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Simple Summary: The force plate gait analysis is considered the gold standard for the objective
assessment of limb function in dogs. Force plate analysis has been employed in several studies
using a cohort of healthy dogs as a control group. However, these studies do not consider the
subject variability within the same breed. Moreover, the lack of a rigorous analysis of morphometric
variabilities in the same breed makes these evaluations poorly reliable. This prospective study aims
to investigate the relationship between the ground reaction forces obtained by the force plate gait
analysis and the morphometric measures in two different domestic dogs’ morphotypes. Our results
highlighted how the ground reaction forces are influenced by morphometric measures not so much
as a single contribution, but through the interaction between them. Indeed, the interaction between
body weight, withers height, and velocity significantly influenced ground reaction forces with a
greater unit increase for mesomorphs. Statistical models used in the available literature only partially
ex-plain the influence of morphometric measures on ground reaction forces, and the comparison
between dogs should be made not referring to the breeds but the canine morphotype.

Abstract: Force plate analysis assesses gait symmetry and limb loading. However, as previously
described, individual and breed variability (body size and conformation) is related to breeding, body
conformation, and size. This prospective study aimed to evaluate the influence of morphometric
measures on the speed (V), peak of vertical force (PVF), vertical impulse (VI), and stance time (ST)
in healthy dolichomorph and mesomorph dogs and their combined effect on and interactions with
V, PVF, VI, and ST in the same morphological types. Fifty dogs were enrolled in the current study,
and specific morphometric measurements were recorded for each dog. A force platform was used to
record the ground reaction forces (GFRs), including PVF and VI. Multiple linear regression models
were used for the study purposes. According to our results, GFRs are influenced by morphometric
measures (body weight, withers height, and speed) not so much as a single contribution, but by
the interaction between them. It is not possible to compare GFRs in dogs that do not belong to the
same breed. However, the subjective variabilities make this comparison difficult and poorly reliable.
According to the author, the comparison should be made between canine morphological types rather
than breeds.

Keywords: GFRS; dolichomorph; mesomorph; peak vertical force; vertical impulse; stance time;
withers height; trunk length; dog
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1. Introduction

Force plate gait analysis is considered the gold standard for the objective assessment
of limb function in dogs. The ground reaction forces (GRF) have been commonly collected
to evaluate the outcome of medical and surgical treatment in patients with musculoskeletal
disease [1].

Domestic animals display a large variability not only in size but also in body confor-
mation [2]. The effects of morphometric variables (body weight and humerus, femur, and
paw length) on GRFs were first described by Budsberg in 1987 in a group of 17 healthy
dogs [3]. As highlighted in this study, the morphometric measures have a direct correlation
to vertical impulse (VI) and a negative linear correlation to peak vertical force (PVF) [3].
In 2011, in a study on 54 dogs of 7 different breeds, Voss and colleagues demonstrated
that GRFs are influenced by conformation and body size (BS). Moreover, the author con-
cluded that the group comparisons should only be made when the groups consist of breeds
with similar body conformations, making a comparison with a control group not always
reliable [1]. To minimise variabilities, current guidelines recommend normalising GRF
to body weight (BW) and using a narrow velocity (V) range [4,5]. However, significant
variability persists in the data of gait analysis despite the normalisation of GRFs [1,2,6].
Several studies investigated and proposed rescaling the gait parameters to BW or size,
or both combined, as well as the use of relative velocity, based on the theory of dynamic
similarity [1,2,6,7]. Even still, after full normalisation to BW and BS, force plate data for
dogs of different breeds are not necessarily comparable [1,2,8].

Nevertheless, force plate analysis has been applied in several studies using a cohort
of healthy dogs as a control group [5–7,9]. However, the lack of a rigorous analysis of
morphometric variabilities in the same breed makes these evaluations poorly reliable. Voss
and colleagues (2010) demonstrated the inherent relationship between BW, BS, velocity, and
GRFs in 129 dogs; despite full normalisation of GRFs, a small persistent dependency on BS
was detected [2]. Similarly, Mölsä and colleagues in 2010 [6] pointed out that the significant
differences between the normalised GFRs of two groups of healthy dogs (Labrador and
Rottweiler) were attributable to differences in conformation and BW between the breeds.
Starting from this literature background, we hypothesised that the morphometric variables
have a combined effect on GRFs and do not act as a single variable.

This perspective study aimed to (a) assess the impact of morphometric measures
on V, PVF, VI, and ST in healthy dolichomorphic and mesomorphic dogs; (b) evaluate
the combined effect of morphometric measurements and their possible interactions on V,
PVF, VI, ST; and (c) identify differences in these relationships in the two morphological
groups considered.

