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Abstract : The objective of this study was to establish kinematic reference ranges for the femorotibial (FT) joint and
the patellofemoral (PF) joint in healthy small-breed dogs by measuring 3D kinematics at the walk. Single-plane
fluoroscopy was used to image the stifle joints of five healthy beagle dogs while the dogs were walking. 3D bone
models of the femur, patella, and tibia were reconstructed by computed tomography scanning of the beagle dogs’ hind
limbs. The shape-matching technique was used to measure kinematic data from the fluoroscopic images and the 3D
bone models. The cranial translation of the tibia during walking was inversely proportional to the FT joint flexion.
There were significant correlations between the patellar motion and the tibial motion. The FT joint flexion had a strong
correlation with the patellar proximodistal translation and flexion. Additionally, the tibial mediolateral translation had
a strong correlation with the patellar shift and tilt. In this study, normal in vivo 3D FT joint and PF joint kinematics
were demonstrated, and the average kinematic parameters were determined in walking beagle dogs.
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Introduction

In the canine stifle joint, the proper range of motion is main-
tained by the surrounding ligaments and the joint’s articula-
tion structure when the dog is bearing weight in the hind
limbs. The canine stifle joint is one of the most common
locations for orthopedic conditions such as joint instability
and anatomical or mechanical axial malalignment. These con-
ditions can cause lameness and subsequently lead to osteoar-
thritis and altered stifle joint kinematics (4).

Over the past 50 years, the principal goal of orthopedic
surgery has been to solve joint instability and return affected
joints to their normal function (6). To achieve this goal, it is
essential for surgeons to understand the biomechanics of the
affected joint and the various surgical techniques that are uti-
lized to treat the joint. Previously, the prognoses for surgical
treatments were determined by the surgeon’s observations,
which was a subjective measurement. Recently, various meth-
ods to objectively measure musculoskeletal functions have
been discussed. Several clinical methods of objective gait
analysis have become available and human biomechanical
studies have been published using these research modalities.
In veterinary literature, the majority of published biomechan-
ical studies focused on cranial cruciate ligament injuries. Cur-
rently, gait analysis is the criterion-referenced standard for
determining the influence of orthopedic disorders on joint
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biomechanics, evaluating the objective functional outcome
after orthopedic surgery, and assessing the effectiveness of
different surgical techniques (3).

The optoelectrical motion capture system is the most com-
monly reported technique used for evaluating in vivo gait
analysis in dogs (3,5,9). Unfortunately, this system has limi-
tations, including the decreased accuracy of the in vivo mea-
surement of bone joint kinematics and skin movement artifacts
errors that decrease data repeatability, thus restricting the sys-
tems use to measuring joint flexion-extension motion only
(11). Alternatively, gait analysis can be performed using sur-
gically implanted bone markers with a radiographic imaging
system (21). This gait analysis technique can result in highly
accurate and reproducible results; however, the invasiveness,
risks, and discomfort associated with surgical bone marker
implantation limits the clinical application of this technique.

Recently, the shape-matching technique has become a pop-
ular method to measure kinematics by aligning CT-based
three-dimensional bone models with two-dimensional fluoro-
scopic images. This noninvasive method of measuring kine-
matics provides accurate results.

In veterinary literature, the majority of the previous kine-
matic studies were focused on large-breed dogs with orthope-
dic diseases, especially dogs with cranial cruciate ligament
injuries. Using the shape-matching technique, one study mea-
sured the normal in vivo kinematic parameters of the canine
knee in large-breed dogs (13). To our knowledge, normal in
vivo knee kinematic reference ranges for small-breed dogs
have not been reported. It is well recognized that kinematics
vary with body morphologies such as size, shape, and cadence
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(6,13).

The objectives of this study were to investigate the in vivo
three-dimensional knee kinematics and to establish reference
ranges for healthy, small-breed dogs at the walk. The nonin-
vasive shape-matching technique was utilized to measure the
kinematics of beagle dogs.

