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Abstract
Background: Skin marker-based three-dimensional kinematic gait analysis were commonly used to assess the
functional performance and movement biomechanics of the pelvic limb in dogs. Unfortunately, soft tissue artefact
would compromise the accuracy of the reproduced pelvic limb kinematics. Multibody kinematics optimization
framework was often employed to compensate the soft tissue artefact for a more accurate description of human
joint kinematics, but its performance on the determination of canine pelvic limb skeletal kinematics has never been
evaluated. This study aimed to evaluate a multibody kinematics optimization framework used for the determination
of canine pelvic limb kinematics during gait by comparing its results to those obtained using computed
tomography model-based fluoroscopy analysis.
Results: Eight clinically normal dogs were enrolled in the study. Fluoroscopy videos of the stifle joint and skin
marker trajectories were acquired when the dogs walked on a treadmill. The pelvic limb kinematics were
reconstructed through marker-based multibody kinematics optimization and single-body optimization. The
reference kinematics data were derived via a model-based fluoroscopy analysis. The use of multibody kinematics
optimization yielded a significantly more accurate estimation of flexion/extension of the hip and stifle joints than
the use of single-body optimization. The accuracy of the joint model parameters and the weightings to individual
markers both influenced the soft tissue artefact compensation capability.
Conclusions: Multibody kinematics optimization designated for soft tissue artefact compensation was established
and evaluated for its performance on canine gait analysis, which provided a further step in more accurately
describing sagittal plane kinematics of the hip and stifle joints.
Keywords: Fluoroscopy, Gait analysis, Kinematics, Locomotion, Multibody kinematics optimization, Soft tissue
artefact

Background
The clinical assessment of canine lameness typically relies on
qualitative examination by veterinarians, yet subtle changes
in functional performance are difficult to detect without
quantitative information. Kinematics analysis of canine gait
has therefore increasingly been used to quantify breed
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specific biomechanical characteristics [1, 2], to explore the
pathomechanics in relation to orthopedic disorders [3, 4],
and to evaluate treatment outcomes [5, 6]. While several
methodologies and equipment have been developed for kinematic analysis in canine patients, [2, 7–9], skin marker-based
motion analysis and computed tomography (CT) modelbased fluoroscopic analysis are the most frequently used approaches in canine gait assessment [2, 10, 11].
The estimation of joint kinematics using skin markerbased motion analysis requires a motion capture system
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to capture the skin marker trajectories during motion.
The body segment of interest is then subsequently analysed using an appropriate kinematic model. Sagittal
plane kinematics of the canine stifle have been reported
in a two-dimensional (2-D) linkage model using joint rotation centres specified by skin markers [12]. In addition,
comprehensive assessments of joint kinematics in the sagittal, frontal and transverse planes have been reported
in three-dimensional (3-D) kinematic models [6, 13, 14].
The deformation and displacement of the skin creates
soft tissue artefact (STA) [15], which result in femoral
and tibial length changes and deviated angle estimations
throughout the gait cycle [16, 17]. Compensation of STA
via rigidifying the segment models was first reported by
Kim et al. in a 2-D linkage model [16] and by Fu and
Torres et al. in a 3-D segment model [13, 14]. In 3-D
gait analysis, the process of rigidifying an individual segment model is also called the single-body optimization
(SO) strategy or segmental optimization. Single-body
optimization estimates the corresponding segment by
minimizing the deformation of the measured marker
array from its initial shape [14, 18], addressing the nonrigid error component of the STA. However, SO cannot
correct the STA error composited by rigid movement
components [19], and residual errors in stifle angle estimation have been observed in dogs [15, 20]. While other
strategies, such as traditional filtering, dynamic calibration and point cluster techniques, have been reported in
human motion analysis to compensate for the STA [21],
they either were not able to accurately estimate 3-D
knee kinematics or may not be feasible for dogs.
Multibody kinematics optimization (MKO) utilizes the
overall pelvic limb model and imposes joint constraints to
connect the adjacent segments [22]. MKO was introduced
to provide another STA-compensated solution for the estimation of 3-D kinematics of the pelvic limb by minimizing the differences between model-determined and
measured skin marker coordinates using a global
optimization strategy [22, 23]. The MKO approach and its
modifications have been widely assessed for their STA
compensation capability in human gait analysis [23–28].
MKO offers the advantage that it can be implemented
with conventional 3-D marker sets and therefore could
provide a possible alternative for STA compensation in canine motion analysis. While MKO has been reported to
be available for canine kinematics analysis after model
modification for accommodating the dog conformation
[9], its performance in the determination of STA-free joint
kinematics has never been evaluated.
Computed tomography model-based fluoroscopic analysis has also been reported for estimating STA-free segment and joint kinematics in dogs [2, 8, 11, 15]. It
integrates CT-based models and fluoroscopy images [29]
and can serve as the reference standard for evaluating
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other motion measurements [15, 20, 30]. While CT
model-based fluoroscopic analysis is advantageous in
obtaining a relatively accurate spatial pose of the body
segments (accuracy: 0.77 mm and 3.06 mm for translations and 1.13° for rotations [29]), its major disadvantages are radiation exposure, the need for CT scanning
and reconstruction, additional costs, and the narrow
field of view of fluoroscopy imaging, which limits the
motion measurement to a single joint (or 2–3 adjacent
body segments). Using an STA compensation strategy to
improve the accuracy of marker-based motion analysis
to a level close to that of CT model-based fluoroscopic
analysis is still warranted to facilitate canine kinematics
measurement with fewer experimental constraints.
The study aimed to develop an MKO framework for
dogs that allow the determination of model parameters
directly from markers and to evaluate the errors of the
MKO-determined hip and stifle joint kinematics of canine gait. The influence of model parameters regarding
the existence of joint constraints, the accuracy of joint
centre locations and the weighting factors were analysed.
We hypothesize that compared to SO, MKO, when used
in marker-based motion analysis, would lead to a more
accurate reproduction of joint kinematics.

