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ABSTRACT
Localized 1H magnetic resonance spectroscopy (MRS) is pivotal in clinical neurology, 
offering non-invasive insight into neurochemical composition in localized brain regions. 
Zebrafish (Danio rerio) serve as valuable models in neurological research. However, the size 
of the zebrafish brain and limited MRS sensitivity hinder comprehensive analysis. Here, we 
investigate the potential of ultra-high field (UHF) MR systems, particularly 28.2 T, for this 
purpose. This work pioneers application of localized 1H spectroscopy in zebrafish brain at 
28.2 T. We explore potentials and challenges associated with UHF localized 1H MRS on the 
zebrafish brain, emphasizing the acquisition of highly resolved spectra to enable targeted 
molecular level information of distinct brain regions. Young adult zebrafish (three month old), 
were sacrificed and directly transferred to 5 mm glass NMR tubes. MR microscopy images 
were obtained at 28.2 T using a rapid acquisition with relaxation enhancement (RARE) 
sequence to select a volume of interest. Point resolved spectroscopy (PRESS) sequences was 
optimized for localized 1H spectroscopy. PRESS sequence preceded by a variable pulse power 
and optimized relaxation delays (VAPOR) sequence for global water suppression interleaved 
with outer volume suppression. Chemical shift displacement effects were careful reduced 
by choosing appropriate bandwidths. Parameters including the gradient strength, excitation 
frequency, echo time and voxel volume were fine-tuned specifically targeting the 0 – 4.5 
ppm chemical shift regions. Highly resolved cerebral metabolite spectra were acquired from 
localized regions in zebrafish brain, from volumes as small as 125 nL within approximately 
30 minutes. This facilitated identification and quantification of several brain metabolites with 
super high resolution. Localized 1H MRS at 28.2 T significantly enhance signal-to-noise ratio 
and improved baseline separation of metabolites signals from localized regions in the tiny 
zebrafish brain. 
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Single voxel localized magnetic resonance spectroscopy (MRS) is a well-established, non-
invasive, technique for monitoring metabolic changes in human clinical studies and pre-clinical 
studies using animal models1. Unlike various other metabolomic methodologies, localized 
MRS bypasses the need for laborious extraction procedures. Moreover, it facilitates precise 
selection of tissue regions, enabling in vivo monitoring of metabolites within their native 
environments. While localized MRS is utilized for various tissue types2-5, clinical applications 
predominantly focus on brain tissue across a wide range of neurological disorders6-12. In this 
respect, brain metabolites show a remarkable sensitivity to deviations from physiological 
homeostasis induced by pathological conditions. Specific metabolites offer insights into 
distinct cells and their corresponding cellular activities. For instance, localized MRS enables 
quantification of glutamate (Glu) and γ-aminobutyric acid (GABA), the principal excitatory 
and inhibitory neurotransmitters in the brain13,14. Additionally, N-acetylaspartate (NAA), 
predominantly localized in neuronal cell bodies and axons, serves as a potential marker for 
monitoring neuronal integrity15 and myo-inositol (m-Ins), chiefly situated in glial cells, functions 
as a potential marker for osmotic stress or neuroinflammation16. 

Zebrafish (Danio rerio) are exemplary model organisms. For scientific inquiry, zebrafish offer 
distinct advantages, including cost-effectiveness and easy maintenance, coupled with a rapid 
developmental pace. Moreover, zebrafish embryos are transparent, particularly beneficial 
in toxicity studies for precise observation of developmental stages17. Furthermore, toxicity 
studies utilizing zebrafish larvae using high-resolution magic angle spinning (HR-MAS) allows 
for metabolomic studies to reveal toxicity pathways at a cellular and molecular level18-23. 
Additionally, the entire zebrafish genome is sequenced24, revealing 84% of genes linked to 
human diseases possess a corresponding homologous gene in the zebrafish genome. These 
similarities with humans allow for genetically manipulation to create transgenic zebrafish 
models to study human diseases. For neurological disorders, extensive zebrafish models 
are available, including transgenic models of Alzheimer’s disease, Parkinson’s disease, brain 
tumours and epilepsy25-29. Despite their extensive use in research, studies utilizing localized 
MRS involving zebrafish are rare. Previously, we presented the first methodology of localized 
MRS for in vivo analysis of cerebral metabolites in zebrafish at 9.4 T (400 MHz)30. High-
resolution spectra were obtained, allowing for the identification and quantification of the most 
predominant metabolites, including creatine (Cr), Glu, NAA, m-Ins, glutamine (Gln), taurine 
(Tau), and GABA. However, the limited sensitivity of localized MRS, in combination with the 
small size of the zebrafish brain (few mm3), prevented the application from analysing individual 
brain structures. 

1. INTRODUCTION
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Recent developments in MR systems operating at high fields and ultra-high fields (UHF), offer 
remarkable potential in elucidating intricate details within the zebrafish brain (Chapter 2). 
Elevated signal to noise ratios (SNR) in combination with extremely high gradients strengths, 
unveiled previously unsees details in the zebrafish brain through non-invasive magnetic 
resonance imaging (MRI), including the identification of tiny white matter structures trough 
diffusion-based MRI tractography and shown in Chapter 2 and as previously by Ullman et 
al.31. However, despite these recent breakthroughs, the application of localized MRS in the 
zebrafish brain at UHF remains untapped. Integrating localized MRS into UHF MRI studies could 
provide valuable insights into neurochemical processes, paving the way for comprehensive 
investigations into zebrafish brain functions and pathology. 

Localized MRS at UHFs holds tremendous promise due to anticipated enhancements in SNR 
and improved baseline separation of metabolites. These advancements enable monitoring 
of cerebral metabolites in smaller voxels than previously achievable, facilitating the precise 
examination of specific brain regions. However, utilization of UHFs for single voxel localized 
MRS also introduces specific challenges, notably increased chemical shift displacement (sδ). 
Chemical shift displacement effects, also called chemical shift misregistration or chemical shift 
artifacts, were first elucidated in 1984 though the registration shift of the fat signal32. These 
effects escalate with elevated magnetic field strengths and recede with stronger magnetic 
field gradients33. Despite UHF MRI systems utilizing gradient strengths (Gmax) up to 3 T/m34, 
considerably higher than the typical strengths of 40 mT/m in medical imaging systems35, 
they are insufficient to compensate for the increase in Larmor frequency. Consequently, 
chemical shift displacements are notably exacerbated in localized MRS utilizing UHF systems. 
Addressing this challenge requires sophisticated correction methods to accurately quantify 
metabolite concentrations and interpret spectroscopic data. 

In the current study, we utilize localized MRS at 28.2 T. As these data represent the first 
localized MRS data obtained at 28.2 T, we present both the advantages, challenges, and 
limitations of this utilization. Besides optimization of sequence parameters involved in chemical 
shift displacement effects, we explore metabolic profiles at various echo times, voxel volumes, 
and number of averages. Subsequently, we employ optimized method parameters to generate 
a localized spectrum with prolonged measurement duration, facilitating the detection of highly 
resolved cerebral metabolites in the zebrafish brain. Following this, we perform a comparative 
quantitative assessment of spectra derived from various brain regions, aiming to elucidate 
cerebral metabolite profiles in specific brain regions.
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Zebrafish husbandry
The husbandry of the zebrafish was performed according to the regulations set forth by the local 
animal welfare committee of the university of Leiden (Licence numbers AVD1060020171767 
and AVD10600202216175), in accordance with the international standards outlined by the 
EU Animal Protection Directive 2010/63/EU. All procedures followed standard protocols as 
previously described (www.zfin.org)36. In this study, three-month-old male zebrafish were 
utilized. To minimize any metabolite degradation, zebrafish were euthanized just before the 
MRI examination, which was induced by immobilization through submersion in ice water at a 
temperature between 0 – 4 °C for 15 minutes until the halt of opercular movement. Following 
euthanization, specimens were shortly kept on ice until MRI and MRS measurements were 
conducted.