Materials and Methods

Animals

This study was approved by the Chungnam National Uni-
versity Animal Care and Use Committee (No. CNU-00838).
Five purpose-bred beagle dogs, 3 to 5 years of age (mean age
of 3.6 years), weighing 9.3 to 11.1 kg (mean body weight of
10 kg), and with body condition scores (BCS) from 4 to 6
out of 9 (mean BCS of 4.8) were included in the study. All
dogs had normal orthopedic physical examination findings
prior to initiation of the study.

Computed tomography
Computed tomography (CT) images of all the beagle dogs’
hind limbs were obtained using a 32-detector row CT scan-

ner (Alexion™, Toshiba, Japan). The obtained CT images
were used to build three-dimensional bone models of the
femur, patella, and tibia. The CT images were used to confirm
the results of the orthopedic physical examinations, and no
remarkable findings were observed in any of the dogs. Prior
to the CT imaging, all the dogs were fasted for at least 8 hours.
A standardized anesthetic protocol was used, as follows: 3
mg/kg of alfaxalone (Alfaxan® inj., Jurox Pharm. Co. Ltd.,
Australia) was administered intravenously, followed by inhaled
1.5 to 2.0% isoflurane (Ifran”, Hana Pharm. Co. Ltd., Korea).
The CT scan settings were 120 kV and 150 mA with a 512 x
512 image matrix, a 0.547 x 0.547 pixel spacing, and a | mm
slice thickness.

3D bone model construction

The 3D bone models of the femur, patella, and tibia were
reconstructed using the Mimics software program (Mimics,
Materialise, Belgium) (Fig 1).

Fluoroscopic image acquisition
Prior to obtaining the fluoroscopic images, all dogs were
trained to ambulate normally on a horizontal motorized

Fig 2. A beagle dog walking on a treadmill to obtain fluoroscopic images (A), Obtained mediolateral view fluoroscopic image (B).
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Fig 3. 3D bone models being superimposed on 2D fluoroscopic images by manual manipulation (A), 3D bone models shape-matched

after using the software’s optimization function (B).

treadmill (Carrydori, CDATA, Korea) without struggling or
requiring leash guidance. The dogs were walked on the tread-
mill for a five to ten minutes session, 2 or 3 sessions per day,
every 2 days, for a total of one month.

A commercial, mobile, diagnostic radiograph image acqui-
sition system (BV Pulsera, Philips, Netherlands) at source set-
tings of 52 kVp and 3.86 mAs, with a pulse rate of 30 frames/s
and a pulse width of 11.1 ms (Fig 2), was used to acquire the
images. Mediolateral view fluoroscopic images of the knees
were acquired as the dogs walked on the treadmill.

The velocity of the treadmill was determined according to
subject’s best ambulation and cadence, with the velocities
ranging from 0.2 to 0.3 m/s. Fluoroscopic images were obtained
for five full gait cycles. A full gait cycle was defined as paw-
strike to ipsilateral paw-strike, as previously described (13).

3D to 2D image matching
The calibration and distortion correction parameters were
determined using a calibration image of radiopaque beads in

known patterns (Camera Calibration Toolbox for Matlab, The
Mathworks Inc., Natick, Massachusetts, USA) and were used
to correct all trial images. The corrected images and the 3D
bone models based on the CT images were imported into an
open source, shape-matching software program (JointTrack,
University of Florida: http://sourceforge.net/projects/jointtrack/).
The 3D bone models were superimposed on the 2D fluoro-
scopic images by manually changing the position and orien-
tation of the 3D bone models on the display and using a
built-in, automatic, optimizing function in the software pro-
gram (Fig 3).

