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1  |  INTRODUC TION

Teleost bones show many similar morphological traits to mamma-
lian bones. Both mammalian and teleost bone collars are covered by 
periosteum, and cortical bone is oriented in longitudinal lamellas sur-
rounding a medullar cavity lined with endosteum (Cohen et al., 2012; 

Davesne et al.,  2019; Jiao et al.,  2020; Moss,  1961, 1962; Weiss 
& Watabe,  1979; Witten & Huysseune,  2009). Salmonids are re-
garded as primitive teleosts (Davesne et al.,  2019), in which a 
characteristic trait is the presence of osteocytes embedded in 
the lamellar bone classified as cellular bone, as found in mammals 
(Moss, 1961;Moss, 1963). Advanced teleost species such as tilapia 
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Abstract
Studies on the anatomical and pathological characteristics of ribs in farmed Atlantic 
salmon (Salmo salar L.) are warranted due to their possible association with red and 
melanized focal changes (RFC and MFC) in the fillet, a major quality and animal wel-
fare concern. In this work, we provide an anatomical description of ribs based on radi-
ographical and histological analyses. We also address various pathological rib changes 
and their association to RFC and MFC. In total, 129 fish were investigated; captured 
wild (n = 10) and hatchery reared (n = 119) Atlantic salmon (3.5–6.1 kg). The fish were 
selected based on the macroscopic presence of RFC, MFC or no changes (controls). 
Radiographic results revealed costal abnormalities in all fish groups. By histological 
investigations of the variations herein, our results provide new insight into the ana-
tomical characteristics including vascularization within the ribs; a potential site for 
haemorrhage following costal fractures. Costal fractures were detected by radiology 
in 40 of 129 samples (RFC: 38.4%, MFC: 47.2%, controls: 9.5 %). A statistically sig-
nificant association was found between costal fractures and red (p = 0.007) and mel-
anized changes (p = 0.000). However, red and melanized changes were also observed 
in samples with no costal fractures (n = 45), indicating that also other factors influence 
the development of RFC/MFC.
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(Oreochromis niloticus) and medaka (Oryzias Iatipes) are classified with 
acellular bone, that is, bone lacking embedded osteocytes (Boglione 
et al., 2013; Cohen et al., 2012; Kölliker, 1857; Moss, 1961). Bone 
formation is performed through perichondral, endochondral or in-
tramembranous ossification and in large teleosts such as the Atlantic 
salmon (Salmo salar), the presence of spongious bone has been de-
scribed (Moss, 1961, 1963; Weigele & Franz-Odendaal, 2016; Witten 
et al.,  2000; Witten & Hall,  2002). In contrast to mammals, tele-
osts have no functional bone marrow in the medullar cavity of the 
bone (reviewed by Bjørgen & Koppang, 2021). The medullar cavity 
consists of either chondrocytes or, after resorption of cartilage by 
chondroclasts, adipose tissue (Boglione et al., 2013; Jiao et al., 2020; 
Moss, 1963; Weigele & Franz-Odendaal, 2016; Willett et al., 1999; 
Witten et al., 2001; Witten & Huysseune, 2009).

In teleost fish, the ribs (costae) are part of the axial skeleton, 
extending from the vertebral bodies in a ventrolateral direction 
into the sub-peritoneal fascia on both sides of the abdominal cav-
ity (Kryvi & Poppe,  2016; Roberts,  2012). Investigations done on 
silver carp (Hypophthalmichthys molitrix) have shown that the ribs 
develop by perichondral ossification with an elongation process 
through type II endochondral ossification, with no bone tissue 
formed in the medullar cavity (Soliman,  2018). Together with the 
thick abdominal musculature and covered by parietal peritoneum, 
the ribs function as a protective shield for the abdominal organs. 
They also act as anchors for muscle attachment, thus contributing 
to the swimming movement of the fish. Although the structure of 
ribs in fish, including Atlantic salmon, has been described in previ-
ous reports (Horton & Summers, 2009; Jiao et al., 2020; Jiménez-
Guerrero et al., 2022; Kague et al., 2019; Nie et al., 2017; Patterson 
& Johnson,  1995; Roberts,  2012; Soliman,  2018), studies on the 
anatomy of ribs in farmed Atlantic salmon with a broad histological 
approach are scarce. In farmed salmon and other reared fish species, 
pathological changes and deformities in bones are not uncommon 
and have been associated with several production-related factors 
(Aunsmo et al., 2008; Baeverfjord et al., 1998; Boglione et al., 2014; 
Eriksen et al., 2006; Gil Martens et al., 2010; Gislason et al., 2010; 
Martini et al.,  2021). Insufficient diet giving phosphorus, ascor-
bic acid and vitamin D deficiency has been proved to affect bone 
development and bone weakness in both mammals and teleosts 
(Baeverfjord et al., 1998; Darias et al., 2011; Roberts et al., 2001). In 
salmonids, vertebral deformities have been reported as the most fre-
quent skeletal abnormality, with several different malformations in 
the vertebral column such as lordosis, kyphosis and scoliosis, verte-
bral fusions and cross-stich vertebra (Fjelldal et al., 2012; Trangerud 
et al., 2020; Witten et al., 2009). Thus, most studies have focused on 
changes in the vertebra, and not the ribs.

