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1 | INTRODUCTION

Abstract

Chinook salmon (Oncorhynchus tshawytscha) farmed in New Zealand are known to
develop abnormal spinal curvature late in seawater production. Its cause is presently
unknown, but there is evidence to suggest a neuromuscular pathology. Using mag-
netic resonance imaging (MRI), we evaluated the relationship between soft tissue pa-
thology and spinal curvature in farmed Chinook salmon. Regions of interest (ROls)
presenting as pathologic MRI signal hyper-intensity were identified from scans of 24
harvest-sized individuals: 13 with radiographically-detectable spinal curvature and
11 without. ROIs were excised from individuals using anatomical landmarks as refer-
ence points and histologically analysed. Pathologic MRI signal was observed more
frequently in individuals with radiographic curvature (92%, n=12) than those without
(18%, n=2), was localized to the peri-vertebral connective tissues and musculature,
and presented as three forms: inflammation, fibrosis, or both. These pathologies are
consistent with a chronic inflammatory process, such as that observed during recov-
ery from a soft tissue injury, and suggest spinal curvature in farmed Chinook salmon
may be associated with damage to and/or compromised integrity of the peri-vertebral

soft tissues. Future research to ascertain the contributing factors is required.
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et al., 2007; Fjelldal, Hansen, et al., 2009; Fjelldal, van der Meeren,

et al., 2009; Koumoundouros, 2010; Sullivan et al., 2007; Vagsholm
& Djupvik, 1998; Waagbg et al., 2005; Witten et al., 2009). Affected
individuals often cannot be marketed at a premium price and fre-

The prevention and minimisation of spinal deformities in farmed fin-
fish constitutes an important management priority for the aquacul-

ture industry (Boglione et al., 2013; Divanach et al., 1996; Fjelldal quently require additional processing (Sullivan et al., 2007; Vagsholm
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& Djupvik, 1998). In severe cases, swimming and feeding abilities
may be compromised, leading to impaired growth, reduced harvest
weights, and welfare concerns (Branson & Turnbull, 2008; Hansen
et al., 2010; Huntingford et al., 2006; Silverstone & Hammell, 2002).
However, the aetiology of spinal deformities is complex and typically
multifactorial, with the individual effects of contributing factors dif-
ficult to disentangle in commercial farming environments (Vagsholm
& Djupvik, 1998; Waagbg et al., 2005; Witten et al., 2009).
Determining the cause(s) of spinal deformities in farmed finfish, and
subsequently reducing their prevalence, can therefore be highly
challenging. However, knowledge of their pathology can help to
identify causative factors.

Spinal deformities can be broadly divided into two groups -
those which primarily affect the structure of individual vertebral
bodies, such as fusions, compressions, vertical shifts, and fractures,
and those which alter the entire spinal axis, such as spinal curva-
tures (lordosis, kyphosis, and scoliosis) (Fjelldal et al., 2007). While
the former are considered to predominantly arise via skeletogenic
(bone development-related) mechanisms, the latter are proposed to
have a neuromuscular origin, especially where the structure of the
involved vertebral bodies is unchanged (Witten et al., 2009). Despite
this, the established diagnostic tools for characterizing spinal pathol-
ogy in fish (i.e., X-ray) mainly assess only bone, and those currently
used to evaluate soft tissues (e.g., histology, immunohistochemistry)
are highly invasive. Sampling therefore often requires euthanasia,
preventing the observation of tissue changes over time. This inevita-
bly presents difficulties when attempting to characterize the devel-
opment of deformities with a suspected neuromuscular pathology.
However, there appears to be little research dedicated to exploring
alternative tools that can detect and evaluate such pathologic soft
tissue changes in finfish.

In humans and other mammals, such as horses (Dyson
et al., 2005; Mitchell et al., 2012; Tucker & Sande, 2001; Zubrod
et al., 2004), monkeys (Wei et al., 2014), dogs (da Costa, 2010; Gnirs
et al., 2003; Grinenfelder et al., 2005), cats (Asperio et al., 1999;
Goncgalves et al., 2009; Lu et al., 2002; MacKay et al., 2005) and
rabbits (Keeble, 2006), computed tomography (CT) and magnetic
resonance imaging have become increasingly used in the clini-
cal diagnosis and characterization of musculoskeletal conditions.
Compared to X-ray, MRl and CT are vastly more sensitive in their
detection of pathologic tissue changes, with CT preferred for eval-
uation of bony structures and MRI for soft tissues including the spi-
nal cord, peri-vertebral muscle, connective tissues, nerves, tendons,
and ligaments (Mahoney, 2012; Theodorou et al., 2012). MRl in par-
ticular has fast become regarded as the “gold standard” of imaging
modalities in the diagnosis of muscle trauma, atrophy, and disease
(Garcia, 2000). This is largely owing to its superior differentiation
of muscular tissues compared to CT and other imaging modalities,
as well as its multi-planar display and lack of ionizing radiation
(Garcia, 2000; Joseph & Habib, 2009; Kattapuram et al., 2005;
Steinbach et al., 1994). Consequently, MRI is frequently used to
detect, diagnose, and monitor the progression of a wide variety of
musculoskeletal diseases, guide biopsy in regions of active disease,

and evaluate the effectiveness of applied treatments over time at a
greatly reduced cost and level of patient discomfort compared to the
more traditional repeated biopsy approach (Garcia, 2000; Murphy
etal., 1986; Theodorou et al., 2012; Winkler et al., 2011).

