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Abstract

Sheep are one of the many animal models used to investigate the pathophysiology of disc degeneration 
and the regenerative strategies for intervertebral disc (IVD) disease. To date, few studies have thoroughly 
explored ageing of ovine lumbar IVDs. Hence, the objective of the present study was to concomitantly assess 
the development of spontaneous age-related lumbar IVD degeneration in sheep using X-ray, magnetic 
resonance imaging (MRI) as well as histological analyses.
 8 young ewes (< 48 months old) and 4 skeletally mature ewes (> 48 months old) were included. Disc height, 
Pfirrmann and modified Pfirrmann grades as well as T2-wsi and T2 times were assessed by X-ray and MRI. 
The modified Boos score was also determined using histology sections.
 Pfirrmann (2 to 3) and modified Pfirrmann (2 to 4) grades as well as Boos scores (7 to 13) gradually increased 
with ageing, while T2-weighted signal intensity (1.18 to 0.75), T2 relaxation time (114.36 to 70.65 ms) and 
disc height (4.1 to 3.2 mm) decreased significantly. All the imaging modalities strongly correlated with the 
histology (p < 0.0001).
 The present study described the suitability of sheep as a model of age-related IVD degeneration by 
correlation of histological tissue alterations with the changes observed using X-ray and MRI. Given the 
structural similarities with humans, the study demonstrated that sheep warrant being considered as a 
pertinent animal model to investigate IVD regenerative strategies without induction of degeneration.
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structures (AF, NP and endplate) of the IVD and at 
different levels (cellular, ECM, neurovascular, etc.) 
(Fusellier et al., 2020). The most suitable model has to 
be ethical and cost-effective and the conditions for the 
study should be reproducible. Above all, the model 
has to mimic the pathological features of human 
IVD as closely as possible (Alini et al., 2008; Singh 
et al., 2005). To investigate IVD pathophysiology, 
spontaneous and induced IVD degeneration have 
been widely used in animal models. Induction of 
the IVD degeneration can be triggered mechanically 
(e.g. by fusion, with consequent instability of adjacent 
segments), chemically (e.g. by chemonucleolysis) 
or by injury (e.g. by endplate injury, annulotomy 
or nucleotomy) (Daly et al., 2016). Nevertheless, 
induction of IVD degeneration is invasive and can 
be time-consuming, as a considerable amount of time 
can be required to allow the onset and development 
of the degenerative process, depending on the 
induction modality used. For example, discectomy 
induces IVD degeneration after approximately 6 
weeks (Sloan et al., 2020), while instability only 
induces this degeneration after at least 9 months 
(Fusellier et al., 2020). Additionally, IVD degeneration 
triggered by inductive methods can drastically 
influence the outcomes of the tested regenerative 
therapies, particularly in case of chemonucleolysis 
due to residual enzyme activity (Fusellier et al., 
2020). Moreover, human IVD degeneration is not 
always caused by injury, as ageing is one of the main 
factors involved and many patients diagnosed with 
IVD degeneration do not exhibit LBP. Consequently, 
inducing degeneration does not always result in 
the intended purpose of mimicking the changes 
that occur naturally in human degenerative IVDs. 
Thus, age-related spontaneous IVD degeneration 
animal models appear to be the most appropriate 
way to investigate this affliction. Spontaneous 
IVD degeneration has been well described in a 
number of species [e.g. sand rat (Gruber et al., 2002), 
chondrodystrophic dog (Bergknut et al., 2012), rabbit 
(Clouet et al., 2011), mouse (Ohnishi et al., 2018), non-
human primates such as baboon (Craig Platenberg et 
al., 2001), macaque (Nuckley et al., 2008) and sheep 
(Nisolle et al., 2016)]. In this last study, the naturally 
occurring changes were evaluated by imaging 
modalities (MRI and CT) but the histological features 
were not described or correlated to the changes seen 
by MRI and CT. In addition to anatomical similarities, 
ovine and human IVDs have also been reported 
to have common biomechanical and histological 
features (Daly et al., 2016; Reid et al., 2002; Schmidt 
and Reitmaier, 2013; Sheng et al., 2010; Wilke et al., 
1997a; Wilke et al., 1997b). Therefore, sheep IVDs can 
be considered to be a pertinent model of human IVD 
degeneration (Reitmaier et al., 2017). Consequently, 
the aims of the present study were (i) to assess 
the age-related spontaneous IVD degeneration in 
ovine lumbar spine by concomitant use of imaging 
features (MRI and X-ray) and histological tools; (ii) to 
determine whether there was a correlation between 

MR  magnetic resonance
MRI  magnetic resonance imaging
NP  nucleus pulposus
ROI  region of interest
SEM  standard error of the mean
T2-wsi  T2-weighted signal intensity

