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INTRODUCTION

Senegalese sole Solea senegalensis Kaup is a
promising flatfish species for aquaculture, but skele-
tal anomalies are common and between 44 and
100% of the fish are deformed (Gavaia et al. 2002,
Fernández et al. 2009, Losada et al. 2014, de
Azevedo et al. in press). Some anomalies can have a
negative im pact on the external appearance of the
fish (Gavaia et al. 2002, Koumoundouros 2010,

Boglione et al. 2013), leading to a reduction of
 product quality and market ability (Ambrosio et al.
2008, Boglione et al. 2013). To minimize this prob-
lem, producers discard abnormal fish before they
reach the market, usually by means of periodic
manual sorting (Kou moun douros 2010, Losada et al.
2014), which in creases production costs (Koumoun -
douros 2010). Therefore, skeletal ano malies may
have serious economic repercussions for Senegalese
sole aquaculture (Morais et al. 2016).
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ABSTRACT: Reared Senegalese sole Solea senegalensis Kaup show a high incidence of  vertebral
anomalies; however, little is known about its skeletal anomaly profile in the later farming phases.
The purpose of this study was to provide a detailed description and quantification of the most com-
mon skeletal anomalies in reared Senegalese sole in the juvenile stage by means of computed
radiography. A total of 374 Senegalese sole were classified according to the external morphology
of the fish as normal or altered and then radiographed in latero-lateral and in dorso-ventral pro-
jections. Radiographic evaluation of anomalies focused especially on vertebral body anomalies
(VBA) and vertebral column deviations (VCD). The 2 orthogonal projections provided a more
complete visualization of the skeleton. Approximately 75% of the individuals showed at least 1
anomaly, while VBA and/or VCD were detected in 48.9% of the specimens. Regarding external
morphology, 88% of the fish were categorized as normal, although about 72% of these normal fish
displayed abnormalities in radiographies. The most frequent anomalies consisted of deformations
of the caudal complex plates (hypurals, parhypural and epural), preurals and caudal vertebrae.
Scoliosis was the most prevalent among VCD, affecting the caudal area in almost 15% of the indi-
viduals. The anomaly profile at the juvenile stages showed some differences compared to what
has been reported previously in earlier stages of development. In light of these results,  further
investigation into the progression of skeletal anomalies over time and the causative factors at later
stages is required.
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In Senegalese sole larvae, skeletal abnormalities
have been described and characterized by using a
double staining technique for cartilage and bone
(Gavaia et al. 2002, 2009, de Azevedo et al. in press).
This procedure is particularly relevant for ontogenic
studies and skeletal anomalies detection in fish
 larvae and small juveniles (Gavaia et al. 2002, Darias
et al. 2010). Nevertheless, in larger juveniles and
adults, the size of the specimens hinders the proce-
dure (Gisbert et al. 2008), which then becomes time
consuming and laborious (Helland 2009). Radio -
graphy is an alternative method for comprehensive
visualization of skeletal structures and is the
preferred technique for whole-body diagnosis of ver-
tebral defects in teleosts (Hjelde & Bæverfjord 2009),
especially in medium and large fish (Gisbert et al.
2012). Moreover, it is routine ly utilized in Sparidae
fish farms to prove the absence of skeletal anomalies
when juveniles are sold to ongrowing farms (Boglione
& Costa 2011). However, the traditional control and
monitoring of spinal anomalies in Senegalese sole
farms still consist of palpation and visual assessment
of relatively big specimens (Losada et al. 2014, Ro-
dríguez & Peleteiro 2014), while radiological studies
on this species are rare. Recently, a preliminary study
showed that the traditional macroscopic evaluation
disregarded a high percentage of anomalies in Sene-
galese sole (Losada et al. 2014). Therefore, little is
known about the anomaly profile of this species at on-
growing and later stages of rearing, although the
farming industry is highly interested in establishing
benchmarks for deformity levels (Howell et al. 2009).

In Atlantic salmon Salmo salar L., Witten et al.
(2009) proposed an extensive classification for verte-
bral body anomalies. The type and distribution of
malformations in harvest-size individuals could dis-
play some variations compared to the parr stage
(Fjelldal et al. 2007, Sullivan et al. 2007, Grini et
al. 2011). Moreover, some vertebral alterations can
undergo aggravation or containment processes
 during development (Witten et al. 2006, Fjelldal et al.
2007). A similar approach aimed at identifying the
main anomalies in Senegalese sole at later stages of
development would allow the establishment of com-
parisons with other phases and between rearing pro-
tocols.

