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Background:  The  zebrafish  is widely  used  in research  due  in  part  to its readily  manipulable  genome.
Zebrafish  models  of  spinal  deformities  including  scoliosis  were  developed  recently.  However,  the meth-
ods  used  to assess  the spine  in  these  models  vary  across  studies.  The  primary  objective  of this  study  was
to investigate  the  feasibility  and modalities  of  local  and  regional  spine  structure  evaluation  by  micro-CT
in  the normal  zebrafish.  The  secondary  objectives  were  to  assess  the feasibility  of  spinal  angle  mea-
surements  in  normal  zebrafish  subjected  to  external  stresses  designed  to  mimic  spinal  deformities,  to
determine  normal  angle  values  in the  coronal  and  sagittal  planes,  and  to  detail  the  micro-CT  features  of
the zebrafish  spine.
Hypothesis: Micro-CT  is an  effective  and  reproducible  tool  for determining  orthopaedic  parameters  to
characterise  the  zebrafish  spine.
Material  and  Methods:  Two  observers  conducted  preliminary  analyses  on 15  zebrafish  including  12  adults
(aged  18  months)  and 3 juveniles  (aged  12  weeks).  For  the  analyses,  6 of the  animals  were  placed  in
an  artificial  position  to  mimic  a  scoliosis  spinal  deformity.  Micro-CT  (Quantum  FX  CaliperTM) was  used
with  59  �m resolution  and  a 30-mm  field  of  view.  Image  processing  was  with  RadiAnt  DICOM  ViewerTM

software.
Results:  We  defined  several  assessment  planes  on  the 3D micro-CT  reconstructions  to  measure
orthopaedic  parameters  in the  sagittal  plane  (thoracic  and maximal  kyphotic  curves  with  their  apices,
length  of  the  various  spinal  segments,  and  sagittal  index)  and  coronal  plane  (Cobb  angles,  apices,  end-
vertebrae,  coronal  alignment,  and  side  of the  convexity).  Mean  thoracic  kyphosis  was  20.5◦±5.0◦ in the
adults  and  8.7◦ in the juveniles.  No  curvature  was  apparent  in  the coronal  plane  in the  zebrafish  left  in the
neutral  position.  In  the  zebrafish  with  artificially  induced  curves,  micro-CT  was  effective  in  determining
the  Cobb  angles  and  apical  vertebrae.
Discussion:  This  work  defines  a standardised  micro-CT  method  for assessing  the  zebrafish  spine.  In addi-

◦
tion,  spinal  parameter  values  that  can  be  considered  normal  were  determined,  namely,  less  than  30 of
thoracic kyphosis  in  the  sagittal  plane  and less  than  10◦ in  the  coronal  plane.  Our  method  was  effective
in  assessing  induced  spinal  deformities  on micro-CT  reconstructions.  We  hope it  will  prove  of  value in
future  studies  of  the  zebrafish  model.
Level  of evidence:  IV.

© 2019  Elsevier  Masson  SAS.  All  rights  reserved.
. Introduction

The zebrafish is among the animal models most widely used in
cientific research, due to its easily manipulable genome that shares

0% of genes with humans [1,2]. The first zebrafish studies done in
he 1960s focussed on pharmacological and toxicological issues.
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Since then, the zebrafish model has found uses in all the fields of
biomedical research, notably development and genetics [3,4].

Compared to other vertebrates, the absence of limbs in fish is an
advantage when seeking to study the normal or abnormal spine.
Animal models used to investigate scoliosis, for instance, often
involve surgical procedures such as spinal elongation in pigs [5]
or limb amputation in mice [6]. Such models may therefore have

limited relevance to human pathophysiology, as pointed out by
Ouellet and Odent [7]. Several zebrafish models of spinal deformity
were reported recently, including the cfap298 or kurly mutant and
the pkd2l1 mutant, both characterized by a scoliosis-like deformity
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8,9]. The scoliosis-like 3D spinal deformity described in pkd2l1
utants by Boswell and Ciruna suggests a role as a model of idio-

athic scoliosis [10,11].
Characterising spinal deformities in fish can be challenging,

owever, for reasons including the small size of the animal,
ifferences in spinal morphology, and the use of inappropriate
ssessment techniques such as photographs and immunohisto-
hemistry. Micro-computed tomography (�CT) is increasingly used
o detect vertebral deformities. In contrast, �CT has only rarely
een used to characterise spinal curves by measuring angles,
ssessing sagittal and coronal alignment, and identifying apical
ertebrae [12,13].