Introduction

LBP is a major issue not only from a medical 
perspective but also in terms of its societal and 
economic impact. Indeed, LBP is one of the most 
common causes of disability and a significant 
economic burden (Geurts et al., 2018; Hoy et al., 
2014; Kigozi et al., 2019), with an estimated cost 
of 87.6 billion dollars in 2013 in the United States, 
making it the third-highest healthcare cost after 
diabetes and ischemic heart disease (Dieleman et 
al., 2017). LBP is multifactorial and can be related 
to changes occurring either in IVD, endplates, facet 
joints, vertebral bone marrow or spinal muscles. 
IVD degeneration is thought to be one of the main 
causes of LBP (Khan et al., 2017) and 266 million 
individuals worldwide are affected each year by 
LBP due to degenerative disc disease (Ravindra et al., 
2018). LBP due to IVD degeneration is also referred 
to as discogenic back pain (De Schepper et al., 2010; 
Luoma et al., 2000). IVD degeneration is defined as 
an “aberrant cell-mediated response to progressive 
structural failure” (Adams and Roughley, 2006). 
Age is one of the main factors associated with 
degeneration, although various mechanical, genetic, 
nutritional and environmental factors can mimic the 
age-related changes that occur in IVDs (Adams and 
Roughley, 2006). Age-related changes in the IVD 
correspond to naturally occurring cell senescence, 
whereas pathological IVD degeneration refers to the 
precocious modifications in the tissue composition 
caused by these various factors (Wang et al., 2016). The 
initiating mechanisms differ between IVD senescence 
and degeneration but, since they result in the same 
histological modifications of the IVD tissue, the term 
“IVD degeneration” is frequently used to define both 
mechanisms.
 In light of the high prevalence of discogenic 
back pain, it appears essential to understand the 
complex mechanisms that lead to IVD degeneration. 
A better understanding of this pathogenesis would 
help with the development of treatments to reduce 
the degenerative process, limit its onset or repair 
damaged IVDs. For this purpose, many in vitro, in 
vivo and ex vivo studies have been carried out (Alini 
et al., 2008; Clouet et al., 2019; Fusellier et al., 2020). 
As the investigation of human tissues can be limited 
due to the difficulties of obtaining human histological 
material, preclinical animal models are an attractive 
option.
 Numerous preclinical animal models have 
been developed to study IVD degeneration and to 
investigate the changes that occur in the various 
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the results obtained using the different imaging 
methods and histology in this species. The authors 
hypothesised (i) that spontaneous degeneration of 
the lumbar ovine IVD could be assessed analysing 
both imaging and histological features and (ii) that 
imaging correlated with histological scoring of 
IVD degeneration in the sheep model. If there was 
such a correlation, the imaging characteristics of 
IVD degeneration could provide an alternative to 
systematic histological assessment of degeneration, 
which would be of considerable relevance in 
longitudinal studies using sheep as a large animal 
model.

Materials and Methods

Cohort
12 sheep were used for the study. 8 were skeletally 
immature female sheep that were less than 48 months 
old (group 1) and 4 were skeletally mature females 
that were more than 48 months old (group 2). As 
epiphyseal fusion of the vertebral bodies occurs at 
the age of 4 years and is one of the last epiphysial 
fusions in sheep (Barone, 2010; Moran and O’Connor, 
1994), ewes older than 4 years were included in the 
second group.
 The cohort came from an accredited farm 
(GAEC HEAS farm, Ligné, France). All the sheep 
underwent distant and close physical, orthopaedic 
and neurological examinations. To evaluate the 
presence or absence of LBP and neurological 
disorders, palpation of the lumbar area was 
performed and a criterion scale was applied to 
evaluate the behaviour of and the pain in the sheep. 
This scale assessed alertness (normal, increased, 
reduced or lethargic), posture (standing or lying 
down), standing posture, if applicable (stationary, 
normal movement, careful movement, movement 
without flexion of the hindlimbs), head position 
while standing (normal or low), head position 
while moving (normal or low), presentation of back 
and hindlimbs (normal or abnormal, arched back), 
vocalisation (normal bleating, moaning, cringing), 
appetite (normal, dysorexia or anorexia), reaction 
when the operator approached (quick escape, 
slow escape, no escape). Animals were excluded 
if they presented any orthopaedic or neurological 

disorders. All animal experiments were carried out in 
accordance with EU Directive 2010/63/EU. The study 
was approved by the French Ministry of Agriculture 
and the ethics committee of the Pays de la Loire 
(Ethics Approval number: CEEA-PDL APAFIS 6170).

X-ray and MRI
Sheep were anaesthetised for the imaging procedures. 
The anaesthetic protocol included intravenous 
injections of diazepam (0.2-0.4 mg/kg) and ketamine 
(2-5 mg/kg) and induction by intravenous injection 
of propofol (1-3 mg/kg) followed by inhalation of 
1-3 % isoflurane.
 Plain radiographs of the lumbar spine were taken 
using a radiography machine (Convix 80 generator® 
and Universix 120® table, Picker International, 
Uniontown, OH, USA). Sagittal and dorsoventral 
radiographs were performed with a collimator-to-
film distance of 1 m, an exposure of 20-30 mAs and 
a tube voltage of 70-85 kV. Fluoroscopy, included 
in the radiography equipment, was used to check 
the absence of rotation (superposition of the ilium 
wings and crests and of the transverse processes of 
the lumbar vertebrae).
 MRI of the entire lumbar spine was performed 
using a 1.5 T MR scanner (Magnetom Essenza®, 
Siemens Medical Solutions) using a standard body 
coil to obtain sagittal and axial T2-weighted images 
and sagittal T2 mapping images. MRI acquisition 
parameters are listed in Table 1.