Costal changes seem especially interesting in relation to the 
condition termed melanized focal changes (MFC), which is a major 
quality concern in the fillet of farmed salmon. Such changes are typ-
ically restricted to a focal area in the cranio-ventral part of the fillet 
(Bjørgen et al., 2019), with affected musculature reaching medially 
from underneath the peritoneum and continuing towards the red 
musculature laterally. Based on primarily radiological analysis, an 

association between costal abnormalities and MFC was reported by 
Jiménez-Guerrero et al.  (2022). However, MFC were also found in 
fish without costal abnormalities, and environmental factors were 
suggested to be determinant for the development of MFC (Jiménez-
Guerrero et al., 2022). The average prevalence of MFC at slaugh-
ter is about 20% (Mørkøre et al., 2015), and their occurrence is a 
reason for downgrading or cassation, leading to substantial eco-
nomic losses. In the early stage of the condition, a focal haemor-
rhage occurs in the same restricted area. These changes appear 
red (macroscopically) and have thus been termed red focal changes 
(RFC). Histologically, acute necrosis and extra-vasal erythrocytes 
dominate within the tissue (Bjørgen et al., 2019, 2020). As the RFC 
develop, the tissue becomes increasingly necrotic and fibrotic, and 
leukocytes are recruited to the area. Among these are the melano-
macrophages, a pigment-producing leukocyte responsible for the 
discolouration of the fillet. Instead of healing, a chronic granulo-
matous inflammatory condition may develop, sometimes with well-
organized granulomas (Koppang et al.,  2005; Larsen et al.,  2012). 
This state of the condition has been associated with the presence of 
piscine orthoreovirus 1 (PRV-1) (Bjørgen et al., 2015, 2019). PRV-1 
antigen has been shown to be walled off in granulomas, and local 
replication of PRV-1 is believed to be the driving power of this non-
resolving condition (Bjørgen et al., 2020). However, RFC can occur 
prior to PRV-1 infection (Bjørgen et al., 2019), and their initial cause 
is still unknown. Their restricted focal location argues for an un-
derlying anatomical predisposition, possibly associated with costal 
injury and/or costal fractures. In mammals, but also in fish, bone 
fractures can affect the neighbouring soft tissue and can cause hae-
morrhage (de Haan et al., 2016). This in turn is followed by acute 
inflammation (Loi et al., 2016; Marsell & Einhorn, 2011; Schindeler 
et al.,  2008). Thus, a similar pathogenesis is possible in salmon, 
where haemorrhage and acute inflammation following a costal frac-
ture may develop into a chronic, granulomatous inflammation driven 
by the presence of PRV-1.

The overall aim of this study was to investigate variations in costal 
anatomy in Atlantic salmon, herein addressing various changes in the 
ribs and in the neighbouring musculature, possibly leading to the de-
velopment of RFC/MFC. This was approached by collecting a com-
prehensive material from different groups of fish including farmed, 
wild, and experimentally kept fish, where samples of both affected 
(RFC/MFC) and unaffected musculature were collected. By perform-
ing macroscopic, radiographic and histological investigations, we de-
scribe the anatomical features, the different pathological changes and 
the association between such changes and RFC/MFC.

2  |  MATERIAL S AND METHODS

2.1  |  Fish origin

Fillets containing ribs were obtained from three different loca-
tions in Norway (Table 1). In total, we studied the ribs and adja-
cent soft tissue in relation to RFC and MFC from 129 individuals. 
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A total of six different samplings were conducted (population 1–6; 
Table 1), where population 1–4 were collected at slaughter, origi-
nating from a commercial aquaculture facility, Bremnes Seashore, 
Bømlo, Norway. Population 5 included farmed, wild and farmed 
X wild hybrid salmon from Matre Research Station, Institute of 
Marine Research, Matre, Norway. The farmed salmon in this 
population were of MOWI origin, and the wild salmon were ob-
tained from wild caught parent's eggs and sperm fertilized at the 
premises in Matre. Hybrids represented a combination of wild and 
farmed eggs and sperm. After hatching, wild, farmed and hybrid 
fish were kept under common rearing conditions, i.e., tanks and 
sea water cages (Debes et al.,  2021). Population 6 consisted of 
wild spawning salmon caught in the river Drammenselven in the 
eastern part of Norway.

2.2  |  Sample handling and macroscopic evaluation

At slaughter, the fillets were sampled based on macroscopic evalu-
ation of the abdominal wall, that is, peritoneum, ribs and adjacent 
white skeletal muscle. Fillets with no appearent discolouration were 
sampled as controls. Macroscopic discolouration included RFC and 
MFC and was graded using the classification system developed by 
MOWI, with grades from 0 to 3 with increasing severity (Bjørgen 
et al., 2019). The sampling of population 1–4 was conducted by the 
staff at Bremnes Seashore and shipped on ice to the Norwegian 
School of Veterinary Science (NMBU), Adamstuen, Oslo. Here, the 
samples were transferred to buffered formalin for fixation. The sam-
ples in population 5 and 6 were also collected at the time of slaugh-
ter/spawning and were transferred to formalin immediately after 
dissection. The weight and length of each fish in these populations 
were registered prior to dissection. Samples from population 1–4 
and 6 included the ribs in their total length, while in population 5, 
samples were retrieved only from the area with macroscopic discol-
ouration and equivalent areas for controls.

Prior to radiographic investigations, the abdominal walls were 
palpated to reveal costal abnormalities and fractures. The size of the 
samples in population 1–4 and 6 were approximately 10 × 15 cm, as 
for population 5 the sample size was about 5 × 6 cm, with some vari-
ation. Prior to fixation in buffered formalin, all samples but for pop-
ulation 5 were photographed to record macroscopic information. 
For further investigations, the samples were grouped according to 
discolouration and arranged into groups; group A: No macroscopic 
discolouration; group B: RFC and group C: MFC.

2.3  |  Radiographic investigations

Radiographic investigations were conducted at the radiology de-
partment at the NMBU premises on Adamstuen, by a direct digital 
system (SoundEklineSeries DR). The samples were labelled ac-
cording to population and sample number and then placed on trays 
in order of correct numbering. The samples from Bremnes were TA

B
LE

 1
 

Fi
sh

 o
rig

in
 a

nd
 k

ey
 in

fo
rm

at
io

n

Po
pu

la
tio

n
Lo

ca
tio

n
Sa

m
pl

es
 (n

)
Se

a 
tr

an
sf

er
 (d

at
e)

H
ar

ve
st

 (w
ee

k)
W

ei
gh

t a
t s

la
ug

ht
er

 
(m

ea
n)

Va
cc

in
at

io
n

D
ia

gn
os

is

1
Br

em
ne

s 
Se

as
ho

re
40

21
.1

1.
20

17
21

/2
01

9
4.

70
 k

g
A

qu
av

et
 P

D
 7

 V
ET

PD
, C

M
S

2
Br

em
ne

s 
Se

as
ho

re
18

17
.0

3.
20

18
26

/2
01

9
3.

