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Objective: To evaluate the effect of tibial tuberosity advancement (TTA) on patellofemoral (PF) contact mechanics, and alignment of the PF and femorotibial
(FT) joints in cranial cruciate ligament (CrCL)-deﬁcient stiﬂes of dogs.
Study design: Ex vivo biomechanical study.
Animals: Unpaired cadaveric hind limbs (n = 9).
Methods: Digital pressure sensors placed in the PF joint were used to measure
contact force, contact area, peak and mean contact pressure, and peak pressure
location with the limb under an axial load of 30% body weight and a stiﬂe angle of
1351. The FT and PF poses were obtained using a 2-dimensional computer digitization technique. Each specimen was tested under normal, CrCL-deﬁcient,
and TTA-treated conditions. Data was normalized and analyzed, after testing
for normality by Wilk–Shapiro, using 1 sample T-test, paired T-test, and
ANOVA; P  .05 was considered signiﬁcant. Bonferroni’s correction was used
when needed.
Results: A signiﬁcant cranioproximal tibial displacement and increase in patellar
tilt were found in the CrCL-deﬁcient joints. Both FT and PF alignments were restored after TTA. Contact areas and peak pressure did not vary between conditions. Peak pressure location displaced proximally from intact to CrCL-deﬁcient
condition and returned to normal after TTA. Total force measured in the CrCLdeﬁcient stiﬂe and TTA conditions were signiﬁcantly lower than in the control.
Conclusion: TTA restored the normal FT and PF alignment, and reduced the retropatellar force by about 20%.

The high incidence of cranial cruciate ligament (CrCL) insufﬁciency in dogs has led to the development of numerous
surgical techniques in attempt to improve clinical results.1–5 Traditional surgical techniques attempt to stabilize the joint by replacing the CrCL with a structure that
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mimics its function. Tibial osteotomies differ from the traditional stabilization techniques because they aim to create
dynamic stability by altering bone geometry. Tibial tuberosity advancement (TTA), developed at the University of
Zurich in 2002,6–8 attempts to restore dynamic stability in
CrCL-deﬁcient stiﬂes by reducing the angle formed by the
patellar tendon and the tibial plateau (PTA). Stability is
accomplished by performing an osteotomy of the tibial
tuberosity in the frontal plane and advancing the bone
fragment. The magnitude of advancement is based on the
preoperative PTA and depends on the size of spacers
placed in the gap of the osteotomy.8
The biomechanics of the TTA has been studied in
ex vivo experiments evaluating the kinematics and contact
mechanics of the femorotibial (FT) joint.9–12 These studies
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have demonstrated that the FT shear force shifts from cranial to caudal direction at a critical point of about 901 of
PTA.10–13 A more recent study evaluating the 3-dimensional kinematics and the contact mechanics of the CrCLdeﬁcient stiﬂe stabilized by TTA found that both normal
alignment and contact pressures were achieved with TTA
in a static ex vivo model.9 Whereas the effect of TTA on FT
biomechanics has been extensively studied, patellofemoral
(PF) biomechanics after TTA is unknown.
Osteoarthritis of the PF joint occurs in dogs with
naturally occurring and experimentally-induced CrCL
insufﬁciency,14,15 with cartilage hypertrophy being observed in this joint shortly after experimental CrCL transection.15 A recent study reported that 34 of 40 stiﬂes of
dogs with CrCL insufﬁciency suffered from different degrees of cartilage damage in the PF joint.14 Osteoarthritis
of the PF joint causing ‘‘femoropatellar pain syndrome’’ is
also common in people.16–20 In an attempt to alleviate retropatellar pain, in 1976 Maquet21 described the anterior
displacement of the tibial tubercle technique to treat PF
arthralgias. By advancing the tibial tubercle, the moment
arm of the patellar tendon is increased and therefore the
forces needed to extend the knee, and acting in the PF joint
are reduced.22,23 The biomechanics of the technique have
been validated in ex vivo cadaveric studies,22,24–27 and clinical studies have shown reduction of pain in the joint.28–31
Advancement of the tibial tuberosity in combination
with lateralization or medialization, was originally described in dogs to decrease retropatellar pressure during
the surgical treatment of patellar luxation.32–34 One of the
advantages of TTA is that it may decrease the retropatellar
pressure while providing dynamic stability to the FT joint.
Decreased retropatellar pressure may relieve pain and
decrease the progression of PF cartilage degeneration.5,14,35,36 We are unaware of studies evaluating the contact mechanics and alignment of the PF joint in the normal
stiﬂe, after CrCL transection (CrCLT) and after TTA stabilization. Our purpose was to evaluate the effects of TTA
on PF contact mechanics and alignment in a static model
mimicking the weight-bearing phase of the gait. We hypothesized that TTA, while restoring normal FT and PF
alignment, would reduce retropatellar force when compared with CrCL-intact stiﬂes. We also hypothesized that
CrCLT would cause a decrease in retropatellar pressure
and a shift in peak pressure. In order to test our hypothesis,
we evaluated FT and PF alignment using a 2-dimensional
digitization technique applied to radiographs; we also measured retropatellar contact pressures, forces, and areas using a pressure sensor placed in the PF joint.
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each limb to ensure that the stiﬂes were free of orthopedic
disease and for measurement of the PTA and preoperative
planning of the TTA.8,37,38 The required advancement
was measured using the common tangent method.13,39 The
soft tissue surrounding the limbs was removed carefully,
preserving the stiﬂe joint capsule, the patella, the patellar
ligament, and the collateral ligaments. Each limb was
wrapped in saline-moistened towels, sealed in plastic bags,
and stored at
801C. Twenty-four hours before testing,
each specimen was thawed in a refrigerator. On the day of
testing, stainless steel beads of 1 mm diameter (Hasler1CO
AG Oerlikon, Zurich, Switzerland) acting as radiodense
markers, were impacted at the femoral and tibial attachments of the medial collateral ligament12 in the medial
aspect of the patella and in the medial trochlear ridge of the
femur. TTA was performed in each leg using commercially
available implants and instruments (Kyon AG, Zurich,
Switzerland) before mounting the leg in the testing apparatus (Fig 1). The distal screw holes of the plate were drilled