Image analysis
Images were analysed using Horos software 3.0® 
(Horos Project, Geneva, Switzerland). X-ray images 
were used to determine the number of lumbar IVDs, 
as they vary between 5 and 6 in sheep, and to verify 
the absence of a major bone disease (congenital 
malformation of the vertebrae, old fracture, tumour) 
or spondylodiscitis. The lumbar MDH of all lumbar 
intervertebral spaces was measured on the sagittal 
radiographs between the midpoint of the caudal 
endplate of the cranial vertebra and the midpoint 
of the cranial endplate of the caudal vertebra as 
described by Lee et al. (2017) (Fig. 1).
 Lumbar IVDs were evaluated on T2-weighted 
sagittal MRI sequences using the five-point Pfirrmann 
grading system (Pfirrmann et al., 2001), which is 
based on MR signal intensity, distinction between 
NP and AF, IVD structure and IVD height. To better 

Table 1. MRI parameters.

Sagittal T2-weighted 
fast spin echo

Axial T2-weighted fast 
spin echo T2 mapping

Repetition time (ms) 3,000 6,520 1,510
Echo time (ms) 86 98 13.8/27.6/41.4/55.2/69
Flip angle (°) 120 120 180
Matrix 512 × 512 448 × 448 256 × 264
Section thickness (mm) 3 2.5 3
Number of signals acquired 7 30 7
Bandwith 200 190 225
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detect the early changes in degenerative IVDs, the 
modified Pfirrmann grading system was also applied 
(Griffith et al., 2007). This method is based on eight 
grades characterised by the signal from the NP and 
the inner AF compared with the cerebrospinal fluid 
signal, the distinction between the inner and the 
outer part of the dorsal AF and the proportion of the 
reduction in disc height. These two human grading 
systems have already been applied for ovine IVD 
evaluation (Daly et al., 2018; Pennicooke et al., 2018). 
T2-wsi was measured on MR images of a midsagittal 
slice. This consisted of the ratio of the mean NP signal 
intensity divided by the mean spinal cord signal 
intensity, measured at the same IVD level. Finally, 
for the T2 relaxation time measurements, a ROI that 
included the NP of each lumbar disc was manually 
drawn on the sagittal T2-weighted image. This ROI 
was duplicated onto the corresponding T2 mapping 
image and the mean T2 relaxation time of the NP was 
collected.

 Pfirrmann grading, modified Pfirrmann grading 
and T2 relaxation time measurements were acquired 
from MR images by two independent blinded 
observers. Five readings of these three parameters 
were performed by each observer, with a 1-week 
interval between the readings.

Histological analysis
After having completed the imaging procedures, the 
animals were euthanised by intravenous injection of 
140 mg/kg pentobarbital.
 Lumbar IVDs were harvested and fixed using 4 % 
paraformaldehyde (in phosphate buffered saline, 
pH = 7.4) for 2 or 3 d. Then, IVDs were placed in a 
decalcifier solution (Shandon TBD-2 Decalcifier®, 
6,764,004, Thermo Fisher Scientific) for 1 month 
before being prepared for sectioning following the 
Kawamoto method (Kawamoto and Shimizu, 2000). 
They were frozen in isopentane and dry ice before 
being embedded in SCEM® (Section Lab, Hiroshima, 

Fig. 1. Sagittal X-ray. T2-weighted sagittal and T2 mapping MR images for the two ovine groups: (a,c,e) 
group 1 (< 48 months old) and (b,d,f) group 2 (> 48 months old). On the radiographs, the MDH was measured 
between the middle of the two adjacent endplates (white stars) in (a) groups 1 and (b) 2. One animal in group 
2 exhibited NP calcification (black arrow). (c) On the MR images, Pfirrmann grade I was characterised by a 
homogeneous area, isointense to the cerebrospinal fluid NP, with a clear distinction between this structure 
and the AF. (d) Grade IV was characterised by an inhomogeneous area, hypointense to the cerebrospinal 
fluid NP, with a loss of distinction between this structure and the AF. Hyperintensity of the endplates on 
T2-weighted images and T1-weighted images (data not shown) was present in 3 sheep of group 2. These 
changes correspond to Modic type 2 changes (white head arrows). T2 relaxation time was measured on T2 
mapping images. (e) The NP had a high relaxation time value (> 100 ms), indicated in red on the colour 
maps, (f) whereas this value was lower in the AF and the degenerated NP (< 50 ms) and is shown in blue or 
green on the colour maps. 
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Japan) and frozen again in isopentane and dry ice 
until the SCEM® became fully frozen. Samples were 
cut at − 30 °C in an axial orientation into 7 µm-thick 
slices using a cryostat (CryoStar NX70®, Thermo 
Fisher Scientific). Next, they were stained with HES 
and AB according to a standard protocol (Lucas et 
al., 2012). If the quality of the sample was considered 
insufficient to be accurately analysed, it was excluded 
from the histological analysis. Exclusion criteria 
corresponded to obtaining partial NP on the slice 
during the sectioning.
 These histological sections were analysed using a 
modified Boos scoring (Boos et al., 2002) that focuses 
on the NP. AF and endplates were not assessed. 
This scoring was based on the analysis of four 
criteria (decrease in cell density, granular changes, 
mucous degeneration, tear and cleft formation) 
and it was aimed at the characterisation of the 
IVD histomorphology and at the evaluation of the 
degenerative changes in the ECM. The modified 
Boos score ranged from 0, which corresponded to 
a healthy IVD without signs of degeneration, to 22, 
which corresponded to complete IVD degeneration. 
Granular and mucous degeneration was ranked 
from 0 (no changes) to 4 (complete degeneration). 
Cell death and tear and cleft formation were ranked 
from 0 to 4. Cell proliferation was ranked from 0 to 
6. The lowest score (0) corresponded to an absence of 
changes and the highest score (4 or 6) corresponded to 
complete degeneration. Two independent observers 
performed a blind evaluation of the histological 
samples. When the score differed by more than two 
points, the sample was re-examined jointly by the 
two observers who agreed on a new score that was 
retained for further analysis. If not, the mean of the 
two values was used.