50
 k

g
A

lp
ha

 J
ec

t M
ic

ro
 1

 P
D

/6
PD

, C
M

S,
 H

SM
I

3
Br

em
ne

s 
Se

as
ho

re
32

08
.0

9.
20

19
5/

20
21

5.
99

 k
g

A
lp

ha
 J

ec
t M

ic
ro

 1
 P

D
/6

PD
, C

M
S 

pa
tr

au
re

llo
si

s

4
Br

em
ne

s 
Se

as
ho

re
6

21
.0

9.
20

21
34

/2
02

2
4.

10
 kg

A
qu

av
aq

 6
Pa

st
au

re
llo

si
s,

 
m

yc
ob

ac
te

rio
si

s,
 

PR
Va , P

M
C

Va

5
M

at
re

 R
es

ea
rc

h 
St

.
23

22
.0

5.
20

18
20

.0
8.

20
18

36
/2

01
9

4.
39

 k
g

A
qu

av
ac

 6
PR

Va

6
D

ra
m

m
en

se
lv

en
6 4

x x
46

/2
01

9
48

/2
02

0
6.

13
 k

g
5.

1 
kg

x x
PR

Va

a V
iru

s 
de

te
ct

ed
 b

y 
RT

-q
PC

R,
 b

ut
 d

ia
gn

os
is

 n
ot

 c
on

fir
m

ed
.

 14390264, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ahe.12900 by Institute O

f M
arine R

esearch, W
iley O

nline L
ibrary on [18/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



424  |    BRIMSHOLM et al.

radiographed in groups of 6, while the samples from Matre were 
radiographed in groups of 12, as the samples were smaller. The 
first six samples in population 6 were not radiologically examined, 
and the last four samples were radiographed in one group. After 
radiography, the samples were returned to buffered formalin to 
avoid dehydration.

2.4  |  Statistical analyzes

To investigate association between costal changes and macroscopic 
discolouration, a chi-squared test followed by a logistic regres-
sion was conducted using stata (StataCorp. 2019. Stata Statistical 
Software: Release 16: StataCorp LLC).

F I G U R E  1  Radiological results, ribs 
in farmed Altantic salmon (Salmo salar 
L.) lateral aspect. (a) Proximal part of ribs 
showing axis deviation noted as mild 
bending of axis. (b) Distal part of ribs 
showing axis deviations noted as wave 
shaped ribs. (c) Proximal part of ribs with 
a central radiolucent medulla. (d) Mid part 
of ribs with focal radiolucent appearance. 
Distal parts of ribs are also wave shaped. 
(e) Mid part of rib with costal fracture. (f) 
Distal part of ribs with focal thickening 
noted as callus formations.

(a) (b) (c)

(d) (e) (f)

F I G U R E  2  Atlantic salmon ribs. 
Schematic illustration of ribs (a), with 
cross sections showing variations of 
proximal (b, c), mid (d, e) and distal (f, g) 
parts. All sections are retrieved from the 
same individual (farmed salmon). Note 
the different scale bars in proximal and 
distal parts. (b) Proximal part, irregular 
circumference of rib with several large 
cavities in the cortical bone. Scale 
bar: 500 μm. (c) Proximal part, higher 
magnification of section seen in ‘b’. 
Cavities in the cortical bone containing 
adipocytes. Blood vessels in the medullar 
cavity. Scale bar: 100 μm. (d) Mid part, 
round circumference. Medullar cavity 
with blood vessels. Scale bar: 100 μm. (e) 
Mid part, round circumference. Medullar 
cavity containing chondrocytes. Scale 
bar: 100 μm. (f) Distal part, irregular 
circumference. No apparent medullar 
cavity seen. Scale bar: 100 μm. (g) Distal 
part, round circumference. Medullar 
cavity containing chondrocytes. Scale bar: 
50 μm.

(a) (b) (c)

(d) (e)

(f) (g)
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2.5  |  Histological investigations

Following fixation and radiological investigations, the samples 
were decalcified in 0.5 M pH 8 EDTA solution (disodium ethylene-
diaminetetraacetate, 2H2O) for a minimum of five days, according 
to size. The samples were further sectioned for block preparation 
to include the area containing RFC or MFC, and/or costal abnor-
malities revealed by radiographic investigations. Following paraf-
fin embedding performed according to standard procedures, the 
slides were sectioned in 2 μm thickness and transferred to glass 
slides. After incubation at 37°C for 36–48 h, the sections were 
deparaffinized in xylene, rehydrated through alcohol baths and 
stained according to standard haematoxylin and eosin staining 
protocols.

2.6  |  Pathogen detection

Farmed salmon in population 1–4 originated from larger fish groups 
at Bremnes Seashore, Bømlo. Registered diagnoses were detected 
through fish health and pathogen surveillance at the production 
site (Table 1). In population 5 and 6, samples from spleen were col-
lected on RNAlater and sent to PatoGen AS, Ålesund, Norway, for 
RT-qPCR-analysis accredited and validated to ISO7025 standards for 
the detection of piscine orthoreovirus 1 (PRV-1).

3  |  RESULTS

3.1  |  Macroscopic evaluation and classification of 
changes

Macroscopic evaluation was conducted in each population (1–6). 
In population 1 (Bremnes), six samples contained RFC, 29 samples 
contained MFC and five samples had no macroscopic discoloura-
tion. In population 2 (Bremnes), seven samples contained RFC and 
11 samples contained MFC. In population 3 (Bremnes), 12 samples 
contained RFC, one sample contained MFC and the remaining 19 
samples had no macroscopic discolouration. None of the samples 
in population 4 (Bremnes) showed macroscopic discolouration. In 
population 5 (Matre), one sample had RFC, 14 samples had MFC, 
and eight samples showed no macroscopic discolouration. No mac-
roscopic discolouration was detected in population 6 (wild salmon). 
Changes in population 1, 2 and 3 were located mainly in the ventral 
area of the abdominal wall. All changes were graded 1–3. Based on 
macroscopic evaluation, the samples were grouped accordingly: No 
macroscopic discolouration (group A) n = 48, RFC (group B) n = 26, 
MFC (group C) n = 55.