The aim of this study was to provide a detailed de-
scription and quantification of the most common
skeletal anomalies in reared Senegalese sole by
means of computed radiography at the juvenile stage.
On a broader scope, this work also sought to discuss
the impact of each alteration on the respective anom-
aly profile at different stages of development.

MATERIALS AND METHODS

Fish and measurements

For this study, 374 juvenile Senegalese sole Solea
senegalensis, ranging from 297 to 342 d after hatch-
ing (dah), were obtained from a fish farm in north-
western Spain. Individuals were euthanized with
an overdose of tricaine methanesulfonate (MS-222,
Sigma-Aldrich) dissolved in water (400 mg l−1), meas-
ured (cm) and weighed (g). Measurements com-
prised standard length (StL) and standard height
(StH) (the highest distance between the ventral and
dorsal side of the fish, without taking into account fin
rays). The StL:StH ratio was then calculated. Later,
farm staff classified the specimens as normal and
altered, assessing the external morphology of the
fish, according to Losada et al. (2014). Animals were
frozen at −20°C until later observation.

Radiographic study

Before radiographic procedure, sampled fish were
defrosted for at least 5 h. All animals were radio -
graphed in latero-lateral (LL) (Fig. 1a) and in dorso-
ventral (DV) projections (Figs. 1b & 2) using Philips
Super 80 CP X-ray equipment. Film focal distance
was set at 100 cm. Exposure factors applied for LL
projection were 40 kV and 30 mAs. For the DV view,
25 mAs was used, and kilovoltage parameters were in
accordance with each individual height (i.e. StH) by
using the formula StH × 2 + 35. To obtain the DV pro-
jection, a plastic box was also used to position the fish
(Fig. 2). A mammography film (FCR Fuji IP cassette
type CH) was digitized with a Fujifilm FCR Capsula
XL II® developing system. Computed radiographic
images were stored in Digital Imaging and Commu-
nications in Medicine (DICOM) format and evaluated
with RadiAnt DICOM Viewer 1.9.16.7446 software. 

Skeletal anomalies assessment

For anomaly detection and meristic counts, 3 ana -
tomical regions were considered, according to Ga -
vaia et al. (2002): abdominal, caudal and caudal com-
plex. The number of vertebrae was counted for every
region as well as the number of caudal fin rays.
Anomaly categories were adopted from previous re -
ports (de Azevedo et al. in press). In summary, anom-
aly assessment was performed for each vertebra tak-
ing into account the alterations of the parapophyses,
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haemal arches and spines, neural arches and spines
(bifurcation, number alteration, insertion alteration,
fusion, incomplete arch and deformation), vertebral
body anomalies (VBA) (fusion and deformation), ver-
tebral column deviations (VCD) (kyphosis, lordosis
and scoliosis) and alterations of caudal complex ele-
ments (bifurcation, number alteration, insertion alter-

ation, fusion and deformation). Deformations con-
cerned alterations of the shape of the bony structure.

Statistical analysis

The comparison between macroscopic and radio -
graphic evaluation was assessed by means of a chi-
square test of independence. If observed frequencies
were less than 5, the Fisher exact test was preferred.
Descriptive statistics was performed using Microsoft
Office Excel 2007®, while Past version 2.17 (Hammer
et al. 2001) was used for chi-square test computation.

RESULTS

Senegalese sole measurements (StL, StH, StL:StH
ratio) and weight are displayed in Table 1. Regarding
meristic counts, most specimens presented a similar
number of vertebrae (Table 2), i.e. 9:34:3 vertebrae
in the abdominal, caudal and caudal complex areas,
respectively. Moreover, in the caudal fin, a very
high percentage of individuals showed 20 soft rays
(Table 2).
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Fig. 1. Radiographic images of Senegalese sole. Scale bars = 0.5 cm. (a) Latero-lateral (LL) projection of the whole fish showing
vertebral organization in abdominal, caudal and caudal complex regions. The first abdominal vertebra is shortened, exhibiting
flattened articular surfaces (white arrowhead). Note the overlapped parapophyses (Pp). (b) Dorso-ventral (DV) projection. De-
spite the overlapping of some skeletal elements, the vertebral alignment is shown. (c) LL projection of the caudal complex of
another specimen. (d) DV view of the caudal complex of the same individual as (c) showing preurals and urostyle alignment.
N: neural arch and spine; H: haemal arch and spine; V: vertebral centrum; Pu1: preural 1; Pu2: preural 2; U: urostyle; E: epural; 

