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a b s t r a c t
Background: The purposes of this study were to (1) validate and assess the reliability of a modiﬁed magnetic resonance semi-quantitative score (sheep Magnetic Resonance osteoarthritis Knee Score (sMOAKS)) to evaluate
joint degeneration in the ovine knee and to (2) investigate whether the transection of the anterior cruciate ligament (ACL), isolated or in combination with meniscal injuries, reproduce the degenerative changes described in
the meniscectomized sheep.
Methods: Twenty sheep were randomly subjected to one of the following injuries to induce osteoarthritis (OA):
ACL transection (ACLt), mid-body transection of the medial meniscus, ACLt combined with complete medial
meniscectomy and complete medial meniscectomy. OA assessment was performed eight weeks postoperatively
with sMOAKS, Mankin and Osteoarthritis Research Society International (OARSI) histological scores.
Results: sMOAKS showed very good to excellent reliability (kappa = 0.61 to 1.0) for the majority of features evaluated. sMOAKS revealed small differences between groups (p b 0.05) being the ACLt group the most affected. We
observed a strong positive correlation between the three scales in the evaluation of femoro-tibial articular cartilage (AC) (r = 0.829, r = 0.917, r = 0.879).
Conclusions: sMOAKS is a reliable semi-quantitative Magnetic Resonance (MR) scale to evaluate and quantify the
effect of different OA induction lesions in the ovine knee and presents a high correlation with Mankin and OARSI
scales in the evaluation of femoro-tibial AC. Although minor differences were observed between the different
surgical procedures for the induction of OA, ACLt proved to be the intervention that produced the highest amount
of degeneration eight weeks postoperatively.
Level of Evidence: II
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Osteoarthritis (OA) is a disease of the whole joint that not only
affects articular cartilage but also the sub-chondral bone, ligaments,
muscles, menisci, synovium, and joint ﬂuid [1]. Currently, animal
models are the only practical way to examine the processes involved
in the initiation and progression of this disease [2–6]. However, no
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single gold standard animal model has been deﬁned and each animal
presents different advantages and disadvantages. In addition, the evaluation of the progression of the disease with non-invasive measures has
become particularly important in this ﬁeld since most of the patients remain asymptomatic until relatively late in the disease process. Magnetic
resonance (MR) has been proven to be extremely useful for the study of
the initial changes in OA as well as to evaluate other structures of the
joint involved in the disease. Several MR scales have been developed
for the assessment of OA in humans; however, none of these have
been proven to be useful in animals [4–15] where subtle anatomical differences make these systems difﬁcult to apply.
The ovine knee is considered a consistent model of OA that closely
resembles humans [16]. Moreover, meniscectomy in the adult sheep
has shown to reproduce the pathological changes in articular cartilage
(AC) and sub-chondral bone that have been described for early OA in
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human joints [17]. The meniscectomized ovine model has provided
valuable insights into the temporal changes that occur in AC and subchondral bone during the development and progression of the disease
[18] with evidence of osteoarthritic ﬁndings ranging from two weeks
to one year after the induction of OA [19–22]. The transection of the anterior cruciate ligament (ACLt) has not been commonly performed to
induce OA in the ovine knee, and the few existing reports described
very limited mild cartilage damage in these species [23,24]. There is;
however, an absence of comparative prospective studies evaluating
the effect of different meniscal procedures and or ACLt in the same animal model.
The objectives of this study were; therefore, to (1) validate and assess the reliability of a modiﬁed magnetic resonance semi-quantitative
score to evaluate joint degeneration in the ovine knee (sheep Magnetic
Resonance OA Knee Score (sMOAKS)) and to (2) investigate whether
the transection of the anterior cruciate ligament (ACL), isolated or in
combination with different meniscal injuries, would reproduce the degenerative changes that have been described in the meniscectomized
laboratory sheep. Our hypothesis is that the degenerative changes observed would be signiﬁcantly different among these four ovine models
eight weeks after surgery.
2. Material and methods
Twenty merino female sheep, all of three years of age, were (mean
body weight 40 kg ± 7.5 (SD)) selected for uniformity of size and conformation for this study. Sheep were kept in-group in individual cages
and were fed with a standard diet and water ad libitum. All animals
were healthy and free of any other disease. Our institutional animal
care committee approved all procedures performed.
Sheep were randomly subjected to one of the following four variant
intraarticular injuries to induce OA (n = 5 per treatment): (1) anterior
cruciate ligament transection (ACLt), (2) mid-body transection of the
medial meniscus (TMM), (3) ACLt with a complete medial
