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Abstract

Articular cartilage defects are one of the features of osteoarthritis in animals and humans. Early
detection of cartilage defects is a challenge in clinical veterinary practice and also in translational
research studies. An accurate, diagnostic imaging method would be desirable for detecting and
following up lesions in specific anatomical regions of the articular surface. The current prospec-
tive experimental study aimed to describe the accuracy of computed tomographic arthrography
(CTA) for detecting cartilage defects in a common animal model used for osteoarthritis research,
the ovine stifle (knee, femoropatellar/femorotibial) joint. Joints in cadaver limbs (n = 42) and
in living animals under anesthesia (n = 13) were injected with a contrast medium and imaged
using a standardized CT protocol. Gross anatomy and histological assessment of specific anatomic
regions were used as a gold standard for the evaluation of sensitivity, specificity, negative pre-
dictive value, and positive predictive value for CTA identification of articular cartilage defects in
those regions. Pooled estimated sensitivity and specificity were 90.32% and 97.30%, respectively,
incadaver limbs, and 81.82% and 95.24%, respectively, in living animals. Pooled estimated positive
predictive value and negative predictive values were 98.25% and 85.71%, respectively, in cadaver
limbs, and 81.82% and 95.24%, respectively, in living animals. The delineation of cartilage surface
was good for anatomical regions most frequently affected by cartilage defects in the ovine stifle:
medial femoral condyle, medial tibial condyle, and patella. This study supported the use of CTA as
an imaging technique for detecting and monitoring articular cartilage defects in the ovine stifle
joint.
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been described in large animal models that are commonly used for

osteoarthritis research, such as the ovine stifle (knee, femoropatel-

Articular cartilage defects have been described in many species. In
man, cartilage injuries of the knee (femoropatellar/femorotibial) joint
are very common, particularly in young and active people, and are
considered to be risk factors for the development of osteoarthritis.!
Osteoarthritis is a degenerative and inflammatory disease of the joint,
also resulting in deterioration and loss of articular cartilage matrix.2
An estimated 60% of human patients who undergo knee arthroscopy
will have shown articular cartilage defects,3-> even without clinical
signs.®7 Articular cartilage defects are also prevalent in racehorses,
affecting 33% of equine metacarpophalangeal joints.8 Studies in dogs
have reported articular cartilage erosions in the elbow of 30% of
mature dogs (more than 6 years old),” and in the humeral head, in
52% of animals.’® Subclinical articular cartilage defects have also

lar/femorotibial) joint. We have previously shown fibrillation and fis-
sures not involving the subchondral bone, as well as erosions down to
subchondral bone, which were present in 43% of a population of cross-
bred Texel ewes used for research and were more commonly iden-
tified in specific anatomical regions such as the middle part of the
medial femoral condyle, the medial tibial condyle, and the patella.?
In some experimental studies, cartilage defects are created in specific
anatomic sites to test surgical or regenerative therapies, in particular
the medial femoral condyle.!2 In clinical cases, since regeneration of
damaged or lost articular cartilage is currently an unachieved goal,13
it is likely that it is useful to detect articular cartilage lesions early
in the course of disease, although the clinical significance of articular

cartilage defects in asymptomatic animals or patients has yet to be
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determined. In research, the follow-up of cartilage defects, identified
at baseline or surgically created in specific anatomic regions, is a useful
outcome measure.

Noninvasive identification of articular cartilage defects can be per-
formed by imaging techniques such as magnetic resonance imaging
(MRI) or computed tomography arthrography (CTA) and have been
well described.?-17 In humans, CTA seems to be more accurate than
MRI to detect cartilage defects.1#16-18 An ex vivo study in horses
demonstrated that 3T MRI using specific sequences for cartilage eval-
uation (dual echo in the steady state [DESS], sampling perfection
with application-optimized contrast using different flip-angle evolu-
tions [SPACE]) was less accurate than CTA to detect small naturally
occurringarticular cartilage defects in the metacarpo(tarso)phalangeal
joints.1?

Thereis need to improve techniques to assess defects noninvasively
in clinical cases or in longitudinal clinical or experimental research
studies.1120 The objectives of the current study were (1) to assess
the accuracy of CTA to detect naturally occurring articular cartilage
defects of the stifle (knee) joint in an ex vivo study on a sheep popu-
lation and (2) to determine whether this technique is feasible in living

animals enrolled in a research protocol.

2 | MATERIAL AND METHODS

2.1 | Exvivo study

2.1.1 | Animals

The experimental protocol (reference: VA10 150) was approved by the
local ethics committee for animal welfare. Paired hind limbs were col-
lected from Texel crossbred ewes (aged from 2 to 11 years) eutha-
nized for reasons not related to musculoskeletal disease (mastitis, loss
of fertility) and used for teaching (anatomical dissection). The sheep
weighed between 45 and 80 kg. They came from the Ovine Research
Centre of the University of Namur. Animals were euthanized by an IV
injection of embutramide (20 mg/kg). The limbs were collected within
6 h of euthanasia and disarticulated at the level of the coxofemoral
joint. They were stored frozen (-12°C) and thawed to room temper-

ature before CTA assessment.