2. Materials and Methods

The population data for this perspective study consisted of healthy dogs of different
breeds recognised by the Fédération Cynologique Internationale (FCI) and categorized into
dolichomorph and mesomorph [10,11]. The morphotypes were defined < t, considering
the previously described relationship between height at withers and thoracic conforma-
tion [10,11]. The sample recruitment took place at several FCI-approved dog shows as well
as at the Veterinary Teaching Hospital (VTH) of the Department of Veterinary Medicine
and Animal Production at the University of Naples “Federico II”.

Inclusion criteria were as follows: individuals belonging to the breeds included in the
morphological classification, being over 1-year-old, weighing more than 14 kg, and absence
of any previous or detectable orthopaedic pathologies at the time of enrollment.

Exclusion criteria were as follows: excessively restless dogs or aggressive temperament,
poor leash behaviour, and failure to complete the required number of valid trials within
the time frame.

Dogs were assigned to 1 of 2 groups based on two morphological types: dolichomorphs
and mesomorphs [10,11].
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Breed, sex, age (years), weight (kg), and specific morphometric measurements were
recorded for each dog.

2.1. Morphometric Measurements

The withers height (WH) and trunk length (L) of each enrolled dog were measured
with a tape measure designed for use in dog shows and competitions; each dog had to
remain in standing position.

The withers are the highest point at the back, starting from the neck base and ending
between the scapulae; the length of the trunk was considered as the distance between the
spinous process of the second thoracic vertebra and that of the seventh lumbar vertebra.

Similarly, the length of the humerus, represented as the distance between the greater
tubercle and the lateral epicondyle of the humerus (O), and the length of the femur (F), as
the distance between the greater trochanter and the lateral epicondyle, were measured. All
measurements were expressed in centimetres (cm).

2.2. Force Gait Plate Analysis

To record GRFs, a 40 × 40 cm platform (PASPORT Force Platform, PS-2141, PASCO
Scientific, Roseville, CA, USA) was perfectly allocated in a 4 m walkway platform to avoid
the “step effect”.

Before data collection, dogs were allowed to walk freely across the walkway for at
least 15 min to familiarise themselves with the environment and the operators.

A variable number of trials were performed for each subject to obtain a minimum of
3 valid measurements for each limb.

Each trial was considered valid when the test limb was fully struck on the platform
without touching the edges, with the dog walking alongside the handler, without distraction
from the surroundings, at a speed between 1 and 1.3 m/s.

The dog’s velocity was recorded with an advance detector (Motion Sensor II, CI-6742,
PASCO Scientific, Roseville, CA, USA), and only trials with a velocity of 1–1.3 m/s were
accepted [12].

In addition, the forelimb survey was conducted and followed by the ipsilateral
hindlimb survey during the same trial. All surveys in which the forelimb and hindlimb
curves overlapped or joined were discarded. The maximum time allowed to obtain the
three valid trials for each limb was 30 min, and the total number of trials performed
was recorded for each subject. Dogs were walked in both directions with a standardised
starting position.

Kinetic GFRs were collected for each limb and included the peak of vertical force (PVF)
and vertical impulse (VI), stance time (ST), and speed (V, in m/s). PVF (in N) was defined
as the maximum force exerted perpendicular to the surface during the stance phase, while
VI (in Ns) was calculated as the area under the vertical force curve. The stance time (in
seconds) represented the start of the stance phase until the moment the limb was lifted
entirely from the platform.

The speed was normalised using the formula V* = V/(gWH)1/2; where V*, called
Froude’s number, defines the relative speed, g represents the gravitational acceleration
expressed by a constant of 9.8 m/s2,, and WH represents the height at the withers of the
subject, which in this formula is expressed in meters [2].

2.3. Statistical Analysis

All data were recorded using spreadsheet software (Microsoft® Excel® 2011) and im-
ported into a statistical analysis software package (IBM® SPSS® Statistics Version 26.0, IBM
Corporation, Armonk, NY, USA). We preferred not to use the normalised GRF measures
(PVF%, BW, VI*, and ST*) in the analyses because our goal was not to compare PVF, VI,
and ST values across subjects but to assess the dependency structure between the GRF
measures and the morphometric measures.
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Therefore, we estimated six different models based on six stepwise regression selec-
tions out of those predictors: a canine morphotype dummy variable (D); age (A); body
weight (BW); withers height (WH); trunk length (L); femur (F); average speed (V); in-
teraction between D·BW (Int_D_BW); interaction between D·WH (Int_D_WH); interac-
tion between D·L (Int_D_L); interaction between D·F (Int_D_F); interaction between D·V
(Int_D_V); and interaction between BW·WH (Int_BW_WH). Humeral length was not in-
cluded in the regression model as a predictor variable due to the highest collinearity with
WH. D is a binary indicator function, a so-called dummy variable, to alter intercept and/or
slope coefficients in the regression model (D = 1 if the observation lies in the mesomorphic
group; D=0 if the observation lies in the dolichomorphic group).