Magnetic resonance imaging and spectroscopy
MRI and MRS experiments were conducted using Bruker (Bruker Biospin GmbH, Germany) 
vertical bore systems operating at 17.6 T (750 MHz) or 28.2 T (1200 MHz), configured with 
a Micro5 or Micro5 iProbe gradient system, respectively. Both systems were water-cooled, 
provided Gmax = 3 T/m, used 5 mm inner diameter birdcage resonators, and GREAT60 gradient 
power supplies. Measurements were conducted at room-temperature. Data acquisition and 
processing on both systems was performed with Linux workstations, running Bruker imaging 
software ParaVision 360 v3.3 (Bruker Biospin GmbH, Germany). During analysis, zebrafish 
were embedded in perfluoropolyether (Fomblin Y, Solvay Solexis S.P.A.).

T2-weighted spin echo images were acquired by a rapid acquisition with relaxation 
enhancement (RARE) pulse sequence to select the position for single voxel localized MRS. 
RARE measurements were performed with an echo time TE = 5.6 ms, a repetition time TR = 
3000 ms, using 4 refocussing pulses per excitation, and ns = 16 averages. The field of view 
(FOV) was 8 × 8 mm, at a matrix size of 256 × 256 voxels, obtaining a resolution of 31 × 31 μm, 
with a slice thickness of 200 μm.

For single voxel localized 1H MRS, we utilized a point resolved spectroscopy (PRESS) pulse 
sequence37. The PRESS sequence incorporates three transmitter slice-selective RF pulses 
(90°-180°-180°), applied simultaneous with x, y, and z gradients to target the specified 
voxel. Prior to each localized MRS measurement, magnetic field homogeneity within each 
voxel was achieved by local second-order shimming prior to data acquisition. After parameter 
optimization, standard PRESS measurements were performed with TE = 15 ms, TR = 2000 
ms, ns = 512. The PRESS sequence used 2048 complex points and an acquisition bandwidth 
of 10 ppm. At 17.6 T and 28.2 T, the transmitter RF pulse bandwidth was tBW = 10 kHz or 15 

2. METHODS
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kHz, respectively. The excitation frequency was v1 = 3 ppm, coinciding with the N(CH3) total 
creatine (tCr) signal. For the estimation of regional cerebral metabolite levels, three voxels 
were selected in the zebrafish brain; (1) in the forebrain, covering part of the pallium, (2) in 
the midbrain, covering part of the mesencephalon, cerebellum, and diencephalon, and (3) 
in the hindbrain, covering part of the cerebellum and rhombencephalon. In the midbrain, a 
PRESS voxel of 0.8 × 0.8 × 0.8 mm3, with a voxel volume of Vvoxel = 512 nL was selected. In 
the forebrain and hindbrain, a PRESS voxel of 0.6 × 0.6 × 0.6 mm3, with Vvoxel = 216 nL was 
selected. For suppression of the water signal, a variable pulse power and optimized relaxation 
delays (VAPOR) sequence38 was applied prior to the PRESS pulses. Outer volume suppression 
(OVS) was integrated in an interleaved manner with the VAPOR sequence. The OVS consists 
of six suppression slices, each repeated three times and aligned parallel to the PRESS voxel, 
reducing the PRESS gradient spoilers. 

Data processing
Identification and quantification of metabolites. Identification of cerebral metabolites was 
performed by comparison of obtained 1H spectra to reference spectra of brain metabolites39-41 
and on our previously obtained NMR spectra of zebrafish brain extracts30. Quantification of 
metabolites was executed using Chenomx NMR suite 8.2 (Chenomx Inc., Edmonton, Alberta, 
Canada). Available reference libraries provided by Chenomx were employed. Metabolite 
concentrations were estimated relative to tCr 42. Statistical analysis for NMR quantification 
involved one-way analysis of variance (ANOVA) by OriginPro v.8 (Originlab, Northhampton, 
MA, USA). Multiple comparisons were conducted using the t-test, and significance was 
established with p < 0.05. 

Signal-to-noise ratio estimation. Unless specified otherwise, SNR was estimated based on 
the tCr signal at a chemical shift δ = 3.03 ppm, utilizing build-in TopSpin functionalities with

	          .							       (4.1)

Here, ItCr is the maximum signal intensity of the tCr signal at δ = 3.03 ppm, and N is the noise 
factor as fully described in the TopSpin manual (Processing commands and parameters user 
manual, version 007, Bruker Corporation).

Chemical shift displacement estimation. The estimation of sδ was based on

		   ,						      (4.2)

where vx is the Larmor frequency of the metabolite of interest (Hz). 
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T2 relaxation time estimation. T2 relaxation times of individual metabolites were estimated 
using PRESS signal intensities acquired at various echo times. T2 was estimated using a non-
linear least squares algorithm to fit the mono-exponential function described by 

		            .					     (4.3)

Here, ITE represents the signal intensity at TE, A is the absolute bias, and I0 is the signal 
intensity at TE0.

It is well known that performing localized MRS at high magnetic fields significantly enhances 
both the SNR and spectral resolution. These improvements enable more precise identification 
and quantification of metabolites within a given region. However, MRI artifacts, particularly 
the chemical shift displacement effects, must be carefully considered and managed during 
method optimization. Here, we explore the challenge of conducting localized MRS at 28.2 
T magnetic field strengths on the adult zebrafish brain, particularly addressing the chemical 
shift displacement effects. Next, we study the impact of TE and its consequential influence 
on acquired spectra. Moreover, we elucidate how the application of UHF localized MRS with 
ascending echo times can be leveraged to estimate T2 relaxation times of distinct metabolites 
within the zebrafish brain. Hereafter, we explore the limits of localized MRS at UHF in terms 
of voxel volume and number of scans required for metabolite quantification. Finally, we apply 
optimized method parameters to produce a localized spectrum with extended measurement 
time, enabling the identification of cerebral metabolites within the zebrafish brain at UHF 
strengths. We then conduct a comparative quantitative analysis of spectra obtained from 
different brain regions to gain insights into the cerebral metabolite profiles. 

Chemical shift displacement at UHF localized MRS
Single voxel localized MRS at UHF strengths offers the distinct advantage of elevated SNR and 
enhanced metabolite separation compared to lower magnetic fields. These advancements 
facilitate advanced identification and quantification of metabolites. However, as the magnetic 
field strength increases, chemical shift displacement effects become more pronounced43 (see 
Supplementary Figure S4.1). For example, in localized MRS spectra acquired with the PRESS 
sequence at 28.2 T, with tBW = 5 kHz and v1 = 4.7 ppm, the 3CH3 signal of lactate at δ = 1.32 
ppm exhibits sδ = 81% for each transmitter RF pulse. Consequently, only 0.67% of the lactate 
signal originating from within the selected PRESS voxel is effectively captured. In contrast, 
employing identical parameters with a clinical system operating at 1.5 T would result in sδ 
= 4% per PRESS transmitter RF pulse for the 3CH3 signal of lactate at δ = 1.32 ppm and a 

