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Purpose: The zebrafish (Danio rerio) has become an important animal model in
a wide range of biomedical research disciplines. Growing awareness of the role
of biomechanical properties in tumor progression and neuronal development
has led to an increasing interest in the noninvasive mapping of the viscoelastic
properties of zebrafish by elastography methods applicable to bulky and non-
translucent tissues.

Methods: Microscopic multifrequency MR elastography is introduced for map-
ping shear wave speed (SWS) and loss angle (¢) as markers of stiffness and vis-
cosity of muscle, brain, and neuroblastoma tumors in postmortem zebrafish with
60 um in-plane resolution. Experiments were performed in a 7 Tesla MR scanner
at 1, 1.2, and 1.4 kHz driving frequencies.

Results: Detailed zebrafish viscoelasticity maps revealed that the midbrain region
(SWS =3.1+0.7m/s, p = 1.2 + 0.3 radian [rad]) was stiffer and less viscous than
telencephalon (SWS = 2.6 + 0. 5 m/s, ¢ = 1.4 + 0.2 rad) and optic tectum (SWS =
2.6 + 0.5 m/s, ¢ = 1.3 + 0.4 rad), whereas the cerebellum (SWS = 2.9 + 0.6 m/s,
@ = 0.9 + 0.4 rad) was stiffer but less viscous than both (all p < .05). Overall, brain
tissue (SWS = 2.9 + 0.4 m/s, ¢ = 1.2 + 0.2 rad) had similar stiffness but lower
viscosity values than muscle tissue (SWS = 2.9 + 0.5 m/s, ¢ = 1.4 + 0.2 rad),
whereas neuroblastoma (SWS = 2.4 + 0.3 m/s, ¢ = 0.7 + 0.1 rad, all p < .05) was
the softest and least viscous tissue.

Conclusion: Microscopic multifrequency MR elastography-generated maps of
zebrafish show many details of viscoelasticity and resolve tissue regions, of great

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 The Authors. Magnetic Resonance in Medicine published by Wiley Periodicals LLC on behalf of International Society for Magnetic Resonance in Medicine.

Magn Reson Med. 2022;87:1435-1445.

wileyonlinelibrary.com/journal/mrm 1435

85U8017 SUOWILLIOD @A 118D 3ol [dde 8Ly Aq peusenob e sajoie YO ‘8sh JO Sa|n 10y ARIqiT8UlUO AB]IM UO (SUORIPUOD-PUR-SWBIALI0D" AB| 1M Ae.ql1|Bu1 [UO//:SANL) SUORIPUOD PUe SWia | 8U1 89S *[2202/TT/62] Uo ARiqiTaulluO A8|IM ‘UIZIpBWwsiselSBAILN - 911eyD Ad 99062 WIL/ZOOT OT/I0P/W0D A8 |im AreIq1juljuo//:sdiy ol pepeojumod ‘€ ‘2202 ‘765222ST


www.wileyonlinelibrary.com/journal/mrm
https://orcid.org/0000-0002-6081-7595
https://orcid.org/0000-0002-2171-6791
https://orcid.org/0000-0001-9458-2221
https://orcid.org/0000-0002-3013-5374
https://orcid.org/0000-0001-6494-0833
https://orcid.org/0000-0003-4901-0325
https://orcid.org/0000-0001-5183-7546
https://orcid.org/0000-0001-5491-4607
mailto:﻿
https://twitter.com/bioqic
https://orcid.org/0000-0003-2460-1444
https://twitter.com/bioqic
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:Ingolf.sack@charite.de

JORDAN ET AL.

