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Kinetic measurements of gait for osteoarthritis research in dogs and cats

Maxim Moreau, Bertrand Lussier, Laurent Ballaz, Eric Troncy

Abstract — Over the past 2 decades the measurement of ground reaction forces (GRF) has been extensively used 
in dogs and cats to gain insights on normal locomotion, discrepancies under pathologic conditions, and 
biomechanical changes following surgical procedures. Ground reaction forces have become a well-established 
outcome measure of pain-related functional impairment in animals affected by experimental and naturally occurring 
osteoarthritis. This paper comprehensively reviews the nature of GRF and presents arguments regarding its 
measurement in osteoarthritis research.

Résumé — Mesure cinétique de la démarche du chien et du chat en contexte de recherche sur l’arthrose. 
Au cours des deux dernières décennies, la mesure des forces de réaction au sol (FRS) a été largement utilisée chez 
les chiens et les chats afin de mieux comprendre la locomotion normale, les anomalies en conditions pathologiques 
et les changements biomécaniques suivant une procédure chirurgicale. Les FRS au sol sont devenues un critère 
d’évaluation bien connu de la limitation fonctionnelle liée à la douleur chez l’animal atteint d’arthrose expérimentale 
et naturelle. Le présent manuscrit dresse un aperçu de la nature des FRS et présente les arguments qui supportent 
son usage dans un contexte de recherche sur l’arthrose.

(Traduit par les auteurs)

Can Vet J 2014;55:1057–1065

Introduction

A nimals move from one point to another by means of 
sequential and coordinate motion of jointed appendages 

called limbs. Every time a limb interacts with the ground, the 
animal’s body is subjected to ground reaction forces (GRF) in 
response to muscular and inertial forces the limb exerts (1).

Ground reaction forces combined with the downward effect 
of gravity are external forces acting on a moving body (2). The 
study of GRF involves the field of kinetics which addresses 
forces associated with movement (3). Over the past 2 decades 
the measurement of GRF has increased in dogs and cats, par-
ticularly to gain insight on normal locomotion and discrepancies 
under pathologic conditions (4). In companion animals, GRF 

are commonly measured using a force platform, accounting for a 
large fraction of the publications in this field (4). When coupled 
to kinematic analyses, the measurement of the GRF also pro-
vides input for a complete description of the entire mechanical 
processes of locomotion (5).

Osteoarthritis is a highly prevalent musculoskeletal condi-
tion which involves structural changes and disability of the 
affected joint (6). Ground reaction forces have become well-
established outcome measures of functional impairment in 
dogs and cats with osteoarthritis. This comprehensive review 
describes the nature of the GRF and derivatives and presents 
the fundamentals regarding their measurement in dogs and cats 
with experimental and naturally occurring osteoarthritis. The 
authors propose the use of GRF as an outcome measure which 
reflects pain-related functional impairment in the context of 
osteoarthritis.

Nature of ground reaction forces
Weight and force
There is a clear distinction between mass and weight. The mass 
of an object, denoted as m and expressed in kg, refers to the 
amount of matter contained in it. The weight of an object is the 
force directed downward in the vertical axis (Fvertical) in response 
to the gravitational acceleration of the body’s center of mass 
(COM) (Equation 1) (3).

Weight of an object = m 3 g0 = Downward Fvertical (Equation 1)

where: g0 is the standard gravitational acceleration on earth.
Weighing an animal accurately isn’t easy as the reading 

changes according to the animal’s movement. When the mass 
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of the body is constant, fluctuation in the measurement of the 
body weight involves additional acceleration (downward or 
upward) of the whole body. For a moving object, the net Fvertical 
corresponds to the weight of the body and additional force due 
to inertia (Equation 2) (1).

Net downward Fvertical = (m 3 g0) 1 (m 3 avertical) (Equation 2)

where: avertical is the acceleration (m/s2) of the COM in the 
vertical axis.

The direction of the additional acceleration (downward or 
upward) governs the net Fvertical which could therefore be higher 
or lower than the weight of the moving animal.