The primary objective of this study was to investigate the
easibility and modalities of local and regional spine structure eval-
ation by �CT in the normal zebrafish. The secondary objectives
ere to assess the feasibility of spinal angle measurements in nor-
al  zebrafish subjected to external stresses designed to mimic

pinal deformities, to determine normal angle values in the coronal
nd sagittal planes, and to detail the �CT features of the zebrafish
pine. The working hypothesis was that �CT was an effective and
eproducible tool for determining orthopaedic parameters to char-
cterise the zebrafish spine.

. Material and Methods

A cohort study was performed in zebrafish (Danio rerio) raised in
he PHENO-ZFish department of the brain and spinal cord institute
ICM) in Paris, France. Housing conditions complied with current
uropean regulations. The animals were raised in 20-L aquari-
ms  filled with water at 25 ◦C, with no more than 20 animals in
ach aquarium. Veterinarians monitored the fish once a week. The
tudy protocol was approved by the appropriate ethics committee
APAFiS procedure, #2018071217081175). The study population
omprised 15 wild-type zebrafish including 12 adults (aged 18
onths) and 3 juveniles (aged 12 weeks). The animals were free

f gene mutations.
In preliminary studies, standard radiography, mammography

achine imaging, and dental radiographs failed to provide assess-
ble images. We  therefore turned to �CT to image the spines of the
nimals. CT machines used in humans are not suitable for imag-
ng animals as small as zebrafish. For this reason, and to avoid
ygiene issues, we used a small-animal imaging platform. The �CT
achine was a Quantum FX CaliperTM (PerkinElmer, Caliper Life

ciences, Hopkinton, MA,  USA). Acquisition was with 59 �m reso-
ution and a 30-mm field of view. Acquisition required 3 minutes in
he adults and 2 minutes in the smaller juveniles. Each animal was
nesthetised and placed in an appropriately sized Petri dish con-
aining water to ensure survival and to avoid potential positioning
rtefacts due to contact with a hard surface or to positioning within

 gel. RigakuTM software (Rigaku, Tokyo, Japan) was  used for real-
ime 3D reconstruction and RadiAnt DICOM ViewerTM (Medixant,
oznán, Poland) for image processing.

The first 6 adult zebrafish were imaged after euthanasia with
ricaine mesylate MS-222 0.2% for 10 minutes. The other 6 adults
nd the 3 juveniles underwent �CT after general anaesthesia with
ricaine mesylate MS-222 0.02% diluted in the water filling the
etri dish. The duration of the anaesthesia was 15 minutes, e.g.,
he sum of the transfer time and of the imaging time. The water
as then changed and the animals monitored until fully awake. In

he 6 euthanised adults, polystyrene cylinders were positioned in
ontact with the body to create artificial spinal curves.
To assess measurement reproducibility, two  independent
bservers used our study method to measure thoracic kyphosis in
0 animals. Pearson’s correlation coefficient between the two mea-
ured values was computed using XLSTATTM (Microsoft, Redmond,
raumatology: Surgery & Research 105 (2019) 361–367

WA,  USA). For the assessment, the spine was  divided into three
segments: the thoracic segment composed of the rib-bearing ver-
tebrae, the lumbar segment extending from the thoracic segment
down to the caudal fin, and the cervical segment extending from
the cranio-cervical junction to the first thoracic vertebra.

3. Results

No technical difficulties arose while acquiring the �CT scans. Of
the 9 anaesthetised animals, none experienced side effects due to
the anaesthetic. Several phases were defined for the analysis of the
3D reconstructions.

4. The �CT method

4.1. Phase 1: image processing

A bony window was used for �CT acquisition to visualise only
the skeleton. The next step was 3D reconstruction. Finally, the
fins were subtracted to avoid their interfering with the evaluation
(Fig. 1).

4.2. Phase 2: evaluation in the sagittal plane

First, the 3D reconstruction was  oriented based chiefly on super-
imposition of the two ocular globes and of the ribs in each pair
(Figure 1). Once proper sagittal orientation was thus achieved, the
total length of the zebrafish was  measured. To eliminate effects of
soft tissue (dorsal fin) variability, the sagittal axis of the zebrafish
was defined as the line drawn from the tip of the jaw to the cen-
tre of the most caudad vertebra (Fig. 2A). The following sagittal
parameters were then determined.