1436 o . o e
—I—Magnetlc Resonance in Medicine

KEYWORDS

1 | INTRODUCTION

Over the past 4 decades, zebrafish have emerged as a ver-
satile animal model™? for a wide range of research areas,
including embryology,” oncology,* tissue regeneration,’
and toxicology.® The zebrafish genome is remarkably sim-
ilar to that of humans: 70% of its genes are homologous
to the human genome, and 82% of genes associated with
human diseases have also been found in zebrafish.” In ad-
dition, the optical transparency during embryonic devel-
opment and in some adult genetically modified zebrafish
lines, high fecundity, rapid growth rate, and comparative
ease of husbandry make zebrafish an attractive animal
model for biomedical research. Due to its early transpar-
ency, the accessibility of the offspring for tissue manipu-
lations, and the diverse options of genetic manipulation,
optical microscopy up to subcellular levels presents the
most common method of investigation in the zebraf-
ish.**? Combined with genetic analyses even on a single
cell level, the zebrafish provides an optimal tool for tissue
fate mapping in vivo.'>"! Mapping of the biophysical prop-
erties of zebrafish, however, is still in its infancy. Stiffness
values of some zebrafish tissues have been reported based
on invasively administered beads'? and local optical twee-
zer experiments,” which do not provide spatially resolved
maps. Preliminary elastography data from zebrafish were
obtained using ultrasonic elastography, but only averaged
stiffness values for the central region of the fish were
reported.'*

MR elastography (MRE) is a versatile method that al-
lows the noninvasive and 3D, spatially resolved mapping
of viscoelasticity parameters in soft tissues for clinical di-
agnosis,"” and biomedical research.'®*° High-field MRE in
small animal scanners has been applied to a wide variety
of animal models, including Yucatan mini-pigs,21 ferrets,?
mi(:e,18’23‘25 rats,’*?” and frog oocytes.28 In small animal
models, MRE can provide maps of viscoelasticity with
a pixel size on the order of 180 um.* Higher resolution
wave-encoding with 34 um pixel size was demonstrated
in gel phantoms and frog oocytes but without mapping
the heterogeneity of viscoelastic parameters.”® Given the
very complex anatomy of zebrafish, high-resolution wave-
encoding and viscoelasticity mapping based on multi-
frequency inversion methods®**° may promote MRE in
zebrafish for biomedical research.

interest in neuromechanical and oncological research and for which our study
provides first reference values.

MR elastography, neuroblastoma, stiffness, tumors, viscoelasticity, zebrafish

To this end, we developed a multifrequency MRE tech-
nique for a 7 Tesla small-animal MRI scanner, a cylindrical
actuator in which a zebrafish can be placed, a piezoelec-
trical actuator that induced predominantly cylindrical
waves, and a spin-echo MRE sequence. Together, these
provide an in-plane resolution of 60 um for depicting de-
tails of zebrafish mechanical anatomy. The relevance of
this method for oncological research will be demonstrated
in wild-type and a transgenic neuroblastoma zebrafish
model (Tg(dbh:MYCN;dbh:EGFP). The transgenic fish
develop neuroblastoma tumors together with a fluores-
cence reporter mainly in the interrenal gland orthologues
to the human adrenal medulla.* Subregional analysis was
performed to provide first reference values of stiffness
in terms of shear wave speed (SWS in m/s) and viscosity
in terms of loss angle of complex shear modulus (¢ in
radians) of the zebrafish brain, neuroblastoma tumor, and
muscle tissue.

Our study has 3 objectives: (1) demonstrate the feasibil-
ity of MRE in zebrafish, (2) provide initial reference val-
ues for the viscoelastic properties of zebrafish muscles and
brains, and (3) outline the prospect of using zebrafish as
a model for biomechanically oriented oncology research.
To this end, we first used a soft-viscous phantom, which
was previously characterized by tabletop MRE to validate
our sequence and inversion technique. We then studied
both wild-type and transgenic zebrafish using high-field
MRE. In a final step, we performed a histopathological ex-
amination in comparison with the heterogeneities visible
in MRE maps.

