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Abstract
Objective—To characterize ground reaction forces (GRFs) and determine whether there were
correlations between forces and passive coxofemoral joint laxity in puppies.

Animals—Fifty-one 16-week-old hound-breed dogs.

Procedure—Force-plate gait evaluation and distraction radiographic imaging were performed.
Ground reaction forces evaluated included x (mediolateral), y (craniocaudal breaking and
propulsion), and z (vertical) peak force and impulse. Z-plane limb loading and unloading rates,
loading interval, and weight distribution and y-plane stance time breaking and propulsion percentages
were calculated. One-way ANOVA with the Duncan multiple range test was used to evaluate
differences in gait variables among limbs. The relationships of left, right, highest, and mean
distraction index (DI) with individual limb data of each dog were evaluated with the Spearman rank
correlation. Left and right DIs were compared by means of linear regression analysis.

Results—Mean ± SEM DI was 0.67 ± 0.02. Left and right DIs were strongly correlated, but there
were no significant relationships between DIs and gait variables. Most fore- and hind limb gait
variables differed significantly, whereas paired fore- and hind limb gait variables did not. Asymmetry
was most pronounced in the x- and y-planes.

Conclusions and Clinical Relevance—GRFs were consistent with those of clinically normal
mature dogs, supporting an absence of association between GRF and DI in young dogs. The GRFs
and elucidation of the relationship between GRFs and DI may be useful for future studies in immature
dogs.

Hip dysplasia is a leading cause of CFJ arthrosis and concomitant pain and disability in dogs
and humans.1–4 The condition in both species appears to be encoded by multiple genes, the
phenotypic expressions of which are attributed to multiple physiologic and environmental
factors.3,5–10 There is a plethora of information regarding the various factors that contribute
to transformation of healthy CFJs in the neonate into malformed, osteoarthritic joints with
changes characteristic of CHD and developmental dysplasia of the hip in adults. 5,11,12
Coxofemoral joint laxity in puppies, quantified by a radiographic DI,a is associated with
development of arthrosis in adults.8 Similarly, CFJ laxity in children has been associated with
developmental dysplasia of the hip in humans.13 The exact nature of the role that excessive
joint laxity plays in the initiation and progression of CFJ osteoarthritis has yet to be fully
elucidated, although exaggerated motion between joint articular surfaces resulting in trauma
and abnormal wear is presumed to be a major component.4,14 The similarities between the 2
conditions make CDH a useful animal model for the study of developmental dysplasia of the
hip in humans.12

Address correspondence to Dr. Lopez..
aSynbiotics PennHIP Analysis Center, Malvern, Pa.

NIH Public Access
Author Manuscript
Am J Vet Res. Author manuscript; available in PMC 2007 November 27.

Published in final edited form as:
Am J Vet Res. 2006 February ; 67(2): 236–241.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Use of GRFs in objective characterization of the gait in dogs is well established.15–19 The
technique is routinely used to evaluate the efficacy of pharmaceutical or surgical treatments
for CHD, although most available information is from studies16,20–24 of adult dogs with
arthritic CFJs. Pain secondary to osteoarthritis is known to cause specific types of gait
alterations in dogs and humans.2,16,20,21,25 Similarly, excessive joint laxity contributes to
alterations in GRF in both species.26–28 To the authors’ knowledge, associations between
canine CFJ laxity and GRFs have not been investigated. The purpose of this study was to
describe GRFs in puppies with radiographically lax but osteoarthritis-free CFJs and to
determine whether there were relationships between GRFs and DIs in individual limbs in each
dog. We hypothesized that GRFs in puppies with moderate to severe CFJ laxity would differ
from those reported for dogs free of orthopedic disease and that there would be predictable
relationships between GRFs and CFJ DIs in individual dogs.

Materials and Methods
This study was performed in accordance with institutional and National Institutes of Health
regulations governing the treatment of vertebrate animals. Procedures were initiated after
approval by the University of Wisconsin-Madison Animal Care Committee.

