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Summary
Reasons for performing study: Studies examining the effect of stiﬂe joint angle on tibial rotation, adduction–abduction angle and articular contact area
are lacking.
Objectives: To test the hypothesis that tibial rotation, adduction–abduction angle and articular contact area change with stiﬂe joint angle.
Study design: Descriptive study of normal kinematics and articular contact patterns of the equine stiﬂe through the functional range of motion using
3 dimensional (3D) radiosteriometric analysis (RSA) and equine cadaver stiﬂes.
Methods: Multiple, radiopaque markers were embedded in the distal femur and proximal tibia and sequential, biplanar x-rays captured as the stiﬂe was
passively extended from 110° to full extension. Computer-programmed RSA was used to determine changes in abduction–adduction and internal–external
rotation angles of the tibia during stiﬂe extension as well as articular contact patterns (total area and areas of high contact) through the range of motion.
Results: The tibia rotated externally (P<0.001) as the stiﬂe was extended. Tibial abduction occurred from 110–135° of extension (P<0.001) and tibial
adduction occurred from 135° through full extension (P = 0.009). The centre of joint contact moved cranially on both tibial condyles during extension with
the lateral moving a greater distance than the medial (P = 0.003). Articular contact area decreased (P = 0.001) in the medial compartment but not in the
lateral compartment (P = 0.285) as the stiﬂe was extended. The area of highest joint contact increased on the lateral tibial condyle (P<0.001) with extension
but decreased (P = 0.001) on the medial tibial condyle.
Conclusions: Signiﬁcant changes occur in tibial rotation, adduction–abduction angle and articular contact area of the equine stiﬂe through the functional
range of motion. Understanding the normal kinematics of the equine stiﬂe and the relationship between joint positions and articular contact areas may
provide important insight into the aetiology and location of common stiﬂe joint pathologies (articular cartilage and meniscal lesions).
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Introduction
Stiﬂe joint injuries (i.e. cartilage, menisci, ligaments) are becoming
increasingly recognised in the equine [1–8]. While some of these injuries
are likely related to acute overloading of the static stabilisers of the joint
(e.g. damage to the cruciate and collateral ligaments), other conditions
such as degenerative lesions of the menisci and cartilage may be related to
alterations in the normal kinematics of the stiﬂe [2,5–7,9]. The kinematic
movement of a joint through the functional range of motion and the
resulting mechanical loading environment is known to signiﬁcantly
inﬂuence the health and well-being of normal joints as well as the
regeneration and healing of injured joint structures [10]. Changes in normal
femoral–tibial joint kinematics have been shown to result in alterations in
articular contact patterns and pressures which, in turn, can lead to
pathological changes in the weightbearing structures (e.g. menisci,
articular cartilage) [2,9–15]. Indeed, abnormal femoral–tibial joint
kinematics have been implicated in a variety of joint pathologies in several
species [2,11,12,16–22]. In addition, injuries which result from acute
trauma or through the accumulation of microtraumatic events, such as
meniscal tears, osteochondral lesions and/or ligament tears have also
been shown to alter the normal kinematics of the stiﬂe [6–8,18].
Previous studies of equine stiﬂe kinematics have utilised a variety of
methodologies including single-plane cinematography, electrogoniometry
and optoelectronics [23–28]. However, these studies were mainly limited
to identifying changes in joint angles in the sagittal plane during the gait
cycle and did not address rotational or abduction–adduction changes
through the range of motion [29]. Similarly, studies on equine articular
contact have been limited to static analysis of joint motion using
radiographs or electronic pressure sensors [2,30]. While such studies have
provided important information, the ability to characterise both joint
kinematics as well as articular surface contact patterns in 3 dimensions
during dynamic movement of the stiﬂe joint could signiﬁcantly improve our
understanding of the relationship between stiﬂe joint anatomy, skeletal
kinematics and the distribution of joint contact forces.
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Studies in man and canines have utilised 3 dimensional (3D)
radiosteriometric analysis (RSA) to identify joint kinematics as well as joint
contact patterns during dynamic motion [21,31–35]. Radiosteriometric
analysis utilises a collection of biplanar radiographic images to track the 3D
positions of radiopaque markers within the distal femur and proximal tibia
[31,32,36]. This information is combined with computed tomographic
images to create a 3D model from which kinematic data can be calculated
and joint contact patterns can be estimated [32–34,36]. Understanding the
normal kinematics of the equine stiﬂe and the relationship between joint
positions and articular contact areas may provide important insight into
the aetiology and location of common stiﬂe joint pathologies (articular
cartilage and meniscal lesions). Therefore, the purpose of this study was to
describe the normal kinematics and estimated articular contact patterns of
equine cadaver stiﬂes through the functional range of motion using RSA.
We hypothesise that normal equine stiﬂes will demonstrate a consistent
pattern of tibial rotation and abduction–adduction through the functional
range of motion. We also hypothesise that articular surface contact
patterns will change as a function of femoral–tibial angle.