Statistical analysis
The statistical analysis was performed using R 
software (version 4.0.3, The R Foundation, Vienna. 
Austria). The intra-rater reliability was assessed for 
the Pfirrmann grading, modified Pfirrmann grading 
and T2 relaxation time using a linear mixed-effects 
model. Intra-rater reliability was considered to be 
high if the value was less than 15 % and moderate if 
the value was between 16 and 50 %. The weighted 
kappa coefficient (κ) was used to determine inter-
observer reliability for Pfirrmann and modified 
Pfirrmann gradings. Agreement was excellent for 
κ > 0.8, good for κ = 0.6-0.8, moderate for κ = 0.4-0.6, 
fair for κ = 0.2-0.4 and slight for κ = 0.0-0.2. For these 
two parameters, the 5 readings were reviewed and the 
grade that was assigned the most to each IVD by each 
observer was retained for the determination of the 
inter-rater reliability. When the intra-rater reliability 
was good for the T2 relaxation time, the mean of 
the 5 values was retained for the calculation of the 
inter-rater reliability. A coefficient of determination 
was used to evaluate the inter-rater reliability for the 
T2 relaxation time. Reliability was considered to be 
excellent if R2 was above 0.75, good if R2 was between 

0.6 and 0.75, moderate if R2 was between 0.4 and 0.59 
and poor if R2 was under 0.4.
 All data are presented as medians, SEM and range. 
Correlations between age and Pfirrmann grades, 
modified Pfirrmann grades and modified Boos 
scores were analysed using Spearman correlation 
tests. Correlations between age and MDH, T2-wsi 
and T2 relaxation times were analysed using Pearson 
correlation tests. For these tests, the actual age of 
each ewe was considered and not the group they 
had been assigned to and, thus, age was considered 
as a continuous parameter. Correlations between 
the histology and each imaging parameter were 
also studied using Spearman correlation tests. 
Correlations were considered significant for p < 0.05. 
For all the imaging and histological parameters, 
significant differences between age groups were 
assessed using a Wilcoxon Mann-Whitney test. 
Differences were statistically significant for p < 0.05. 
For every linear mixed-effects model used for 
the statistical analysis (intra-rater reliability for 
Pfirrmann grading, modified Pfirrmann grading 
and T2 relaxation time and correlations between 
all imaging and histological parameters), normality 
and independence conditions of the residuals were 
validated by recommended graphs according to the 
method described by Pinheiro and Bates (Pinheiro 
and Bates, 2000) for mixed-effects models.

Results

Cohort
The cohort was composed of 12 Vendée sheep. The 
mean body weight was 31 kg for group 1 and 73 kg 
for group 2. The mean age of each group was 20.75 
months for group 1 and 90 months for group 2.
 The cohort was in good health, except for one 
animal that exhibited a moderate respiratory 
impairment. The clinical,  orthopaedic and 
neurological examinations revealed that none of the 
sheep had a musculoskeletal or neurological disorder 
or signs of LBP. None of the sheep exhibited a major 
vertebral disease and, hence, none of the animals 
were excluded from the study.

Changes in X-ray and MRI parameters
A total of 66 IVDs were studied using imaging 
modalities. MDH were determined based on X-ray 
images. MR images were used for the Pfirrmann 
and modified Pfirrmann grading, as well as to 
determine T2-wsi and T2 relaxation times. 44 IVDs 
were assessed in group 1 and 22 in group 2 (animals 
older than 48 months). In each group, the lumbar 
spine of half of the animals was composed of 5 IVDs 
while the other half had 6 IVDs.
 Analysis of the intra-rater reliability revealed 
very strong agreement for the Pfirrmann grading, 
with intra-rater values of 0.10 and 0.14. Similarly, 
the T2 relaxation times had very strong intra-rater 
values of 0.01 and 0.05. The intra-rater reliability 
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was moderate to poor for the modified Pfirrmann 
grading, with intra-rater values of 0.27 and 0.88. The 
inter-rater analysis revealed good agreement for the 
Pfirrmann grading (κ = 0.64) and moderate agreement 
for the modified Pfirrmann grading (κ = 0.54). The T2 
relaxation time measurements had excellent inter-
rater reliability (p < 0.0001, R2 = 0.87). The slope of 
the regression line between the two observers did not 
differ significantly from 1 (0.99; CI = 0.91-1.07) and 
the line intersect did not differ significantly from 0 
(7.49; CI = − 1.5-16.48).
 The median MDH values decreased from 4.1 mm 
(SEM: 0.03; range: 1.8) in group 1 to 3.2 mm (SEM: 
0.05; range: 1.6) in group 2 (Fig. 1,2). Hyperintense 
signals of the endplates were observed on both 
T1- and T2-weighted images in 3/4 of the sheep 
in group 2 (Fig. 1). These variations in the signal 
intensity correspond to Modic type 2 changes with 
fatty marrow replacement in the endplate (Modic 
et al., 2007). Modic signs were not observed on the 
endplates of group 1.
 The median values of the Pfirrmann score 
increased from 2 (SEM: 0.07; range: 2) in group 1 to 
3 (SEM: 0.06; range: 1) in group 2 (Fig. 3a,b). IVDs of 
group 1 were mainly rated grade I (13/44) or II (27/44). 
Only 4 IVDs of these sheep were rated grade III. By 
contrast, group 2 had IVDs with Pfirrmann grades 
III (15/22) and IV (7/22). The modified Pfirrmann 
grades had a similar distribution. The median value 
increased from 2 (SEM: 0.07; range: 2) in group 1 to 
4 (SEM: 0.10; range: 3) in group 2 (Fig. 3c). IVDs of 
group 1 were mainly rated grade I (10/44) or II (27/44). 