MATERIALS AND METHODS
Specimen Preparation
Nine stiﬂes of 6 adult dogs that died or were euthanatized
for causes unrelated to this study were harvested by disarticulation at the coxofemoral and tibiotarsal joint. Standard orthogonal radiographic projections were taken of
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Figure 1 Illustration of the testing apparatus including, bone markers,
Pliances sensor positioned in the femoropatellar joint, and a turnbuckle
link extending from a screw positioned in the proximal femur to the tendon of insertion of the quadriceps in the patella. The distal tibia was potted in polymethylmethacrylate and clamped at 601 to a horizontal plane
into the socket of a jig fixed to a table.
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Figure 2 Mediolateral radiographic images of one specimen in the intact condition (A), after CrCl transection (B), and after TTA (C). The markers in the
proximal tibia, and at the insertion of the medial collateral ligament in the femur were used to assess cranial tibial subluxation. The horizontal distance
between the tibial marker and the vertical passing through the femoral marker ‘‘dt,’’ was measured and compared between conditions. Cranial tibial
subluxation is observed in (B), and slightly overcorrection is seen in (C). The markers in the femoral trochlea and in the patella were used in the same
way to detect proximo-distal displacement of the patella related to the femur. The segment ‘‘dp’’ was defined as the vertical distance between the
patellar marker and the horizontal line passing by the marker positioned in the femoral trochlea. Two holes were drilled in the body of the tibia to fix the
distal end of the plate. In the sham and CrCLT conditions the distal hole was used, and after TTA the plate was fixed to the proximal hole to avoid
changing the position of the patella.