In group B, seven samples were classified as grade 3, while the 
rest showed mild discolouration; nine samples with grade 2 and 
ten samples with grade 1. Mixed changes (red and melanized com-
bined) were present in three samples, but haemorrhage dominated 

F I G U R E  3  Histological investigation, group A. Anatomical characteristics of ribs and adjacent soft tissue in farmed and wild Atlantic 
salmon with no detected costal or adjacent soft tissue changes. All sections are retrieved from wild salmon. (a) Longitudinal section of 
rib. Hypertrophic chondrocytes in the medullar cavity and adjacent soft tissue, that is, adipose tissue and white skeletal muscle. Scale 
bar: 500 μm. (b) Longitudinal section. Osteocytes (arrowhead) embedded in the cortical bone, with parallel-oriented lamellae. Periosteum 
covering the bone collar. Scale bar: 50 μm. (c) Cross section. Chondrocyttic core, cortical bone and adjacent soft tissue surrounding the rib. 
Scale bar: 100 μm. (d) Cross section. Osteocytes embedded in bone tissue, no apparent osteons. (e) Longitudinal section. Medullar cavity 
with adipose tissue and a longitudinal oriented blood vessel. Scale bar: 100 μm. (f) Cross section. Medullar cavity with adipose tissue and 
multiple vessels seen (arrowhead). Scale bar: 100 μm.
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the changes and were thus classified as red. In group C, five sam-
ples had grade 1, 18 samples had grade 2 and 32 samples had 
grade 3 MFC. Costal fractures were only detected in five samples 
by palpation.

3.2  |  Radiographic investigations

Radiographic analysis revealed ribs with changes of different types 
and distribution. The results ranged from no observable changes to 
ribs with axis deviations, that is, mild bending of axis and distal wave 
shaped ribs (Figure 1a,b), radiolucent medulla in proximal to mid areas 
of the ribs (Figure 1c,d), single or multiple costal fractures (Figure 1e), 
and focal thickening with varying opacity noted as callus formations 
(Figure 1f). Different costal changes could be detected within the same 
sample. In group A (no macroscopic discolouration), 9.5% showed cos-
tal fractures. Group B (RFC) had a prevalence of 38.4% costal frac-
tures. In group C (MFC), 47,2% of the fillets had fractured ribs. Costal 
fractures and callus formations were seen only in farmed salmon.

3.3  |  Statistical analysis

Statistical analysis was conducted on all radiological findings in 
relation to macroscopic discolouration. Due to the sample sizes, 

population 5 was not included in statistical tests on costal changes 
where the entire length of the rib was required (radiolucent medulla 
and axis deviations). Ribs with radiolucent medulla and axis devia-
tions were observed in all groups (A, B and C) and showed no statis-
tically significant association with RFC/MFC (p = >0.05). In samples 
with costal fractures and callus formations, discolouration was often 
present. There was a statistical significant association between cos-
tal fractures in fillets detected by radiography, and fillets containing 
RFC (OR, p = 0.007) and MFC (OR, p = 0.000). There was no as-
sociation between callus formations and RFC (p = >0.05); however, 
there was a statistical significant association between MFC and cal-
lus formations (OR, p = 0.000) found on radiographic investigations.

3.4  |  Histological investigations

3.4.1  |  Anatomical characteristics of Atlantic 
salmon ribs

The anatomical characteristics of ribs and adjacent soft tissue were 
characterised in group A (no macroscopic discolouration). The cir-
cumference of the rib was round or oval and smooth or irregular 
shaped based on the position in question (proximal, mid or distal 
part) (Figure  2a–g). The ribs displayed a central medullar cavity 
holding hypertrophic chondrocytes, with layers of a cortical bone 

F I G U R E  4  Histological investigation, group A. Anatomical characteristics of ribs and adjacent soft tissue in farmed and wild Atlantic 
salmon with no detected costal or adjacent soft tissue changes. (a) Farmed salmon. Distal part of rib containing a zone of proliferative 
chondrocytes in the medullar cavity. Hyperthrophic chondrocytes seen on the right. Scale bar: 100 μm. (b) Farmed salmon. Rib showing 
central medulla with abrubt demarcation in the transitional zone. The chondrocytic core is intact prior to the transitional zone. Blood vessels 
and cell infiltration post transition. Scale bar: 100 μm. (c) Wild salmon. Rib showing area of bone resorption in the cortical bone with an intact 
chondrocyttic core. Note the sparse amount of adipose tissue adjacent to the rib. Scale bar: 500 μm. (d) Wild salmon. Cross section showing 
rib with adjascent soft tissue facing the abdominal lumen; parietal peritoneum (arrowhead), interstitial connective tissue and elastic fibres. 
Scale bar: 100 μm. (e) Wild samon. Cross section of rib showing adjacent blood vessel. Scale bar: 100 μm. (f) Farmed salmon. Nerve located in 
adipose tissue between myocytes adjacent to rib. Scale bar: 100 μm.

(a) (b) (c)

(d) (e) (f)

 14390264, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ahe.12900 by Institute O

f M
arine R

esearch, W
iley O

nline L
ibrary on [18/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  427BRIMSHOLM et al.

surrounding the centrum (Figure 3a). The bone lamellae were pre-
sented with a parallel orientation with no apparent osteons and the 
bone contained osteocytes embedded in bone matrix (Figure  3b). 
The cortical bone was covered by periosteum, connective tissue 
and adipose tissue, with white skeletal muscle tissue adjacent to 
the proximal and mid part of the ribs (Figure 3a,b). In contrast, distal 
parts of ribs were surrounded by abundant adipose and connective 
tissue. In general, wild salmon showed sparse amount of adipose tis-
sue adjacent to the ribs compared to farmed salmon. A cross section 
of the ribs showed all the structures described above, with chondro-
cytes in the cartilaginous core (Figure 3c,d). Ribs containing adipose 
tissue in the medullar cavity were also observed, with central blood 
vessels in the medullar cavity (Figure 3e,f). At the most distal part 
of the ribs, chondrocytes in the central medulla appeared to be in 
a proliferative state (Figure 4a). Several samples showed character-
istic changes in the medullar cavity, here described as a transitional 

zone, with resorption of the hyperthrophic chondrocytes and ap-
pearance of other cell types, that is, erythrocytes, adipocytes and 
cellular debris (Figure 4b). In addition, samples could show an intact 
chondocytic medulla with resorption cavities in the lamellar bone 
(Figure  4c). Anatomically, as in mammals, the ribs were located in 
close relation to the peritoneum (Figure  4d) with adjacent vessels 
and nerves (Figure 4e,f).