Materials and methods
Specimen preparation
Stiﬂes (n = 5) with no evidence of joint pathology were harvested from
adult horses of varying breeds between the ages of 7 and 27 years
subjected to euthanasia for unrelated causes. The distal third of the femur
and the proximal third of the tibia were removed and the specimens were
dissected free of their soft tissues leaving only the cruciate and collateral
ligaments as well as the menisci and their associated meniscal ligaments
intact. Specimens were wrapped in saline moistened towels and frozen at
-20°C until testing. At the time of testing, 2 mm diameter, radiopaque,
stainless steel reference beads were placed in a random pattern within the
distal femur (n = 6 beads) and proximal tibia (n = 6 beads) of each stiﬂe with
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Fig 1: Photograph of the biplanar imaging set-up used in the current study. The equine
tibia was secured in a custom-made aluminium ﬁxture and the stiﬂe extended while
biplanar radiographic images were captured at 120 Hz.

the goal of maximising intermarker spacing and avoiding marker overlap in
the radiographic views [37]. The tibia was then secured in a custom-made
aluminium ﬁxture, to maintain the limb in an upright orientation and
positioned in the biplanar imaging apparatus (Fig 1).

Imaging protocol
The biplanar imaging set-up consisted of two 100 kW pulsed x-ray
generators (CPX 3100CV)a and two 40 cm image intensiﬁers (AI5765HVP)b
linked to high-speed video cameras (Phantom 9.1)c and anchored to a
metal support. Prior to testing the stiﬂe was taken through 3 full ranges of
motion. Because previous RSA studies of in vivo running have
demonstrated an across trial variability of less than 1° within subjects
[32,34], a single trial was captured for each specimen.
The x-ray generators were set in pulse mode and images acquired at
120 Hz as the stiﬂe was passively extended without any applied force in the
medial or lateral directions from a femoral–tibial angle of 110° to full
extension (as limited by condylar geometry and ligamentous constraints).
This range of motion includes the stiﬂe ﬂexion angles documented for the
weightbearing segment of the gait cycle at the walk, trot and gallop
[22,28,29]. As previously described [37], custom software was used to
determine the 3D position of each radiopaque marker from the biplanar
radiographic images to an accuracy of within ± 0.1 mm. Subject-speciﬁc
local anatomical coordinate systems were created for both the femur and
tibia. The origin of the femoral coordinate system was deﬁned as the
halfway point between the centres of the medial and lateral condyle in the
medial–lateral direction (X axis) and the halfway point between the most
cranial point on the femur and the X axis (Y axis) so as to have the origin
and the axes aligned with the femoral shaft. The origin of the tibial
coordinate system was deﬁned, as in previous studies, to be the 3D point
located halfway between the most medial and lateral aspects of the tibial
plateau [37,38]. Rotations of the tibia relative to the femur were deﬁned
with respect to the bone-ﬁxed coordinate systems, and calculated using
body-ﬁxed axes in the order ﬂexion–extension, adduction–abduction and
internal–external rotation [38,39]. Neutral rotations (zero values) were
deﬁned as the position where the tibial and femoral coordinate systems
were aligned. Positional changes of the radiopaque markers were used
to calculate the rotational (internal/external) motion as well as
abduction/adduction of the tibia relative to the femur through the range of
motion for each stiﬂe. For this study, degrees of extension were measured
as the femoral-tibial angle. Computed tomography (CT) scans of each stiﬂe
were acquired using an in plane resolution of 0.47 mm and a slice thickness
of 0.625 mm (GE Brightspeed 16 slice scanner)d. The CT images were
reconstructed into a 3D model (Mimics)e and combined with the
radiographic joint motion in a computer programme in order to create a 3D
virtual model of each stiﬂe [33].
Equine Veterinary Journal 46 (2014) 364–369 © 2013 EVJ Ltd