In New Zealand, farmed adult Chinook (king) salmon
(Oncorhynchus tshawytscha) are known to develop spinal curvatures
late in the seawater production cycle in the form of lordosis (ventrad
curvature), kyphosis (dorsad curvature) and scoliosis (lateral curva-
ture). While individuals can develop each of the curvature types in
isolation, harvest-size individuals frequently present with all three
types. This condition, known as LKS (lordosis-kyphosis-scoliosis),
poses both economic and welfare concerns (Lovett et al., 2020;
Perrott et al., 2018)—affected individuals have reduced swimming
performance, compromised growth and, due to their visual ap-
pearance, cannot be marketed at a premium (Lovett et al., 2020;
Perrott et al., 2018). While various factors have been proposed to
contribute to spinal curvature development in farmed New Zealand
Chinook salmon, including mechanical imbalance and/or overload
from excessive musculature , fast growth, elevated water tempera-
ture, and high weight-to-length ratio (i.e., condition factor) (Lovett
et al.,, 2019; Munday et al., 2016; Perrott et al., 2018; Scholtens
et al., 2023), the primary cause remains unknown. However, the
condition has been found to be associated with the presence of
localised unilateral peri-vertebral muscle fibrosis and inflammation
(Munday et al., 2016) and reduced integrity of the peri-vertebral
muscle connective tissues (Perrott et al., 2020). Using histology,
Munday et al. (2016) observed that peri-vertebral fibrosis was more
frequently detected in individuals with visually detectable spinal
curvature than those without, and radiographic spinal curvature and
fibrosis severity scores were strongly positively correlated. It was
therefore proposed that inflammation of unknown causes drives the
development of unilateral peri-vertebral muscle fibrosis, which sub-
sequently results in curvature of the spine. In a more recent study,
Perrott et al. (2020) found that the peri-vertebral muscle of New
Zealand Chinook salmon from a farmed population with a high inci-
dence of curvature had a significantly lower Type | collagen content
and a less mature collagen cross-link profile (both indicative of re-
duced connective tissue integrity) than individuals from a farm with
a low curvature incidence. These observations have led to the hy-
pothesis that the primary pathology of the condition is neuromus-
cular. However, as standardized locations for sampling were used
in both studies, which were not necessarily related to the location
of curvature, a direct link between these observed pathologic soft-
tissue changes and curvature has not yet been established. There
is therefore a need to further explore the nature of the association
between pathologic soft-tissue changes and spinal curvature devel-
opment in this species.

Although MRI has been conducted on finfish previously (e.g.,
Bock, Sartoris & Portner, 2002; Bock, Sartoris, Wittig, et al., 2002;
Collewet et al.,, 2013; Howell et al., 1996; Lannig et al., 2004;
Mark et al., 2002; Portner et al., 2004; Rogers et al., 2008; Simodes
et al.,, 2012; Van der Linden et al., 2004; Wu et al., 2015), including
for the purposes of diagnosing musculoskeletal pathology (Torpy
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et al., 2023), it has not yet been applied to the diagnosis of muscu-
loskeletal pathology in commercially farmed finfish. The aim of the
current study was to use MRI to assess peri-vertebral soft-tissue
pathology in farmed New Zealand Chinook salmon and, in conjunc-
tion with histology, evaluate its association with spinal curvature. It
was hypothesised that areas of MRI signal hyper-intensity would be
associated with spinal curvature and, in accordance with previous
findings (Munday et al., 2016), would correspond to inflammation

and fibrosis on histology.

2 | MATERIALS AND METHODS
2.1 | Rearing and selection of fish

This work was carried out in accordance with the Animal Welfare Act
1999 and on-farm industry animal welfare regulations. Whole-body
carcasses of 24 commercially farmed adult (2-2.5years old) female
Chinook salmon (1800-4440g body weight [BW]) were collected
between May and September 2016 from harvest operations of two
sea pens located at Ruakaka Bay (41°11'38.121”S 174°6'51.74" E)
(n=18) and Te Pangu Bay (41°1519.369"S 174°14'20.661"E) (n=6)
in the Marlborough Sounds, New Zealand. Fish in both pens had
been reared under a standard production regime and fed to satia-
tion on the same commercial pellet-based diet averaging (per 100g
feed): 44.2% protein, 24.0% fat, 16.9% carbohydrate; 31.9% fish-
meal, 7.1% fish oil; 1.24mgkg™* phosphorus (P), and 1000 mg vita-
min C. Fish had been fed 10 meals per day for the first month in
seawater, five per day up to 250g average body weight (BW), three
per day from 250g to 1kg BW and two per day from 1kg BW to har-
vest. As per Lovett et al. (2019), individuals were identified as either
affected or unaffected by spinal curvature based on visual exami-
nation and palpation, and selected accordingly. Affected individu-
als (n=12) were selected first, weighed (Tru-Test™ XR-5000 digital
scales), measured (fork length, FL) and laterally radiographed (60kV
and 0.10 mAs, Atomscope HF80/15+DLP and Sound® Canon®
Tru-DR™ receiver plate set at 50cm distance). The same procedure
was then carried out on selected unaffected individuals (n=12),
each of which was matched by body weight with an affected indi-
vidual due to the difficulties in accurately measuring the length of
affected individuals.