2.1.2 | Study design

The study was a prospective, experimental design. Computed tomo-
graphic arthrography, macroscopic, and histologic scoring of artic-
ular surfaces were performed in 26 anatomic regions for every
stifle (Fig. 1A-D). Sensitivity and specificity of CTA for detecting car-
tilage defects were calculated by comparison of CTA assessments of
articular cartilage sites (one anatomic region in one stifle in a specific
sheep was defined as one “site”) to the combined gross anatomic and
histological observation of those sites considered as the gold standard.
This meant that only articular cartilage sites where lesions (cases) or
absence of lesion (controls) were corroborated by histological assess-
ment were used to assess sensitivity and specificity.

The anatomical site was considered the unit of observation for sev-

eral reasons. First, the objective of the study was to evaluate CTA as a
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tool to identify defects in the anatomic sites that are either commonly
affected at baseline or sampled for analysis!! (and not the other sites),
or to follow-up a lesion surgically induced in a specific anatomic site
such as the medial femoral condyle that is commonly used in research
on regenerative and graft therapies.12 Then, considering the joint as
the unit of observation would require assessing the whole articular
surface histologically, which is not feasible technically. Finally, a pre-
vious prevalence study has shown that higher scores in one site (the
axial part of the middle part of the tibial condyle, e.g.) do not necessar-
ily imply that higher scores would also be identified in other sites of the
joint (i.e., the axial part of the middle part of the femoral condyle).1!

2.1.3 | Sample size determination

The total number of sites (sample size, Ni,)), and the number of cases
(N¢ases) and controls (N gnirors), that were necessary to assess to ensure
the reliability of the sensitivity and specificity analysis, were calculated

using the following equation:2?

Z, 2 X Sen (1 — Sen)

Niotal = d? x Prev,

where Z,,, was 1.96 for alpha = 0.05,

Sen =predetermined value of sensitivity, estimated from previous pub-
lished studies (it was set to 0.80 in comparison to values for detection
of cartilage defects in the human knee,# ankle,22 and elbow,23 and
the equine fetlock joint,1?

d = precision of estimate, i.e. the maximum difference between esti-
mated sensitivity (or specificity) and the true value was set to 0.10,21

Prev = prevalence of disease (cartilage defects for sheep) and was set

to 0.66 according to published studies.1!

With these settings, the sample size calculation was 93.1. This
meant that 94 comparisons between gold standard and CTA assess-
ment were required to ensure a reliable accuracy study for detection
of cartilage defects in the ovine stifle with CTA.

Neases and Nonirols Were calculated using the following equations:
Neontrots = Ntotal X (1 = Prev)
Neases = Niotal X Prev.

Atotal 62 cases were therefore required and 32 controls were nec-
essary. These were randomly selected in the cadaveric limbs. Sheep
were enrolled until those numbers were achieved. Paired hind limbs
(n = 42) from 21 ewes were collected to reach the adequate sample

size of “sites.”

2.1.4 | Computed tomographic angiography technique

A 6-ml volume of ionic contrast material (iodine 320 mg/ml, at
37°C; meglumine ioxaglate and sodium ioxaglate; Hexabrix 320,
Guerbet, Aulnay-Sous-Bois, France) mixed with 14 mL saline was
injected through a 21G 1 ¥2 needle (Terumo, Belgium) placed in the
femoropatellar compartment of the stifle. A paraligamentous tech-
nique was used: the needle was inserted along the medial aspect of

the patellar ligament at mid-distance between its distal and proximal
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FIGURE 1 Twenty-six anatomic subregions assessed for abnormalities of the articular cartilage. (A) cranial, middle, and caudal thirds of the
articular surface of the medial and lateral tibial condyles, where each middle third was divided into axial and abaxial aspects (TCM1, TCM2Ax,
TCM2Ab, TCM3, TCL1, TCL2Ax, TCL2Ab, TCL3); (B) proximal, middle, and distal thirds of the articular surface of the patella (P1, P2, P3); (C) cranial,
middle, and caudal thirds of the articular surface of the medial and lateral femoral condyles (FCM1, FCM2, FCM3, FCL1, FCL2, FCL3); (D) proximal,
middle, and distal thirds of the articular surface of the medial ridge, groove, and lateral ridge of the trochlea of the femur (TM1, TM2, TM3, G1, G2,

G3,TL1,TL2, TL3).

insertions.24 The injected stifles were then flexed and extended 100
times to allow homogeneous coating of the articular surfaces.