3.4.2  |  Costal changes – Axis deviations and 
radiolucent medulla

Due to their occurrence in all groups, ribs with axis deviations and 
radiolucent medulla on radiography were selected from group A for 
histological investigations. Mild bending of axis showed no patho-
logical changes in the costal anatomy or surrounding soft tissue 

F I G U R E  5  Histological investigations of rib changes observed on radiography. Mild bending of rib axis (a-c), distal wave shaped ribs (d-f) 
and radiolucent medulla (g-i). (a) Macroscopic details of fillet, no discolouration of soft tissue present. (b) Radiographic result of fillet showing 
mild bending of rib axis. (c) Histological changes of rib with mild bending of axis. Resorption cavity seen in the bone tissue. No pathological 
changes in surrounding soft tissue. Scale bar: 500 μm. (d) Macroscopic details of fillet, no discolouration of soft tissue present. (e) 
Radiographic results of fillet showing distal wave shaped ribs. (f) Histological changes of rib with wave shaped appearance. Irregular shaped 
rib, with the chondrocyttic medulla partly visible in the section. Resorption cavity containing blood vessel seen in a longitudinal direction 
in rib. No pathological changes in adjacent soft tissue. Scale bar: 500 μm. (g) Macroscopic details of fillet, no discolouration of soft tissue 
present. (h) Radiographic results of fillet showing ribs with radiolucent medulla. (i) Histological changes of rib with radiolucent medulla. The 
chondrocyttic medulla and surrounding bone tissue appears intact, no pathological changes in neighbouring soft tissue. Scale bar: 500 μm.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)
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(Figure  5a–c). Distal wave shaped ribs were difficult to evaluate 
in sections, as the rib axis deviated in both lateral/medial and cra-
nial/caudal direction. Nevertheless, the microscopic anatomy of 
wave shaped ribs was identical to that described in Figure 4a, with 
proliferative chondrocytes in the medullar cavity (Figure 5d–f). Ribs 
with radiolucent medulla (Figure 5g,i) on radiography had either a 
chondrocyttic or an adipocytic medullar cavity, with occational re-
sorption cavities as seen in Figure 4c. No pathological changes were 
observed in the neighbouring soft tissue.

3.4.3  |  Ribs in relation to red focal changes

The histological characteristics of RFC were in line with previous re-
ports (Bjørgen et al., 2015, 2019, 2020), with mild to severe haemor-
rhage in the soft tissue, necrosis and degeneration of myocytes and 
infiltration of inflammatory cells. Such findings were not consistently 
found associated with costal changes (Figure  6a). Herein, affection 
solely of the adjacent soft tissue at the level of the rib was observed 
(Figure 6b–d). Other samples contained costal fractures located in the 
area of the RFC (Figure 7a) but with no affection of the neighbouring 
soft tissue following histological examination (Figure 7b). Grade 3 RFC 
could be found without severe costal changes (Figure 7c,d).

3.4.4  |  Ribs in relation to melanized focal changes

Group C contained samples of MFC graded from 1 to 3 macro-
scopically. In radiological investigations, 26 of 55 samples had costal 
fractures. Sections retrieved from areas containing MFC revealed 
several different changes histologically, ranging from no histologi-
cal changes in the bone tissue or neighbouring soft tissue to severe 
structural changes in both. Histological changes in the soft tissue 
corresponded to the findings and classification of MFC done by 
Bjørgen et al. (2019), with changes ranging from mild inflammation 
and sparse presence of melano-macrophages in the soft tissue to 
complete loss of skeletal muscle architecture and abundant presence 
of melano-macrophages, granulomas, fibrosis and inflammation.

As in group B, MFC could have no costal changes on radiology 
or histology (Figure 8a,b); however, in the adipose tissue of the myo-
septa near the ribs, melano-macrophages were often found between 
adipocytes and vessels (Figure 8c,d). Analysis of ribs in MFC could 
also have similar resorption patterns as seen in samples from group 
A (Figure 9a–d), but with no apparent affection of the adjacent soft 
tissue.

When examined by histology, radiographically detected frac-
tures occasionally displayed callus-like structures (Figure 10a–c). 
Distinct fractures were also observed (Figure 10d–f).    These 

F I G U R E  6  Macroscopic, radiographic 
and histological results of a sample 
in group B (RFC). (a) Macroscopic 
evaluation of RFC grade 3 measuring 
<3 cm, non-pervasive. Stippled square: 
Radiographic result of area with RFC 
showing no observable changes in ribs. 
(b) Histological investigation of area 
with RFC. No pathological changes 
in the rib. Neighbouring soft tissue 
showing degeneration of myocytes and 
inflammatory cells and haemorrhage. 
Scale bar: 500 μm. (c, d) Higher 
magnification (scale bar: 100 μm) of soft 
tissue inflammation with haemorrhage, 
degeneration, necrosis and vacuoles 
present.

(a) (b)

(c) (d)
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changes did not consistently correlate with the severity of the 
MFC (Figure  10d–f); however, samples with grade 3 MFC often 
showed severe changes in both ribs and adjacent soft tissue 
(Figure  10g–i). Callus formations were histologically seen as 
focal thickening of unorganised bone with resorption cavities 
(Figure 11a–d). Presence of melano-macrophages in adjacent soft 
tissue was often evident.

4  |  DISCUSSION

The rationale for this study was to describe anatomical character-
istics of ribs in the Atlantic salmon, and to apply this information in 
investigating different pathological changes affecting the ribs, and 
finally, to identify the possible association between costal changes 
and RFC/MFC. Thus, novel anatomical information provided a basis 
for the interpretation of different costal changes. Samples of the lat-
eral musculature including ribs were obtained from different groups 
of Atlantic salmon (wild, farmed and hybrids). The material was cate-
gorised by macroscopic evaluation into three different groups: Group 
A (no macroscopic discolouration), group B (red focal changes/RFC) 
and group C (melanized focal changes/MFC). All groups were inves-
tigated by macroscopical, radiographical and histological analysis.

