1/TSC-2 Everolimus (July 2021)
astrocytoma (SEGA)
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Figure 6.2: Positioning of brain slab for APTw image acquisition in three patients (case 1 (A), case 2 (B), case 3 (C)).

6.1.4 Image processing

Z-spectra were normalized and Bo-corrected first as described in section 3.2. Thereafter, the APTw
maps were determined by Lorentzian fitting (section 3.2). The Lorentzian fitting incorporate five
different pools (i.e. DS, MT, NOE, amines and amides (APT)). The parameters setting for the Lorentzian
fitting, i.e. prior knowledge, are tabulated in Table A.3 of Appendix A.

6.1.5 Tumour segmentation

FLAIR images were aligned with the unsaturated z-spectral image using Elastix [69][70]. Rigid
registration was performed, since the scans were performed in the same patient during the same
session. Details of the registration parameters are mentioned in Appendix F.2.2. The performance of
the registration was analysed by visual comparison of the registered FLAIR image and the unsaturated
z-spectral image using MeVisLab (version 3.4.2; MeVis Medical Solutions AG, Fraunhofer MEVIS).

The registered FLAIR images were adopted for the manual segmentation of solid parts of the tumours.
Slice-by-slice segmentation of the tumour was performed in the axial direction by using ITK-SNAP 3.2.0
[71]. All tumour segmentations were confirmed by a neuro-radiologist (M.H.L.).

6.1.6 Data analysis

Visual comparison of the APTw maps at different stage of treatment, baseline and follow-up twice,
was performed for each patient individually. The comparison focused on the APTw values inside the
tumour area(s) by means of boxplots and histograms. Quantitative analysis was based on changes in
average APTw values of the tumour segment(s) between the different time points.

6.2 Results

6.2.1 Evaluation of registration

Figure 6.3 shows the registration result (i.e. registration of FLAIR image to the unsaturated CEST image)
for each patient. The checkboard of the registered FLAIR with the unsaturated CEST image
demonstrate good alignment in all patients.

6.2.2 APTw imaging of paediatric brain tumours

In two patients multiple segmentations of the tumour were made due to presence of diffuse and/or
heterogenous tumours. Case 1 showed an extremely diffuse tumour in the whole brain from which
two areas were segmented separately. The tumour of case 2 is an extensive tumour of the optic
pathway with two areas, chiasm and pons, clinically marked as active tumour. Besides the whole
tumour, also individual segments of these active tumour areas were created.
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Casel

Case2

Case 3

Figure 6.3: Final registration results for the three brain tumour cases. First column:
registered FLAIR image. Second column: unsaturated CEST image. Third row:
checkerboard view of registered FLAIR image and unsaturated CEST image.

Case 1. Figure 6.4 shows FLAIR images and APTw maps in a representative slice for the three scan
sessions. Appendix I.1 incorporates an overview FLAIR images and APTw maps for all slices. At baseline,
areas with high APTw values are spread diffusely over the brain. On the APTw maps of the first follow
up, the high APTw values are mainly centred near the left atrium area of the brain. Relative to the
baseline and first follow up, the second follow up shows predominant increase of APTw values around
the frontal cortex. Focussing on the high APTw values in the frontal tumour segment (red segment),
decrease in APTw values between baseline and first follow up occur in slice one over time. However,
looking at the entire segment the decrease is hard to confirm, since the regions of lower and higher
APTw values are organized differently, confirmed with nearly stable median of the boxplots and small
percentage change of mean APTw values (Figure 6.5). Contrary, the boxplots corresponding to the
tumour segment of the left atrium area (green segment) indicate increase in APTw values between
baseline and first follow up, followed by an decrease between first and second follow up. Visually,
higher APTw values are also seen in this area in the APTw map of the first follow up with respect to the
baseline scan and second follow up. In Appendix I.1 the histograms are shown for the different scan
sessions for each tumour mask individually.
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Figure 6.4: Longitudinal overview (baseline, first and second follow up) of FLAIR image and APTw map of case 1. Registered
FLAIR image (first column), registered FLAIR including tumour masks (second column), APTw image (third column) and APTw
image excise for the tumour mask only (fourth column)
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Figure 6.5: Boxplots corresponding to the baseline, first and second follow-up for two tumour areas showing difference in
APTw values (A: frontal tumour mask ; B: tumour mask of atrium area)
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Case 2. Figure 6.6 presents the registered FLAIR images and APTw maps in a slice incorporating three
tumour mask for the three scan sessions. In Appendix |.2 an overview of registered FLAIR images and
APTw maps including all slices is shown. Overall a slightly decrease in APTw values is visible in the
tumour between baseline and first follow up. However, the APTw values of the tumour increase
between first and second follow up. The boxplots and percentage change in APTw values affiliated
with the complete tumour mask, present in Figure 6.7.A, substantiate this initial decrease and
subsequent increase of the APTw values. The segment of the chiasmal part of the tumour (blue
segment) shows an increase of APTw values based on visual comparison of APTw maps and boxplots
of the three scan sessions supported by the percentage change of APTw values between the three scan
sessions (Figure 6.7.B). The histograms associated with the different tumour segments for the three
scan session are shown in Appendix I.2. Remarkably the course of the histograms is associated with
the chiasmal part of the tumour segment over time, showing flattening of the histogram and shifting
of the peak towards higher APTw values. The pons shows practically unchanged APTw values when
comparing the three scan sessions. The change of APTw value in the chiasm is high relative to the
change in APTw value considering the whole tumour, suggesting a heterogeneous pattern of metabolic
activity inside the tumour.