meniscectomy (CMM) and (4) isolated complete medial meniscectomy
(iCMM).
The induction of anesthesia was performed with intra-muscular diazepam and ketamine using halothane throughout the surgical procedure. All knees were approached through a standard central incision
and a common medial parapatellar arthrotomy [25]. Electrocautery
was used as required in order to prevent major bleeding. A thorough examination of the knee was then performed to assess all compartments
making sure that there were no previous cartilage damages or other abnormalities. When indicated, the ACL was elevated in its mid-portion
with the aid of a surgical hook and then transected with an 11 surgical
blade. If a meniscal injury had to be performed, this was done while
forcing the knee into valgus and minimal external rotation. With the
aim of a Kocher forceps, the medial meniscus was completely removed
when indicated. Otherwise, a complete mid-body transection of the medial meniscus was performed with an 11 blade. The capsule and the skin
were closed in layers with absorbable sutures.
After a brief recovery period (seven to 24 h) in individual cages, all
sheep were allowed free range of motion on irrigated pasture for the remainder eight-week trial period. All sheep underwent sedation eight
weeks after the operation. Subsequently, they all received the MR
which were performed on a three Tesla MR machine (Siemens Trio,
Erlangen, Germany). The imaging protocol included sagittal spin-echo
proton density and T2-weighted images (three millimeter slice thickness and a matrix of 256 × 192 pixels), coronal and axial spin-echo
fat-suppressed proton density and T1-weighted images (same thickness and matrix). Acquisition parameters were: repetition time was
4000 ms, echo time was 24 ms, slice thickness was one to three millimeters, interslice gap was 0.2 mm, number of excitation was two, size of
ﬁeld view was 12 cm and echo train length between 10 and 14. Subsequently, all sheep were euthanized and the knee joints were opened
and prepared for later histological preparation.
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2.1. Imaging assessment
The MOAKS (MRI Osteoarthritis Knee Score) semi-quantitave-scale
[8] was selected for OA assessment; however, we modiﬁed it in order
to make it applicable to the ovine knee. The three main modiﬁcations
included: a different sub-regional delineation (considering the patellofemoral joint separate from the anterior part of the femur), the exclusion of the evaluation of meniscus and ligaments (as these were intentionally injured) and a system to quantify the degenerative changes. We
added the sufﬁx “s” to refer to this scale as the sheep-MOAKS
(sMOAKS). The ﬁnal sMOAKS scores were classiﬁed and quantiﬁed for
classiﬁcation (Table 1).
2.2. Subregional division and delineation
The knee joint was divided into 12 sub-regions (Figure 1) (Figure 2)
for scoring AC and bone marrow lesions (BMLs).
1. The femoro-tibial articular surfaces were divided into medial and
lateral compartments: femoro-tibial medial joint and femoro-tibial
lateral joint (FTMJ and FTLJ) (Figure 1). These regions were further
subdivided into four sub-regions (on the sagittal view), anteriormedial and posterior-medial femur (AMF and PMF), anteriormedial and posterior-medial tibia (AMT and PMT), anterior-lateral
and posterior-lateral femur (ALF and PLF) and anterior-lateral and
posterior-lateral tibia (ALT and PLT). The landmarks to delineate
these regions involved a tangential line parallel to the femoral surface starting at the level of the insertion of the extensor digitorum
longus (EDL) tendon (same reference for the medial side) and a
line perpendicular to that, dividing the condyle proportionally into
two halves. Based on these subdivisions, the FTMJ comprised regions
AMF, PMF, AMT and PMT and the FTLJ comprised regions ALF, PLF,
ALT and PLT.
2. The patellofemoral joint (PFJ) (Figure 2) was divided into eight subregions that were evaluated in the axial and sagittal views. The medial and lateral patella (MP and LP) and the medial and lateral trochlea
(MTr and LTr) were assessed on the axial view, whereas the superior
and inferior patella (SP and IP) and the superior and inferior trochlea
(STr and ITr) were evaluated on the sagittal view. These were divided
according to the apex of the patella with a line, dividing both medial
and lateral sides, perpendicular to the joint line including the apex in
the lateral side. The trochlea was also divided according to this line.
Based on these subdivisions the PFJ comprised regions: MP, LP,
MTr, LTr, SP, IP, STr and ITr.
The original MOAKS; however, divides the knee joint into 14 subregions for scoring AC and BMLs, adding the sub-spinous region for
BML scoring. Since MOAKS deﬁnes the trochlea as the femoral articular surface of the patellofemoral joint (PFJ), the femur is divided into
six sub-regions (medial and lateral plus the corresponding subregions in the tibia — total of 12 sub-regions) and the patella is divided into two sub-regions (total of 14 sub-regions). This; however,
cannot be applied to the ovine knee given the anatomical differences
between both knees species (lack of full extension and the
tripartition of the patellofemoral joint and both condyles with a
Table 1
Combined sMOAKS score for the whole knee. FTMJ: femoro-tibial medial joint. FTLJ:
femoro-tibial lateral joint. PFJ: patella-femoral joint. BML: bone marrow lesions.