Measurement of 3D kinematics

Each gait cycle was time-normalized at 5% intervals from
0 to 100%. Time-normalization allowed for averaging of the
data across multiple cycles for individual dogs, despite differ-
ences in cadence between trials and between dogs. Of the
five gait cycles captured at the walk, the full gait cycle that
was subjectively best captured in the field of view was cho-

Table 1. Each Six Degrees of Freedom for Femorotibial Joint and Patellofemoral Joint

Femorotibial Joint

Craniocaudal
Abduction-Adduction

Translations
Rotations

Mediolateral
Flexion-Extension

Proximodistal
Internal-External

Patellofemoral Joint

Translations Craniocaudal

Rotations Rotation

Proximodistal Shift
Tilt Flexion
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Fig 4. Femorotibial joint kinematics during walking, average curves.

sen for analysis. The translations and rotations of the femo-
rotibial and patellofemoral joints were measured in 6 Degrees
of Freedom (DOF) (Table 1).

Statistical analysis

Data were expressed as the mean = SD. The graphs show
the mean + SD error bars. Pearson correlations were used to
identify the correlations among the kinematic parameters ob-
tained during walking. Statistical analysis was performed using
a statistical software program (IBM SPSS Statistics 22.0,
SPSS Inc., USA).

Results

Kinematic data for the 6 DOF of the femorotibial and
patellofemoral joints in 5 beagle dogs were measured (Fig-
ures 4 and 5), and the average knee kinematic parameters
were obtained (Table 2).

In the average gait cycle of the five beagles, the stance
phase accounted for approximately 66% of the full gait cycle.
The extension of the femorotibial joint occurred from the ini-
tial stance phase to the early swing phase, and the flexion of
the FT joint occurred after completion of 75% of the gait
cycle, which was the middle of the swing phase. The range
of motion of the flexion-extension angle during walking was
46° (Table 2). The cranial translation of the tibia during walk-
ing was inversely proportional to the femorotibial flexion
(r=-0.985). The tibia translated up to 1.05mm cranially

when the femorotibial joint extended, and the tibia returned
to its original position upon flexion of the femorotibial joint.

The distal translation and flexion of the patella showed a
strong positive correlation with the flexion of the femorotib-
ial joint (r=0.937, 0.880, respectively). The range of the
proximodistal translation and flexion angle of the patella dur-
ing walking were 0.33 mm and 20°, respectively, while the
flexion-extension motion of the femorotibial joint generated
an angle range of 40°. The mediolateral shift and tilt of the
patella was strongly correlated with the mediolateral transla-
tion of the tibia (r = 0.903, 0.852, respectively).

Discussion

The present study provides reference ranges and correla-
tions for the kinematic parameters of normal femorotibial
and patellofemoral joints in beagle dogs using single-plane
fluoroscopy and shape-matching techniques.

In a previous in vivo 3D kinematic study of the canine sti-
fle joint in large-breed dogs during daily activities (13), the
increased knee flexion angle was significantly associated with
the tibial internal rotation and anterior translation. In this
study, the tibial internal rotation was not identified when the
knee flexion angle was increased. Additionally, the tibial
anterior translation was observed when the femorotibial joint
went into extension in the stance phase, which was when the
joint was weight bearing. In a previous kinematic study using
bone implants and radiostereometric analysis (16), tibial
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Fig 5. Patellofemoral joint kinematics during walking, average curves.

Table 2. Average Knee Kinematics for all Dogs During Walking

Femorotibial Joint

Cranial Translation

Distal Translation Medial Translation Flexion Angle

Abduction Angle Internal Rotation

Minimum —0.07mm (0.11) -0.11 mm (0.14) —0.13 mm (0.13) —41° (8)° -9° (4) —4° (3)
Maximum 1.05mm (0.15) 0.16 mm (0.09) 0.20 mm (0.13) 5° (6)° 5°(4) 11° (4)
Range of Motion 1.12mm (0.21) 0.26 mm (0.08) 0.33 mm (0.17) 46° (4)° 14° (2) 15° (2)
Patellofemoral Joint
Cranial Translation Distal Translation =~ Medial Shift Flexion Medial Rotation Medial Tilt
Minimum —0.12 mm (0.18) —0.02 mm (0.03) —0.13 mm (0.11) =21° (16) -5 (0) =7° (5)
Maximum 0.54 mm (0.21) 031 mm (0.22) 0.33 mm (0.20) 14° (14) 10° (8) 21° (14)
Range of Motion 0.66 mm (0.19)  0.33 mm (0.21)  0.46 mm (0.14) 35° (11) 15° (8) 28° (9)