Action and reaction forces
Each time an object hits the ground or another object, 2 forces 
are in opposition: the action and the reaction forces. For each 
action, there is a reaction equal in magnitude and opposite in 
direction (3). For a body in contact with the ground, the down-
ward Fvertical generates the same reaction back on the body. This 
reaction force is referred to as the GRF. When vertical displace-
ment of the COM occurs, the effect of inertial force has to be 
considered (Equation 3).

Net downward Fvertical = (m 3 g0) 1 

(m 3 avertical) = Upward GRFvertical 
 (Equation 3)

Ground reaction force patterns
The gait of a quadruped is defined as a manner of moving 
which can differ according to sequence and rhythm of footfalls 
and to the number of support limb(s) in each stage of 1 cycle 
of footfalls (7). Whatever the type of gait involved, a series of 
rhythmic, alternating movements of the body results in the 
forward progression of the COM along a horizontal trajectory 
(8). The linear movement of the COM is disrupted by the alter-
nation of footfalls. In humans, as well as in dogs and cats, the 
COM executes a sinusoidal displacement in the 3 orthogonal 
planes from which the direction and the magnitude of the net 
acceleration govern the presence of GRF in causal relationships 
(2). For an object having complex shape and different densities 
such as an animal’s body, direct measurement or calculation is 
required to precisely determine limb inertial parameters and 
thereby the COM. In dogs, although the COM is in close 
relationship with the length of the neck (7), the common 
position of the COM is illustrated in Figure 1 as previously  
described (9).

Movements of the COM give rise to Fcraniocaudal, Fmediolateral, 
and Fvertical (Figure 1). As a result, GRFcraniocaudal, GRFmediolateral, 
and GRFvertical are produced during the stance phase. Typical 
GRF versus time curves are illustrated in Figure 2. The GRF 
vectors are expressed herein as positive when directed upward, 
cranially, and medially.

Figure 1. Sagittal and frontal views of a dog in a standing position. The three orthogonal force (F) vectors are paired with their 
oppositely directed ground reaction forces (GRF). The center of mass (COM) is located according to previously published scheme (9) 
and is only indicative of its exact position. The Fmedial refers to the right limbs.
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Vertical ground reaction force
At the initiation of the stance phase, the GRFvertical begins to 
be measured as the mass of the dog in motion is gradually sup-
ported by the limb (Figure 2). Soon after, a maximal point is 
attained which is the highest product of the mass of the body 
and the net vertical acceleration of the COM. This point is 
referred as the peak of the GRFvertical (i.e., peak vertical force). 
The GRFvertical then decreases until toe-off which defines the end 
of the stance phase. In some situations the pelvic limb begins 
the stance phase when the thoracic limb is still in contact with 
the ground. This overlap explains why the GRFvertical doesn’t fall 
to zero when the thoracic limb has left the ground.

For a dog standing still on 4 limbs, the body weight is 
expected to be supported at 30% by each thoracic limb and at 

20% by each pelvic limb (10). The COM being closer to the 
thorax contributes to this imbalance in pelvic-to-thorax weight 
distribution when standing (10). As illustrated in Figure 2, the 
GRFvertical of the thoracic limb reaches a maximal point (i.e., 
113% of body weight) which is in accordance with the literature 
(11) (see Equation 3). Hence, the body absorbs a high level of 
forces in the vertical axis reaching more than 3 times the one 
observed at the stance (i.e., 30% versus 113% of body weight).

Craniocaudal and mediolateral ground reaction 
forces
The pattern of the GRFcraniocaudal involves successive caudal and 
cranial components (Figure 2). The GRFcaudal is in fact generated 
as a reaction to the force applied in the direction of movement 
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Figure 2. Typical curves of the ground reaction forces. Measurements are from a 27-kg golden retriever dog crossing the force plate 
at a trotting gait velocity (2.0 m/s). Ground reaction forces are considered positive when directed upward, cranially, and medially. 
The stance phase is expressed for the forelimb and hind limb to ease their distinction. Peaks denote the points of maximal values of 
the fore and hind limb GRFvertical.
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(i.e., cranially or forward). Hence, as a result of the Fcranial, a 
GRF is generated and directed caudally (i.e., backward) which 
decelerates the dog’s motion. During the second half of the 
stance phase, the GRFcranial propels the dog forward.

