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Abstract

OBJECTIVE: To determine the diagnostic performance of computed tomo-
graphic arthrography (CTA) and 3 Tesla magnetic resonance imaging (MRI)
for detecting artificial meniscal, meniscotibial ligament (MTL) lesions and cru-
ciate ligament (CL) lesions in horses.

STUDY DESIGN: Ex vivo controlled laboratory study.

ANIMALS: Nineteen stifles from adult horses.

METHODS: Stablike defects (n = 84) (16 mm long, 10 mm deep) were created
in the menisci (n = 35), CLs (n = 24), and MTLs (n = 25) via arthroscopy prior to
MRI and CTA (80 mL contrast at 85 mg/mL per joint). Two radiologists, unaware
of the lesions, reached a consensus regarding the presence of lesions, based on
2 reviews of each study. Sensitivity and specificity of MRI and CTA were deter-
mined using arthroscopy as a reference and compared with McNemar's tests.
RESULTS: The sensitivity and specificity of MRI (41% and 86% respectively)
and CTA (32% and 90% respectively) did not differ (P = .65). The sensitivity
(MRI: 24%-50%; CTA:19%-40%) and specificity (MRIL: 75%-92%; CTA 75%-100%)
of imaging modalities did not differ when detecting lesions of the menisci,
MTLs, and CLs (P = .1-1.0). The highest sensitivities were achieved when MTLs
were evaluated with MRI (50%) and CLs with both modalities (40%).
CONCLUSIONS: The diagnostic performance of CTA was comparable with
that of MRI, with a low to moderate sensitivity and high specificity.
CLINICAL SIGNIFICANCE: Computed tomographic arthrography should
be considered as an adjunct to diagnose CL injuries. This is important for
equine clinicians, as the CL cannot be visualized adequately using basic imag-
ing techniques preoperatively.
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1 | INTRODUCTION
Hind limb lameness due to stifle joint pathologies are
common in sport horses.'” Injuries of the subchondral
bone, cartilage, and soft tissues, including the cruciate
ligaments, the menisci, and the meniscotibial ligaments,
often represent the underlying cause of pain. Meniscal
lesions represent up to 68% of soft tissue lesions in the sti-
fle, whereas cruciate ligament lesions only account for
9%.* Meniscal lesions vary in their severity and are
graded from tears in the meniscus without significant
separation (grade I), over complete tears in the cranial
pole of the meniscus (grade II), to severe tears of the
meniscus, which extend beneath the femoral condyle
(grade III).” Although they are rare in horses, cranial cru-
ciate ligament injury is far more common than caudal
cruciate ligament injury.®® Partial or complete tearing of
the cranial cruciate ligament most commonly occurs in
the midbody.*°

Advanced imaging may be available to some readers
but a sound understanding of basic imaging techniques is
more generally transferable. Radiography may only be
useful for the diagnosis of soft tissue lesions in the stifle if
mineralization of soft tissue structures, enthesiophyte for-
mation, or avulsion fractures are present.'®! Ultrasonog-
raphy is limited in the ability to appropriately visualize
all soft tissue structures within the stifle. Meniscal lesions
have been identified considerably more often by ultraso-
nography than by arthroscopy'*'* but meniscotibial liga-
ment and cruciate ligament lesions have been better
detected by arthroscopy.'* In one study, 14 out of 25 cases
were diagnosed with a meniscotibial ligament tear by
arthroscopy, whereas only 5 tears were diagnosed with
ultrasonography.'* Adrian et al. demonstrated a signifi-
cantly higher difference diagnosing meniscotibial tears
by arthroscopy than by ultrasonography.'? Cruciate liga-
ments can only be poorly and partially visualized using
ultrasonography.'®' It has therefore been recommended
that basic imaging techniques, such as ultrasonography,
are used in conjunction with arthroscopy, when diagnos-
ing stifle pathologies.'®

Arthroscopic exploration under general anesthesia rep-
resents the gold standard to diagnose stifle joint patholo-
gies."*'” A standing method for use in appropriate cases,
using a needle arthroscope, has also been described.'®
Independent of the technique used, only a third of the
menisci and the cruciate ligaments can be visualized. In
addition, examination of the opposing articular cartilage is
impaired."**° A noninvasive preoperative diagnostic
imaging tool, allowing complete examination of the stifle
joint, would therefore be the instrument of choice.