Cobb’s technique was used to measure the angles of each of the
following kyphotic curves (Fig. 2):

• thoracic kyphotic curve, between the proximal and distal ends of
the spine segment bearing the ribs;

• maximal kyphotic curve, between the proximal and distal ends
of the longest kyphotic curve.

The vertebra at the apex of each curve was  identified.
The sagittal index of the maximal kyphotic curve was  then com-

puted as the length of the line segment starting at the centre of the
apical vertebra and dropped down perpendicularly to the sagittal
axis over the length of the line from the tip of the jaw to the last
vertebra, normalised for the length of the zebrafish (Fig. 2B); if the
animal had several sagittal curves, the sagittal index was computed
also for the other kyphotic or lordotic curves.

The length of each segment was  measured (mm),  with the tho-
racic segment defined as the rib-bearing vertebrae; the lumbar
segment as the vertebrae distal to the thoracic segment; and the
cervical segment as the vertebrae between the cranio-cervical junc-
tion and the proximal facet joint of the first thoracic vertebra, which
was easier to visualise and therefore to measure on the coronal
reconstructions (Fig. 3).

4.3. Phase 3: evaluation in the coronal plane

Alignment was  assessed based on three criteria: symmetry of
the arch-shaped jaw, symmetry of the nasal sinuses, and parallel
orientation of the ribs in either side of the spine (Fig. 3, top). The

coronal axis was defined as the line drawn from the middle of the
tip of the jaw to the centre of the first thoracic vertebra (Fig. 3,
middle). As an additional means of ensuring proper orientation of
the animal, we checked that the total lengths in the coronal and
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Fig. 1. First step of �CT imaging. A. Bony windowing is essential to optimise visualisation of the skeleton. B and C. The cartilaginous structures such as fins were subtracted
to  avoid their interfering with the visualisation of the spine. D. The cervical spine was emphasised to ensure good visibility of the transverse processes (white arrow). E.
Example of poor bony windowing: the vertebrae are blurry and the organs are still visible (arrows). F. Image ready for evaluation in the sagittal plane: the ocular globes are
aligned  (arrows), the rib in each pair are superimposed (arrows), and the cervical spine is clearly visible.
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ig. 2. Evaluation in the sagittal plane. A. Sagittal axis: line connecting the tip of t
ngle  measurements of the thoracic kyphotic curve (TKC, green) and maximal kyph

agittal planes were consistent. If the difference was  greater than
%, the orientation manoeuvres were repeated.
The following were identified on the coronal reconstructions:

presence, number, and location (thoracic and/or lumbar) of spinal
curves;
 to the centre of the last vertebra. B. Sagittal thoracic kyphosis index: a/b ratio. C.
urve (MKC, red).

• side of the convexity of the major curve (right or left);
• Cobb angle values of each curve in the coronal plane;
• coronal malalignment (mm),  defined as the length of the line
segment starting at the centre of the most distal vertebra and
dropped perpendicularly to the coronal axis; normalising this
value for the length of the animal produced a parameter that
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Fig. 3. Evaluation in the coronal plane. Top: the jaw (white arrow on the left) and nasal sinuses (next white arrow) are symmetrical and the ribs on each side of the spine
are  parallel to one another (parallel white arrows). Middle: coronal axis (white) from the
(white  arrow in the middle); measurement of the length of the cervical segment from the
the  curves induced in this animal, overall coronal alignment is preserved (coronal malalig
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of thoracic and lumbar vertebrae in the 12 adults was  8.5 and 16,
respectively (Table 1).

Table 1
Number of vertebrae and lengths of the cervical, thoracic, and lumbar spinal
segments.

Cervical Thoracic Lumbar
ig. 4. Box plot of values (minimum and maximum, first and third quartiles, median,
nd mean [X], in degrees) of the thoracic kyphotic curve angles in the adult zebrafish.

was independent from animal size, thereby allowing compar-
isons across cohorts (Fig. 3).