2 | METHODS

2.1 | Phantom

To test the setup and to determine optimal image resolu-
tion as well as SNR, we produced a simple ultrasound gel
(Gello GmbH Geltechnik, Germany) phantom. The phan-
tom consists of ultrasound gel packed into a glass cylin-
der of 4 mm inner diameter, analogous to the one used
in the animal experiment. Both ends of the glass cylinder
were sealed off with rubber plugs (1.5 mm thickness).
Ultrasound gel provides a good MRI signal (with T,/T, re-
laxation times of 2600 + 50 ms/42 + 2 ms at 7 Tesla) and
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transmits shear waves well. Its homogeneity also allows
the use of global fits to determine SWS and ¢ values in-
stead of the more error prone inversion algorithms needed
for heterogeneous media. To optimize MRE image resolu-
tion based on ground truth values, we predetermined the
viscoelastic parameters of the phantom over a wide fre-
quency range from 200 to 1400 Hz using compact tabletop
MRE and Bessel fitting of wave data.** This method was
used previously as reference method for soft gel analysis
in the desired frequency range.****>*

2.2 | Animals

Animals used in this study were kept under controlled
conditions at the Pediatric Department of Oncology/
Hematology and Stem Cell Transplantation, Charité
University Hospital, Berlin, Germany, under the licenses
ZH76 and G0325/19 approved by the local animal eth-
ics committee (Landesamt fiir Gesundheit und Soziales,
Berlin, Germany) (G0325/19) and was conducted in
accordance with the European Community Council
Directive of November 24, 1986 (86/609/EEC). A total
of 22 adult wild type zebrafish (Tiipfel Long Fin) and 18
transgenic zebrafish (Tg(dbh:MYCN;dbh:EGFP) were in-
vestigated.* The final groups consisted of 15 wild type fish
(median age: 19 months, mean age: 14 months, range: 2
to 24 months) and 11 MYCN-transgenic fish (median age:
23 months, mean age 14 months, range: 6 to 25 months)
due to technical failures (oversized: 2 wild type, 5 trans-
genic fish; incorrect imaging parameter settings: 3 wild
type, ransgenic fish; insufficient shear wave amplitudes:
2 wild type, 1 transgenic fish). Before MRE, the fish were
euthanatized by hypothermal shock, as suggested by
Wallace et al.¥® For MRI and MRE, the zebrafish were
placed inside a glass cylinder of 4 mm inner diameter and
embedded in ultrasound gel (Gello GmbH Geltechnik,
Germany) to minimize tissue-air interfaces and suscep-
tibility artifacts. Shear waves propagated into the fish by
direct contact with the glass wall and through the ultra-
sound gel. The front end of the glass tube was sealed with
a rubber plug (1.5 mm thickness).

2.3 | MRE actuator

Shear waves were induced through the walls of a cylindri-
cal glass tube on which an air-cooled, nonmagnetic, piezo-
electric actuator (ATA 200, Cedrat Technologies, France)
was mounted. The main vibration direction was parallel
to the cylinder axis to ensure that cylindrical shear waves
with single polarization direction were predominantly

excited while compression waves were not excited or min-
imized by this geometry. This setup was designed to be
similar to the vertical actuator of the MRE tabletop device
but to allow excitation of waves in a horizontal orienta-
tion.”* The experimental setup is shown in Figure 1A.
The actuator was driven by a function generator (CGC
Instruments, Chemnitz, Germany) synchronized with the
clock of the MRI scanner to avoid any latency between
MRI and function generator while continuously vibrating
the sample. Three vibration frequencies of 1000, 1200, and
1400 Hz were induced in consecutive experiments. All ex-
periments were performed at 23 + 0.5°C.