Animals
Fifty-one 16-week-old mixed-breed hounds (the progeny of 6 dams and a single sire) from 9
litters were used for the study. There were 19 males and 32 females with a mean ± SEM body
weight of 12.7 ± 0.28 kg (range, 8.0 to 18.5 kg). Litters were housed together in 3 × 4-m rooms
until puppies reached 16 weeks of age. Dams remained with the litters from birth until weaning
at 6 weeks. All puppies received a complete physical examination prior to inclusion in the
study, including evaluation of CFJs and manual manipulation to establish the range of motion
and pain-free extent of flexion and extension.

GRF evaluations
Ground reaction forces were recorded from a force platformb and processed with commercially
available software.c The platform was mounted in the center of and level with the surface of
a concrete runway. A series of 3 retroflective photocell sensorsd was used to determine the
velocity and acceleration in each trial. The middle sensor was positioned so that it bisected the
center of the platform. Three handlers experienced in canine force platform gait analysis and
with whom the puppies were familiar participated equally in the gait trials; variance in results
attributable to trained handlers is negligible.19 A trial was considered successful if a forefoot
contacted the force platform followed by contact of the ipsilateral hind foot at a velocity of
1.70 to 2.40 m/s and acceleration of 0.9 to −0.9 m/s2, a comfortable trotting pace for the study
dogs. An observer monitored all trials to confirm foot strikes. The first 3 valid trials for each
side (306 trials) were recorded for statistical analysis. Measured forces included x
(mediolateral), y (craniocaudal), and z (vertical) peak force and impulse area; y-plane forces
were divided into percentage of stance time spent in braking and propulsion. Recorded forces
were normalized to body weight. The signs (positive or negative) of x-plane forces in the left
limbs were reversed so that they corresponded to the same direction (+ = lateral, − = medial)
for left and right limbs.

bModel No. OR6-6-1000, Advanced Mechanical Technology Inc, Watertown, Mass.
cVETDATA, version 2.03, Acquire, version 5.0, Mininet, version 4.0, Update, version1.1, Sharon Software Inc, Dewitt, Mich.
dMek 92-PAD retroflective photocell, Joslyn Clark Controls Inc, Lancaster, SC.
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Calculation of GRF
Maximum and mean limb loading and unloading rates, loading interval, and percentage weight
distribution for each limb in the z-plane and percentage of stance time spent in braking and
propulsion in the y-plane were calculated according to a described method.15,29–33 The
breaking-to-propulsion ratio was calculated as follows: B:P = B(%)/P(%). An SI for each GRF
was calculated for all fore-and hind limbs by use of the following equation15:

SI = 1 /n ∑
k=1

n
Lk/Rkwk

where nk is the number of trials measured, Lk is the mean GRF in the left limb, Rk is the mean
GRF in the right limb, and wk is the weighing factor (equal to 1.0 for the purposes of this study,
given that both limbs were considered to be equally affected). A value of 1.0 indicated perfect
symmetry between limbs. Values > 1.0 indicated higher forces on the left limb, whereas values
< 1.0 indicated higher forces on the right limb.

Radiographic evaluations
Each dog was anesthetized, and distraction radiographs of the CFJs were obtained via
established techniques.34 The DI and osteoarthritis score for each CFJ were measured and
reported.a For the purposes of this study, DI was considered to be an objective measure of CFJ
laxity.8,34,35

Statistical analysis
Descriptive statistics for gait variables, including velocity and acceleration, were calculated.
Values were compared between limbs with 1-way ANOVA. Significant differences were
further analyzed with Duncan multiple range tests. When comparisons were not significant,
the difference (δ) between populations that would have been necessary to detect a significant
difference was calculated.36 The relationships among left, right, highest, and mean DI and the
individual limb gait data of each dog were evaluated by use of the Spearman rank correlation.
Left and right DIs were compared with least squares linear regression. Analyses were
performed with commercially available software programs.e, f For all analyses, values of P <
0.05 were considered significant. Results were reported as mean ± SEM.