3. RESULTS AND DISCUSSION
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significantly higher proportion, 88%, of the lactate signal from within the voxel is detected. 
This underscores the importance of understanding the effects of chemical shift displacement 
when transitioning to ultra-high magnetic field systems for single voxel localized MRS studies. 
To mitigate the impact of chemical shift displacement on targeted metabolites, v1 can be 
adjusted, to put it in closer proximity to the chemical shift of the metabolites of interest (see 
Equation 4.2). In Figure 4.1, we explored the impact of v1 on the metabolic profile obtained 
at 28.2 T. Apparently, a minor adjustment of v1 by ±1 ppm, equivalent to ±1200 Hz at 28.2 T, 
leads to notable changes in the obtained metabolic profile. The spectra obtained at v1 = 1 ppm 
or v1 = 4.7 ppm demonstrate metabolites with sδ > 30% results in an almost complete loss of 
the metabolite signal. Moreover, it becomes apparent that the chemical shift displacement at 
28.2 T significantly alters the signal intensities of metabolites depending on v1. For specific 
metabolites, e.g. lactate, which show significant differences in chemical shifts between their 
groups, the displacement of these chemical shifts plays a crucial role during quantification. 
This effect is clearly demonstrated in Table 4.1. Here the estimation of the lactate level relative 
to tCr for various v1 reveals significant discrepancies. At v1 = 2 ppm, the 2CH lactate signal at 
δ = 4.12 ppm indicates a concentration of 0.41 relative to tCr, whereas the 3CH3 signal at δ = 
1.32 ppm indicates a concentration of 2.89 relative to tCr. This underscores the importance of 
using consistent signals for metabolite quantification at specific excitation frequencies during 
metabolite comparison studies. For our specific objectives, the majority of brain metabolites 
exhibit signals within the range of δ = 4.1 ppm to δ = 2 ppm. These include Lac, Glu, Gln, m-Ins, 
Tau, tCr, GABA, and NAA.

Besides the impact of v1, tBW of the excitation and refocussing pulses impact the magnitude 
of sδ. In Figure 4.2A, we probed the impact of tBW on the localized MRS spectra, acquired with 
v1 = 3 ppm. At tBW = 5 kHz, a significant impact of lipid signals is visible especially around δ 
= 1.3 ppm. The zebrafish brain is encapsulated by lipids, elucidated in Supplementary Figure 
S4.2, suppressing metabolite signals such as lactate and alanine. Although the PRESS voxel 
was fully placed inside the brain, chemical shift displacement effects caused the detection 
of the lipid signals at tBW = 5 kHz. At tBW = 10 kHz, the lipid signal is still observed, although 
significantly reduced. At tBW = 15 kHz or tBW = 20 kHz, the lipid signals are no longer 
observed, allowing for the identification and quantification of the lactate and alanine signals at 
δ = 1.32 ppm and δ = 1.47 ppm, respectively. However, as illustrated in Figure 4.2B, increasing 
tBW leads to diminished SNR, exhibiting a notable decrease of approximately 25% between 
tBW = 15 kHz to 20 kHz. In contrast, the decrease in SNR is less between 10 kHz and 15 kHz, 
at around 10%. Accordingly, further localized MRS acquisitions are performed utilizing tBW = 
15 kHz, unless otherwise specified.
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Figure 4.1. Impact of the excitation frequency v1 on the acquired single voxel localized 1H MRS spectra from 
adult zebrafish mid-brain at 28.2 T. All PRESS spectra were acquired from the same precise location within the 
zebrafish brain, employing uniform parameters as specified, while adjusting v1 as specified for each spectrum, 
delineated by sδ = 0. To facilitate direct comparison, spectral intensities were normalized based on the noise level 
of the base line. The sδ colour bars show the magnitude of chemical shift displacement per transmitter pulse, 
further elucidated in Supplementary Figure S4.1B. Acquisition details: TR = 2000 ms, TE = 15 ms, ns = 1024, a voxel 
size of 0.8 × 0.8 × 0.8 mm3 with Vvoxel = 512 nL, 2048 acquisition points, acquisition bandwidth 11904 Hz / 9.91 
ppm, 4 dummy scans, tBW = 10 kHz. Water suppression and outer volume suppression were applied as specified 
in the method section.

Table 4.1. Impact of v1 on the lactate level estimation for both the 2CH group at δ = 4.12 ppm and the 3CH3 group 
at δ = 1.32 ppm. (-) indicates the concentration could not be estimated. All concentrations are given relative to the 
tCr signal at δ = 3.03 ppm.
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Figure 4.2. Impact of the transmitter RF pulse bandwidth tBW on the acquired single voxel localized 1H MRS 
spectra from adult zebrafish mid-brain at 28.2 T. [A] Single voxel localized MRS spectra acquired for various tBW. 
[B] SNR of the tCr signal at δ = 3.03 ppm as a function of tBW. All PRESS spectra were acquired from the same 
precise location within the zebrafish brain, employing uniform parameters, while adjusting tBW as specified for 
each spectrum. To facilitate direct comparison, spectral intensities were normalized relative to the tCr signal at δ 
= 3.03 ppm. The sδ colour bars show the magnitude of chemical shift displacement per transmitter pulse, further 
elucidated in Supplementary Figure S4.1B. Acquisition details: TR = 2000 ms, TE = 15 ms, ns = 1024, voxel size 0.8 
× 0.8 × 0.8 mm3 with Vvoxel = 512 nL, 2048 acquisition points, acquisition bandwidth 11904 Hz / 9.91 ppm, 4 dummy 
scans, v1 = 3 ppm. Water suppression and outer volume suppression were applied as specified in the method 
section. Signal-to-noise ratios estimated based on the tCr signal at δ = 3.03 ppm.
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Single voxel localized MRS at variable echo times 
The applied echo time plays a pivotal role in the acquired metabolic profile and warrants 
careful consideration during experimental design. A well-established effect is the diminishing 
of signal intensities at elevated echo times as a consequence of the T2 relaxation times of 
metabolites. Thus, shorter echo times are frequently favoured to enhance obtained SNR. 
Nonetheless, deliberate selection of longer echo times can yield substantial enhancements in 
metabolite identification and quantification within acquired profiles. Furthermore, applying a 
range of echo times allows for the estimation of T2 relaxation times of individual metabolites. 
Figure 4.3A shows the cerebral metabolite profile at increasing echo times obtained at 17.6 
T. A full comparison of the cerebral metabolite profile at both 17.6 T and 28.2 T is shown in 
Supplementary Figure S4.3. Beyond echo times of 60 ms, the lipid signals around δ = 0.9 
ppm and δ = 2.0 ppm become indiscernible amidst the background noise due to the short T2 
relaxation time of macromolecules. This facilitates improved identification and quantification 
of cerebral metabolites with chemical shifts overlapping with lipid signals, e.g. Lac, Ala, GABA, 
NAA, and NAAG. Additionally, water exhibits a significantly shorter T2 relaxation time compared 
to most presented cerebral metabolites (data not shown). Consequently, the suppression of 
the broad and predominant water signal is notably improved at higher echo times. In addition 
to alterations in their relative abundance, the T2 relaxation times of cerebral metabolites offers 
insight in changes within their respective environments. For instance, in Alzheimer’s disease, a 
significant increase in the T2 of NAA was reported, while no significant change was observed 
in the T2 of water in the same tissue44. Unlike the T2 of water, which reflects properties of 
both intracellular and extracellular spaces, NAA is confined solely intracellular, thus furnishing 
more nuanced and compartment-specific details44. The signal intensity of various metabolite 

Table 4.2. T2 relaxation times estimated for brain metabolites at 28.2 T, compared to 17.6 T. Measurements 
presented were performed once (n = 1) as a proof-of-principle, and therefore lack the statistical robustness 
required for comparison with other values. While this single instance serves to demonstrate the feasibility of the 
method, reported values should not be extrapolated or compared with other datasets due to the absence of a 
statistical basis.
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signals, including the tCr signal at δ = 3.91 ppm (2CH2) and δ = 3.03 ppm (N(CH3)), the NAA 
signal at δ = 2.01 ppm (2CH3), the NAAG signal at δ = 2.04 ppm (2CH3), the GABA signal at 
δ = 1.89 ppm (3CH2), and the Glx (Glu + Gln) signal at δ = 3.75 ppm (Glu 2CH and Gln 2CH) 
appeared to consistently decrease exponentially with increasing echo time (see Figure 4.3B) 
allowing for direct T2 estimation (see Table 4.2).