FLAIR FLAIR + tumour mask APTw maps APTw maps tumour
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Follow Up 2

Figure 6.6: Longitudinal overview (baseline, first and second follow up) of FLAIR and APTw image of case 2 (slice 3). Registered
FLAIR image (first column), registered FLAIR including tumour masks (second column), APTw image (third column) and APTw
image excise for the tumour mask only (fourth column)

45



30

Y - (] [~}
o w o w

APTw value (LF)(%)

w

30

- L~ Lo~}
3] [=} 53]

APTw value (LF)(%)
=]

Figure 6.7: Boxplots corresponding to the baseline, first and second follow-up for three tumour areas showing

Baseline

3

| —

Follow Up 1

—* = A APTw value = -12.4%
—** = A APTw value = 18.6%
—*** = A APTw value = 3.9%

Follow Up 2

Baseline

Follow Up 1

—* = A APTw value = 6.3%
—* = A APTw value = -4.7%
—*** = A APTw value = 1.4%

Follow Up 2

30

25

- n
&0 =]

APTw value (LF)(%)
=

Baseline Follow Up 1 Follow Up 2

—* = A APTwvalue = 14.2%
—** = A APTw value = 18.7%
—*** = A APTw value = 35.5%

difference in APTw values (A: complete tumour mask; B: chiasmal tumour mask; C: pons tumour mask).
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Case 3. Registered FLAIR images and APTw maps of a representative slice for two time points are
shown in Figure 6.8. An overview of registered FLAIR images and APTw maps including all slices is
shown in Appendix I.3. The tumour, consisting of solid and cystic parts, is present in the septum
pellucidum with continuation in the caudate nucleus. The APTw maps of the tumour show a decrease
of APTw values comparing the baseline and first follow-up. The boxplots also show an shift towards
lower APTw values, with a percentage decrease in average APTw value of 25% (Figure 6.9). Besides,
shift towards lower APTw values is visible and the distribution of APTw values become less
heterogenous, looking at the boxplots and histograms (Appendix I.3). Furthermore, the conventional
MRI indicates a decrease in tumour volume of both the solid and cystic part of the tumour.

FLAIR + tumour mask APTw maps APTw maps tumour
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Follow Up 1

Figure 6.8 Longitudinal overview (baseline, first and second follow up) of FLAIR and APTw image of case 3. Registered FLAIR
image (first column), registered FLAIR including tumour masks (second column), APTw image (third column) and APTw image
excise for the tumour mask only (fourth column)
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Discussion & conclusion
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To improve diagnosis and treatment evaluation of paediatric brain tumours, the applicability of APTw
imaging in clinical decision making is investigated in terms of precision and feasibility. The phantom
and in vivo study indicate best repeatable and robust APTw maps when full z-spectra were processed
by Lorentzian fitting at both 3T and 7T. Furthermore, longitudinal APTw imaging of three paediatric
brain tumours demonstrate heterogenous spatial distribution within one time point and a change of
APTw values during treatment.

Translation of APTw imaging to clinical practice

Precision of APTw imaging has major consequences for application in clinical practice. APTw maps
generated by Lorentzian fitting (i.e. full z-spectrum acquisition) at both 3T and 7T show the potential
to discern changes in APTw values concerning precision, wCV < 20%, which enables monitoring of
treatment effects in brain tumours. This is supported by a significant difference of ~50% in APTw
values that is reported between adult high-grade glioma showing treatment effects and showing
tumour progression[28][29][72]. Furthermore, a longitudinal change of ~25% in APTw values is
described in response to chemotherapy in orthotopic glioblastoma [30]. However, treatment-induced
metabolic changes in low-grade glioma are expected to be inferior to changes in high-grade glioma.
Nevertheless, it is supposed that metabolic changes in low-grade glioma can be detected as well
considering the wCV.

Factors affecting the precision of APTw imaging

Discrepancy in APTw values between brain tissue types (i.e. GM and WM) and brain regions (i.e.
supratentorial and cerebellum) could be explained by differences in their anatomical, histological and
physiological features [73][74][75][76]. The amount of amides have no major effect on the
repeatability: i.e. the wCV is comparable for different brain tissue types and brain regions. This is of
relevance for clinical application, because high-grade glioma show increased cell proliferation and
overexpression of proteins, and with that higher APTw values, relative to low-grade glioma [77]. Since
the repeatability is independent of amide concentration, the precision assessed in this study can be
translated towards both low-grade and high-grade glioma. However, the repeatability of the APTw
values of the small WM segments is lower compared to full WM brain tissue segments, indicating the
influence of the volume of segments on the repeatability of APTw values. Namely, smaller segments
are prone to influence of outliers resulting in the diminished repeatability [68]. In general, this trend is
observed regardless of the acquisition method (i.e. 9p, 15p, 23p or full z-spectrum) and processing
method (MTRasym Or Lorentzian fitting). However, in the infratentorial brain region the 15p and full z-
spectrum processed with MTR.ym showed improved repeatability for the small WM segments
compared to the full WM segments. Since (residual) tumours can comprise a small volume the
repeatability of small segments should be considered for the decision threshold in relation to the
evaluation of tumour activity and treatment effects with APTw imaging.