2.2 | Radiological assessment of spinal curvature

Prior to MRI scanning, radiographs of each individual were as-
sessed to confirm the presence/absence of spinal curvature. All
12 visually affected individuals, as well as one visually unaffected
individual, had radiographic spinal curvatures (rSC). The final study
population (n=24) therefore consisted of 13 (radiographically)
affected (mean BW=3132+199g) and 11 unaffected fish (mean
BW=2797 +216g). T-tests showed there were no statistically sig-
nificant differences in weight (p=.49) or Fulton's condition factor
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(calculated as 100xBW/FL®) between affected and unaffected
individuals (p=.49 and .11, respectively). Radiographic curvature
was scored according to existing protocols (Lovett et al., 2020;
Munday et al., 2016; Perrott et al., 2018; Witten et al., 2009). The
number of curvatures was recorded for each affected individual,
as well as the spinal region (region (R)1 =vertebra (V)1-8, R2=V9-
31, R3=V32-50, R4=V51-62+) affected and type(s) of curvature
(lordosis, kyphosis, and/or scoliosis) present. Variation in total
vertebral number between individuals was captured in R4. Where
a given curvature spanned multiple spinal regions, the region in
which the apex of the curvature was located was assigned as the
region for that curvature. The presence of other non-curvature
spinal anomalies commonly observed in Chinook salmon (i.e., ver-
tebral compressions, fusions, and vertical shifts) was also noted
but not investigated further, as the current research concerned

only curvature.

2.3 | MRl scanimage acquisition

MRI scanning was carried out approximately 12 h after death. Two
small incisions ~2cm deep were made in the dorsal surface of each
individual immediately prior to MRI scanning; one 2cm to the left
of the anterior origin of dorsal fin and the other 2cm to the left of
the adipose fin. A fish-oil capsule (Healtheries® Fish Oil 1500 mg)
was then inserted into each cavity to provide an internal MRI-
detectable reference point. Each individual was placed head-first,
left side-down on the bed of a 3T MAGNETOM Skrya MRI scan-
ner (Siemens Healthineers) equipped with an in-built spine matrix
coil, and covered with an 18-channel body matrix coil (Body 18).
MRI scan images were acquired using a T2-weighted isotropic
3D turbo spin echo SPACE (Sampling Perfection with Application
Optimized Contrasts using different flip angle Evolution) scan se-
quence (Table 1). Planar image reconstructions were obtained from
the acquired image data in both the sagittal plane (n=88-96 images
per individual) and axial plane (n=316-386 images per individual).
Following scanning, fish were placed back on ice and chilled over-
night at 4°C.

2.4 | MRI scanimage assessment and ROI
determination

Sagittal and transverse MRI scans of each individual were evaluated
with syngo fastView (Siemens AG Medical Solutions) and Horos (The
Horos Project, www.horosproject.org) using the axial plane scans as
localisers. Contrast was optimized for each individual series of im-
ages by manually adjusting window width (WW) and window length
(WL) prior to assessment. Scans of individuals affected and unaf-
fected by radiographic curvature were examined and scored for the
presence/absence of pathologic MRI signal intensity, which was de-
fined as signal hyper-intensity not associated with typical Chinook
salmon anatomy (e.g., intervertebral discs, intramuscular adipose
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Slice thickness

(mm)

X
i

z

Resolution (mm)

TE (ms) Flip angle (°) ETL

TR (ms)

Matrix FOV (mm) Tl (ms)

# of fish scanned

MR pulse sequence

0.60 (sagittal)
1-3? (axial)

56 0.8x0.8x0.6

160

85

1700

390x105

512x205

24 (13 A, 11U)

SPACE

1 (axial)

24,
Abbreviations: ETL, echo train length; FA, flip angle; FOV, field of view; NEX, number of averages; TE, echo time; Tl, inversion time; TR, repetition time.

Note: n

Slice thickness for axial images of one group of individuals was 3mm, not 1 mm.

tissue, see Figure 1). Where detected, the nature of the pathologic
signal, as well as its location relative to both established spinal re-
gions (R1, R2, R3, R4) and anatomical landmarks (i.e., fins, gut, etc.),
and its association with radiographic spinal curvature (yes/no and
if yes, the location and type of associated curvature), were also
recorded.

2.5 | Carcass dissection

Identified regions of pathologic MRI signal hyper-intensity, hence-
forth referred to as regions of interest (ROls), were dissected
out of individuals ~12h post-MRI. Tissue blocks associated with
identified ROls were dissected from radiographically affected in-
dividuals first, using anatomical landmarks and MRI scan images
as a guide. Where no hyper-intense MRI signal was detected in
a particular spinal region (i.e., R1, R2, R3, R4), a standardized ~3
vertebrae long sample block corresponding to the mid-point of
the unaffected location was excised, as per Munday et al. (2016).
Sample blocks corresponding to the location of ROls in each af-
fected individual were then dissected out of the corresponding
(i.e., weight-matched) radiographically unaffected individual, as
well as any ROls observed in the unaffected individuals. Excised
blocks were weighed (g), then fully immersed in 400-700mL (de-
pending on tissue block size) of 10% neutral-buffered formalin
(ThermoFisher Scientific Ltd).