Cartilage
BML/cyst
Osteophytes
Synovitis
Effusion
Total compartment
Total

FTMJ

FTLJ

PFJ

Total

24
36
12

24
36
12

24
36
24

72
108
48
3
3

72

72

84
234
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Figure 1. Regional delineation of the femoro-tibial lateral joint (FTLJ — sagittal view) and representation of the percentage of size of cartilage lesions. EDTL: extensor digitorum longus
tendon. A: anterior. B: posterior.

prominent and slim trochlea in the ovine stiﬂe). For this reason, we
performed the evaluation of the patellofemoral compartment
independently.

was modiﬁed into a volume-oriented approach (AC and BMLs are classiﬁed according to the volume of the lesion occupying a certain speciﬁc
region) when a lesion spans across more than one sub-region it has to
be scored in each sub-region individually.

2.3. Scoring individual features
3. Articular cartilage
The scoring of the ﬁve individual features (one — AC, two — BMLs
and cysts, three — osteophytes, four — Hoffa's synovitis and ﬁve —
joint effusion) was based on MOAKS [15]. Since the MOAKS system

AC was scored in each of the 12 articular surface regions using fatsuppressed T2-weighted FSE images. AC was graded for size of any cartilage

Figure 2. Regional delineation of the patella-femoral joint (PFJ — axial view). MP: medial patella. LP: lateral patella. MTr: medial trochlea. LTr: lateral trochlea. SP: superior patella. IP:
inferior patella. STr: superior trochlea. ITr: inferior trochlea.
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loss, as the percentage of the surface area as related to the size of each individual surface region (0: none, 1: b 10% of region of cartilage surface
area (CSA), 2: 10–75% of region of CSA, 3: N 75% of CSA) (Figure 1) and
as the percentage of loss in this sub-region that presented full-thickness
loss (0: none, 1: b10% of region of CSA, 2: 10–75% of region of CSA, 3:
N75% of region of CSA). The maximum cartilage scores for FTMJ, FTLJ,
PFJ (four sub-regions per compartment with a maximum of six points
per sub-region) and the entire knee were: 24, 24, 24 and 72 respectively.
4. BMLs and cysts
BMLs were deﬁned as poorly marginal areas of increased signal
intensity in the normally fatty epiphyseal marrow on fat-suppressed
T2-weighted FSE images. BMLs were graded by size in regard to the
total volume of the sub-region occupied by BMLs in each of the 12 articular surface regions (0: none, 1: b33% of sub-regional volume, 2: 33–
66% of sub-regional volume, 3: N66% of sub-regional volume) and in
number in regard to the amount of BMLs of the sub-region (0: none,
1: one BMLs, 2: two BMLs). Sub-articular cysts were identiﬁed as foci
of markedly increased signal in the sub-articular bone with sharply deﬁned rounded margins on the fat-suppressed T2-weighted FSE images.
Cysts were graded as the percentage of the volume of each BML corresponding to a BML, as distinct from cyst (0: none, 1: b 33%, 2: 33–66%,
3: N66%). The maximum BMLs and cyst scores for FTMJ, FTLJ, PFJ and
the entire knee were (four sub-regions per compartment with a maximum of eight points per sub-region): 36, 36, 36, and 108 respectively.
5. Osteophytes
Osteophytes were evaluated along 16 different margins of the knee
(on axial and sagittal views). These margins included: the anterior,
posterior margins of the medial, lateral condyles and tibial plateau
(four regions each compartment) and the medial, lateral, superior and
inferior facets of the patella and trochlea (eight regions). These were
graded according to size: 0: none, 1: small (b 10% of the corresponding
sub-region size (CSS)), 2: medium (10–20% of the CSS), and 3: large
(N20% of the CSS). Maximum scores for the FTMJ, FTLJ, PFJ and the entire