The limbs were examined with a multislice CT scanner (Emotion
6, 6-slice detector, Siemens, Erlangen, Germany). The image acquisi-
tion protocol was as follows: 130 kV, 140 mAs, pitch 0.4 (helical acqui-
sition), collimation 0.63 mm, and tube rotation time 0.6 s. Images of
0.63 mm were reconstructed with an increment of 0.3 mm. From this
isotropic volume of images, dorsal (coronal), sagittal, and transverse

planar reformatted images were generated (1 mm thickness and 1 mm
space between slices). The field of view extended from the base of
the patella to 6 cm distal to the tibial plateau. Images were recon-
structed on a 512-512 matrix, and in-plane resolution was 0.2 mm.
Acquisition time was 2 min on average. The dose-length product,
reflecting the radiation output from the CT scan and its extent,2°
was 143 mGray-cm. Images were then transferred on a medical

digital imaging system (PACS, Télémis, Louvain-La-Neuve, Belgium).
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All reconstructed images were prospectively stored for assessment
of cartilage. Images were reconstructed using bone algorithm (B70,
Siemens). The window center and width were 800 HU and 2000 HU,
respectively.

2.1.5 | Macroscopic assessment of articular cartilage

Soft tissue was removed from the detached limbs and the joint was
carefully disarticulated. The cartilage was kept moist by covering the
joint surface with gauze sponges soaked in lactated Ringer’s solution.
The distal articular surface of the femur, proximal articular surface of
the tibia, and articular surface of the patella were examined by gross
observation by one investigator (FH). Joint surfaces were digitally
photographed (Sony Alpha DSLR-A230 digital camera) with standard-
ized lighting conditions for records (two Sony Illustar SM-300 light-
ing). The abnormalities of the articular cartilage were scored by using
Osteoarthritis Research Society International (OARSI) recommenda-
tions for macroscopic scoring of cartilage in sheep: score O for intact
cartilage surface; score 1 for surface roughening; score 2 for deeper
defects (fibrillation, fissures) not involving the subchondral bone; score
3 for erosions down to subchondral bone, smaller than 5 mm in diame-
ter; score 4 for erosions down to subchondral bone, larger than 5 mm

diameter.2¢

2.1.6 | Microscopic assessment of articular cartilage

Sets of 3- to 4-mm-thick osteochondral slabs were obtained centered
either on the articular surface defect visualized grossly, or on the
center of healthy anatomic regions. Samples were fixed in 10% (v/v)
neutral buffered formalin for 48 h. Following fixation, samples were
transferred to 70% (v/v) ethanol for storage or further processing.
They were decalcified in DC3 (nonionic surfactants, hydrochloric
acid, EDTA, VWR International, Leuven, Belgium) for 2 days and
embedded in paraffin, and then 4-u sections were cut. Sections were
deparaffinized with xylene and graded ethanol, and then stained with
toluidine blue. Each slice was examined by two investigators (FH,

JMV) working in consensus and cartilage structure was scored using

TABLE 1 Osteoarthritis research society international (OARSI) rec-
ommendations for histological assessment of cartilage structure®

Score Definition
0 Normal
1 Slight surface irregularities (surface barely disturbed)
2 Moderate surface irregularities (surface roughened)
8 Severe surface irregularities (disruption,
fissuring/fibrillation to <10% depth)
4 Fissures to transitional zone (1/3 depth)
5 Fissures to radial zone (2/3 depth)
6 Fissures to calcified zone (full depth)
7 Erosion or severe fibrillation to mid-zone (1/3 depth)
8 Erosion or severe fibrillation to deep zone (2/3 depth)
9 Erosion or severe fibrillation to calcified zone (full depth)
10 Erosion or severe fibrillation to subchondral bone
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the OARSI recommendations for histological evaluation of articular

cartilage in sheep (Table 1).26

2.2 | Invivo study

2.2.1 | Animals

All procedures complied with the Royal Decree on the Protection
of Experimental Animals in concordance with European Directive
2010/73. Thirteen unpaired hind limbs (n = 13) from 13 other animals
(aged from 2 to 11 years), enrolled in a research study on osteoarthri-
tis (experimental protocol OsteoOvin Kl 12 181 approved by the local
ethical committee for animal welfare), were used to assess the tech-
nique in living animals under general anesthesia. After the procedure,
they were euthanized and limbs were collected. The sheep weighed
between 45 and 80 kg. They came from the Ovine Research Centre of

the University of Namur.

2.2.2 | Anesthesia technique

In living animals, physical examination was performed to confirm their
good health. Animals were fasted for 12 h, with ad-lib access to water.
Before anesthesia, forearms were clipped and the right cephalic vein
was catheterized with a 20 G 1 %" catheter (Terumo). Xylazine (150 ug/
kg IV) and diazepam (150 ug /kg IV) were used for premedication.2’
After induction with pentobarbital (3 mg/kg), the animal was initially
placed in sternal position and the neck was extended. A laryngoscope
(Kawe, Germany) was used to visualize the glottis, and a cuffed 8.0
endotracheal tube was inserted, inflated with 15 ml air, and secured.
It was connected to an ambu-bag and 100% oxygen was administered.
Anesthesia was maintained by IV infusion of pentobarbital in 0.9%
NaCl (10 mg/kg/h).

