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Introduction: Center of pressure (COP) parameters are frequently assessed

to analyze movement disorders in humans and animals. Methodological

discrepancies are a major concern when evaluating conflicting study results.

This study aimed to assess the inter-observer reliability and test-retest reliability

of body COP parameters including mediolateral and craniocaudal sway, total

length, average speed and support surface in healthy dogs during quiet standing

on a pressure plate. Additionally, it sought to determine the minimum number of

trials and the shortest duration necessary for accurate COP assessment.

Materials and methods: Twelve clinically healthy dogs underwent three

repeated trials, which were analyzed by three independent observers to evaluate

inter-observer reliability. Test-retest reliability was assessed across the three trials

per dog, each lasting 20 seconds (s). Selected 20 s measurements were analyzed

in six di�erent ways: 1 × 20 s, 1 × 15 s, 2 × 10 s, 4 × 5 s, 10 × 2 s, and 20 × 1 s.

Results: Results demonstrated excellent inter-observer reliability (ICC≥ 0.93) for

all COP parameters. However, only 5 s, 10 s, and 15 smeasurements achieved the

reliability threshold (ICC ≥ 0.60) for all evaluated parameters.

Discussion: The shortest repeatable durations were obtained from either two

5 s measurements or a single 10 s measurement. Most importantly, statistically

significant di�erences were observed between the di�erent measurement

durations, which underlines the need to standardize measurement times in COP

analysis. The results of this study aid scientists in implementing standardized

methods, thereby easing comparisons across studies and enhancing the

reliability and validity of research findings in veterinary medicine.
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kinetics, gait analysis, COP, ground reaction forces, inter-observer reliability, test-retest
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1 Introduction

Gait analysis is the most clinically relevant tool in veterinary medicine to study
locomotion and diagnose movement disorders in animals such as lameness (1–3).
Evaluation of ground reaction forces (GRF) of a participant while walking or trotting over
a force (4, 5) or pressure plate (1, 3) is considered the gold standard for objective lameness
diagnosis (2, 6, 7). In recent years these systems have not only been used to detect lameness
in a more quantifiable and reliable way but also to study postural balance in different
species (2).
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Postural balance is based on the integration of sensory input
from the proprioceptive, visual, and vestibular systems alongside
adaptive muscular activations coordinated within the central
nervous system (8, 9). Balance itself is maintained by muscle
contractions, acting against gravity, and forms the basis of many
daily activities such as walking and standing. Hence, standing still
is an active, controlled process, influenced by the aforementioned
sensorimotor signals. Impairments in any of these systems can
negatively affect postural stability in humans (10, 11). Therefore,
studying the postural balance provides valuable information about
the interactions between these systems.

One important method to study postural stability during
walk and trot (dynamic posturography) or quiet standing (static
posturography) is the center of pressure (COP) of the body
and/or each limb. Even when standing still, the body is constantly
moving in the craniocaudal (anterior-posterior in human) and
mediolateral directions. Therefore, the center of gravity of the
body and center of mass (COM) continue to move to keep the
COMwithin the base of support to prevent falling over. Controlled
muscular contractions change the repartition of force under the
body resulting in continuous fluctuations of the COP with the
goal to keep the COM in a fairly constant position. Consequently,
the COP under the feet or paws permanently shifts (12, 13). The
COP is the point at which the instantaneous vector of the GRF
is applied (12) so that the displacement of the COP is an indirect
measure of the functionality of postural stability and thus ameasure
of the ability to maintain balance. The performance of postural
control is usually assessed by quantifying COP-based measures of
postural sway during a quiet stance (14). Thus, for example, lower
COP values are assumed for better stability in static posturography
(12, 15).

Not surprisingly, scientists in veterinary medicine used COP
parameters not only to study the influence of different physical
demands on clinically healthy dogs (16, 17) but also to assess
the effect of different orthopedic disorders such as hip dysplasia
(18, 19), elbow dysplasia (13, 15, 19, 20), cranial cruciate
ligament rupture (15), and different neurologic disorders such
as thoracolumbar spinal cord injuries (21, 22). Recently, static
posturography has been used to assess body weight distributions,
left-right symmetry indices, and the effect of breed and age (23–25).

In view of these highly relevant research questions, the methods
already published by the various authors vary tremendously. The
analysis of GRF (23, 26–32) and COP (2, 13, 15, 20, 25, 33–46)
during static measurements on pressure and force plates has been
performed in numerous veterinary publications. Despite following
a common principle where animals were motivated to stand still
for a predetermined period without movements of the head and the

Abbreviations: COP, center of pressure; MLD, mediolateral; CCD,

craniocaudal; L, total length; AS, average speed; SS, support surface;

ICC, intra-class correlation coe�cient; GRF, ground reaction forces; COM,

center of mass; SI, symmetry index; PFz, peak vertical force; IFz, vertical

impulse; XFz, mean value of PFz or Ifz; LLx, left front- or hindlimb; RLx, right

front- or hindlimb; M (1–3), the count of trials conducted for each dog on the

pressure platform; Category, six di�erent ways that each trial was analyzed;

Sequence, each category featured sequences lasting 1–20 s, categorized

accordingly; ANOVA, analysis of variance; SD, standard deviation.

feet, a wide variety of techniques, especially regarding the duration
and number of trials, is seen in the literature. The measurement
duration ranges from 30 s (34) to 1 s (25, 41) with themost common
choice for a trial duration in assessing GRF (26, 27, 30) and COP
in both dogs (20, 35, 37) and horses (39, 42, 44) being a 10 s
period per trial. Likewise, the number of repetitions varies from
1 (25, 41) to 8 (33, 45), while some authors state a range or a
minimum of repetitions (23, 33, 37, 41, 44). The most frequently
used combinations for COP measurement in dogs are continuous
periods of 20 s (13, 15) and 10 s (20, 35) repeated three times (for
more information please see overview in Supplementary Table 1).
However, no scientific consensus, especially regarding minimum
measurement duration and the minimum number of trials in static
posturography has been published so far.

This variability in methodology potentially impacts reported
results, making it difficult to accurately compare findings across
different studies and different species. However, identifying and
evaluating potential confounding factors is crucial for obtaining
reliable and robust COP results. This is why, in this study, we aimed
to assess the inter-observer reliability and test-retest reliability
of body COP parameters of dogs during quiet standing (static
posturography) on a pressure plate. Furthermore, adhering to
the 3R principle (Replacement, Reduction, and Refinement), our
goal was to determine the minimum number of trials and the
shortest duration necessary to ensure a high level of accuracy in the
evaluated COP data. We believe that this aligns with the principles
of refinement in animal trials (47).

2 Materials and methods

2.1 Approval and consent

This study was approved by the Ethics and Animal Welfare
Committee of the University of Veterinary Medicine, Vienna in
accordance with the University’s guidelines for Good Scientific
Practice guidelines and national legislation (ETK-148/10/2021).

2.2 Animals

A total of 26 client-owned dogs were evaluated in this study.
The inclusion criteria consisted of the absence of any clinical
musculoskeletal, neurological, or visual disease; thus, all dogs
underwent a general clinical examination by qualified veterinarians
(MA, NA, CL) including visual gait assessment, joint palpation, and
calculation of the symmetry index (SI). One dog was excluded from
the study due to abnormal clinical examination findings, and an
additional 13 dogs were excluded due to the inability to stand still
for a minimum of 30 s. As a result, 12 healthy dogs were included in
this study. The breed of the dogs consisted of Labrador retriever (n
= 4), border collie (n = 2), standard poodle, Flat-Coated retriever,
Malinois, Irish terrier, pointer, and 1 mixed breed dog. The body
weight and age of the dogs ranged from 32.5 to 13.5 kg (22.68 ±

5.43) and 6.0 to 1.11 years (3.39 ± 1.79), respectively. Five dogs
were male (all intact), and seven dogs were female (five intact and
two spayed). All dogs had to weigh more than 10 kg to be included
in the study.
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2.3 Equipment and measurement
procedure

In this prospective study, the COP parameters of the dogs were
measured in a quiet standing position on a flat ground by using
a Zebris platform (FDM Type 2, Zebris Medical GmbH, Allgäu,
Germany) equipped with 15,360 sensors covering an area of 203
× 54.2 cm and a measuring frequency of 100Hz. The sensor size
of the platforms was 0.72 × 0.72 cm. To standardize the coefficient
of friction, the pressure plate was covered with a black 1-mm-thick
non-slip rubber mat made of polyvinyl chloride. All measurement
procedures were filmed using a Panasonic NV-MX500 camera
(Panasonic, Kadoma, Osaka, Japan) with a standardized setup for
camera positioning and angle. The camera was placed 3.5m away
from the origin (coordinate 0,0) of the platform at an angle of
35◦ to the long side of the platform, to capture both sagittal
and frontal views. It was set at a height of 0.85m with a 90◦

angle to ensure comprehensive coverage of the observed area
(Supplementary Figure 1).