The samples in all groups were radiographed to reveal possi-
ble associations between macroscopic discolouration and costal 
changes. The variations in rib morphology detected by radiographic 
investigations coincided with the results of Jiménez-Guerrero et al. 
2022 and other radiographic investigations on teleost fish (Fjelldal 
et al., 2020). As both longitudinal radiolucent ribs and axis variations, 
that is, mild bending and distal wave shape, were observed in all 
groups, we assume these costal variations to be of non-pathological 
nature. Thus, such costal variations detected in fish with macro-
scopic discolouration and/or inflammation in adjacent soft tissue 
could be a coincidental finding. Costal fractures and callus forma-
tions were commonly found in relation to MFC, indicating that such 
changes may cause MFC. Alternatively, the chronic inflammatory 
environment in the neighbouring soft tissue may cause the costal 
bone tissue to deteriorate, leading to altered rib morphology.

In our study, 40 samples were classified with costal fractures 
by radiographic examination. Costal fractures were only seen in 
fish kept in captivity, that is, in on-land tanks and sea water cages. 
Our results suggest that the cause of costal fractures may lie in the 
rearing conditions (handling, nutrition etc.), or in the genetic differ-
ences between farmed and wild fish (Gjedrem et al.,  1991; Gjøen 
& Bentsen, 1997). However, our wild fish material was limited, and 
six of ten wild fish samples were not radiographed. Other reports 

F I G U R E  7  Macroscopic, radiographic 
and histological results of a sample in 
group B (RFC). (a) Macroscopic evaluation 
of RFC grade 2 measuring >1 cm (arrow) 
and RFC grade 3 measuring >3 cm, non-
pervasive. Stippled square 1: Radiographic 
result of RFC grade 2 showing costal 
fracture (circle). Stippled square 2: 
Radiographic result of RFC grade 3 
showing rib with axis deviation (oval). (b) 
Histological findings in rib located in area 
of RFC grade 2. Costal fracture, with no 
apparent affection of the surrounding soft 
tissue. Scale bar: 500 μm. (c) Histological 
findings in RFC grade 3, showing area 
of soft tissue adjacent to a radiological 
normal rib with haemorrhage between 
myocytes and infiltrating inflammatory 
cells. Degenerated myocytes. Scale bar: 
100 μm. (d) Histological findings in rib with 
axis deviation located in area of RFC grade 
3, with no pathological changes in bone 
structure or in the chondrocyttic core. 
Adjacent soft tissue is intact. Scale bar: 
500 μm.

(a) (b)

(c) (d)
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on the prevalence of bone fractures in reared versus wild fish 
show conflicting results with costal fractures occurring in wild fish 
(Fjelldal et al., 2020; Jiménez-Guerrero et al., 2022). In commercial 
aquaculture, skeletal deformities are common and may affect the 
fish's ability to swim, eat and consequently grow and survive. It is 
thus of interest to uncover the prevalence and cause of costal frac-
tures, both for animal welfare and production-related interests. As 
an initial cause of costal fractures in general, trauma is a common 
and plausible explanation. Incautious rearing conditions may imply 
rough handling causing local trauma. However, the salmon ribs are 
well positioned in the myosepta, and the breaking force is expected 
to be high. Investigations on the mechanical properties of farmed 
Atlantic salmon ribs showed an increased breaking force following 
an increase in body weight, pointing out the proximal part of the an-
terior ribs as the most resistant to breakage  (Yao & Mørkøre, 2017). 
By comparison, farmed rainbow trout showed rib thickness (mm) 
smaller than that of salmon, but the breaking force is reported to 
be higher. In this context, it should be noted that the prevalence of 
MFC in farmed rainbow trout is much lower than in farmed salmon, 
although most farming conditions are similar (Bjørgen et al., 2015; 
Mørkøre et al., 2015; Olsen et al., 2021). One other possible scenario 
is that the force that causes the costal fracture and muscle damage 
originates from within the abdominal cavity. Following this notion, 
the ribs of rainbow trout could be strong and stiff enough to protect 

the underlying musculature, while the weaker and softer ribs of 
Atlantic salmon could bend and break or bend without fracture, both 
resulting in a local muscle edema caused by restricted blood flow 
or bleeding caused by fracture. Such forces could be caused by the 
swelling of the formulated dry pellets fed to farmed Atlantic salmon, 
which drinks seawater as part of their natural hypo-osmoregulation 
(Usher et al., 1988).

As ribs are in close proximity to RFC/MFC, costal changes could 
be an initial cause of RFC and ultimately MFC. This has recently been 
addressed by Jiménez-Guerrero et al. (2022). By investigating fillets 
both with and without macroscopic discolouration, we sought to 
differentiate costal changes related to discolouration, and changes 
found in all groups, suggesting the latter being normal variations. 
Association was not detected between macroscopic discolouration 
and radiolucent medulla and axis deviations. A statistically signifi-
cant association was found between RFC/MFC and costal fractures 
detected by radiographic investigations. However, as histological in-
vestigations revealed unaffected ribs in the area of the RFC, and vice 
versa, these findings underline the importance of histological inves-
tigations. MFC were also occasionally found without costal changes, 
thus the underlying cause of macroscopic discolouration cannot be 
explained by costal fractures alone.

As with costal fractures, focal bone thickening noted as callus 
formations were only found in salmon held in captivity. In earlier 

F I G U R E  8  Macroscopic, radiographic 
and histological results of a sample in 
group C (MFC). (a) Macroscopic evaluation 
of MFC grade 2, measuring 2 cm, >1 cm 
deep, non-pervasive. Stippled square: 
Radiographic results with no observable 
costal changes. (b) Histological results 
of area containing MFC. No pathological 
findings in rib or adjacent soft tissue. A 
vessel and a nerve are located in close 
relation to the rib. Scale bar: 500 μm. (c) 
Vessel and nerve (arrowhead). Melano-
macrophages (arrow) in relation to 
vessel. Scale bar: 100 μm. (d) Melano-
macorphages surrounding vacuoles and 
a vessel in the myoseptal adipose tissue 
in the area above the rib, towards the 
peritoneal cavity. Scale bar: 100 μm.