knee were: 12, 12, 24, and 48 respectively.
6. Hoffa's synovitis — effusion
Hoffa's synovitis was described as diffuse hyperintense signal on the
sagittal image within the fat pad, whereas effusion was deﬁned as ﬂuid
equivalent signal within the joint cavity on the axial view, both on
T2/PD/IW-w fat-suppressed sequences. Scores were based on size
(0: normal, 1: mild, 2: moderate, 3: severe). Effusion was deﬁned as
ﬂuid equivalent signal in the joint cavity and it was evaluated in axial
views on T2/IW/PDw as grade 0 (normal intraarticular hyperintensity),
grade 1: small, grade 2: medium and grade 3: large.
sMOAKS scores were calculated for each feature in each of the three
compartments (FTMJ, FTLJ, PFJ). These scores were combined to give a
total score for the whole knee with a maximum score of 282 points equivalent to 100% of articular degeneration (Table 1). The evaluations were
done within a time period of six weeks by two observers (JG-N) (JS-M)
with over four years of experience in radiology of the musculoskeletal system (two blinded observations). A minimum interval period of four
weeks were kept between observations. They received an initial training
session in order to understand the modiﬁcations performed in MOAKS.
7. Histology
The purpose of the histologic evaluation was to quantify the overall
degree of cartilage degeneration and correlate it with sMOAKS. The process was done following the OARSI histopathology initiative recommendations for histological assessment of OA in the sheep [26]. Coronal
osteochondral slabs of three to four millimeters thick, covering the
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entire width of the tibial and femoral condyles, were cut with a ﬁnetoothed band saw. These were posteriorly ﬁxed in a 10% (v/v) neutral
buffer formalin for 48 h and then transferred to 70% (v/v) ethanol.
After decalciﬁcation and parafﬁn embedding, ﬁve-micron sections
were cut and mounted on positively charged slides, which were heated
to maximize adhesion and minimize wrinkles in the cartilage. Sections
were deparafﬁnized with xylene and graded ethanol and then stained
with Masson trichrome and Safranin-O. For histological scoring one observer blinded to treatment scored each section using the Mankin [27]
and OARSI histological scales [28].
7.1. Statistics
Kappa (k) statistics were used to assess inter- and intra-observer
agreements in grading cartilage, bone marrow lesions, cyst,
osteophytes, effusion and synovitis. A weighted kappa was used when
the degree of disagreement was taken into account, and a kappa when
disagreements were treated equally [29]. The presented results are for
intra and inter-rater reliability (calculated using the weighted kappa
(95% conﬁdence interval (CI)), the percentage of agreement of the exercise and the total scores of the different groups. A one-way ANOVA was
performed to determine differences among groups with respect to
sMOAKS, Mankin and OARSI scores. The Sidake–Holm procedure was
selected as post hoc analysis (when signiﬁcant differences among
groups were obtained) to determine which groups were different
while minimizing possible type I errors. We used the Spearman's nonparametric correlation coefﬁcient rho to correlate the scores of the
sMOAKS, Mankin and OARSI scales. Calculations were performed in
SPSS 16.0 (SPSS Inc., Chicago, IL). The statistical signiﬁcant difference
was set with a p below 0.05.
8. Results
No macroscopic abnormalities were observed at the time of surgery in any of the
twenty sheep. Three sheep were excluded from the study as they presented a dislocation
of the patello-femoral joint in the MR (one from Group 1, one from Group 2 and one from
Group 3 subsequently).