Thus, a dummy variable was used to model canine morphotype differences on GRF
measures, while interactions of D with other predictors highlight the differences between
dolichomorphic and mesomorphic groups. The regression models with all predictors
considered, for both thoracic and pelvic limbs, are shown below:

Y_T = B_0 + B_1·D + B_2·A + B_3·BW + B_4·WH + B_5·L + B_6·V + B_7·D·BW + B_8·D·WH + B_9·D·L + B_10·D·V + B_11·BW·WH + ε (1)

Y_P = B_0 + B_1·D + B_2·A + B_3·BW + B_4·WH + B_5·L + B_6·F + B_7·V + B_8·D·BW + B_9·D·WH + B_10·D·L + B_11·D·F + B_12·D·V + B_13·BW·WH + ε (2)

To the models specified in Equations (1) and (2), we performed backwards stepwise re-
gression that involves starting with all predictors and testing them one by one for statistical
significance, deleting any that are not significant. In our analysis, step by step, the algo-
rithm deleted from the model the predictors with p-value > 0.1 and therefore statistically
not significant. The final step of the backwards regression identifies the best explanatory
independent variables.

3. Results

Fifty dogs met the inclusion criteria: 14 were dolichomorphs, and 36 were mesomorphs.
Out of the 14 dolichomorphs, 5 were females and 9 males; from 36 mesomorphs, 20 were
females and 16 males (Table 1).

Table 1. Morphological type distribution according to sex.

Morphological Types Male Female

Dolichomorph 9 5
Mesomorph 16 20

Therefore, the total population examined included 25 females and 25 males.
The mean ± standard deviation (SD) for age and weight in the dolichomorphs group

was 4.6 ± 2.79 years and 37.46 ± 22.04 kg, respectively (Table 2).

Table 2. Distribution of canine breed in the dolichomorphs group.

Breed Number

Azawakh 1
Borzoi 3

Greyhound 1
Irish Wolfhound 4

Saluki 2
Whippet 3
TOTAL 14

Meanwhile, in the mesomorph group, the mean ± standard deviation (SD) for age
and weight were 2.48 ± 1.46 years and 33.35 ± 38.01 kg, respectively (Table 3).
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Table 3. Distribution of canine breed in the mesomorphs group.

Breed n Breed n

Akita Inu 1 Dogue de Bordeaux 1
American Akita 1 Golden Retriever 1

American Staffordshire 1 Great Dane 1
Bobtail 1 Hovawart 1

Border collie 1 Labrador Retriever 3
Boxer 1 Pyrenean Mastiff 2

Bullmastiff 1 Saarloos 1
Central Asian Shepherd dog 1 Siberian Husky 1

Corso 1 Tibetan Mastiff 2
Czechoslovakian wolfdog 3 Tibetan mastiff Shepherd 1

Drahthaar 1 Weimaraner 3
Dogo Argentino 1 TOTAL 36

The morphometric measurements expressed as median (range) are shown in Table 4.

Table 4. Morphometric measurement in cm expressed as median (range).

Withers Height (WH) Length of the Trunk (L) Humerus (O) The Femur (F)

Dolichomorphs
(range)

73.25 cm
(50–91.5)

55.75 cm
(36–69)

19 cm
(13.5–28)

21.5 cm
(15–30)

Mesomorphs
(range)

63.25 cm
(46–88.5)

47.25cm
(36–71.5)

18 cm
(11–24.5)

22 cm
(15.5–31.5)

The average number of trials required to obtain data for inclusion in the study was
22.08 ± 4.36 for mesomorphs and 17.71 ± 3.65 for dolichomorphs, respectively.

3.1. Multiple Regression Analysis
3.1.1. Thoracic PVF

The coefficients of the model selected by stepwise regression for thoracic PVF (T_PVF)
as a dependent variable are presented in Table 5. The high value of statistic F = 184.9 and
the corresponding level of the p-value (p < 0.001) confirm a statistically significant linear
relationship. The adjusted R2 coefficient is high (R2 = 0.949); it represents the contribution
of the set of predictors to explaining the variability in the T_PVF.

Table 5. Coefficients of stepwise backward regression for the dependent variable Thoracic PVF.