in the body of the tibia at 2 different levels to ﬁx the plate in
a sham-position without tuberosity advancement, and in a
position that would stabilize the osteotomy at the planned
amount of distraction that resulted in a PTA of 901 (TTA
condition). During drilling this last hole the patella
was ﬁxed to the femur with bone reduction forceps, the
tibial tuberosity was rotated around it, and at the same
time was allowed to displace proximally. In this way, proximal or distal displacement of the patella after TTA was
avoided (Fig 2).
A digital pressure sensor (Pliances S2070 sensor,
Pliances-x system, Pliance, Munich, Germany) was placed
in the PF joint and ﬁxed by gluing and suturing the peripheral tabs to the joint capsule. This system consisted of a
custom-designed, plastic laminated ﬁlm, an electronic pressure sensor, a sensor handle, and software for data acquisition and analysis. The sensor had 34 sensing elements
distributed in a sensing area of 458 mm2. The sensors had a
pressure sensitivity of 0.01 MPa, and a pressure range of
0.05–2 MPa.

patella simulated the quadriceps mechanism. This turnbuckle was corrected between each condition to keep
always the stiﬂe at an angle of approximately 1351 of extension corresponding to the mid-point of stance phase of
the walking.40 This angle was measured with a goniometer
using as landmarks the greater trochanter of the femur, the
FT joint between the lateral epicondyle of the femur and
the ﬁbular head and the lateral malleolus of the distal
tibia.40,41 A kevlar line (AHF Leitner, Pfaffenhofen, Germany) was attached from the proximal femur to a metal
tray where weights representing 30% of the body weight of
the dog were placed.11
Loading and data acquisition were performed in the
following sequence: (1) normal (CrCL-intact, sham TTA),
(2) CrCLT (CrCLT, sham TTA), and (3) TTA-treated
(CrCLT, TTA-treated). For testing conditions (2) and (3),
the CrCL was transected at its origin by a craniomedial
approach to the stiﬂe. At each of the 3 conditions contact
mechanics measurements were recorded and mediolateral
radiographs were taken.

Testing Protocol

Contact Mechanics

The specimens were positioned in a custom-designed aluminum testing apparatus and loaded to replicate the stance
phase of a walking gait, as described previously.11 The distal extremity of the tibia was potted in polymethylmethacrylate and clamped at 601 to the horizontal plane into the
socket of a jig ﬁxed to a table.11 A turnbuckle link extending from a screw positioned in the proximal femur and
sutured with UPS 6 polyglactin 910 using a tension suture
pattern to the tendon of insertion of the quadriceps in the

