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The impact of surgical correction of cranial cruciate ligament rupture (CCLR) on 3D kinematics has not been thoroughly evaluated in dogs. The success of current techniques remains
limited, as illustrated by suboptimal weightbearing and progression of osteoarthritis. The
inability to restore the stifle’s 3D kinematics might be a key element in understanding these
suboptimal outcomes. The objective of this study was to evaluate the impact of lateral suture
stabilization (LSS) on the 3D kinematics of the canine stifle joint. We hypothesized that LSS
would not restore 3D kinematics in our model. Ten cadaveric pelvic limbs collected from
large dogs (25–40 kg) were tested using a previously validated apparatus that simulates
gait. Three experimental conditions were compared: (a) intact stifle; (b) unstable stifle following cranial cruciate ligament transection (CCLt) and (c) CCLt stabilized by LSS. Threedimensional kinematics were collected through 5 loading cycles simulating the stance
phase of gait and curves were analyzed using a Wilcoxon signed-rank test. LSS restored
baseline kinematics for the entire stance phase for cranial and lateromedial translation, flexion, and abduction. It restored distraction over 90% of the stance phase. Internal rotation
was limited, but not restored. This in vitro study had limitations, as it used a simplified model
of stifle motion and weight-bearing. The results of this study report that LSS can restore
physiologic 3D kinematics largely comparable to those of healthy stifles. Suboptimal outcome in patients following CCLR stabilization by LSS may therefore result from causes
other than immediate postoperative abnormal 3D kinematics.
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Cranial cruciate ligament rupture (CCLR) is the most common orthopedic condition affecting
dogs [1]. It modifies joint kinematics [2] and contact mechanics [3], therefore creating joint
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instability. While various surgical techniques aim to restore normal limb function following
CCLR, the optimal treatment for this condition remains an ongoing debate. The success of
current techniques remains limited as they are not able to fully restore weightbearing [4–6] or
slow the development of osteoarthritis [5]. Restoring joint stability without aiming to restore
joint kinematics might be a key element in understanding the suboptimal success outcome of
surgical CCLR correction.
The impact of surgical CCLR stabilization on the joint’s 3D kinematics has not been thoroughly evaluated in the canine stifle. One of the most frequently used techniques [7, 8], lateral
suture stabilization (LSS), provides mixed success outcomes. While this technique is reported
to be inferior to others [4, 9], a recent experimental study [10] has shown that normal weightbearing can be obtained with LSS one year after cranial cruciate ligament transection. Other
studies have also reported that LSS is non-inferior to TPLO when comparing objective outcomes in clinically afflicted dogs [5, 6, 11]. The ability of LSS to restore joint kinematics has
not been thoroughly evaluated, and the lack of understanding of the impacts of the technique
on joint kinematics could explain these mixed results. In vitro models are widely used for 3D
kinematics evaluation because they limit variation and are more ethically acceptable. In this
study, we used a validated testing jig that simulates canine gait in isotonic conditions, taking
into account weight-bearing, quadriceps muscle force and whole limb motion [12] to evaluate
LSS. The objective of this study was to evaluate the impact of LSS on the 3D kinematics of the
canine stifle joint. We hypothesized that LSS would not restore normal 3D kinematics in our
model.

Materials and methods
Sample size
Sample size was determined based on calculations from a previous study [16] using the same
jig and methodology for a power of 90% and an alpha of 0.05. It was calculated for the anticipated mean values of the two most clinically relevant parameters: cranial translation and internal rotation. Based on these statistical parameters, minimal sample size required was n = 4 in
each group (4 stable stifles and 4 unstable stifles). We opted to use 10 stifles to take into
account technical problems which could lead to group attrition.

Specimen selection
Ten pelvic limbs (n = 10) were collected from 7 mature dogs euthanized for reasons unrelated
to this study. The cadavers were provided by donation through the University. All dogs were
previously euthanized for reasons not related to the study. We recuperated the limbs after
other investigators harvested sample organs for research and/or teaching purposes in accordance with the 3R rules by Russell and Burch. No approval from our IACUC was required.
The dogs weighed from 25 to 40 kg and were of various large breeds. Macroscopic examination and palpation of the stifles was performed by a surgeon (ACVS) to rule out any gross
abnormalities (malformation, instability, crepitus). Orthogonal radiographs of the limbs were
taken to detect evidence of stifle pathology and to exclude stifles with excessive tibial plateau
angle (>35˚) [13]. Based on these criteria, three stifles with abnormalities were excluded from
the study. Selected limbs were frozen at -20˚C until specimen preparation.