2.6 | Tissue decalcification and histological analysis

Extracted samples were decalcified and paraffin-embedded accord-
ing to standard protocols. Due to their size, each block was subdi-
vided into 2-4 samples of approximately equal size. Samples were
then cut into 4 pm sections and stained with haematoxylin and eosin
(Leica® Autostainer XL). Mounted sections were examined with a
compound microscope by an experienced pathologist familiar with
histological changes associated with spinal curvature pathology in
Chinook salmon, and any pathologic changes (i.e., deviation from
presentation of histologically normal tissue) were described and re-
corded. These broadly comprised presence or absence of basophilic
material and fluid (indicative of inflammation), blood vessel prolif-
eration, changes to the structural appearance of intervertebral liga-
ments, vertebral bone and peri-vertebral muscle, and the structure

of collagen fibres present (i.e., mature/immature).

2.7 | Data and statistical analysis

Results were reported as means +standard error (SE) for continuous
data, and as median values for discrete data. Statistical significance
was accepted at p <.05. Fisher's exact tests with post-hoc Bonferroni
correction were used to evaluate associations of MRI ROI type with
spinal curvature type and histopathology type, respectively.
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FIGURE 1 Non-pathologic magnetic
resonance signal in Chinook salmon.
Sagittal (a) and axial (b) T2-weighted
SPACE magnetic resonance images of

an adult Chinook salmon Oncorhynchus
tshawytscha (body weight=3150g, fork
length=57 cm) showing non-pathologic
signal hyper-intensity associated with the
intervertebral discs (crosshairs). Location
of crosshairs in a corresponds to that of
crosshairsin b.

3 | RESULTS

3.1 | Radiological (X-ray) observations

Fifty-five curvatures were observed across the 13 individuals with
rSC (Table 2). The number of curvatures per individual ranged from 1
to 9. Curvatures were found in all spinal regions, but primarily mani-
fested in R2 and R3. Lordosis and kyphosis occurred with a similar
frequency, with lordosis mainly observed in R1 and R3 and kyphosis
in R2 and R4. Scoliosis was less prevalent than the other two types,

and predominantly occurred in R3.

3.2 | MRI scan observations

Sixty ROls corresponding to MRI signal hyper-intensity were de-
tected on T2-weighted MRI scans of 12 individuals with rSC and
two without rSC (Table 3). The number of ROIs per individual ranged
from 1 to 7, but was higher for individuals with rSC. Most ROIs were
observed in the posterior spinal regions, predominantly R3.

Of the body regions without pathologic MRI signal hyper-
intensity that were also sampled (n=88), most (73%, n=64) were
from individuals without rSC.

Three discernible types of MRI signal hyper-intensity were ob-
served within the identified ROIs. Type A (Figure 2) presented as
a distinct unilateral hyper-intensity which was highly localized to
the periphery of the spinal column, though it frequently prolifer-
ated out along the horizontal, and occasionally vertical, septum. In
contrast, Type B (Figure 3) presented as dull “cloudy” signal that was
not localized to the spinal column or unilateral. Although this sig-
nal type rarely affected either septum, on axial scans, it was often
observed to infiltrate the peri-vertebral muscle blocks. Both signal
types were clearly visible on axial scans. Type B was less detectable
on sagittal scans than Type A, but often presented in this plane as
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scattered black and grey patches. Large Type A lesions, especially
those which proliferated out into the horizontal septum, presented
as thick bright lines on sagittal scans, while small lesions confined
to the peri-vertebral area presented as small bright white dots in
this plane.

ROIs detected in some individuals possessed elements of both
Types A and B and were thus designated as a third signal type, C
(Figure 4). As in Type A, Type C signal presented as bright hyper-
intensity which expanded into the horizontal septum, but was also
accompanied by a duller, less distinct Type B-like hyper-intensity
that extended from the peri-vertebral connective tissues into the
surrounding muscle.

Of the 60 ROIs identified on MRI scans, 43 (72%) were Type A,
13 (22%) were Type B and 4 (7%) were Type C. Most individuals with
detectable MRI ROIs possessed only Type A (71%, n=9), with one
individual having Type B only, 2 having both A and B, and 2 having all
three types. Irrespective of type, MRI hyper-intensity was more fre-
quently observed where curvatures were present than not, with 43
of the 60 ROIs (72%) located in spinal regions where at least one cur-
vature was detected. The remaining 17 ROls that occurred in regions
without curvatures were from two individuals without rSC (n=4, all
Type A) and a further four individuals with mild rSC.

There was no significant association between MRI ROI type and
the type of curvatures found in the region the ROl was detected
in p=.99. However, Type A lesions observed in scoliotic regions
appeared to occur exclusively on the concave side of the scoliotic
curve. No such observations were apparent for regions of lordosis

or kyphosis.

3.3 | Histopathology

Histological lesions were visible in 46 (77%) of the 60 samples taken
from MRI ROls. In contrast, histological lesions were only observed
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in 4 (5%) of the 88 samples taken from regions without pathologic
MRI signal hyper-intensity. Two of these samples were from one in-
dividual without rSC and the other two from the individual that had
radiographic, but not visual, rSC.

TABLE 2 Occurrence of radiographic spinal curvature (rSC)
types (L=lordosis, K=kyphosis, S=scoliosis) in spinal regions R1-
R4 (R1=vertebra (V)1-8, R2=V9-31, R3=V32-50, R4=V51-62+) of
farmed adult Chinook salmon (Oncorhynchus tshawytscha).