Contact area, peak contact pressure and location, mean
pressure and total force measurements in the PF joint were
acquired with the digital pressure sensing system. Contact
area was deﬁned as the area of contact between the femoral
sulcus and the patella. Peak contact pressure was deﬁned as
the highest pressure measured in the contact area. Pressure
distribution was described according to the location of the
center of the peak contact pressure: the relative location of
the peak pressure for each condition was deﬁned as the
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distance from the peak pressure sensel to the original position in the intact stiﬂe. Mean pressure represented the average of the pressures across the contact area. Total force
was deﬁned as the magnitude of load transmitted across the
PF joint.
Contact area, peak contact pressure and location,
mean pressure and total force were acquired for each testing condition after 5 seconds of holding peak force. Contact area values were expressed in cm2, peak and mean
contact pressure were expressed in kPa, and total force was
expressed in N. The obtained measurements of contact mechanics were normalized to the measurements taken in the
intact condition, which were deﬁned as 100%. After normalization the values were expressed as a percentage of the
control. Peak pressure location was measured and expressed in mm.
FT and PF Joints Alignment
The position of the tibia relative to the femur was evaluated
on mediolateral radiographs using a previously described
method.12 The position of the sensor was also conﬁrmed on
the radiographs before and during testing. After being exported as uncompressed tagged-image ﬁle format ﬁles, the
images were analyzed using a commercial software (Adobe
Photoshop 7.0, Adobe Systems Inc., Seattle, WA). Measurement of tibial translation was accomplished by measuring the initial horizontal distance of the tibial marker
from the femoral markers to establish the control position
(Fig 2A). After each treatment, marker distance was remeasured, and horizontal displacement relative to the control position was calculated (Fig 2B and C).12
The alignments of the PF and FT joints were also
evaluated with a custom computer digitization technique.
Radiographic analysis was performed using previously
documented digitization techniques designed to reliably
construct a femoral coordinate system to measure the positions of the patella and tibia (Fig 3A and B).42 Calculations were performed on a custom written computer
program using Matlab (The MathWorks Inc., Natick,
MA). Images were calibrated using the known length of
the TTA plate in each radiograph. The measured length of
the plate was selected because considered capable of accommodating small out of plane rotations.
A distal femur axis was constructed using the femoral
condyle length (FCL). The FCL was deﬁned as the perpendicular distance between a line parallel to the proximal cranial cortex of the femur and the midpoint of the 2 most
caudal points on the femoral condyles.43 Two arcs were
constructed with an origin at the proximal aspect of the
trochlea and radii equal to 1 and 1.5 times the FCL, respectively. The long axis of the distal femur was deﬁned as
the line connecting the midpoints between the intersections
of each arc and each cortex (Fig 3C).
A proximal tibial axis was constructed to approximate
the standard tibial reference axis without the use of the
talus.43,44 The proximal tibial width (PTW) was deﬁned as
the length between the proximal-most aspect of the tibial
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Figure 3 (A) Mediolateral view of the stifle joint illustrating the measurement of a femoral coordinate system: reference point on the tibia
(K), reference point on the patella (I), and the patellar tendon moment
arm (HJ). The origin of the coordinate system (H) was positioned at the
estimated center of rotation of the stifle (placed midway between the
centers of 2 circles fit to the posterior femoral condyles). A proximal reference axis was constructed parallel to the anatomical axis of the distal
femur and a cranial reference axis was constructed orthogonal to the
plane of the image and the proximal axis. Patellar tendon moment arm
(perpendicular distance from the femoral origin to the line of action of the
patellar tendon), position of the tibia (midpoint between the most cranial
(A) and caudal (C) points of the tibial articulating surface) and the patella
position (estimated centroid of the patella) were measured with respect
to the femoral coordinate system. (B) Illustration of topology adaptive
snake algorithm used to determine the patellar centroid and axes. Numerical optimization was used to ‘inflate’ the snake to best fit the radiographic outline of the patella, resulting in a uniformly sampled contour
surrounding the patella. The centroid of this contour (I) and the principle
contour axes were computed. (C) Mediolateral view of the stifle joint
illustrating the measurement of anatomical axes for the proximal tibia
and distal femur utilizing the proximal tibial width (PTW) and the femoral
condyle length (FCL) to construct arcs which intersect the distal tibial
cortex and proximal femoral cortex, respectively.

tuberosity and caudal-most aspect of the tibial condyles.
An arc was constructed with an origin at the cranial-most
aspect of the articular surface of the proximal tibia with a
radius of 2 times PTW. The long axis of the proximal tibia
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was deﬁned as the line connecting the cranial aspect of the
articular surface and the midpoint between the intersections of the arc and each cortex. The stiﬂe joint angle was
deﬁned as the angle between the long axes of the distal
femur and proximal tibia (Fig 3C).
A coordinate measurement system was deﬁned on the
distal femur (Fig 3A). Both medial and lateral femoral condyles were approximated using best-ﬁt circles. A righthanded Cartesian coordinate system was ﬁxed to the femur
having an origin located at the midpoint of the medial and
lateral best-ﬁt circle centers.45 The proximal axis was constructed parallel to the long axis of the distal femur directed
proximally positive. The cranial axis was taken orthogonal
to the proximal axis and the plane of the radiograph
directed cranially positive. The position of the tibia was
deﬁned by the midpoint of the most cranial aspect of the
articular surface of the proximal tibia and the most caudal
aspect of the tibial condyles, measured with respect to the
femoral coordinate system.
A topology adaptive snake algorithm, based on a deformable active contour model,46 was implemented to determine the approximate silhouette of the patella (Fig 3B).
A set of seed points within the boundaries of the patella
was used to initialize the contour. Numerical optimization
was used to ‘inﬂate’ the snake to best ﬁt the radiographic
outline of the patella, resulting in a uniformly sampled
contour surrounding the patella. The position of the
patella, measured in mm, was deﬁned as the centroid of
this contour and the principle contour moments were
computed to determine major/minor elliptical axes of the
patella (Fig 3B). Patellar tilt, measured in degrees, was
deﬁned as the angle between the long axes of the distal
femur and patella. The patellar tendon moment arm,
measured in mm, was deﬁned as the perpendicular distance
from the femoral origin to the line of action of the patellar
tendon.
Statistical Analysis
Data editing and statistical analyses were performed using
Stata Software (StataCorp., 2009; Stata Statistical Software: Release 10.1; College Station, TX). Differences in
cranial translation of the tibia, patellar displacement, contact area, peak pressure, mean pressure, and total force between conditions were compared in the following way:
Peak pressure location, patellar displacement, and cranial
translation of the tibia were measured and expressed in mm
Table 1