A third force vector is also depicted during the gait of dog. 
Figure 2 illustrates the GRFmediolateral, which involves medial 
and lateral components. Although the pattern of GRFmediolateral 
grossly mimics those reported in the literature (12), there is no 
clear waveform established for GRFmediolateral in dogs and cats 
due to inconsistent results (10,12).

Ground reaction vector
The 3 GRF components are directed in opposite directions by 
90° (Figure 1). The resultant GRF, which is the net effect of the 
3 orthogonal GRF components, is called the ground reaction vec-
tor (GRV). In the sagittal plane, a right-angled triangle is formed 
by the GRFcraniocaudal (adjacent side) and the GRFvertical (opposite 
side) of the angle  (Figure 3) (1). The hypotenuse, which defines 
the magnitude and orientation of the GRV, the GRF in the sagit-
tal plane can be resolved according to the Pythagorean theorem 
(Equations 4 and 5) (1).

Magnitude of the GRV (sagittal plane) = 

Square root (GRFvertical
2 1 GRFcraniocaudal

2) (Equation 4)

Direction of the GRV (i.e., angle  at the 

vertex) = Tangent GRFvertical/GRFcraniocaudal 
(Equation 5)

The sagittal GRV derived from the measures of a typical dog 
are illustrated at selected time points in Figure 4. As shown, 
the direction and the magnitude of the forelimb sagittal GRF 

GRV evolve over time. At 60% of the stance phase, the sagittal 
GRF GRV is perpendicular to the GRFcraniocaudal while being 
directed cranially thereafter. This force vector diagram can be 
used to determine where the path of the sagittal GRF GRV 
travels according to anatomical structures or joints at specific 
points of the stance phase (i.e., caudal to the brachialis muscle, 
through the carpal joint). In cats, the GRF vector was used to 
investigate walking strategy and muscle activity under different 
conditions (13). The GRV can also serve to calculate moment 
of force, which is the tendency of a force to rotate an object. 
A moment of force is denoted as M and expressed in newton-
meters (Nm) (Equation 6) (3).

M = F 3 d = GRV 3 d (Equation 6)

where: d is the perpendicular distance from the center of rota-
tion to the force vector.

Center of force
The center of force (COF) is a coordinate pair (x,y) located 
within the surface of any parts of the body which are in contact 
with the ground. The COF corresponds to the average loca-
tion where all the Fvertical act. When an animal is moving, the 
distribution of the Fvertical within the paw is modified and the 
COF changes accordingly. The COF can also be depicted as a 
trajectory according to its displacement during the stance phase. 
In humans, the path of the COF moves in a curvilinear fashion 
from heel to toes (14). In the dog, little is known about the 
COF trajectory. However, the Fvertical appears to show a distribu-
tion pattern among the pads in dogs (15). The COF can serve to 
determine limb positioning, and serve to precisely define where 
the GRV takes its origin (1,16).

Impulse, linear momentum, and power
The area under any force versus time curve represents the 
impulse denoted as I, which is expressed in N 3 s or in kg 3 
m/s. Impulse is the time integral of a force (Equation 7) (3).

I = ∫Fdt (Equation 7)

where: t is the time (s).
The linear momentum of a moving object is the product of 

the mass and velocity and is denoted as p, which is expressed in 
N 3 s or in kg 3 m/s (Equation 8) (3).

p = m 3 v (Equation 8)

where: v is the velocity (m/s).
According to the impulse-momentum relationship, the 

impulse for a given time interval represents the change in linear 
momentum (Equation 9) (17).