Other cerebral metabolite signals show a complex signal intensity evolution with increasing 
echo times (see Fig 4.3C). Most noticeable, the Lac signal at δ = 1.31 ppm (3CH3) shows an 
anti-phase pattern between 60 ms – 100 ms and a 180° phase shift at echo times above 100 
ms. This shift evolution is contributed to the J-coupling of the Lac signals, estimated in the 
range of 6.9 – 7.3 Hz 45. Consequently, the Lac signals are negative in-phase at TE = J-1 ~ 
140 ms and anti-phase at TE = ½ J-1 ~ 70 ms. This characteristic facilitates distinct lactate 
identification by applying echo times around 140 ms, but also imposes limitations on echo 
times due to the complex anti-phase behaviour observed within the 60 – 100 ms echo time 
range. Other metabolites showing a complex echo time evolution include Tau at δ = 3.42 
ppm (1CH2) and δ = 3.25 ppm (2CH2), pCho at δ = 3.21 ppm (N(CH3)3), and Cho at δ = 3.19 
ppm (N(CH3)3), contributed to J-coupling induced signal dephasing. For Tau and m-Ins, the 
presented signal evolution is consistent with previous observation46, showing an initial steep 
signal decline with a local minimum around 50 ms – 80 ms due to anti-phasing (TE ~ ½ J-1), 
after which the signal recovers between 100 ms – 140 ms due to rephasing (TE ~ J-1). T2 
relaxation time estimation of singlet resonance signals, e.g. both tCr signals, NAA, and NAAG, 
is straightforward due to the lack of J-coupling modulation. Estimation of T2 relaxation times 
for metabolites with a more complex signal intensity evolution, requires quantum mechanics 
simulations, as previously reported 46,47.

Voxel volume and averaging strategies
One of the main advantages of performed localized MRS is the ability to non-invasively 
study the cerebral metabolic profile in specific brain regions. However, the tiny size of the 

Figure 4.3. Impact of the echo time on the acquired single voxel localized 1H MRS spectra from adult zebrafish 
mid-brain at 17.6 T and 28.2 T. [A] Single voxel localized MRS spectra acquired for echo times ranging from 20 to 
140 ms at 17.6 T. [B] Signal decay observed for various cerebral metabolites with an apparent consistent mono-
exponential decrease with echo time. Mono-exponential decay curve from T2 relaxation time estimation fitted 
through data. [C] Signal decay of cerebral metabolites with a more complex signal intensity evolution, contributed 
to J-coupling induced signal dephasing. Acquisition details: TR = 2000 ms, TE = 20, 40, 60, 80, 100, 120, or 
140 ms, ns = 1024, a voxel size of 0.8 × 0.8 × 0.8 mm3 with Vvoxel = 512 nL, 2048 acquisition points, acquisition 
bandwidth 11904 Hz / 9.91 ppm, tBW = 10 kHz for all RF pulses, 4 dummy scans, v1 = 3 ppm. Water suppression and 
outer volume suppression were applied as specified in the method section. An extended comparison of spectra 
with ranging echo times acquired at 17.6 T and 28.2 T is presented in Supplementary Figure S4.3. Figure on the 
preceding page.
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zebrafish brain, in combination with the uneven shape, limits the utilization of voxel sizes. 
Here, we explore the limits of acquisition of highly resolved single voxel localized MRS spectra 
in the zebrafish brain in terms of the voxel size and number of averages required for cerebral 
metabolite identification and quantification. Figure 4.4A shows spectra acquired with ns = 
1024 in approximately 34 minutes with Vvoxel ranging between 1000 μL to 125 nL, obtained from 

Figure 4.4. Effect of the voxel volume Vvoxel on localized 1H MRS spectra from adult zebrafish mid-brain at 17.6 
T and 28.2 T. [A] Cerebral metabolic spectra obtained with localized 1H MRS at 28.2 T compared to 17.6 T at 
various Vvoxel, ranging from 1000 nL to 125 nL. [B] Anatomical RARE image, coronal slice, of zebrafish brain regions 
to indicate position of selected PRESS voxels. Vvoxel = 1000 nL (green) and Vvoxel = 125 nL (red) are highlighted. The 
remaining voxels are situated between these indicated voxels. [C] SNR of the N(CH3) tCr signal at δ = 3.03 ppm 
as a function of Vvoxel at 17.6 T and 28.2 T. On average, an SNR increase of 40% was observed at 28.2 T compared 
to 17.6 T. Acquisition details: TR = 2000 ms, TE = 15 ms, ns = 1024, 2048 acquisition points, acquisition bandwidth 
7462 Hz / 9.95 ppm at 17.6 T and 11904 Hz / 9.91 ppm at 28.2 T, 4 dummy scans, v1 = 3 ppm, tBW = 10 kHz for 
all RF pulses. Water suppression and outer volume suppression were applied as specified in the method section. 
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the zebrafish midbrain (Figure 4.4B) at 17.6 T and 28.2 T. Overall, a noteworthy 40% increase 
in SNR was observed at 28.2 T compared to 17.6 T (Figure 4.4C). However, it is important to 
note that during this analysis, the impact of increased magnetic field strength on elevated 
T1 relaxation times was not accounted for48-50. Hence, it is plausible that a more significant 
enhancement of the SNR could be achieved by adjusting the repetition time to accommodate 
the increase in T1. Given the small size of the zebrafish brain and its predominantly lipid-
rich surrounding, elucidated in Supplementary Figure S4.2, voxels with isotropic dimensions 
surpassing beyond the brain tissue show broad and predominant lipid signals. These lipid 
signals are clearly visible around δ = 1.3 ppm and δ = 2.0 ppm and overlap with various 
cerebral metabolites, posing challenges for precise spectral analysis. In our examination of 
the midbrain, we observed that beyond a voxel volume of 512 nL, corresponding to a voxel 
size of 0.8 × 0.8 × 0.8 mm3, interference from lipid signals became noticeable. Conversely, 
in the forebrain and hindbrain, which are both smaller and more elongated compared to the 
midbrain, we found for a voxel volume of 216 nL, corresponding to a voxel size of 0.6 × 0.6 
× 0.6 mm3, before interference from lipid signals became noticeable. We did not explore the 
potential benefits of non-isotropic voxel dimensions, which could potentially expand the brain 
coverage and thus enhance the signal obtained.

Figure 4.5. Optimized single voxel localized 1H MRS spectra obtained from various locations in the adult 
zebrafish brain at 28.2 T. Anatomical RARE image, coronal slice, of zebrafish brain regions to indicate position 
of selected PRESS voxels. Highly resolved spectra were obtained from 5 distinct brain locations. Here, location 
1 and 2 are situated in the forebrain, while 3 – 5 are situated in the zebrafish mid-brain. Acquisition details: TR = 
2000 ms, TE = 15 ms, ns = 4096, a voxel size of 0.6 × 0.6 × 0.6 mm3 with Vvoxel = 216 nL, 2048 acquisition points, 
acquisition bandwidth 11904 Hz / 9.91 ppm, tBW = 15 kHz, 4 dummy scans, v1 = 3 ppm. Water suppression and 
outer volume suppression were applied as specified in the method section. 
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Both at the UHF strength of 17.6 T and 28.2 T, spectra were acquired conducive to the 
identification and quantification of several cerebral metabolites, even at Vvoxel = 125 nL, 
corresponding to a voxel size of 0.5 × 0.5 × 0.5 mm3. The ability to obtain high-resolution 
spectra from such small PRESS voxels allows for the identification and quantification of 
cerebral metabolites in various small regions in the zebrafish brain. This is elucidated in Figure 
4.5, where at 28.2 T the cerebral metabolic profiles were obtained from five distinct voxels 
with Vvoxel = 216 nL, corresponding to a voxel size of 0.6 × 0.6 × 0.6 mm3, utilizing ns = 4096, 
tBW = 15 kHz, and v1 = 3 ppm. Highly resolved spectra were obtained. By focussing on specific 
regions of the zebrafish brain, insight can be gained on metabolic processes occurring in that 
particular area, providing valuable information about its function. Furthermore, it allows for 
monitoring metabolic changes in specific brain regions during neurodegenerative processes 
by utilizing pathological models.