Specimen preparation
Specimens were prepared as previously described for the testing apparatus [12]. Before preparation, specimens were thawed at 4˚C for 48 hours. For instrumentation, the tarsus was
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disarticulated and the limbs were dissected to remove skin, preserving the muscles and the
structures surrounding the stifle joint. Rigid bodies were fixed to the tibia and femur using
partially threaded fixation pins. Optoelectronic diodes were installed on these rigid bodies during testing, allowing kinematic data acquisition. The entire pelvic limb, including the two rigid
bodies, was scanned (Skyscan 1176, Bruker BioSpin Corp., Ma, USA; 30mA, 120kv, slice thickness 0.625mm, interval 0.625). All limbs were virtually reconstructed (3D-Slicer v.4.10.2,
http://www.slicer.org), and anatomical landmarks were used to define a joint coordinate system [12]. After the scan, the distal tibia and proximal femur were sectioned, and the limbs
were cemented using polyester resin (Bondo Body Filler, Bondo Corporation, Atlanta, GA)
into PVC pipes using a custom-made centering jig to match the artificial articulations of the
tarsus and hip in the testing apparatus.

Testing apparatus
The apparatus used for this study simulates the stance phase of gait for the canine hindlimb
and has been validated for kinematic evaluation of the normal and cranial cruciate-deficient
stifles [12] (Fig 1). For testing, the limb was mounted in the artificial hip and tarsus articulations and motion was created by two actuators, one linear and one rotational, programmed to
simulate the stance phase of trot. The apparatus operated in quasi-dynamic mode, as the two
actuators positioned the limb at each 10% of stance and paused for 1 second at this position
while kinematic data was recorded.

Fig 1. The testing apparatus used for the study with a loaded limb in place. Cranio-caudal views (A) Oblique. (B) Frontal; 1. Frame; 2.
Upper platform; 3. Lower platform; 4. Artificial hip joint; 5. Artificial tarsal joint; 6. Linear actuator; 7. Rotating actuator; 8. Weights,
centralized over hip joint; 9. Turnbuckle attached to proximal tibia and patella; 10. Rigid bodies fixated in femur (black) and tibia (red).
https://doi.org/10.1371/journal.pone.0261187.g001
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Data acquisition
3D kinematics were recorded using an optoelectronic system (Optotrak 3020, NDI, Waterloo,
Canada). Five optoelectronic diodes were placed on each rigid body, and their relative position
was captured during gait. The six degrees of freedom for the stifle joint (flexion/extension;
abduction/adduction; internal/external rotation of the tibia; cranio/caudal, medio/lateral, and
proximo/distal translations) were computed at each 10% interval of the stance phase using
Euler angles with the method of Grood and Suntay [14]. The values were then interpolated
using a robust quadratic algorithm to generate continuous curves across the entire stance
phase.