Nowadays, magnetic resonance imaging (MRI) is an
integral part of the examination of knee disorders in

humans and small animals.*’ Because of its excellent
soft-tissue detail and contrast resolution, MRI is consid-
ered a leading noninvasive diagnostic imaging modality
for soft-tissue abnormalities in the horse.”>”** Unfortu-
nately, scanning the equine stifle joint with high-field
magnets is greatly limited due to magnet bore diameter,
hindering the implementation of MRI as the standard diag-
nostic imaging modality in horses to diagnose stifle dis-
ease.”> So far, stifle pathologies using a low field MRI
system and the normal high-field MRI appearance of soft
tissue structures in the equine stifle have been reported.*®*
However, the diagnostic performance of low-field MRI has
not yet been investigated.

Computed tomography (CT) is limited in the visuali-
zation of soft tissue structures unless intravenous, intra-
arterial, and/or intra-articular contrast medium is
added.” Intra-articular contrast medium diffuses within
the joint, outlining intra-articular soft tissue structures
and articular cartilage. Consequently, abnormalities in
size, shape, or contours of the intrasynovial tissues may
be identified.® In humans suffering from claustrophobia
and patients with subcutaneous defibrillators or other
ferromagnetic implants, where MRI is contraindicated,
multidetector computed tomographic arthrography
(CTA) of the stifle is used alternatively.>"**> In the human
knee, CTA is effective with a reported sensitivity and
specificity of 98% and 94%, 90%, and 96%, respectively,
for meniscal and cranial cruciate ligament injuries.>*>°
CTA is also being performed in larger equine clinics and
the normal CTA anatomy of the stifle joint and its use for
the diagnosis of disease entities have been
reported."****73° No studies comparing high-field MRI
with CTA in the ability to detect soft tissue lesions in the
stifle have been published yet.

The objective of this study was to determine the diag-
nostic performance of CTA and 3 Tesla MRI for detecting
artificial meniscal, meniscotibial ligament- and cruciate lig-
ament lesions in horses. We hypothesized that CTA and
high-field MRI would have a similar diagnostic perfor-
mance in diagnosing artificially created lesions in each of 7
clinically relevant locations within the stifle (menisci,
meniscotibial ligaments, cranial, and caudal cruciate
ligaments).

2 | MATERIALS AND METHODS

2.1 | Specimen collection

Within 24 hours after euthanasia, 19 stifle joints were
collected from Warmblood and Thoroughbred horses,
aged 5-22 years old, of mixed-sex, euthanized for reasons
unrelated to the musculoskeletal apparatus. Following
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owner consent, the stifles were removed by disarticula-
tion in the coxofemoral joint, serially numbered, and
stored at —28 °C. Experimental subjects were thawed
underwater until they reached room temperature and
then prepared for stifle joint arthroscopy.

2.2 | Arthroscopy of the stifle

Each limb was fixed on a table and the foot attached to a
hoist, to allow limb flexion and extension during arthros-
copy. A board-certified surgeon (AB, AA) performed all
arthroscopies, using a 30° forward angled, 4 mm rigid
arthroscope. The medial compartment of the femorotibial
joint was examined via a cranial and caudal approach,
whereas the lateral compartment was approached crani-
ally only. Briefly, the stifle was flexed at 90° for the cra-
nial approach. A skin incision was made with a
No. 11 surgical scalpel blade and continued through the
fascia into the middle patellar ligament, about 2 cm prox-
imal to the tibial crest. The arthroscopic sleeve con-
taining the conical obturator was inserted in a slightly
proximad, caudad, and axial direction until it penetrated
the medial femorotibial joint capsule. The arthroscopic
sleeve, containing the conical obturator, was pulled back
without leaving the incision into the middle patellar liga-
ment and directed in the same fashion as before, to enter
the lateral femorotibial joint.

The stifles were extended to 120° flexion, to access
the caudal part of the medial femorotibial joint. Then the
scope was pushed via the cranial approach abaxially as
far as possible to the caudal side, to improve the joint dis-
tention caudally. The arthroscopic portal was made about
6-8 cm caudal to the medial collateral ligament, 1 cm
proximal to the level of the line between the palpable tib-
ial tuberosity and tibial condyle, 1-2 cm cranial to the
medial saphenous vein.'”