Results
There was no detectable lameness in any of the puppies, and none had signs of pain during
manipulation of the CFJs. A full range of motion was detected in the CFJs of all puppies.
Similarly, there was no radiographic evidence of osteoarthritis in any CFJs. Mean DI score for
all CFJs was 0.67 ± 0.02 (range, 0.38 to 1.05). There was a strong linear correlation between
DI scores in left and right limbs (R2 = 0.80; P < 0.001; Figure 1). Left, right, mean, and highest
DIs were not significantly correlated with any of the gait variables evaluated. Velocity (1.99
± 0.05 m/s; P = 0.71) and acceleration (−0.183 ± 0.07 m/s2; P = 0.86) did not vary significantly
between individual trials. Gait variables were not significantly different between paired
forelimbs or hind limbs (Table 1). Symmetry indexes ranged from approximately 0% to nearly
177% asymmetry. Values for stance time asymmetry (0% to 3%) and vertical GRF asymmetry
(1% to 56%) were less pronounced than were values for craniocaudal (3% to 177%) and
mediolateral (23% to 83%) asymmetry. Mean asymmetry values were higher in the forelimbs
(87%) than in the hind limbs (26%) in the x-plane, approximately equal in the y-plane (forelimb,

eSAS, version 8.2, SAS Institute Inc, Cary, NC.
fGraphPad Prism, version 3.0, GraphPad Software Inc, San Diego, Calif.
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61%; hind limb, 59%), and higher in the hind limbs (16%) than in the forelimbs (2%) in the
z-plane. There were significant differences between fore- and hind limbs in all variables except
y-plane propulsion peak force (δ = 154% at power = 0.8), z-plane impulse (δ = 28.1% at power
= 0.8), and percent weight distribution (δ = 2.98% at power = 0.8; Table 2). Stance time, peak
craniocaudal braking force, craniocaudal breaking impulse, percentage braking, braking-to-
propulsion ratio, peak vertical force, loading interval, maximum loading rate, mean unloading
rate, and maximum unloading rate were higher in the forelimb, whereas mediolateral peak
force, mediolateral impulse, craniocaudal propulsion impulse, percentage propulsion, and
mean loading rate were higher in the hind limbs.

Discussion
The study population consisted of puppies with DIs that are associated with the development
of osteoarthritic changes characteristic of CHD in the CFJ. The frequency of CFJ osteoarthritis
at maturity increases in proportion with DI scores ≥ 3.0.35 Distraction index scores used in
our investigation were derived from radiographs obtained at the youngest age at which the
scores are reported to be prognostic, although that age varies among breeds.5 The population
of dogs used in our study had a mean DI score of 0.67, indicating that most puppies were likely
to develop CHD. As such, these puppies were appropriate for use in evaluating the relationship
between GRFs and CFJ laxity, although by strict definition, they did not have radiographically
evident degenerative joint changes that were characteristic of the disease at the time of the
study.

Normal and pathologic patterns in canine gait variables have been well documented, but most
of the gait alterations reported are attributable to pain.16,18,20,21,30 Changes in GRFs that
are specifically related to pathologic changes in CFJs of dogs and humans include reduced y-
and z-plane peak force and impulse as well as maximum loading and unloading rates.16,20,
21 Mean values for z-plane peak force and impulse in the hind limbs were higher than those
reported21,33 in dogs with CHD, whereas mean loading and unloading rates were lower,
although direct comparisons were difficult given the differences in gait velocity used between
studies. Values for y- and z-plane fore- and hind limb GRFs in our study were comparable to
those published29 for clinically normal dogs with similar stance times, except for hind limb
craniocaudal propulsion peak force, which was complicated by high individual variability in
the present study. Fore- and hind limb x-plane GRFs were < 6% of body weight and primarily
directed laterally, comparable to values in clinically normal dogs.33 Similarly, forelimbs bore
60% of body weight, whereas hind limbs bore 40% of body weight in our puppies, similar to
findings in clinically normal dogs.31 On the basis of this information, values for x-, y-, and z-
plane peak force and impulse in our study were consistent with those reported in mature dogs
unaffected by orthopedic disease. Differences from reported reference range values in mean
loading and unloading rates in our study may have arisen from the fact that the values were
calculated over the entire loading and unloading phases, rather than at intervals, a method that
more accurately reflects limb function.32 Despite this fact, both rates were higher in the
forelimbs, as expected, and values between limbs had limited asymmetry, making it unlikely
that the differences reflected pathologic gait changes.