Figure 4.6 shows that at 28.2 T, PRESS with Vvoxel = 512 nL, corresponding to a voxel size of 0.8 
× 0.8 × 0.8 mm3, acquired in approximately 2 minutes allow the identification and quantification 
of predominant cerebral metabolites, including tCr (δ = 3.02 ppm and δ = 3.91 ppm), Tau 
(δ = 3.42 ppm and δ = 3.25 ppm), Glx (δ = 3.75 ppm), and Lac (δ = 1.3 ppm). Increasing 
the number of scans significantly improves the spectral quality. This augmentation enables 
the identification and quantification of additional metabolites, while increasing the SNR in 
alignment with SNR ~        , as illustrated in Figure 4.6B. At 17.6 T we achieved adequate SNR for 
identifying our target metabolites with Vvoxel 512 nL, and ns = 1024, resulting in approximately 
34 minutes scan time. For Vvoxel = 216 nL, ns = 2048 was utilized, resulting in approximately 1 
hour and 8 minutes total scan time. With the enhanced SNR at 28.2 T of approximately 40%, 
see Figure 4.4C, approximately half of the measurement time was required to obtain adequate 
SNR for each voxel volume (data not shown).

Metabolite identification and quantification at UHF
Based on presented results, single voxel localized MRS acquisition parameters were optimized 
to acquire a spectrum with extended measurement time of approximately 4.5 hours. Figure 
4.7 shows the highly resolved spectrum obtained at 28.2 T from a PRESS voxel with Vvoxel = 
512 nL, tBW = 15 kHz and v1 = 3 ppm. Compared to previous results obtained from in vivo 
analysis at 400 MHz30, significantly improved spectra were obtained. This is most evident in 
the region between δ = 1.5 – 3.0 ppm, where important cerebral metabolite signals are present, 
e.g. GABA, NAA, NAAG, Glu, and Gln. Previously, the use of lower field strength required a 
larger PRESS voxel, i.e. Vvoxel = 3375 nL, to acquire ample signal from cerebral metabolites 
for quantification. Consequently, the PRESS voxel surpassed beyond the brain tissue. This 
led to significant overlap of lipid- and cerebral metabolite signals. However, in our current 
analysis, improvements in the SNR acquired by utilization of UHF systems allow for smaller 
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Figure 4.6. Impact of ns in localized 1H MRS from adult zebrafish mid-brain at 28.2 T. [A] Single voxel localized 
MRS spectra acquired from the mid-brain of an adult zebrafish, acquired with increasing ns [B] SNR of the tCr 
signal at δ = 3.03 ppm as a function of ns. Acquisition details: TR = 2000 ms, TE = 15 ms, a voxel size of 0.8 × 0.8 
× 0.8 mm3 with Vvoxel = 512 nL, 2048 acquisition points, acquisition bandwidth 11904 Hz / 9.91 ppm, tBW = 15 kHz, 
4 dummy scans, v1 = 3 ppm. Water suppression and outer volume suppression were applied as specified in the 
method section.
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PRESS voxels and the lipid signals are no longer detected. Moreover, the 2CH3 signals of NAA 
and NAAG are resolved, and are separated by ∆δ = 0.04 ppm39. Frequently, due to spectral 
overlap, the 2CH3 signals of NAA and NAAG are reported as the tNAA51 signal or simply as 
NAA6,7,9,10, given the predominant contribution of NAA in the human brain. Post-processing 
techniques enable to resolve these signals52, or alternatively, quantification can be achieved 
through carefully designed sequences specifically for NAA and NAAG detection, such as the 
MEGA-PRESS sequence by Edden et al. 53. Previously the separation of NAA and NAAG signals 
was achieved using high-resolution localized two-dimensional COSY MRS in mouse brain54. 
As demonstrated here, direct separation of NAA and NAAG signals can be achieved through 

Figure 4.7. Optimized single voxel localized 1H MRS spectrum from adult zebrafish mid-brain at 28.2 T. 
Anatomical RARE image, coronal slice, of zebrafish brain regions to indicate position of selected PRESS voxel. 
Acquisition details: TR = 2000 ms, TE = 15 ms, a voxel size of 0.8 × 0.8 × 0.8 mm3 with Vvoxel = 512 nL, ns = 8192, 
scan time 4 hours 33 minutes, 2048 acquisition points, acquisition bandwidth 11904 Hz / 9.91 ppm at 28.2 T, 
4 dummy scans, v1 = 3 ppm, tBW = 15 kHz. Water suppression and outer volume suppression were applied as 
specified in the method section. Abbreviations; Lac – Lactate, m-Ins – myo-inositol, tCr – total creatine, Ala – 
alanine, Glu – glutamate, Gln – glutamine, pCho – phosphocholine, Cho – choline, Tau – taurine, Asp – aspartate, 
NAAG - N-acetylaspartyl-glutamate, NAA - N-acetylaspartate, GABA - γ-aminobutyric acid, FA – fatty acids, Chol 
– cholesterol. 
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single voxel localized one-dimensional MRS at UHF strengths. Furthermore, we observe a very 
clear separation of the GABA, Glu and Gln signals, providing a solid basis for comparing levels 
of compounds involved in the glutamate/GABA – glutamine brain cycle.

In Figure 4.8, we present statistical analysis of the cerebral metabolic profile obtained from 
different regions in the zebrafish brain, acquired at 28.2 T (n = 3). In the midbrain, PRESS 
was performed with Vvoxel = 512 nL and a voxel size of 0.8 × 0.8 × 0.8 mm3. In the forebrain 

Figure 4.8. Comparison of cerebral metabolites levels in the forebrain, midbrain, and hindbrain of adult 
zebrafish at 28.2 T [A] Anatomical RARE image, coronal slice, of zebrafish brain regions to indicate position of 
selected PRESS voxels in the forebrain, midbrain, and hindbrain [B] Single voxel localized 1H MRS spectra obtained 
from the forebrain, midbrain, and hindbrain. [C] Comparison of cerebral metabolite levels relative to tCr signal at 
δ = 3.03 ppm. Statistically significant differences in metabolite levels between different brain regions obtained by 
unpaired t-test, assuming Gaussian distribution, n = 3, with p < 0.05 considered to indicate a significant difference. 
* p < 0.05, *** p < 0.05. 28.2 T. In all images, yellow label indicates the forebrain, green the midbrain, and red 
the hindbrain. Abbreviations; Ala – alanine, tCr – total creatine, GABA - γ-aminobutyric acid, Glu – glutamate, Gln 
– glutamine, Lac – Lactate, m-Ins – myo-inositol, NAA - N-acetylaspartate, NAAG - N-acetylaspartyl-glutamate, 
Tau – taurine, Cho – choline, pCho – phosphocholine
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and hindbrain, PRESS was performed with Vvoxel = 216 nL and a voxel size of 0.6 × 0.6 × 0.6 
mm3 (see Figure 4.8A). Highly resolved spectra were obtained from each region (see Figure 
4.8B). Quantification of metabolites was performed with Chenomx. As indicated, chemical 
shift displacement effects necessitate quantification utilizing consistent chemical groups 
of a specific metabolite for all analysis, as utilizing different signals can lead to different 
quantitative outcomes (see Table 4.1). A full overview of the signals used for quantification is 
given in Table 4.3. We observed minimal variation in metabolite levels across the studied brain 
regions. However, significantly lower levels of GABA were found in the hindbrain compared to 
the forebrain (p < 0.005) and midbrain (p < 0.05). This discrepancy can be attributed to voxel 
placement. Throughout the zebrafish brain, GABAergic neurons are not uniformly distributed. 
Regions including the optic tectum, the subpallium, and the corpus cerebelli exhibit higher 
densities of GABAergic neurons55,56. In our analysis, PRESS voxels in the forebrain and midbrain 
predominantly overlapped with these GABAergic neuron rich regions. However, the hindbrain 
voxel, situated just posterior to the cerebellar corpus, appears to have been positioned within 
a region characterised by lower levels of GABAergic neurons, thereby elucidating the observe 
difference in GABA levels.