H1−H4: hypurals 1−4; H5: hypural 5; Ph: parhypural; R: caudal fin rays

Fig. 2. Dorso-ventral radiographic projection showing the 
positioning of the sole
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Radiographically, the juvenile undeformed verte-
bral column presented aligned vertebral bodies
(Fig. 1a,b) except in the first 3 to 4 abdominal verte-
brae, which outlined an arch connecting the basioc-
cipital to the rest of the column (Fig. 1a). Vertebral
bodies showed a similar length and height, although
vertebrae were longer and narrower caudally. An
exception to this configuration was the first abdomi-
nal vertebra, which was slightly shortened with flat-
tened articular surfaces in all studied fish (Fig. 1a).
Vertebral body shape was symmetrical and exhibited
a more radiodense internal structure similar to an H
or an X shape. Vertebral centra were separated by
uniform intervertebral spaces. In the ab dominal re -
gion, the ventral part of the vertebra was composed
of paired parapophyses from the 4th to 5th vertebra
onwards. These parallel elements, namely neural/

haemal arches and parapophyses, were overlapping
each other in the LL projection (Fig. 1a). The ortho -
gonal DV view elucidated the axis alignment, al -
though some bony structures were superimposed
(Fig. 1b). Caudal complex plates (hypurals, epural
and parhypural) and caudal fin rays were visual -
ized in the LL projection (Fig. 1c). However, in
smaller juveniles, the resolution of the image in such
elements was severely reduced. Hypurals 1 to 4
were fused to the urostyle in their anteriormost por-

tion (Fig. 1c). In the caudal com-
plex area, the DV view was only
suitable for the visualization of
preurals 1 and 2 and the urostyle
(Fig. 1d).

Skeletal anomalies were very
frequent (Table 3). Approximately
75% of the individuals showed at
least 1 anomaly, while VBA and/or
VCD were de tected in almost 49%
of the specimens (Table 3). More-
over, anomalies in bony elements
summed 1074, and around 69% of
the detected anomalies affected
vertebral centra or axis alignment
(Table 3).

Regarding the macroscopic clas-
sification perfor med by the farm
staff, around 88% of the fish were
categorized as normal, whereas
12% presented an altered external
morphology. From the 329 normal
fish, around 72% presented at least
1 anomaly in the vertebral column,
and 46% of them had VBA and/or
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Anomaly frequency

Number of individuals with at least 1 anomaly (%) 74.9
Number of individuals with VBA and/or VCD (%) 48.9
Total number of anomalies 1074
Total number of VBA and VCD 736
VBA and VCD/total anomalies (%) 68.5
Number of anomalies/number of affected individuals 3.8
VBA and VCD/number of individuals with VBA and/or VCD 4.0

Table 3. General results on skeletal anomalies in the studied fish (n = 374). 
VBA: vertebral body anomalies; VCD: vertebral column deviations

Measurement Mean ± SD Mode Med. Min. Max.

StL (cm) 12.20 ± 2.00 11.8 12 7.8 17.7
StH (cm) 4.40 ± 0.85 4.6 4.3 2.6 7.0
StL:StH ratio 2.79 ± 0.13 3.0 2.8 2.4 3.1
Weight (g) 30.85 ± 17.74 25.0 25.7 6.4 101.1

Table 1. Measurements (standard length [StL], standard
height [StH]), StL:StH ratio and weight of the studied speci-
mens (n = 374): mean ± standard deviation (SD), mode, me-

dian (Med.), minimum (Min.) and maximum (Max.)

Meristic count Mean ± SD Mode Ind. (%) Med. Min. Max.

Abdominal vertebrae 8.96 ± 0.20 9 95.72 9 8 9
Caudal vertebrae 33.86 ± 0.44 34 78.88 34 33 35
Caudal complex vertebrae 3.00 ± 0.05 3 99.73 3 3 4
Caudal fin rays 19.95 ± 0.31 20 96.77 20 17 21

Table 2. Number of vertebrae in abdominal, caudal and caudal complex regions
as well as number of caudal fin rays (n = 374 ind. assessed): mean ± standard devi-
ation (SD), mode,  percentage of individuals with this rate (Ind. %), median (Med.),
minimum (Min.) and maximum (Max.). Because of technical problems, the caudal 

fin rays of 3 specimens could not be counted

Fig. 3. Radiographically detected skeletal anomalies (%) for
normal and altered external morphology categories. VBA: ver -
tebral body anomalies; VCD: vertebral column deviations
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VCD (Fig. 3). However, individuals classified as
altered showed anomalies and particularly VBA
and/or VCD in 98 and 71% of the specimens, respec-
tively (Fig. 3). Within each farm category (normal
and altered), the percentage of individuals with other
anomalies different from VBA or VCD was similar
(26−27%) (Fig. 3). A strong association was observed
between macroscopic and radiographic techniques
for the detection of skeletal anomalies (Fisher exact
p = 2.875 × 10–5) and specifically VBA and/or VCD
(chi-square test, χ2 = 10.07, p = 0.0015).