Model Coefficients Standard Error T p-Value

Intercept 55.32 13.63 4.058 0.000

Dummy
Mesomorphic = 1 −344.25 135.91 −2.533 0.015

Body Weight 2.19 0.99 2.210 0.032

Int_D_BW 1.14 0.43 2.659 0.011

Int_D_V 289.62 115.92 2.498 0.016

Int_BW_WH 0.03 0.01 3.157 0.003

Adjust. R2 = 0.949 – F-statistic = 184.92 (p < 0.001).

According to the coefficients in Table 5, the regression equation takes the following
form (Model 1):

T_PVF = 55.32 − 344.25·D + 2.19·BW + 1.14·D·BW + 289.62·D·V + 0.03·BW·WH
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The body weight plays a significant role (p = 0.032) in explaining T_PVF, with an aver-
age increase of 2.19 N for each kg. Canine morphology appears discriminating (p = 0.015),
with mesomorphs showing an average thoracic PVF value lower than dolichomorphs.
Canine morphology also has a moderating effect when combined with both body weight
(p = 0.011) and speed (p = 0.016), with mesomorphic subjects showing an average thoracic
PVF value of 289.62 N higher than dolichomorphic for each m/s.

Finally, in Model 1, the interaction between body weight and withers height also
shows a statistically significant effect (p = 0.003).

To compare actual data with the model’s predictions, we can visualise the correlation
scatterplot of T_PVF for the observed values predicted by the model. As shown in Figure 1,
the obtained model proves a very good fit for the actual values.
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3.1.2. Thoracic VI

The coefficients of the model selected by stepwise regression for thoracic VI (T_VI)
as a dependent variable are presented in Table 6. The high value of statistic F = 291.11
and the corresponding level of the p-value (p < 0.000) confirm a statistically significant
linear relationship.

Table 6. Coefficients of stepwise backward regression for the dependent variable thoracic VI.

Model Coefficients Standard Error T p-Value

Intercept 6.77 4.73 1.432 0.159

Int_D_BW 0.65 0.21 3.138 0.003

Int_D_WH −0.72 0.21 −3.420 0.001

Int_D_L 0.54 0.31 1.747 0.087

Int_BW_WH 0.03 0.001 26.278 0.000

Adjust. R2 = 0.959 – F-statistic = 291.11 (p < 0.000).

The adjusted R2 coefficient is high (R2 = 0.959); it represents the contribution of the set
of predictors to explaining the variability in the T_VI.

According to the coefficients in Table 6, the regression equation takes the following
form (Model 2):

TVI = 6.77 + 0.65·D·BW − 0.72·D·WH + 0.54·D·L + 0.03·BW·WH
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The interaction between BWWH shows a statistically significant effect on VI (p = 0.000).
The mesomorph type has a moderating effect when combined with BW (p = 0.003) and WH
(p = 0.001), showing an average increase of 0.65 N/s for each Kg and an average decrease
of 0.72 N/s for each cm of WH.

To compare actual data with the model’s predictions, we can visualise the correlation
scatterplot of T_VI for the observed values predicted by the model. As shown in Figure 2,
the obtained model proves a very good fit for the real values.
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3.1.3. Thoracic ST

The coefficients of the model selected by stepwise regression for thoracic ST (T_ST) as
a dependent variable are presented in Table 7. The value of statistic F = 20.96 and the corre-
sponding level of the p-value (p < 0.001) confirm a statistically significant linear relationship.

Table 7. Coefficients of stepwise backward regression for the dependent variable thoracic ST.

Model Coefficients Standard Error T p-Value

Intercept 0.083 0.074 1.119 0.269

Withers Height 0.007 0.001 6.962 0.000

Int_D_BW 0.003 0.001 2.580 0.013

Int_D_WH −0.002 0.001 −2.067 0.044

Adjust. R2 = 0.550 – F-statistic = 20.96 (p < 0.001).

The obtained adjusted coefficient of determination, R2 = 0.550, proves a moderate fit
of the model to the real data of T_ST.

According to the coefficients in Table 7, the regression equation takes the following
form (Model 3):

TST = 0.083 + 0.007·WH + 0.003·D·BW − 0.002·D·WH

The WH for both groups significantly affects the ST (p = 0.000) even with an increased
minimal average. Moreover, only for the mesomorphs, BW has an average increase of
0.003 s per Kg; at the same time, WH has an average decrease of 0.002 s for each cm of



Vet. Sci. 2022, 9, 325 8 of 13

WH. To compare actual data with the model’s predictions, we can visualise the correlation
scatterplot of T_ST for the observed values predicted by the model. As shown in Figure 3,
the obtained model proves a moderate fit for the real values.

1 

 

 

 

 

Figure 3. Correlation scatterplot of thoracic ST for the observed values and those predicted by the model.