Table 4.3. Estimated concentrations of brain metabolites at 28.2 T, relative to the tCr signal at 3.03 ppm, in 
the forebrain, midbrain, and hindbrain in young adult zebrafish (n = 3). Annotation of the molecular groups is 
consistent with those used by Govindaraju et al. 39.
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In conclusion, single voxel localized magnetic resonance spectroscopy at ultra-high magnetic 
fields provides distinct advantages and challenges for the identification and quantification of 
cerebral metabolites in the tiny zebrafish brain. Chemical shift displacements are significant 
and need to be taken into account not only during the experimental design, but also during 
data processing. However, ultra-high fields provide the necessary signal-to-noise and spectral 
separation required to identify and quantify a wide range of cerebral metabolites in a volume 
as small as 125 nL. 

In future, our optimized methods, with relatively short measurement times of up to 30 
minutes, are well-suited for implementation in in vivo studies. In vivo measurements enable 
the utilization of various zebrafish models of human pathological diseases for longitudinal 
studies by allowing continuous and non-invasive monitoring of metabolic changes over 
time. This approach facilitates the study of disease progression and the long-term effects 
of therapeutic interventions within the same subjects, providing a more comprehensive 
understanding of the underlying mechanisms. Furthermore, various other non-invasive MRS 
measurements could be tested and optimized for UHFs, not discussed in the current work. 
This includes the optimization and comparison of other available single voxel localized 1H 
MRS methods including stimulated echo acquisition mode (STEAM) or semi-localization by 
adiabatic-selective refocusing (sLASER) sequences. Furthermore, multi-voxel MRS methods 
including chemical shift imaging (CSI) for whole brain analysis could be optimized. Besides 
different methods, a metabolic region that was not taken into consideration during the 
experiments presented here, was the chemical shift region between δ = 6.00 ppm and δ 
= 8.00 ppm. This chemical shift region contains the signals of various energy metabolites, 
including ATP, ADP, NADH, NAD+, NADPH, and NADP+. Monitoring these metabolites non-
invasively would potentially provide valuable information during metabolic analysis of, for 
instance, neurodegenerative diseases. However, these metabolites are separated by ∆δ = 
3 - 5 ppm from tCr for quantification, which could potentially make quantification difficult as a 
consequence of chemical shift displacement effects. Finally, localized MRS utilizing different 
nuclei might provide valuable information. In particular, localized 31P MRS can provide valuable 
information on phosphorus-containing (cerebral) metabolites including phosphocholine, 
glycerosphocholine, ATP, and NADH.

4. CONCLUSION

PhD Rico_25.indd   143PhD Rico_25.indd   143 2/12/25   18:042/12/25   18:04



CHAPTER 4

144

ACKNOWLEDGEMENTS 
Experiments at the 28.2 T and 17.6 T instruments were supported by the uNMR-NL Grid: 
A distributed, state-of-the-art Magnetic Resonance facility for the Netherlands (NWO grant 
184.032.207). The authors thank Andrei Gurinov for the technical help provided at the 28.2 T 
instrument, Karthick Sai Sankar Gupta and Maria Nardella for technical help provided at the 
17.6 T instrument, and Holger Scheidt for the technical help provided at the 14.1 T instrument.

PhD Rico_25.indd   144PhD Rico_25.indd   144 2/12/25   18:042/12/25   18:04



145

Voxel-based MR Spectroscopy of Zebrafish Brain at 28.2 T

4

1	 Alger, J. R. in Encyclopedia of Neuroscience (ed Larry R. Squire) 601-607 (Academic Press, 2009).
2	 Sharma, U. & Jagannathan, N. R. Metabolism of prostate cancer by magnetic resonance spectroscopy 

(MRS). Biophys Rev 12, 1163-1173 (2020). https://doi.org/10.1007/s12551-020-00758-6
3	 Cowin, G. J. et al. Magnetic resonance imaging and spectroscopy for monitoring liver steatosis. J Magn 

Reson Imaging 28, 937-945 (2008). https://doi.org/10.1002/jmri.21542
4	 Ali, H. A. et al. Predictive Value of In vivo MR Spectroscopy With Semilocalization by Adiabatic Selective 

Refocusing in Differentiating Clear Cell Renal Cell Carcinoma From Other Subtypes. AJR Am J Roentgenol 
214, 817-824 (2020). https://doi.org/10.2214/AJR.19.22023

5	 Brown, J. J., Mirowitz, S. A., Sandstrom, J. C. & Perman, W. H. MR Spectroscopy of the heart. American 
Journal of Roentgenology 155 (1990). 

6	 Graff-Radford, J. & Kantarci, K. Magnetic resonance spectroscopy in Alzheimer’s disease. Neuropsychiatr 
Dis Treat 9, 687-696 (2013). https://doi.org/10.2147/NDT.S35440

7	 Weinberg, B. D., Kuruva, M., Shim, H. & Mullins, M. E. Clinical Applications of Magnetic Resonance 
Spectroscopy in Brain Tumors: From Diagnosis to Treatment. Radiol Clin North Am 59, 349-362 (2021). 
https://doi.org/10.1016/j.rcl.2021.01.004

8	 Nakahara, T. et al. Glutamatergic and GABAergic metabolite levels in schizophrenia-spectrum disorders: 
a meta-analysis of (1)H-magnetic resonance spectroscopy studies. Mol Psychiatry 27, 744-757 (2022). 
https://doi.org/10.1038/s41380-021-01297-6

9	 Kalra, S. Magnetic Resonance Spectroscopy in ALS. Front Neurol 10, 482 (2019). https://doi.org/10.3389/
fneur.2019.00482

10	 Pan, J. W. & Kuzniecky, R. I. Utility of magnetic resonance spectroscopic imaging for human epilepsy. Quant 
Imaging Med Surg 5, 313-322 (2015). https://doi.org/10.3978/j.issn.2223-4292.2015.01.03

11	 Sajja, B. R., Wolinsky, J. S. & Narayana, P. A. Proton magnetic resonance spectroscopy in multiple sclerosis. 
Neuroimaging Clin N Am 19, 45-58 (2009). https://doi.org/10.1016/j.nic.2008.08.002

12	 Shoeibi, A. et al. Brain proton magnetic resonance spectroscopy in patients with Parkinson’s disease. Curr J 
Neurol 21, 156-161 (2022). https://doi.org/10.18502/cjn.v21i3.11108