The incidence of each considered anomaly cate-
gory is depicted in Table 4. A total of 35 different
anomaly typologies were detected. The most fre-
quent disorders involved alterations of the shape of
caudal complex plates (hypurals, epural and parhy-
pural) (Fig. 4a,b), deformations of preurals (Fig. 4a,b)
and caudal vertebral bodies (Fig. 4c−e), in decreas-
ing order. Other minor anomalies were observed

such as bent parapophyses (Fig. 4f), deformities of
neural/haemal modified spines (Fig. 4a,b), altera -
tions of the number or the insertion of neural/ haemal
arches or spines (Fig. 4c,d) and twisted haemal
spines (Fig. 4g).

Regarding VBA and VCD, most of the affected fish
showed 1 to 3 of these alterations (Fig. 5). In some
cases, specimens displayed 1 VCD per fish (Fig. 5).
Few animals (29) presented more than 5 VBA, and
none showed more than 3 VCD (Fig. 5). Vertebral
fusions involved predominantly 2 vertebrae (Fig. 6)
and affected mostly preurals (Figs. 4b & 7a). A large
number of specimens displayed deformations of the
vertebral centra in the caudal complex area, and
some displayed deformations along the caudal re -
gion (Table 4, Fig. 7b). Deformations consisted of
internal structure modifications (Fig. 4c,d), occasion-
ally associated with fusions. Some centra exhibited
trapezoidal shape or even pyra midal morphology
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Anomaly typology Ind. Ind. Anom. Anom. Anomaly typology Ind. Ind. Anom. Anom.
(n) (%) (n) ind.–1 (n) (%) (n) ind.–1

Abdominal region
Parapophysis Bifurcation

Number alteration 1 0.27 2 2.00
Insertion alteration 1 0.27 1 1.00
Fusion 1 0.27 1 1.00
Deformation 42 11.23 68 1.62

Neural arches Bifurcation
and spines Number alteration 4 1.07 4 1.00

Insertion alteration
Fusion
Incomplete arch 4 1.07 4 1.00
Deformation 1 0.27 1 1.00

VBA Fusion 1 0.27 1 1.00
Deformation 24 6.42 42 1.75

VCD Kyphosis
Lordosis 7 1.87 7 1.00
Scoliosis 3 0.80 3 1.00

Caudal region
Neural arches Bifurcation 1 0.27 1 1.00
and spines Number alteration 2 0.53 4 2.00

Insertion alteration
Fusion 1 0.27 1 1.00
Incomplete arch
Deformation 2 0.53 2 1.00

Haemal arches Bifurcation 3 0.80 3 1.00
and spines Number alteration 1 0.27 2 2.00

Insertion alteration 2 0.53 2 1.00
Fusion
Incomplete arch
Deformation 16 4.28 19 1.19

Table 4. Frequencies of skeletal anomalies organized by location, affected skeletal structure and type (n = 374 ind. assessed). Empty cells
denote a frequency equal to zero (0). Ind. (n): number of fish showing at least 1 skeletal anomaly; Ind. (%): percentage of the number of
 affected individuals; Anom. (n): number of observed anomalies; Anom. ind.–1: average number of anomalies per specimen; VBA: verte-

bral body anomalies; VCD: vertebral column deviations

VBA Fusion 15 4.01 18 1.20
Deformation 86 22.99 354 4.12

VCD Kyphosis 5 1.34 5 1.00
Lordosis 16 4.28 16 1.00
Scoliosis 56 14.97 66 1.18

Caudal complex
Neural arches Bifurcation
and spines Number alteration 10 2.67 10 1.00

Insertion alteration
Fusion 16 4.28 16 1.00
Incomplete arch
Deformation 12 3.21 13 1.08