2.2.3 | Computed tomographic arthrography technique

Animals were placed in lateral recumbency and the stifle region was
clipped and scrubbed with povidone iodine (Poviderm scrub, povidone
iodinum 7.5%, Audevard, France; Poviderm dermicum, povidone
iodinum 10%, Ecuphar, Belgium). The stifle was injected with the same
technique as for the cadaver limbs. When the needle was inserted,
synovial fluid was collected to confirm intra-articular position of the
needle.

Animals were kept in lateral recumbency during the scanning
period, with the head in alowered positionin a styrofoam box to collect
saliva (Fig. 2A and B). Urinary catheterization (Foley catheter 14, Rusch
Gold, Germany; connected to a 2.0L-secretion bag, Sarstedt, Germany)
was performed to ensure collection of urine and to avoid contami-
nation of the equipment and environment. Digital extremities were
covered with latex gloves. To perform CT scan, the targeted limb was
extended caudally and maintained with a 5 kg load, while the other limb
was extended cranially and maintained with a roller bandage (Fig. 2C).
The limbs were examined with the same scanner as that used for the ex
vivo study (Emotion 6, 6-slice detector, Siemens). The acquisition pro-
tocol was also similar to the ex vivo study except that scans were per-
formed at 200 mAs. The dose-length product was 258 mGray-cm. The

duration of the whole procedure (anesthesia and CTA) was measured.
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FIGURE 2 Sheep positioning for computed tomography arthrography procedure. (A) The sheep was placed in lateral recumbence with the
targeted limb extended caudally and the contralateral limb pulled cranially and tied around the trunk with a roller bandage. Digital extremities
were covered with latex gloves. (B) Oxygen supply was provided by an endotracheal tube connected to an ambu-bag (VTrade, Noville-Les-Bois,
Belgium) and an oxygen tank. Saliva was collected in a stir foam box. (C) Urine was collected by bladder catheterization to avoid contamination of
the equipment and environment. (D) Schematic view of limb positioning for a cadaver stifle and (E) for living animal. In living animal, despite the
forced extension of the limb, the pelvis remained in the acquisition field; this affected the quality of the image since the pelvis (dotted circle), soft
tissues, and stifle (plain circle) attenuated the X-rays before they reached the detectors. (F) CTA images of cadaver stifle and (G) stifle of living

animal. [Color figure can be viewed at wileyonlinelibrary.com]

2.2.4 | Macroscopic and microscopic assessment
of articular cartilage

After imaging, animals were euthanized by an IV injection of embu-
tramide (20 mg/kg). The limbs were collected within 6 h of euthana-
sia and disarticulated at the level of the coxofemoral joint. Soft tis-

sue was removed from the detached limbs, and the joint was carefully

disarticulated. The experimental protocol for living sheep included
systematic assessment of five anatomic regions in every limb: mid-
dle third of the articular surface of the medial and lateral femoral
condyles, middle third of the articular surface of the patella, axial
aspect of the middle third of the articular surface of the medial
and lateral tibial condyles. Gross anatomy and histology were
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performed as in the in vitro study using the previously described scor-

ing protocol.

2.3 | Dataanalyses

2.3.1 | Image analysis

Two months after performing CTA, one musculoskeletal radiologist
(JFN) and one veterinarian (FH) separately retrieved and analyzed
the archived CTA images. Transverse, dorsal, and sagittal images were
viewed simultaneously. Both observers were blinded to the identity of
the specimens. The 26 anatomic regions (Fig. 1A-D) were observed in
each stifle. The CTA scoring criteria are described in Table 2. Normal
cartilage was defined as a radiolucent layer covering the high atten-
uating subchondral bone and bordered by the radiopaque contrast
medium. Lesions associated with osteoarthritis (osteophytes, subchon-
dral bone changes) were also recorded as present or absent. Scores
from O to 4 were used for CTA and corresponded to the scores used
for macroscopic examinations. When surface scoring differed between
the imaging planes of CT, the most severe score was reported. The
most severe lesion observed in any section of each of the 26 anatomic
regions was used to score the articular cartilage surface of that region.
After a 1-month delay, one investigator (JFN) repeated the blinded
retrospective interpretation of all examinations to determine intraob-

server reproducibility.