In this study, the assessment of the SI during the walk and
posturography of the included dogs was conducted by different
observers (MA, NA, or CL). Once the SI was confirmed to fall
within an acceptable range (SI < 3%), posturographies, consisting
of three trials (M1–M3) for each dog, were recorded by one of
the aforementioned observers. Subsequently, each of the three
observers independently analyzed the recorded trial data and
defined the starting point for the 20 s measurement duration for
each dog separately.

2.3.1 Evaluation of symmetry index during walk
In order to familiarize the dogs with the room, the set-up, and

the equipment, they were allowed to wander around freely for up
to 15min. Once the dogs were familiarized with the room, GRF
was measured when walking in a straight line using the pressure
plate mentioned above. At least five valid passes were analyzed to
calculate the SI for peak vertical force (PFz) and vertical impulse
(IFz) as reported in the literature (17, 19, 48). A valid pass was
defined as a walk in which the dog crossed the plate without
changing pace, turning its head, pulling on the lead, or touching
the dog handler (MA, NA, or CL). The difference in speed at which
the dogs crossed the plate had to be within a range of± 0.3 m/s and
an acceleration of ± 0.5 m/s2 (7, 49, 50). The SI for PFz, and IFz of
all included dogs in this study was below 3% which is the margin
typically used to distinguish between a sound and asymmetric gait
pattern (17, 19, 48).

2.3.2 Posturography
After a short break, COP parameters (see details in Section

2.4) were measured for each dog. The dogs had to stand still on
the pressure platform with all limbs perpendicular to the platform.
Each trial lasted for a minimum of 30 s and was repeated three
times (M1, M2, and M3) for each dog. The dogs were able to have
a break between trials and received treats after each trial. Data
were discarded by the observer if any body, head, tail, limb, or paw
movements were observed on the video recording.

2.4 Data analysis

The following parameters were used for the evaluation of the
inclusion criteria:

• The mean speed (m/s) and acceleration (m/s²) were calculated
for the left frontlimb using the pressure plate data. For
that purpose, two consecutive paw impacts (beginning of
touch down) on the plate were used. The following formulas
were used:

◦ Step length (distance in m) = the difference between the
center of paw contact area of the second and first paw
impact (plate coordinates)

◦ Step duration (s) = time between two consecutive
paw impacts

◦ Speed (m/s) =
step length
step duration

◦ Acceleration (m/s2) = speed of the second step – speed of
the first step

• Symmetry index (SI) expressed as a percentage (SI%), was
calculated for both parameters (PFz and IFz) according to the
following equation modified from Budsberg et al. (48):

SIXFz (%) = abs (
[ XFzLLx − XFzRLx ]

[XFzLLx + XFzRLx]
)× 100

Where XFz is the mean value of peak vertical force (PFz)
or vertical impulse (IFz) of valid steps, LLx is the left front- or
hindlimb, and RLx is the right front- or hindlimb; perfect symmetry
between the right and left front- or hindlimbs was assigned a value
of 0%.

Each of the three observers conducted separate analysis of the
recorded trial data. Within each trial, 20 consecutive seconds were
used for analysis, chosen independently by each observer (labeled
as M1, M2, and M3). In dogs that did not stand still for 20 s,
the longest valid period was chosen for analysis (for details see
Table 1). Eight dogs completed all three trials instantaneously. For
three dogs, one additional trial was needed to achieve three valid
trials. One dog required two additional trials (in total five trials).
Measured data were analyzed with the custom-made software
Pressure Analyzer (Michael Schwanda, version 4.8.7.0). In the next
step, every 20 s long sequence was divided into six categories by
each observer independently for each valid trial:

• Category A: 1 sequence lasting 20 s (1× 20 s).
• Category B: 1 sequence from the same selected 20 s lasting 15 s

(1× 15 s).
• Category C: 2 sequences from the same selected 20 s each

lasting 10 s (2× 10 s).
• Category D: 4 sequences from the same selected 20 s each

lasting 5 s (4× 5 s).
• Category E: 10 sequences from the same selected 20 s each

lasting 2 s (10× 2 s).
• Category F: 20 sequences from the same selected 20 s each

lasting 1 s (20× 1 s).
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TABLE 1 Overview of incomplete categories per dog analyzed by each observer.

Dog
number

Observer Trial Maximum number of analyzed seconds in each category (A–F) for
incomplete measurements

A B C D E F

1 × 20 s 1 × 15 s 2 × 10 s 4 × 5 s 10 × 2 s 20 × 1 s

1 3 M2 n.p. 1× 15 s∗ 1× 10 s 3× 5 s 7× 2 s 15× 1 s

4 1 M1 n.p. 1× 15 s∗ 1× 10 s 3× 5 s 8× 2 s 16× 1 s

4 2 M1 n.p. 1× 15 s∗ 1× 10 s 3× 5 s 8× 2 s 17× 1 s

4 3 M1 n.p. 1× 15 s∗ 1× 10 s 3× 5 s 7× 2 s 15× 1 s

8 1 M2 n.p. 1× 15 s∗ 1× 10 s 3× 5 s 8× 2 s 16× 1 s

8 1 M3 n.p. n.p. n.p. n.p. n.p. n.p.

8 2 M3 n.p. n.p. n.p. n.p. n.p. n.p.

8 3 M1 n.p. 1× 15 s∗ 1× 10 s 3× 5 s 7× 2 s 15× 1 s

8 3 M3 n.p. 1× 15 s∗ 1× 10 s 3× 5 s 7× 2 s 15× 1 s

9 1 M2 n.p. 1× 15 s∗ 1× 10 s 3× 5 s 7× 2 s 15× 1 s

9 3 M2 n.p. n.p. 1× 10 s 2× 5 s 5× 2 s 10× 1 s

10 1 M1 n.p. n.p. 1× 10 s 2× 5 s 6× 2 s 13× 1 s

10 2 M1 n.p. n.p. 1× 10 s 2× 5 s 7× 2 s 14× 1 s

10 3 M1 n.p. n.p. 1× 10 s 2× 5 s 5× 2 s 10× 1 s

11 1 M3 n.p. n.p. n.p. 2× 5 s 5× 2 s 10× 1 s

11 3 M3 n.p. n.p. n.p. 1× 5 s 2× 2 s 5× 1 s

12 1 M1 n.p. n.p. 1× 10 s 2× 5 s 6× 2 s 12× 1 s

12 2 M1 n.p. 1× 15 s∗ 1× 10 s 3× 5 s 7× 2 s 14× 1 s

12 2 M2 n.p. 1× 15 s∗ 1× 10 s 3× 5 s 8× 2 s 18× 1 s

12 3 M1 n.p. 1× 15 s∗ 1× 10 s 3× 5 s 7× 2 s 15× 1 s

12 3 M2 n.p. 1× 15 s∗ 1× 10 s 3× 5 s 7× 2 s 15× 1 s

n.p., not possible.
∗Complete analyzed category.