Results
The averaged waveforms of the hip and stifle angles in
the sagittal, transverse and frontal planes during a gait
cycle obtained using MKO and SO and from reference
values are presented in Fig. 1. Quantitatively, higher bias
and lower confidence interval (CI) values were obtained
using MKO than using SO for both joints in sagittal
plane motion (Table 1). However, no considerable differences were found in other motion components. Similar
results were also found in the root mean square difference (RMSD), an index used to account for the overall
differences between the MKO (or SO)-determined kinematic waveforms and the reference waveforms. The
greater the RMSD, the higher the discrepancy between
the waveforms. The use of MKO yielded a significantly
more accurate estimation of flexion/extension of the hip
and stifle joints than the SO method (Fig. 2).
The hip joint centre (HJC) position predicted based on
anatomical landmarks was significantly different from the
reference joint centre position in the cranial/caudal and
proximal/distal directions, in which their total difference
was 16.7 mm (Table 2). While no significant differences
were found between the predicted and reference stifle
joint centres (SJCs), the error magnitude also achieved 7.5
mm (Table 2). Given the discrepancy in the joint centre
positions, the MKO imposing predicted and reference
joint centres were also found to yield significantly discrepant estimations of flexion/extension of the hip and stifle
joints (Fig. 3). In addition, MKO with specified weightings
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Fig. 1 Waveforms of the hip and stifle joint angles. a Hip joint angles and b stifle joint angles in three anatomical planes obtained using the
model-based fluoroscopy analysis (reference), SO and MKO methods

to individual markers gave a more accurate estimation of
the flexion/extension angle with significantly lower
RMSDs compared to that without weightings (Fig. 4).

Discussion
Overall, while MKO with kinematics constraint on joint
centres could not provide an accuracy comparable to the
model-based fluoroscopic analysis as indicated by the bias,
CI and RMSD (Table 1 and Fig. 2), the > 0.9 determination coefficients observed with flexion/extension and adduction/abduction of the hip and with flexion/extension
of the stifle joint support the usefulness of MKO. When
comparing the MKO- and SO-determined kinematic
waveforms (Fig. 1) and the resulting RMSDs (Fig. 2), the

MKO method outperformed the SO method in estimating
the flexion/extension angles of the hip and knee joints. It
appeared that the use of the multibody model with spherical constraints was effective in partially compensating
STA influence on the flexion/extension angle estimation
regardless of whether the weighting factors were applied.
In contrast, this model was not helpful for other kinematic
components and sometimes even led to a more inaccurate
result (e.g., stifle internal/external rotation). This may be
explained by the combined effects of the STA and joint
model imperfections [26] resulting from simplified joint
geometry and joint centre position errors.
The reason for selecting the spherical joint model in the
current multibody model is twofold. As indicated in a

Table 1 Degree of agreement between joint angles derived from the SO and MKO procedures and reference joint angles
Model
SO

Weighting
No

Hip Flexion/Extension

Hip Adduction/Abduction

Hip Internal/External Rotation

bias

CI

R2

bias

CI

R2

bias

CI

R2

−0.1

10.2

0.908

0.1

2.2

0.965

−2.6

12.8

0.633

MKO

No

−0.5

8.6

0.948

0.2

2.7

0.956

−2.0

12.9

0.642

MKO

Yes

−0.9

6.5

0.977

−0.1

2.2

0.966

−1.6

12.8

0.633

R2

bias

R2

bias

Stifle Flexion/Extension
bias

CI

Stifle Adduction/Abduction
CI

Stifle Internal/External Rotation
CI

R2

SO

No

−0.1

11.5

0.825

−1.5

9.7

0.553

−0.7

11.1

0.741

MKO

No

−0.4

10.4

0.855

−1.0

9.2

0.609

−0.9

11.4

0.720

MKO

Yes

−0.9

8.4

0.904

−0.6

9.4

0.600

−1.4

11.3

0.733

The bias and CI values were determined with Bland-Altman analysis. The coefficient of determination values (R2) were obtained from linear regression analysis.
The units for bias and CI are degrees
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Fig. 2 Comparison of the RMSD between SO and MKO methods. a The RMSD of the hip joint angles obtained using SO and MKO with and
without specified weightings. b The corresponding values for the stifle joint. The asterisk indicates the significant differences in RMSD between
SO and MKO without weighting methods, while the dagger shows the significance between SO and MKO with weighting methods