2.3.2 | Statistical analysis

The prevalence (number of defects/number of observed limbs)
and anatomical distribution of (number of defects per region/total
number of lesions) of defects were assessed both for cadaver
limbs and limbs from living sheep. Statistical analyses were per-
formed by the first author (FH) using a computer software sys-
tem (Stats Direct, Medical Statistics Software, Cheshire, UK).
Kolmogorov-Smirnov and Shapiro-Wilk tests were used to exam-
ine the normality of data. Due to positive skewness and kurtosis
of the macroscopic, histologic and imaging scores distribution,
nonparametric statistics were conducted.?8 According to the require-
ments of the sensitivity-specificity analysis, data were used for
analysis only if macroscopic scores were confirmed by histology;
this means that macroscopic scores of 1, 2, 3, and 4 corresponded,
respectively, to histological (1) surface irregularities from moderate
to severe but where disruption, fissuring, and fibrillation do not reach
more than 10% of articular cartilage depth (OARSI scores 2 and 3;
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Table 1); (2) fissures, erosions, or fibrillations that do not go deeper
than the calcified layer (OARSI scores 4-9; Table 1); (3 and 4) erosion
or severe fibrillation to subchondral bone (OARSI score 10; Table 1).
Using the Spearman rank coefficient assessed correlation between
macroscopic scoring and histological scoring. Interobserver and
intraobserver agreement were tested by using Kappa statistics. Kappa
values less than O were considered to be poor agreement; between
0 and 0.2, slight agreement; between 0.21 and 0.40, fair agreement;
between 0.41 and 0.60, moderate agreement; between 0.61 and 0.80,
substantial agreement; and between 0.81 and 1.00, almost perfect
agreement.?? Sensitivity, specificity, positive predictive value, and
negative predictive value were calculated separately for cadaver limbs
and living animals. Pooled estimated sensitivity, specificity, positive
predictive value, and negative predictive value were calculated after
consensus between observers was reached. Pooled estimated param-
eters for cadaver limbs and living animals were then compared using
chi-square test (and Fischer’s exact test when required). A P-value

< 0.05 was considered to indicate a statistically significant difference.

3 | RESULTS

3.1 | Descriptive statistics

The CTA duration was 2 min. The whole procedure (anesthesia and
CTA) had a mean duration of 40 min. No complications occurred in the
living animals. A total of 115 osteochondral samples were assessed,
including 99 that had their macroscopic scoring confirmed by his-
tology and were used for sensitivity-specificity analysis. Prevalence
and anatomical distribution are described in the flow chart in Fig. 3.
Lesions were primarily score-2 defects (71.0%). Score-1 defects, score-
3 defects, and score-4 defects accounted for 24.2%, 1.6%, and 3.2%,
respectively. Most frequent affected anatomic regions were: middle
third of the articular surface of the medial tibial condyle) (50.0%) and
middle third of the articular surface of the medial femoral condyle
(27.4%). No signs of osteoarthritis (such as osteophytes and subchon-
dral bone changes) were identified by CTA either in the cadaver limbs
or in living animals. Figure 4 illustrates the appearance of articular car-

tilage at CTA and examples of scores 2 and 3 defects.

3.2 | Sensitivity/specificity analysis

Including all slides (even those where histological scores were
not similar to macroscopic scores), gross anatomy findings

TABLE 2 Macroscopic and computed tomographic arthrography scoring scales

Score Macroscopic scoring

Score O Intact cartilage surface

Score 1 Surface roughening

Score 2 Deeper defects (fibrillation, fissures) not
involving the SB

Score 3 Erosion down to SB, <5 mm diameter

Score 4 Erosion down to SB, >5 mm diameter

CTA scoring

A sharp line of contrast material is identified on the cartilage
surface without substance loss

Loss of the sharp and smooth contour of the cartilage surface

Penetration of contrast material within at least the superficial half
of the cartilage thickness but not down to the SB

Penetration of contrast material down to SB, <5 mm diameter

Penetration of contrast material down to SB, >5 mm diameter

SB, subchondral bone; CTA, computed tomographic arthrography; mm = millimeter.
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Ex-vivo (2 to 11 year-old) In vivo (2 to 11 year-old)

42 limbs 13 limbs

| Macroscopic assessment and Harvesting of histological samples |

5 defined anatomic regions :
TCM2, TCL2, FCM2, FCL2 and P2

TN

Macroscopically normal ~ Macroscopic lesions: N =72 Macroscopically normal Macroscopic lesions: N = 15
region: N =43 Score 1: N=23  Score 2: N=46 region: N = 50 Score 1: N=4 Score 2: N=11
Score 3: N=1 Score 4: N=2
N=115 Histological assessment N=65 |
Artefact: N=3 . Artefact: N=6
1 score-0 sample and 2 score-1 samples ~ 5 score-0 samples and 1 score-2 sample

Correlation gross anatomy— histology:
Spearman correlation coefficient: 0.77; P 0.000; N =171

Macroscopic score not confirmed by histology: N =13 Macroscopic score not confirmed by histology: N = 6
5 score-0 samples, 6 score-1 samples and 2 score-2 samples 3 score-0 samples, 2 score-1 samples and 1 score-2 sample

Histologically confirmed samples : N = 99 Histologically confirmed samples : N =53
Score 0: N=37 Score 1: N=15 Score 2: N=44 Score 0: N=42 Score 1: N=2 Score 2: N=9
Score 3: N=1 Score 4 : N=2

GOLD STANDARD

Correlation Gold Standards— CTA :
Spearman correlation coefficient: 0.79 P<0.0001; N = 152