Testing protocol
To simulate weight-bearing, 45% of body weight (BW) was applied on the upper platform of
the testing apparatus. This value was the highest weight-bearing that the apparatus allowed
without inducing significant vibrations influencing data collection. Tension in the quadriceps
was simulated using a turnbuckle applying adequate tension from the artificial hip articulation
to the patella as previously described [12].
Data was collected over 5 gait cycles for each one of the 3 experimental conditions: intact
stifle, unstable stifle following cranial cruciate ligament transection (CCLt), and stabilized stifle
by LSS. All limbs underwent preconditioning for 10 cycles as previously defined [12]. First,
data was collected for the intact stifle. Then the limb was disassembled from the artificial hip
articulation and the cranial cruciate ligament was transected through a medial arthrotomy
which was then sutured. The limb was reassembled in the hip articulation, setting it back to its
original position by reapplying the same number of turns in tightening the turnbuckle simulating quadriceps tension and resetting the joint angles to the starting position. Second, data was
collected for the unstable stifle. Then with the limb still mounted in the apparatus, LSS was
performed using two strands of 80 lb nylon leader line (Securos, Fiskdale, MA) by a single
boarded surgeon. The suture was passed around the lateral fabella from caudo-proximal to
cranio-distal, then through a hole previously drilled in the tibial tuberosity and under the
patellar tendon. The first strand was tensioned on the lateral aspect of the stifle to neutralize
cranial drawer and secured using crimp clamps. The stifle underwent 20 cycles to assess any
loosening in the suture as described by Choate et al. [15]. Suture loosening was assessed by cranial drawer test. If there was no residual cranial drawer after 20 cycles, the second strand was
tensioned as tight as the first using crimp clamps; it was tensioned until we observed that the
first strand was starting to loosen/buckle, as it is done clinically when performing LSS. If there
was evidence of loosening of the first strand after the 20 cycles, the second strand was tightened
to neutralize any residual cranial drawer and 20 cycles were repeated. No limbs were observed
to have residual cranial drawer after the tightening of the second strand. If there had been
residual cranial drawer after the two strands were tightened, we would have cut one of the
strands and replaced a new one using adequate tension. The protocol would then have followed as described with 20 additional cycles. Finally, data was collected for the stabilized stifle.

Data analysis
Kinematic curves were analyzed to evaluate the impact of LSS on joint kinematics. For each
experimental condition (intact stifle, CCLt stifle, LSS stifle), the curves were computed to represent the average of all gait cycles for the 10 specimens. The curves were first qualitatively analyzed (amplitude, shape, deviation from baseline). A statistical analysis was then conducted to
assess return to baseline using a Wilcoxon signed-rank test with significance set at p < 0.05.
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Kinematic curves were compared for the 3 experimental conditions over the whole stance
phase for the 6 degrees of freedom of the stifle.

Results
Data is summarized in Fig 2. The curves represent the mean values for all the specimens tested
for 5 loading cycles each. They represent the 3 translations and 3 rotations of the tibia in relation to the femur over the progression of the stance phase, with statistical comparisons
between intact and stabilized stifles.
Cranial cruciate ligament transection resulted in cranial, proximal and medial translation,
as well as extension, adduction, and internal rotation of the tibia in relation to the femur. With
LSS stabilization of the stifle, kinematics were restored to baseline for the entire stance phase
for cranial and lateral translations, for flexion, and for abduction. Distraction was restored to
baseline over 90% of the stance phase. Between 60% to 70% of the stance phase, there was a significant difference between intact and LSS stifles, with LSS causing 0.6 mm of compression
compared to the intact stifle (p < 0.05). External rotation was restored for the first 40% of the
stance phase. For the rest of the stance phase, LSS limited the internal rotation resulting from
CCLt, but the stabilized stifle remained significantly less externally rotated than the intact stifle

Fig 2. Three-dimensional kinematics for intact (green), cranial cruciate ligament deficient (red) and lateral suture stabilized (blue) stifles through the stance phase
of stride. Curves represent the mean values for 10 stifles through 5 cycles each. � Statistically significant difference (using Wilcoxon signed-rank test) at that time point
between intact and stabilized stifles.
https://doi.org/10.1371/journal.pone.0261187.g002
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(p < 0.05). Moreover, LSS did not significantly influence the range of motion in the sagittal
plane (p < 0.05).

Discussion
Using a validated testing apparatus that simulates the weight-bearing stance phase of the
canine gait, this study reported 3D kinematic curves in three experimental conditions: intact,
CCL-deficient and LSS stifles, for the 6 degrees of freedom of the stifle joint. As reported in the
study validating the apparatus [12] and in a previous study performed with this testing jig [16],
the changes induced by CCLt in our study were comparable to the in vivo kinematic data for
CCLR in the literature [2].