7 of the 44 IVDs were rated grade III in group 1. In 
group 2, IVDs were rated grade III (7/22), IV (9/22), 
V (4/22) and VI (2/22).
 In terms of T2-wsi, values decreased with age. The 
median T2-wsi value was 1.18 (SEM: 0.02; range: 0.41) 
and 0.75 (SEM: 0.08; range: 0.92) for groups 1 and 2, 
respectively (Fig. 4a).
 The value of the T2 relaxation time also decreased 
with age. The median T2 relaxation time value was 
114.36 (SEM: 0.57; range: 195.24) and 70.7 (SEM: 0.83; 
range: 92.3) for groups 1 and 2, respectively (Fig. 4b).
 Statistical analysis revealed a significant correlation 
between:
• age and MDH (p = 0.014, ρ = − 0.30), with 

statistically significant differences in MDH values 
between groups 1 and 2 (p < 0.0001) (Fig. 2);

• age and Pfirrmann grade (p < 0.0001, rs = 0.62), 
with statistically significant differences between 
groups 1 and 2 (p < 0.0001) (Fig. 3);

• age and modified Pfirrmann grade (p < 0.0001, 
rs = − 0.67), with statistically significant differences 
between groups 1 and 2 (p < 0.0001) (Fig. 3);

• age and T2-wsi (p < 0.0001, ρ = 0.82), with 
statistically significant differences between 
groups 1 and 2 (p < 0.0001) (Fig. 4a);

• age and T2 relaxation time values (p < 0.0001, 
ρ = − 0.73), with statistically significant differences 
between groups 1 and 2 (p < 0.0001) (Fig. 4b).

Histological analyses
Individual modified Boos scores based on histological 
analysis were determined for 56/66 IVDs (group 
1: n = 35/44; group 2: n = 21/22). 9 IVDs from group 
1 and 1 IVD from group 2 were removed from 
histological analysis because of poor quality at the 
end of the histological procedures. IVDs of group 1 
were characterised by a low value for the modified 
Boos score and the ECM appeared to be well 
organised, with numerous nucleopulpocytes (Fig. 
5a i,ii). Moreover, neither granular changes, mucous 
degeneration nor tears were observed. In some IVDs 
of group 1, the modified Boos score increased slightly 
and nucleopulpocytes proliferation resulted in the 
formation of clusters that were randomly distributed 
in the NP (Fig. 5a iii,iv). Analogous to the mucous 
degeneration, there was a big increase in granular 
changes between the sheep of group 1 and group 2. 
In group 2, tears and clefts were observed in some 
of the IVDs, while numerous empty cells were also 
noted (referred to as “ghost cells”), which were 
assumed to reflect cell death (Fig. 5a v,vi). Well-
defined nests with clusters of large cells exhibiting 
large intracellular vacuoles and amorphous nuclei 
resembling notochordal cells were identified in the 
central NP of group 1 IVDs. Modified Boos scores 
increased with age, with a variation from 3 to 9 in 
group 1 (median value: 7; SEM: 0.11; range: 6) and 
from 9 to 19 in group 2 (median value: 13; SEM: 0.19; 
range: 10) (Fig. 5b). Statistical analysis revealed a 
significant correlation between age and Boos score 
(p < 0.0001, rs = 0.77). Modified Boos scores were 

Fig. 2. Variations in MDHs of ovine IVDs between 
skeletally immature (group 1) and skeletally 
mature (group 2) sheep. The MDH of each lumbar 
ovine intervertebral space was measured between 
the midpoint of the caudal endplate of the cranial 
vertebra and the midpoint of the cranial endplate of 
the caudal vertebra. Results are expressed as medians. 
The correlation between the two groups for MDH 
values was assessed. * p < 0.05, statistical difference 
between two groups.
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Fig. 3. Assessment of ovine age-related IVD degeneration using MRI Pfirrmann and modified Pfirrmann 
grading. (a) T2-weighted sagittal and axial MR images and an axial slice of a lumbar ovine IVD classified 
as Pfirrmann (i,iii,v) grade I from group 1 (< 48 months old) and (ii,iv,vi) grade IV from group 2 (> 48 
months old). When the MRI signal of the NP of the degenerated disc was absent, its gross anatomy was (vi) 
inhomogeneous in contrast to (v) a healthy disc. Graphs represent the variations in (b) Pfirrmann grading 
and (c) modified Pfirrmann grading between skeletally immature (group 1) and skeletally mature (group 2) 
sheep. Results are expressed as medians. Correlations between the two groups for Pfirrmann and modified 
Pfirrmann gradings values were assessed (* p < 0.05, statistical difference between two groups).