2.4 | MRE image acquisition

All experiments were performed in a 7 Telsa preclini-
cal MRI scanner (Bruker Biospec, Germany) equipped
with a 5-mm bore, transverse electromagnetic, quad-
rature volume-resonator coil (Rapid Biomedical,
Germany) shown in Figure 1. The MRE sequence was
implemented using ParaVision 6.0.1 based on an exist-
ing spin-echo sequence that was sensitized to motion
by including motion-encoding gradients of the same
frequency, as used for mechanical vibrations. Motion-
encoding gradients direction was along the main axis
of the glass cylinder so that the predominant com-
ponent of the cylindrical waves was encoded. Four
dynamics of the wave cycle, evenly spaced over 1 vi-
bration period, were encoded using a TE of 38 ms and
a TR of 3000 ms. The motion-encoding gradients am-
plitude was 392 mT/m. Numbers of motion-encoding
gradients periods were 14, 17, and 19, corresponding
to 1000, 1200, and 1400 Hz vibration frequencies, re-
spectively. Although this frequency range is too limited
for analysis of viscoelastic dispersion in zebrafish tis-
sue, previous work has shown that even minimal vari-
ation of excitation frequency enhances the stability of
the inverse problems solution for the reconstruction of
MRE maps using our k-MDEV (multifrequency dual
elasto-visco) algorithm.*®*’ For testing spatial resolu-
tion and SNR using the ultrasound gel phantom, ma-
trix sizes of 100 X 100, 67 X 67, 50 X 50, and 40 X 40
were used with a 4 x 4 mm? FOV, resulting in in-plane
pixel sizes of 40 x 40 um? 60 x 60 um? 80 x 80 um?,
and 100 x 100 um? respectively. Based on the results
of the phantom experiment, we used the following pa-
rameters to measure the fish: 8 axial slices of 600 pm
thickness, 67 X 67 matrix size, 4 X 4 mm? FOV, and an
in-plane resolution of 60 x 60 um?. The total acquisi-
tion time per frequency was approximately 16 min, and
each fish was sampled from snout to swim bladder.
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Setup for MRE of zebrafish in a 7T preclinical MRI scanner. (A) A piezoelectric actuation unit, shown in red, generates

harmonic oscillations synchronized to the MRE sequence. The principal vibration direction is along the cylinder axis, which results in

predominantly cylindrical waves. The box demarcates the area covered by the imaging slice slab. The custom volume resonator coil is also

shown. (B) MRE magnitude image (grayscale) and wave images of different frequencies (color scale) showing the through-plane wave

component, which was encoded by the sequence. MRE, MR elastography; T, tesla

2.5 | MRE data processing

After phase unwrapping and Fourier transformation
across the 4 time steps over a wave cycle, the resulting
complex-valued wave images at fundamental frequency.
Examples shown in Figure 1B were reconstructed to maps
of loss angle of complex shear modulus (¢ in radian) using
multifrequency dual elasto-visco (MDEV) inversion®’ and
SWS using wave-number (k-)MDEYV inversion.*® The spa-
tial bandpass filter of k-MDEV was adapted to the small
field of view and minor impact of compression waves with
our cylindrical actuator using a Butterworth filter of sev-
enth order with 250/m threshold for the high pass. To fa-
cilitate comparison of values with the literature, we also
tabulated shear stiffness in terms of the magnitude shear

modulus |G*| assuming a material density p of 1000 kg/
m3'®;

2
SWS“p (1 + COS(p)‘ 1)

G| =
[ :

In ultrasound gel, SWS ground truth was determined by fit-
ting Bessel functions as described previously.*>**** We con-
sider Bessel function analysis of cylindrical waves as ground
truth because it provides analytical solutions to the inverse
problem in homogeneous media without artifact due to the
dispersion-by-inversion bias.*® Wave displacement SNR was

derived using the blind noise estimation method proposed
by Donoho et al.*’ This method defines SNR as normalized
log ratio of signal and median absolute deviation of the fin-
est band of wavelet coefficients. The wavelet coefficients
are calculated using Farras nearly symmetric filters.* Both
signal and noise are calculated only for regions of interest
(ROI). Wavelet analysis is well suited for the differentiation
of spatial frequencies of harmonic waves and noise in MRE,
as shown previously.* The method is implemented on an
open access server for MRE data analysis (https://bioqic-
apps.charite.de).

In zebrafish, ¢ and SWS maps were analyzed for sub-
regional differences by manually delineating ROIs in the
magnitude maps corresponding to the following anatom-
ical regions: telencephalon, optic tectum, midbrain, cer-
ebellum, whole brain, and skeletal muscle. Additionally,
we defined ROIs over the neuroblastoma of the transgenic
zebrafish.