Haemal arches Bifurcation
and spines Number alteration

Insertion alteration 1 0.27 1 1.00
Fusion 2 0.53 2 1.00
Incomplete arch
Deformation 12 3.21 15 1.25

Hypurals, epural Bifurcation
and parhypural Number alteration

Insertion alteration
Fusion 4 1.07 4 1.00
Deformation 154 41.18 162 1.05

VBA Fusion 60 16.04 60 1.00
Deformation 97 25.94 158 1.63

VCD Kyphosis
Lordosis 6 1.60 6 1.00
Scoliosis
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Fig. 4. Radiographic images of the most frequent abnormalities at 297 to 342 d after hatching in Senegalese sole. Scale bars =
0.5 cm. (a) Mild lordosis (L) affecting preurals and the last caudal vertebrae. Epural (white arrowhead) and the modified neural
arch (white arrow) are slightly bent. Preural 1 is also deformed (asterisk). (b) Fusion between preurals (asterisk) with conse-
quent alteration of the vertebral shape. The epural and parhypural appear irregular. Modified neural and haemal spines
(white arrows) are deformed and curved. (c) Severe vertebral deformations in the caudal region. Vertebrae showed 1-sided com-
pression (K-like structure, K), trapezoidal (star) or even pyramidal shape (presenting the vertex towards the concave surface)
(triangle); some were associated with lordosis (L). Fusion between 2 caudal centra (asterisk) forming a structure similar to 1
single vertebral body. Lack of neural arch and spine (dashed arrow) and presence of a spare neural spine (white arrows) in 2
vertebrae. (d) Fusion between 2 caudal vertebrae (asterisk) and vertebral deformations (white arrowheads). Note the opposing
hyperdense articular surfaces. Some haemal spines showed an extra spine for the same vertebra (white arrows) and alterations
of the insertion (dashed arrow). (e) Vertebral compression (white arrowheads) evident on both sides. Affected vertebrae show
flat endplates. (f) Some curved parapophyses (white arrows) in the abdominal region. Note also the shortened first vertebral
body (white arrowhead). (g) Twisted tip of haemal spines (white arrows). (h) Latero-lateral and (i) dorso-ventral projections of the
same specimen displaying an evident scoliosis (S) in the caudal and caudal complex regions. Simultaneous presence of slight 

deviations of the rachis (arrowheads) in the scoliotic region and alterations of the centra shape
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(similarly to hemivertebrae), associated
with other VBA and axis deviations
(Fig. 4c). Moreover, vertebral compres-
sion on both sides (Fig. 4e) was also com-
mon. Curvatures of the axis as kyphosis
and lordosis were scarce (34 anomalies)
and affected mainly 3 or 4 vertebral bod-
ies (Fig. 6). In particular, ky photic le sions
were very rare and were de tected only in
the caudal region (Fig. 8a). Lordosis was
located in all vertebrae from the caudal
complex (Fig. 4a) and in the caudal region
(Fig. 4c), where the 9th and the 10th verte-
brae were the most affected (Fig. 8b). Sco-
liosis was the most common deviation of
the vertebral column, affecting mainly the
caudal area (Table 4). In general, these
deviations involved a larger number of
vertebrae than the previous anomalies
(Fig. 6) and were located along the caudal
region with a considerable in cidence
(Fig. 8c). In certain cases, the same anom-
aly covered more than 1 anatomical
region (Fig. 4h,i), in vol ving up to 36 or 38
vertebrae (Fig. 6). Vertebral curvatures on
the plane be tween the blind and the ocu-
lar sides of the sole were especially
observed on the DV projection (Fig. 4i).

DISCUSSION

X-ray based techniques have been
largely used for the detection of vertebral
abnormalities in many fusi form teleost
species such as Atlantic sal mon Salmo
salar L. (Fjelldal et al. 2007, Sullivan et al.
2007, Witten et al. 2009), rainbow trout
Oncorhynchus mykiss (Walbaum) (Des -
champs et al. 2008, Fontagné et al. 2009,
Pulcini et al. 2010), European seabass
Dicentrarchus labrax (L.) (Sfakianakis et
al. 2006) and Atlantic cod Gadus mor hua
L. (Opstad et al. 2013). However, the litera -
ture is scarce on the application of radio -
graphy for skeletal evaluation in flatfish
species, especially in Senegalese sole. In
this study, the 2 radiographic projections
provided a de tailed image of most verte-
bral struc tures of Senegalese sole, allow-
ing the identification of skeletal disorders
in juveniles. In particular, vertebral col-
umn deviations were especially percepti-
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Fig. 5. Number of vertebral body anomalies (VBA) and vertebral column
deviations (VCD) per specimen. Numbers above bars indicate the exact 