Fig. 4. Variations (a) in T2-wsi and (b) T2 relaxation time values of ovine IVDs between skeletally immature 
(group 1) and skeletally mature (group 2) sheep. The T2-wsi was measured on MR images of a midsagittal 
slice. (a) T2-wsi represented the ratio of the mean NP signal intensity divided by the mean spinal cord signal 
intensity measured at the corresponding ovine IVD level. It was measured on MR sagittal T2-weighted images. 
(b) Mean T2 relaxation time of the NP was measured by manually drawing a ROI that included the NP of 
each lumbar ovine disc on the sagittal T2-weighted image and by copying this ROI onto the corresponding 
T2 mapping image. Results are expressed as medians. Correlations between the two groups for T2-wsi and 
T2 relaxation time values were assessed. * p < 0.05, statistical difference between two groups. 
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significantly increased between groups 1 and 2 (Fig. 
5b).
 A positive correlation was found between 
modified Boos scores and Pfirrmann (p < 0.0001, 
rs = 0.84) and modified Pfirrmann grades (p < 0.0001, 
rs = 0.82) (Fig. 6). Similarly, a negative correlation was 
found between Boos scores and MDH (p < 0.0001, 
rs = 0.52), T2-wsi (p < 0.0001, rs = 0.70) and T2 mapping 
(p < 0.0001, rs = 0.52).

Discussion

The present study evaluated the correlation between 
MDH on X-rays, MRI and histological characteristics 
to assess age-related spontaneous lumbar IVD 
degeneration in sheep. By showing a strong 
correlation between age, imaging and histological 
parameters, the present investigation validated the 
hypothesis that lumbar IVD age-related degeneration 

Fig. 5. Histological assessment of age-related NP degeneration in sheep. (a) Histological analysis of lumbar 
ovine IVDs by (i,iii,v) HES and (ii,iv,vi) AB staining according to the different grades of degeneration: (i,ii) 
healthy lumbar ovine disc with a Boos score of 4; (iii,iv) mildly degenerated lumbar ovine disc with a Boos 
score of 9; (v,vi) severely degenerated lumbar ovine disc with a Boos score of 19. In healthy IVDs, the round 
nucleus of the nucleopulpocytes was stained (i) brown with HES and (ii) pink with AB (spotted arrows). 
Mucous degeneration was characterised by irregular areas that stained pink with AB. (iv) Some small areas 
can be noted in the mildly degenerated IVD (stars), (vi) whereas they are abundantly present in the severely 
degenerated disc. (iv) Granular changes (circles) also appeared with this stain. (vi) The extent of the tissue 
changes was such that the granules were distributed sparsely and tears were noted (dashed circles) in the most 
degenerated disc. (iii) Some “ghost cells” (arrowheads) and cell proliferation forming clusters (arrows) could 
be noted in the mildly degenerated IVD with HES staining. (v) There were almost no cells in the histological 
samples of the fully degenerated discs (spotted arrows: nucleopulpocytes; stars: mucous degeneration; circles: 
granular changes; dashed circles: tears; arrowheads: ghost cells; arrows: cell proliferation). (b) The graph 
represents the variations in the modified Boos scores between skeletally immature (group 1) and skeletally 
mature (group 2) sheep. Results are expressed as medians. Correlation between the two groups for the 
modified Boos score was assessed. * p < 0.05, statistical difference between two groups. 
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occurred in ovine. To the best of the authors’ 
knowledge, this is the first study that concomitantly 
analysed and correlated imaging observations with 
histological changes related to the spontaneous 
degeneration that occurred in ageing ovine lumbar 
IVD according to the second hypothesis. In particular, 
major changes related to age were observed in lumbar 
ovine IVDs by 4 years old, when the epiphyseal fusion 
of the vertebral bodies was complete.
 The study assessed the lumbar IVD degeneration 
in sheep of different ages. Among the various large 
animal models, the ovine model is commonly used 
to investigate lumbar IVD degeneration, notably 
because of its similarities with the human lumbar 
spine (Daly et al., 2018; Hasler et al., 2010; Lyons et al., 
1981; Nisolle et al., 2016; Reid et al., 2002; Reitmaier 
et al., 2017; Schmidt and Reitmaier, 2013; Schwan et 
al., 2019; Wilke et al., 1997a; Wilke et al., 1997b). In 
particular, the human and ovine IVD have a high 
degree of similarity in terms of water and collagen 
content, as well as the collagen orientation angle 
(Lyons et al., 1981; Reid et al., 2002). This parallel 
between human and ovine IVDs explains why sheep 
have been widely used as a model to study this 
tissue and why the present investigation focused 
on this large-animal model. The human IVD is 
known to degenerate with age but characterisation 
of the IVD ageing process in sheep has not been 
thoroughly documented in the literature. Indeed, 
most studies that have used sheep as a model 
induced the degeneration to investigate the IVD 
changes that occur during this process (Fusellier et 
al., 2020; Reitmaier et al., 2017). Inducing degeneration 
is invasive and resource-intensive, while it also 
implies that the IVD undergoes several injuries 
and overloading that cannot mimic progressive 
age-dependent degeneration. Developing new 
treatment tracks in the field of regenerative medicine 