Spinal region

Spinal curvature type R1 R2 R3 R4 Total
L 6 3 9 3 21
K 0 9 1 10 20
S 2 4 7 1 14
Total 8 16 17 14 55

Note: n=13.

Three distinct types of histological lesions were observed. The
first was classified as Type 1 (Figure 5) and appeared as expansion
of the peri-vertebral connective tissues, especially the horizontal
septum, with large quantities of loosely-arranged connective tissue,
which sometimes presented within a background of basophilic ma-
terial. The arrangement of the connective tissue and the basophilic
appearance of the surrounding tissue was consistent with early fi-
brosis within an area of high fluid content. As this reaction was often
confined to the peri-vertebral connective tissue that extended into
the horizontal septum, it often appeared as a ‘Y’-shaped pale area
within the sections. The early fibrosis and basophilic material was
confined to the connective tissues and rarely extended into the sur-
rounding skeletal muscle.

Type 2 histological lesions were defined by the presence of
connective tissue infiltrating the peri-vertebral skeletal muscle
(Figure 6). In contrast to the connective tissue within Type 1 lesions,
the infiltrating connective tissue was more densely and regularly ar-

ranged and was not associated with basophilic background material.

TABLE 3 Regions of signal hyper-intensity (ROIs) detected on sagittal and axial T2-weighted SPACE magnetic resonance scan images of
farmed adult Chinook salmon (Oncorhynchus tshawytscha) with and without radiographic spinal curvature (rSC).

Group N # individuals with ROIs Total # ROIs
No rSC 11 2 4
rSC 13 12 56
All 24 14 60
Note: N=24.

ROI spinal region

Median # ROIs per individual R1 R2 R3 R4
2 0 0 2 2

5 2 13 27 14
4.5 2 13 29 16

FIGURE 2 Type A pathologic magnetic resonance signal in Chinook salmon. Type A signal hyper-intensity (white arrows) as observed

on sagittal (a), axial (b) and coronal (c) T2-weighted SPACE magnetic resonance scans of a farmed adult Chinook salmon (Oncorhynchus
tshawytscha) (body weight=3810g, fork length=57 cm). Type A presented as a distinct hyper-intense signal which was unilateral and highly
localized to the peri-vertebral region, particularly the horizontal septum. Location of crosshairs in a corresponds to that of crosshairs in

b andc.
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FIGURE 3 Type B pathologic magnetic
resonance signal in Chinook salmon. Type
B signal hyper-intensity (black arrows with
white outline) as observed on sagittal

(a) and axial (b) T2-weighted SPACE
magnetic resonance scans of a farmed
adult Chinook salmon (Oncorhynchus
tshawytscha) (body weight=2760g, fork
length=52cm). Type B presented as dull
“cloudy” signal which was not localized

to the peri-vertebral region and often
proliferated into the surrounding skeletal
musculature. Location of crosshairsin a
corresponds to that of crosshairs in b.

FIGURE 4 Type C pathologic
magnetic resonance signal in Chinook
salmon. Type C signal hyper-intensity

as observed on sagittal (a) and axial (b)
T2-weighted SPACE magnetic resonance
scans of farmed adult Chinook salmon
(Oncorhynchus tshawytscha) (body
weight=4440g, fork length=57cm).
Type C hyper-intensity presented as a
combination of both Type A (b, white
arrow) and Type B (b, black arrows with
white outline) signal hyper-intensity.
Location of crosshairs in a corresponds to
that of crosshairs in b.

The dense connective tissue was sometimes attached to the perios-
teum of the vertebra, but this feature was not present in all sections.
The connective tissue infiltrated between muscle fibres, with sep-
aration of fibres often visible. A significant proportion of the peri-
vertebral muscle was replaced by fibrosis in some sections.

Some sections had features of both Type 1 and Type 2 lesions.
For many of these sections, either the degree of intramuscular fi-
brosis or the degree of expansion of the connective tissue by loose
fibrous tissue was more prominent and these were classified using
the predominant feature. However, some had significant changes
that represented both Type 1 and 2 classifications, and these were
classified separately as Type 3.

Of the three histological types, Type 1 lesions were observed
most frequently, with 25 (54%) of the 46 samples taken from MRI
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ROIs having histological lesions of this type (Table 4). Fifteen
(33%) of the 46 MRI ROIs with histological lesions had Type 2,
and the remaining 6 (13%) had Type 3. All 4 (100%) of the sam-
ples taken from regions without pathologic MRI signal that had
histological lesions had Type 1. Of the 14 MRI ROIs that did not
have histological lesions, 10 (71%) were Type A and 4 (29%) were

Type B.

There was a significant association between MRI ROI type and
histological lesion type (Fisher's exact test, p <.001). Post-hoc com-
parisons using Bonferroni correction revealed that Type A ROls
were significantly associated with Type 1 lesions (p=.05), and Type
B ROIs with Type 2 lesions (p=.01). While Type C ROIs were most
frequently associated with Type 3 histological lesions, the associa-
tion was not significant (p=.47).
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FIGURE 5 Type 1 histological changes associated with pathologic magnetic resonance signal in Chinook salmon. (a) The horizontal
septum and peri-vertebral connective tissues are expanded by loosely arranged connective tissue and pale basophilic material. The
brightness of this material within the MR scans is consistent with a high water content within these areas. The expansion results in a
‘Y’-shaped dilation of the connective tissue immediately adjacent to the vertebral bone (arrows), which could also be observed on the
corresponding MRI scan. H & E 25x magnification. (b) The horizontal septum is expanded by loose connective tissue. Note that the reaction
is confined to the peri-vertebral connective tissue and does not significantly involve the adjacent skeletal muscle (lower left corner of the

photomicrograph). H & E 200x magnification.