I = Dp = m 3 Dv (Equation 9)

It is common to report the impulse of the measured GRFvertical 
and GRFcraniocaudal which reflects the transfer of momentum 
from a moving limb to the ground. As illustrated in Figure 2, 
the forelimb undergoes craniocaudal transfer of linear momen-
tum which is higher in the caudal direction. Conversely, the 
hind limb has a net linear momentum in the cranial direc-
tion. The overall net momentum (i.e., fore and hind limbs) 

Figure 3. Ground reaction vector. The concept of sagittal 
GRF ground reaction vector (GRV) is illustrated using a right 
angled triangle according to the Pythagorean theorem. In 
the sagittal plane, vertical ground reaction force (GRFvertical), 
and GRFcraniocaudal (caudal component) are orthogonal, giving 
the magnitude of the GRV as the square root of GRFvertical

2 
1 GRFcraniocaudal

2. The angle  refers to the direction of the 
GRV obtained by the tangential21 of GRFvertical/GRFcraniocaudal.



CVJ / VOL 55 / NOVEMBER 2014 1061

R
E

V
IE

W
 A

R
T

IC
L

E

has to be null in the craniocaudal axis to maintain a constant 
gait velocity, otherwise the dog undergoes acceleration or  
deceleration (16).

During gait, muscles generate or absorb power due to their 
ability to perform concentric or eccentric activities (3). Power, 
denoted as P and expressed in watts (W) or in Nm/s is the 
product of the force and its velocity (Equation 10) (1).

P = F 3 v (Equation 10)

Using Equation 9, the net power output of a limb can be deter-
mined by multiplying the sum of the GRF (i.e., GRFcraniocaudal, 
GRFmediolateral and GRFvertical) by the velocity of the animal (18).

Ground reaction force measurement devices
Force transducers are typically designed to measure the strain 
in a material under load. An electrical output proportional to 
the applied force is generated and amplified. The most common 
type of device used to measure the GRF exerted by the body 
during locomotion is the force platform which consists of a steel 
plate with force transducers at each corner.

The force platform allows the measurement of GRF using 
strain gauges or piezoelectric crystals as a sensing element (3). 
As GRF have components in the 3 orthogonal planes, the force 
platform should have sensing elements arranged to capture all 
oriented strains for a complete measurement of the GRF gen-
erated during the locomotion of the animal. Force platforms 
can be used alone (10) or combined to allow the simultaneous 

measurement of the GRF among the 4 limbs (19). Suitable and 
reproducible measurement of the GRFvertical is also possible when 
integrated into a treadmill (20).

There is another type of device which allows the measurement 
of the GRFvertical as well as the surface of the body in contact 
with the ground (https://www.dropbox.com/s/002iu3l98jzssj8/
Kinetic%20gait%20analysis.wmv?dl=0). This involves the con-
cept of pressure, defined as a force expressed per unit area (3). 
Using sensitive elements which base their properties on the 
presence of conductive material and pressure-sensitive ink, it 
is possible to obtain the force/pressure-distribution pattern 
of a given paw during the stance phase. When integrated into 
a portable walkway (several feet long and a few millimeters 
thick), the plantar force/pressure measurement system allows 
the acquisition of GRFvertical from simultaneous and consecu-
tive footfalls over several strides, which is particularly relevant 
for small- to medium-sized quadrupeds (21,22). This device 
restricts their measurement to the GRFvertical. A secondary role 
for the GRFcraniocaudal and GRFmediolateral is therefore assumed 
when using this device.