In general, the repeatability in the supratentorial brain region is lower than previously reported when
considering MTRasym [36]. Presumably the repeatability is influenced by the segments of the frontal
lobe (Appendix F) as a result of proximity to the ventricles and consequent effects of CSF flow or
pulsation [73]. Nevertheless, the repeatability of mean APTw values in small WM segments of the
parietal lobe is in agreement with a previous study [36]. The overall diminished repeatability is not
present when the full z-spectrum acquisition is processed with Lorentzian fitting at either 3T or 7T. This
implies that APTw maps constructed by means of Lorentzian fitting are more robust. The static
phantom, i.e. without presence of contaminating effects that affect the MTR.sym, supports this finding,
since no serious difference in repeatability between the full z-spectrum acquisition processed with
MTRasym and Lorentzian fitting is present. Repeatability of APTw imaging improved in all brain regions
and tissue types when z-spectra were processed with Lorentzian fitting.
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Compared to the supratentorial brain region and the cerebellum, the repeatability metrics belonging
to the pons segments reveal that it is hard to obtain repeatable measures in this area at 3T using
MTRasym. Although the repeatability of the APTw maps acquired with the 9p z-spectrum acquisition in
the pons is superior to previous findings [36], there is a low repeatability considering MTRaeym
potentially explained by the vulnerability to Bo-inhomogeneity due to air-tissue and air-bone
transitions [58][59]. The repeatability in the pons increases significantly with Lorentzian fitting which
is robust for Bg-inhomogeneities. Additionally, the repeatability of APTw values in the pons obtained
with the full z-spectrum acquisition at 7T outperformed the same acquisition at 3T. This could be
explained the difference in slice thickness (2 mm vs 6 mm), resulting in a larger partial volume effects
at 3T. Since the pons has an irregular shape and gradual course in cranio-caudal direction, partial
volume effects are not inconvenient in this brain region.

Feasibility of APTw imaging in paediatric brain tumours at 7T

Preliminary results of APTw imaging at 7T involving three patients provided initial insights regarding
feasibility of APTw imaging in paediatric brain tumours. In three out of six brain tumour segments
(unequally distributed over the patients) longitudinal changes in APTw values were superior to the
intrasubject variability, signifying a change in tumour metabolism. Most striking result is obtained in
one of the patients who shows a heterogenous distribution of APTw values and 35% increase of mean
APTw value together with an indolent course, e.g. no change of volume, considering the anatomical
scans. The longitudinal change in mean APTw value might be indicative for increased tumour activity
and consequently tumour aggressiveness which will aid in clinical decision making. Contrary, the 25%
change in mean APTw value in case three have minor consequences for clinical decision making, since
the anatomical scans already demonstrate reduction in tumour volume. APTw imaging of more
paediatric brain tumours is needed to define guidelines for application in clinical decision making.

Limitations of the study

The observed repeatability of APTw imaging might have been negatively influenced by lack of image
registration between the z-spectral images. Movement artefacts will be present in young children [78],
resulting in inappropriate APTw maps and consequently registration of z-spectral images should be
considered in the paediatric population. Furthermore, the fitting parameters for the Lorentzian fitting
are not validated for both 3T and 7T in the phantom and in vivo. Accurate validation is hard, since
phantom measurements are not able to mimic the heterogenous in-vivo environment causing
confounding effects as MT and NOE [79]. We used starting values from literature and tune by manual
grid searching until a correct fit was obtained by evaluating the goodness of the fitting. Accordingly,
the resulted APTw maps where in consensus with literature [24][80]. Additionally, the APTw maps at
7T were created without B;-correction despite the variety of B;-magnitude across the field of view and
significant influence of Bi;-magnitude on the validity of APTw values [39][51][81]. Contrary, the
inhomogeneous B;-magnitude is considered not to influence the repeatability as our B;-maps have
showed to be consistent within each subject over time. However, B;-correction should be considered
when comparing APTw values between patients, between magnetic field strengths (i.e. 3T and 7T),
between different hardware configuration, or in long-term follow-up.

Recommendations and future perspectives

From clinical perspective, evaluation of tumour activity based on APTw imaging at 3T is preferred.
Considering scan duration and precision at 3T, the 9p z-spectrum (scan time=03:45 min) shows a great
potential for wide clinical application as the repeatability outperforms the repeatability of the 23p and
full z-spectrum acquisitions processed with MTR.sym. However, the possibilities of processing the 9p z-
spectrum by Lorentzian fitting must be investigated as this might increase the clinical applicability of
APTw imaging at 3T. For brain tumours with a small volume or fast geometrical change, APTw imaging
at 7T should be considered because of its higher spatial resolution. Further research should investigate
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whether APTw imaging at 3T equals APTw imaging at 7T in the evaluation of tumour metabolism in
paediatric brain tumours in specific tumour types, locations or tumour volumes.

Furthermore, more children should be included in the MITCH study to provide a more thorough
assessment of the applicability of APTw imaging in paediatric neuro-oncology. In further research it is
important to see whether findings of APTw imaging are supported by other sequences, e.g. 3'P MRS
[82][83], in the detection of metabolic changes inside tumours. Additionally, the APTw maps should
be correlated to clinical outcome parameters to define specific guidelines or cut off values for clinical
application regarding diagnosis and treatment effects of paediatric brain tumours. Clinical outcome
parameters include overall survival, clinical symptoms, radiological examination (i.e. tumour volume
and contrast enhancement) and ophthalmological assessment when the tumour affects the optic
pathway.