13	 Pal, M. M. Glutamate: The Master Neurotransmitter and Its Implications in Chronic Stress and Mood 
Disorders. Front Hum Neurosci 15, 722323 (2021). https://doi.org/10.3389/fnhum.2021.722323

14	 Ochoa-de la Paz, L. D., Gulias-Cañizo, R., D´Abril Ruíz-Leyja, E., Sánchez-Castillo, H. & Parodí, J. The role 
of GABA neurotransmitter in the human central nervous system, physiology, and pathophysiology. Revista 
Mexicana de Neurociencia 22 (2021). https://doi.org/10.24875/rmn.20000050

15	 Kalra, S. & Arnold, D. L. Magnetic Resonance Spectroscopy for Monitoring Neuronal Integrity in Amyotrophic 
Lateral Sclerosis. Advances in experimental medicine and biology 576 (2006). https://doi.org/https://doi.
org/10.1007/0-387-30172-0

16	 Bertran-Cobo, C. et al. A Neurometabolic Pattern of Elevated Myo-Inositol in Children Who Are HIV-
Exposed and Uninfected: A South African Birth Cohort Study. Front Immunol 13, 800273 (2022). https://doi.
org/10.3389/fimmu.2022.800273

17	 Bashirova, N. et al. A mechanistic understanding of the effects of polyethylene terephthalate nanoplastics 
in the zebrafish (Danio rerio) embryo. Sci Rep 13, 1891 (2023). https://doi.org/10.1038/s41598-023-28712-y

18	 Annunziato, M. et al. An integrated systems-level model of the toxicity of brevetoxin based on high-
resolution magic-angle spinning nuclear magnetic resonance (HRMAS NMR) metabolic profiling of zebrafish 
embryos. Sci Total Environ 803, 149858 (2022). https://doi.org/10.1016/j.scitotenv.2021.149858

19	 Annunziato, M. et al. An Integrated Metabolomics-Based Model, and Identification of Potential Biomarkers, 
of Perfluorooctane Sulfonic Acid Toxicity in Zebrafish Embryos. Environ Toxicol Chem (2024). https://doi.
org/10.1002/etc.5824

REFERENCES

PhD Rico_25.indd   145PhD Rico_25.indd   145 2/12/25   18:042/12/25   18:04



CHAPTER 4

146

20	 Annunziato, M. et al. High-Resolution Magic Angle Spinning (HRMAS) NMR Identifies Oxidative Stress and 
Impairment of Energy Metabolism by Zearalenone in Embryonic Stages of Zebrafish (Danio rerio), Olive 
Flounder (Paralichthys olivaceus) and Yellowtail Snapper (Ocyurus chrysurus). Toxins (Basel) 15 (2023). 
https://doi.org/10.3390/toxins15060397

21	 Hu, W. et al. Transcriptomic and Metabolomic Studies Reveal That Toll-like Receptor 2 Has a Role in 
Glucose-Related Metabolism in Unchallenged Zebrafish Larvae (Danio rerio). Biology (Basel) 12 (2023). 
https://doi.org/10.3390/biology12020323

22	 Eeza, M. N. H. et al. An integrated systems-level model of ochratoxin A toxicity in the zebrafish (Danio rerio) 
embryo based on NMR metabolic profiling. Sci Rep 12, 6341 (2022). https://doi.org/10.1038/s41598-022-
09726-4

23	 Berry, J. P. et al. High-Resolution Magic Angle Spinning Nuclear Magnetic Resonance of Intact Zebrafish 
Embryos Detects Metabolic Changes Following Exposure to Teratogenic Polymethoxyalkenes from Algae. 
Zebrafish 13, 456-465 (2016). https://doi.org/10.1089/zeb.2016.1280

24	 Howe, K. et al. The zebrafish reference genome sequence and its relationship to the human genome. Nature 
496, 498-503 (2013). https://doi.org/10.1038/nature12111

25	 Saleem, S. & Kannan, R. R. Zebrafish: an emerging real-time model system to study Alzheimer’s disease and 
neurospecific drug discovery. Cell Death Discov 4, 45 (2018). https://doi.org/10.1038/s41420-018-0109-7

26	 Basheer, F., Dhar, P. & Samarasinghe, R. M. Zebrafish Models of Paediatric Brain Tumours. Int J Mol Sci 23 
(2022). https://doi.org/10.3390/ijms23179920

27	 Doyle, J. M. & Croll, R. P. A Critical Review of Zebrafish Models of Parkinson’s Disease. Front Pharmacol 13, 
835827 (2022). https://doi.org/10.3389/fphar.2022.835827

28	 D’Amora, M. et al. Zebrafish as an Innovative Tool for Epilepsy Modeling: State of the Art and Potential Future 
Directions. Int J Mol Sci 24 (2023). https://doi.org/10.3390/ijms24097702

29	 Fontana, B. D., Mezzomo, N. J., Kalueff, A. V. & Rosemberg, D. B. The developing utility of zebrafish models 
of neurological and neuropsychiatric disorders: A critical review. Exp Neurol 299, 157-171 (2018). https://doi.
org/10.1016/j.expneurol.2017.10.004

30	 Kabli, S., Spaink, H. P., De Groot, H. J. & Alia, A. In vivo metabolite profile of adult zebrafish brain obtained 
by high-resolution localized magnetic resonance spectroscopy. J Magn Reson Imaging 29, 275-281 (2009). 
https://doi.org/10.1002/jmri.21609

31	 Ullmann, J. F., Calamante, F., Collin, S. P., Reutens, D. C. & Kurniawan, N. D. Enhanced characterization of 
the zebrafish brain as revealed by super-resolution track-density imaging. Brain Struct Funct 220, 457-468 
(2015). https://doi.org/10.1007/s00429-013-0667-7

32	 Soila, K. P., Viamonte, M. & Starewicz, P. M. Chemical shift misregistraton effect in magnetic resonance 
imaging. Radiology 153 (1984). 

33	 Lufkin, R., Anselmo, M., Crues, J. & Smoker, W. Magnetic field strength dependence of chemical shift artifacts. 
Computerized Medical Imaging and Graphics 12, 8 (1988). https://doi.org/https://doi.org/10.1016/0895-
6111(88)90002-X

34	 Krug, J. R. et al. Assessing spatial resolution, acquisition time and signal-to-noise ratio for commercial 
microimaging systems at 14.1, 17.6 and 22.3 T. J Magn Reson 316, 106770 (2020). https://doi.org/10.1016/j.
jmr.2020.106770

35	 Hidalgo‐Tobon, S. S. Theory of gradient coil design methods for magnetic resonance imaging. Concepts in 
Magnetic Resonance Part A 36A, 223-242 (2010). https://doi.org/10.1002/cmr.a.20163

36	 He, J. et al. Leptin deficiency affects glucose homeostasis and results in adiposity in zebrafish. J Endocrinol 
249, 125-134 (2021). https://doi.org/10.1530/JOE-20-0437

37	 Bottomley, P. A. Selective volume method for performing localized NMR spectroscopy. United States of 
America patent (1984).

38	 Tkac, I., Starcuk, Z., Choi, I. Y. & Gruetter, R. In vivo1H NMR spectroscopy of rat brain at 1 ms echo 
time. Magnetic Resonance in Medicine 41, 649-656 (1999). https://doi.org/10.1002/(sici)1522-
2594(199904)41:4<649::Aid-mrm2>3.0.Co;2-g

PhD Rico_25.indd   146PhD Rico_25.indd   146 2/12/25   18:042/12/25   18:04



147

Voxel-based MR Spectroscopy of Zebrafish Brain at 28.2 T

4

39	 Govindaraju, V., Young, K. & Maudsley, A. A. Proton NMR chemical shifts and coupling constants for brain 
metabolites. NMR in Biomedicine 13 (2000). 