9. sMOAKS Scale Reliability
Table 2 represents the reliability scores of the features evaluated.
Intra-rater BML size (kappa = 0.57) and percentage of cyst (kappa =
0.58) presented the poorest reliability; however, the prevalence of
these features were extremely low, particularly in the PFJ. Overall,
these preliminary results demonstrated that the modiﬁed scoring system is reproducible.
10. Imaging assessment
Table 3 shows the mean scores and percentages for each group. Most
of these scores were in the lower quarter of their possible range with the
exception of Group 1. Group 1 (ACLt) was the most affected followed by

Table 2
Reliability of sMOAKS (%). Percentage of agreement. CI: conﬁdent interval.

Total score
Cartilage
Area
Deep
BML
Size
% cyst
No. of lesions
Osteophytes
Synovitis
Effusion

Intra-observer

%

Inter-observer

%

0.62

(CI 0.39–0.72)

0.63

0.72

(CI 0.44–0.79)

0.75

0.65
0.61

(CI 0.47–0.77)
(CI 0.44–0.67)

0.70
0.59

0.71
0.65

(CI 0.57–0.83)
(CI 0.44–0.75)

0.73
0.67

0.57
0.58
0.90
0.65
0.89
0.91

(CI 0.72–0.91)
(CI 0.76–0.97)
(CI 0.88–0.92)
(CI 0.65–0.92)
(CI 0.65–0.92)
(CI 0.79–0.92)

0.53
0.58
0.93
0.71
0.78
0.88

0.92
0.88
0.95
0.85
0.83
0.90

(CI 0.67–0.97)
(CI 0.80–0.93)
(CI 0.90–0.99)
(CI 0.77–0.90)
(CI 0.76–0.85)
(CI 0.77–0.99)