FIGURE 6 Type 2 histological lesions associated with pathologic magnetic resonance signal in Chinook salmon. (a) The peri-vertebral
connective tissue contains increased quantities of dense connective tissue that extends into the surrounding skeletal muscle. The
horizontal septum is not significantly expanded. Vertebral bone is indicated by arrows. H & E 25x magnification. (b) The dense connective
tissue surrounds muscle bundles, but also infiltrates within muscle bundles causing separation of individual muscle fibres. H & E 200x

magnification.

4 | DISCUSSION

The results show that MRI was able to detect peri-vertebral soft-
tissue pathology in farmed Chinook salmon, and that regions
of hyper-intense signal indicative of musculoskeletal pathology
(Garcia, 2000; May et al., 2000; Steinbach et al., 1994; Theodorou
et al.,, 2012) were significantly associated with both the presence
of spinal curvatures and histologically-evident inflammation and fi-
brosis. These findings support the proposed hypothesis and provide

evidence of a direct relationship between spinal curvature and soft-
tissue pathology.

MRI ROIs were detected more frequently in individuals with spi-
nal curvature and were strongly associated with curvature location.
Since locomotion in salmonids and other finfish is achieved via the
closely coupled actions of the spinal column and skeletal muscula-
ture (Kisia & Onyango, 2005), these associations may reflect the rela-
tive involvement of different spinal regions in swimming. As Chinook
salmon and other salmonids exhibit sub-carangiform swimming, the
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TABLE 4 Associations between pathologic magnetic resonance
imaging (MRI) region of interest (ROI) types (A-C) and histological
lesion types (1-3) in farmed Chinook salmon (Oncorhynchus
tshawytscha).

Histological lesion type

No histological

MRI ROl type lesions 1 2 3 Total
A 10 24* 8 1 43

B 4 1 6* 2 13

c 0 0 1 3 4
Total 14 25 15 6 60

Note: n=46. Asterisks (*) indicate statistically significant associations
between MRI ROl type (A, B, C) and histological lesion type (1, 2, 3) as
determined by Fisher's exact test with post-hoc Bonferroni correction.

abdominal and posterior spinal regions are heavily recruited, while
regions near the head have little involvement. The tail region (R3)
in particular is expected to experience the greatest mechanical
forces and the post-cranial region (R1) the least (Fjelldal, Hansen,
et al., 2009). In the current study, almost half of MRI ROls were de-
tected in R3, where curvature prevalence was highest, while just two
were observed in the post-cranial region (R1), which had the lowest
curvature prevalence of the four identified spinal regions. Patterns
in the prevalence of spinal curvature and MRI signal hyper-intensity
may therefore be reflective of application of different forces in
the different regions of spinal column. This has been postulated to
explain regional differences in the development of vertebral com-
pression in Atlantic salmon (Fjelldal, Hansen, et al., 2009). A recent
study examining the effects of exercise training on the physiology
of Chinook salmon also demonstrated differences in swimming dy-
namics between individuals with and without mild scoliosis (Prescott
et al., 2023). Affected individuals were observed to invest greater
effort in achieving a given swimming speed, took longer to recover
from exhaustive exercise, and had a different muscle fibre and body
composition compared to individuals without curvature (Prescott
et al., 2023). Observations from both the current and previous stud-
ies therefore collectively suggest that swimming mechanics and cur-
vature are linked, but further research is required to understand how
forces generated during swimming are related to the development of
curvature and the associated soft-tissue pathology.

Three different types of signal hyper-intensity (ROls) were de-
tected on MRI scans. Histological examination confirmed that these
types represented various stages of inflammation and fibrosis. Type
A lesions were the most common and presented as a bright unilat-
eral signal which was highly localized to the peri-vertebral connec-
tive tissues and associated septa, particularly the horizontal septum.
Localized pathologic signal hyper-intensity on T2-weighted MRI scan
images is strongly indicative of edema, the accumulation of fluid that
occurs as an acute inflammatory response to soft-tissue trauma
(Garcia, 2000; Kumar et al., 2016; Steinbach et al., 1994; Theodorou
et al.,, 2012; Winkler et al., 2011). Type A signal was significantly
associated with Type 1 histological lesions, which exhibited a high
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water content and loosely arranged connective tissue indicative of
edema and early fibrosis respectively. Munday et al. (2016) observed
similar histological lesions: Chinook salmon with spinal curvature ex-
hibited unilateral fibrosis confined to the peri-vertebral connective
tissues and horizontal septum. However, few individuals in Munday
et al. (2016) were observed to have the accompanying basophilic
material, which the authors postulated to be exudate (fluid leakage)
indicative of early-stage inflammation. Thus, while the age and size
of individuals in the current study are consistent with that of the
individuals examined in Munday et al. (2016), they appear to have
presented with earlier stages of the inflammatory process. This
could be due to variation in the timing of influence of factors that
contribute to the inflammation, or possibly genetic differences in
susceptibility and/or inflammatory response between the popula-
tions. Alternatively, areas containing basophilic material may have
been present in more individuals in Munday et al., (2016), but may
not have been captured due to the non-targeted sampling approach.