number of individuals

Fig. 6. Number of affected vertebrae regarding fusions (FUS), kyphosis
(KYP), lordosis (LOR) and scoliosis (SCO) for each anatomical region. The
dot size is proportional to the frequency of each anomaly. ABDOM: ab-

dominal region; CAUDAL: caudal region; CC: caudal complex region
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ble. Radiography is suitable as well for the study of
the skeletal system and to estimate the degree of
ossification/compactness of bone (Deschamps et al.
2008, Fontagné et al. 2009) and can be applied to in
vivo diagnosis of other disorders involving the swim
bladder and otoliths, among others (Ortega 2008,
Macrì et al. 2012). The 2 orthogonal radiographic
images offered a 3-dimensional perspective of the
skeleton since DV projection greatly complemented
the LL view. Vertebral alignment in the blind/ocular
plane of the fish and some VBA were perfectly
assessed by DV image. However, anom alies in the
spines or in the caudal complex remained difficult to
interpret in DV projection be cause of overlapping
elements. Still, in clinical diagnosis, 2 perpendicular
radiographies are usually required for the proper
detection of an anatomical structure or radiological
alteration (Thrall 2013). To our knowledge, radi-
ographic application to anomaly detection in fish
scarcely integrated 2 orthogonal projections, in both
experimental and industrial settings. So, if DV is not
considered, skeletal alterations such as scoliosis

could be unnoticed or misinterpreted. This might
lead to underestimation of anomalies, since some
lesions only become noticeable in 1 view (Thrall
2013). Therefore, we suggest routine use of these 2
orthogonal projections to conduct a complete radi-
ographic evaluation of skeletal anomalies in Sene-
galese sole and other teleost species.

Comparing macroscopic evaluation at the fish farm
with radiographic methods, a high incidence of
anomalies (72%) and VBA and/or VCD (46%) was
observed in fish categorized as normal. These values
are in line with other studies in Senegalese sole,
which reported around 76% of deformed animals
among fish with standard morphology (Losada et al.
2014). This suggests a low sensitivity of the macro-
scopic approach, since numerous anomalies re -
mained undetected during the external evaluation
(Losada et al. 2014). In the short term, the undetected
alterations may not represent a direct market prob-
lem (Deschamps et al. 2008), but later, these might
aggravate during growth (Witten et al. 2006, Fjelldal
et al. 2007) and become externally visible (Des -
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Fig. 7. Distribution of vertebral body anomalies throughout the spinal column. Numbers above bars indicate the exact
number of individuals. (a) Fusions. Preurals 1 and 2 (Pu1 and Pu2) were by far the most affected, while scarce anom-
alies were detected in the rest of the rachis. (b) Deformations. The caudal complex vertebrae showed a high incidence
of changes in the mor phology and, in some cases, were associated with fusions. U: urostyle; I.V.: supernumerary verte-

bra between the 2 preurals (intermediary)
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champs et al. 2008). Moreover, the percentage of
individuals with other skeletal disorders (anomalies
different from VBA and VCD) was analogous for both
normal and altered Senegalese sole. Such similarity
could indicate the presence of some common lesions
that do not interfere with the external appearance of
the animal at this stage. A high percentage of indi-
viduals categorized as altered showed VBA and/or
VCD. The presence of such anomalies could explain
the macroscopic alteration of these fish. In this sense,
VBA or VCD and, in particular, severe scoliotic
lesions can produce a gross impact on the external
appearance of the specimens (Gavaia et al. 2002,
Boglione et al. 2013, Cardeira et al. 2015) and dis-
comfort to the fish (Hansen et al. 2010, Fjelldal et al.
2012b, Boglione et al. 2013). All these inconven-
iences represent a burden to the aquaculture sector

and can originate serious economic repercussions
(Boglione et al. 2013, Morais et al. 2016). Therefore,
an effective diagnostic assessment is important, in
which radio graphy constitutes a valuable tool to
detect macroscopically unnoticed anomalies before
they can aggravate and reach the consumer.