3.1.4. Pelvic PVF

The coefficients of the model selected by stepwise regression for pelvic PVF (P_PVF)
as a dependent variable are presented in Table 8. The high value of statistic F = 126.7 and
the corresponding level of the p-value (p < 0.001) confirm a statistically significant linear
relationship. The adjusted R2 coefficient is high (R2 = 0.911); it represents the contribution
of the set of predictors to explaining the variability in the P_PVF.

Table 8. Coefficients of stepwise backward regression for the dependent variable pelvic PVF.

Model Coefficients Standard Error T p-Value

Intercept 27.658 8.407 3.290 0.002

Dummy
Mesomorphic = 1 −385.559 118.710 −3.248 0.002

Body Weight 2.518 0.669 3.766 0.000

Int_D_V 336.132 1,040,092 3.229 0.002

Int_BW_WH 0.014 0.007 1.883 0.066
Adjust. R2 = 0.911 – F-statistic = 126.7 (p < 0.001).

According to the coefficients in Table 8, the regression equation takes the following
form (Model 4):

P_PVF = 27.658 − 385.56·D + 2.52·BW + 336.132·D·V + 0.014·BW·WH

The body weight plays a significant role (p = 0.000) in explaining P_PVF, with an
average increase of 2.51 N for each kg. Canine morphotype appears to be discriminating
(p = 0.002), with the mesomorph type showing an average pelvic PVF value lower than the
dolichomorphic type. Canine morphotype also has a moderating effect when combined
with speed (p = 0.002), with mesomorphic subjects showing an average pelvic PVF value of
336,132 N higher than dolichomorphic for each m/s.
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To compare actual data with the model’s predictions, we can visualise the correlation
scatterplot of P_PVF for the observed values predicted by the model. As shown in Figure 4,
the obtained model proves a very good fit for the real values.
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3.1.5. Pelvic VI

The coefficients of the model selected by stepwise regression for pelvic VI (P_VI) as
a dependent variable are presented in Table 9. The high value of statistic F = 648.53 and
the corresponding level of the p-value (p < 0.001) confirm a statistically significant linear
relationship. The adjusted R2 coefficient is high (R2 = 0.964); it represents the contribution
of the set of predictors to explaining the variability in the P_VI.

Table 9. Coefficients of stepwise backward regression for the dependent variable pelvic VI.

Model Coefficients Standard Error T p-Value

Intercept −13.488 2.845 −4.741 0.000

Body Weight 2.198 0.061 35.984 0.000

Int_D_WH −0.183 0.035 −5.264 0.000

Adjust. R2 = 0.964 – F-statistic = 648.53 (p < 0.001).

According to the coefficients in Table 9, the regression equation takes the following
form (Model 5):

PVI = −13.488 + 2.198·BW − 0.183·D·WH

The body weight plays a significant role (p = 0.000) in explaining P_VI, with an average
increase of 2.12 N/s for each kg. The WH shows an average decrease of 0.183 N/s for each
cm of WH in the mesomorphs.

To compare actual data with the model’s predictions, we can visualise the correlation
scatterplot of P_VI for the observed values predicted by the model. As shown in Figure 5,
the obtained model proves a very good fit for the real values.
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3.1.6. Pelvic ST

The coefficients of the model selected by stepwise regression for pelvic ST (P_ST) as a
dependent variable are presented in Table 10. The value of statistic F = 21.41 and the corre-
sponding level of the p-value (p < 0.001) confirm a statistically significant linear relationship.

Table 10. Coefficients of stepwise backward regression for the dependent variable pelvic ST.

Model Coefficients Standard Error T p-Value

Intercept −0.089 0.157 0.563 0.576

Body Weight 0.009 0.003 2.768 0.008

Withers Height 0.008 0.003 3.118 0.003

Int_BW_WH −9.088 × 10−5 0.000 −1.941 0.058

Adjust. R2 = 0.556 – F-statistic = 21.41 (p < 0.001).

Also, for the hind limbs, as for the forelimbs, the obtained adjusted coefficient of
determination R2 = 0.556 proves a moderate fitting of the model to the real data.

According to the coefficients in Table 10, the regression equation takes the following
form (Model 6):

PST = −0.089 + 0.009·BW + 0.008·WH − 9.088−5·BW·WH

The BW and WH have a significant effect on pelvic ST, even with an increased mini-
mal average. To compare actual data with the model’s predictions, we can visualise the
correlation scatterplot of P_ST for the observed values predicted by the model. As shown
in Figure 6, the obtained model proves a poor fit for the real values.
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Figure 6. Correlation scatterplot of pelvic ST for the observed values and those predicted by the model.

4. Discussion

The effect of morphometric measures on GRFs, their combined effect, and possible in-
teractions in healthy dolichomorph and mesomorph dogs were assessed in this prospective
study. Moreover, the differences in these relationships in the two morphological groups
were considered to achieve objective reference values in the considered canine morphotype.