from the intact condition which was deﬁned as 0. Contact
area, peak and mean pressure magnitude, and total force
were normalized to the measurements obtained in the intact condition, which were deﬁned as 100%. After normalization these values were expressed as a percentage of the
intact condition.
Analysis 1: A 1-sample 2-sided t-test was performed
when using a baseline-normalized comparison. Therefore
the baseline was set for each individual to100 or 0. Thus,
the intact condition (i.e., baseline) was compared with
CrCLT and to TTA conditions. Bonferroni’s correction
(b = a/Z = 0.0167) was performed.
Analysis 2: A paired t-test was performed between
CrCLT and TTA conditions. If using percentages, a
Wilk–Shapiro test was used to check for normality distribution before performing a parametric analysis.
Analysis 3: Changes in stiﬂe extension angles between
conditions were assessed using general linear model, where
angle was the dependent variable, and the condition (Intact, CrCLT, and TTA) was entered as independent variable. It was assumed that all variances were equal and
covariance was zero. Since the variable distribution was
tested for normality, the error was also assumed to be normally distributed.
Analysis 4: Two separate ANOVAs with repeated
measures were conducted to assess differences in PF and
FT poses data between treatment conditions (i.e., normal,
CrCLT, and TTA). When appropriate, pairwise comparisons for treatment groups were corrected using a Bonferroni adjustment.
For all statistical analyses performed, P  .05 was considered statistically signiﬁcant. When Bonferroni correction
was used, P  .0167 was considered statistically signiﬁcant.

RESULTS
The study was performed in 9 stiﬂes of 6 dogs (mean body
weight, 41.7 kg [range, 25–63 kg]). Based on preoperative
planning, cages of 9 mm (6) and 12 mm (3 cases) were used.
Contact area, peak contact pressure and location,
mean pressure and total force values (mean  SD) are presented in Table 1. Contact area and peak contact pressure
were not statistically different among the 3 conditions.
Peak contact location was found to be signiﬁcantly more
proximal in the CrCLT condition than in the intact condition (P = .002; Fig 4) After Bonferroni correction no

Patellofemoral Contact Mechanics for Normal, CrCLT, and TTA-Treated Conditions after Normalizing Values

Parameter
Contact area (%)
Peak pressure magnitude (%)
Peak pressure location (mm)
Mean pressure (%)
Total force (%)

Normal (1)

CCLT (2)

TTA-Treated (3)

(100)
(100)
(0)
(100)
(100)

98.74  11.31 (P1 2 = 0.74)
84.17  31.56 (P1 2 = 0.17)
4.40  3.12 (P1 2 = 0.002)
73.34  12.44 (P1 2  0.001)
71.20  10.66 (P1 2  0.001)

95.3  16.84 (P1 3 = 0.42, P2 3 = 0.49)
93.13  23.73 (P1 3 = 0.41, P2 3 = 0.36)
1.77  2.9 (P1 3 = 0.1, P2 3 = 0.02)
85.09  15.18 (P1 3 = 0.018, P2 3 = 0.065)
78.88  9.51 (P1 3  0.001, P2 3 = 0.065)

Values are expressed in percentage of the normal condition. The results of peak pressure displacement are expressed in mm.
P-values are bolded where significant differences were detected after Bonferroni correction (b = a/Z = 0.0167).
CrCLT, cranial cruciate ligament transection; TTA, tibial tuberosity advancement.
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Figure 4 An example of contact maps obtained from the Novel software representative of each testing condition, depicted over an axial view of the
femoral sulcus. The software is able to define peak pressure location in one sensel and to provide the map in a grid that allows for measurement of
displacements.