Values for asymmetry varied widely for the variables evaluated. In general, values for z-plane
and stance time asymmetry were least pronounced, whereas values for y-plane asymmetries
were most pronounced, findings that were in accordance with those from previous studies.
15,37 Values for y-plane asymmetries in our study were slightly higher than those of a previous
study15 in clinically normal dogs that were evaluated at the same velocity; however, the small
differences do not necessarily indicate that there were gait abnormalities. Also notable in our
study was the fact that asymmetry values in the fore- and hind limbs were comparable in the
y-plane, whereas values for asymmetry were highest in the x- and z-planes for the fore-and
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hind limbs, respectively. Results of a previous study15 revealed comparable values for
asymmetry between fore- and hind limbs in z-forces, whereas values of y-plane asymmetry
were higher in the hind limb. According to the formula used in the present study, SI values are
close to 1.0 if differences within a gait variable are small, compared with its absolute values,
and vice versa. Values for SI that are significantly different from 1.0 may occur if values for
a given gait variable are close to 0, if the differences in values between right and left limbs are
large, or both.37 The limits of a normal degree of asymmetry vary among gait variables, and
asymmetries in gait should be interpreted with caution. Our findings in the gaits of immature
dogs were in agreement with those from a study15 of mature dogs. Z-plane and stance time
asymmetry indices appear to be the most applicable for canine gait analysis.

In the present study, a range of canine gait variables with associated SEMs and detection powers
were described for future reference. Intertrial variation may have contributed to some
variability in measured values because the dogs were immature; in humans, intertrial variation
is known to be more important in children than in adults.38 Every effort was made to control
such variation by limiting the velocity and acceleration at which the trials were conducted and
by evaluating all trials for consistency and validity. It is possible that variation could have been
reduced by limiting the velocity and acceleration ranges further, but although the puppies were
all the same age, their sizes varied widely. The ranges were chosen to include comfortable trot
rates to avoid introduction of variation from artificially altering the gait. Gait constraints are
not recommended in human gait assessments because they prohibit evaluation of representative
gait kinematics and kinetics.39 Puppies were allowed to trot at their preferred velocities so that
the most representative GRFs would be recorded. Had the velocity range been restricted, the
overall variability in GRF may have been reduced, resulting in higher statistical power.
However, had only the puppies that trotted comfortably within a limited velocity range been
included, a number of individuals would have been excluded from the study, reducing the range
of CFJ laxity. It was determined that study objectives were best met by inclusion of the widest
range of CFJ laxities; therefore, data from all puppies were included in analyses.

To our knowledge, these data are the first obtained from evaluation of immature animals.
Neuromuscular function and coordination may not have been fully developed and may have
resulted in some of the gait inconsistencies observed. The stages of gait development in children
have been extensively evaluated kinetically and kinematically, and mediolateral stability is the
most important factor in gait development in clinically normal infants.40 Ground reaction
forces in the x-plane are considered too variable to be useful for gait analysis.41,31 It is
therefore difficult to assess whether animal development contributed to the high variation and
low sensitivity of the x-plane GRFs in our study. Our results support that x-plane GRFs have
little value in gait evaluation in mature or immature dogs.