We encourage clinicians to use APTw imaging due to the present potential in evaluation of treatment
effects by means of tumour metabolism considering the precision at either 3T or 7T especially when
using Lorentzian fitting. APTw imaging is of special interest for brain tumours with an indolent course,
such as optic pathway glioma, remaining stable on conventional MRI during treatment or in
troublesome situations when doubt if true progression or pseudoprogression is present.

Conclusion

In conclusion, APTw maps belonging to the full z-spectrum acquisition and processed with Lorentzian
fitting at both 3T and 7T, facilitate the use of APTw imaging as an imaging biomarker in monitoring
brain tumour activity and subsequently brain tumour aggressiveness. The preliminary results of APTw
imaging in paediatric brain tumours combined with the precision results seem to indicate the feasibility
of APTw imaging at 7T in the detection of changes in paediatric brain tumour metabolism.
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Appendices

Appendix A: Lorentzian fitting parameters

APTw maps can be subtracted from the z-spectrum by using the Lorentzian fitting metrics. To apply
this metric, parameters need to be predefined. For the Lorentzian fitting of acquisition with a full z-
spectrum different parameters are defined for 5-pool and 6-pool Lorentzian fitting at 3T (Table A.1 and
Table A.2 respectively) and 7T (Table A.3 and Table A.4 respectively)[24][39][80][84].

Table A.1: Fitting parameters for 5-pool Lorentzian fitting at 3T [24][80].

Awater

Aamide
1-‘amide
Samide
ANOE
1-‘NOE
SNOE
Aamine
1-‘amine

Sam ine

A is the amplitude. The chemical shift § and FWHM T are given in ppm.

Table A.2: Fitting parameters for 6-pool Lorentzian fitting at 3T [24][80][84].

Awater

Aamide
1—‘amide
Samide
ANOE
1—‘NOE
6‘NOE
Aamine
l—‘amine
5amine
Ahydroxyl
thdroxyl
6‘hydroxyl

A is the amplitude. The chemical shift § and FWHM T are given in ppm.

Start
0.45
2.2
0.0
0.15
40
-1.5
0.05
1.0
3.5
0.0
0.0
-3.5
0.025
1.0
2.0

Start
0.85
0.5
0.0
0.15
40
-1.5
0.05
1.0
3.5
0.0
0.0
-3.5
0.025
1.0
2.0
0.02
0.2
0.9

Lower
0.0045
1.1
-1.0
0.0015
20
-1.65
0.0005
0.5
3.15
0.0

0.0
-3.85
0.0005
0.5

1.8

Lower
0.0085
0.25
-1.0
0.0015
20
-1.65
0.0005
0.5
3.15
0.0

0.0
-3.85
0.0005
0.5

1.8
0.0002
0.0

0.8

Upper
1.0
4.4
1.0
1.0
80
-1.35
0.5
2.0
3.85
0.01
2.0
-3.15
0.5
2.0
2.2

Upper
1.0
1.0
1.0
1.0
80
-1.35
0.5
2.0
3.85
0.01
2.0
-3.15
0.5
2.0
2.2
0.2
0.9
1.0
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Table A.3: Fitting parameters for 5-pool Lorentzian fitting at 7T [39].

Awater

Aamide
1—‘amide
5amide
ANOE
l-‘NOE
8N0E
Aamine
1-‘amine

8amine

A is the amplitude. The chemical shift & and FWHM T are given in ppm.

Table A.4: Fitting parameters for 6-pool Lorentzian fitting at 7T [39][84].

Awater

Aamide
1-‘amide
(Samide
ANOE
1—‘NOE
8N0E
Aamine
l—‘amine
Samine
Ahydroxyl
thdroxyl
(Shydroxyl

A is the amplitude. The chemical shift § and FWHM T are given in ppm.

Start
0.9
1.4
0.0
0.1
25
-2.0
0.025
0.5
3.5
0.02
3.0
-3.5
0.01
0.5
2.2

Start
0.9
1.4
0.0
0.1
25
-2.0
0.025
0.5
3.5
0.02
3.0
-3.5
0.01
0.5
2.2
0.01
0.2
0.9

Lower
0.02
0.3
-1.0
0.0
10
-4.0
0.0
0.4
3.0
0.0
1.0
-4.5
0.0
0.4
1.0

Lower
0.02
0.3
-1.0
0.0

10
-4.0
0.0
0.4
3.0
0.0
1.0
-4.5
0.0
0.4
1.0
0.0001
0.0
0.8

Upper
1.0
10
1.0
1.0
100
-2.0
0.2
3.0
4.0
0.4
5.0
-2.0
0.2
3.0
2.5

Upper
1.0
10
1.0
1.0
100
-2.0
0.2
3.0
4.0
0.4
5.0
-2.0
0.2
3.0
2.5
0.1
0.9
1.0
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Appendix B: WASABI acquisition and processing

Water frequency shift and B; (WASABI) amplitude mapping can be obtained simultaneously by using
the WASABI acquisition based on Rabi oscillations [51]. The WASABI spectra were acquired with a
gradient echo sequence. It consist of two short preparation pulse of 2.5 ms (total pulse duration of 5
ms) with an RF amplitude of B1=3.78 uT. Acquisition is performed for 31 frequency offsets sampled
equidistantly between Aw = £1.5 ppm, and a far offset at Aw =600 ppm for normalization. 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 WASABI spectra consist of a oscillation pattern
which can be described by Equation B.1 [51].