The force plate analysis is an objective, quantifiable, and repeatable technique used to
assess normal and abnormal gait in dogs [8,13]. The GRFs analysis allows for detecting gait
symmetry and limb loading. Peak vertical force and VI, when recorded through the use of
a pressure plate, were found to be reliable indicators of clinical lameness in dogs and have
therefore been used as a method to assess clinical outcomes following surgical treatment [14–17],
conservative treatment for OA [18], or evaluate the correspondence between the radiographic
and/or clinical findings and the load borne by the examined limb [19,20].

The PVF and VI are unquestionable measures of limb function. However, a substantial
variability related to the specific breeds’ morphometric features due to the differences in
body conformation and size between the breeds and between different subjects of the same
breed was described in the literature [1,6]. These make poorly reliable comparisons between
groups despite the similar breed or body conformation and weight. In the present study,
two different canine morphological types were considered. Several breeds belonging to the
respective morphological types were included, hunting and guard breeds for mesomorphs
and many greyhound breeds for dolichomorphs.

In the present study, all dogs were evaluated at walking speed, because acquiring valid
trials at trot requires more repetitions, reducing the compliance of examined subjects [21].

In nature, phenomena can only be explained by the influence of several elements simul-
taneously and can be studied by evaluating the interactions between the variables taken into
consideration. In the performed analyses, we preferred not to use the normalised GRF measures
as proposed in the literature [2,6], since our goal was not to compare PVF, VI, and ST values
among different subjects but to assess the relationships between the GRF measurements and
the morphometric measures, hence the decision to set up the statistical analysis by comparing a
single response variable with several predictors using the multiple linear regression.

Our results highlight how the BW affects both groups’ pelvic PVF (2.518 N for each
Kg of BW). Otherwise, in dolichomorphs, the BW affect more the T_PVF (2.19 N for each
kg of BW), than P_PVF. Meanwhile, in mesomorphs, T_PVF increases further by 1.14 N for
each kg of BW compared to the dolichomorphs group.
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Moreover, in mesomorphs, the interaction between BW and WH has an additional
mean increase effect on both T_PVF and T_VI, with a mean increase directly proportional to
the increase of BW and/or WH. This phenomenon is linked, in our opinion, to the influence
of the more developed thoracic muscular component, the neck, and the weight of the head
in the mesomorphs. Also, the V showed a positive correlation with an increasing average
value on thoracic and pelvic PVF, respectively.

These data, in our opinion, are related to the gait of the dogs in the mesomorph group,
all belonging to guard breeds with body shapes more long than high. Similarly, the VI
reflects the effect of the interaction of BW and WH in the forelimbs but only of BW in
the hindlimbs.

This finding partly repeats what is already known and reported in the literature,
but our analysis showed that both BW and the relation to V and/or WH influence the
GRFs [1–3,22].

For mesomorphs, the increase in WH was inversely proportional to VI in hind and
forelimbs, while it is positively correlated to the increase in BW only in forelimbs. This
could be related, once more, to the more cranially located centre of gravity of these subjects
yielding a greater weight distribution on the forelimbs.

In our study, the influence of the morphometric measures on the ST was minimal,
even if it was statistically significant. The ST parameter, therefore, frequently shows
unpredictable results from the variables considered in our study.

Moreover, it is interesting to note how the lengths of the femur and humerus were
not the best explanatory variables for the GRFs and were progressively deleted by the
regression models.

5. Conclusions

In conclusion, our results show how the GFRs are influenced by morphometric mea-
sures not so much as a single contribution but through the interaction between them. The
interaction between BW, WH, and V significantly influenced GFRs, with a greater unit
increase for mesomorphs.

Statistical models reported in the available literature only partially explain the in-
fluence of morphometric measures on GFRs. The approach to the statistical process-
ing of data obtained from gait analysis cannot disregard the evaluation of interactions
between variables.

Despite various proposed normalisation formulas, comparing GFRs in dogs belonging
to different breeds and even within the same breed is not possible, as subjective variabilities
make this comparison difficult.

According to our results, the comparison must not be made referring to the breeds but
to the canine morphological type.

Author Contributions: Conceptualisation, G.D.V. and G.F.; methodology, G.D.V., G.F. and A.P.; visu-
alisation, G.D.V., F.A., G.F. and M.P.P.; validation, G.F., A.P. and G.D.V.; formal analysis, A.P.; investi-
gation, G.D.V., C.D.P., C.B., C.C. and F.A.; data curation, A.P., G.D.V., C.C. and F.A.; writing—original
draft preparation, G.D.V.; writing—review and editing, G.F., A.P., F.A. and C.C.; supervision, G.F.
and G.D.V. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Ethical review and approval were waived for this study
because data collection being the results of clinical routine evaluations.