In normal ambulation, the primary function of the canine forelimb is deceleration, whereas that
of the hind limb is propulsion.31 Reported values29 from clinically normal dogs at a similar
trot velocity were 57% of stance time spent in breaking and 43% spent in propulsion in the
forelimb, compared with 30% of stance time in breaking and 70% of stance time in propulsion
in the hind limb. Although values for hind limbs in our study were comparable (24% braking,
76% propulsion), the values in forelimbs (83% braking, 17% propulsion) were proportionately
different. There were large trial variations in the propulsion and braking GRFs, as indicated
by the SEMs. This has not been reported as a problem in the evaluation of mature dogs and
may have been related to the young age of the dogs in our study. Although every attempt was
made to ensure consistency between trials, there were some unavoidable obstacles that are
inherent to the study of young animals. This does not diminish the importance of findings from
such investigations, but consideration must be given to the age of the subjects. Further studies
are necessary to assess whether there are differences in individual variation in braking and
propulsion as dogs mature.
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Stable joints are necessary for normal gait.26–28 To our knowledge, gait alteration related to
joint laxity that is not complicated by arthrosis has not been previously investigated in dogs.
A wide range of CFJ laxity, from slightly greater than normal to very severe,35 was evaluated
against GRF gait variables for detection of potential associations in our study. It is important
to distinguish between active laxity and DI passive laxity when considering that no associations
between DIs and GRFs were detected in this study. Other methods of imaging the CFJ may be
more representative of active CFJ laxity, and such laxity may be more closely correlated with
GRF values.42 Although CFJs in our dogs had moderate to severe degrees of passive laxity,
it is possible that dogs actively stabilize the joint or otherwise compensate for instability by
altering joint angles, pelvic tilt, and muscle group activation during ambulation.1 Determining
whether such mechanisms are used would require the acquisition of kinematic and
electromyographic data and could serve as the basis for future studies.

Values for GRFs in the present study were consistent with those derived from evaluations of
clinically normal adult dogs, supporting the finding that gait variables and passive CFJ laxity
appear to be unrelated in young dogs. The results also validate the use of gait analysis in young
dogs as a method of objective evaluation. This information is essential to future investigations
of CHD, specifically in the role played by joint laxity in the pathophysiologic features of hip
dysplasia and associated changes in gait.
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Glossary
CFJ  

Coxofemoral joint

CHD  
Canine hip dysplasia

DI  
Distraction index

GRF  
Ground reaction force

SI  
Symmetry index
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Figure 1.
Relationship between DIs from right and left limbs of 16-week-old puppies (n = 51) with
moderate to severe CFJ laxity. The least squares linear regression line indicates the highly
predictable intra-animal relationship of the values.
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Table 1
Mean ± SEM values for GRFs measured in 16-week-old puppies with moderate to severe CFJ laxity and that
were trotted at a velocity of 1.99 ± 0.05 m/s.

Variable Limb Left Right P (%)δ SI
Stance time (ms) F 217 ± 4.4 215 ± 3.6 0.72 5.18 1.00

H 194 ± 5.1 199 ± 4.0 0.46 6.50 0.97
PFx (% bw) F 0.894 ± 0.265 1.12 ± 0.29 0.56 76.7 0.17

H 1.62 ± 0.27 1.65 ± 0.30 0.94 48.1 1.29
IMPx (% bw·s) F 0.085 ± 0.028 0.091 ± 0.030 0.89 92.3 0.10

H 0.141 ± 0.200 0.147 ± 0.031 0.89 225 0.77
PFyB (% bw) F −20.4 ± 1.2 −19.8 ± 1.2 0.72 16.5 1.46

H −7.06 ± 0.72 −7.91 ± 0.84 0.45 29.3 1.69
IMPyB (% bw·s) F −1.9 ± 0.3 −1.5 ± 0.2 0.21 38.3 1.23

H −0.704 ± 0.500 −0.694 ± 0.449 0.98 190 1.74
PFyP (% bw) F 16.4 ± 11.0 5.72 ± 0.48 0.35 145 2.77

H 11.3 ± 0.82 38.7 ± 28.2 0.32 162 1.36
IMPyP (% bw·s) F 0.281 ± 0.031 0.269 ± 0.032 0.82 32.1 1.04

H 0.972 ± 0.071 0.944 ± 0.082 0.79 22.4 1.34
%B (% stance time) F 83.6 ± 2.4 82.6 ± 2.7 0.81 8.56 1.03

H 23.8 ± 4.0 24.2 ± 3.5 0.93 43.9 1.81
%P (% stance time) F 16.5 ± 2.4 17.4 ± 2.7 0.8 42.0 1.29