Data in parentheses indicate + 1 standard deviation.

anterior translation was not observed in normal dogs during
walking.

Because the patella is firmly attached to the tibia by the
patellar ligament, the femorotibial joint and the patellofemo-
ral joint are known as interdependent (7). In our study, there
are significant correlations between patellar motion and tib-
ial motion. The femorotibial flexion had a strong correlation
with the patellar proximodistal translation and flexion. Addi-
tionally, the tibial mediolateral translation had a strong corre-
lation with the patellar shift and tilt. To our knowledge, there
are no kinematic studies that report the motion of patellofem-

oral joint. One study described the range of motion at the walk
and the trot in small-breed dogs with patellar luxation (14).
Medial patellar luxation is a common cause of hind limb
lameness in small-breed dogs. Medial patellar luxation may
be due to an anatomical abnormality of the hind limbs, such
as coxa vara or a diminished anteversion angle. However, its
underlying cause is not fully understood and studies suggest
many factors could be the cause of the luxation (17,20,22).
In human medicine, various approaches to measure the
patellofemoral joint motion have been reported. However, the
accurate measurement of in vivo patellofemoral joint motion
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remains a challenge (2). It is believed that shift, flexion, tilt,
and rotation of the patella cause most of the clinical signs of
patellar luxation. In human medicine, the anterior-posterior
translation and the superior-inferior translation of the patella
are less meaningful from a clinical perspective (2).

The kinematic analysis with fluoroscopic shape-matching
techniques can be achieved by either single-plane fluoroscopic
(SF) analysis or bi-plane fluoroscopic (BF) analysis. Both
methods have the major advantage of being noninvasive. BF
analysis has been described in humans, and it is more accu-
rate than SF analysis. Despite the higher level of accuracy, the
system’s high costs and the requirement of a double dose of
radiation limits the use of BF analysis. In contrast, SF analysis
is cost-effective and requires a lower radiation dose for the
same purpose (19).

The present study has several limitations. The kinematic
data were obtained using SF analysis, which is less accurate
than BF analysis. In one canine cadaveric study, SF analysis
error was reported to be within 1.28 mm for translations and
1.58 degrees for rotations (11). In human studies, SF analy-
sis error has been reported to be 1.4 to 5.6 mm for out-of-
plane translation and 0.4 to 1.3 degrees for rotations (1,8,10,
12,15,18). The fluoroscopic images used in the present study
were mediolateral views, so the accuracy of the kinematic
data of motion that was obtained out of the sagittal plane
may vary with the actual kinematics of a walking dog. The
small number of experimental animals included in the study
may not be representative of the entire dog population. Addi-
tionally, the experimental animals were from a homogenous
Beagle breed population, so the results of this study may not
represent the kinematics of other small-breed dogs. Further
research is warranted to determine the normal kinematics of
the stifle joint in other small-breed dogs.

Conclusion

Using single-plane fluoroscopy, normal in vivo three-
dimensional femorotibial joint and patellofemoral joint kine-
matics were demonstrated in beagle dogs at the walk, and the
average kinematic parameters were determined. In beagle
dogs, a different kinematic analysis was observed compared
to that reported in a previous study using large-breed dogs.
Further studies on the knee kinematics and disease condi-
tions in various small-breed dogs are needed to improve
understanding of the complexity of this joint.
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