40	 Akhtar, M. T., Mushtaq, M. Y., Verpoorte, R., Richardson, M. K. & Choi, Y. H. Zebrafish as a Model for Systems 
Medicine R&D: Rethinking the Metabolic Effects of Carrier Solvents and Culture Buffers Determined by (1)H 
NMR Metabolomics. OMICS 20, 42-52 (2016). https://doi.org/10.1089/omi.2015.0119

41	 Markley, J. L. et al. New bioinformatics resources for metabolomics. Pacific symposium on biocomputing 
157 (2007). 

42	 Graaf de, R. A. In-vivo NMR Spectroscopy: Principles and Techniques. (John Wiley & Sons, 2007).
43	 Kreis, R. Issues of spectral quality in clinical 1H-magnetic resonance spectroscopy and a gallery of artifacts. 

NMR Biomed 17, 361-381 (2004). https://doi.org/10.1002/nbm.891
44	 Dumoulin, M., Zimmerman, E., Hurd, R. & Hancu, I. Increased brain metabolite T2 relaxation times in patients 

with Alzheimer’s disease Proc. Intl. Soc. Mag. Reson. Med. 13 (2005). 
45	 Isobe, T. et al. Effect of J coupling at T2 relaxation in assessing of methyl lactate signal using PRESS 

sequence MR spectroscopy. jpn. j. med. phys 25 (2005). 
46	 Xin, L., Gambarota, G., Mlynarik, V. & Gruetter, R. Proton T2 relaxation time of J-coupled cerebral metabolites 

in rat brain at 9.4 T. NMR Biomed 21, 396-401 (2008). https://doi.org/10.1002/nbm.1205
47	 Mulkern, R. & Bowers, J. Density Matrix Calculations of AB Spectra from Multipulse Sequences: Quantum 

Mechanics Meets In Vivo Spectroscopy. Concepts in magnetic resonance 6 (1994). 
48	 Bottomley, P. A., Foster, T. H., Argersinger, R. E. & Pfeifer, L. M. A review of normal tissue hydrogen NMR 

relaxation times and relaxation mechanisms from 1-100 MHz: dependence on tissue type, NMR frequency, 
temperature, species, excision, and age. Med Phys 11, 425-448 (1984). https://doi.org/10.1118/1.595535

49	 de Graaf, R. A. et al. High magnetic field water and metabolite proton T1 and T2 relaxation in rat brain in vivo. 
Magn Reson Med 56, 386-394 (2006). https://doi.org/10.1002/mrm.20946

50	 Korb, J. P. & Bryant, R. G. Magnetic field dependence of proton spin-lattice relaxation times. Magn Reson 
Med 48, 21-26 (2002). https://doi.org/10.1002/mrm.10185

51	 Reischauer, C. et al. In-vivo evaluation of neuronal and glial changes in amyotrophic lateral sclerosis 
with diffusion tensor spectroscopy. Neuroimage Clin 20, 993-1000 (2018). https://doi.org/10.1016/j.
nicl.2018.10.001

52	 Provencher, S. W. Estimation of metabolite concentrations from localized in vivo proton NMR spectra. 
Magnetic Resonance in Medicine 30 (1993). 

53	 Edden, R. A., Pomper, M. G. & Barker, P. B. In vivo differentiation of N-acetyl aspartyl glutamate from 
N-acetyl aspartate at 3 Tesla. Magn Reson Med 57, 977-982 (2007). https://doi.org/10.1002/mrm.21234

54	 Braakman, N., Oerther, T., de Groot, H. J. & Alia, A. High resolution localized two-dimensional MR spectroscopy 
in mouse brain in vivo. Magn Reson Med 60, 449-456 (2008). https://doi.org/10.1002/mrm.21662

55	 Satou, C. et al. Transgenic tools to characterize neuronal properties of discrete populations of zebrafish 
neurons. Development 140, 3927-3931 (2013). https://doi.org/10.1242/dev.099531

56	 Tabor, K. M. et al. Brain-wide cellular resolution imaging of Cre transgenic zebrafish lines for functional 
circuit-mapping. Elife 8 (2019). https://doi.org/10.7554/eLife.42687

PhD Rico_25.indd   147PhD Rico_25.indd   147 2/12/25   18:042/12/25   18:04



CHAPTER 4

148

5. APPENDIX

Figure S4.1. Chemical shift displacement effect in single voxel localized MRS [A] sδ (%) at chemical shift of 1H 
(ppm) for increasing magnetic field strengths for PRESS. v1, excitation frequency (ppm); vLac, chemical shift of 
the 3CH3 group lactate at δ = 1.32 ppm. [B] Impact of the chemical shift displacement on the selected ROI and 
the actual location from which the lactate signal is obtained at 28.2 T. In this illustration, only the chemical shift 
displacement in the z and y direction are shown. [C] sδ (%) versus the remaining fraction of the signal from the 
selected voxel (%). Colour code is used to visualize severity of sδ. Exceeding a chemical shift displacement effect 
of 50% per transmitter RF pulse, almost 90% of the signal falls beyond the selected PRESS voxel. The theoretical 
signal loss is determined as the percentage of the signal that extends beyond the selected PRESS voxel due to 
chemical shift displacement. * Chemical shift displacement of lactate assuming B0 = 28.2 T, tBW = 5 kHz, a voxel 
size of 0.8 × 0.8 × 0.8 mm3 with Vvoxel = 512 nL, and v1 = 4.7 ppm.
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Figure S4.2. Chemical shift selective imaging (cssi) for the visualization of lipid distribution in the zebrafish 
head at 28.2 T. For these measurements, wild-type three-month-old adult-zebrafish, fixed in 4% buffered 
paraformaldehyde were utilized as described previously. [A] Sagittal 2D RARE image without fat suppression. 
Chemical shift artifact causes displacement of lipids in the frequency-encode direction, which increases with 
B0. [B] Sagittal 2D RARE image with fat suppression. [C] Lipid signal obtained by 3D cssi. [D] 3D cssi signal (red 
colour scale) overlayed on 3D RARE image (grey colour scale), showing the distribution of lipids in the zebrafish 
head. Data acquisition and processing were performed using Paravision 360 v3.3. Acquisition details: 2D RARE 
images: TR = 3000 ms, TE = 5.6 ms, ns = 64, resolution 23 μm × 23 μm × 100 μm, RARE factor 4. 3D RARE image: 
TR = 1800 ms, TE = 6.1 ms, ns = 4, resolution 23 μm × 23 μm × 47 μm, RARE factor 16. 3D cssi image: TR = 2000 
ms, TE = 4.5 ms, ns = 1, resolution 94 μm × 94 μm × 188 μm, shift selective excitation frequency 1200.7 MHz (1.24 
ppm), excitation pulse bandwidth 2000 Hz (1.6 ppm). (a) brain; (b) muscle; (c) dentary; (d) sternohyoid; (e) liver
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Figure S4.3. Full comparison of echo times in single voxel localized 1H MRS spectrum from adult zebrafish mid-
brain at 17.6 T and 28.2 T, in the range between 15 ms and 144 ms. [A – B] Single voxel localized MRS spectra 
acquired for echo times at 17.6 T and 28.2 T, respectively. [C - D] Comparison of spectra obtained at a short echo 
time of 15 ms and a long echo time of 144 ms at 17.6 T and 28.2 T. Particular attention is directed towards the 
lactate 180° phase shift at 144 ms, contributed to J-coupling induced signal dephasing. This effect is prominently 
evident at 17.6 T. However, at 28.2 T, due to escalated chemical shift displacement effects, the lactate signal 
acquired at 144 ms is submerged within spectral noise, highlighting the necessity for compensation strategies to 
address these effects. 
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