All data from each dog and trial were exported as Excel files
(Microsoft Excel 2016) for further analysis.

Calculation of the body COP:
The pressure sensors are distributed across the surface of the

plate. Under load (exerted by the limbs of the dog) each sensor
measures the pressure at its specific location. Based on the pressure
measurements from all sensors, the pressure distribution across
the entire plate can be calculated. The COP is then calculated
by using the weighted averages of the pressure measurements,
considering the location of each sensor and the measured pressure.
The following formulas are used:

COPx =

∑
i(Pi · xi)∑

Pi

COPy =

∑
i(Pi · yi)∑

Pi

In this study, the following COP parameters (body COP)
were calculated:

• Mediolateral displacement (MLD) in millimeters (mm).
• Craniocaudal displacement (CCD) in mm.
• Total length (L) in meters (m); defined as the length of

the line connecting the coordinates of the COP trajectory at
each timeframe.

• Average speed (AS) in mm per second; defined as the mean
speed of the COP movement.

• Support surface (SS) in mm2; area of the ellipse containing
90% of all COP points.

All analyzed data were sorted by number of dogs (1–12),
observer (1–3), trial number per dog (M1–M3), category, and
duration of each sequence (from 1 to 20 s). As a next step, from
each category, 1–10 sequences (S1–S10) were selected for each COP
parameter (for details see Figure 1).

In brief, S1 included the first measurement of category
A-F, whereas S2 included the calculated mean of the first 2
measurements of every category (note that categories A and B
only consisted of 1 dataset each in S2 and from thereon). This
simultaneous incremental increase per category resulted in the
maximum sampling condition S10 which included the mean of the
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FIGURE 1

Representation of the selection of sequences to be examined using the example of Dog 11: initially, each investigator chose a 20 s sequence for each

measurement (1–3). Afterward, the first 15 s were selected, followed by two sets of 10 s, four sets of 5 s, and so on. This served as the basis for the

subsequent stepwise selection of sequences: initially, the respective 1st sequence was used, in the next step, the first two, then the first three, and so

forth. The process concluded when 10 sequences of 1 s each were reached.
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first 10 × 1 s sequences of category F, the mean of the first 10 × 2 s
sequences of category E, and the overall mean of categories C and
D and the single dataset of category A and B.

The statistical analysis was performed using IBM SPSS version
29 (IBM, Chicago, USA). Descriptive statistics were calculated
for all COP data as well as for each sequence (S1–S10). The
normal distribution of the obtained COP data was validated by the
Shapiro–Wilk test.

The intra-class correlation coefficient (ICC) was used to assess
the inter-observer reliability of all calculated COP parameters for
each sequence (S1–S10). This assessment was based on the analyzed
data between three observers (NA, MA, and CL). Additionally,
the test-retest reliability of the analytical method was determined
by an ICC analysis when comparing all three trials (M1–M3) for
each dog by all observers to evaluate the consistency of COP data
between trials (and thus also over time). Furthermore, the ICC
was used to assess the reliability between different measurement
durations (1–20 s) of each sequence (S1–S10). The ICC ranged from
1 (excellent correlation) to 0 (no correlation). An ICC > 0.8 was
considered excellent correlation, 0.79> ICC> 0.60 was considered
very good correlation, 0.59 > ICC > 0.40 was considered good
correlation, 0.39 > ICC > 0.20 was considered questionable, and
an ICC < 0.20 was considered unacceptable (51). In this study, a
robust correlation was considered to be achieved when an ICC ≥

0.60, indicating a range from very good to excellent correlation (51).
To determine significant differences between measurement

durations (1–20 s), a one-way analysis of variance (ANOVA) test
was carried out, followed by a Bonferroni post-hoc test, employing
a statistical significance level set at p < 0.05.

3 Results

Among the 12 dogs studied, seven dogs had incomplete
categories, because they failed to stand still continuously for 20 s
in at least one of the three trials (M1–M3). For example, achieving
valid measurements without any head or tail movements was
impossible for two observers in dog 8. As a result, one trial (M3)
of this dog was excluded from further analysis. Table 1 displays
the maximum number of analyzed seconds in each category for all
incomplete measurements for each dog and observer.

Descriptive statistics (mean ± SD) are displayed in Table 2 for
each sequence separately. While the average speed (AS) remains
similar across all sequences, all other evaluated COP parameters
increase with increasing measurement duration. This observation
was confirmed by an ANOVA; all analyzed COP parameters (except
for AS) showed a significant difference when the measurement
durations were compared with each other (e.g., 1 vs. 2 s, 1
vs. 5 s, 1 vs. 10 s, etc.; for details including all p-values see
Supplementary Table 2).

3.1 Inter-observer reliability

The ICC of all evaluated COP parameters between the
three observers reached values between 0.93 and 0.98 in all
measurement durations and was therefore classified as excellent
inter-observer reliability.

3.2 Test-retest reliability

Each observer chose a 20 s length (or in some cases the
maximum duration achievable, which is 15 s) within each trial
independently. As a result, no identical starting point was chosen
for the beginning of a trial. The difference in starting points
between the three observers varied from 0.01 to 33.44 s. In 74% of
the trials, the difference between the selected starting points was
between 0.01 and 5.99 s. For details see Supplementary Table 3.

The ICC between the three trials (M1–M3) varied
tremendously and depended on the measurement duration
and the number of analyzed sequences (Table 3). The lowest ICC
was observed when evaluating MLD when comparing 1 sequence
(S1) lasting 1 s (ICC 0.18). The highest ICC was recorded for CCD
when comparing 1 sequence (S1) lasting 20 s (ICC 0.82). Despite
this single high ICC of CCD in the 20 s duration measurement,
L and AS never reached the threshold >0.6, indicating a low
test-retest reliability of these two parameters over the 20 s period.

When investigating the minimum number of sequences needed
for each measurement duration, it was observed that only in the
5, 10, and 15 s duration all COP parameters reached the threshold
(ICC ≥ 0.60). However, for the CCD and SS to become reliable in
the 5 s duration two sequences (2 times 5 s) were needed, whereas
in the 10 and 15 s duration, a single sequence was sufficient. In all
other measurement durations, at least one parameter (e.g., CCD in
the 1 s measurement), and in some cases, two parameters (e.g., L
and AS in the 2 and 20 s measurements) did not reach the threshold
in any of the analyzed sequences (S1–S10, see Table 3).

Table 4 illustrates the minimum number of sequences required
for each parameter to meet the defined threshold. In summary, it
was observed that at least one of the COP parameters in the 1, 2,
and 20 s durations did not reach the threshold. In the 5 s durations
one sequence was sufficient for MLD, L, and AS, while for the CCD
and SS, two sequences had to be used. Across all COP parameters,
one sequence was sufficient for the 10 and 15 s durations.

3.3 Correlation between measurement
durations and sequences

In the final step, we investigated the correlation between
measurement durations and all sequences (S1–S10) with each other
(e.g., 1 s, S1 vs. 2 s, S1; 1 s, S1 vs. 5 s, S1; 1 s, S1 vs. 10 s, S1; for details
see Table 5). In general, the ICC tends to decrease the more the
measurement durations deviate from one another. A very good to
excellent ICC was consistently achieved (for all 5 COP parameters)
whenever the measurement duration doubled at most (e.g., 1 vs. 2 s;
5 vs. 10 s; 10 vs. 20 s, but not 1 vs. 5 s). When analyzing the number
of sequences (S1–S10), single sequences (S1) already achieved a
very good and excellent ICC’s in 1 s S1 vs. 2 s S1 (ICC 0.74–0.95),
5 s S1 vs. 10 s S1 (ICC 0.72–0.94), 10 s S1 vs. 15 s S1 (ICC 0.71–
0.90), 15 s S1 vs. 20 s S1 (ICC 0.87–0.99), and 10 s S1 vs. 20 s S1
(ICC 0.77–0.96).