The studied individuals showed a high incidence of
anomalies, which agrees with other investigations of
this species (Gavaia et al. 2009, Losada et al. 2014, de
Azevedo et al. in press). Alteration of the shape of
caudal complex plates was the most frequent anom-
aly. In this sense, deformations of hypurals, parhy-
pural and epural shape were also observed in fish fed
with different dietary vitamin A levels (Fernández et
al. 2009). Moreover, VBA and VCD represented an
important part of the total number of anomalies
(68.5%). In Atlantic salmon, Witten et al. (2009) pro-
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Fig. 8. Distribution of vertebral column deviations throughout the spinal column. Numbers above bars indicate the exact
 number of individuals. (a) Kyphosis. (b) Lordosis. (c) Scoliosis. These deviations were frequent mainly along the caudal re-
gion. Pu1: preural 1; Pu2: preural 2; U: urostyle; I.V.: supernumerary vertebra between the 2 preurals (intermediary)
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posed a classification of the main vertebral body mal-
formations which can almost correlate with those
described in the present study. Alterations of the
shape of vertebral centra of the caudal and caudal
complex regions were very common. These affected
an average of 4 vertebrae in the caudal area. In the
caudal complex, some preural deformations occurred
associated with fusion processes. This preural fusion
was also frequently observed in wild and reared
Senegalese sole larvae and postlarvae (Gavaia et al.
2009, Boglino et al. 2012, Dionísio et al. 2012).
Preural centra can exhibit fusion phenomena despite
their separated development (Witten & Huysseune
2007).

As mentioned in the ‘Results’, most individuals
with VBA presented more than 1 lesion in the verte-
bral centra. This might be due, in part, to certain
alterations detected concurrently with other VBA/
VCD in the same vertebral segment, as in the case of
vertebral fusions or alterations of the shape of the
affected centra and column deviations. Despite the
fact that VBA and VCD were considered separately,
they could co-occur, especially in the most severe
cases (Boglione et al. 2013, Cardeira et al. 2015). In
relation to deviations of the vertebral column, the
majority of the affected individuals showed scoliosis.
This alteration was mainly located in the caudal
region, although it could affect more than 1 anatomi-
cal area. In another species, the location of this devi-
ation throughout the column changed de pending on
the type of diet provided, regarding the content of
vitamins A and C, phosphorus or oxidized oil (Lewis-
McCrea & Lall 2010).

Considering recent studies on skeletal abnormali-
ties in early-stage Senegalese sole (de Azevedo et al.
in press), some differences were perceived concern-
ing the anomaly profiles of juvenile fish. First, all
32 dah larvae lacked a neural arch in the first abdom-
inal vertebra, although the radiographic technique
prevented the proper assessment of this defect.
Hence, the detection of this alteration was drastically
lower in X-rayed juveniles. In turn, all individuals
presented a shortened first abdominal centrum with
flattened articular surfaces at later stages. This was
not considered as anomalous since it was inconspicu-
ous and present in every individual. Some lack of
information exists on the vertebral column of wild-
type juvenile Senegalese sole. The incidence of
anomalies, particularly deformations, in the caudal
complex plates or affecting neural/haemal spines
was clearly reduced in later phases. On the other
hand, in this study, the radiographic technique
 presented some difficulties in the detection of skele-

tal anomalies affecting paired structures, namely
neural/ haemal arches and parapophyses. This is es -
pecially true in the case of incomplete arches or lack
of 1 parapophysis in a vertebra, as a result of over-
lapped parallel elements. In smaller individuals, the
definition and contrast of skeletal structures was
severely diminished, mainly in the caudal complex
region and occasionally in the tip of the spines. This
limitation could be due to the minor thickness of the
soft tissue in the caudal complex area (Witten et al.
2009) and to the relatively low bone density (Hjelde
& Bæverfjord 2009) at the juvenile stage in this flat-
fish species. Therefore, the distinct features that
characterize the 2 diagnostic techniques should be
considered when comparing the anomaly profile
between stages. In fact, certain minor anomalies
affecting the spines and caudal complex plates large -
ly detected at 32 dah (de Azevedo et al. in press)
could pass unnoticed in smaller individuals using the
radiographic method, as explained in this paragraph.
In these cases, the use of microcomputed tomogra-
phy could be helpful to assess in detail the skeleton
of small fish (Epple & Neues 2010). Nevertheless,
such high differences in the incidence of these minor
deformities between ages can indicate that the
affected structures could have undergone remodel-
ling and/or modelling phenomena. Teleost skeleton
develops adaptive responses related to injury, devel-
opment, growth, mechanical load and aging (Fiaz et
al. 2010, Dean & Shahar 2012, Hayes et al. 2013,
Takeyama et al. 2014, Witten & Hall 2015). In partic-
ular, studies have described a repairing process in
bone fractures (Takeyama et al. 2014) and remodel-
ling in certain anomalies such as vertebral fusions,
forming 1 non-deformed vertebra with supernumer-
ary neural and haemal arches and spines (Witten et
al. 2006, Witten & Hall 2015). Therefore, the hypo-
thetical final outcome of certain early morphologic
alterations of the spines and caudal complex struc-
tures could be the non-deformed appearance of the
bony element, re ducing the number of these anom-
alies in later stages.