First, the stifle joint compartments were examined for
pre-existing lesions of the menisci, meniscotibial, and
cruciate ligaments. Only arthroscopically normal stifles
were included in the study. A lesion was made in the cra-
nial meniscotibial ligament, the cranial as well as the
caudal horn of the medial meniscus, and/or the caudal
cruciate ligament within the medial femorotibial joint. In
the cranial part of the lateral femorotibial joint, a lesion
was made in the cranial meniscotibial ligament, the cra-
nial horn of the lateral meniscus, and/or the cranial cru-
ciate ligament. Figures 1-3 show the lesions made in the
cruciate ligament, the meniscotibial ligament, and the
meniscus. Lesions were created, using an arthroscopic
scalpel (blade dimensions: 16 mm long and 5 mm wide).
Lesion length and depth were standardized to 16 mm
and 10 mm, respectively, based on the dimensions of the

arthroscopic scalpel used. Every ligament lesion was
made by stabbing into the ligament parallel to its fiber
course, over a length of 10 mm. Once the cut was made,
the scalpel blade was turned more transversely and
obliquely to widen the split carefully, and fray the liga-
ment fibers superficially, without cutting perpendicular
to the fiber course through the structures when doing
so. This resulted in small partial lesions and fiber tearing
parallel to the fiber course of the respective structure. A
cruciate ligament lesion was placed approximately in its
midbody. Meniscal lesions were made horizontally in the
cranial and caudal meniscal horn, mimicking horizontal
transverse tears of grade I in a similar fashion as
described above. Hence, in 17 stifles, a maximum of
119 lesions would have been possible. However, only
84 lesions were created, leaving 16 menisci,
9 meniscotibial, and 10 cruciate ligaments intact to serve
as controls. All arthroscopic portals were closed in a stan-
dard fashion in 2 layers including the joint capsule and
the skin. Following arthroscopy, all limbs were frozen
at —28 °C.

2.3 | Imaging studies

All limbs were thawed for 24 h before MRI was per-
formed at room temperature with a 3 Tesla MRI scanner
and a dStream Torso coil (Philips Ingenia, Philips AG,
Zurich, Switzerland). Limbs were positioned in lateral
recumbency, with the toe facing away from the gantry.
Magnetic resonance imaging sequences, planes, and
acquisition parameters are summarized in Table 1.

FIGURE 1
created in the cranial cruciate ligament (asterisk) via a cranial

Arthroscopic image of an experimental lesion

approach to the lateral femorotibial joint. Abbreviations: LFC,
lateral femoral condyle; T, lateral tibial condyle
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plateau.*® Following injection of the contrast medium
each limb was flexed and extended for 2 minutes to
ensure even contrast distribution within the joint. Within
20 minutes after contrast injection, CT images were
obtained, using a multidetector 16 slice scanner (Philips
16 Brilliance, Philips AG, Zurich, Switzerland) in helical
mode acquisition, with a pitch of 0.55, 140 kV, 350 mAs,
a field of view of 176 mm, a matrix of 3000 x 300. Images
were reconstructed in a bone and soft tissue algorithm
with a slice thickness of 0.6 mm.

2.4 | Evaluation of imaging studies

Using a diagnostic workstation and medical imaging soft-
ware (Intellispace PACS Radiology 4.4553.0, Phillips
Healthcare, Zurich, Switzerland), 2 board-certified radiolo-
gists (SO and JSS) reviewed all images twice and individu-
ally. In cases, with divergent results, a consensus was
reached. Stifles had to be reviewed by each radiologist in a
randomly generated order. Observers were unaware of the
presence, location, severity, and the total number of joint
lesions. Images were examined in all planes and using
multiplanar reconstruction for the presence or absence of
lesions in the aforementioned soft tissue structures in the
femorotibial joint (MRI diagnosis, CTA diagnosis: no
lesion, lesion present). The definition of the normal CTA
and MRI appearance of the investigated soft tissue struc-
tures was based on the current literature.”®*”*' A lesion
was considered present in a meniscotibial ligament (1) if
synovial fluid/contrast medium was infiltrating with focal
internal signal/contrast accumulation or (2) if in MRI, par-
tial or complete truncation with loose fibers was noted, or
(3) in CTA, abnormal or unclear margins were identified.
In the menisci, a lesion was present (1) if synovial fluid/
contrast medium was infiltrating with a linear or focal
internal signal/contrast accumulation and/or a meniscal
fragment was seen, or (2) abnormal margins were noted.
A lesion was considered present in the cruciate ligaments
with either modality (1) if synovial fluid/contrast medium