in preclinical studies justifies the objective of finding 
the most suitable animal model for studying disc 
degeneration (Fusellier et al., 2020). To investigate 
such treatments, degenerative discs of preclinical 
animals are needed, but spontaneous lesions are 
preferable. For all the studied parameters, significant 
differences were found between the sheep in group 
2, which were more than 4 years old, and in group 1, 
which comprised skeletally immature sheep. Thus, in 
the light of the present study, skeletally mature sheep 
could be a good spontaneous age-related model for 
research studies of degenerative IVD modalities and 
for studying biotherapies without the need to induce 
degeneration. Mild signs of IVD degeneration were 
observed in young sheep that were 2 or 3 years old. 
Considering this result, it may be interesting to study 
the pathophysiological processes occurring during 
early disc degeneration.
 Another similarity with human IVDs that 
explains the relevance of the present study using 
sheep as a model is the loss of notochordal cells in 
the NP with age. The onset of IVD degeneration is 
caused by different intrinsic and extrinsic factors 
that induce modifications in the cellular population, 
particularly in the NP (Colombier et al., 2014). Among 
the variations that can be observed in cell density in 
the early stages of the degenerative process, the loss 
of notochordal cells is predominant. Notochordal 
cells play a crucial role in the activity and survival 
of nucleopulpocytes (Erwin et al., 2006; Hunter et 
al., 2003). Human notochordal cells are lost with 
skeletal maturity (Butler, 1988; Trout et al., 1982), 
which results in an imbalance in NP homeostasis 
and is suspected to be a major event in early NP 
degeneration. Interestingly, comparison between 
species has revealed a comparable change in 
notochordal cells during growth of a 4-year-old 
mature sheep and chondrodystrophic dogs when 
compared to the human NP (Hunter et al., 2004). 
As chondrodystrophic dogs undergo spontaneous 
IVD degeneration (Bergknut et al., 2012), the authors 
assumed that a similar process could occur in 
sheep. Here, and as evidenced by the histological 
data, the presence of cells exhibiting characteristics 
similar to those of notochordal cells was noted in 
group 1, which had not reached complete skeletal 
maturity. Interestingly, no such cells were observed 
in the IVD of group 2 sheep, which were more than 
4 years old. Thus, the authors hypothesised that 
these cells could be nests of notochordal cells and 
that they may disappear at around 4 years of age. 
Immunohistochemical assessment using specific 
markers of notochordal cells (i.e. CD24, CK-8, CK-18 
and GAL3) has confirmed the loss of these cells in 
ageing human IVD (Liu et al., 2018; Weiler et al., 2010). 
A study focusing on the presence or absence of these 
cells in sheep of different ages would be of interest.
 In the present study, ovine lumbar IVD 
degeneration was investigated by MDH, measured 
as changes detected on X-ray and MR images, and 

Fig. 6. Modified Boos scoring of the NP according to 
the Pfirrmann grading. A modified Boos score was 
applied to the NP of each lumbar ovine IVD and was 
correlated to the Pfirrmann grade determined on MR 
images. A positive correlation was found between 
Boos scores and Pfirrmann grades (p < 0.0001, 
rs = 0.84).
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histological alterations were assessed using well-
known parameters to investigate IVD degeneration, 
namely reduction of IVD height, Pfirrmann grade 
(Pfirrmann et al., 2001) and Boos score (Boos et al., 
2002). These parameters are commonly used in IVD 
disease research studies. Results obtained revealed 
a substantial inter-rater variability for the Pfirrmann 
grading, with a κ of 0.64. This value was slightly 
below the κ reported in the literature (0.69 to 0.81) 
(Pfirrmann et al., 2001). This could be explained by a 
certain difficulty to differentiate grade 2 and grade 
3, with one observer being slightly more severe than 
the other (data not shown). Nonetheless, although 
the inter-observer disagreement was greater than 
the reference, a difference between two grades was 
present in only 3 % of all IVDs (2/66), which is close 
to the reference value of 1.3 % (Pfirrmann et al., 2001). 
Surprisingly, the modified Pfirrmann grading had 
a poor intra-rater reliability for one observer (0.88). 
This value may be explained by the narrow difference 
that can exist between two grades in this eight-
point classification. The consequence of this narrow 
difference, which makes the modified Pfirrmann 
grading even more subjective, was reflected by five 
readings that varied between the two grades for the 
majority of the IVDs (data not shown). On the other 
hand, a difference of two grades between the five 
readings was only found in 3/66 IVDs. The use of 
these three parameters combined with repetition of 
data collection for the Pfirrmann grading limited this 
variation and, thus, bolstered the conclusions.
 Modic type 2 changes were observed in sheep 
of group 2 but there were no Modic type 1 nor 
type 3 changes. Moreover, Pfirrmann grades > 4 
were found in 7 IVDs from group 2, of which 6 
were found in the same sheep. It could be assumed 
that this particular sheep could have exhibited 
signs of LBP. Yet, surprisingly, the clinical and 
orthopaedic examinations did not reveal any 
abnormalities and no history of LBP was reported 
by the breeder. Numerous studies have assessed 
and discussed the relationship between LBP and 
IVD degeneration based on MRI. Among the various 
imaging parameters, Modic type 1 changes and 
high Pfirrmann grades have been correlated to LBP 
(Rahyussalim et al., 2020). Even though changes in the 
Pfirrmann grading were observed in group 2, Modic 
type I modifications, which strongly correlate with 
LBP (Hanımoğlu et al., 2019), were not present. These 
features suggest that the degenerative lesions were 
cantered on the IVD and that they did not extend 
to the endplates or the vertebra, which could limit 
inflammation and pain. Generally, Pfirrmann and 
Modic type 1 changes are present concomitantly 
(Yu et al., 2012). The results of the present study 
suggested the LBP may be more related to endplate 
inflammatory modifications than strict IVD changes. 
In animal models, this relationship between IVD 
degeneration changes and the severity of the clinical 
signs has not been investigated much, except in a rat 