Although VBA and VCD were slightly less com-
mon in juveniles (around 49% of affected individu-
als) compared to larvae (approximately 52%), this
still represents a high number in the industrial set-
ting (Grini et al. 2011). Moreover, VBA and VCD con-
stituted almost 70% of the total anomalies, whereas
at 32 dah, they were less than 17% of the observed
disorders. Therefore, in juvenile fish, VBA and/or
VCD represent the majority of the anomalies in par-
ticular, scoliosis gains importance. These alterations
of the axis alignment were significantly fewer at
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32 dah and affected especially the caudal region in
around 3% of the larvae. The increased incidence of
caudal scoliosis at later stages of development might
be due to an aggravation of incipient scoliotic lesions
at early phases and/or the emergence of de novo
anomalies with time. Similarly to fusion aggravation
observed in Atlantic salmon (Witten et al. 2006, Fjell-
dal et al. 2007), small, imperceptible deviations of the
vertebrae at the early stages of development might
deteriorate and aggravate over time, acquiring an
increasing severity degree. So, it would be interest-
ing to establish the critical time point and factors that
trigger aggravation as well as the pathways involved
in this process (Witten et al. 2006). Moreover, rearing
conditions or other factors could be involved in the
occurrence of this deviation and may originate in
diverse stages of rearing. Accordingly, in juvenile
Atlantic halibut Hippoglossus hippoglossus (L.), sco -
lio sis was largely detected in fish fed with diets con-
taining high vitamin A content or oxidized oil, low
vitamin C or low phosphorus amounts, in de creasing
order of frequency; however, it was not found at the
beginning of the experiment (Lewis-McCrea & Lall
2010). Suboptimal phosphorus nutrition can also pre-
dispose juvenile Atlantic salmon to develop long-
term skeletal disorders (Fjelldal et al. 2012a). In addi-
tion, with respect to deformities in the early stages,
the nutritional quality of live preys during early feed-
ing could be a determinant factor in the appearance
of anomalies such as scoliosis and compressed ver -
tebrae in red porgy Pagrus pagrus (L.) larvae
(Izquierdo et al. 2010, Boglione et al. 2013). In Sene-
galese sole, studies on the causative factors of skele-
tal anomalies are scarce and especially focused on
nutrition at the early stages of development (Morais
et al. 2016). In this sense, vitamins A and K could
have an effect on larval performance and on skeletal
disorders in this species (Fernández et al. 2009,
Richard et al. 2014). Moreover, environmental condi-
tions such as temperature, light and hyper capnia
may also influence skeletogenesis (Blanco-Vives et
al. 2010, Dionísio et al. 2012, Pimentel et al. 2014).
The detailed anomaly profile provided in this work
can serve as a basis for comparison for forthcoming
investigations on skeletal anomaly etiology affecting
Senegalese sole at later stages to optimize industrial
rearing protocols.

In conclusion, computed radiography allowed an
adequate visualization of the main skeletal anom-
alies affecting the vertebral column of Senegalese
sole juveniles. At this stage, despite the high inci-
dence, the most common alterations concerned the
caudal complex structures. VBA and VCD consti-

tuted an important percentage of the total anomalies,
in which alterations of the vertebral shape were very
frequent. Compared with other works on the larval
anomaly profile, the incidence of anomalies in the
caudal complex plates or neural/haemal spines
showed a substantial reduction in juveniles, especial -
ly regarding deformations of caudal haemal spines
and caudal complex plates. Although these anom-
alies could be undetected in radiographies in very
small fish, such changes in the incidence of these
minor deformities between ages might be explained
by remodelling and/or modelling phenomena. More-
over, scoliotic disorders showed an increased fre-
quency in juvenile Senegalese sole, which could
indicate the presence of factors acting at later phases.
Therefore, investigation should be addressed on
causative triggers underlying the late development
of VBA and VCD and especially scoliosis with time.
Future research is required on in vivo monitoring of
vertebral anomalies to establish the onset of such
defects and their progression.
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