2.6 | Histology

Immunohistochemistry was performed for intraorgan-
ismal orientation and special distribution of tumors
immediately after MRE (approx. 1 h after death) in 2
formaldehyde-fixed paraffin-embedded whole mount ze-
brafish. Thyrosine hydroxylase (TH) is an enzyme found
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in adrenergic tissues; therefore, it can be used as marker
confirming the identity of the tumor.* To improve distri-
bution of the fixative inside the tissue, 5 mm of the cau-
dal fin was removed before the carcass was fixed in 4%
paraformaldehyde in 1X phosphate buffered saline on a
rocker for 48 h at 4°C. After fixation, paraformaldehyde
was replaced by decalcification buffer (0.5 M EDTA, pH:
7.2), and fish were incubated on a rocker for 24 h at 4°C.
The fish were paraffin-embedded and sectioned (12 pm)
as described in Her et al.** Cancerous tissue was identi-
fied using a TH as well as hematoxylin and eosin stain-
ing. Prior to TH staining, sections were rehydrated with
subsequent baths of 5 min each in xylene (2 times), 100%
EtOH (2 times), and 70% EtOH. Sections were then rinsed
in water and placed in TBS-T for 5 min. Slides were heated
to approximately 90°C for 20 min in citrate buffer, incu-
bated 1 h in blocking buffer and incubated overnight with
primary antibody (anti-TH: Pel-Freeze, cat # P40101-150)
at a dilution of 1:200. The next day, slides were rinsed with
TBS-T and incubated for 1 h with secondary antibody (goat
anti-rabbit IgG H&L, conjugated with Alexa 488 (abcam,
cat# ab150077) at 1:500. Glass slides were mounted using
an antifade mounting agent (ProLong Gold Antifade
Mounting Agent, Invitrogen; cat# P36935) to seal and
preserve the fluorescently labeled tissue. For hematoxylin
and eosin staining, which stains nuclei in dark purple and
extracellular matrix in pink, the following protocol was
used: formaldehyde-fixed paraffin-embedded fish were
dewaxed 5 min in xylene, then again for 10 min in fresh
xylene, 5 min in 100% EtOH, 2 min in 80% EtOH, 2 min
in 70% EtOH, and 2 times in H,O for 1 min. Next, the tis-
sue was then stained with Mayer hematoxylin for 5 min
and rinsed for 5 min in running tap water. Differentiation
(10 dips in 0.3% acid alcohol) and blueing (20 dips in 95%
EtOH) steps were performed, and formaldehyde-fixed
paraffin-embedded tissue was then stained with Eosin-
Phloxine solution for 2 min and dehydrated with subse-
quent baths of 5 min in 95% EtOH, 100% EtOH (2 times),
and xylene (2 times). Slides were covered with mounting
agent (Eukitt quick-hardening mounting agent, Sigma-
Aldrich; cat# 03989) and mounted on glass slides.

2.7 | Statistical analysis

We tested the significance of population differences using
the Wilcoxon rank sum test using MatLab 9.8.0.1380330
(R2020a) Update 2 (MathWorks, Natick, MA). Multiple
comparisons were done using a 1-way analysis of variance
in conjunction with the Bonferoni method. Therefore, we
first defined 3 groups: wild type fish, tumor-bearing fish,
and the pooled cohort of all fish. We then determined if
region values in the brain were different between group

1 (wild type) and 2 (tumor). Because no difference was
found, we further analyzed nontumor regions in the
pooled group. In group 2 (tumor), we separately analyzed
regional differences between tumor tissue, muscle tis-
sue, and brain tissue. To test correlations between SWS or
@ values and age or tumor size, we used the Pearson corre-
lation. We did not test for sex effects on MRE parameters.
p Values less than .05 were considered to indicate statisti-
cally significant differences. Unless otherwise indicated,
the SD is used as an error estimation.