0.95
0.85
0.97
0.86
0.87
0.83
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Group 2 (mid-body transection of the medial meniscus), Group 3 (ACLt
combined with complete medial meniscectomy) and Group 4
(complete medial meniscectomy). All groups presented the highest
amount of OA in the medial compartment followed by the lateral compartment and the patella-femoral compartment. Table 4 represents the
contribution of the different features evaluated to the overall score for
all groups. Bone marrow lesions and cyst accounted for less than 1% of
the overall score in all groups while cartilage lesions contributed an
80%. Osteophytes presented a 19% contribution to the overall score
which were predominantly observed in the ACL transection group
(Table 4).
11. Histological Assessment
Average differences between groups are shown in Table 5. Group 3
(ACLt + CMM) and Group 4 (CMM) presented similar results followed
by Group 2 (MMT) and Group 1 (ACLt). Differences among groups were
statistically signiﬁcant.
12. Correlations between sMOAKS, Mankin and OARSI assessments
We observed a strong positive correlation between the three scoring
systems, sMOAKS versus Mankin (r = 0.829), sMOAKS versus OARSI
(r = 0.917), Mankin versus OARSI (r = 0.879) in the evaluation of articular cartilage degeneration in the medial and lateral femoro-tibial compartments. Graphs and trend lines presented a similar pattern (Figure 3).
13. Discussion
The results of this study showed that sMOAKS is a valid and reliable
score for the evaluation of articular cartilage in the ovine knee. However, although the three scoring systems (sMOAKS, Mankin and OARSI)
were signiﬁcantly correlated evaluating articular cartilage, sMOAKS
yielded relatively higher scores in the ACL transection group at the
expense of an increased presence of osteophytes. The differences between groups were relatively small although statistically signiﬁcant.
OA research is conducted into non-invasive measurements that correlate well with histopathological changes, joint pain and disease progression. MR semi-quantitative scores are valuable methods to
evaluate the multiple characteristics of the osteoarthritic knee using

Table 3
sMOAKS scores per group and observer.
Observer 1

Observer 2

1

2

1

2

Average

Percentage

Group 1 (ACL transection)
PFJ
FTLJ
FTMJ
Total group 1

21.50
22.75
22.00

22.25
17.75
23.00

19.75
21.75
19.50

14.75
19.50
21.00

19.56
20.44
21.38
61.38

23.2%
28.3%
29.6%
26.2%

Group 2 (meniscal tear)
PFJ
FTLJ
FTMJ
Total group 2

20.00
18.00
20.00

22.75
17.75
20.50

19.00
19.75
19.00

14.00
17.25
19.25

18.94
18.19
19.69
56.82

22.5%
25.2%
27.3%
24.2%

Table 4
Percentage of contribution to the global score of the characteristics evaluated in sMOAKS.

Cartilage
BML/cyst
Osteophytes
Synovitis
Effusion

PTS (X)

PPT (%)

AAS (X ± SD)

PAC (% ± SD)

72
108
48
3
3

30
46
20
2
2

57.6 ± 7
1.08 ± 0.08
9.12 ± 0.97
0.03 ± 0.08
0.02 ± 0.06

80 ± 9.7
b1 ± 0.07
19 ± 2.02
b1 ± 0.01
1 ± 0.01

PTS: possible total score. PPT: possible percentage of total. AAS: actual average score. PAC:
percent average contribution. (X): average. SD: standard deviation. (%): percentage.

conventional MR acquisitions [9] in humans [8–10] [13,14]. These scales
were developed based on the potential of MR to evaluate all the synovial
structures involved in the degenerative process, given the understanding of OA as a disease of the whole joint [30]. The MOAKS scale was
recently developed with the aim of reﬁning the scoring system of
BMLs, articular cartilage, and meniscal morphology showing very good
to excellent reliability for the majority of the features evaluated [8].
However, these scales have never been utilized in the ovine knee,
probably due to the anatomical differences that make these systems difﬁcult to apply. The major differences between the human and ovine
knee are: (1) the presence of the extensor digitorum longus tendon,
(2) the attachment of the patellar tendon to the cranial pole of the patella, (3) the lack of full extension and (4) the tripartition of the patellofemoral joint and both condyles [31]. For this reason, we had to divide
the femoro-tibial joint into two halves and evaluate the femoropatellar joint independently. In addition, we excluded the evaluation
of the anterior cruciate ligament and the meniscus as these were intentionally injured to induce osteoarthritis. One of the limitations of
MOAKS is that it does not allow the quantiﬁcation of the amount of degeneration of the whole knee [14]. For this purpose, we created a quantiﬁcation method in order to be able to compare the degenerative
changes produced by the different OA induction lesions.
According to Landis and Koch [29] criteria, almost all measures of reliability presented in this study showed substantial agreement (0.61–
0.8) or reached near almost perfect agreement (0.81–1.0). This is in accordance to what Hunter et al., [8] published in the original scale. Interestingly, the inter-observer reliability and percentage of agreement
results for the evaluation of cartilage, BML and osteophytes were higher
than the intra-observer reliability results. This observation could be justiﬁed by the six-week gap period in between observations and the low
presence of BML. This study now provides an adapted reliable MR scale
(sMOAKS) to quantify the effect of different interventions in the surgically induced OA ovine knee. Although recent studies provide data to
suggest that three T MR may signiﬁcantly improve the diagnostic of cartilage lesions compared with 1.5 T MR the evaluation of articular cartilage using a semi-quantitative scale as MOAKS can be also performed
in a 1.5 T MR [32].
The development of OA in the human knee after ACL rupture is a
well documented condition which is thought to be due to the effect of
an increased anterior tibial translation [33]. In an attempt to improve
Table 5
Results from the histologic evaluation with MANKIN and OARSI Scales (mean group
values ± SD).
Mankin