Informed Consent Statement: Informed consent was obtained from all the owners of the dogs
involved in the study.

Data Availability Statement: Not applicable.

Acknowledgments: Francesco Nacca (Italy); Fabio Esposito (England).

Conflicts of Interest: The authors declare no conflict of interest.



Vet. Sci. 2022, 9, 325 13 of 13

References
1. Voss, K.; Wiestner, T.; Galeandro, L.; Hässig, M.; Montavon, P.M. Effect of dog breed and body conformation on vertical Ground

Reaction Forces, impulses, and stance times. Vet. Comp. Orthop. Traumatol. 2011, 24, 106–112. [PubMed]
2. Voss, K.; Galeandro, L.; Wiestner, T.; Haessig, M.; Montavon, P.M. Relationships of body weight, body size, subject velocity, and

vertical Ground Reaction Forces in trotting dogs. Vet. Surg. 2010, 39, 863–869. [CrossRef] [PubMed]
3. Budsberg, S.C.; Verstraete, M.C.; Soutas-Little, R.W. Force plate analysis of the walking gait in healthy dogs. Am. J. Vet. Res. 1987,

48, 915–918. [PubMed]
4. Bertram, J.E.A.; Lee, D.V.; Case, H.N.; Todhunter, R.J. Comparison of the trotting gaits of labrador retrievers and greyhounds. Am.

J. Vet. Res. 2000, 61, 832–838. [CrossRef] [PubMed]
5. Hans, E.C.; 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. [CrossRef] [PubMed]
6. Mölsä, S.H.; Hielm-Björkman, A.K.; Laitinen-Vapaavuori, O.M. Force platform analysis in clinically healthy Rottweilers: Compar-

ison with Labrador Retrievers. Vet. Surg. 2010, 39, 701–707. [CrossRef] [PubMed]
7. Volstad, N.; Nemke, B.; Muir, P. Variance associated with the use of relative velocity for force platform gait analysis in a

heterogeneous population of clinically normal dogs. Vet. J. 2016, 207, 80–84. [CrossRef] [PubMed]
8. Voss, K.; Imhof, J.; Kaestner, S.; Montavon, P.M. Force plate gait analysis at the walk and trot in dogs with low-grade hindlimb

lameness. Vet. Comp. Orthop. Traumatol. 2007, 20, 299–304. [PubMed]
9. Knebel, J.; Eberle, D.; Steigmeier-Raith, S.; Reese, S.; Meyer-Lindenberg, A. Outcome after Tibial Plateau Levelling Osteotomy and

Modified Maquet Procedure in Dogs with Cranial Cruciate Ligament Rupture. Vet. Comp. Orthop. Traumatol. 2020, 33, 189–197.
[CrossRef] [PubMed]

10. Barbieri, I. I tipi morfologici delle razze canine. In Lezioni di Cinognostica; ENCI: Milano, Italy, 1975; pp. 127–156.
11. Bonetti, F. Tipi morfologici e costituzionali nelle razze canine. In Zoognostica del Cane; Crepaldi: Bologna, Italy, 1995; pp. 63–76.
12. Vilar, J.M.; Morales, M.; Santana, A.; Spinella, G.; Rubio, M.; Cuervo, B.; Cugat, R.; Carrillo, J.M. Controlled, blinded force

platform analysis of the effect of intraarticular injection of autologous adipose-derived mesenchymal stem cells associated to
PRGF-Endoret in osteoarthritic dogs. BMC Vet. Res. 2013, 9, 131. [CrossRef]

13. Voss, K.; Damur, D.M.; Guerrero, T.; Haessig, M.; Montavon, P.M. Force plate gait analysis to assess limb function after tibial
tuberosity advancement in dogs with cranial cruciate ligament disease. Vet. Comp. Orthop. Traumatol. 2008, 21, 243–249.