previous report on human motion [25], it was suggested
that spherical constraint is a reasonable approximation
when the knee joint is under limited flexion and small displacement, corresponding to the case of canine gait during
which the range of stifle flexion is only 40° [11]. A more
physiological representation of the stifle joint is intuitively

a better choice for physiological description of joint kinematics such as articular linear displacements and contact
patterns [31]. However, except for spherical and hinge type
models, other existing joint model designs require precise
geometry of bone, articulation, and ligaments [24, 25, 28].
In addition, a previous report suggested that the best joint

Table 2 Comparison between reference and predicted joint centres
Kinematic
Constraints
Hip joint centre

Stifle joint centre

Cranial/Caudal
mean ± SD (mm)
Reference

− 83.6 ± 15.2

Prediction

−89.8 ± 17.2

Reference

0.7 ± 6.1

Prediction

0.0 ± 0.0

Proximal/Distal
p-value

mean ± SD (mm)

0.034

−36.9 ± 3.4

0.743

−1.2 ± 5.5

Lateral/Medial
p-value
0.016

− 11.5 ± 10.9

0.543

1.3 ± 2.0

−25.3 ± 8.3
0.0 ± 0.0

mean ± SD (mm)

Total Distance Error
p-value

mean ± SD (mm)

0.547

16.7 ± 5.4

0.109

7.5 ± 3.5

−9.7 ± 12.9
0.0 ± 0.0

The reference and predicted 3-D positions (in mm) of the hip and stifle joint centres in corresponding AFs. The total distance errors between the reference and
predicted joint centres are also presented. Statistical comparisons were made with a significance level of 0.05
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Fig. 3 Comparison of the RMSD between MKO imposing reference and predicted joint centres. The RMSD obtained using MKO imposing
reference joint centres and predicted joint centres for the determination of flexion/extension, adduction/abduction, and internal/external rotation
of (a) hip and (b) stifle joints. The asterisk indicates the significant difference of RMSD obtained with the two methods

model type may be motor task-dependent [27]. A thorough
assessment of MKO embedding more complex joint
models is warranted for a better description of pelvic limb
kinematics during canine gait.
In the current study, landmarks of the femoral epicondyle
provided a satisfactory estimation of the geometrical SJC,
while the regression model-derived HJC achieved an error
up to 1.6 cm (Table 2). In addition, it was also shown that
the use of a multibody model with a set of joint centres
closer to the true anatomical features helped improve the
estimation of the joint flexion/extension angles with the
MKO method (Fig. 3). The incorrect geometry of the multibody model caused by the biased HJC position may have
directly contributed to the additional artificial differences
between the model-determined and measured marker positions during the MKO analysis (Fig. 5) in addition to the
STA-induced errors, compromising the performance of the
MKO. More precise model parameters, obtained either
from functional calibration [32] or radiography images [9,
28], contributing to subject-specific customization (or

personalization) of multibody models may improve the
STA compensation capability [23].
Assigning specific weightings to the markers also appeared to be effective for improving the performance of
MKO, which led to a more accurate estimation of hip
and stifle flexion/extension (Fig. 4). However, the influences on the other two motion components were marginal. In the current study, weightings were specified
based on the local marker displacements, which were
intended to mimic the status of the regional STAs. However, this approach is considered suboptimal since local
marker displacements are derived based on the estimated body segment poses using the SO. The SOdetermined segment poses are indeed subject to a rigid
error component of STAs [20], which leads the local
marker displacements to substantially underestimate the
magnitude of STAs. Nonetheless, the computed weightings of the pelvis, thigh, and crus seem to follow a tendency that the thigh marker should be assigned lower
weightings owing to greater STAs [15].