Group 3 (ACLt + medial meniscectomy)
PFJ
23.25 17.00
FTLJ
17.50 21.50
FTLJ
22.50 23.75
Total group 3

18.25
15.00
21.50

Group 4 (medial meniscectomy)
PFJ
18.00
FTLJ
16.00
FTMJ
22.00
Total group 4

12.40
13.80
20.40

12.40
12.40
19.40

11.50
20.00
20.25

9.00
13.60
18.60

17.50
18.50
22.00
58.00

21.3%
25.6%
30.5%
24.7%

12.95
13.95
20.10
47.00

15.7%
19.3%
21.9%
20.0%

Femur
(X ± SD)
Group 1
ACL transection
Group 2
Meniscal tear
Group 3
ACLt + medial meniscectomy
Group 4
Medial meniscectomy

OARSI
Tibia
(X ± SD)

Femur
(X ± SD)

Tibia
(X ± SD)

3.4 ± 0.9

3.0 ± 0.6

1.2 ± 0.5

0.8 ± 0.3

8.6 ± 1.4

8.6 ± 1.3

3.8 ± 0.9

2.6 ± 0.9

11 ± 4.2

11.8 ± 3.8

4 ± 1.4

4.6 ± 1.1

9.5 ± 2.5

12.2 ± 3.6

3.5 ± 1.2

4.2 ± 1.4
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Figure 3. A) Evaluation of femoro-tibial articular cartilage with Mankin Scale per Groups.
B) Evaluation of femoro-tibial articular cartilage with OARSI Scale per Groups.
C) Evaluation of femoro-tibial articular cartilage with sMOAKS Scale per Groups. ANOVA
values presented as averages and standard deviation per groups.