Type B lesions were less prevalent than Type A and were charac-
terized as bilateral, non-localized “cloudy” areas of signal which in-
filtrated the surrounding skeletal muscle. These signal features were
more consistent with mature fibrosis, which is generally considered
to follow inflammation and edema as muscular injury resolves, and
thus presents as areas of duller MRI signal intensity (Steinbach
et al., 1994; Theodorou et al., 2012; Winkler et al., 2011). This was
supported by the significant association between Type B and Type
2 histological lesions, which presented as dense, regularly-arranged
connective tissue in the absence of basophilic material. Unlike Type
A, these lesions infiltrated the skeletal musculature, rather than
being localized to the peri-vertebral connective tissues and associ-
ated septa, which has been previously observed in severely affected
fish (Munday et al., 2016). This is consistent with Type B MRI sig-
nals representing a more advanced stage of the reparative process
than Type A, as mature fibrosis is considered a ‘hallmark’ of chronic
inflammatory response processes (Munday et al., 2016; Saifuddin
etal., 1996).

Although they were not significantly associated with any of the
identified histological types, Type C ROls exhibited features of both
Type Aand B ROIs. The presence of this type therefore could be con-
sidered an intermediate stage of the reparative process. However, it
more plausibly represents the early stages of a secondary muscular
insult, possibly incurred by imposition of muscle forces on the exist-
ing fibrotic (Type B) lesion. Indeed, the junction between healed and
normal tissues (i.e., area of fibrosis) following recovery from injury
often becomes the weakest part of the unit, and thus susceptible
to re-injury. In humans, MRI signal hyper-intensity develops in the
presence of existing fibrosis after repeated muscle insult, such as
in overuse (Steinbach et al., 1994). Recurrent or chronic muscle in-
sult therefore constitutes a vicious cycle of inflammation and sub-
sequent fibrosis, disuse atrophy and fat infiltration, which increases
the stiffness of the affected muscle and predisposes it to further
injury (Kumar et al., 2016; May et al., 2000; Theodorou et al., 2012).

In humans with scoliosis, the paravertebral muscle on the con-
cave side of the curvature shortens, stiffens, and atrophies, but
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lengthens and hypertrophies on the convex side (Kim et al., 2013;
Saifuddin et al., 1996). This may explain why Type A signal was
consistently on the concave side of scoliotic, but not lordotic or
kyphotic, curvatures. In salmon, the range of motion is greater in
the lateral plane than the dorso-ventral plane, as this facilitates
the generation of force required to achieve forward locomotion.
The lateral body movements associated with swimming, especially
those associated with anaerobic burst swimming, could therefore
forcibly cause the shortened muscle on the concave side of the
curvature to lengthen and over-exert, resulting in further damage
and triggering a secondary inflammatory process. Such processes
would be less likely to occur in the presence of lordosis and ky-
phosis, as there is limited movement of the salmon spine in the
vertical plane. Consequently, the high prevalence of soft-tissue
pathology in R3 may not necessarily be due to the presence of
curvature in general, but scoliosis specifically, which occurred
with the highest frequency in this region. Recent evidence pro-
vides support for this theory - Prescott et al. (2023) found that the
muscle fibre, protein, and lipid composition of the left and right
fillets of Chinook salmon with mild scoliosis was significantly dif-
ferent, and was suggested to be the result of differences in muscle
contractile forces exerted during swimming. Further investigation
of patterns of curvature in relation to swimming behaviour would
therefore presumably be beneficial for understanding the impor-
tance of swimming behaviour and mechanical force distribution on
curvature development.

Collectively, the paired MRI and histology results appear to in-
dicate a chronology of repair from some sort of muscular insult,
which either initiates the development of curvature or arises sec-
ondarily. Munday et al. (2016) concluded that fibrosis observed in
individuals with curvature was likely associated with a chronic in-
flammatory process. However, in the absence of a definitive cause
of the initial inflammation, excessive musculature or high intensity
exercise resulting in muscular strain and subsequent damage to
the peri-vertebral muscle and connective tissues was proposed.
Observations in the current study are consistent with this theory.
Muscle exertion beyond the usual range of tensile forces causes
rupture of muscle fibres, usually accompanied by haemorrhage,
which subsequently initiates a cascade of acute through chronic
phases of inflammation, including edema and infiltration and pro-
liferation of inflammatory and stem cells with fibroblastic poten-
tial (Steinbach et al., 1994). The latter forms neo-collagen, which,
after cross-linking, matures into “scar tissue” that persists long
after the acute inflammatory response has resolved. This process
is reflected in the early fibrosis and basophilic material observed
in Type A MRI ROIs and the subsequent mature fibrosis that char-
acterized Type B ROls.

Condition factor has been consistently cited as a risk factor for
curvature development in Chinook salmon (Perrott et al., 2020;
Scholtens et al., 2023). It is possible that individuals with a high con-
dition factor exert excessive mechanical forces on the spine during
swimming, resulting in injury to the spine and the subsequent de-
velopment of curvature. While there were no observed differences

in condition factor between unaffected and affected individuals in
the current study, the study population was of harvest-size. Affected
individuals therefore likely had possessed curvature for a sustained
period, which could have influenced their condition factor (e.g.,
through malnutrition or body shape distortion). It therefore remains
possible that differences in condition factor existed prior to the
onset of curvature and could have contributed to its development.
Future studies on individuals at earlier stages of production (i.e., im-
mediately prior to the window of radiographic onset of curvature)
would help to ascertain this.