However, when larger differences in measurement duration
were assessed, the number of COP parameters reaching the
threshold continuously decreased. For instance, when comparing
1 s measurements with 10, 15, and 20 s measurements, only two
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TABLE 2 Descriptive statistics (mean ± SD) of all center of pressure (COP) parameters within each sequence across various measurement durations.

All S1 S2 S3 S4 S5 S6 S7 S8 S9 S10

Parameter Time (s) Mean ± SD

MLD (mm) 1 2.39± 0.69 2.33± 0.68 2.34± 0.70 2.32± 0.69 2.32± 0.69 2.33± 0.68 2.34± 0.67 2.34± 0.68 2.35± 0.68 2.35± 0.68 2.35± 0.67

2 2.84± 0.81 2.80± 0.83 2.77± 0.81 2.76± 0.78 2.76± 0.77 2.77± 0.78 2.79± 0.82 2.80± 0.81 2.82± 0.81 2.83± 0.81 2.84± 0.81

5 3.61± 1.14 3.68± 1.35 3.62± 1.21 3.59± 1.17 3.61± 1.14

10 4.60± 1.74 4.68± 1.90 4.60± 1.74

15 5.31± 2.31 5.31± 2.31

20 6.11± 2.80 6.11± 2.80

CCD (mm) 1 6.73± 1.84 6.50± 1.54 6.39± 1.64 6.42± 1.72 6.50± 1.82 6.54± 1.80 6.55± 1.78 6.58± 1.77 6.60± 1.78 6.62± 1.80 6.63± 1.81

2 7.69± 1.98 7.41± 1.74 7.51± 1.87 7.50± 1.83 7.56± 1.86 7.59± 1.88 7.60± 1.93 7.63± 1.93 7.64± 1.93 7.65± 1.95 7.69± 1.98

5 9.29± 2.27 9.10± 2.15 9.17± 2.16 9.23± 2.20 9.29± 2.27

10 10.73± 2.75 10.83± 2.65 10.73± 2.75

15 11.98± 3.31 11.98± 3.31

20 12.94± 3.80 12.94± 3.80

L (m) 1 0.13± 0.04 0.12± 0.03 0.12± 0.03 0.12± 0.03 0.12± 0.05 0.12± 0.05 0.12± 0.04 0.12± 0.04 0.12± 0.04 0.12± 0.04 0.12± 0.04

2 0.25± 0.06 0.24± 0.05 0.24± 0.06 0.24± 0.06 0.24± 0.06 0.25± 0.06 0.25± 0.06 0.25± 0.06 0.25± 0.06 0.25± 0.06 0.25± 0.06

5 0.63± 0.14 0.61± 0.14 0.62± 0.14 0.62± 0.14 0.63± 0.14

10 1.26± 0.27 1.24± 0.26 1.26± 0.27

15 1.86± 0.39 1.86± 0.39

20 2.55± 0.51 2.55± 0.51

AS (mm/s) 1 125.32± 30.05 117.73± 26.13 119.49± 28.96 120.25± 28.92 121.74± 29.74 122.21± 29.29 122.84± 29.28 123.07± 29.15 123.18± 29.29 123.20± 29.81 123.26± 29.73

2 125.40± 28.85 119.14± 26.08 120.53± 27.78 121.77± 27.84 122.47± 28.40 123.12± 28.69 123.80± 28.57 124.22± 28.45 124.71± 28.75 125.15± 28.89 125.40± 28.85

5 125.26± 27.80 121.57± 27.17 123.01± 27.34 124.06± 27.41 125.26± 27.80

10 125.96± 26.76 123.67± 25.92 125.96± 26.76

15 124.23± 25.85 124.23± 25.85

20 127.37± 25.66 127.37± 25.66

SS (mm²) 1 9.86± 4.95 9.25± 4.47 9.24± 4.60 9.27± 4.52 9.29± 4.53 9.39± 4.52 9.39± 4.55 9.41± 4.54 9.45± 4.53 9.51± 4.61 9.57± 4.65

2 11.64± 6.63 11.01± 5.85 11.00± 5.81 11.03± 5.60 11.06± 5.50 11.19± 5.71 11.36± 6.89 11.38± 6.68 11.47± 6.65 11.52± 6.54 11.64± 6.63

5 15.32± 9.34 15.60± 11.01 15.28± 9.76 15.12± 9.46 15.32± 9.34

10 20.93± 12.89 21.14± 12.26 20.93± 12.89

15 26.83± 17.91 26.83± 17.91

20 33.36± 22.06 33.36± 22.06

MLD, mediolateral displacement; CCD, craniocaudal displacement; L, total length of COP; AS, average speed of COP; SS, support surface of COP; S, sequence.
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TABLE 3 Test-retest reliability between three measurements (M1–M3).

Parameter Time (s) S1 S2 S3 S4 S5 S6 S7 S8 S9 S10

MLD 1 0.18 0.55 0.68

CCD 0.41 0.52 0.57 0.53 0.54 0.51 0.53 0.54 0.52 0.52

L 0.43 0.59 0.57 0.4 0.42 0.5 0.52 0.58 0.59 0.62

AS 0.45 0.55 0.56 0.52 0.54 0.55 0.59 0.61

SS 0.43 0.56 0.61

MLD 2 0.56 0.62

CCD 0.58 0.62

L 0.57 0.53 0.52 0.53 0.53 0.52 0.53 0.54 0.58 0.58

AS 0.57 0.54 0.52 0.52 0.53 0.51 0.53 0.57 0.58 0.57

SS 0.55 0.68

MLD 5 0.65

CCD 0.50 0.65

L 0.67

AS 0.67

SS 0.55 0.64

MLD 10 0.68

CCD 0.78

L 0.60

AS 0.60

SS 0.73

MLD 15 0.60

CCD 0.75

L 0.61

AS 0.61

SS 0.61

MLD 20 0.72

CCD 0.82

L 0.55

AS 0.55

SS 0.76

The minimum number of sequences (S1–S10) per measurement duration needed to reach an ICC ≥ 0.60 (indicated as numbers written in bold) across all three trials.

COP parameters reached the threshold (CCD and AS) whereas
three parameters never reached the threshold in any of the
sequences. It is noteworthy that AS and CCD consistently met the
required ICC when comparing all measurement durations with
each other in one of the analyzed sequences.

4 Discussion

In this study, we assessed the inter-observer reliability and
test-retest reliability of body COP parameters of healthy young
to middle-aged dogs during quiet standing on a pressure plate.
Moreover, our objective was to determine the minimum number

of trials needed and the shortest measurement duration necessary
to obtain reliable and comparable COP data.

The study demonstrated excellent inter-observer reliability for
all COP parameters, demonstrating the reproducibility of the
analyzed time period within each trial across different observers.
Additionally, according to test-retest reliability from three sets
of trials, achieving a very good to excellent correlation requires
a minimum of two 5 s measurements or a single 10 or 15
s measurement.

Test-retest reliability serves as a measure to evaluate the
consistency or stability of a measure or test over time, assessing if
repeated assessments of the same individuals yield similar results
under consistent conditions. When evaluating test-retest reliability
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TABLE 4 Illustration of the minimum number of sequences needed to

reach the threshold (ICC ≥ 0.60).

Duration of
measurement (s)

COP
parameter

Number of
required
sequences

1 MLD 3

CCD n.r.∗

L 10

AS 8

SS 3

2 MLD 2

CCD 2

L n.r.∗

AS n.r.∗

SS 2

5 MLD 1

CCD 2

L 1

AS 1

SS 2

10 MLD 1

CCD 1

L 1

AS 1

SS 1

15 MLD 1

CCD 1

L 1

AS 1

SS 1

20 MLD 1

CCD 1

L n.r.∗

AS n.r.∗

SS 1

∗n.r., never reached the threshold.

across the three repeated trials (M1 vs. M2 vs. M3) for each dog, we
were able to demonstrate that only the 5, 10, and 15 s measurement
duration met the predetermined threshold (ICC ≥ 0.60) in all
evaluated COP parameters. In all other measurement durations
(1, 2, and 20 s), 1 or 2 COP parameters failed to meet the ICC
criterion in all analyzed sequences. The requiredminimum number
of sequences was two sequences for the 5 s and one sequence for the
10 and 15 s duration, respectively.