model and transgenic mouse models (Shi et al., 2018). 
Further studies are needed to establish a scoring that 
can objectively describe LBP in sheep and to assess 
whether there is a correlation between LBP and IVD 
degeneration in this large-animal model.
 Histology is considered to be the gold standard 
for investigating IVD degeneration, although ethical 
considerations and 3Rs principles favour limiting 
the number of animals sacrificed for IVD research. 
Hence, this parameter was included in the present 
study. Early events of IVD degeneration such as 
cell modifications mainly occur in the NP, thus 
the histological analysis focused on this tissue. 
A strong correlation between imaging findings 
and histological changes in the NP was found, 
thus suggesting that imaging modalities could be 
an alternative to histological assessment of IVD 
degeneration. However, the study was conducted on 
a small number of animals. Moreover, in group 1, the 
number of IVDs which have received a modified Boos 
score was smaller than the number of IVD assessed 
by imaging. In contrast, in group 2, all but 1 IVDs 
were histologically assessed. Yet the number of IVDs 
assessed by histology in group 1 still remained larger 
than in group 2 and all the data yielded conclusive 
and statistically significant results. As the objective 
of the present study focused on IVD degeneration, 
which was unlikely to happen in animals of group 1, 
and in consideration of the 3Rs principles, which aim 
to reduce the number of animals used in experimental 
research, it was decided not to euthanise additional 
animals for the study.
 In the present study, T2 relaxation time, also called 
T2 mapping, correlated with both age and histological 
data. To increase the sensitivity and accuracy 
of the results, new imaging methods have been 
developed to study IVD degeneration. In particular, 
quantitative methods such as T2 mapping. This 
method involves determination of the T2 relaxation 
time, which correlates with the water content of the 
tissue (Marinelli et al., 2009). In humans, numerous 
studies have demonstrated the correlation between 
T2 times and disc degeneration, especially in the early 
stages (Marinelli et al., 2010; Menezes-Reis et al., 2016; 
Stelzeneder et al., 2012; Takashima et al., 2012; Yoon et 
al., 2016). The T2 relaxation time decreases when the 
disc degenerates, reflecting reductions in water and 
proteoglycan content of the NP. Only one study to 
date has performed T2 relaxation time measurements 
in sheep (Nisolle et al., 2016). Although the same 
statistical variations were described, with a decrease 
in the NP T2 time with age, a degree of caution is 
warranted when comparing the results of the present 
study with the results of Nisolle et al. (2016). Indeed, 
MRI parameters are not transferable as in the present 
study the section thickness was half the thickness 
reported by Nisolle et al. (2016) (3 mm versus 6 mm, 
respectively). Moreover, no unit of measure for the 
relaxation time was specified in Nisolle et al. (2016). 
Furthermore, in the present study, T2 relaxation times 
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correlated separately with age and Boos scores and 
these results suggested that T2 relaxation time could 
be a reliable tool to investigate IVD degeneration in 
sheep. Moreover, this imaging modality might be a 
substitute for systematic histological treatment of 
ovine IVDs. Such an approach could also be useful 
for longitudinal investigations using MRI-based 
assessment in regenerative therapy studies. Further 
studies are needed to develop the quantitative 
MRI modality to evaluate disc degeneration and to 
establish reference mapping values in this species.

Conclusions

Sheep undergo spontaneous IVD degeneration, as 
confirmed by imaging modalities and histological 
assessment .  Experimental ly  induced IVD 
degeneration is invasive and resource-intensive (Osti 
and Vernon-Roberts, 1990). Additionally, a strong 
correlation between histology and findings from 
the imaging modalities was found, thus suggesting 
that this could allow for a reduction in the number 
of sheep sacrificed for IVD degeneration studies. In 
particular, the development of quantitative MRI to 
evaluate progression of IVD degeneration appeared 
to have ample merit. Thus, further studies are 
warranted to evaluate the relevance of these new 
MRI sequences for assessment of IVD degeneration.
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