R TN o _ b
Ao —sg) S W - B)? + (Aw — bw)? 5 |l (8.1)

Z(Aw) = ||c — d - sin? (tan~1(
With known input parameters Aw is the radiofrequency offset relative to the Larmor frequency, Z(Aw)
is the z-magnetization, y is the gyromagnetic ratio and t,, the pulse duration. The ¢ and d parameters
consider the relaxation and magnetization influences characteristic for the pulse. Bo-inhomogeneity is
defined as the shift (6w ) of the direct water saturation with respect to 0 ppm. The B;-inhomogeneity
can be characterised by the periodicity of the WASABI spectrum [51]. Figure X gives an example of a
WASABI spectrum. By acquisition of a WASABI spectrum and fitting with Equation B.1, w and B; can
be acquired simultaneously.
10

0.8
3

Figure B.1: Simulated WASABI z-spectrum at 3T with tp =5 ms and B; = 3.7 uT. The
spectrum gives information about the By shift (w) and the RF amplitude (B1) encoded by
the periodic change. [50]

To fit the WASABI spectra, free available MATLAB script from M. Zaiss were adopted. After
normalization of the WASABI spectrum, a lookup table was created for all possible combination of the
¢, d, 6w and B;. The parameter settings for the lookup table were defined by Schuenke et al.
(c = [0.2:0.05:1]; d= [0.5:0.1:2.0]; dw= [-1:0.025:1]; B;=[1.0:0.15:5.55]) [50]. The combination of
parameters showing the smallest difference between the measured and simulated z-spectrum was
determined for each voxel individually. Thereafter, fitting of equation B.1 was performed by using the
parameters of the previous step as starting points [51]. The fitting results in ¢, d, w and B;maps.
Typical examples of the resulting Bo- and B;- map belonging to the WASABI acquisition performed in
the repeatability study, are present for the supratentorial and infratentorial brain in Figure B.2 and
Figure B.3 respectively.
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Figure B.2: Bo- and B;- map belonging to the WASABI acquisition of the supratentorial brain at time point 1
(upper row) and time points 2 (lower row)
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Figure B.3: Bo-and B;- map belonging to the WASABI acquisition of the infratentorial brain at time point 1 (upper
row) and time points 2 (lower row)
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Appendix C: Detailed z-spectra of the phantom

Figure C.1 and C.2 show the normalized and Bo-corrected z-spectra acquired with the full z-spectrum
acquisition corresponding to the individual ROIs (i.e. 20 mM NAM, 50 mM NAM, 100 mM NAM, 10 mM
Glu and 20 mM Gly) and the two acquisition sessions at 3T and 7T respectively.

NAM 20 mM NAM 50 mM NAM 100 mM Glu 10 mM Gly 20 mM
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Figure C.1: Visualization of the full z-spectrum acquisition at 3T. Z-spectra are present for the five different ROls. The upper
part (blue z-spectra) are the z-spectra measured at time point 1 and the lower part (red z-spectra) are the z-spectra measured
at time point 2.
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Figure C.2: Visualization of the full z-spectrum acquisition at 7T. Z-spectra are present for the five different ROls. The upper
part (blue z-spectra) are the z-spectra measured at time point 1 and the lower part (red z-spectra) are the z-spectra measured
at time point 2.
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Appendix D: Specification structuring elements morphological
operations

Table D.1 listed the dimensional characteristics, diameter in pixels, of the elliptical structuring
elements used to create small WM segments by morphological operations.

Table D.1: Diameter structuring elements depending on brain regions and type of morphological operation

Opening/closing Erosion

X y z X y z
Frontal lobe 15 15 15 12 12 12
Parietal lobe 15 15 15 3 3 10
Cerebellum 10 10 10 4 4 3
Pons* 22 22 8 20 20 3

*Before opening/closing an additional closing is performed to merge left and right segment of
the pons (size structuring element: 4 4 4)

Appendix E: Pipeline to obtain GM and WM masks for brain lobes

Figure E.1 show the pipeline to obtain maskers of GM and WM for the different brain lobes in the MNI-
152 nonlinear symmetric atlas.

Probability maps Masks Lobe labeled masks

Figure E.1: Multiple steps to obtain lobe labelled masks of GM and WM by combining probability maps and labels of brain
lobes available in the MNI-152 nonlinear symmetric atlas.
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Appendix F: Parameter files registration

To perform atlas-based segmentation, multiple registration steps are performed. Appendix F.1
includes the parameter files corresponding to the registration of Tlw image of the MNI-152 atlas to
the T1w image of the subject. Appendix F.2 contains the parameters files belonging to the registration
of T1lw image of the subject to the unsaturated z-spectral image for 3T and 7T.