statistically signiﬁcant difference in peak contact location
could be found comparing intact and TTA-treated conditions (P = .1) and between CrCLT- and TTA-treated conditions (P = .02). The mean pressure acting in the
retropatellar area decreased signiﬁcantly from intact to
CrCLT (73.34  12.44%; P  .001). ). After Bonferroni
correction, the decrease in retropatellar pressure from intact to TTA-treated stiﬂes (85.09  15.18%; P = .018) was
not statistically signiﬁcant. The difference in retropatellar
pressure between CrCLT- and TTA-treated conditions was
also not statistically signiﬁcant (P = .065). The total force
acting in the PF joint decreased signiﬁcantly from intact to
CrCLT- (71.20  10.66%; P  .001) and TTA-treated
(78.88  9.51%; P  .001) conditions. No statistically signiﬁcantly differences were found between CrCLT- and
TTA-treated conditions (P = .065).
Mediolateral radiographs showed no variation in the
position of the pressure sensors during testing. Based on the
radiopaque bone markers no proximo-distal displacement of
the patella relative to the femur could be detected. As determined by the general linear model stiﬂe angles did not vary
between the intact (123.27  4.341), CrCLT- (122.08  5.101),
and TTA-treated (124.23  6.481) conditions. Measurement
Table 2

of the tibial translation using the radiopaque markers demonstrated a cranial tibial displacement of 9.35  1.19 mm
after CrCLT. The subluxation was corrected in the TTAtreated condition with measured values of
0.46 
2.09 mm. The differences in FT distance between intact and
CrCLT conditions (P o .001), and between CrCLT- and
TTA-treated were statistically signiﬁcant (P o .001). No signiﬁcant difference was detected between intact and TTAtreated conditions (P = .52).
The values describing the FT and PF poses (mean  SD)
calculated with the digitization method are presented in
Table 2. CrCLT caused a signiﬁcant craniocaudal and proximodistal translation of the tibia and altered the patellar tilt
angle (P o .01). TTA re-established FT and PF alignments,
which were not different from the control. The moment arm
of the patellar tendon signiﬁcantly increased from the control
in both CrCLT- and TTA-conditions (P o .01).

DISCUSSION
We found that CrCL-deﬁcient stiﬂes have altered PF
alignment and contact mechanics. These changes in PF

Static 2-Dimensional Femorotibial and Patellofemoral Poses for Normal, CrCL-Deficient, and TTA-Treated Conditions

Parameter

Normal (1)

CCLT (2)

TTA-Treated (3)

Tibial craniocaudal translation (mm)
Tibial superinferior translation (mm)
Patellar craniocaudal translation (mm)
Patellar superoinferior translation (mm)
Patellar tilt angle (1)
Moment arm (mm)

9.3  1.5
12.4  2.0
40.5  6.3
0.9  2.8
31.3  4.4
32.1  4.6

1.63  1.2 (P1 2  0.001)
17.7  2.4 (P1 2  0.001)
40.9  6.6
0.9  3.1
35.4  4.6 (P1 2  0.001)
35.5  5.3 (P1 2  0.001)

9.4  1.7 (P2 3  0.001)
12.5  2.3 (P2 3  0.001)
40.6  6.5
0.3  3.9
32.9  4.6
35.7  5.1 (P1 3  0.001)