TABLE 2

was infiltrating with focal internal signal/contrast accumu-
lation, or (2) an abnormal shape (marked focal thickening,
bowed, or undulating contours) was noted.

2.5 | Statistical analysis

Data were stored in Microsoft Excel. The distribution of
data for continuous variables was assessed for normality
by use of the Kolmogorov-Smirnoff test. Results were
reported as the mean + standard deviation for variables
with parametric distribution and median (range) for vari-
ables with nonparametric distributions.

The diagnostic performance of MRI and CTA (sensi-
tivity, specificity) was calculated for all lesions indepen-
dent of the affected structure and lesion groups (both
meniscotibial ligaments, both menisci, both cruciate liga-
ments). Arthroscopy served as the gold standard. Sensi-
tivities and specificities between both modalities were
compared using McNemar's tests. Binary logistic regres-
sion was used to evaluate the association of the indepen-
dent variable sex and the covariate age on MRI or CTA
diagnosis (no lesion, lesion present). All statistical ana-
lyses were performed with commercially available statis-
tical software programs (R Core Team [2016]. R: A
language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria.
URL https://www.R-project.org/.) using the MASS, car
and lme4 packages and SPSS Inc, Chicago, Illinois) and a
P-value <.05 was considered significant.

3 | RESULTS

Nineteen hindlimbs (9 left and 10 right limbs) of
11 warmblood cadaver horses (6 mares and 5 geldings),
with a mean age of 14.2 + 4.85 years (5-22 years), were
obtained and underwent stifle arthroscopy. Due to pre-
existing pathological changes within 2 stifle joints
(1 meniscal lesion, 1 osteoarthritis), these stifle specimens

Sensitivity and specificity of magnetic resonance imaging (MRI) and computed tomography arthrography (CTA) to detect

experimental lesions in different soft tissue structures of the equine stifle as well as results of McNemar's tests for the comparison of

sensitivities and specificities between magnetic resonance imaging (MRI) and computed tomography arthrography (CTA)

Lesion P-value Sensitivity(%) (95% CI), (n) P-value Specificity(%) (95% CI), (n)
MRI meniscotibial ligament 0.45 50% (27%-73%), (10) 1 75% (35%-97%), (6)

CTA meniscotibial ligament 30% (12%-54%), (6) 75% (35%-97%), (6)

MRI meniscus 0.1 24% (12%-39%), (10) 1 92% (64%-99%), (12)

CTA meniscus 19% (9%-34%), (8) 100% (75%-100%), (13)

MRI cruciate ligaments 1 40% (19%-64%), (8) 1 87.5% (47%-99%), (7)

CTA cruciate ligaments

40% (19%-64%), (8)

87.5% (47%-99%), (7)
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medial

medial

FIGURE 4
image), B (sagittal plane computed tomographic image) and C (3D-

Images A (transverse computed tomographic

T2-weighted high-resolution dorsal plane magnetic resonance
image) showing a true positive lesion in the cranial meniscotibial
ligament (arrowhead) and cranial horn of the lateral meniscus
(arrow) in a cadaveric equine stifle. There is a clear linear
infiltration of contrast medium/synovial fluid.

Note the extravasation of contrast medium/synovial fluid cranial
and lateral to the femorotibial joint (x). The long digital extensor
tendon is marked by the asterisk

FIGURE 5 Images A (sagittal computed tomographic (CT)
image) and B (corresponding T2-weighted high-resolution magnetic
resonance image (MRI) show a true positive lesion in the caudal
cruciate ligament in a cadaveric equine stifle. The caudal cruciate
ligament is faintly outlined with contrast medium on CT and shows
an abnormal shape with a bulging midportion and thinner distal
portion with both modalities (arrows). With CT, the midportion
appears mildly hyperdense and, with MRI, an increased signal
intensity with mild linear infiltration is seen. The proximal portion
is not well delineated on CT and the borders appear mildly
irregular on MRI

were excluded from the study. Accordingly, a total of
84 lesions were created in the medial (n = 49) and/or lat-
eral (n = 35) compartment of the femorotibial joints.