Fig. 4 Comparison of the RMSD between MKO with and without weightings. The RMSD obtained using MKO with and without specified
weightings for the determination of flexion/extension, adduction/abduction, and internal/external rotation of (a) hip and (b) stifle joints. The
asterisk indicates the significant difference in RMSD obtained with the two methods
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Fig. 5 Procedure of the multibody kinematics model fitted to the skin markers. The multibody model is composed of pelvic, thigh and crus
segments with hip and stifle joint centres connecting the adjacent segments (left). The multibody kinematics optimization was carried out to best
fit the local markers on the model construct to the measured skin markers (middle and right) by finding the optimal set of model
pose parameters

In the current study, the reference hip joint angle was
not completely STA-free because the pelvic poses were
determined via markers. This may have made the derived reference angles closer to the fully marker-based
measurements (i.e., the MKO- and SO-determined hip
joint angles), probably affecting the magnitudes of the
errors of the MKO- and SO-determined hip joint angles.
Nonetheless, the influences on the comparisons between
the models (MKO vs. SO) and parameters (joint centres
and weightings) were expected to be marginal since the
partially STA-affected hip joint angle was the common
reference for error evaluation. A separate X-ray imaging
analysis of the hip joint during the canine gait in future
studies may help justify the inference and further delineate
the STA from the pelvic markers. Simplified stifle spherical models embedded in MKO yield nonphysiological
stifle kinematics (e.g., null articular translations) and cannot provide fully reliable kinematics estimation. Further
modifications of MKO, especially in the more complex
stifle joint model and by taking genuine STA patterns into
account, may help address these issues. Moreover, the
study was limited in the low number of gait cycles (n = 3)
chosen for the kinematics analysis. This is primarily due
to the restricted field of view of X-ray imaging such that
in most motion trials, the stifle would be out-of-view in a
number of image frames during a gait cycle. Upgrading to
a larger fluoroscopy image intensifier or finding a way to
more precisely control the gait speed of the dogs may help
improve the efficiency of data acquisition in canine gait
analysis in future studies.

for the use of MKO in STA compensation of hip and
stifle flexion/extension angles were found. Accurate joint
geometrical parameters and appropriate weightings appeared to be crucial factors that affected the performance of MKO.

Conclusions
In conclusion, this study quantitatively assessed the performance of MKO for the measurement of pelvic limb
kinematics during canine locomotion. Promising results

Multibody kinematics optimization

Methods
Marker sets

After shaving the hair around the locations of markers,
the required skin markers were affixed to the skin surfaces of the pelvis and right hindlimb with double-sided
tape and cyanoacrylate while the dogs stood still on the
ground. Twelve anatomical landmark markers and two
tracking markers were attached to designated locations
on the subject’s pelvic limb. The 12 anatomical landmarks for marker placement were the right and left iliac
crests, the right and left ischial tuberosities, the greater
trochanter (GT), the lateral and medial femoral epicondyles, the fibular head, the proximal and distal tibial
crests, and the lateral and medial malleoli. Two tracking
markers were attached to the cranial aspect of the thigh
to ensure that the 4-marker convention was not violated
[33], as the medial side markers were eliminated during
subsequent motion data acquisition [15]. For the construction of the subject-specific multibody model, a subject calibration was carried out to acquire coordinates of
all the markers when the dog stood still on the ground.
One additional tracking marker was attached to the dorsal aspect of the foot to define the time of paw contact
for a complete gait cycle.

The multibody model of the pelvic limb was composed
of three rigid segments (pelvis, femur, and tibia) and two
joint kinematic constraints (hip and stifle joints) (Fig. 5).
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The hip and stifle kinematic constraints were modeled
as spherical joints (ball-and-socket). The multibody
model was customized to individual dogs via the skin
markers obtained from subject calibration. Each segment
was imbedded with an anatomical frame (AF) given the
corresponding marker array (Fig. 5), for which the pelvic
and tibial AFs were determined following the reported recommendation [14], and the femoral AF was constructed in
reference to the definition proposed by Cappozzo et al.
[34]. The position vectors of the markers were then
expressed in their corresponding AFs to form “marker templates” of the pelvic, femoral and tibial segments [20].
The HJC position was predicted via regression equations
modified from the study by Harrington et al. [35]. The xcoordinate (craniocaudal direction) and z-coordinate
(lateromedial direction) of the HJC were predicted with
exclusive multivariate linear regression equations consisting of two independent variables and three parameters.
The independent variables were pelvic width, as described
by the distance between the bilateral iliac crest markers,
and pelvic length, as determined by the distance between
the midpoints of the bilateral iliac crest markers and the
midpoints of the bilateral ischial tuberosity markers. The
parameters of the regression equations were determined
using 24 CT-derived surface pelvic models (12 Labrador
retrievers and 12 mixed-breed dogs) from our previous
studies and database [15, 36, 37]. The y-coordinate (proximodistal direction) of the HJC was determined as the
negative distance between the GT marker and the posterior pelvic plane of the pelvis [37], similar to the method
used in [9]. The SJC was predicted as the origin of the
femoral AF. The 3-D coordinates of the joint centres were
expressed in both AFs of adjacent body segments.
The aim of the MKO method was to estimate the 3-D
poses of the pelvic limb by minimizing the sum of the
squared distances between the model-determined and
measured skin marker positions while being subjected to
the kinematic constraints (Fig. 5). Here, the weighting
factors can be applied to individual markers or segments
to prioritize marker matching on different segments
[22]. The model-determined marker positions were derived by spatially transforming the coordinates of the
marker template based on the poses of the connected
pelvic, femoral and tibial segment models expressed in
12 degree-of-freedoms (DOFs). Among them, 6 DOFs
represented the translations and orientations of the pelvic segment in 3-D space, 3 DOFs represented femoral
rotation about the HJC, and 3 DOFs represented tibial
rotation about the SJC. The Levenberg-Marquardt algorithm was used to solve this nonlinear least squared
problem [38]. The setup and customization of the multibody model, the prediction of joint centres and the kinematics estimation via the MKO were carried out using a
self-developed application implemented in MATLAB
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(MATLAB R2017b, The Mathworks Inc., Natick, Massachusetts, USA).
Study populations