Translations
Cranio-caudal translation. LSS created a cranio-caudal kinematic curve similar in shape
to the intact stifle, with no statistical difference between the two groups at any point during
stance. This suggests that LSS was effective in neutralizing cranial tibial translation in our
model. This has also been reported in previous biomechanical studies [17, 18] and at three different moments of the stance phase [19].
Medio-lateral translation. LSS neutralized the medial translation in our CCLt model and
restored baseline kinematics throughout stance phase for this motion. To our knowledge,
medio-lateral translation following LSS has only been evaluated by one other study [19]. This
study compared kinematics for two tibial bone tunnel sites, the tibial tuberosity and the extensor groove, and found that LSS using both sites resulted in significant lateral translation. The
discrepancy between our results and these could be explained by variation in suture tensioning
as the anchor points of LSS pull on the tibia laterally and caudally [19] with different forces [6]
depending on the tension applied to the suture. With adequate suture tensioning that successfully neutralized cranial drawer, this phenomenon was not observed in our study as lateromedial translation was similar to the intact stifle throughout the stance phase, emphasizing
that suture tension might have an impact on the 3D kinematics of the stifle joint. It has been
reported that over tightening of an extra-articular prothesis also results in compression of the
lateral femoro-tibial compartment [20]. Overtension might be a key element in the development of osteoarthritis associated with LSS.
Proximo-distal translation. With stabilization of the stifle by LSS, proximo-distal kinematics returned to baseline for 90% of the stance phase, except from 60% to 70%. In this part
of the stance phase, LSS caused statistically significant compression compared to the intact stifle (p < 0.05). As seen graphically in Fig 1, the difference between the mean values for LSS and
intact stifles was less than 0.5 mm of translation at that point of the stance phase. To our
knowledge, only one study evaluated this motion for LSS [19] and found that proximo-distal
translation was returned to baseline for early-, mid- and late-stance. The previous study used
weight-bearing of 30% and simulated the stance phase of walk, which could additionally
explain these results differing from what was found in the present study. The significant difference between the LSS and normal stifles at that point of the stance phase could be explained by
the small sample size (n = 10) and by one limb that had a significantly larger compression following LSS (2.63 mm of proximal tibial translation versus a mean of 0.70 mm for the other
limbs). Despite this 10% where kinematics were statistically different between the two groups,
LSS resulted in physiologic kinematics for this motion. These results must consider that only
45% BW was used in our model. We cannot extrapolate on the degree of compression in vivo
when 72% BW is applied to the stifle joint at trot.
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Rotations
Flexion/Extension. In our study, LSS stabilization resulted in kinematics that were
restored to baseline for flexion. To our knowledge, this motion was only evaluated in one
other study [11]. This kinematic study found that dogs at a mean of 8 years post-LSS stabilization had stifle flexion similar to clinically normal dogs. Our study reported that LSS seems to
be effective at restoring flexion immediately after stabilization during the stance phase of trot.
Abduction/Adduction. With LSS, kinematics were restored to baseline for abduction and
adduction motions in our model. This has been reported in live dogs at a mean of 8 years postLSS stabilization [11]. However, some in vitro studies have reported LSS to cause significant
abduction of the stifle [19, 21]. As mentioned previously, the amount of tension applied to the
lateral prosthesis could be responsible for increased abduction reported in these studies, as the
tibial tuberosity is pulled outwards in the direction of the lateral fabella with increased tension.
Further studies are required to better understand the effect of suture tensioning on 3D kinematics in extracapsular stabilization techniques.
Internal/External rotation. With LSS, the internal rotation caused by CCLt was neutralized to baseline for the first 40% of stance but was only limited for the rest of the stance phase.
The tibia was brought back to a physiologic external rotation that was statistically inferior to
the intact stifle (p < 0.05). Other studies that evaluated this motion found different results.
Headrick et al. reported kinematics similar to normal for this motion in dogs that had been
operated 8 years before data collection [11]. In an in vitro non-weightbearing model, Chailleux
et al. found that a similar technique, the modified retinacular imbrication technique with
medial and lateral prostheses, caused significant external rotation of the tibia and raised concerns about the impact of this on compression of the lateral compartment of the stifle joint
[21]. As mentioned previously, it has been reported that increasing suture tension causes