Finding the shortest measurement duration to gain reliable
COP parameters is not only in line with the 3R principle,
emphasizing the reduction and refinement of animal trials

(47) but also holds crucial practical significance. Standing still
for long enough is repeatedly stated to be one of the most
challenging tasks in static posturography literature (25). In our own
experience, standing motionless is especially challenging for young
untrained dogs and elderly dogs facing certain clinical conditions
such as neurodegenerative diseases. Finding the shortest needed
measurement duration would also aid scientists when evaluating
different species, particularly wild animals such as elephants (41)
and flamingos (38) that might not remain still for extended periods.
To the best of our knowledge, no research article has yet attempted
to identify the shortest reproducible and repeatable measurement
duration for COP parameters in veterinary medicine. Indeed, the
veterinary literature documents a wide range of measurement
durations and repetitions when evaluating COP data in static
posturography. While the majority of these articles focus on dogs
(13, 15, 20, 25, 34–37) and horses (2, 39, 42–45, 52), others also
explore species like cats (53), elephants (41), flamingos (38), and
rats (54). The longest analyzed duration among these articles was
30 s in dogs (34) followed by 20 s in dogs (13, 15, 36) and ponies (2)
and 15 s in horses (52); all these aforementioned papers used three
repetitions. However, in various articles, even shorter periods were
analyzed. In some articles, 10 s measurements were repeated from 3
(20, 35) to 5 (39, 42) times, whereas, in other literature even shorter
durations such as 5 s (46), 3 s (23), or 1 s (25, 41) were measured.

Our findings indicate that two 5 s measurements or one single
10 s measurement are the shortest measurement durations with
reproducible results that yield a very good ICC. Thus, based on
our results we strongly encourage future studies to implement a
more standardized and verified protocol, not only to reduce the
impact and potential welfare implications on the study participants
but also to make study results more comparable within-, and
potentially between-species.

Despite these highly relevant results it needs to be pointed
out that, based on the ANOVA results statistically significant
differences were found among all measurement durations for all
COP parameters (except AS). This means that despite very good
to excellent correlations, COP parameters that have been assessed
over a 5 s period cannot be directly compared to COP parameters
assessed over 10 s within the same animal and across the study
participants. Thus, when analyzing COP parameters, we suggest
using identical measurement durations (e.g., two times 5 s or one
time 10 s) for all dogs participating in the same study.

By employing different analytical methods for COP data
in static posturography within this study, significantly different
outcomes were obtained. Most surprisingly this included the 20 s
measurement duration, which is one the most often used protocol
(analyzing three times 20 s) published (13, 15, 36). Despite high
correlations across the three trials (M1–M3) for CCD, MLD, and
SS (0.72–0.82), L and AS failed to meet the ICC criterion, thus
questioning this protocol to be used in the future.

As already mentioned above, measurement duration is a
critical aspect when working with dogs. Certain COP parameters
might already incorporate important clinical information within
a short time span. For example, based on our results, MLD,
CCD, and SS achieve ICC ≥ 0.6, when using at least two
2 s sequences, whereas L and AS did not reach the threshold
even when we used 10 2 s sequences. This finding might be
relevant for elderly dogs and animals with certain pathological
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TABLE 5 Illustration of the ICC between the individual measurement durations for each COP parameter.

Parameter Time (s) S1 S2 S3 S4 S5 S6 S7 S8 S9 S10

MLD 1 vs. 2 0.77

CCD 0.85

L 0.74

AS 0.95

SS 0.78

MLD 5 0.27 0.66

CCD 0.46 0.82

L 0.28 0.51 0.46 0.47 0.45 0.45 0.46 0.45 0.46 0.45

AS 0.76

SS 0.29 0.66

MLD 10 0.27 0.45 0.46 0.45 0.44 0.43 0.43 0.43 0.44 0.44

CCD 0.47 0.60 0.62

L 0.16 0.19 0.19 0.24 0.22 0.22 0.20 0.22 0.22 0.22

AS 0.80

SS 0.35 0.54 0.54 0.55 0.55 0.54 0.53 0.52 0.52 0.52

MLD 15 0.49 0.28 0.27 0.25 0.24 0.23 0.22 0.22 0.23 0.23

CCD 0.39 0.61

L 0.10 0.22 0.22 0.27 0.26 0.26 0.26 0.25 0.26 0.25

AS 0.74

SS 0.18 0.28 0.27 0.28 0.27 0.27 0.26 0.26 0.26 0.26

MLD 20 0.11 0.19 0.18 0.16 0.15 0.13 0.11 0.10 0.11 0.11

CCD 0.35 0.58 0.58 0.61

L 0.07 0.17 0.16 0.22 0.21 0.20 0.20 0.20 0.20 0.19

AS 0.69

SS 0.17 0.26 0.26 0.27 0.27 0.27 0.26 0.24 0.23 0.23

MLD 5 0.54 0.78

CCD 2 vs. 0.63

L 0.57 0.77

AS 0.85

SS 0.52 0.80

MLD 10 0.51 0.55 0.55 0.56 0.57 0.60 0.62

CCD 0.61

L 0.33 0.35 0.35 0.37 0.36 0.37 0.38 0.42 0.46 0.48

AS 0.87

SS 0.60

MLD 15 0.37 0.41 0.39 0.39 0.39 0.43 0.42 0.41 0.39 0.37

CCD 0.50 0.70

L 0.21 0.39 0.40 0.41 0.42 0.41 0.41 0.42 0.42 0.43

AS 0.81

SS 0.31 0.42 0.40 0.41 0.41 0.53 0.52 0.51 0.49 0.49

MLD 20 0.25 0.24 0.24 0.25 0.25 0.28 0.28 0.28 0.28 0.29

(Continued)
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TABLE 5 (Continued)

Parameter Time (s) S1 S2 S3 S4 S5 S6 S7 S8 S9 S10

CCD 0.46 0.65

L 0.16 0.31 0.31 0.32 0.33 0.33 0.33 0.33 0.33 0.33

AS 0.78

SS 0.28 0.36 0.36 0.37 0.35 0.43 0.43 0.43 0.42 0.43

MLD 10 0.75

CCD 5 vs. 0.72

L 0.77

AS 0.94

SS 0.79

MLD 15 0.54 0.70

CCD 0.66

L 0.58 0.74

AS 0.93

SS 0.44 0.67

MLD 20 0.40 0.59 0.59 0.58 0.58 0.58 0.58 0.58 0.58 0.58

CCD 0.60

L 0.46 0.63

AS 0.92

SS 0.44 0.62

MLD 10 vs. 15 0.84

CCD 0.88

L 0.90

AS 0.97

SS 0.71

MLD 20 0.77

CCD 0.86

L 0.77

AS 0.96

SS 0.66

MLD 15 vs. 20 0.89

CCD 0.94

L 0.95

AS 0.99

SS 0.87

The table presents the minimum number of sequences required to achieve the threshold (ICC ≥ 0.60, indicated as numbers written in bold) across varying measurement durations.

conditions such as neurodegenerative or musculoskeletal diseases.
These impaired animals might not be able to stand still for
long periods (e.g., two times 5 s) so that the full range of
COP parameters cannot be evaluated. Therefore, further studies
need to be conducted to determine certain COP parameters
capture clinically relevant balance and body sway aspects in
short timespans in animals that are not able to stand still for
longer periods.

This study evaluated an extensive panel of COP parameters.
Those conventional (linear) COP parameters are indicators of
postural stability (55, 56). Based on our results, COP parameters
might have been affected by measurement duration. It is
noteworthy that the shortest (1 s) and the longest measurement
duration (20 s) had the least reliable results. To the best of our
knowledge, this has not been published in veterinary medicine
before. However, in recent years, non-linear methods such as
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sample entropy and approximate entropy have been investigated in
humanmedicine (57, 58). These non-linear algorithms evaluate the
randomness of data series and analyze the non-linearity in postural
sway dynamics by assessing irregularities present in the COP’s time
series data (57, 58). Future studies should explore those additional
analytical methods to focus on this phenomenon in more detail.