14. Della Valle, G.; Caterino, C.; Aragosa, F.; Micieli, F.; Costanza, D.; Di Palma, C.; Piscitelli, A.; Fatone, G. Outcome after Modified
Maquet Procedure in dogs with unilateral cranial cruciate ligament rupture: Evaluation of recovery limb function by use of force
plate gait analysis. PLoS ONE 2021, 16, e0256011. [CrossRef]

15. Livet, V.; Baldinger, A.; Viguier, É.; Taroni, M.; Harel, M.; Carozzo, C.; Cachon, T. Comparison of outcomes associated with tibial
plateau levelling osteotomy and a modified technique for tibial tuberosity advancement for the treatment of cranial cruciate
ligament disease in dogs: A randomised clinical study. Vet. Comp. Orthop. Traumatol. 2019, 32, 314–323. [CrossRef] [PubMed]

16. Conzemius, M.G.; Evans, R.B.; Besancon, M.F.; Gordon, W.J.; Horstman, C.L.; Hoefle, W.D.; Nieves, M.A.; Wagner, S.D. Effect of
surgical technique on limb function after surgery for rupture of the cranial cruciate ligament in dogs. J. Am. Vet. Med. Assoc. 2005,
226, 232–236. [CrossRef] [PubMed]

17. Fasanelli, R.; D’Alterio, V.; De Angelis, L.; Piscitelli, A.; Aria, M. Humanisation of care pathways: Training program evaluation
among healthcare professionals. Electron. J. Appl. Stat. Anal. 2017, 10, 485–498.

18. Caterino, C.; Aragosa, F.; della Valle, G.; Costanza, D.; Lamagna, F.; Piscitelli, A.; Nieddu, A.; Fatone, G. Clinical efficacy of
Curcuvet and Boswellic acid combined with conventional nutraceutical product: An aid to canine osteoarthritis. PLoS ONE 2021,
16, e0252279. [CrossRef] [PubMed]

19. Waxman, A.S.; Robinson, D.A.; Evans, R.B.; Hulse, D.A.; Innes, J.F.; Conzemius, M.G. Relationship between objective and
subjective assessment of limb function in normal dogs with an experimentally induced lameness. Vet. Surg. 2008, 37, 241–246.
[CrossRef] [PubMed]

20. Gordon, W.J.; Conzemius, M.G.; Riedesel, E.; Besancon, M.F.; Evans, R.; Wilke, V.; Ritter, M.J. The relationship between limb
function and radiographic osteoarthrosis in dogs with stifle osteoarthrosis. Vet. Surg. 2003, 32, 451–454. [CrossRef] [PubMed]

21. Evans, R.; Gordon, W.; Conzemius, M. Effect of velocity on Ground Reaction Forces in dogs with lameness attributable to tearing
of the cranial cruciate ligament. Am. J. Vet. Res. 2003, 64, 1479–1481. [CrossRef] [PubMed]

22. Fasanelli, R.; Piscitelli, A.; Galli, I. Social Representations of COVID-19 in the framework of Risk Psychology. Pap. Soc. Represent.
2020, 29, 1–8.

http://www.ncbi.nlm.nih.gov/pubmed/21243175
http://doi.org/10.1111/j.1532-950X.2010.00729.x
http://www.ncbi.nlm.nih.gov/pubmed/20825596
http://www.ncbi.nlm.nih.gov/pubmed/3605807
http://doi.org/10.2460/ajvr.2000.61.832
http://www.ncbi.nlm.nih.gov/pubmed/10895909
http://doi.org/10.1016/j.tvjl.2014.09.022
http://www.ncbi.nlm.nih.gov/pubmed/25457264
http://doi.org/10.1111/j.1532-950X.2010.00651.x
http://www.ncbi.nlm.nih.gov/pubmed/20345537
http://doi.org/10.1016/j.tvjl.2015.08.014
http://www.ncbi.nlm.nih.gov/pubmed/26631945
http://www.ncbi.nlm.nih.gov/pubmed/18038008
http://doi.org/10.1055/s-0040-1701502
http://www.ncbi.nlm.nih.gov/pubmed/32316060
http://doi.org/10.1186/1746-6148-9-131
http://doi.org/10.1371/journal.pone.0256011
http://doi.org/10.1055/s-0039-1684050
http://www.ncbi.nlm.nih.gov/pubmed/30943550
http://doi.org/10.2460/javma.2005.226.232
http://www.ncbi.nlm.nih.gov/pubmed/15706973
http://doi.org/10.1371/journal.pone.0252279
http://www.ncbi.nlm.nih.gov/pubmed/34048452
http://doi.org/10.1111/j.1532-950X.2008.00372.x
http://www.ncbi.nlm.nih.gov/pubmed/18394070
http://doi.org/10.1053/jvet.2003.50051
http://www.ncbi.nlm.nih.gov/pubmed/14569573
http://doi.org/10.2460/ajvr.2003.64.1479
http://www.ncbi.nlm.nih.gov/pubmed/14672423

	Introduction 
	Materials and Methods 
	Morphometric Measurements 
	Force Gait Plate Analysis 
	Statistical Analysis 

	Results 
	Multiple Regression Analysis 
	Thoracic PVF 
	Thoracic VI 
	Thoracic ST 
	Pelvic PVF 
	Pelvic VI 
	Pelvic ST 


	Discussion 
	Conclusions 
	References