F.1 Registration of Tlw image MNI-152 atlas to T1w image subject

F.1.1 Parameter file rigid transform
//ImageTypes
(FixedInternalImagePixelType "float")
(FixedImageDimension 3)
(MovingInternalImagePixelType "float")
(MovingImageDimension 3)

(UseDirectionCosines "true")

//Components

(Registration "MultiResolutionRegistration")
(FixedImagePyramid "FixedRecursiveImagePyramid")
(MovingImagePyramid "MovingRecursiveImagePyramid")

(Interpolator "BSplineInterpolator")

(Metric "AdvancedMattesMutualInformation")
(Optimizer "AdaptiveStochasticGradientDescent")
(ResampleInterpolator "FinalBSplineInterpolator")
(Resampler "DefaultResampler")

(Transform "EulerTransform")

(ErodeMask "false")

(NumberOfResolutions 4)

(FixedImagePyramidSchedule 8 4 8 4 2 4 2 1 2 1 1 1)
(MovingImagePyramidSchedule 4 4 4 2 2 2 1 1 1 1 1 1)
(HowToCombineTransforms "Compose')
(AutomaticTransformInitialization "true")
(AutomaticScalesEstimation "true")
(AutomaticTransformInitializationMethod "CenterOfGravity" )
(WriteTransformParametersEachIteration "false")
(WriteResultImage "true")

(CompressResultImage "false")
(WriteTransformParametersEachResolution "false")
(ShowExactMetricValue "false")

(ResultImagePixelType "short")

(ResultImageFormat "mhd")

//Maximum number of iterations in each resolution level:
(MaximumNumberOfIterations 1500)

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

//Number of spatial samples used to compute the mutual information in each resolution
level:

(ImageSampler "RandomCoordinate™)

(NumberOfSpatialSamples 2000)

(NewSamplesEveryIteration "true")
(MaximumNumberOfSamplingAttempts 15)

(MaximumStepLength 1)

//Order of B-Spline interpolation used in each resolution level:
(BSplinelInterpolationOrder 3)
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//Order of B-Spline interpolation used for applying the final deformation:
(FinalBSplinelInterpolationOrder 3)

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

F.1.2 Parameter file affine transform
//ImageTypes
(FixedInternalImagePixelType "float")
(FixedImageDimension 3)
(MovingInternalImagePixelType "float")
(MovingImageDimension 3)

(UseDirectionCosines "true")

//Components

(Registration "MultiResolutionRegistration")
(FixedImagePyramid "FixedSmoothingImagePyramid")
(MovingImagePyramid "MovingSmoothingImagePyramid")

(Interpolator "BSplineInterpolator")

(Metric "AdvancedMattesMutualInformation")
(Optimizer "AdaptiveStochasticGradientDescent")
(ResampleInterpolator "FinalBSplineInterpolator")
(Resampler "DefaultResampler")

(Transform "AffineTransform")

(ErodeMask "false™")
(NumberOfResolutions 4)

(FixedImagePyramidSchedule 8 4 8 4 2 4 2 1 2 1 1 1)
(MovingImagePyramidSchedule 4 4 4 2 2 2 1 11 1 1 1)

(HowToCombineTransforms "Compose")
(AutomaticScalesEstimation "true")

(WriteTransformParametersEachIteration "false")
(WriteTransformParametersEachResolution "false")
(WriteResultImage "true")

(CompressResultImage "false")
(ShowExactMetricValue "false")
(ResultImagePixelType "short")
(ResultImageFormat "mhd")

//Maximum number of iterations in each resolution level:
(MaximumNumberOfIterations 1500)

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

//Number of spatial samples used to compute the mutual information in each resolution
level:

(ImageSampler "RandomCoordinate™)

(NumberOfSpatialSamples 2000)

(NewSamplesEveryIteration "true")
(MaximumNumberOfSamplingAttempts 8)

(MaximumStepLength 2)

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

//Order of B-Spline interpolation used for applying the final deformation:
(FinalBSplineInterpolationOrder 3)
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//Default pixel value for pixels that come from outside the picture:
(DefaultPixelValue 0)

F.1.3 Parameter file Bspline transform
//ImageTypes
(FixedInternalImagePixelType "float")
(FixedImageDimension 3)
(MovingInternalImagePixelType "float")
(MovingImageDimension 3)

(UseDirectionCosines "true")

//Components

(Registration "MultiResolutionRegistration")
(FixedImagePyramid "FixedSmoothingImagePyramid")
(MovingImagePyramid "MovingSmoothingImagePyramid")

(Interpolator "BSplineInterpolator")

(Metric "AdvancedMattesMutualInformation")
(Optimizer "StandardGradientDescent")
(ResampleInterpolator "FinalBSplineInterpolator")
(Resampler "DefaultResampler")

(Transform "BSplineTransform")

(ErodeMask "false")

(NumberOfResolutions 4)

(FixedImagePyramidSchedule 8 4 8 4 2 4 2 1 2 1 1 1)
(MovingImagePyramidSchedule 4 4 4 2 2 2 1 1 1 1 1 1)
(FinalGridSpacingInPhysicalUnits 5.0 5.0 5.0)

(HowToCombineTransforms "Compose')
// (AutomaticTransformInitialization "true")
// (AutomaticScalesEstimation "true")

(WriteTransformParametersEachIteration "false")
(WriteTransformParametersEachResolution "false")
(WriteResultImage "true")

(CompressResultImage "false")
(ShowExactMetricValue "false")
(ResultImagePixelType "short")
(ResultImageFormat "mhd")

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

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

//Number of spatial samples used to compute the mutual information in each resolution
level:

(ImageSampler "RandomCoordinate™)

(NumberOfSpatialSamples 2000)

(NewSamplesEveryIteration "true")

(MaximumNumberOfSamplingAttempts 8)