(a) (b)

(c) (d)
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reports, findings of focal bone thickening in teleost bones have been 
noted as hyperostosis, or swollen bone. Based on several obser-
vations, such as species-specific patterns and onset timing of de-
velopment, hyperostosis in teleosts is regarded a non-pathological 
expansion of bone (Smith-Vaniz et al.,  1995). However, a possible 
link between hyperostosis and bone fractures has been suggested 
(Fjelldal et al., 2018, 2020; Jawad, 2013). Fjelldal et al. (2020) discov-
ered a high prevalence of site-specific hemal and neural spine callus-
like formations in the axial skeleton in wild ballan wrasse (Labrus 
bergylta), similar to the callus formations in our samples, herein 
suggesting that a continuous mechanical load may cause the bone 
to fracture followed by a fracture healing process. Due to the sam-
pling method in our study, we were not able to pinpoint the specific 
rib (number) in question, as the samples were cropped to include a 
limited area of the axial skeleton. Thus, site-specific findings were 
not included in our work. Also, as the size of the hyperostotic struc-
tures varies among species and individuals, these structures could in 
some cases be challenging to distinguish from callus formation only 
using radiographic investigations. However, due to the association 
between callus formations and MFC found in our work, it is likely 
that these changes are the result of a pathological condition in the 
bone tissue.

By histological investigations, we were able to show anatomical 
characteristics of Atlantic salmon ribs coinciding with findings in 

earlier reports, such as osteocyttic bone, longitudinal bone lamella 
and a chondrocyttic or adipocytic medulla. A transition zone was 
noted in several ribs. In both wild and farmed fish, multiple longitu-
dinal vessels were found in the adipocyttic medulla post cartilage 
resorption, and within resorption cavities in the cortical bone with 
the chondrocyttic core still intact. To our knowledge, such vascular-
isation of teleost ribs has not been previously described. Resorption 
cavities in the cortical bone were found both in ribs presented as 
normal on radiographic investigations, but also in ribs presented with 
axis deviations and radiolucent medulla. The latter corresponds well 
with micro-CT results done on thickened salmon rib, herein revealing 
a thinner compacta with resorptive appearance (Jiménez-Guerrero 
et al., 2022). As in mammals, bone resorption and vascularisation of 
bony tissue is a vital part of the bone development and remodelling 
in teleosts (Benzinou et al., 2002), and resorption activity of both 
mono- and multinucleated osteoclasts in teleost fish has been well 
reviewed by Witten and Huysseune (Witten & Huysseune, 2009). In 
carp and tilapia, Cohen et al. (2012) described an area of woven-like 
bone structure in the central part of the rib with occasional perfo-
ration by the central lumina (Cohen et al., 2012). Interestingly, fish 
with acellular bone has shown an increase of the hollow medullar 
cavity correlated with an increase of stiffness of the rib (Horton & 
Summers, 2009), as is the case in mammals and birds. This might in-
dicate that the resorption of bone in our results is in fact making the 

F I G U R E  9  Macroscopic, radiographical 
and histological investigation of a sample 
in group C (MFC). (a) MFC in sample 
measuring >3 cm, 2 cm deep, pervasive. 
Stippled square: Radiographic results 
of ribs in area of the MFC showing 
radiolucent medulla in mid part of ribs. 
(b) Histological characteristics of rib with 
radiolucent appearance. No pathological 
changes in surrounding soft tissue. Central 
medulla of rib showing a transitional 
zone with removal of hyperthropic 
chondrocytes. Cavities in the cortical 
bone adjacent to central medulla showing 
similar components as the transferred 
central cavity. Black line: Marked area 
of cross section in 'd'. Scale bar: 500 μm. 
(c) Central chondrocyttic medulla with 
transitional zone. Erythrocytes present 
post transition. Scale bar: 100 μm. (d) 
Cross section of area marked with a black 
line in 'b' showing vessels containing 
erythrocytes in cavities adjacent to an 
intact chondrocyttic medulla. Scale 
bar: 50 μm.
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rib more resistant by adapting to changing stressors, a trait benefi-
cial to the fish. If so, this corresponds to the increased breaking force 
following increased body weight (Yao & Mørkøre, 2017). However, it 
is noteworthy that cross sections of the ribs revealed an irregular ap-
pearance of the outer circumference in addition to large resorption 
cavities in the bone, resulting in areas of distinctly thinner cortical 
bone. There is limited knowledge on osteoporosis in farmed Atlantic 
salmon; however, osteoporotic conditions can be induced by several 
factors in teleost species such as zebrafish (Rosa et al., 2021), a fish 
widely utilized in research revolving human medicine. We speculate 
if the resorptive changes in Atlantic salmon rib are pathologically 
induced, thus affecting the rib breaking force negatively, or if this is 
merely a physiological and anatomical trait in salmon due to life in 
an aquatic milieu.

Co-occurring resorption and bone formation is vital for healthy 
bone growth, thus as the fish grows, bones will subsequently 

increase in size. Ribs with radiographical radiolucent medulla were 
detected in all groups, but not in all samples. As these findings were 
often located in proximal and mid parts of the ribs, we speculate that 
the increased thickness of the rib due to growth is what allows the 
X-ray beam to pass through tissue that are of less radiopaque prop-
erties, giving the medulla a radiolucent appearance. The size of the 
individual fish was not registered in our work; however, we believe 
that the fish size will impact the findings of radiolucent medulla.