the understanding of the mechanisms of OA, ACL transection became
one of the most common procedures to induce OA in animals with
well documented results. However, the development of degenerative
changes in the ovine knee after ACL transection remains still controversial [33,34] and most of the research done in sheep OA have focused on
the effect of different meniscal injuries. There is; however, an absence of
studies comparing the effect of the transection of the ACL, isolated or in
combination with different meniscal injuries, in the same group of
sheep [35]. The results of this comparative study, using the sMOAKS
score, indicate that the isolated transection of the ACL in the ovine
knee induces a higher degree of degeneration than meniscectomy or
any other combination, eight weeks after surgery, at the expense of an
increased presence of osteophytes. Although the differences observed
between groups were small, these were statistically signiﬁcant, with
the biggest difference between the ACL transection group and the
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group with a complete medial meniscectomy. We also believe that the
EDL tendon in the ovine stiﬂe acts as the ACL, thus, preventing the anterior displacement of the tibia.
Future studies could possibly focus on the MR evaluation of the combined lesion of the ACL and EDL tendons which may even induce a
higher amount of degeneration. Although there is an absence of a control group and/or radiographs, MRs done at baseline, all knees were
carefully inspected during surgery and none of them presented macroscopic abnormalities. In addition, while the ACL transected group presented the highest amount of degeneration eight weeks after surgery,
we cannot predict if these changes are maintained over time. Another
concern is the time needed to observe degenerative changes after the
surgical induction of OA. Different studies have described OA ﬁndings
ranging from two weeks to 12 months after surgery. However, the majority of the studies used histological methods to evaluate the degenerative changes focusing on cartilage damage and none of them utilized
MR to detect early degenerative changes.
Some investigators have observed that articular cartilage lesions
precede sub-chondral lesions [36,37] while others have reported contradictory ﬁndings [38–40]. Changes in sub-chondral bone composition
are important in the progression of OA. These are degenerative lesions
consisting of edema, bone marrow necrosis, ﬁbrosis, and trabecular abnormalities [15,41], which have been often detected in conjunction with
neighboring cartilage damage and seem to have correlation with progressive cartilage damage [11,42]. Lacourt et al. [43] observed a correlation between sub-chondral bone changes and cartilage lesions,
suggesting that the sub-chondral bone is involved and plays a role in
the pathogenesis of naturally occurring repetitive impact OA in
trauma-induced equine osteoarthritis. Although bone sclerosis and
sub-chondral bone abnormalities are well documented in OA, we
could not detect variations in the sub-chondral bone structure in the
early stage of the disease in this experimental model. However, this
study was not designed with that intention and; therefore, it does not
evaluate the sequence of events of OA. To what extent the etiology of
OA could inﬂuence the sequence of the degenerative process and the
progression of the disease have not yet been addressed.
The Mankin and OARSI histopathological scoring methods allowed for
useful comparison with the sMOAKS scale in this animal model of early
OA. However, most of the histopathological scores are plagued by issues
and questions of sampling scale and are deﬁcient in only evaluating cartilage and no other OA-affected joint tissues. Therefore, it still remains unclear whether histology fully captures the pathological process of OA, and
there is little or no information on the correlation of histopathology
changes and clinical signs of disease as joint pain [33]. The absence of
overall correlations in this study might be related to the fact that sMOAKS
evaluates and quantiﬁes the damage of different joint structures in the
femoro-tibial and patellofemoral compartments and the Mankin–OARSI
scales only evaluate the damage of the articular cartilage in the femorotibial compartments. However, it was in that particular scenario (the
evaluation of articular cartilage in the femoro-tibial compartments),
when a high correlation was observed in between the three scales.
Several possible limitations in the study should be considered.
Whereas this in vivo design was optimal for delineating the pathologic
changes associated with the lesion of different intraarticular structures,
the model may not accurately mimic the naturally disease state. Also
the length, timing, and nature of the study does not allow for modeling
or assessing the full spectrum of changes associated with OA. Although
we did not have a control group in order to evaluate the effect of an isolated arthrotomy the knees were carefully inspected at the time of surgery and none of them presented gross structural abnormalities. In
addition, MR observers reported some difﬁculties when evaluating
some of the images as the slices presented a certain degree of obliquity.
In those instances the evaluation of the different features was performed
in more than one slice. Lastly, although non-parametric statistical analyses would have been a better choice, given the nature of the variables,
most of our results presented statistically signiﬁcant p values.
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In summary, sMOAKS is a reliable semi-quantitative MR scale to evaluate and quantify the effect of different induction lesions in the ovine
knee and presents a high correlation with the Mankin and OARSI scales
in the evaluation of the femoro-tibial articular cartilage. Although ACLt induced the highest degree of degeneration at the expense of an increase
presence of osteophytes, most of these scores were in the lower quartile
of their possible range. While articular cartilage lesions and osteophytes
were the predominant affected structures, bone marrow lesions and
cyst, were poorly identiﬁed. We conclude from this study that although
minor differences were observed between the different surgical procedures for the induction of OA in the ovine knee, the isolated transection
of the ACL proved to be the intervention that produced the highest
amount of degeneration eight weeks postoperatively.
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