Ground reaction force acquisition setting
A typical force platform requires a long walkway (6 to 10 m) 
with the force platform positioned near the center to favor free 
motion and to avoid intuitive braking at the end of the run-
away. The force platform can be either embedded in the floor 
or mounted flush with the surface of an elevated (5 to 8 cm) 

Figure 4. Progression of the ground reaction vector. Illustration of the progression of the ground reaction vector (GRV) for a 27-kg dog 
crossing the force plate at a trotting gait velocity (2.0 m/s). The measures are for the forelimb. The degrees indicate the direction of the 
GRV at specific points of the stance phase. The length of the lines indicates the magnitude of the GRV. The direction and magnitude of 
the GRV are calculated according to the ground reaction force value presented in Figure 2. In the background, forelimb bone position 
is detailed in gray as previously illustrated (7) and is only indicative of its exact position. The length of the bar indicates 50% of body 
weight.
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walkway. The walkway must be carefully made to avoid any 
vibration or echo, which can alter the signal (back noise) and 
disturb the animal. Effort must be addressed to avoid visual 
recognition or texture difference between the surfaces of the 
floor and the force platform.

At the trot, a typical acceptable trial involves a single tho-
racic limb on the force plate followed by its pelvic counterpart 
(Figure 5). The limb must be in full contact with the surface 
of the force platform. Visual inspection or a posteriori video 
monitoring ensures quality of the trial and limb distinction. 
After unsuccessful attempts to obtain the desired limb on the 
force plate, the handler may have to modify the starting posi-
tion. In numerous published investigations, 5 valid trials are 
acquired to record the GRF before being averaged or used as 
per trial measurements.

The use of a common force platform is generally restricted 
to large quadrupeds (. 20 kg). In smaller dogs and in cats, the 
presence of more than a paw in contact with the force plat-
form compromises the measurement by a summation process. 
Specially designed devices are required to record GRF in such 
animals (13,23,24). The general reluctance of cats to be handled 
with a leash also contributes to the paucity of force platform 
data in this species. Researchers use a plantar force/pressure 
measurement system in freely moving or thoroughly condi-
tioned cats (21) (https://www.dropbox.com/s/002iu3l98jzssj8/
Kinetic%20gait%20analysis.wmv?dl=0).1

The repeatability of the GRF measurement is of paramount 
importance. The peak of the GRFvertical has low dispersion in 
dogs (25) and thoroughly conditioned cats using a plantar force/
pressure measurement system (26). Critical factors that need 
to be kept constant when measuring GRF are the velocity and 
acceleration of the whole body (27) which can be monitored 
using a set of 3 to 5 photoelectric cells. In the plantar force/pres-
sure measurement system, the velocity of the animal is computed 
using time and distance indices.

To further improve the quality of the GRF measurement, the 
animals must be morphologically identical; however, the in-vivo 
reality brings high mass and anatomical size heterogeneities. 
According to the theory of dynamic similarity, cursorial quad-
rupeds move in a dynamically similar fashion. Therefore, GRF 
measures can be compared between different species as diverse 
as dogs, camels, and rhinoceroses (28). However, care should 
be taken to ensure that animals move at the same relative “body 
size-normalized” velocity (11), which is achieved by multiplying 
linear dimensions, time intervals, and GRF measures by differ-
ent constants (29,30). Accordingly, it is common to normalize 
the peak of the GRF to the body weight of the animal and later 
express this measure in percentage of body weight. This normal-
ization technique improves the homogeneity of the peak of the 
GRFvertical measured between animals while remaining subjected 
to intrinsic variation in animals (dog mainly) showing atypical 
body conformations (11).

Figure 5. Patterns of footfalls. Illustration of patterns of footfalls from a 23-kg dog crossing a force/pressure measurement system at 
a trotting gait velocity (2.0 m/s). The corresponding typical curves of the vertical ground reaction forces are also illustrated. For this 
dog, a cycle of footfalls has a 0.5-second duration and 0.5-meter long. Both fore and hind limb footfalls usually overlap, which is not 
illustrated here for clarity purposes.