Pooled estimated performances for cadaver limbs: Pooled estimated performances for living sheep:
SEN : 90.32% SPE: 97.30% SEN: 81.82% SPE: 95.24%
PPV: 98.25% NPV: 85.71% PPV: 81.82% NPV: 95.24%
Anatomical distribution of Anatomical distribution of
Prevalence: number of Prevalence: number of
defects: number of defects defects: number of defects
defects per number of : defects per number of .
. per regions per total X per regions per total
observed limbs . observed limbs o
number of lesions number of lesions
FCM2* 17/42 17/62 (27.4%) FCM2* 5/13 5/11 (45.45%)
FCM3¥ 2/42 2/62 (3.2%) FCL2} 0/13 0/11 (0.0%)
FCL2§ 2/42 2/62 (3.2%) P29 2/13 2/11 (18.18%)
Gl § 1/42 1/62 (1.6%) TCM2Ax# 4/13 4/11 (36.36%)
TL2|| 1/42 1/62 (1.6%) TCL2Ax** 0/13 limbs 0/11 lesions (0.0%)
P2q 6/42 6/62 (9.7%) Total 11 lesions for 13 limbs 11 (100%)
TCM2Ax# 31/42 31/62 (50.0%)
TCL2Ax** 2/42 2/62 (3.2%)
Other anatomic . 0/62 lesions
region: 0/ 42 limbs (0.0%)
Total 62 lesions for 42 limbs 62 (100%)

FIGURE 3 Flow chart of limbs and samples, mean performances of CTA, distribution of lesions, and prevalence of lesions for cadaver limbs and
limbs from living sheep.

"FCM2: middle third of the articular surface of the medial femoral condyle

TFCM3: caudal third of the articular surface of the medial femoral condyle.

#FCL2: middle third of the articular surface of the lateral femoral condyle.

8G1: proximal third of the articular surface of the groove of the trochlea of the femur.

ITL2: middle third of the articular surface of the lateral femoral trochlear ridge.

1P2: middle third of the articular surface of the patella.

#TCM2AXx: axial aspect of the middle third of the articular surface of the medial tibial condyle.
"TCL2Ax: axial aspect of the middle third of the articular surface of the lateral tibial condyle.
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Proximal

FIGURE 4 Appearance of cartilage in CTA images. (A) Intact cartilage appears as a sharp radiolucent layer (plain arrows) underlined by the
radiopaque contrast medium (dotted arrow). (B and C) Examples of cartilage defects. (B) A score-2 defect on the medial femoral condyle; (C) a
score-3 defect on the axial aspect of the medial tibial condyle. [Color figure can be viewed at wileyonlinelibrary.com]

were significantly correlated with histology (Spearman correla-
tion coefficient 0.77; P = 0.000). Considering only sites where
macroscopic scores were corroborated by histology, there was
substantial agreement between those scores and those at CTA
(Spearman correlation coefficient: 0.76 (observer 1 — assess-
ment 1), 0.81 (observer 1 - assessment 2), 0.79 (observer 2);
P <0.0001).

The sensitivity, specificity, positive predictive value, and negative
predictive value of CTA for detecting cartilage defects are reported in
Table 3, both for observers 1 and 2. In cadaver limbs, CTA was able to
adequately classify on average (pooled estimated of the three assess-
ments) 36 of 37 score-0 area, 14 of 15 score-1 defects, 39 of 44 score-
2 defects, 1 of 1 score-3 defects, and 2 of 2 score-4 defects. In living
animals, CTA was able to adequately classify on average (pooled esti-
mated of the three assessment) 43 of 45 score-0 areas, 1 of 2 score-
1 defects, 8 of 9 score-2 defects. The k-values observed for inter-
and intraobserver reproducibility were 0.76 and 0.94, respectively.
The negative predictive value of CTA for detecting defects in cadaver
limbs was significantly lower than the negative predictive value in liv-
ing animals, while the positive predictive value in cadaver limbs was
significantly higher than the positive predictive value in living animals
(P < 0.05). The sensitivity and specificity of CTA for detecting defects
in living animals did not significantly differ from values in cadaver

limbs.

4 | DISCUSSION

This study demonstrated that CTA can detect articular cartilage in
cadaver sheep stifle joints with acceptable sensitivity (90%) and speci-
ficity (97%). This technique is also feasible in living sheep with accept-
able sensitivity (82%) and specificity (95%). The study also showed
that naturally occurring articular cartilage defects were highly preva-
lent in this population of sheep, with 73 lesions being identified in 55
cadaver limbs. The most frequent locations of lesions were the axial
aspect of the middle third of the articular surface of the medial tib-
ial condyle, the middle third of the articular surface of the medial
femoral condyle, and the middle third of the articular surface of the
patella. This is in accordance with a previous study by the authors
that demonstrated that these three regions were the most frequent
affected anatomic regions.!! In ovines, as well as in humans, the
medial femorotibial compartment shows higher prevalence of carti-
lage defects!! and bears a larger part of the total load than the lateral
compartment.3° In man, medial femoral condyle and patellar defects
are more prevalent than lateral femoral condyle defects or trochlear
defects.#¢ The higher prevalence of defects in the medial compart-
ment may be associated to the asymmetry of forces distribution in the
stifle.31,32

The current study confirmed that cartilage defects can be present in

a population of research sheep without clinical signs and radiographic
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TABLE 3 Performance parameters of computed tomography arthrography to detect cartilage defects

Cadaver limbs (N = 99 histological samples)?