As noted above, the coupling of the biplanar radiographic images with the
CT slices produced accurate models of the bone structures of the femur
and tibia for each stiﬂe specimen. However, since articular cartilage is
radiolucent, to estimate articular surface contact patterns (total area and
area of highest contact) it was necessary to assume an overall average
cartilage thickness. Based on a previous publication [40], average
thickness of equine articular cartilage on the femoral and tibial condyles
was estimated to be approximately 2.2 mm. Thus, articular surface contact
was estimated to occur when the radiographic gap between the
subchondral surface of the tibia and femur was 4.5 mm or less. Joint
contact patterns were estimated for each stiﬂe by combining the joint
motion measured from the biplanar radiographic images with the CT-based
bone models. Speciﬁcally, the estimated joint contact centre was
determined by calculating the minimum distance between the femur and
tibia bone model surfaces at each point on the tibia and then determining
the centroid of this distance map. The estimated contact centre was
expressed relative to the tibia and the process repeated for all frames of
every trial. These calculations resulted in a contact path, e.g. a time series
of estimated joint contact centre data, expressed in terms of
cranial–caudal and medial–lateral movement. The analysed bone surface
area is shown in colour with beige corresponding to areas deemed not in
contact and relative increases in the proximity of the bony condyles, and
thus the predicted magnitude of joint contact, were depicted as changing
colour patterns ranging from low contact (blue) to high contact (red)
(Fig 2).
Two outcome measures were determined from the estimated joint
contact data: total estimated contact area and high estimated contact
area. Total estimated contact area, deﬁned as the total area of estimated
joint contact, was standardised by dividing the total estimated contact
area at 5° increments of extension by the initial total estimated contact
area at 110° of extension. The area of highest estimated contact (red) was
standardised by dividing the high estimated contact area by the total
estimated contact area at the corresponding angle of extension. The total
estimated contact area and high estimated contact areas were
150°

Medial

High
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Lateral

Low
contact
Fig 2: An example of computer generated 3 dimensional images illustrating the
predicted articular contact patterns on the femoral and tibial condyles of one stiﬂe at
a joint angle of 150°. The colour patterns depict the relative degree of estimated
cartilage contact from low (blue) to high (red). The beige colour represents areas of no
cartilage contact.
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The medial compartment of the stiﬂe exhibited the greatest area of
estimated high articular contact at 110° of extension (21.0 ± 13.6%). This
area of estimated high articular contact decreased signiﬁcantly between
110° and full extension reaching its nadir at 135° (5.0 ± 6.9%) (P = 0.001).
The lateral compartment of the stiﬂe demonstrated an initial negligible
estimated high articular contact at 110° (0.9 ± 2.1%), but it signiﬁcantly
(P<0.001) increased over ﬂexion angle until full extension (30.9 ± 10.8%).
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Abnormal femoral–tibial joint kinematics have been implicated in a variety
of joint pathologies in several species [2,11,12,16–22]. Alterations in tibial
rotation and articular surface contact patterns have been shown to play a
signiﬁcant role in the aetiology of meniscal and cartilage injuries
[21,43–47]. However, to date, kinematic studies of the equine stiﬂe have
largely been limited to identifying changes in joint angles during the gait
cycle and data regarding tibial rotation, tibial abduction–adduction angles
and femoral–tibial joint contact patterns have been lacking [27–29]. The
use of 3D radiosteriometric analysis allows documentation of joint motions
(ﬂexion–extension, axial rotation and abduction–adduction) around the 3
orthogonal axes of the stiﬂe as well as a mechanism by which to estimate
articular surface contact area and intensity through the range of motion.
The results of the current study demonstrate that extension of the
equine stiﬂe was accompanied by axial rotation of the tibia. Initially, with
the stiﬂe in ﬂexion, the tibia was internally rotated approximately 8°.
During extension the tibia rotated externally returning to its neutral (0° of
rotation) position at 150° of extension. Rotation of the tibia relative to
the femur during ﬂexion and extension has been described in a variety
of species including the canine, ovine, equine and human knee
[11–13,20,30,48–50]. The rotation of the tibia occurs around a longitudinal
axis and is governed by both the (femoral) condylar geometry and
ligamentous constraints [11–13,49,51]. In ﬂexion, the lateral collateral
ligament becomes lax allowing the articular contact surface of the lateral
femoral condyle to move more caudally on the tibia than the medial
femoral condyle resulting in an internal rotation of the tibia [11–13,49,51].
As the stiﬂe is extended and the lateral collateral ligament tightens, the
articular contact surface of the lateral femoral condyles moves cranially on
the tibia resulting in an external rotation of the tibia [49,52].
At 110° degrees of stiﬂe ﬂexion there was a slight, albeit signiﬁcant,
adduction of the tibia while extension of the stiﬂe produced signiﬁcant
abduction of the tibia. A similar ﬁnding has been demonstrated in both
man and canines [21,32,49,51] and is likely related to the aforementioned
relaxation of the lateral collateral ligament during ﬂexion of the stiﬂe.
The joint contact patterns demonstrated in the current study were
found to change with varying degrees of stiﬂe joint extension. The centre
of joint contact in each compartment moved cranially during extension
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Fig 3: Graph illustrating the degrees of tibial rotation (mean ± s.d.) at corresponding
femoral tibial angles from all 5 stiﬂes. A signiﬁcant (P<0.001) change in tibial rotation
occurs over the range of motion.