Muscle strain generally occurs at the musculo-tendinous junc-
tion, which is the weakest part of the muscle-tendon-bone unit due
to the reduced elasticity of the muscle at this intersection (Steinbach
et al., 1994; Theodorou et al., 2012). In the current study, MRI ROls
and histological lesions were frequently associated with the hor-
izontal and vertical septa, the collagenous sheets of connective
tissue primarily responsible for transferring muscular force to the
spine (Johnston et al., 2011). This is consistent with the observa-
tions of Perrott et al., 2020, who reported that the white (anaerobic)
muscle of Chinook salmon from a farmed population with a known
high incidence of spinal curvature had a significantly lower Type |
collagen content and more immature collagen cross-link profiles -
indicative of reduced connective tissue integrity - than individuals
from a farm with a low incidence of curvature. Why only Type A
signal was associated with the septa remains to be determined, but
potentially the initiating inflammatory process develops in the con-
nective tissues and only later affects the surrounding skeletal mus-
cle as fibrotic repair progresses (Munday et al., 2016). High intensity
exercise and/or significant muscle growth could theoretically exert
excessive muscular force on the connective tissues and/or muscle
at the musculo-tendinous junction and compromise their integ-
rity, resulting in subsequent damage to the associated myotomes
(Munday et al., 2016). It is also possible that the observed soft-
tissue lesions are driven by compromised integrity of the muscle
and/or connective tissues (i.e., without excessive muscular force)
due to some sort of failure in their structure or development. As
previously suggested by Munday et al. (2016), this failure may either
pre-dispose individuals to micro-trauma, or occur as a result. While
the contributing factors remain to be identified, previous studies
of spinal curvature in farmed Chinook salmon have cited genetics,
inadequate nutrition, high-intensity exercise, fast growth, sexual
maturation, infectious agents, and temperature as being of poten-
tial importance (Lovett et al., 2020; Munday et al., 2016). Further
research to characterize the development and integrity of muscle
and connective tissues in farmed Chinook salmon with and without
curvature and understand the influence of such factors on these
processes, both prior to and following curvature onset, could there-
fore help to identify the cause(s) of curvature.

Whether the proposed muscle strain occurs before or after the
development of curvature cannot be determined in the current
study, given experimental individuals were only examined at one
point in time - harvest. At this point, curvatures would have been
at an advanced stage of development. However, the results suggest
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the soft-tissue changes may develop first, as nearly a third of the
ROIs (28.33%) were detected in spinal regions without radiographic
curvature. Most of these ROIs were Type A and came from the two
individuals with MRI ROls that had no evidence of rSC. These find-
ings are similar to those previously reported by Munday et al. (2016),
where peri-vertebral fibrosis was observed in five individuals with-
out radiographic spinal curvature. These individuals may have been
at an earlier stage of the inflammatory response - i.e., before the
fibrosis or curvature had established. Consequently, there is some
evidence to suggest that the inflammatory changes may drive the
development of curvature, rather than arising secondarily. It seems
plausible that peri-vertebral fibrotic lesions incurred by a chronic in-
flammatory process could cause an imbalance of muscular forces on
the spine and produce curvature. Asymmetric loading of mechani-
cal forces has been previously proposed as a mechanism for spinal
curvature development in this species (Perrott et al., 2018), and re-
cent observations by Prescott et al. (2023) support this theory. In
the absence of measurement of these forces, we can only speculate
on their relative importance to curvature development, but future
research could help elucidate this.

Some of the MRI ROIs were histologically normal, but this was
likely because many Type A lesions were observed on only 1-2 slices
in a given MRI scan ROI, while the histological sample blocks ex-
cised from ROIls often measured several centimetres across. Small
lesions could therefore have gone undetected. Alternately, some of
the regions without pathologic hyper-intense MRI signal were found
to have histological lesions, suggesting that these may have been
true lesions that simply were not significant enough to produce a
signal on MRI.

The observed associations between curvature and inflammatory
and fibrotic lesions detected on MRI scans provide evidence that
soft-tissue pathology is directly associated with the development of
spinal curvature, and may be related to a mechanical loading issue.
Further investigation is therefore required to evaluate a possible
mechanical aetiology. Torpy et al. (2023) recently demonstrated that
both MRI and CT imaging can be used to diagnose musculoskeletal
ailments in large live fish - in their case a 13kg Showa koi (Cyprinus
carpio) with a spinal injury involving vertebral subluxation and asso-
ciated spinal cord myelomalacia (softening). While future technolog-
ical advancements are required to make MRI more accessible and
user friendly (i.e., portability), it is nevertheless a valuable tool for
the future investigation of finfish musculoskeletal health and condi-
tions, including spinal curvature. For farmed New Zealand Chinook
salmon, the progression of soft-tissue changes associated with cur-
vature development can continue to be interrogated using MRI by
lethally sampling and scanning a subset of individuals from the same
population at frequent intervals throughout seawater production.
This targeted sampling and the resulting information may then be
used to infer whether the changes occur secondarily or prior to cur-
vature development, and therefore whether further research should
focus predominantly on bone (i.e., skeletal) or soft tissues (i.e., neu-

romuscular) as the primary affected tissue.
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