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Abstract 
  
 Objective: The purpose of this project is to compare simultaneously recorded force 
plate (FP) and pressure plate (PP) measurements of sound horses at walk and trot to 
investigate whether limb-loading and timing data obtained from a stand-alone pressure 
plate system are highly correlated with force plate data. When parameters determined by a 
stand-alone pressure plate have an acceptable level of accuracy, they could be used 
interchangeable to force plate measurements and a possibility of using the pressure plate 
in a clinical setting would be created.  
 Materials and Methods: Six healthy and clinically sound warm blood horses were 
walked and trotted over a running track, containing a build-in pressure plate, mounted on 
top of a force plate. For each horse five valid trails were recorded. A trail was considered 
valid if a complete print of one of the fore hooves was recorded and the velocity was 
within a preset range. For each set of 5 valid trials of both forelimbs, simultaneously 
collated FP and PP limb-loading and timing data (mean Peak Vertical Force (PVF), 
Vertical Impulse (VI), stance phase duration (ST), time on which the PVF occurs (tPVF) 
and forelimb symmetry ratios (SymPVF and SymVI)) are compared. Mixed Model 
Analysis of Variance and Bland-Altman plots were used to evaluate differences between 
FP and PP data for their statistical and clinical relevance. 
 Results: Significant differences between FP and PP were seen for PVF, tPVF, VI, 
SymPVF and SymVI (P < 0,05), but not for ST. However, subsequent Bland-Altman 
analysis relativized the statistically significant differences for tPVF and for SymPVF and 
SymVI at trot as the Limits of Agreement were still within a range that might not be 
clinically relevant. 
 Conclusion: A pressure plate can be useful for evaluating limb timing variables and 
symmetry ratios at trot in a clinical setting, although it cannot be used interchangeably to 
a force plate for measuring absolute values of limb loading. Nevertheless, it has important 
advantages in terms of practicality to unravel the load-distribution of the different portions 
of the hoof during a complete stance phase. With these advantages, it is tempting to 
explore the use of this equipment in the near future to quantify equine lameness in a 
clinical setting. 
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1. Introduction 
  Lameness is one of the most frequent diagnosed medical problems in horses 
(Kaneene et al., 1997). Today’s clinical lameness examination in the horse is based on 
subjective and visual gait analysis. Quantification of the severity of lameness is often 
done on a scale based on the American association of equine practioners guidelines for 
grading lameness (AAEP). However, the validity of subjective evaluation of lameness is 
questionable (Keegan et al., 2007). This means that an objective way to evaluate lameness 
severity is necessary for accurate and precise lameness detection in a clinical setting.  
 In order to objectively quantify lameness in horses, kinetic gait analysis using a force 
plate is frequently done in experimental settings. The two most important kinetic values in 
equine gait evaluation are peak vertical force (PVF) and vertical impulse (VI)(Ishihara et 
al., 2005). To compare the contra lateral limbs, a symmetry-ratio of these values can be 
used (Merkens et al., 1993).  
 In experimental settings force plates are currently accepted as the ‘gold standard’ in 
the quantitative evaluation of equine lameness (Buchner, 2001; Bertone, 2003). 
Nevertheless in a clinical setting there are some disadvantages of using the force plate. 
The limited plate dimensions preclude recording consecutive strides and simultaneous 
hoof strikes cannot be separated. This makes it rather difficult to capture enough valid 
strikes of the limb of interest. 
 Therefore a pressure plate could provide a valuable alternative in a clinical setting, 
because using this type of plate implies that fewer trails are necessary to obtain enough 
valid strikes. The pressure plate has the additional advantage that detailed information on 
the loading of the different portions of the foot, during a complete stance period, can be 
obtained (Oosterlinck et al., 2008).  
 Before kinetic data, derived with the pressure plate, can be used in a clinical setting 
enhanced validation is necessary. In general, measurement systems are validated by their 
precision and accuracy. A recent study in ponies, using a stand-alone pressure plate 
system, showed a high level of precision (i.e. repeatability) (Oosterlinck et al., 2008). 
However accuracy was only roughly dealt with by comparing the obtained data with force 
plate data available in literature (Barr et al., 1995). Oosterlinck et al. (2008) reported that 
- although they regularly recorded extremely high individual PVF values of around 160 
%BW - the mean PVF data measured in this study on ponies by a pressure plate (130%) 
were quite similar to previously reported force plate data (128%) and they confirmed the 
previously reported slightly higher forelimb PVF in ponies at trot compared to other 
breeds, such as Dutch Warmbloods (118% BW, Merkens et al., 1993), Standardbreds 
(113% BW, Seehermann et al., 1987), Thoroughbreds (108% BW, Dow et al., 1991) and 
Quarter Horses (101 % BW, Back et al., 2007). Oosterlink et al. (2008) also found a high 
Peak Vertical Force (PVF) symmetry, comparable to values obtained by using a force 
plate. In that study however, absolute values had to be regarded with caution as no force 
plate calibration was performed.  
 Pressure plate measurements can be dynamically calibrated by simultaneous force 
plate data (van Heel et al., 2004), but concurrent installation of a pressure and a force 
plate is laborious and hence is limited to equine gait laboratories.  
 Combining the two plates in one experiment, to validate the pressure plate, has been 
done in previous settings with humans and dogs (Besancon et al., 2003, Chesnin et al., 
2000), but not in horses yet. Chesnin et all. (2000) reported excellent correlation between 
COP by an in-shoe pressure measuring system and the force plate; Besançon et al. (2003) 
reported statistically significant differences in PVF and VI data between a force plate and 
a pressure plate system, but stated that their clinical relevance appeared negligible, 
indicating the pressure measuring walkway was a viable alternative to the force plate. 
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An applicability in a clinical setting can be foreseen, when the stand-alone pressure 
plate in the present study can be used to quantify loading parameters not only with a high 
level of precision (Oosterlinck et al., 2008), but also with a high level of accuracy. When 
the PP and the FP can be used interchangeably, the use of a modern PP could provide the 
clinician with valuable and objective information.   
  