1 Video of the recording of vertical ground reaction force in a thoroughly conditioned cat using a plantar force/pressure measurement system. This 
system allows the acquisition of GRFvertical from simultaneous and consecutive footfalls over several strides, which is particularly relevant for small- to 
medium-sized quadrupeds.
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Ground reaction force measurement in 
experimental model of osteoarthritis
Joint inflammatory pain
Osteoarthritis involves pain, functional limitation, and struc-
tural changes to the cartilage and other joint structures. This 
disease is highly prevalent in companion animals (31). The 
hallmark clinical manifestation of osteoarthritis is joint pain 
which occurs through inflammation (32) and a potentially asso-
ciated peripheral and/or central nociceptive sensitization (33). 
Crippling joint pain has the potential to alter normal function, 
particularly locomotion. The phenomenon is referred to as 
pain-induced functional impairment and is one of the clinical 
signs of osteoarthritis (34).

Joint pain causes alteration in the normal use of the limb as 
demonstrated following injection of noxious substances into 
the synovial space of the stifle (35). The inflammation-related 
pain in this model is reflected to the musculoskeletal system 
by reluctance to support the body weight and inertial force, 
compromising standing and leading to a change in the gait  
pattern.

The transient decrease in GRFvertical induced in this model is 
used as an indicator of pain-related functional impairment to 
evaluate the potential of compounds having analgesic claims in 
dogs and cats (36). An accelerated restoration of function toward 
initial levels is then expected from the analgesia provided.

Structural changes of osteoarthritis
Structural osteoarthritis changes can be induced by surgical 
procedures such as meniscal lesions, varus and valgus osteotomy, 
myectomy, patellectomy, cartilage scarification, and transarticu-
lar impacts (37). In dogs and cats, a well-known surgical model 
of osteoarthritis is the cranial cruciate ligament transection 
(CCLT) of the stifle joint. The instability caused by sectioning 
of this passive primary stabilizer induces deleterious mechanical 
alterations, particularly excessive rotational and translational 
movements (38). Abnormal loading of specific regions of the 
joint, along with the release of catabolic and inflammatory 
mediators, disrupts the normal subchondral bone remodeling 
process, damages the cartilage, and inflames synovial tissues 
in a manner similar to human post-traumatic osteoarthritis 
(23,38,39).

Early after CCLT, there is an acute inflammatory process and 
a severe decrease in GRFvertical followed by gradual improvement 
over time (40,41). Up to 4 y after surgery, the GRF remain 
altered in dogs (42), while recovering to near pre-surgical level in 
about 1 year in cats (24). In addition to impairment of the surgi-
cally altered stifle, abnormalities also occur in the controlateral 
limb as denoted by an increase in GRFvertical. The redistribution 
of body weight and inertial forces to the controlateral limb 
was reported to be under the control of sensory feedback from 
the unstable joint to protect against a worsening of structural 
changes (43). This transfer, however, invalidates the use of the 
controlateral limb as a normal control in this model (44).

The GRFvertical which was shown to be a reliable measure in 
dogs undergoing CCLT (42) was used as an indicator of pain-
related functional impairment in this model (45). Hence, beside 
the conventional tests for benefits associated with structural 

joint changes of osteoarthritis, investigators can gain insights 
on another feature of the disease process using GRF measure-
ment; the level of disability associated with the use of the limb. 
This was recently confirmed by our group (46) demonstrating 
a structure — function (pain) relationship in the canine CCLT 
model, similar to the one observed in humans. Structure was 
assessed noninvasively by magnetic resonance imaging while the 
GRF measurement allowed a serial evaluation of pain-related 
functional impairment. This could explain the impressive trans-
lational predictability recorded from this model with products 
subsequently tested in humans (46). Other experimental models 
of osteoarthritis have been investigated using GRF to validate 
alteration in kinetics, including a postponed disruption of the 
CCL by monopolar radiofrequency (47).

Ground reaction forces measurement in 
naturally occurring osteoarthritis
Force platforms provide objective, repeatable, and clinically 
meaningful information about the functional abilities in dogs 
and cats affected by naturally occurring osteoarthritis (21,48). 
The GRFvertical has been shown to be abnormally lower in these 
species when radiographic signs of osteoarthritis are present 
(21,25,48). However, the relationship between severity of the 
structural changes of osteoarthritis, as assessed on radiographs, 
and the presence of abnormal GRF measurement is poor (49) 
and therefore not well understood. Moreover, the level of 
disability seems to differ according to the joint in which the 
structural changes of osteoarthritis are present. Dogs affected 
by osteoarthritis at the stifle have a more severe decrease in the 
GRFvertical compared with those having osteoarthritis of the hip 
joint (25).