Estimate in percentage (95% confidence interval)

Living sheep under anesthesia (N = 53 histological samples)®

Estimate in percentage (95% confidence interval)

SEN®
Observer 1/ assessment 1" 80.65 81.82
(69.1-88.6) (52.3-94.9)
Observer 1/ assessment 2" 87.80 88.89
(74.5-94.7) (56.5-98.0)
Observer 2 79.03 81.82
(67.4-87.3) (52.3-94.9)
Pooled estimated SEN 90.32 81.82
(80.2-95.4) (52.3-94.9)
SPE®
Observer 1/ assessment 1" 97.30 92.86
(86.2-99.5) (81.0-97.5)
Observer 1/ assessment 2" 93.75 100.00
(71.7-98.9) (71.0-100.0)
Observer 2 97.30 95.24
(86.2-99.5) (84.2-98.7)
Pooled estimated SPE 97.30 95.24
PPVf (86.5-99.5) (84.2-98.7)
Observer 1/ assessment 1" 98.04 75.00
(89.7-99.7) (46.8-91.1)
Observer 1/ assessment 2" 97.30 100.00
(86.2-99.5) (66.2-100.0)
Observer 2 98.00 81.82
(89.5-99.6) (52.3-94.9)
Pooled estimated PPV 98.25 81.82
(90.6-99.7) (52.3-94.9)
NPVe&
Observer 1/ assessment 1" 75.004 95.12¢
(61.2-85.1) (83.9t098.7)
Observer 1/ assessment 2" 75.00¢ 90.91¢
(53.1-88.8) (62.3-98.4)
Observer 2 73.474 95.244
(59.7-83.8) (84.2-98.7)
Pooled estimated NPV 85.714 95.244
(72.7-93.4) (84.2-98.7)

Notes. Pooled estimated values (SEN, SPE, PPV, NPV) are highlighted in bold letter to distinguish them from the assessments of observer 1 and 2.

2From these 99 histological samples, 37 were control samples and 62 were case samples.

bFrom these 53 histological samples, 42 were control samples and 11 were case samples.

¢Sensitivity (SEN) measures the proportion of positives (macroscopically eroded cartilage) that are correctly identified as such. Sen = TP /(TP + FN). TP =
true positive; TN = true negative; FP = false positive; FN = false negative.

dSignificantly different (P < 0.05).

eSpecificity (SPE) measures the proportion of negatives (macroscopic score 0) that are correctly identified by the imaging technique. SPE = TN /(TN + FP).
fPositive predictive value (PPV) is the probability that a positive result at CTA (score 1, 2, or 3 defect) is truly a defect. PPV = TP /(TP + FP).

eNegative predictive value (NPV) is the probability that a negative result at CTA (score 0) is truly erosion-free. NPV = TN /(TN + FN).

hThe two observers (Observer 1 and Observer 2) separately analyzed the CT images. After a 1-month delay, Observer 1 repeated the blinded retrospective
interpretation (Observer 1/ assessment 2) to determine intraobserver reproducibility.
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changes associated with osteoarthritis. This is important since animal
studies rarely assess cartilage at baseline in clinical trials.2® At best,
radiography is used to confirm the initial healthiness of joints,33:34
though it is known that radiographic assessment has methodological
flaws and may not accurately identify cartilage changes associated
with osteoarthritis.3> Biopsy is not used to assess histological char-
acteristics and biochemical contents of cartilage since it would create
defects in articular cartilage. Therefore, caution should be used when
generalizing conclusions on the basis of those experimental outcomes,
and CTA might be a useful technique to detect articular cartilage
defects present at baseline. Of course, compositional imaging? and
synovial biomarkers are also useful techniques to assess the joint
noninvasively,36-38 but both are still not widely used in the sheep and
need to be validated.37-42 Detection of cartilage defects of various
depths may be also useful for clinical cases. Though the size of the
defect does not correlate with clinical signs, 344 early detection
allows selection of more appropriate treatments to help limit early
pathological changes in the joints. 4546