The quality of the MRI studies was considered good
to excellent in all stifles by both reviewers. Reviewers did
not feel that the intraarticular air in consequence of
arthroscopy impaired the visibility of the structures to be
evaluated. However, the quality of the CTA studies was
considered inferior in 3 joints due to the nonuniform dis-
tribution of the contrast medium. These joints were
excluded from the statistical analysis. With both modali-
ties, mild to moderate extravasation of synovial fluid/
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contrast medium was observed in all stifles along the
arthroscopic portals.

Age and sex were not associated with MRI or CTA
diagnosis (P = .05-1.0). For all lesions and both modali-
ties (MRI, CTA), the overall sensitivity was low, whereas
specificity was good. The sensitivity of MRI was similar
(41%), compared to CTA (32%). Likewise, specificity
values were comparable (MRI, 86%; CTA, 90%). Conse-
quently, the diagnostic performance of MRI and CTA did
not differ (P = .65).

For the different lesion groups (menisci, meniscotibial
ligaments, cruciate ligaments), true positive rates of both
modalities were low to moderate (MRI: 24%-50%; CTA:19%-
40%), whereas true negative rates were good to excellent
(MRI: 75-92%; CTA 75%-100%) (Table 2). In general, the
performance of MRI was similar to CTA in diagnosing
lesions in the meniscotibial ligaments, menisci, and cruciate
ligaments (true positives) (Figures 4 and 5). Likewise, MRI
and CTA had a similar performance in identifying normal
meniscotibial ligaments, menisci, and cruciate ligaments
(true negatives) (P = 1.0) (Table 2).

4 | DISCUSSION
Injuries of the soft tissue structures of the equine stifle
are common and clinically relevant. With the increasing
availability of CT and the limited access to MRI, CTA is
nowadays commonly performed by equine specialists.
Since MRI is considered the gold standard for the diagno-
sis of lesions in the soft tissue structures of the stifle in
humans and canines, the goal of the present study was to
determine the diagnostic performance of CTA in compar-
ison to high-field MRI in an experimental setting. The
authors of the present investigation hypothesized that
diagnostic performance of CTA and high-field MRI
would be similar for the detection of artificial meniscal,
meniscotibial ligament, cranial, and caudal cruciate liga-
ment lesions within the stifle. This assumption was the
case for all lesions and the lesion groups, considering the
diagnostic performance of both modalities did not differ.
Since the cruciate ligament lesions of the present
study represented partial tears, sensitivity and specificity
values were similar to, but in the lower range of reported
values for MRI in the human knee with incomplete ante-
rior cruciate ligament tears.”**"*> The diagnostic perfor-
mance of CTA for anterior cruciate ligament tears in
humans is excellent; however, most studies do not differ-
entiate between complete and partial tears.** In dogs,
CTA was also able to achieve high sensitivity values of
96%-100% and specificity values of 75%-100% for cranial
cruciate ligament lesions (partial and complete tears).*

So far, one report has compared CTA to arthroscopy in
the equine stifle."* Detection rate of cranial meniscotibial
ligament injuries was high with CTA (11 of 14 defects),
whereas only 1 out of 3 cruciate ligament defects was
identified.'"* Nevertheless, CTA sensitivity was best for
cruciate ligament lesions, which is promising for its use
in clinical patients, as cruciate ligament disease is often
difficult to impossible to diagnose preoperatively using
conventional imaging techniques.