In this study, one of the three observers generated the
trial data for a dog. However, to analyze the COP parameters,
each observer selected a starting point within each trial of all
dogs individually. Each observer underwent practical training
involving various dogs and different test conditions beforehand.
This included finding the ideal 20 s measurement duration within
each trial (M1, M2, and M3), during which dogs stood still
for further analysis. In addition, they were specifically trained
in the analysis software and adhered to a standard operating
protocol. Despite differing starting points (difference of 0.01–
33.44 s) an excellent ICC (>0.93) was achieved. Consequently,
it can be inferred that they possessed equal levels of expertise
in data acquisition, which was confirmed by the excellent inter-
observer reliability.

A limitation of this study was the absence of a third analysis
(M3) for one of the included dogs. Unlike the other dogs, in
this particular one achieving valid sequences without any head
and tail movements from two of the observers was impossible.
As a result, one trial (M3) was excluded. Seven dogs exhibited
incomplete 20 s sequences, leading to the selection of the longest
valid period for analysis in these dogs (e.g., 15 s long period).
It needs to be pointed out that only 50% of dogs were able to
stand still for at least 30 consecutive seconds. Another limitation
of this study is the utilization of a small cohort of healthy dogs.
Although the low sample size may not affect the agreement (ICC)
between observers, it affects the size of the analyzed dataset
(ANOVA). This is why we suggest incorporating a more diverse
range of dogs with varying morphologies and anthropometric
parameters (body weight and height) (25, 37), as well as aged dogs
and those with different orthopedic and neurological conditions
(13, 15, 20). This will help to offer additional insights into
the parameters under investigation. Furthermore, exploring the
influence of muscular fatigue when standing over prolonged
periods on COP data could present a promising avenue for
future research.

5 Conclusion

In conclusion, these findings suggest that conducting
one 10 s or two 5 s measurements yields optimal results for
the assessment of postural balance in dogs when analyzing
conventional COP data during static posturography. Further
exploration of physiological and pathological factors and the
impact of more subtle movements during static posturography
such as breathing frequency could enhance this measurement
approach. Establishing a standardized methodology based
on these insights would enable researchers to draw more
robust conclusions from existing studies and facilitate
easier comparisons between published results and their
research findings.

Data availability statement

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories
and accession number(s) can be found in the
article/Supplementary material.

Ethics statement

The animal studies were approved by the Ethics and
Animal Welfare Committee of the University of Veterinary
Medicine, Vienna in accordance with the University’s guidelines
for Good Scientific Practice (ETK-148/10/2021). The studies were
conducted in accordance with the local legislation and institutional
requirements. Written informed consent was obtained from the
owners for the participation of their animals in this study.

Author contributions

MA: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Validation, Visualization, Writing –
original draft, Writing – review & editing. NA: Conceptualization,
Data curation, Formal analysis, Investigation, Methodology,
Validation, Visualization,Writing – original draft, Writing – review
& editing. CL: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Validation, Visualization, Writing –
original draft, Writing – review & editing. CP: Conceptualization,
Data curation, Formal analysis, Investigation, Methodology,
Validation, Visualization,Writing – original draft, Writing – review
& editing. AT: Formal analysis, Methodology, Validation,Writing –
review & editing. BB: Conceptualization, Data curation, Formal
analysis, Funding acquisition, Investigation, Methodology, Project
administration, Resources, Supervision, Validation, Visualization,
Writing – original draft, Writing – review & editing.

Funding

The author(s) declare that financial support was received for
the research, authorship, and/or publication of this article. This
research was funded in whole or in part by the Austrian Science
Fund (FWF) [10.55776/P34959]. For open access purposes, the
author has applied a CC BY public copyright license to any author-
accepted manuscript version arising from this submission.

Acknowledgments

The authors extend their heartfelt appreciation to the dog
owners and their canine companions for their participation in this
research project.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Frontiers in Veterinary Science 12 frontiersin.org

https://doi.org/10.3389/fvets.2024.1353824
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Aghapour et al. 10.3389/fvets.2024.1353824

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no impact
on the peer review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fvets.2024.
1353824/full#supplementary-material

References

1. DeCamp CE. Kinetic and kinematic gait analysis and the assessment of
lameness in the dog. Vet Clin North Am Small Anim Pract. (1997) 27:825–
40. doi: 10.1016/S0195-5616(97)50082-9

2. Pitti L, Oosterlinck M, Díaz-Bertrana ML, Carrillo JM, Rubio M, Sopena
J, et al. Assessment of static posturography and pedobarography for the
detection of unilateral forelimb lameness in ponies. BMC Vet Res. (2018)
14:151. doi: 10.1186/s12917-018-1462-8

3. Schnabl-Feichter E, Tichy A, Bockstahler B. Evaluation of a pressure
plate for detection of hind limb lameness in cats. PLoS ONE. (2020)
15:e0231904. doi: 10.1371/journal.pone.0231904

4. Quinn MM, Keuler NS, Lu Y, Faria ML, Muir P, Markel MD.
Evaluation of agreement between numerical rating scales, visual analogue
scoring scales, and force plate gait analysis in dogs. Vet Surg. (2007)
36:360–7. doi: 10.1111/j.1532-950X.2007.00276.x

5. Sandberg G, Torres B, Berjeski A, Budsberg S. Comparison of simultaneously
collected kinetic data with force plates and a pressure walkway. Vet Comp Orthop
Traumatol. (2018) 31:327–31. doi: 10.1055/s-0038-1666875

6. Donnell JR, Frisbie DD, King MR, Goodrich LR, Haussler KK. Comparison
of subjective lameness evaluation, force platforms and an inertial-sensor system to
identify mild lameness in an equine osteoarthritis model. Vet J. (2015) 206:136–
42. doi: 10.1016/j.tvjl.2015.08.004

7. Conzemius MG, Torres BT, Muir P, Evans R, Krotscheck U, Budsberg S. Best
practices for measuring and reporting ground reaction forces in dogs. Vet Surg. (2022)
51:385–96. doi: 10.1111/vsu.13772

8. Faraldo-García A, Santos-Pérez S, Crujeiras-Casais R, Labella-Caballero T, Soto-
Varela A. Influence of age and gender in the sensory analysis of balance control. Eur
Arch Otorhinolaryngol. (2012) 269:673–7. doi: 10.1007/s00405-011-1707-7

9. Ivanenko Y, Gurfinkel VS. Human postural control. Front Neurosci. (2018)
12:795. doi: 10.3389/fnins.2018.00171

10. Black FO, Wall C, Nashner LM. Effects of visual and support surface orientation
references upon postural control in vestibular deficient subjects. Acta Otolaryngol.
(1983) 95:199–210. doi: 10.3109/00016488309130936

11. Hue O, Simoneau M, Marcotte J, Berrigan F, Doré J, Marceau P, et al.
Body weight is a strong predictor of postural stability. Gait Posture. (2007) 26:32–
8. doi: 10.1016/j.gaitpost.2006.07.005

12. Palmieri RM, Ingersoll CD, Stone MB, Krause BA. Center-of-pressure
parameters used in the assessment of postural control. J Sport Rehabil. (2002) 11:51–
66. doi: 10.1123/jsr.11.1.51

13. López S, Vilar JM, Rubio M, Sopena JJ, Damiá E, Chicharro D, et al. Center of
pressure limb path differences for the detection of lameness in dogs: a preliminary
study. BMC Vet Res. (2019) 15:138. doi: 10.1186/s12917-019-1881-1

14. Winter DA, Patla AE, Ishac M, Gage WH. Motor mechanisms
of balance during quiet standing. J Electromyogr Kinesiol. (2003)
13:49–56. doi: 10.1016/S1050-6411(02)00085-8