The experimental protocol was approved by the National Taiwan University’s Institutional Animal Care and
Use Committee. Eight client-owned skeletal mature
Taiwan Dogs (age: 3.1 ± 1.2 years; body weight: 19.1 ±
3.8 kg; and BCS: 4.5/9) were recruited in the study. The
Taiwan Dog is a medium-sized, non-chondrodystrophic
breed that features a muscular and nearly square-shaped
body and slender hindlimbs. All dogs underwent a thorough physical examination and radiographic examinations of the bilateral pelvic limbs, and found to be free
of orthopedic abnormalities.
Motion data collection

Kinematic data and fluoroscopic video were obtained
from dogs walking on a treadmill (PetRun PR720F, Iwate
International Developing Co., Ltd., Taichung, Taiwan) at
a velocity of 0.7 m/s, using an integrated measurement
unit. The integrated measurement unit consisted of an
X-ray fluoroscopy (Arcadis Avantic, Siemens Healthineers, Munich, Germany) and a 9-camera motion capture system (Bonita B10 & Vero, Vicon Motion Systems
Inc., Oxford, UK), as described in [15]. Fluoroscopy was
performed in digital cine mode at a frame rate of 30
frames/s and a resolution of 1024 × 1024 pixels. The averaged tube voltage and tube current of the X-ray tube
were 53 kVp and 27 mA, respectively. As a result, fluoroscopic images of the lateromedial view of the right stifle
and 3-D trajectories of the skin markers on the pelvic
limb were obtained. The marker data were acquired,
pre-processed and semi-manually labelled using proprietary software (Nexus, Vicon Motion Systems Inc., Oxford, UK). At least three valid trials each with three
complete gait cycles were collected, from which three
gait cycles were extracted for subsequent analysis. The
selection criteria for the gait cycles was that the tested
stifle joint must be kept within the field of view of X-ray
fluoroscopy during a complete gait cycle.
Computed tomography acquisition

General anaesthesia was then induced in the dogs with
propofol (4–6 mg/kg, Lipuro 1%, B. Braun Melsungen
AG, Germany) and maintained using isoflurane (Attane,
Panion & BF Biotech Inc., Taiwan). Each dog was positioned in ventral recumbency and received a CT scan
(Activion 16, Toshiba Medical Systems Corporation,
Tochigi, Japan) of the pelvic limbs, given a volumetric
CT data set with a voxel size of 0.625 mm × 0.625 mm ×
0.3 mm. After CT scanning, the dogs were recovered
from anaesthesia and discharged under the care of their
owners.
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Standard reference kinematics

Statistics

The standard reference kinematics of the femur and tibia
were obtained with CT model-based fluoroscopy using custom software developed by the authors [39, 40]. The workflow of the method is briefly described as follows.
Volumetric bone models of the femur and tibia were extracted from the original CT data set. The spatial pose of
the bone model was determined using a 3-D (bone model)
to 2-D (fluoroscopy) image registration routine, in which
the 3-D poses of the bone model were iteratively updated
until the similarity between the X-ray fluoroscopic image
and the simulated X-ray image (normally called digitally reconstructed radiograph) was maximized. The latter was
generated by virtually projecting the volumetric bone model
onto the image plane of the fluoroscopy [39]. STA-free pelvic poses were not available with the current fluoroscopic
analysis because the pelvic bone was not in the field of view
of the fluoroscopy, leading to the absence of the standard
reference kinematic data of the pelvis. To address this issue,
the pelvic poses could be determined but only with skin
markers. Therefore, the hip joint angles calculated from the
STA-free femoral poses and STA-affected pelvic poses cannot be recognized as completely STA-free.
The CT images were processed to isolate the femur regions after appropriate image segmentation, which were
then used to reconstruct the polygonal mesh surface of
the femur with the marching cube method [41]. CT image
processing was executed using an in-house-developed application implemented in MATLAB. The reference SJC
was determined as the centroid of the best-fitted cylinder
to the point cloud of the bilateral condyles extracted from
the CT-derived surface bone model [42]. The reference of
the HJC location was taken as the centroid of the bestfitted sphere to the femoral head model.