With both modalities, true positive rates were the
lowest for meniscal lesions in the present study. This is in
contrast to excellent values reported for the human knee
in high-field MRI: if intrameniscal hyperintense signal
breaching the articular surface is seen on 2 slices with a
3 mm slice thickness, the positive predictive values were
94%-96%. However, if this finding was present on a single
slice only, the positive predictive value decreased to 18%-
43%.*' Since high-resolution 3D sequences were also
applied in the present study, lesions with a length of
10 mm should have theoretically been identified. Still,
studies in dogs also demonstrated rather low sensitivity
values of 45%-90% for meniscal lesions as well as cranial
cruciate ligament lesions in MRL*"** Likewise, CTA
reported sensitivity values of 13%-73% and specificity
values of 57%-100% for meniscal lesions.*®

Manifold reasons for the high false-negative rates and
the few false-positive cases may have played a role in the
present study. Lesions were artificial and aimed to mimic
naturally occurring small partial lesions. In the specific
case of the menisci, the placed lesions in our study
mainly resembled type I lesions. These lesions were also
often placed horizontally. These horizontal pathologies
are of course a minority in the clinical spectrum of cases.
Our created lesions are substantially smaller and under-
standably more difficult to detect than the lesions that
may occur clinically. Lesions within the meniscotibial
and cruciate ligaments were also parallel to their long
axis. These lesions may have been missed with both
modalities because they were mistaken as the normal lon-
gitudinal striations of these ligaments. In all soft-tissue
structures, the lesions may have collapsed due to lack of
synovial effusion, impairing infiltration of synovial fluid/
contrast medium. Furthermore, in contrast to clinical
cases, lesions were rather small and reviewers could not
take all MRI or CTA criteria into account. The obvious
increased internal signal intensity of the ligaments and
menisci, the abnormal wunderlying bone or peri-
ligamentous changes, and meniscal abnormalities such as
abnormal margins/shape, presence of adipose/fibrous tis-
sue, or meniscal-capsular dissociation, could have helped
detect lesions. In MRI, magic angle artifacts within the soft
structures may have obscured smaller lesions.*®
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Due to the experimental design, arthroscopy preceded
diagnostic imaging and therefore, the femorotibial joint
capsule was perforated and damage to the median sep-
tum, between the medial and lateral femorotibial joints,
may have occurred due to the creation of the lesions. This
caused a certain amount of leakage of intra-articular fluid
or contrast into the periarticular tissues and resulted in
uneven distribution of intra-articular fluid and a
decreased concentration of the contrast medium. Like-
wise, the intra-articular pressure may have been lowered
impairing the infiltration of lesions, in particular in the
cranial aspects of the femorotibial joints. However, this
issue should be limited to the cadaver study and better
results regarding contrast filling and distribution can be
expected in clinical cases. In our study, a contrast
medium concentration in the range previously described
was used at the lower range, however.>° No studies have
yet investigated the optimal contrast volume and concen-
tration needed to detect soft tissue lesions within the
femorotibial joints. It can only be postulated that a higher
contrast concentration in combination with a larger vol-
ume might have resulted in a better lesion detection rate.

True negative rates were good to excellent in the pre-
sent study. Both modalities appear highly accurate for the
diagnosis of a normal, ie intact soft tissue structure in the
equine stifle.

The range of confidence intervals was very wide for
the data set of our study. This is, on one hand, caused by
the experimental design of the study and on the other
hand, by the number of cadaver joints used. Nevertheless,
even with the low number of cadaver joints studied, the
sensitivity and specificity values of the diagnostic imaging
procedures should be sufficiently high to make them use-
ful and accurate tools in a clinical setting.

In conclusion, CTA performed similarly to high-field
MRI in detecting experimentally created soft tissue lesions in
the stifle joint. CTA sensitivity was best for cruciate ligament
lesions, which is important for equine clinicians as this
ligament cannot be visualized adequately using basic imag-
ing techniques. Computed tomographic arthrography was
the least sensitive when diagnosing meniscal lesions. In
these cases, adjunctive ultrasonographic examination of the
menisci specifically may help increase the sensitivity of the
overall preoperative diagnostic workup of stifle pathologies.
Computed tomographic arthrography and MRI showed high
specificity, thus being highly accurate in diagnosing an intact
soft tissue structure. This is an important result for the
future use of CTA in clinical cases, for instance when aiming
at excluding certain soft tissue lesions within the stifle joint
in horses without undergoing arthroscopy. Computed
tomographic arthrography should be used in the preopera-
tive diagnostic workup of stifle pathologies when

ultrasonography is not definitive, or a cruciate ligament
lesion is suspected.
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