3 | RESULTS

3.1 | Phantom experiments

Comparison of inversion-based mapping at different reso-
lutions with ground truth acquired by tabletop MRE in
a wider frequency range and global Bessel fitting is pre-
sented in Figure 2. In Figure 2A, we show unfiltered wave
images acquired in the gel phantom for each frequency
and resolution. Wave fit analysis using Bessel functions
resulted in a mean SWS of 0.77 + 0.09 m/s and a mean ¢
of 0.30 + 0.08 rad, which we considered ground truth. We
then compared both ground truths with the results of our
processing pipeline and found good agreement across all
frequencies and resolutions, as shown in Figure 2B. Albeit
phantom MRE values were unaffected by resolution, the
SNR for 40 X 40 um? was significantly lower than that ob-
tained by larger voxel sizes (p < .05). Henceforth, we chose
a resolution of 60 X 60 um? for all animal experiments to
ensure a stable range of SNR unaffected by resolution.
Figure 2C shows the results of both the SWS recovered by
Bessel fit as well as SWS recovered by our k-MDEYV pipe-
line (both at 60 X 60 um?) compared to independent meas-
urements of the same material at our 0.5 Telsa tabletop
MRE system. At the relevant frequencies, the results fall
closely together, validating our approach. A 60 x 60 um?
resolution provided SNRs of 19 + 5, 21 + 4, and 21 =+ 4 for
1000, 1200, and 1400 Hz, respectively, which was close to
the phantom SNR reported in Ref. 24 despite the higher
resolution used in the present study.

3.2 | Zebrafish MRE

Group mean vibration amplitudes in the brains were
9 4+ 6 wm at 1000 Hz, 10 + 8 um at 1200 Hz, and 12 + 6 um
at 1400 Hz. Mean displacement SNR averaged over all an-
alyzed ROIswas 14 + 7,16 + 7, and 19 + 7 for 1000, 1200,
and 1400 Hz, respectively, which is higher than reported
in the literature based on single-shot MRE.** Coronal
SWS and ¢ maps of a 1-year-old zebrafish are shown in
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(A) Voxel Edge Length
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100 pm

FIGURE 2 (A) Unfiltered wave
images at different resolutions (columns)
and frequencies (rows). (B) SWS (left)
and ¢ (right) values determined by

our processing pipeline plotted against
wave displacement SNR. Bessel fits

of the unfiltered complex-valued
cylinder waves result in ground truths

of 0.77 m/s + 0.09 m/s SWS and

0.30 + 0.08 rad ¢ and are shown as dotted
red line with SD as a shaded area. Both
SWS values as well as ¢ determined by
our pipeline fall within the ground truth
for all resolutions. The percent error

Deflection in um

E between the ground truth and the values
S at 60 x 60 um? are 5% for the SWS and
3 10% for ¢. (C) Comparison of tabletop
MRE with 7T MRE both analyzed using
frequency-resolved Bessel functions
(B) and frequency compounded k-MDEV
inversion at 60 x 60 um?. Between 1000
100 um and 1400 Hz, all measurements fall
O S — ——f%um 1 0.4 . !
* 40pm into the same SD range (thickness of
£ 08 60 um 100 pm Q. 03 | the horizontal red line indicates SD).
k= 0pm =
c The percent error between the Bessel-
n 40 pm 80 um =
% 07— 1t ——— ] 02 s based SWS at 7T and the k-MDEV based
SWS was 5%, whereas the percent error
0.6 0.1 between the Bessel-based SWS at 0.5T and
the k-MDEV measurement was 9%. ¢, loss
12 16 20 24 12 16 20 angle; MDEV, multifrequency dual elasto-
Wave displacement SNR Wave displacement SNR visco; SWS, shear wave speed
(©€)
1 0 T T T T
2 B = = T
z % & T &
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%
> ~ Bessel based SWS at 0.5T 1
02 | 7 Bessel based SWS at 7T |
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Figure 3. Subregions of the brain, muscle, and tumor tis-
sue can be identified in MRE maps, as indicated by the
corresponding ROI boundaries, which are superimposed
on the magnitude MRE images. To visualize the relative
position of the MRE-slices, a composite microscopy image
of a transgenic fish is shown overlaid with the approxi-
mate slice position, with green fluorescent protein mark-
ing the location of the tumor. Local, unphysical ¢ values
greater than /2 are most likely linked to inhomogeneities
at tissue boundaries.*’