15. Carrillo JM,ManeraME, RubioM, Sopena J, Santana A, Vilar JM. Posturography
and dynamic pedobarography in lame dogs with elbow dysplasia and cranial cruciate
ligament rupture. BMC Vet Res. (2018) 14:108. doi: 10.1186/s12917-018-1435-y

16. Charalambous D, Lutonsky C, Keider S, Tichy A, Bockstahler B. Vertical
ground reaction forces, paw pressure distribution, and center of pressure during
heelwork in working dogs competing in obedience. Front Vet Sci. (2023)
10:1106170. doi: 10.3389/fvets.2023.1106170

17. Charalambous D, Strasser T, Tichy A, Bockstahler B. Ground reaction forces and
center of pressure within the paws when stepping over obstacles in dogs. Animals.
(2022) 12:1702. doi: 10.3390/ani12131702

18. Virag Y, Gumpenberger M, Tichy A, Lutonsky C, Peham C, Bockstahler B.
Center of pressure and ground reaction forces in Labrador and Golden Retrievers
with and without hip dysplasia at 4, 8, and 12 months of age. Front Vet Sci. (2022)
9:1087693. doi: 10.3389/fvets.2022.1087693

19. Reicher B, Tichy A, Bockstahler B. Center of pressure in the paws of clinically
sound dogs in comparison with orthopedically diseased dogs. Animals. (2020)
10:1366. doi: 10.3390/ani10081366

20. Manera ME, Carrillo JM, Batista M, Rubio M, Sopena J, Santana A, et al. Static
posturography: a new perspective in the assessment of lameness in a canine model.
PLoS ONE. (2017) 12:e0170692. doi: 10.1371/journal.pone.0170692

21. LewisMJ,Williams KD, Langley T, Jarvis LM, Sawicki GS, Olby NJ. Development
of a novel gait analysis tool measuring center of pressure for evaluation of
canine chronic thoracolumbar spinal cord injury. J Neurotrauma. (2019) 36:3018–
25. doi: 10.1089/neu.2019.6479

22. Blau SR, Davis LM, Gorney AM, Dohse CS, Williams KD, Lim J-H, et al.
Quantifying center of pressure variability in chondrodystrophoid dogs. Vet J. (2017)
226:26–31. doi: 10.1016/j.tvjl.2017.07.001

23. Linder JE, Thomovsky S, Bowditch J, Lind M, Kazmierczak KA, Breur GJ,
et al. Development of a simple method to measure static body weight distribution
in neurologically and orthopedically normal mature small breed dogs. BMC Vet Res.
(2021) 17:110. doi: 10.1186/s12917-021-02808-x

24. Clough WT, Canapp SO, Taboada L de, Dycus DL, Leasure CS. Sensitivity
and specificity of a weight distribution platform for the detection of objective
lameness and orthopaedic disease. Vet Comp Orthop Traumatol. (2018) 31:391–
5. doi: 10.1055/s-0038-1667063

25. Mondino A, Wagner G, Russell K, Lobaton E, Griffith E, Gruen M, et al. Static
posturography as a novel measure of the effects of aging on postural control in dogs.
PLoS ONE. (2022) 17:e0268390. doi: 10.1371/journal.pone.0268390

26. Heffernan AE, Katz EM, Sun Y, Rendahl AK, Conzemius MG. Once daily oral
extended-release hydrocodone as analgesia following tibial plateau leveling osteotomy
in dogs. Vet Surg. (2018) 47:516–23. doi: 10.1111/vsu.12792

27. Davila D, Keeshen TP, Evans RB, Conzemius MG. Comparison of the
analgesic efficacy of perioperative firocoxib and tramadol administration in dogs
undergoing tibial plateau leveling osteotomy. J Am Vet Med Assoc. (2013) 243:225–
31. doi: 10.2460/javma.243.2.225

28. Horstman CL, Conzemius MG, Evans R, Gordon WJ. Assessing the
efficacy of perioperative oral carprofen after cranial cruciate surgery using
noninvasive, objective pressure platform gait analysis. Vet Surg. (2004) 33:286–
92. doi: 10.1111/j.1532-950x.2004.04042.x

29. Lascelles BD, Roe SC, Smith E, Reynolds L, Markham J, Marcellin-Little D, et al.
Evaluation of a pressure walkway system for measurement of vertical limb forces in
clinically normal dogs. Am J Vet Res. (2006) 67:277–82. doi: 10.2460/ajvr.67.2.277

30. Lee DV, Bertram JE, Todhunter RJ. Acceleration and balance in trotting dogs. J
Exp Biol. (1999) 202:3565–73. doi: 10.1242/jeb.202.24.3565

31. Phelps HA, Ramos V, Shires PK, Werre SR. The effect of measurement
method on static weight distribution to all legs in dogs using the
Quadruped Biofeedback System. Vet Comp Orthop Traumatol. (2007)
20:108–12. doi: 10.1160/VCOT-06-04-0031

32. Seibert R, Marcellin-Little DJ, Roe SC, DePuy V, Lascelles BD. Comparison
of body weight distribution, peak vertical force, and vertical impulse as measures
of hip joint pain and efficacy of total hip replacement. Vet Surg. (2012) 41:443–
7. doi: 10.1111/j.1532-950X.2012.00957.x

33. Vero AM, Wagner G, Lobaton E, Russell K, Olby N. Age-related
changes in posture steadiness in the companion dog. Innov Aging. (2021)
5:959. doi: 10.1093/geroni/igab046.3461

Frontiers in Veterinary Science 13 frontiersin.org

https://doi.org/10.3389/fvets.2024.1353824
https://www.frontiersin.org/articles/10.3389/fvets.2024.1353824/full#supplementary-material
https://doi.org/10.1016/S0195-5616(97)50082-9
https://doi.org/10.1186/s12917-018-1462-8
https://doi.org/10.1371/journal.pone.0231904
https://doi.org/10.1111/j.1532-950X.2007.00276.x
https://doi.org/10.1055/s-0038-1666875
https://doi.org/10.1016/j.tvjl.2015.08.004
https://doi.org/10.1111/vsu.13772
https://doi.org/10.1007/s00405-011-1707-7
https://doi.org/10.3389/fnins.2018.00171
https://doi.org/10.3109/00016488309130936
https://doi.org/10.1016/j.gaitpost.2006.07.005
https://doi.org/10.1123/jsr.11.1.51
https://doi.org/10.1186/s12917-019-1881-1
https://doi.org/10.1016/S1050-6411(02)00085-8
https://doi.org/10.1186/s12917-018-1435-y
https://doi.org/10.3389/fvets.2023.1106170
https://doi.org/10.3390/ani12131702
https://doi.org/10.3389/fvets.2022.1087693
https://doi.org/10.3390/ani10081366
https://doi.org/10.1371/journal.pone.0170692
https://doi.org/10.1089/neu.2019.6479
https://doi.org/10.1016/j.tvjl.2017.07.001
https://doi.org/10.1186/s12917-021-02808-x
https://doi.org/10.1055/s-0038-1667063
https://doi.org/10.1371/journal.pone.0268390
https://doi.org/10.1111/vsu.12792
https://doi.org/10.2460/javma.243.2.225
https://doi.org/10.1111/j.1532-950x.2004.04042.x
https://doi.org/10.2460/ajvr.67.2.277
https://doi.org/10.1242/jeb.202.24.3565
https://doi.org/10.1160/VCOT-06-04-0031
https://doi.org/10.1111/j.1532-950X.2012.00957.x
https://doi.org/10.1093/geroni/igab046.3461
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Aghapour et al. 10.3389/fvets.2024.1353824

34. Lee S, Lee J-M, Park H, Cha Y, Cheong J. Balance evaluation after reconstruction
of medial patellar luxation in small-sized dogs with WII balance board. J Vet Clin.
(2019) 36:301–5. doi: 10.17555/jvc.2019.12.36.6.301