//Order of B-Spline interpolation used in each resolution level:
(BSplineInterpolationOrder 1)

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

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

//SP: Param a in each resolution level. a k = a/(A+k+l)”"alpha
(SP_a 10000)
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//SP: Param A in each resolution level. a k = a/(At+k+l)"alpha
(SP_A 100.0 )

//SP: Param alpha in each resolution level. a_k = a/(A+k+l)"alpha
(SP_alpha 0.600000)

F.2 Registration of anatomical image to unsaturated z-spectral image

F.2.1 Parameter file rigid transform for 3T
//ImageTypes
(FixedInternalImagePixelType "float")
(FixedImageDimension 3)
(MovingInternalImagePixelType "float")
(MovingImageDimension 3)

(UseDirectionCosines "true")

//Components

(Registration "MultiResolutionRegistration")
(FixedImagePyramid "FixedRecursiveImagePyramid")
(MovingImagePyramid "MovingRecursiveImagePyramid")

(Interpolator "BSplineInterpolator")

(Metric "AdvancedMattesMutualInformation")
(Optimizer "AdaptiveStochasticGradientDescent")
(ResampleInterpolator "FinalBSplineInterpolator")
(Resampler "DefaultResampler")

(Transform "EulerTransform")

(ErodeMask "false")
(NumberOfResolutions 6)

(FixedImagePyramidSchedule 16 16 2 8 81 441 221 111 111)
(MovingImagePyramidSchedule 32 16 24 16 8 12 8 4 12 426 212 111)

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

(WriteTransformParametersEachIteration "false")
(WriteResultImage "true")

(CompressResultImage "false")
(WriteTransformParametersEachResolution "false")
(ShowExactMetricValue "false")
(ResultImagePixelType "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)

(MaximumNumberOfSamplingAttempts 15)

(NewSamplesEveryIteration "true")

(CheckNumberOfSamples "true")

//Order of B-Spline interpolation used in each resolution level:
(BSplineInterpolationOrder 3)
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//Order of B-Spline interpolation used for applying the final deformation:
(FinalBSplineInterpolationOrder 3)

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

F.2.2 Parameter file rigid transform for 7T
//ImageTypes
(FixedInternalImagePixelType "float")
(FixedImageDimension 3)
(MovingInternalImagePixelType "float")
(MovingImageDimension 3)

(UseDirectionCosines "true")

//Components

(Registration "MultiResolutionRegistration")
(FixedImagePyramid "FixedRecursiveImagePyramid")
(MovingImagePyramid "MovingRecursivelImagePyramid")

(Interpolator "BSplineInterpolator")

(Metric "AdvancedMattesMutualInformation™)
(Optimizer "AdaptiveStochasticGradientDescent")
(ResamplelInterpolator "FinalBSplineInterpolator")
(Resampler "DefaultResampler")

(Transform "EulerTransform")

(ErodeMask "false")
(NumberOfResolutions 6)

(FixedImagePyramidSchedule 16 16 2 8 81 441 221 111 111)
(MovingImagePyramidSchedule 32 16 8 16 8 4 844 422 211 111)

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

(WriteTransformParametersEachIteration "false")
(WriteResultImage "true")

(CompressResultImage "false")
(WriteTransformParametersEachResolution "false")
(ShowExactMetricValue "false")
(ResultImagePixelType "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)
(MaximumNumberOfSamplingAttempts 15)
(NewSamplesEveryIteration "true")
(CheckNumberOfSamples "true")

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

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

//Default pixel value for pixels that come from outside the picture:
(DefaultPixelValue 0)
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Appendix G: Evaluation of registration in vivo study

Appendix G.1 and Appendix G.2 show the results of the different registration steps (i.e. T1lw image
(MNI-152 atlas) to T1w image of subject to unsaturated CEST image) at 3T and 7T for the supratentorial
and infratentorial brain slab of one subject respectively.

G.1 Evaluation of registration supratentorial brain region

Tlw image Tlw image Unsaturated
MNI otlos Subject CEST image

Original image

Checkerboard
registered images

Atlas-based
segmentation

— ; -

Tlw image Tilw image Unsaturated
MNI atlos Subject CEST image

Original image

Checkerboard
registered images

Atlas-based
segmentation

Figure G.1 Final registration results for the supratentorial slab of one subject at 3T (panel A) and 7T (panel B). First column;
original images (left to right: TIw image MNI, T1w image subject and unsaturated CEST images). Second row; two steps of
registration validation using checkerboard. Third row; registration of segment from MNI to CEST brain slab.
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G.2 Evaluation of registration infratentorial brain

Tlw image Tlw image Unsaturated
MNI atlos Subject CEST image

Original image

Checkerboard
registered images

Atlas-based
segmentation

Tlw image Tlw image Unsaturated
MNI atlos Subject CEST image

Original image

Checkerboard
registered images

Atlas-based
segmentation

Figure G.2 Final registration results for the infratentorial slab of one subject at 3T (panel A) and 7T (panel B). First column;
original images (left to right: TIw image MNI, T1w image subject and unsaturated CEST images). Second row; two steps of
registration validation using checkerboard. Third row; registration of segment from MNI to CEST brain slab.
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Appendix H: APTw values for subdivided supratentorial segments
Figure H.1 presents the boxplots to evaluate the repeatability of APTw values of the brain tissue
segments belonging to the frontal and parietal lobe (i.e. supratentorial area). The corresponding
repeatability metrics are present in Table H.1.
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Table H.1: APTw values (mean * standard deviation) and repeatability metrics of the frontal and parietal lobe (i.e.

supratentorial area) for the different APTw acquisitions and processing methods.