We observed no difference between brain regions of
wild-type and tumor-bearing zebrafish. Henceforth, the
results from both groups were pooled for group statistical
analysis. SWS values were higher in the midbrain region

1400

(3.1 £ 0.7 m/s) than in the optic tectum (2.6 + 0.5 m/s)
and telencephalon (2.6 + 0.5 m/s) (p < .05). ¢ values were
lower in the cerebellum (0.9 + 0.4 rad) than in the telen-
cephalon (1.4 + 0.2 rad) and optic tectum (1.3 + 0.4 rad).
We found no influence of age or tumor size on SWS or
@ values in our fish using Pearson r (p > .05).

The sites of cancer cells identified by immunohisto-
chemistry with TH antibody and hematoxylin and eosin
staining agreed remarkably well with features visible in
the SWS and ¢ maps, as shown in Figure 4. Comparing
mean tumor values with muscle and brain tissue in the
neuroblastoma-bearing fish, we found SWS and ¢ of can-
cerous tissue (2.4 + 0.3 m/s, 0.7 + 0.1 rad) to be lower
than those of skeletal muscle (2.9 + 0.5 m/s, 1.4 + 0.2 rad)
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Representative data obtained in a transgenic zebrafish. The first row shows absolute wave magnitude maps, with coronal

slices from posterior to anterior. SWS and ¢ maps of the respective slices are shown in the second and third rows, respectively. Anatomical

regions relevant in our study are marked in all maps. The bottom row shows approximate slice positioning overlaid over a composite

microscopy image of an anesthetized zebrafish that shows general anatomy, with GFP indicating the tumor through the semitransparent

skin. GFP, green fluorescent protein

and brain tissue (2.9 + 0.4 m/s, 1.2 + 0.2 rad, all p < .05).
Tumor volume based on multiple ROI was no confounder
for SWS or loss angle. Group statistical data are plotted in
Figure 5 and summarized in Table 1.

4 | DISCUSSION

To the best of our knowledge, this is the first study pre-
senting spatially resolved maps of SWS and loss angle ¢ of
the adult zebrafish. SWS is used in studies as a surrogate
marker of stiffness.* Recently, SWS ranging from 2.5 to
5 m/s for frequencies of 300 to 500 Hz was found in anes-
thetized zebrafish, which is slightly above our results de-
spite lower frequencies.'* However, the published values

do not account for the spatial heterogeneity of mechanical
properties, as seen in our study, and reflect tissue prop-
erties in a central region of the fish not covered by our
experiments.

Our results underline the great potential of MRE in
generating viscoelasticity maps with a spatial resolution
of 60 um, which to our knowledge is the highest resolu-
tion thus far reported for MRE parameter mapping. This
high resolution was particularly favorable for investigat-
ing the heterogeneity of zebrafish anatomy by MRE. An
interesting finding of our study is that stiffness is higher
in the mesencephalon region than in the optic tectum,
which could point to microstructural differences. For ex-
ample, the optic tectum is characterized by the presence
of fewer though better aligned neuronal fibers, whereas
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FIGURE 4 Comparison of SWS as well as ¢ maps and histology. TH and H&E staining reveal cancerous cells in green and purple,
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significantly thinner (<4 um) than MRE slices (600 um). The cancerous region is marked in purple. H&E, hematoxylin and eosin; TH,
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FIGURE 5

SM T B cCB TC OT MB

Group SWS (A,B) and loss angle values (C,D) for SM, T, B, CB, TC, OT, and MB. In (B) and (D), transgenic zebrafish and

wild-type zebrafish were pooled, whereas (A) and (C) only show transgenic fish. Significant differences (p < .05) are indicated by asterisks.
B, whole brain; CB, cerebellum; MB, midbrain; OT, optic tectum; SM, skeletal muscle; T, neuroblastoma; TC, telencephalon

the middle mesencephalon is dominated by distinct fibers
and abundant fiber crossings, which might contribute
to greater stiffness than in the optic tectum overall. Fish
brain stiffness values seem to be similar to that of the mu-
rine brain as investigated by MRE in the same frequency

range,”**"~>* underscoring the viability of zebrafish as an

animal model from a mechanical perspective. Another
interesting finding of our experiments is that neuroblas-
toma tissue is markedly softer and less viscous than mus-
cle and brain tissue. This suggests similar mechanical
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TABLE 1 Shear wave speed loss angle and magnitude shear
modulus of different tissue types in zebrafish