H 76.3 ± 4.0 75.8 ± 3.5 0.93 13.9 1.31
B:P F 10.8 ± 1.9 9.71 ± 1.84 0.69 51.1 2.17

H 0.756 ± 0.321 0.858 ± 0.316 0.82 111 1.91
PFz (% bw) F 111 ± 2.7 112 ± 2.3 0.57 6.32 1.01

H 79.8 ± 2.0 80.3 ± 1.9 0.85 6.90 1.02
IMPz (% bw·s) F 14.2 ± 0.31 14.4 ± 0.33 0.69 6.21 0.99

H 13.4 ± 4.6 8.98 ± 0.24 0.34 60.6 1.56
LI (% stance time) F 53 ± 0.86 53.1 ± 0.55 0.91 3.72 1.00

H 38.9 ± 0.78 37.7 ± 0.73 0.26 5.52 1.38
ML (% bw/s) F 1.43 ± 0.06 1.44 ± 0.05 0.95 10.7 1.05

H 1.58 ± 0.06 1.61 ± 0.03 0.79 6.85 1.05
Lmax (% bw/s) F 3.05 ± 0.12 3.00 ± 0.12 0.75 10.8 1.05

H 2.5 ± 0.12 2.5 ± 0.14 0.97 14.5 1.08
MU (% bw/s) F −1.54 ± 0.06 −1.63 ± 0.06 0.3 10.1 1.00

H −0.995 ± 0.035 −0.971 ± 0.032 0.62 9.58 1.08
Umax (% bw/s) F −2.1 ± −0.11 −2.05 ± 0.11 0.81 0.324 1.04

H −1.7 ± −0.06 −1.63 ± 0.06 0.37 0.202 1.10
Distribution (% bw) F 29.6 ± 0.79 29.1 ± 0.38 0.63 5.58 1.01

H 21.4 ± 0.56 20.9 ± 0.35 0.39 6.03 1.02
δ
= Differences between populations necessary for significance at power = 0.8. PF = Peak force. bw = Body weight. IMP = Impulse area. B = Breaking.

P = Propulsion. x, y, and z = Planes of evaluated ground reaction forces. LI = Loading interval. ML = Mean loading rate. Lmax = Maximum loading rate.
MU = Mean unloading rate. Umax = Maximum unloading rate. F = Forelimb. H = Hind limb.
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Table 2
Mean ± SEM values for GRF variables measured in the fore- and hind limbs in the same 51 puppies and trials.

Variable Forelimb Hind limb P
Stance time (ms) 216 ± 2.8 196 ± 3.2 0.001
PFx (% bw) 1.01 ± 0.19 1.64 ± 0.19 0.014
IMPx (% bw·s) 0.09 ± 0.02 0.14 ± 0.02 0.04
PFyB (% bw) −20.1 ± 0.83 −7.48 ± 0.55 0.001
IMPyB (% bw·s) −1.72 ± 0.17 −0.70 ± 0.33 0.002
PFyP (% bw) 11.2 ± 5.7 24.7 ± 14.0 0.37
IMPyP (% bw·s) 0.28 ± 0.02 0.96 ± 0.05 0.001
%B (% stance time) 83 ± 1.8 24 ± 2.6 0.001
%P (% stance time) 17 ± 1.8 76 ± 2.6 0.001
B:P 10.2 ± 1.3 0.81 ± 0.22 0.001
PFz (% bw) 111 ± 1.8 80 ± 1.4 0.001
IMPz (% bw·s) 14.3 ± 0.2 11.2 ± 2.3 0.21
LI (% stance time) 53.1 ± 0.5 38.3 ± 0.5 0.001
ML (% bw/s) 1.4 ± 0.04 1.6 ± 0.04 0.001
Lmax (% bw/s) 3.0 ± 0.08 2.5 ± 0.09 0.001
MU (% bw/s) −1.59 ± 0.04 −0.99 ± 0.02 0.001
Umax (% bw/s) −2.08 ± 0.08 −1.69 ± 0.04 0.001
Distribution (% bw) 58.1 ± 0.5 41.9 ± 0.5 0.63
See Table 1 for key.
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