The degree of agreement between MKO, and SO -determined joint kinematics and reference kinematics was evaluated via a coefficient of determination (R2) and bias and
CI from Bland-Altman analysis [44]. Differences between
MKO-determined and reference kinematics were computed, and for each subject, the RMSDs across three gait
cycles were computed. The RMSDs resulting from the
MKO-determined kinematics were compared to those obtained using SO-determined kinematics of the hip and
stifle joints. The normality of the data being compared
was tested using the Shapiro-Wilk test. Between-condition
comparisons for variables passing the test were conducted
using a paired t-test with a significance level of 0.05.
Otherwise, the Wilcoxon signed-rank test was used. The
statistical analyses were performed using MATLAB.

Evaluation of MKO and SO-determined kinematics

MKO was performed with the measured skin markers to
reproduce the 3-D kinematics of the pelvic limb using
the process as mentioned above. SO-determined kinematics were also obtained following previous methods
[14, 18]. Joint kinematics were expressed in Cardan angles following a z-x-y rotation sequence, corresponding
to flexion/extension, adduction/abduction and internal/
external rotation [43].
The accuracy of the predicted joint centre locations and
their influence on the MKO-determined kinematics were
assessed by comparing them to reference values. The effects of weighting factors assigned to skin markers were
also investigated. MKO with weightings specified by the
reciprocal of “local marker displacement” was compared
to that without imposing weightings. The local marker
displacement was estimated by the averaged displacement
amplitude of a marker from its mean position with respect
to the underlying bone throughout a gait cycle.

Abbreviations
2-D: Two-dimensional; 3-D: Three-dimensional; AF: Anatomical frame;
CI: Confidence interval; CT: Computed tomography; DOF: Degree-of-freedom;
GT: Greater trochanter; HJC: Hip joint centre; MKO: Multibody kinematics
optimization; RMSD: Root mean square difference; SJC: Stifle joint centre;
SO: Single-body optimization; STA: Soft tissue artefact
Acknowledgements
The authors gratefully acknowledge the staff of the National Taiwan
University Veterinary Hospital for their assistance in the experiment.
Authors’ contributions
CCL developed the software program for image and motion data analysis
and contributed to the writing of the manuscript. CHW is responsible for the
project progress, recruitment of subjects and interpretation of the data and
was also the major contributor to writing of the manuscript. PYC is the
major contributor for manuscript revision. SNW and WRH performed the
experiments, data analysis and statistical analysis. TWL contributed to the
study design and writing of the manuscript. All authors read and approved
the final manuscript.
Funding
This study was funded by the Ministry of Science and Technology of Taiwan,
R.O.C. (MOST: 107–2311-B-002 -017 -MY2; 108–2321-B-197-001). The funder
had no role in design of the study and collection, analysis, and interpretation
of data and in writing the manuscript.
Availability of data and materials
The datasets used and/or analysed during the current study are available
from the corresponding author on reasonable request.
Ethics approval and consent to participate
The owners provided written informed consent for the data collection, and
the study protocol was approved by Institutional Animal Care and Use
Committee of National Taiwan University (Approval No: NTU106-EL-00221).
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1
Department of Electrical Engineering, Fu Jen Catholic University, New Taipei
City, Taiwan. 2Institute of Veterinary Clinical Science, School of Veterinary
Medicine, National Taiwan University, Taipei, Taiwan. 3Department of Surgical
and Radiological Science, School of Veterinary Medicine, University of
California Davis, Davis, CA, USA. 4Department of Biomedical Engineering and

Lin et al. BMC Veterinary Research

(2020) 16:105

Department of Orthopedic Surgery, School of Medicine, National Taiwan
University, Taipei, Taiwan.
Received: 21 August 2019 Accepted: 19 March 2020