 
2. Materials and methods 
 
Horses 
 
  Six healthy and clinically sound Dutch Warmblood mares (mean ± SD age 6 ± 4 
years, bodyweight (BW) 592 ± 82 kg and height at the withers 1,59 ± 0,07 m) are included 
in this study. Prior to each measuring session, each horse was evaluated by a veterinarian 
and judged to be healthy and sound. The study is approved by the Ethical Committee of 
Utrecht University. 
 
Measurement system and data collection 
 
 The horses are walked and trotted over a combined  pressure plate (Footscan 3D 1m-
system, RsScan International, Belgium) and force plate (Z4852C, Kistler, Switzerland) 
system (Figure 1), embedded in a 20m by 2m concrete walkway and covered with a 5mm 
thick rubber mat, as described by van Heel et al. (2004).  
 
Figure 1: Transverse drawing of the combined pressure plate/force plate system 
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 Prior to data acquisition, the pressure plate was initially calibrated according to the 
manufacturer’s instructions using the RSscan software and a person weighing 80 kg 
walking over the plate. Secondly, the calibration factor was fine-tuned using a horse (BW:  
523 kg): the horse was weighed with one forelimb standing on a weighing scale, looking 
forward with the head in a natural position, while the contra lateral forelimb was held in a 
flexed position without supporting weight. Then the horse was put on the pressure plate in 
the same position. The ± constant vertical force recorded at that moment was compared to 
the weight recorded previously. The recalibration factor was changed manually until these 
two values matched (difference less than 250 N). The one-limb calibration procedure was 
repeated until the difference between the vertical force measured with the weighing scale 
and the mean of 5 consecutive trials obtained with the pressure plate was less than 250 N.  
Calibration procedures on day 1 were repeated on the final measuring day. 
 The synchronised force plate and pressure plate are both connected to portable 
computers equipped with the corresponding software. The pressure plate measured at a 
frequency of 250 Hz and the force plate measurement frequency was 1000 Hz, so that one 
frame of the forceplate was corresponding with four frames of the pressure plate. Both the 
force plate and the pressure plate are triggered by a infrared time measurement gate, 0,5 m 
in front of the system.    
 Centre of mass average velocity over the measuring area is computed from the time 
interval measured by 2 infrared-activated gates mounted at 2m interval centred over the 
measuring area.  
 A trial is considered valid if a complete hoof print of one forelimb is recorded and if 
the velocity is within a preset range of 0.9 to 1.5 m/s at walk and 1.8 to 3.5 m/s at trot. A 
measuring session is limited to the number of trials necessary to obtain 5 valid 
measurements of each forelimb.  
 
Data processing 
 
 Only the data from the 5 valid trials were analysed. LF and RF Peak Vertical Force 
(PVF) and Vertical Impulse (VI) at walk and at trot, simultaneously measured by the 
pressure plate and by the force plate system, were normalised to bodyweight (N/kg and 
Ns/kg). The duration of the stance phase (ST) (ms) was obtained for each valid trail and 
the moment of PVF (tPVF) (%stance) was expressed as % stance phase. For each set of 5 
trials, the mean left fore (LF) and right fore (RF) is calculated as being representative for 
that limb of each animal. PVF and VI symmetry ratios (symPVF and symVI) (%) are 
calculated as lowest mean value/highest mean value x 100%.  
 