standardised to each limb to eliminate limb to limb variability and to better
demonstrate the relative changes in estimated articular contact area with
degrees of extension of all horse stiﬂes.

Data analysis
The results are based on one trial per stiﬂe and the data represent the
mean and standard deviation (mean ± s.d.) of the speciﬁc outcome metric
from all 5 stiﬂes. Rotation and abduction–adductions angles, as well as
contact area data, were analysed using a repeated measures ANOVA to
determine statistically signiﬁcant changes over the ﬂexion/extension angle
range. The distances the estimated centre of articular contact moved
between the lateral and medial joint compartments during the range of
motion were compared using a paired t test.

Results
Full extension
The maximum angle of full passive extension ranged between horse limbs
from 150 to 161° with mean ± s.d. of 156.4 ± 4.2.

Tibial rotation
All stiﬂes demonstrated signiﬁcant external rotation (P<0.001) of the tibia
as the joint was extended from 110° through full extension (Fig 3).

Abduction–adduction
The tibias demonstrated a signiﬁcant amount of abduction (P<0.001) as the
stiﬂes were extended from 110° to 135° (Fig 4). The tibia remained
abducted until 140° of extension when it began to adduct through full
extension (P = 0.009).

Articular contact area
The estimated centre of articular contact on the medial tibial plateau
followed a caudal–medial to cranial–lateral path as the stiﬂe was extended
while the estimated centre of articular contact on the lateral tibia condyle
followed a predominantly caudal to cranial path on the lateral condyle
(Fig 5). The estimated centre of articular contact moved caudal to cranially
signiﬁcantly (P = 0.003) more on the lateral tibial condyle (16.3 ± 5.0 mm;
mean ± s.d.) than on the medial tibial condyle (8.5 ± 3.0 mm). A similar
ﬁnding has been reported in knees in human patients [41,42].
Standardised estimated contact area of the medial compartment
decreases between 110° and full extension (100% to 81.3 ± 10.6%)
(P<0.001). In the lateral compartment, overall estimated contact area
remained unchanged throughout the range of motion (100% to 90.8 ±
18.6%) (P = 0.285).
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Fig 4: Graph illustrating tibial abduction and adduction angles (mean ± s.d.) at
corresponding femoral tibial angles from all 5 stiﬂes. Signiﬁcant changes in the tibial
abduction and adduction rotation angle occur over the 110–135° range (P<0.001) as
well as between 140° and full extension (P = 0.009).
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Fig 5: Images illustrating estimated articular contact patterns on both the femur and tibia at the indicated femoral–tibial angles from one representative stiﬂe. The colour patterns
depict the relative degree of estimated cartilage contact from low (blue) to high (red), while beige represents areas of no estimated cartilage contact.