References
1. Agostinho FS, Rahal SC, Miqueleto NSML, Verdugo MR, Inamassu LR, ElWarrak AO. Kinematic analysis of Labrador retrievers and Rottweilers trotting
on a treadmill. Vet Comp Orthop Traumatol. 2011;24(3):185–91.
2. Fischer MS, Lehmann SV, Andrada E. Three-dimensional kinematics of
canine hind limbs: in vivo, biplanar, high-frequency fluoroscopic analysis of
four breeds during walking and trotting. Sci Rep. 2018;8(1):16982.
3. Ragetly CA, Griffon DJ, Mostafa AA, Thomas JE, Hsiao-Wecksler ET. Inverse
dynamics analysis of the pelvic limbs in Labrador retrievers with and
without cranial cruciate ligament disease. Vet Surg. 2010;39(4):513–22.
4. Miqueleto NSML, Rahal SC, Agostinho FS, Siqueira EGM, Araújo FAP, ElWarrak AO. Kinematic analysis in healthy and hip-dysplastic German
shepherd dogs. Vet J. 2013;195(2):210–5.
5. Torres BT, Fu Y-C, Sandberg GS, Budsberg SC. Pelvic limb kinematics in the
dog with and without a stifle orthosis. Vet Surg. 2017;46(5):642–52.
6. Böddeker J, Drüen S, Meyer-Lindenberg A, Fehr M, Nolte I, Wefstaedt P.
Computer-assisted gait analysis of the dog: comparison of two surgical
techniques for the ruptured cranial cruciate ligament. Vet Comp Orthop
Traumatol. 2012;25(1):11–21.
7. Seel T, Raisch J, Schauer T. IMU-based joint angle measurement for gait
analysis. Sensors (Basel) 2014; 14(4):[6891–909 pp.]. Available from: http://
europepmc.org/abstract/MED/24743160. http://europepmc.org/articles/PMC4
029684?pdf=render. http://europepmc.org/articles/PMC4029684. http://www.
pubmedcentral.nih.gov/articlerender.fcgi?tool=EBI&pubmedid=24743160.
http://www.pubmedcentral.nih.gov/picrender.fcgi?tool=EBI&pubmedid=24
743160&action=stream&blobtype=pdf. https://doi.org/10.3390/s140406891.
8. Jones SC, Kim SE, Banks SA, Conrad BP, Abbasi AZ, Tremolada G, et al. Accuracy
of noninvasive, single-plane fluoroscopic analysis for measurement of threedimensional femorotibial joint poses in dogs. Am J Vet Res. 2014;75(5):477–85.
9. Headrick JF, Zhang S, Millard RP, Rohrbach BW, Weigel JP, Millis DL. Use of
an inverse dynamics method to compare the three-dimensional motion of
the pelvic limb among clinically normal dogs and dogs with cranial cruciate
ligament-deficient stifle joints following tibial plateau leveling osteotomy or
lateral fabellar-tibial suture stabilization. Am J Vet Res. 2014;75(6):554–64.
10. Gillette RL, Angle TC. Recent developments in canine locomotor analysis: a
review. Vet J. 2008;178(2):165–76.
11. Kim SE, Jones SC, Lewis DD, Banks SA, Conrad BP, Tremolada G, et al. In-vivo
three-dimensional knee kinematics during daily activities in dogs. J Orthop
Res. 2015;33(11):1603–10.
12. Kim J, Rietdyk S, Breur GJ. Comparison of two-dimensional and threedimensional systems for kinematic analysis of the sagittal motion of canine
hind limbs during walking. Am J Vet Res. 2008;69(9):1116–22.
13. Torres BT, Punke JP, Fu Y-C, Navik JA, Speas AL, Sornborger A, et al.
Comparison of canine stifle kinematic data collected with three different
targeting models. Vet Surg. 2010;39(4):504–12.
14. Fu Y-C, Torres BT, Budsberg SC. Evaluation of a three-dimensional kinematic
model for canine gait analysis. Am J Vet Res. 2010;71(10):1118–22.
15. Lin C-C, Chang C-L, Lu M, Lu T-W, Wu C-H. Quantification of threedimensional soft tissue artifacts in the canine hindlimb during passive stifle
motion. BMC Vet Res. 2018;14(1):389.
16. Kim SY, Kim JY, Hayashi K, Kapatkin AS. Skin movement during the kinematic
analysis of the canine pelvic limb. Vet Comp Orthop Traumatol. 2011;24(5):326–32.
17. Schwencke M, Smolders LA, Bergknut N, Gustås P, Meij BP, Hazewinkel HA. Soft
tissue artifact in canine kinematic gait analysis. Vet Surg. 2012;41(7):829–37.
18. Veldpaus FE, Woltring HJ, Dortmans LJMG. A least-squares algorithm for the equiform
transformation from spatial marker co-ordinates. J Biomech. 1988;21(1):45–54.
19. Benoit DL, Damsgaard M, Andersen MS. Surface marker cluster translation,
rotation, scaling and deformation: their contribution to soft tissue artefact
and impact on knee joint kinematics. J Biomech. 2015;48(10):2124–9.
20. Lu M, Lin C-C, Lu T-W, Wang S-N, Wu C-H. Effects of soft tissue artefacts on
computed segmental and stifle kinematics in canine motion analysis. Vet
Rec. 2019; vetrec-2019-105352.
21. Leardini A, Chiari L, Della Croce U, Cappozzo A. Human movement analysis
using stereophotogrammetry - part 3. Soft tissue artifact assessment and
compensation. Gait Posture. 2005;21(2):212–25.