GM frontal lobe
GM parietal lobe
WM frontal lobe
WM parietal lobe
Small WM frontal
Small WM parietal
GM frontal lobe
GM parietal lobe
WM frontal lobe
WM parietal lobe
Small WM frontal
Small WM parietal
GM frontal lobe
GM parietal lobe
WM frontal lobe
WM parietal lobe
Small WM frontal
Small WM parietal
GM frontal lobe
GM parietal lobe
WM frontal lobe
WM parietal lobe
Small WM frontal
Small WM parietal
GM frontal lobe
GM parietal lobe
WM frontal lobe
WM parietal lobe
Small WM frontal
Small WM parietal
GM frontal lobe
GM parietal lobe
WM frontal lobe
WM parietal lobe
Small WM frontal
Small WM parietal

0.67£0.13
0.81+0.12
0.54+0.17
0.74+0.16
0.1240.23
0.64+0.25
0.47+0.10
0.44+0.23
0.45%0.16
0.68+0.15
-0.20+0.32
0.82+0.20
0.20+0.17
0.71+0.18
0.50+0.19
0.72+0.22
0.19+0.24
0.65%0.23
0.55+0.24
0.66+0.21
0.43+0.18
0.63%0.22
0.09+0.19
0.48+0.24
2.71+0.16
2.86%0.15
2.26%0.15
2.41+0.23
1.760.15
2.06+0.31
6.39+0.24
6.53+0.31
5.38%0.28
5.39+0.49
4.88+0.72
4.76%0.87

0.80+0.07
0.86+0.09
0.68+0.12
0.83%#0.11
0.29+0.22
0.73#0.21
0.22+0.18
0.12+0.23
0.18+0.18
0.35#0.19
-0.47+0.34
0.44+0.26
0.59+0.17
0.79+0.12
0.4840.13
0.75%0.12
0.14+0.16
0.55+0.21
0.47+0.23
0.82+0.19
0.45%0.15
0.77+0.18
-0.01+0.24
0.63%0.25
2.82+0.18
2.96+0.11
2.32+0.10
2.50+0.09
1.84+0.18
2.16+0.18
6.85+0.70
6.7140.25
5.30%0.55
5.49+0.44
4.97+0.76
5.39+0.93

0.16
0.12
0.18
0.17
0.21
0.27
0.33
0.38
0.33
0.40
0.40
0.46
0.11
0.19
0.15
0.23
0.22
0.32
0.21
0.37
0.27
0.34
0.19
0.42
0.31
0.22
0.23
0.26
0.16
0.31
0.86
0.49
0.64
0.74
1.07
1.16

15.11
10.38
20.76
15.11
74.35
28.08
68.44
96.49
73.29
54.38
-85.35
51.42
13.59
18.33
21.79
21.97
94.60
A3
29.50
35.18
43.55
35.01
341.60
53.25
7.87
5.29
7.07
7.36
6.53
10.43
9.15
5.23
8.54
9.63
15.42
16.16

* z-spectrum processed with MTRasym
+ z-spectrum processed with Lorentzian fitting
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Appendix I: Overview of APTw maps in paediatric brain tumours

An overview of the registered FLAIR images (including tumour maskers) and APTw maps (full and
specific for the tumour masks) are present for the different cases in Appendix 1.1, 1.2 and 1.3.
Furthermore, these appendices incorporate the histograms for the different tumour masks and scan
sessions.

1.1 Additional results of case 1

Follow Up 1 Baseline

Follow Up 2

FLAIR + tumour mask

APTw maps

APTw maps tumour

15

Figure 1.1.1: Overview of FLAIR and APTw image of case 1 for all slices and scan session (baseline (first row), first follow-up
(second row), second follow-up (third row). Registered FLAIR including tumour masks (first column), APTw image (second
column) and APTw image excise for the tumour mask only (third column)
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Figure 1.1.2: Histograms corresponding to the baseline, first and second follow-up for two tumour areas (A: frontal tumour
mask ; B: tumour mask of atrium area)
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1.2 Additional results of case 2
FLAIR + tumour mask APTwW maps APTw maps tumour

15

Follow Up 1 Baseline

Follow Up 2

o
Figure 1.2.1: Overview of FLAIR and APTw image of case 2 for all slices and scan session (baseline (first row), first follow-up
(second row), second follow-up (third row). Registered FLAIR including tumour masks (first column), APTw image (second
column) and APTw image excise for the tumour mask only (third column)
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Figure 1.2.2: Histograms corresponding to the baseline, first and second follow-up for three tumour areas (A: complete tumour
mask; B: chiasmal tumour mask; C: pons tumour mask.
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1.3 Additional results of case 3
FLAIR + tumour mask APTw maps APTw maps tumour

Baseline

Follow Up 1

Figure 1.3.1: Overview of FLAIR and APTw image of case 3 for all slices and scan session (baseline (first row), first follow-up
(second row). Registered FLAIR including tumour masks (first column), APTw image (second column) and APTw image excise
for the tumour mask only (third column)
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Figure 1.3.2: Histograms corresponding to the baseline and first follow-up belonging to the tumour
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