The pain generated by osteoarthritis has the potential to alter 
the normal function of the limb, a phenomenon referred to as 
functional allodynia. The peak of the GRFvertical showed sensitiv-
ity and responsiveness for therapeutic approaches purported to 
alleviate the pain-related functional impairment in dogs and cats 
affected by osteoarthritis. Therefore, drug research and develop-
ment often rely on randomized, placebo-controlled clinical trials 
with sequential GRF measurements to support pain alleviating 
properties of therapeutic compounds under investigation. In 
most cases, improvement is translated as an increment over the 
initial condition, as previously noted following non-steroidal 
anti-inflammatory drugs (50–53), complementary and alterna-
tive medicine (50,54,55), and veterinary therapeutic diets (56). 
Clinical improvement is further indicated when the change in 
GRF exceeds the one observed with a negative control (placebo) 
or when similar to a positive control such as a homologated 
treatment (55). The improvement in GRF measurement is not 
systematic, and the range of efficacy could reflect the nature 
of the tested product adapted (or not) to the inflammatory or 
neuropathic component of pain (46).

Other factors that influence pain-related functional impair-
ment in the presence of osteoarthritis need to be taken into 
account. Recently, it was shown that changes in the body 
mass interfere with the measurement of the GRFvertical in dogs. 
Hence, when an increase in body mass occurred, dogs did not 
experience a proportional increase in the peak of the GRFvertical 
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(57) suggesting a change in the gait pattern in the presence of 
osteoarthritis. In line with this finding, the level of impairment 
improved in obese osteoarthritic dogs when a decrease in body 
mass occurred (58). The impact of exercise in osteoarthritic 
dogs and cats (26) was also evaluated using GRF measurement. 
While daily leash walks improve the abnormal level of GRFvertical 
(59), care should be directed to avoid intensive exercise which 
exacerbates limb impairment (60).

In conclusion, the musculoskeletal systems of quadrupeds 
such as dogs and cats are able to modify the gait pattern in 
response to painful stimulation of the joint. In both experi-
mental and clinical contexts of osteoarthritis, measurement 
of GRF allows quantification of the functional impairment. 
The measurement of GRF is therefore an outcome measure in 
osteoarthritis research, which reflects pain-related functional 
impairment.

Some issues need to be resolved. The first and by far the 
most critical one is identification of the structural changes that 
intervene in the pain-related functional impairment. The role 
of cartilage thinning and focal lesion, bone and meniscus altera-
tion, and osteophyte growth as assessed using sensitive methods 
needs to be put in relationship with the GRF. Some work has 
been initiated on this issue (46). Whether or not the impairment 
is exclusively due to pain or involves biomechanical alterations 
in the normal dynamics and lubrication of the joint is unknown 
and remains of particular interest for osteoarthritis research.

The measurement of GRF leads to several raw parameters 
and derivatives. Precautions must be taken to determine a valid 
(or clinically significant) primary outcome measure. The peak 
of the GRFvertical is often selected to discern treatment efficacy 
in osteoarthritis. Measurement error (noise) and minimal 
detectable change for this endpoint have been established in 
osteoarthritic dogs (46), but not osteoarthritic cats. Such infor-
mation is critical to discern that a change is meaningful and 
not a difference that might be reasonably expected from the 
measurement error. Without this information, investigators are 
unable to distinguish a placebo (or a nocebo) effect from normal 
variation. How changes in GRF measurement in dogs and cats 
affected by osteoarthritis evolve in response to sustained daily 
life activity is also relevant and has to be determined to improve 
the quality of data and conclusions from randomized controlled 
trials. CVJ
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