Histological investigations of the most distal part of ribs, both 
normal and wave shaped ribs, revealed a central medulla con-
taining proliferative chondrocytes. These results are in line with 
Soliman  (2018), showing chondrocytes arranged as resting, prolif-
erating and hypertrophic zones in the medullar cavity in both the 
proximal and distal part of the rib. In our work, we were not able to 
reveal a proximal growth plate in the ribs. Wave shaped ribs were 
solely located at the distal end of the rib, surrounded by abundant 

F I G U R E  1 0  Macroscopic, radiographic and histological results of samples in group C (MFC). (a) Macroscopic evaluation of MFC grade 2, 
measuring >2 cm. (b) Radiographic result of sample in ‘a’, showing costal fracture (arrow). (c) Histological characteristics of costal fracture 
seen in ‘b’. Loss of normal rib structure, callus-like formation surrounding rib bone collar with an irregular appearance of the longitudinal 
section of rib. No resorption cavities. No affection of neighbouring soft tissue. Scale bar: 500 μm. (d) Macroscopic evaluation of MFC grade 
3, measuring >3 cm, non-pervasive and MFC grade 2, measuring <2 cm (arrow). (e) Radiographic results of sample in ‘d’, showing costal 
fracture (arrow). (f) Histological characteristics of costal fracture seen in ‘e’. Costal fracture with inflammatory cells present in soft tissue. 
Adjacent myocytes are degenerated, and melano-macrophages and vacuoles are present in the area of inflammation. Scale bar: 500 μm. (g) 
Macroscopic evaluation MFC grade 3, measuring >3 cm, 2 cm deep, non-pervasive. (h) Radiographic results of sample in ‘g’, showing costal 
fractures (arrowheads). (i) Histological investigations of area containing costal fractures in ‘h’. Total loss of normal tissue arcitecture in rib and 
adjacent soft tissue. Inflammatory cells are present, in addition to melano-macrophages and vacuoles. Degeneration of myocytes is evident. 
Scale bar: 500 μm.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)
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adipose tissue and to a lesser extent skeletal muscle tissue. We 
speculate that this axis deviation is due to the anatomical structure 
and position, as muscle attachment surely will anchor the ribs and 
restrict their shape in more proximal areas; however, ribs noted as 
wiggled have also been observed in Atlantic salmon with phospho-
rus deficiency (Baeverfjord et al.,  1998). No pathological changes 
were found in the cortical bone or surrounding soft tissue of wave 
shaped ribs in group A; however, in samples with MFC located at 
the equivalent areas, neighbouring soft tissue could be severely af-
fected. In terms of other axis deviations, histological investigations 
on mild bending of axis in group A revealed normal bone morphology 
and surrounding soft tissue, with a mild curve in the rib axis. Thus, 
supported by radiology and statistics, both axis deviations found in 
our work are suggested to be normal variations of rib morphology in 
at least some teleost species, including Atlantic salmon. However, 
these results cannot rule out that inflammation in the soft tissue 
can alter the axis of the rib, or that these deviations show different 
breaking force than other costal changes, as resorption of the corti-
cal bone followed by vascularization was indeed seen in all parts of 
the rib, including the distal wave shaped part.

As Moss pointed out in 1961 (Moss, 1961), the vascular pattern in 
teleost bone varies substantially among species and even within one 
individual. Our findings show several longitudinal vessels within the 

ribs, thus the ribs in Atlantic salmon have great potential for haem-
orrhage and the recruiting of haematopoietic and inflammatory cells 
in the event of a fracture. The histological investigations conducted 
in our study showed that costal fractures could be accompanied by 
acute inflammation and haemorrhage in the adjacent muscle and 
connective tissue. This complies with mammalian fracture repair 
explained by a four-stage model, where a fracture will cause haem-
orrhage in the neighbouring soft tissue, followed by acute inflamma-
tion, callus formation and remodelling of the callus (Kolar et al., 2011; 
Marsell & Einhorn, 2011; Schindeler et al., 2008). In Moss' work on 
fracture repair in acellular and cellular teleosts (Moss,  1962), the 
examined opercular and lower jaw elements were sparsely vascu-
larised, thus a hematoma was not a dominating feature in the frac-
ture healing process. In our work, costal fractures were occasionally 
found with no changes in the neighbouring soft tissue, indicating 
that the fracture occurred postmortem. Importantly, some samples 
with focal macroscopic discolouration contained costal fractures in 
the equivalent area presented by radiography; however, histological 
investigations revealed postmortem fractures, thus the macroscopic 
focal discolouration herein must have a different origin.

In mammalian fracture healing, bone splints are covered by a soft 
and later a hard callus. We show that ribs with callus-like appearance 
in radiology were histologically presented with corresponding callus 

F I G U R E  11  Macropscopic, 
radiographical and histological 
investigation of a sample in group C (MFC) 
presented with focal thickening of ribs 
detected on radiographic investigations. 
(a) MFC measuring >3 cm in length, non-
pervasive. Stippled square: Radiographic 
results showing thickened, irrgular shape 
in distal regions of ribs. (b) Histological 
findings in thickened and irregular 
rib located in area of melanized focal 
change. Normal bone tissue arcitecture 
is lacking, with focal bone resorption. 
Adjacent soft tissue with infiltrating 
inflammatory cells and vacuoles. Scale 
bar: 500 μm. (c) Adjacent soft tissue 
dominated by adipocytes, with melano-
macrophages present. Scale bar: 500 μm. 
(d) Granuloma with abundant presence 
of surrounding melano-macrophages. 
Melano-macrophages are also present 
between adipocytes (arrowhead). Scale 
bar: 100 μm.
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properties, that is, woven bone with resorption cavities covering 
areas of what was presumed to be an old fracture site. This is in line 
with earlier reports on fracture healing in teleosts using both radi-
ography and histology (Fjelldal et al., 2018; Geurtzen et al., 2014; 
Moss, 1962; Takeyama et al., 2014).

In sum, our study has shown variations in the anatomical char-
acteristics in Atlantic salmon ribs, including vascularisation and 
resorption cavities. This included ribs with intact chondrocyttic 
medulla and no vessels or resorption cavities present, and ribs with 
multiple longitudinal vessels in both the medullar cavity and in re-
sorption cavities in the cortical bone. Our results provide additional 
knowledge to the association between costal changes and RFC/
MFC found in earlier reports and has demonstrated the potential 
for local haemorrhage in the event of costal fractures. In accordance 
with earlier findings, the initial cause of RFC/MFC cannot be fully 
explained by costal changes alone.
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