. Measurement results

Measurements were performed in 12 adult zebrafish (aged
8 months), 8 females and 4 males, and in 3 juvenile zebrafish
aged 12 weeks), 2 males and 1 female. Mean total length was
1.5 ± 1.88 mm (range, 29.0–35.6 mm)  in the adults and 19.7
range, 19.2-20.1 mm)  in the juveniles. Mean thoracic kyphosis was
0.5◦±5.0◦ (range, 12◦–29◦) in the adults and 8.7◦ (range, 5◦–12◦)

n the juveniles (Fig. 4). In the coronal plane, in the adults, the mean
urve was 2.4◦±3.2◦, none of the curves exceeded 10◦, and the most
arked curve was 8◦. Of the 4 adults with coronal curves greater

◦
han 5 , two had the apex at T9, 1 at T8, and 1 at L2. None of the
ther animals in the cohort exhibited coronal malalignment. Mean
ength of the cervical segment in the adults was 1.81 ± 0.56 mm
range, 1.35–2.02 mm).
 tip of the jaw (white arrow on the left) to the centre of the first thoracic vertebra
 cranio-cervical junction to the first thoracic vertebra (red arrow). Bottom: despite
nment is 0 mm).

Two observers independently measured the kyphotic curves in
a subgroup of 10 zebrafish including adults and juveniles (Fig. 5).
Pearson’s interobserver correlation coefficient was 0.98.

5.1. Measurement results in the animals with induced spinal
curves

One or two  polystyrene cylinders were used to induce spinal
curves in 6 adults (Fig. 6). The mean Cobb angle of the major curve
in these animals was 62.2◦±7.1 (range, 52◦–71◦). Pearson’s inter-
observer correlation coefficient was  0.97.

5.2. Spinal morphology

Neural and hemal arches were visible on either side of the verte-
bral bodies (Fig. 7). No vertebral deformities were detected in any of
the animals. The inter-vertebral discs were not seen with sufficient
clarity to allow characterisation.

Each of the 12 adults had 2 cervical vertebrae. Mean number
Number of vertebrae,
mean ± SD (range)

2 ± 0
(2–2)

8.5 ± 0.8
(7–10)

17.1 ± 1.2
(15–19)

Length, mm,
mean ± SD (range)

0.79 ± 0.1
(0.65–0.97)

0.71 ± 0.1
(0.47–0.96)
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Fig. 5. Histogram of Cobb angle values of the thoracic kyphotic curves (TKC) measured on 3D reconstructions by two independent observers.
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ig. 6. Evaluation of artificially induced curves. A. Installation of the animal on a pol
f  the major curve is 59◦ . D. Detail of reconstruction with each of the inter-articular

. Discussion

In a cohort of zebrafish, our �CT method provided good-quality
egmental and global assessments of the spine, thereby allowing us
o obtain reproducible measurements (with inter-observer corre-
ation coefficients above 0.95). These results confirm our working
ypothesis. The 3D reconstruction of �CT images provides a cir-
umferential assessment of the vertebras. In addition, our method
llows live imaging and may  therefore hold promise for monitoring
ebrafish throughout growth, thereby providing additional infor-
ation compared to other methods such as studies of fixed tissues

tained using alizarin red to assess skeletal development [14]. CT
s the reference standard for imaging bone tissue. Thus, our �CT
pinal assessment method provides better resolution compared to
he optical methods that were used to establish zebrafish anatomy
tlases [15,16]. In addition, our spinal morphology findings are con-
istent with previously published data [17,18].

Values that can be considered normal in zebrafish were deter-

ined. Thus, thoracic kyphosis should be less than 30◦ in the

agittal plane and less than 10◦ in the coronal plane, in keeping
ith the definition of scoliosis in humans [19]. The high correlation

oefficient between the values obtained by the two independent
ne cylinder. B. Bony windowing in the same plane as for image A. C. The Cobb angle
.

observers indicates good reproducibility. We  believe that the
parameters defined in this study hold promise for characterising
spinal deformities in zebrafish according to the Lenke classifi-
cation, which is the current reference standard for adolescent
idiopathic scoliosis. That all six curve types defined by Lenke can
be determined in the zebrafish should facilitate evaluations of phe-
notypic concordance with humans [20,21]. However, the absence
of a pelvis in fish precludes the sagittal alignment assessment
needed to determine the modifiers in the Lenke classification.

The limitations of this study include the number of animals,
which was  kept small to optimise animal welfare; the use of ani-
mals free of spontaneous deformities, requiring the induction of
deformities for the study; and the unfeasibility of evaluating the
inter-vertebral discs in addition to the vertebrae. Adding magnetic
resonance imaging may  help to overcome this last limitation in the
future.

In conclusion, this work describes a new �CT method for
evaluating the zebrafish spine based on recognised orthopaedic

parameters. It should improve communication between clini-
cians and researchers during the design of future studies. The
use of �CT seems indispensable for evaluating the zebrafish
skeleton.
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