Page 9 of 9

22. Lu TW, O'Connor JJ. Bone position estimation from skin marker co-ordinates
using global optimisation with joint constraints. J Biomech. 1999;32(2):129–34.
23. Leardini A, Belvedere C, Nardini F, Sancisi N, Conconi M, Parenti-Castelli V.
Kinematic models of lower limb joints for musculo-skeletal modelling and
optimization in gait analysis. J Biomech. 2017;62:77–86.
24. Duprey S, Cheze L, Dumas R. Influence of joint constraints on lower limb
kinematics estimation from skin markers using global optimization. J
Biomech. 2010;43(14):2858–62.
25. Gasparutto X, Sancisi N, Jacquelin E, Parenti-Castelli V, Dumas R. Validation
of a multi-body optimization with knee kinematic models including
ligament constraints. J Biomech. 2015;48(6):1141–6.
26. Andersen MS, Benoit DL, Damsgaard M, Ramsey DK, Rasmussen J. Do kinematic
models reduce the effects of soft tissue artefacts in skin marker-based motion
analysis? An in vivo study of knee kinematics. J Biomech. 2010;43(2):268–73.
27. Richard V, Cappozzo A, Dumas R. Comparative assessment of knee joint
models used in multi-body kinematics optimisation for soft tissue artefact
compensation. J Biomech. 2017;62:95–101.
28. Clément J, Dumas R, Hagemeister N, de Guise JA. Soft tissue artifact
compensation in knee kinematics by multi-body optimization: performance
of subject-specific knee joint models. J Biomech. 2015;48(14):3796–802.
29. Tsai TY, Lu TW, Chen CM, Kuo MY, Hsu HC. A volumetric model-based 2D to
3D registration method for measuring kinematics of natural knees with
single-plane fluoroscopy. Med Phys. 2010;37(3):1273–84.
30. Barré A, Jolles BM, Theumann N, Aminian K. Soft tissue artifact distribution
on lower limbs during treadmill gait: influence of skin markers' location on
cluster design. J Biomech. 2015;48(10):1965–71.
31. Kim SE, Pozzi A, Banks SA, Conrad BP, Lewis DD. Effect of tibial plateau
leveling osteotomy on femorotibial contact mechanics and stifle kinematics.
Vet Surg. 2009;38(1):23–32.
32. Gamage SSHU, Lasenby J. New least squares solutions for estimating the average
Centre of rotation and the axis of rotation. J Biomech. 2002;35(1):87–93.
33. Cappozzo A, Cappello A, Della Croce U, Pensalfini F. Surface-marker cluster
design criteria for 3-D bone movement reconstruction. IEEE Trans Biomed
Eng. 1997;44(12):1165–74.
34. Cappozzo A, Catani F, Della Croce U, Leardini A. Position and orientation in
space of bones during movement: anatomical frame definition and
determination. Clin Biomech. 1995;10(4):171–8.
35. Harrington ME, Zavatsky AB, Lawson SE, Yuan Z, Theologis TN. Prediction of
the hip joint Centre in adults, children, and patients with cerebral palsy
based on magnetic resonance imaging. J Biomech. 2007;40(3):595–602.
36. Wu C-H, Lin C-C, Lu T-W, Hou S-M, Hu C-C, Yeh L-S. Evaluation of ranges of
motion of a new constrained acetabular prosthesis for canine total hip
replacement. Biomed Eng Online. 2013;12(1):116.
37. Wu CH, Lin CC, Lu TW, Yeh LS. Three-dimensional morphometry of native
acetabulum in relation to design and implantation of canine total hip
replacements. Biomed Eng Appl Basis Comm. 2012;24(6):549–55.
38. Moré JJ. The Levenberg-Marquardt algorithm: Implementation and theory.
Berlin: Springer Berlin Heidelberg; 1978.
39. Lin C-C, Lu T-W, Shih T-F, Tsai T-Y, Wang T-M, Hsu S-J. Intervertebral
anticollision constraints improve out-of-plane translation accuracy of a
single-plane fluoroscopy-to-CT registration method for measuring spinal
motion. Med Phys. 2013;40(3):031912.
40. Lin C-C, Li J-D, Lu T-W, Kuo M-Y, Kuo C-C, Hsu H-C. A model-based tracking
method for measuring 3D dynamic joint motion using an alternating
biplane x-ray imaging system. Med Phys. 2018;45(8):3637–49.
41. Lorensen WE, Cline HE. Marching cubes: a high resolution 3D surface
construction algorithm. Comput Graph. 1987;21(4):163–9.
42. Miranda DL, Rainbow MJ, Leventhal EL, Crisco JJ, Fleming BC. Automatic
determination of anatomical coordinate systems for three-dimensional
bone models of the isolated human knee. J Biomech. 2010;43(8):1623–6.
43. Wu G, Siegler S, Allard P, Kirtley C, Leardini A, Rosenbaum D, et al. ISB
recommendation on definitions of joint coordinate system of various joints
for the reporting of human joint motion—part I: ankle, hip, and spine. J
Biomech. 2002;35(4):543–8.
44. Bland JM, Altman DG. Statistical methods for assessing agreement between
two methods of clinical measurement. Lancet. 1986;1(8476):307–10.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