For the translational variables, positive values indicate cranial and distracted positions of the tibia relative to the femur. P-values for post hoc pairwise
comparisons are given where significant differences were detected by the ANOVAs. P-values are bolded where significant differences were detected.
CrCLT, cranial cruciate ligament transection; TTA, tibial tuberosity advancement.
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biomechanics may predispose to PF osteoarthritis after
CrCL rupture. In addition we found that TTA restored the
normal FT and PF alignment, and reduced the retropatellar forces by about 20% and the retropatellar pressure by
15%. We suspect that the decrease in retropatellar force
may be due to the increased moment arm of the patellar
tendon after TTA, rather than a cranial translation of the
patella relative to the femur. The decreased retropatellar
force after TTA may have beneﬁcial effects in dogs with
CrCL insufﬁciency, but this speculation needs to be conﬁrmed with in vivo studies.
Osteoarthritis is a mechanically induced disorder in
which the consequences of abnormal joint mechanics provoke biologic effects that are mediated biochemically, for
example through cytokines, matrix-degrading enzymes and
toxic oxygen radicals.47 In our study we found that CrCL
transection altered both alignment and contact mechanics
of the PF joint. Our ﬁndings are consistent with previous
in vivo experiments performed in cats. Hasler et al reported
that after CrCL transection the resultant PF contact forces
were decreased by approximately 30%.48 This decrease was
primarily caused by the decreased extensor force acting on
the PF joint.48 Our results showed a 20% decrease in retropatellar force after CrCLT, and a signiﬁcantly increased
moment arm of the patellar tendon compared with the
intact stiﬂe. The increase in moment arm is expected to
produce a lower extensor force, resulting in reduced stiﬂe
loading as suggested in previous in vivo studies.48,49 Similar
ﬁndings were also reported by Shahar et al50 in a mathematical model of the canine stiﬂe. Based on our results and
previous studies,48–50 it could be speculated that unloading
and altering contact points and alignment of the joint,
rather than overloading might predispose to PF osteoarthritis in dogs.
In both CrCLT- and TTA-treated stiﬂes retropatellar
force and pressure decreased to about 75% of the value
measured in the control stiﬂe. However, the 2 conditions
differed signiﬁcantly because in the CrCLT stiﬂes an abnormal tilt angle and a proximal shift of PF peak pressure
were noted, whereas no other abnormalities in contact mechanics and poses were observed after TTA. While alteration of both contact mechanics and joint poses can be
considered a risk factor for osteoarthritis in the CrCLT
stiﬂe,51 the decrease in retropatellar force after TTA may
be advantageous in a joint with existing osteoarthritis
for decreasing pain and slowing progression of cartilage
degeneration.21,26,30 In people with unicompartmental
osteoarthritis, tibial osteotomy decreases joint loads and
slows the progression of cartilage breakdown in the affected compartment.52 Similarly, TTA may be beneﬁcial in
dogs with PF osteoarthritis for its effect on retropatellar
force. Our speculations are supported by the theory proposed by Andriacchi et al51 on pathomechanics of osteoarthritis. In the initiation phase, kinematic abnormalities
cause a shift in load bearing regions. Consequently contact
pressures decrease in regions normally loaded, and increase
in infrequently loaded regions. The progression phase is
characterized by more rapid progression with increased
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loads. In our study the pressure shift and abnormal PF
pose in the CrCL-deﬁcient stiﬂe would act as trigger for
osteoarthritis. In the progression phase, TTA may be beneﬁcial because it lowers the retropatellar forces. However,
these results need to be conﬁrmed in vivo.
The moment arm of the knee-extensor mechanism is
described by the moment arm of the patellar tendon calculated with respect to the screw axis of the tibia relative to
the femur.53 The moment arm may be found once the line
of action of the patellar tendon and the position and orientation of the screw axis are known. Previous studies have
obtained moment arms of the patellar tendon referenced to
the contact point between the femur and tibia.54,55 The
contact point may not be meaningful because this point
itself is rotating about the screw axis.53 In this study, we
followed a similar method to Smidt56 who measured the
moment arm with respect to the axis of rotation of the FT
joint. We calculated the center of rotation of the stiﬂe using
an average of the center of 2 circles estimating the curvature of the femoral condyles. This is an approximation of
the true center of rotation because our analysis assumed
that the bones moved only in the sagittal plane and, therefore, did not take into account axial rotation of the tibia
relative to the femur during knee extension. Furthermore,
the true center of rotation would move as the joint ﬂexes. A
more correct method would be to calculate the moment
arm of the PF joint in 3 dimensions, to eliminate the effect
of out-of-plane rotations of the bone.53 In this study the
moment arm increased signiﬁcantly in both CrCLT- and
TTA-treated stiﬂes. This ﬁnding is consistent with the decrease in retropatellar forces measured in both conditions,