amplification of contact pressures in the lateral compartment of the stifle [20]. In a different
weight-bearing in vitro study, Aulakh et al. observed similar excessive external rotation and
hypothesized that the suture anchor in the tibial tuberosity acted as a lever to pull the tibia caudally and laterally, resulting in external rotation [19]. Excessive external rotation was also
reported after LSS by Snow et al. in an in vitro model under torsional loading [17]. With the
suture tensioning technique used in our protocol, the LSS procedure did not cause this excessive external rotation and successfully returned the stifle to physiologic kinematics for this
motion without fully restoring baseline. It is interesting to note that this is in contrast to what
has been recently reported with tibial plateau leveling osteotomy (TPLO) where dogs with persistent cranial tibial subluxation have been reported to also have internal tibial rotation [22],
which has led to combine TPLO with an extracapsular technique to address this issue [23].
Our hypothesis was rejected as LSS restored 3D kinematics largely comparable to those of
intact stifles. These results suggest that with adequate suture tensioning, LSS can lead to physiologic kinematics. It is our belief that LSS tensioning should aim to apply a tension that is only
sufficient to limit cranial drawer but not excessive in order to limit its impact on 3D kinematics
in the other planes. Variability associated with LSS tensioning has been reported within and
between surgeons and is suggested to lead to inconsistent clinical outcomes [24]. Further studies are needed to assess the impact of excessive LSS suture tensioning on 3D kinematics in
order to provide clearer clinical guidelines.
These results raise an interesting concern as to why patients stabilized by LSS, whose kinematics can be returned to physiologic motions, are still affected with the progression of osteoarthritis? In experimental studies where the CCL was transected and the stifle was quickly
stabilized by LSS, dogs were reported to be brought back to normal weight-bearing at 20 weeks
[25], one year [10], and 8 years [11] following stabilization. In a healthy stifle with CCL
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experimental transection, LSS is therefore effective at restoring normal weight-bearing and, as
the present study has shown, also seems to be effective at restoring normal kinematics. What
can explain the suboptimal outcomes that we see in naturally occurring CCLR where weightbearing is inferior to normal [4–6] and osteoarthritis progresses [5, 26, 27] despite
stabilization?
Dogs with naturally occurring CCLR and subsequent osteoarthritis have been reported to
have increased sensory sensitivity in the affected limb and at remote sites [28–31], suggesting
they are likely affected by central sensitization. These newly elucidated aspects of CCLR in
dogs should require additional case management considerations in addition to surgical stabilization that is solely focused on joint stabilization. In human medicine, a new anterior cruciate
ligament (ACL) repair technique that is able to bridge the gap between the torn ends of the
ACL and promote its healing [32] has been reported to successfully minimize post-traumatic
osteoarthritis [33]. These findings suggest that preserving the native ACL, particularly the proprioceptive fibers, could improve proprioceptive function after surgery and limit post-traumatic osteoarthritis [32]. Further studies are needed in canine patients to find ways to prevent
the impacts of degenerative joint disease beyond mechanical stabilization.
As all in vitro studies, this study had limitations. First, all muscle forces involved in stifle
stabilization could not be replicated. Only the quadriceps tension was simulated, and this tension was applied using a simplified model of physiological tension as it was linear. Second,
weight-bearing remains a simplification of reality in this model. Weight-bearing had to be limited to 45% of body weight and had to remain constant throughout gait and was therefore inferior to what is normally found at trot speed [34]. Weight-bearing had to be limited because of
excessive vibrations in the apparatus influencing data collection. Third, our model used quasidynamic motion in order to decrease vibrations in the apparatus, requesting data to be interpolated in order to create continuous kinematic curves. Fourth, the sample size that was used
was small. Finally, our in vitro model only assessed the impacts of LSS on kinematics immediately after stabilization.

Conclusions
Using a validated testing apparatus that simulates the weight-bearing stance phase of canine
gait, the present study reported that LSS restored physiological 3D kinematics following CCL
transection. LSS resulted in successful cranio-caudal stabilization and did not cause excessive
external rotation or abduction. Combined with results from previous experimental studies
where weight-bearing was restored by LSS [10, 11, 25], the results of the present study suggest
that the suboptimal outcomes reported in patients stabilized by LSS might not be caused by an
ineffective technique, but rather by other aspects of degenerative joint disease that are not currently taken into account in case management.
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