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Key Points: 

 Femoro-tibial motion in the CCL deficient stifle is characterized by femoral instability 
 TPLO induces rotatory instability in stifles with partially torn but functional CCL, more than 

TTA 
 TPLO restores cranio-caudal stifle stability more reliably than TTA, even though both have a 

significant failure rate   
 

Gait analysis in dogs has traditionally been performed using force plate measurements and/or 
video based kinematic gait analysis. Whereas force plate analysis represents global limb function, 
video based kinematic gait analysis provides measurements of limited precision only, because of 
significant skin motion artifacts. So far, precise measurement of in-vivo stifle kinematics has only 
been performed in research dogs.1,2 

Today most of our decisions regarding optimal treatment of the cranial cruciate ligament (CCL) 
insufficient canine stifle joint are based on in-vitro data as well as on the appreciation of global limb 
function in terms of lameness and radiographically scored osteoarthritis. Most clinicians/researchers 
would certainly agree that the ultimate goal of the optimal stifle stabilization method would be the 
restoration of normal stifle function, which is characterised by its three-dimensional kinetics and 
kinematics.  

Fluoroscopic gait analysis uses either conventional C-arms (Fig. 1a) or high-power x-ray units 
(Fig. 1b) to allow uni- or biplanar fluoroscopic analysis. A biplanar setup is preferred over uniplanar 
data acquisition, as the latter is of limited precision when movements occur along the x-ray beam 
(medio-lateral plane). This significant methodological limitation can be eliminated by using two 
overlapping x-ray beams angled to each other (Fig.1c), doubling radiation exposure, cost and time 
for data analysis at the same time. 
Similar to video-based kinematic gait analysis, high-frequency image acquisition is mandatory, 
aiming for at least 250 images per second, electronically shuttered to 1/2000 s minimizing motion 
blur during rapid limb movement. Unfortunately neither standard C-arms nor high-power x-ray units 
allow for such high-frequency image acquisition and therefore have to be upgraded using high-speed 
video cameras, which significantly adds to the cost of the experimental setup. 
 

 
Fig. 1a: Uniplanar fluoroscopic setup using 
a standard C-arm equipped with a high-
speed camera. 

Fig. 1b: Biplanar setup with two 
high-power x-ray units equipped 
with two high-speed cameras. 

Fig. 1c: Biplanar data acquisition using 
high-power x-ray units and a canine 
treadmill. 

 
Once an appropriate biplanar image sequence of the stifle has been acquired, undistorted, and 

calibrated, estimation of the 3D-pose of the femur and tibia for each of the frames of the image 
sequence has to be carried out. This can be done either by tracking markers implanted into the distal 
femur and the proximal tibia or non-invasively using 2D to 3D image registration technology. For 
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the latter, the experimental setup used for data acquisition during gait analysis has to be replicated in 
virtual space using dedicated software. Based on CT data of the individual femur and tibia the 
software generates digitally reconstructed radiographs (DRR) and compares them to the real 
fluoroscopic images. Depending on the pose of the virtual femur and tibia during calculation of the 
DRRs the digital and the real images will fit - more or less. Based on this analysis the pose of the 
bones in virtual space are altered and a new DRR computed and compared at new to the real 
fluoroscopic image. This process of DRR generation and comparison is repeated until the DRRs and 
the real fluoroscopic images are identical, meaning that the pose of the bones in virtual space exactly 
matches the pose of the bones in vivo at time of image acquisition when the dog was walking on the 
treadmill. Once the trajectory of the femur and the tibia have been tracked frame by frame, 3D 
animations of both bones are calculated. On these 3D kinematics of the stifle can be estimated at sub-
millimetre precision. 

We have used fluoroscopic kinematography in a variety of dogs with cranial cruciate 
pathology (see www.fluokin.de). Most of them were only investigated using uni-planar fluoroscopy 
and the video sequences subjectively evaluated for instability. In others, biplanar fluoroscopy was 
available.  

In the un-operated CrCL insufficient stifle, caudal slippage of the femur occurs at the 
beginning of stance phase, while the tibia remains stable. This motion pattern was consistently seen 
in every joint with torn CrCL and no stabilization performed. Following TPLO, TTA and 
extracapsular stabilization, a certain percentage of stifles became stable. However, with all three 
methods, a high number of stifles were unstable in vivo at follow-up (≥ 6 weeks). Integrity of the 
medial meniscus did not impact on stifle stability, which challenges the finding of previous in-vivo 
studies investigating stifle stability at the stance. TPLO stifles with a TPA ≤ 5° were more likely to 
be stable, than stifles with a higher TPA post op, even though we had a case treated with closing 
wedge osteotomy and a  TPA of 0° which remained unstable. TTA stifles were stable or unstable 
irrespectively of the achieved PTA. With a partially torn CrCL and stable remnant, TPLO induced 
rotatory instability (see fig. 2), which was less accentuated with TTA. Contrary to our expectations, 
the rotatory instability was an internal rotation of the femur (relative external tibial motion). 
Extracapsular stabilization did not restore cranio-caudal stability in any of the cases followed up. 
 

A  

B C

Figure 2: 3D-kinematics with partial CrCL rupture following closing wedge osteotomy (left stifle, 
lateral view) 

At the beginning of stance phase (Image B) the lateral femoral condyle slips cranially, 
inducing medial rotation of the distal femur (Image C). This motion pattern might be attributed to the 
different curvature of the medial and lateral tibial plateau.  

3D-kinematics following TPLO with complete rupture of the CrCL and post-operative 
stability resembled normal stifle kinematics, but some “wobbling” of the femoral condyle persisted 
(see fig. 3), demonstrating the continuous process of dynamic balancing of the  net joint forces. 
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Figure 3: Image sequence of a stifle with complete rupture of the CrCl and TPLO (right stifle, lateral 
view, 6 months post op) at the beginning of stance phase 
Notice the subtle instability of the femoral condyle, despite “macroscopic” cranio-caudal stifle 
stability. 

Overall, since we do fluoroscopic kinematography in our stifle cases, our confidence in 
providing good care to our clients has been greatly reduced. In our hands, none of the tree methods 
was able to restore normal stifle kinematics reliably. The fact that we observed instability following 
TPLO and TTA in vivo raises the question, to what point the current in vitro testing protocols truly 
replicate the in vivo conditions. If our experimental setup would be appropriate, we should observe 
persistent stifle instability in some cases following TPLO or TTA, as we do in vivo. Probably the 
simplification of “significant” muscle forces and the fact that all testing protocols aim for tibial 
instability might be responsible for this discrepancy between in vitro and in vivo performance of 
tibial osteotomies in the CrCL deficient canine stifle.  

Our still preliminary results on in vivo stifle kinematics suggest that our ability to achieve 
stability following surgical stabilization is limited. However, TPLO seems to restore stability most 
consistently, even though we had a high failure rate with TPLO, too.  
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