SWSin |G*| in
Region of Interest m/s ¢ in Rad kPa
Transgenic fish only
Whole brain 29+04 1.2+0.2 5.7+0.2
Skeletal muscle 29+ 0.5 1.4+0.2 49 +0.2
Neuroblastoma 2.4+0.3 0.7+ 0.1 50+0.1
All fish
Telencephalon 2.6 +0.5 1.4 +0.2 3.9+0.3
Optic tectum 2.6 £ 0.5 1.3+04 43+0.2
Midbrain 3.1+£0.7 1.2+03 6.5+ 0.5
Cerebellum 29+ 0.6 09+ 04 6.8+ 0.3

Note: Error is given as SD.

Abbreviations: ¢, loss angle; G*, shear modulus; Rad, radian; SWS, shear
wave speed.

properties of our tumor model as observed in invasively
growing human brain tumors such as glioblastoma, which
are characterized by a relatively low amount of collagen."
This might provide a unique window into the soft signa-
ture of malignant tumor cells, which is typically masked
by stiff properties of fibrous proteins in other tumors.>

Comparing our methodology with other biomechan-
ical methods underscores its relevance. Brillouin mi-
croscopy has revealed interesting details of mechanical
phenomena during growth and repair of the spinal cord
in zebrafish larvae with a microscopic resolution of up to
7 um but cannot measure shear modulus.>® Direct con-
tact setups such as biocompatible cantilevers are able to
measure mean total strain during the embryo stage and
can be combined with finite-element analysis to estimate
spatially resolved Young modulus, but they are invasive
and rely on model assumptions.>* Similarly, optical traps
can be used to measure pointwise stiffness values.’>>¢
However, because this method is based on the deflecting
responses off transparent beads, the invasive injection of
foreign material is necessary, which might also change the
elastic properties of the tissue. Another powerful method
is scanning atomic force microscopy,57 which, however,
needs thin tissue slices and careful surface preparation,
hindering its direct comparison with bulk parameters
measured by MRE. Additionally, many methods exist
to measure specific mechanical properties of individual
parts of the fish, such as caudal fins,>® heart sections,? or
neuromasts,” but these methods cannot easily be applied
to heterogeneous tissues within the fish body as investi-
gated in our study.

More experiments are needed to address viscoelastic
dispersion and region-specific differences beyond those
addressed in this paper. Another limitation is the small
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number of zebrafish and their uneven age distribution.
Finally, further technical developments are necessary to
make MRE applicable to in vivo zebrafish. Similar to Refs.
[14] and [60]. MRE could be applied to anesthetized fish,
which would greatly enhance the viability of the method
in biomedical research. To further reduce acquisition
time, frequencies could be acquired in a parallel fashion
as proposed by Solanas et al." Nevertheless, this prelimi-
nary proof-of-concept study successfully adds the zebraf-
ish to the group of disease models accessible by MRE and
extends the resolution limit of multifrequency MRE to 60-
um voxel edge size.

5 | CONCLUSION

In summary, an MRE setup was developed for postmor-
tem viscoelasticity mapping in zebrafish. High-resolution
maps of SWS and loss angle were generated by multifre-
quency wave acquisition and inversion with an in-plane
resolution of 60 um. These maps revealed rich detail of
viscoelastic heterogeneities across skeletal muscle tissue,
brain, and a model neuroblastoma. Reference values of
stiffness and viscosity were tabulated for brain subregions
including the cerebellum, optic tectum, telencephalon,
and mesencephalon. This study provides the basis for
new applications of MRE in biomedical research using
zebrafish disease models.
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