Statistical analysis 
  
 Statistical analysis was performed using SPSS 15.0 with statistical significance set at 
P < 0.05. A linear Mixed Effects Model with horse as random component was used to 
evaluate 1) the effect of gait, forelimb (LF or RF) and measuring system (fixed factors) on 
PVF, VI, stance phase duration and the moment on which PVF occurs and 2) the influence 
of gait and measuring system (fixed factors) on PVF and VI symmetry ratios.  
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 To examine the clinically relevant level of agreement between data obtained by use of 
the pressure plate and the force plate, a Bland-Altman test was performed to compare 
mean differences and respective standard deviations (Bland and Altman, 1986). 
Differences ± (1.96 x SD) for each parameter are reported as the “Limits of Agreement”, 
which means that 95% of the differences between the pressure plate and the force plate 
were located within these values. The maximal deviation that would not be clinically 
relevant was determined a priori as 3 times the standard deviation of the individual force 
plate measurements of all horses, as values exceeding this deviation are outside the 99% 
confidence interval of all the force plate measurements. Therefore, there clinical relevance 
would seem justified. This Bland-Altman analysis is a widely accepted test to measure 
agreement between clinical measurements (Bland and Altman, 1986). 
 
 
3. Results 
 
 At walk, overlapping fore and hind hoof strikes on the force plate dramatically 
increased trial repetition, while the pressure plate more often made valid recordings; at 
trot, the limited measuring surface was the main limiting factor for both systems.  
 Data between both gaits were significantly different (P < 0.001). Except for the 
symmetry ratios, analyses were conducted on pooled LF and RF data since no significant 
differences were found between them. Force plate data were compatible with data of 
Dutch Warmbloods in literature (Merkens et al. 1986, 1993). PVF, VI, tPVF, SymPVF 
and SymVI obtained with the pressure plate system were significantly different of the 
ones of the force plate (P < 0.001), whereas ST was not significantly different between the 
two measuring systems (Table 1) 
 
Table 1: Mean ± SD values of concurrent force plate and pressure plate measurement at 
walk and trot. 

      Walk     Trot 
  PP FP  PP FP 

PVF (N/kg) 5.1 ± 1.1 a, A 6.5 ± 0.1 b, A  7.8 ± 1.5 a, B 10.4 ± 0.7 b, B 
tPVF (%stance) 65.6 ± 3.9 a, A 61.8 ± 3.5 b, A  51.9 ± 4.6 a, B 43.0 ± 2.9 b, B 
VI (Ns/kg)  2.9 ± 0.7 a, A 3.6 ± 0.2 b, A  1.5 ± 0.4 a, B 2.0 ± 0.2 b, B 
ST (ms)  834 ± 38 A 834 ± 39 A  332 ± 23 B 333 ± 23 B 
Sym PVF  (%) 93.7 ± 3.2 a 98.2 ± 0.9 b  92.0 ± 3.3 a 97.5 ± 2.9 b 
Sym VI (%) 88.7 ± 7.3 a 96.0 ± 2.0 b   92.0 ± 4.0 a 94.8 ± 2.4 b 

a,b within the same row, values with different lowercase superscript letters differ significantly (P<0.05) 
A,B within the same row, values with different uppercase superscript letters differ significantly (P<0.05) 

 
 The clinical relevance of the statistically significant differences was studied in detail 
using Bland-Altman analysis. “Limits of Agreement” of ST, tPVF and of SymPVF and 
SymVI at trot were within the a priori defined ranges (Table 2). The upper “Limit of 
Agreement” of the absolute PVF and VI values and the PVF and VI symmetry ratio at 
walk were within the a priori defined upper limit, whereas the lower “Limit of 
Agreement” largely exceeded the a priori defined lower limit (Table 2). 
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Table 2: Analysis of agreement between force plate and pressure plate measurements. 
 

Gait Parameter   Mean Difference   Limits of Agreement “A priori  defined limits”  
walk PVF (N/kg)  -1.36  -3.61 to 0.89 -0.9 to 0.9 ***  

 tPVF (%stance)  3.76  -1.11 to 8.62 -15 to 15  
 VI (Ns/kg)  -0.75  -1.99 to 0.50 - 0.6 to 0.6 ***  
 ST (ms)  -0.39  -7.11 to 6.34 -162 to 162  
 SymPVF (%)  -4.42  -11.58 to 2.73 -6 to 6 ***  
 SymVI (%)  -7.32  -19.03 to 4.40 -12 to 12 ***  

trot PVF (N/kg)  -2.68  -5.68 to 0.32 -2.4 to 2.4 ***  
 tPVF (%stance)  8.90  3.82 to 13.99 -15 to 15  
 VI (Ns/kg)  -0.46  -1.09 to 0.18 - 0.6 to 0.6 ***  
 ST (ms)  -0.99  -17.26 to 15.29 -90 to 90  
 SymPVF (%)  -5.56  -10.84 to -0.27 -12 to 12  
  SymVI (%)    -2.76    -11.11 to 5.59  -18 to 18  