with the centre of joint contact moving a signiﬁcantly greater distance in
the lateral compartment than the medial. A similar ﬁnding has been
reported in an in vivo study in man using RSA [31] and an in vivo study
using radio-opaque markers [41]. This motion has also been inferred from
an in vitro radiographic study in the equine and was accompanied by a
cranial translocation of the menisci during stiﬂe extension and a caudal
translocation of the menisci during ﬂexion [22]. The greater movement of
the centre of contact in the lateral compartment of the stiﬂe appears to be
associated with the aforementioned rotation of the tibia.
As noted previously, the joint contact patterns produced as a result of
the RSA analysis are based on relative gap distance measurements
between the subchondral surfaces of the femur and tibia. Therefore, these
estimated contact patterns reﬂect actual cartilage to cartilage contact in
regions of the joint not covered by the menisci. Indeed, the relative shape
and movement of the total area of articular surface contact on both the
medial and lateral tibial condyle demonstrated in the current study
corresponds to the change in meniscal shape (and the shape of the area of
articular cartilage not covered by the meniscus) demonstrated in previous
studies [2,22]. In addition, the decrease in total articular contact area seen
in both the lateral and medial compartments at terminal extension
correlated with a previous in vitro study that demonstrated a signiﬁcant
decrease in articular contact area at a femoral tibia angle of 160° using
electronic pressure sensors [2].
A previous study demonstrated considerable variability in compressive
properties of osteochondral plugs harvested from various locations on the
distal femur of healthy adult horses [53]. The investigators found that the
aggregate moduli were highest in the medial femoral condyle and axial
aspects of the lateral femoral condyle compared with the femoral trochlea
[53]. In addition, they noted that bone strength and compressive modulus
was highest in the central region of the medial femoral condyle [53]. Their
results showed a ‘bull’s eye’ pattern of increasing bone property values
that was centred on the middle, nonmeniscus covered portions of the
femoral condyle [53]. This pattern is similar to that of the relative articular
contact areas demonstrated in the current study. Indeed, the locations of
increased mechanical properties reported coincide with the areas of high
articular contact intensity demonstrated by RSA. The increase in bone
strength and compressive modulus at these condylar locations may
possibly reﬂect an adaptive response to increased loading at these sites
[54].
While it is tempting to try and correlate the areas of high articular
contact demonstrated in this study with common locations of cartilage
Equine Veterinary Journal 46 (2014) 364–369 © 2013 EVJ Ltd

pathology, this approach would likely be too simplistic. The angle of the
stiﬂe joint during foot strike, magnitude of the applied joint load and ability
of muscle forces to dissipate this load can all contribute with the
mechanical environment experienced by the cartilage at impact.
Additional studies are needed to determine how stiﬂe kinematics and
articular contact patterns are affected by alterations to the ligamentous
constraints (e.g. too tight or too lax), alterations in gait patterns (e.g.
loading at extremes of extension and/or ﬂexion) and/or variations in the
applied axis of loading. Such investigations may help identify the kinematic
changes that could place the various components of the stiﬂe (e.g.
articular cartilage, ligaments, menisci) at risk of injury. In addition, because
articular cartilage regeneration and healing is biologically dependent on
the mechanical loading environment [10], minimising stiﬂe motions that
might overload areas of cartilage repair could be beneﬁcial to cartilage
repair and regeneration in the equine stiﬂe joint. Therefore, the results of
the current study could be used to identify ranges of motion that limit
loading on various areas of both the femur and tibia.
A potential limitation of the current study was the absence of
muscular forces in the test system. However, because rotation and
abduction–adduction of the tibia are predominantly governed by the
condylar geometry and ligamentous constraints of the femoral tibial joint
[11,49,51] and not muscle forces, it was felt that the results of the current
study provide a valid representation of these movements through the
range of motion studied. Indeed, previous studies have shown excellent
agreement between tibial rotation angles and femoral tibial angles
between in vitro passive movement (no muscle loads) in cadaver knees [55]
and in vivo running (active muscle loading) [32].
The inability to place a relevant load on the stiﬂe joint throughout the
range of motion was another potential limitation of the current study.
While the absence of joint load likely did not affect the rotational or
valgus–varus results for the aforementioned reasons, there was concern
that the articular contact patterns would not be represented of what
occurs in a loaded joint. A recent in vitro cadaveric study measured
contact patterns in the medial compartment of the equine stiﬂe using
electronic pressure sensors [2]. In this study, equine stiﬂes were statically
loaded to 1800N at various degrees of ﬂexion and the joint contact
patterns recorded [2]. The location and area of high contact reported in
that study were similar to those seen for the medial compartment of the
stiﬂe in the current investigation. This would suggest that although joint
surface contact was not directly measured, the subchondral surface gap
distance methodology employed in the 3D RSA [31,33], provided a
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comparable representation of the articular surface contact patterns seen
in the statically loaded test system [2].
Finally, while only one ﬂexion to extension cycle was analysed from each
specimen, previous RSA studies of in vivo running have demonstrated an
across trial variability of less than 1° within subjects [32,34].
The results of the current study provide new information regarding
the normal kinematics of the equine stiﬂe and the relationship between
joint positions and articular contact areas. Understanding the normal
kinematics of the equine stiﬂe and relationship between joint positions and
articular contact areas may provide an important insight into the aetiology
and location of common stiﬂe joint pathologies (articular cartilage and
meniscal lesions).
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