as an increase in moment arm corresponds to a decrease in
quadriceps force.
The PF and FT poses were measured using a custom
computer digitization technique designed to construct a
femoral coordinate system to measure the positions of the
patella and tibia relative to the femur. In general, digitization techniques that allow for high magniﬁcation during
data collection have improved repeatability and precision.
One speciﬁc advantage of this method is that a coordinate
system based on the center of rotation of the joint should
be minimally inﬂuenced by changes in joint angles. In this
study we calculated the femoral coordinate system with a
similar method to the Joint Coordinate System described
by Grood and Suntay.57 The center of the coordinate system in this study is an estimation of the center of rotation
of the joint, but cannot be considered a true instantaneous
center of rotation because it was calculated at a single ﬂexion joint angle. The centers of the medial and lateral femoral coordinates were selected because they were found to
be the best anatomical landmarks using the digitization
software. In addition, this method allowed for measurements of the PF poses utilizing the entire geometry of the
patella. Previous methods used a subset of points along the
boundary of the patella in order to express the patellar axis
and centroid.58
During the experimentation, stiﬂe angle was measured
as described previously,40 using as landmarks the greater
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trochanter of the femur, the FT joint between the lateral
epicondyle of the femur and the ﬁbular head, and the lateral malleolus of the distal tibia.40 Being the radiographs
centered in the stiﬂe and not large enough to repeat the
same measurements, we had to measure stiﬂe extension
from landmarks taken from the distal femur and proximal
tibia, as described in previous studies.43,44 The different
landmarks used between experiment and measurement
from radiographs explains why the angles reported here
are smaller than the angles used in the experimental phase.
Only a single angle of stiﬂe extension was used in this study.
It represents the mean angle of extension of the FT joint
during the stance phase of the gait.40 Having the stiﬂe a
range of motion of approximately 231 during this phase,40
we assume that retropatellar forces would be reduced during all the stance phase of the gait. We cannot extrapolate
our results to other situations in which the stiﬂe undergoes
more ﬂexion (i.e. sitting, standing up), or other activities
such as jumping or turning.
Caution must be taken when extrapolating the results
of an in vitro study to in vivo conditions. Joint ﬂexion and
extension results from muscular co-contraction, and the
combined action of the muscles about the stiﬂe can increase
the joint reaction forces to higher values than what we
measured. The kerf of the blade was not accounted during
our study. A narrow saw blade was used to perform the
osteotomies, and being the advancement planed before the
osteotomy took place, the thickness of bone removed was
the same in the 3 situations and therefore shouldn’t alter
results expressed in percentage. In the present study, a
pressure sensor was positioned in the retropatellar area,
slightly modifying its position, and stiﬂes were loaded at a
single position of extension and under a single load selected
to simulate the joint forces presumed to occur in vivo under
certain conditions of activity. This represents only a fraction of the normal range of motion and loading forces. By
measuring 2-dimensional poses of the PF and FT joints, we
assume that these joints move only on the sagittal plane.
While the PF joint may have minimal internal external
rotation, the more complex FT joint has 6 degrees of
freedom.49 A 3-dimensional methodology would have
considered all of the relevant rotations and translation of
the stiﬂe. Furthermore, 3-dimensional analysis of PF poses
would allow a more precise evaluation of the extensor
mechanism moment arm. The model used here is a gross
simpliﬁcation of what occurs in nature, and therefore our
results have to be interpreted carefully and should be conﬁrmed with in vivo studies.
Ex vivo studies on joint contact mechanics are controversial because they cannot simulate the complex history of
the cartilage loading during everyday life activity. In addition, static studies ignore contact shear stress that may be
more signiﬁcant than the simple compression stress acting
on the cartilage. However, in vivo contact pressures cannot
be measured in animals or people. Thus, cadaveric studies
may provide useful information by measuring the changes
in joint surface pressures in a controlled experimental
set-up. Based on our results we suggested that abnormal
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mechanical loading and joint alignment might predispose to
PF osteoarthritis in dogs. We also speculate that TTA may
be beneﬁcial in dogs with PF osteoarthritis for its effect on
retropatellar force, with a similar mechanism to pressureshifting high tibial osteotomies.52 Further studies are
needed to conﬁrm if these results obtained in a cadaveric
model also apply to clinical cases. In addition, further studies are needed to evaluate effect of over/under contouring of
the TTA plate in lateral and medial PF contact mechanics.
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