*** Values in rows with three asterisks have “limits of agreement” that are outside the “a priori defined limits” 

 
 
 
4. Discussion 
 
 The aim of the present study was to compare concurrent force plate and pressure plate 
measurements of sound horses at walk and trot. Statistical analysis revealed that timing 
parameters such as stance phase duration can be used interchangeably between both 
measuring systems. However, loading parameters showed statistically significant 
differences between both measuring systems (P < 0,05). Several statistically significant 
differences were relativized after subsequent Bland-Altman analysis as being clinically 
not relevant. While this study confirms that absolute loading values have to be regarded 
with caution (pressure plate loading data were consistently lower than the force plate 
measurements), the use of timing parameters and symmetry ratio at trot measured with the 
PP system in the present study seems acceptably accurate. These variables have been 
classified as being important in the evaluation of gait asymmetry and lameness (Ishihara 
et al. 2005).  
 Although both the pressure plate and the force plate system were calibrated (the 
pressure plate was calibrated up to 70N/cm2) at the beginning of the study, the pressure 
plate values of all loading parameters (PVF, VI and their symmetry ratios) were 
consistently lower than the gold standard force plate values and also a larger variance was 
seen in the PP measurements (table 1 and figure 2).  
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Figure 2: Box plots of the kinetic values (PFV, VI, symPVF and symVI) measured with the 
PP and the FP. 
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In contrast with the loading parameters, for the timing data it can be seen that although 
stance phase duration was highly similar between both systems, the timing variable tPVF 
was consequently higher in the pressure plate measurements (figure 3).  
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Figure 3: Box plot of the timing parameters (ST and tPVF) measured with the PP and the FP. 
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These findings of  consistently lower pressure plate PVF values in combination with 
higher pressure plate tPVF values, are also reflected in a typical example of the vertical 
ground reaction force (N/kg) curve as a function of the time (% stance time) at trot (figure 
4).  
 
Figure 4: Typical example of the vertical ground reaction force (N/kg) curve as a function 
of the time (% stance time), measured with the PP and the FP at trot.  
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These findings might indicate a slower response of the multitude of resistor-based sensors 
of the pressure plate compared to the 4 piezoelectric sensors of the force plate, as the 
pressure plate recorded a lower maximal force, which was recorded later in the stance 
phase compared to the force plate. The lower measuring frequency of the pressure plate 
(250Hz) compared to the force plate (1000Hz) might have contributed to this difference. 
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 Contrary to the study by Oosterlinck et al. (2008), where data of both forelimbs were 
collated in one trial, the data of both forelimbs of the horses in the present study had to be 
recorded in separate trials, because of the smaller measuring length of the combined force 
plate/pressure plate system (1m compared to the 2m system in the former study) combined 
with the obviously longer stride length of the warmbloods compared to the ponies used by 
Oosterlinck et al. (2008). The separate recording of left and right fore data certainly 
contributed to the increased variability in pressure plate measurements in the present 
study. It is the opinion of the authors that a larger measuring surface might overcome this 
limitation and as such contribute to an increase in accuracy. A larger measuring surface 
may even facilitate recording both left and right forelimb and hind limb data in one trial. 
 Further investigation is required to analyze the causes of the differences between the 
force plate and pressure plate system observed in this study. The authors of the present 
study have noticed important differences in damping characteristics of the rubber mat 
covering the measuring systems. This damping might act differently on the multitude of 
resistor-based sensors of the pressure plate and the 4 piezoelectric sensors of the force 
plate. The optimal pressure plate covering material in an equine setting has not been 
determined, but this important aspect will be evaluated in another study. 
 To conclude, the authors are aware that this stand-alone pressure plate cannot simply 
replace either the dynamically calibrated system as described by Van Heel et al. (2004), 
either a force plate, when high accuracy of absolute force values is needed for scientific 
purposes. Nevertheless, this pressure plate system seems useful for evaluation of limb 
timing parameters and symmetry ratios at trot in a clinical setting, as it presents 
advantages in terms of practicality in comparison with a force plate system. Secondly, 
pressure plate measurements can unravel the load-distribution of the different portions of 
the foot during the complete stance phase, which is invisible to force plate analysis. With 
these advantages, it is tempting to explore the use of this equipment to quantify equine 
lameness in a clinical setting.  
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