The good performance of CTA in the current study was expected
since it is known to be a useful technique to define the cartilage
surface. With CTA, the entire articular surface can be assessed in
multiple planes because of the isotropic reconstruction of the joint
and the delineation of the cartilage defects by the contrast medium.
4748 |n the human knee, e.g., CTA revealed articular cartilage defects
in radiographically healthy joints and articular cartilage defects that
were not identified by MRI.144? |n one of these studies, CTA accuracy
was higher for the detection of knee cartilage defects (with sensitivity
ranging from 80% to 94% and specificity ranging from 86% to 94%)
than MRI.2 In another human study, CTA was more accurate to
detect cartilage loss even in comparison to MR arthrography.?® In
the horse, MRI was significantly less sensitive and less specific than
CTA to identify articular cartilage defects in the metacarpo(tarso)
phalangeal joint, even with specific sequences and a high-field magnet
(3-T).2? The high accuracy of CTA is related to the resolution and
short acquisition time. Short acquisition time limits the risk of motion
artefacts.>® For example, to assess the articular cartilage in the equine
metacarpo(tarso) phalangeal joint, several cartilage-specific MRI
sequences (DESS, SPACE) of 5-8 min were necessary in comparison
to a single 2 min acquisition with CTA.1? Resolution is also a concern
when imaging such thin structures as cartilage. Cartilage thickness of
the stifle in sheep ranges from 0.3 mm to 1.23 mm + 0.29 depending
on the anatomical region.5233 If the voxel size is not small enough (i.e.,
2 mm) and encompasses the signal of tissues with different attenu-
ation coefficients (i.e., subchondral bone and/or contrast medium),
partial volume averaging occurs and the cartilage delineation is
indistinct, leading to a misinterpretation of the CT images.”* In our
study, the voxel size was 0.2 mm; this allowed accurate imaging of
the sheep cartilage limiting the partial volume averaging and related
misinterpretation.

In CTA, the cartilage is delineated by the contrast medium. It
is therefore essential that this contrast medium reaches all parts
of the synovial cavity. In the human knee and the ovine stifle, the
meniscus, covering the tibial plateau and partially covering the femoral

condyles, could prevent contrast to fully outline the cartilage. Passive
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mobilization of the joint and warming of the contrast medium (to
enhance fluidity) are helpful to avoid this issue.55-57

Interestingly, in the current study, CTA could be performed in a
short time (2 min). Total acquisition time for one limb in a living sheep
was longer because it included the following multiple steps: handling
the sheep, catheterization of cephalic vein, IV induction of anesthesia,
intubation, urethral catheterization, positioning the sheep on the table
and the limb on the gantry, scrubbing, injection of contrast medium,
passive motion of the limb, and scanning the limb. All these steps took
about 40 min. Lateral recumbency was preferred during scanning as
it allowed the stifle to be in the center of the gantry. This is impor-
tant since CT, unlike MRI, is prone to cone beam artifact, which is a
deformation artifact due to the cone shape of the X-ray beam. This
artifact is more important for outer detectors. Therefore the further
the imaged structure is from the center of the gantry, the more impor-
tant the artifact becomes.”* Moreover, miscentering of the targeted
structure is known to negatively affect the signal-to-noise ratio and
to induce an increase in patient radiation dose to achieve the same
image quality.25585? Though sternal recumbency is recommended in
sheep and other ruminants for maximizing anesthesia safety, minimiz-
ing rumen bloating, and maximizing cardiovascular stability,® those
problems were not seen with the lateral recumbency used in our study.

Another important concern regarding positioning is the presence
of the pelvic cavity in the gantry, together with the stifle, even if the
limb is caudally extended and maintained with a 5 kg load. This means
that the X-ray beam has to penetrate the pelvis and the stifle before
reaching the detectors (Fig. 2D-G). This induces signal attenuation and
degrades the image quality, as it could happen when imaging a human
patient with large body mass.é! In our study, the tube current-time
product was increased (200 mAs) to enhance image quality. However,
this increase and enhancement is limited by the CT unit specifications
and the ALARA (as low as reasonably achievable) principle, commonly
observed in human medicine.2> This may explain why, in living ani-
mals, images had more artifacts. However, the impact of these artifacts
was minimal because sensitivity and specificity for detecting cartilage
defects did not differ between live sheep and cadaver limbs.

The fact that positive predictive value (98%) and negative predic-
tive value (86%) in cadaver limbs were different from positive predic-
tive value (82%) and negative predictive value (95%) in living animals
could be linked to the difference in the number of controls. Positive
predictive value and negative predictive value are driven by the preva-
lence and its complement (1-prev), respectively.52 For example, in liv-
ing animals, there were 42 controls, which is proportionally higher than
in cadaver limbs (37 samples). Negative predictive value is therefore
higher for living animals than for cadaver limbs, even if both sensitivity
and specificity are high.

In conclusion, this study demonstrated that detection of cartilage
defects is feasible in the ovine stifle by CTA with excellent sensitiv-
ity and specificity. A high prevalence of naturally occurring cartilage
defects were identified in this sample of sheep, with no clinical signs of
lameness and no CTA signs of osteoarthritis. These findings supported
the use of CTA for baseline screening and longitudinal assessment of
cartilage in osteoarthritis research studies using sheep models. Future

studies are needed to further develop and assess minimally invasive



HONTOIRET AL.

2 | WILEY

techniques for assessing cartilage such as conventional CTA and MR,

MRI compositional imaging, and fluid biomarkers.
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