35. Lee S, Lee J-M, Park H, Cha Y, Cheong J. Validity of the WII balance board
for evaluation of medial patellar luxation in small sized dog. J Vet Clin. (2019)
36:297–300. doi: 10.17555/jvc.2019.12.36.6.297

36. Lutonsky C, Peham C, Mucha M, Reicher B, Gaspar R, Tichy A, et al. External
mechanical perturbations challenge postural stability in dogs. Front Vet Sci. (2023)
10:1249951. doi: 10.3389/fvets.2023.1249951

37. Shaheen AF, Lins D, Toledo T, Gómez Álvarez CB. Postural stability
measures in healthy miniature Dachshunds obtained using a pressure mat
and a force platform: a validity and reliability study. BMC Vet Res. (2023)
19:79. doi: 10.1186/s12917-023-03633-0

38. Chang Y-H, Ting LH. Mechanical evidence that flamingos can support
their body on one leg with little active muscular force. Biol Lett. (2017)
13:948. doi: 10.1098/rsbl.2016.0948

39. Clayton HM, Bialski DE, Lanovaz JL, Mullineaux DR. Assessment of the
reliability of a technique to measure postural sway in horses. Am J Vet Res. (2003)
64:1354–9. doi: 10.2460/ajvr.2003.64.1354

40. Clayton HM, Buchholz R, Nauwelaerts S. Relationship between
morphological and stabilographic variables in standing horses. Vet J. (2013)
198:e65–9. doi: 10.1016/j.tvjl.2013.09.035

41. Dewolf AH, Ivanenko YP, Mesquita RM, Willems PA. Postural control in the
elephant. J Exp Biol. (2021) 224:243648. doi: 10.1242/jeb.243648

42. Ellis KL, King MR. Relationship between postural stability and paraspinal
muscle adaptation in lame horses undergoing rehabilitation. J Equine Vet Sci. (2020)
91:103108. doi: 10.1016/j.jevs.2020.103108

43. Gomes-Costa M, Roupa I, Pequito M, Prazeres J, GaivãoM, Abrantes J, et al. The
use of pressure plates for static center of pressure analysis in horses. J Equine Vet Sci.
(2015) 35:315–20. doi: 10.1016/j.jevs.2015.02.002

44. Moorman VJ, Kawcak CE, King MR. Evaluation of a portable media device
for use in determining postural stability in standing horses. Am J Vet Res. (2017)
78:1036–42. doi: 10.2460/ajvr.78.9.1036

45. Nauwelaerts S, Malone SR, Clayton HM. Development of postural balance in
foals. Vet J. (2013) 198:e70–4. doi: 10.1016/j.tvjl.2013.09.036

46. Schleining JA,McClure SR, Derrick TR,WangC. Effects of industrial polystyrene
foam insulation pads on the center of pressure and load distribution in the forefeet of
clinically normal horses. Am J Vet Res. (2011) 72:628–33. doi: 10.2460/ajvr.72.5.628

47. Hubrecht RC, Carter E. The 3Rs and humane experimental technique:
implementing change. Animals. (2019) 9:100754. doi: 10.3390/ani9
100754

48. Budsberg SC, Jevens DJ, Brown J, Foutz TL, DeCamp CE, Reece L. Evaluation
of limb symmetry indices, using ground reaction forces in healthy dogs. Am J Vet Res.
(1993) 54:1569–74. doi: 10.2460/ajvr.1993.54.10.1569

49. Roush JK, McLaughlin RM. Effects of subject stance time and velocity on ground
reaction forces in clinically normal greyhounds at the walk. Am J Vet Res. (1994)
55:1672–6. doi: 10.2460/ajvr.1994.55.12.1672

50. Hans EC, Zwarthoed B, Seliski J, Nemke B, Muir P. Variance associated
with subject velocity and trial repetition during force platform gait analysis in
a heterogeneous population of clinically normal dogs. Vet J. (2014) 202:498–
502. doi: 10.1016/j.tvjl.2014.09.022

51. Regier DA, Narrow WE, Clarke DE, Kraemer HC, Kuramoto SJ,
Kuhl EA, et al. DSM-5 field trials in the United States and Canada,
part II: test-retest reliability of selected categorical diagnoses. AJP. (2013)
170:59–70. doi: 10.1176/appi.ajp.2012.12070999

52. Clayton HM, Nauwelaerts S. Effect of blindfolding on centre of pressure
variables in healthy horses during quiet standing. Vet J. (2014) 199:365–
9. doi: 10.1016/j.tvjl.2013.12.018

53. MacPherson J, Horak FB. Chapter 41. Posture. In: Kandel E, Schwartz J, Jessell
T, Siegelbaum S, Hudspeth AJ, editors. In Principles of Neural Science, 5th ed. (2013).
p. 935–59.

54. Funato T, Sato Y, Fujiki S, Sato Y, Aoi S, Tsuchiya K, et al.
Postural control during quiet bipedal standing in rats. PLoS ONE. (2017)
12:e0189248. doi: 10.1371/journal.pone.0189248

55. Paillard T, Noé F. Techniques and methods for testing the postural
function in healthy and pathological subjects. Biomed Res Int. (2015)
2015:891390. doi: 10.1155/2015/891390

56. Quijoux F, Nicolaï A, Chairi I, Bargiotas I, Ricard D, Yelnik A, et al.
A review of center of pressure (COP) variables to quantify standing balance
in elderly people: algorithms and open-access code. Physiol Rep. (2021)
9:e15067. doi: 10.14814/phy2.15067

57. Delgado-Bonal A, Marshak A. Approximate entropy and sample entropy: a
comprehensive tutorial. Entropy. (2019) 21:541. doi: 10.3390/e21060541

58. Viseu J-P, Yiou E, Morin P-O, Olivier A. Sport dependent effects on
the sensory control of balance during upright posture: a comparison between
professional horseback riders, judokas and non-athletes. Front Hum Neurosci. (2023)
17:1213385. doi: 10.3389/fnhum.2023.1213385

Frontiers in Veterinary Science 14 frontiersin.org

https://doi.org/10.3389/fvets.2024.1353824
https://doi.org/10.17555/jvc.2019.12.36.6.301
https://doi.org/10.17555/jvc.2019.12.36.6.297
https://doi.org/10.3389/fvets.2023.1249951
https://doi.org/10.1186/s12917-023-03633-0
https://doi.org/10.1098/rsbl.2016.0948
https://doi.org/10.2460/ajvr.2003.64.1354
https://doi.org/10.1016/j.tvjl.2013.09.035
https://doi.org/10.1242/jeb.243648
https://doi.org/10.1016/j.jevs.2020.103108
https://doi.org/10.1016/j.jevs.2015.02.002
https://doi.org/10.2460/ajvr.78.9.1036
https://doi.org/10.1016/j.tvjl.2013.09.036
https://doi.org/10.2460/ajvr.72.5.628
https://doi.org/10.3390/ani9100754
https://doi.org/10.2460/ajvr.1993.54.10.1569
https://doi.org/10.2460/ajvr.1994.55.12.1672
https://doi.org/10.1016/j.tvjl.2014.09.022
https://doi.org/10.1176/appi.ajp.2012.12070999
https://doi.org/10.1016/j.tvjl.2013.12.018
https://doi.org/10.1371/journal.pone.0189248
https://doi.org/10.1155/2015/891390
https://doi.org/10.14814/phy2.15067
https://doi.org/10.3390/e21060541
https://doi.org/10.3389/fnhum.2023.1213385
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

	A validation study to analyze the reliability of center of pressure data in static posturography in dogs
	1 Introduction
	2 Materials and methods
	2.1 Approval and consent
	2.2 Animals
	2.3 Equipment and measurement procedure
	2.3.1 Evaluation of symmetry index during walk
	2.3.2 Posturography

	2.4 Data analysis

	3 Results
	3.1 Inter-observer reliability
	3.2 Test-retest reliability
	3.3 Correlation between measurement durations and sequences

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


